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In the early sixties the world was shocked by the thalidomide (Softenon) “epidemic”. This 

drug, used as a sedative and in treatment of nausea in pregnant women, resulted in births 

of infants affected by severe congenital anomalies such as limb reduction defects 1-3. In 

the late sixties, Vietnamese citizens and Vietnam War veterans reported increased rates 

of congenital anomalies in their offspring after exposure to Agent Orange, an herbicide 

used to destroy dense jungle get advance of the Vietnamese guerrillas during the war 4. 

In 2015, the Zika virus spread rapidly throughout South America and led to an increased 

number of infants born with microcephaly in Brazil 5. Recently, possible new congenital 

anomaly “epidemics” were reported in the media, such as an increased prevalence of 

congenital anomalies in Limburg, the Netherlands 6, three infants born with deformed 

hands in Germany 7, and increased rates of limb reduction defects in France 8. Despite wide-

spread rumours regarding the causes of those increases in the numbers of infants born 

with congenital anomalies, no scientific evidence for a true increase and no specific cause 

have been identified as of yet 9. These events emphasize the need for congenital anomaly 

registries and systematic epidemiological research. Through monitoring of the prevalence 

of congenital anomalies, the true increases in congenital anomalies and potential risk 

factors for rare and specific congenital anomalies can be studied.

CONGENITAL ANOMALIES

Worldwide, congenital anomalies are one of the main causes of neonatal and infant 

mortality 10-12. One in 33 infants is affected by a congenital anomaly, resulting in more than 

100,000 affected births in Europe each year. The majority of these births result in live-born 

infants, about 2% are stillbirths, and around 20% of the pregnancies are terminated because 

of a congenital anomaly (EUROCAT 2011-2017)13. If new-borns survive, they often have 

to deal with long-term disabilities or need surgery. Depending on the type of anomaly, 

this could be one relatively simple surgical intervention or several complex interventions. 

This not only impacts the life of the child, but also their families, healthcare systems and 

society. In this thesis, congenital anomalies are defined as anomalies that develop during 

intrauterine life. In Figure 1 the distribution of the different types of congenital anomalies 

are displayed. The most common congenital anomalies are congenital heart defects (30%), 

followed by chromosomal disorders (17%), limb anomalies (17%) and urinary anomalies 

(14%).
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Figure 1 | Distribution of anomaly groups: Eurocat – Prevalence 2011-2017 13

RISK FACTORS

Congenital anomalies can be caused by genetic factors, environmental factors, or a 

combination of both. Primary foetal development and organogenesis starts directly after 

conception (Box 1). Since the foetus is vulnerable during this process, external exposures 

during the periconceptional period (one month before conception through three months 

after conception) can affect embryological development. Maternal medical conditions 

that can increase the risk of congenital anomalies are being overweight, having poorly 

regulated maternal diabetes, phenylketonuria, and infections during the periconceptional 

period (e.g. cytomegalovirus, rubella, and Zika virus) 14-16. In addition, the use of specific 

drugs such as anticonvulsants, antidepressants, cholesterol-lowering agents, angiotensin-

converting enzyme inhibitors, and folic acid antagonists may result in an increased risk of 

congenital anomalies 15,17. On the other hand, pregnant women and women who want to 

become pregnant are advised to take folic acid supplementation starting four weeks prior 

to conception through 10 weeks after conception because folic acid supplementation 
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reduces the risk of neural tube defects and congenital heart defects 18,19. Several lifestyle 

factors can also increase the risk of congenital anomalies in offspring, including maternal 

and paternal smoking, alcohol consumption, and illicit drug use 15,20,21. In the general 

environment women can be exposed to air pollutants that can increase the risk of 

congenital anomalies 22. Exposures to teratogens can also occur in the workplace and 

could be an important risk factor for congenital anomalies.

Box 1 - The critical time after conception (Embryology)

After the oocyte is fertilized by the spermatozoa, the zygote is formed. The zygote 

undergoes cleavage, which results in the blastula (day 5 after conception). This 

blastula (1.5-2.0 mm) implants in the endometrium of the uterus and undergoes 

gastrulation (day 7). This process results in the formation of three germ layers: 

mesoderm, ectoderm, and endoderm. Each of these germ layers differentiates into 

different organ systems. Three weeks after conception, body folding starts, and the 

embryo will have a shape that is starting to resemble that of the adult. At the same 

time, organogenesis takes place and limbs develop. The ectoderm forms the nervous 

system and skin cells, the mesoderm gives rise to the muscle cells and connective 

tissue in the body, and the endoderm forms the digestive system and other internal 

organs. The heart begins to beat at week 4, and the primary organs are formed 8 

weeks after conception 67.

OCCUPATIONAL EXPOSURE

As an increasing number of women are working during their reproductive years, knowledge 

about occupational risk factors is important for employers and employees, as well as 

freelancers and independent contractors. Nowadays, more than 80% of Dutch women 

are participating in the labour force, compared to just 50% 40 years ago 23. Although Dutch 

women work fewer hours than women anywhere else in Europe, the number of hours 

women are working in the Netherlands is increasing over time 24,25.

During their work, women can be exposed to a wide range of factors that might affect 

their reproductive health and pregnancy outcomes. Exposure to various chemicals, such 

as solvents, pesticides and metals, have been associated with reduced fertility, prolonged 
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time to pregnancy, increased risks of spontaneous abortions, prematurity, and reduced 

birth weight 26-29. A variety of occupational exposures are discussed in this thesis: mineral 

dust, biological dust, gases and fumes, and more specific solvents, pesticides, metals, 

and other endocrine disrupting chemicals (EDCs) like polycyclic aromatic hydrocarbons, 

phthalates, benzophenones, parabens, and siloxanes. Routes of exposure are inhalation, 

dermal absorption, and ingestion. Occupational exposure to mineral and biological dusts, 

and gases and fumes occurs in manufacturing, construction, cleaning, food processing, 

and agriculture. Women can be exposed to solvents when working in healthcare, in beauty 

or hairdressing salons, or in cleaning occupations. Pesticides are commonly used among 

farmers and other agricultural workers. Most women occupationally exposed to metals 

are working in assembly of electronic equipment or mechanical machinery.

As embryo development and organogenesis takes place in utero in the first trimester, it is 

important to assess maternal occupational exposure during the periconceptional period. 

Men can be exposed to the same agents as women during their work, and previous 

studies suggest that paternal occupational exposure to chemicals can increase the risk 

of congenital anomalies such as neural tube defects, congenital heart defects, and 

hypospadias 30-33. However, paternal occupational exposure can affect spermatogenesis 

before conception, while maternal occupational exposure can affect the oocyte before 

conception as well as the embryo directly during foetal development. This thesis therefore 

focuses only on maternal occupational exposure.

AIMS

Since more and more women are participating in the labour force and the etiological 

processes of many congenital anomalies are not yet understood, it is important to identify 

occupational risk factors in order to protect women who want to become pregnant or 

are pregnant and their offspring. Particularly because being pregnant with or having an 

infant with a congenital anomaly has a large impact on infant mortality and morbidity, 

families, and society. Therefore, the aim of this thesis is to examine the association between 

maternal occupational exposures during the periconceptional period and congenital 

anomalies in the offspring. First, an overview of the literature will be presented (Chapter 

2). In the next chapters, maternal occupational exposure in relation to specific congenital 

anomalies is studied (Chapters 3-6). The specific congenital anomalies examined, study 
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populations, and exposure assessment methods used in this thesis are described in the 

following paragraphs.

Congenital anomalies studied in this thesis

Five subgroups of congenital anomalies are examined in this thesis (Figure 2). These are 

common congenital anomalies, and it is possible that occupational exposure can influence 

their development because these anomalies are of heterogenic origin.

Figure 2 | Prevalence of congenital anomalies (genetic origin and non-genetic origin) in Europe in 2011-2017 

(per 10,000 births) 13

Neural tube defects

Neural tube defects are defects of the central nervous system that develop when the 

neural tube fails to close during the third and fourth week after conception. Examples of 

neural tube defects are anencephaly, which is not compatible with life, and spina bifida, 

which introduces several developmental and neurological problems depending on the 

site and type of the defect. In Europe, 10 per 10,000 births are affected by a neural tube 

defect (Figure 2). Many factors are involved in the abnormal closure of the neural tube 

(e.g. folic acid usage) 34. Several studies have assessed the association between maternal 

occupational exposures and neural tube defects in offspring, but no clear conclusion 

could be drawn regarding the effect of occupational exposures on development of neural 

tube defects.

Congenital heart defects

Congenital heart defects are the most common congenital anomalies. In Europe, 79 

infants and foetuses per 10,000 births are affected (Figure 2). Subgroups of congenital 

heart defects are anatomically, clinically, epidemiologically, and developmentally 
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heterogeneous. Examples of congenital heart defect subgroups are conotruncal defects, 

left or right ventricular outflow tract defects, and septal defects. It is important to assess 

the subgroups of congenital heart defects because these defects might differ in aetiology. 

Previous studies have suggested associations between maternal occupational exposure 

to solvents or pesticides and specific congenital heart defects 35,36. However, for most 

studies it has not been possible to assess the association between maternal occupational 

exposure and subgroups of congenital heart defects because most studies have only 

included a small number of cases.

Orofacial clefts

Orofacial clefts are malformations that result from failure of fusion of the lip and/or palate. 

The European prevalence of orofacial clefts is 14 per 10,000 births (Figure 2). The aetiology 

of orofacial clefts is not fully understood. It is known that the aetiology of the two subtypes 

of orofacial clefts, cleft lip with or without cleft palate and cleft palate, are different. Several 

studies have suggested that maternal occupational exposure to solvents or pesticides can 

increase the risk of orofacial clefts in offspring 37-43, and one study suggested an association 

between exposure to metals and orofacial clefts 44.

Urogenital defects

Urogenital anomalies are congenital anomalies representing any defect in the organs 

and tissues responsible for the formation and excretion of urine. Anomalies can be 

malformations of the renal parenchyma, anomalies of the urinary collecting system, 

abnormal embryonic migration of kidneys, or hypospadias. In hypospadias, the most 

common genital anomaly, the urethral opening is located at the ventral side of the penis. 

The prevalence of kidney and urinary collecting system anomalies in Europe is 35 per 

10,000 births, whereas 18 per 10,000 births are affected by hypospadias (Figure 2). It has 

been hypothesised that exposure to EDCs could influence the hormonal activity and 

adversely affect foetal development of the urogenital tract 45. Several studies have reported 

associations between maternal occupational exposure to EDCs and hypospadias 46-49. 

Studies regarding occupational exposure in relation to urinary anomalies are scarce.

Gastroschisis

Gastroschisis is a severe anomaly of the abdominal wall that involves a full-thickness 

para-umbilical defect through which intestines and other organs may herniate without a 

covering membrane. Approximately 4.5 per 10,000 births are affected by a gastroschisis 
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in the United States 50, compared to 2.5 per 10,000 births in Europe (Figure 2). It has been 

hypothesized that gastroschisis develops due to rupture or non-closure of the membrane 

covering the umbilical ring between 8 and 11 weeks after fertilization 51,52. Only one study 

has reported an association between maternal occupational exposure to solvents and 

gastroschisis 53.

Study populations

In this thesis, the association between maternal occupational exposure and congenital 

anomalies in offspring has been explored by conducting several case–control studies. 

Three different data sources have been used for these studies: Eurocat NNL and Lifelines 

from the Netherlands and the National Birth Defects Prevention Study (NBDPS) from the 

United States.

Eurocat NNL

The European Concerted Action on Congenital Anomalies and Twins Northern Netherlands 

(Eurocat NNL) is a population-based registry of congenital anomalies 54. This registry was 

founded in 1981 as part of a European network of congenital anomaly registries. The 

Eurocat NNL registry currently monitors about 16,000 births annually in the northern Dutch 

provinces of Groningen, Friesland and Drenthe. In addition to live births (up to 10 years 

of age at notification), Eurocat NNL also registers stillbirths, miscarriages, and pregnancies 

terminated because of congenital anomalies. These cases are reported by midwives, 

child healthcare physicians, and medical specialists. Additionally, sources are actively 

sought by registry workers to find children or pregnancies eligible for registration. The 

Eurocat NNL database contains detailed and high-quality information on approximately 

18,000 children or foetuses with congenital anomalies. Detailed medical information is 

available for each case, and all cases were coded by trained registry staff according to 

international coding guidelines 55. Since 1997, parents have also been asked to complete 

a questionnaire. Information is collected regarding the pregnancy, obstetric and medical 

history, demographic characteristics, use of medication, and occupation and lifestyle 

during the periconceptional period. Data from Eurocat NNL is used in Chapters 3-5.

Lifelines

Lifelines is a three-generation prospective cohort study that is following 167,000 

participants over a 30-year period in the same Northern Dutch region as Eurocat NNL 
56. The aim of Lifelines is to obtain insight into healthy ageing. Participants were invited 
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through their general practitioners. Lifelines participants (between 18 and 65 years old) 

were asked to invite their offspring and parents to create a three-generation cohort. Their 

children could participate if they were between 6 months and 18 years old. We selected 

infants without a congenital anomaly from the Lifelines cohort as controls for the studies 

in Chapters 4 and 5. Parents of participating children completed a questionnaire regarding 

the pregnancy, their health, occupation, and lifestyle during pregnancy, childbirth, and 

health of their child in the first six months of life.

National Birth Defects Prevention Study

The National Birth Defects Prevention Study (NBDPS) is a large population-based 

multicentre case–control study of major structural congenital anomalies in the United 

States 57. Pregnancies with estimated delivery dates between 1997 and 2011 from ten 

states were included. All states included live-born cases, and most states also included 

cases of stillbirths and terminated pregnancies with a prenatal diagnosis of congenital 

anomalies. Cases were ascertained by the participating states’ congenital anomalies 

surveillance systems up to two years after delivery. Clinical information extracted from 

medical records was reviewed by a clinical geneticist at each centre using a systematic 

study-wide classification protocol to confirm eligibility. Controls were live-born infants 

without major congenital anomalies selected randomly from either vital records or hospital 

birth records from the same geographical region and time period as cases. Women who 

participated in the NBDPS completed a computer-assisted telephone interview. During this 

interview, mothers were asked to report information about demographics, medication use, 

occupational history, and their lifestyle during pregnancy and the three months preceding 

pregnancy. Data from the NBDPS is used in Chapters 6.

Occupational exposure assessment

Different methods have been developed to assess occupational exposures in 

epidemiological studies 58. In this thesis, two occupational exposure assessment methods 

have been used: job-exposure matrices (JEMs) and individual expert-based assessments by 

occupational hygienists. When using a JEM, descriptions of jobs held early in pregnancy 

are coded using the International Standard Classification of Occupations 1988 (ISCO88) 59. 

These job codes are then translated into occupational exposure using a JEM designed by 

occupational hygienists. In Chapters 3 and 5, the ALOHA+ JEM was used to assess exposure 

to organic and mineral dusts, solvents, pesticides, metals, and gases and fumes 60,61. In 

Chapter 4, a JEM assessing occupational exposure to chemicals known for their endocrine-
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disrupting effect was used 62,63. In Chapter 6, individual expert-based assessments by 

occupational hygienists were performed. Occupational experts can perform occupational 

exposure assessment for a variety of occupational exposures based on occupational 

histories that include job title, employer name, what the company makes or does, primary 

tasks and duties, a description of chemicals and machines handled on the job, dates of 

employment, and hours and days worked per week 64.

Both methods involve occupational hygienists, who by training have an understanding 

of exposure sources and pathways leading to occupational exposure, and both methods 

reduce the risk of recall bias and misclassification compared to the traditional method of 

using self-reported exposure in case–control studies 29,65. The JEM approach is less time-

consuming and cheaper, but assigns exposure at job level and by definition will not be 

able to make a distinction between the exposures of two women reporting the same job. 

This would be feasible with an individual-based expert assessment, but might result in 

differential misclassification given that it is based on self-reporting of tasks and duties and 

chemicals used. Comparisons of both methods in a multi-centre study demonstrated little 

advantage of individual exposure assessment when compared to a JEM 66.

Measuring occupational exposures directly is almost never feasible because measurements 

would have to be performed prospectively during the periconceptional period. 

This is almost impossible since most congenital anomalies are discovered after the 

periconceptional period, and prevalence of congenital anomalies is low. Biomonitoring 

of chemicals with a long half-life in cord blood would be a possibility, but again a large 

number of infants with congenital anomalies has to be included.
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OUTLINE OF THIS THESIS

Chapter 2 provides an overview of the literature on the effects of maternal occupational 

exposure to solvents, pesticides and metals on several anomalies in offspring including 

neural tube defects, congenital heart defects, orofacial clefts, and hypospadias.

In Chapter 3, the association between maternal periconceptional occupational exposure 

and orofacial clefts in offspring is examined using a JEM and data from the Eurocat NNL 

registry.

In Chapter 4, the association between maternal occupational exposure early in pregnancy 

and urogenital anomalies in offspring is assessed using a JEM and data from Eurocat NNL 

and Lifelines.

In Chapter 5, the effect of maternal occupational exposure early in pregnancy on congenital 

heart defects in offspring is studied using a JEM and data from Eurocat NNL and Lifelines.

In Chapter 6, the effect of maternal occupational exposure to solvents on gastroschisis in 

offspring is examined using industrial hygienists and data from the NBDPS, United States.

In Chapter 7, the results of this thesis are summarised and discussed, and implications for 

further research and preventive policies are presented.
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Congenital anomalies in the off spring of 
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review and meta-analysis of studies using 
expert assessment for occupational exposures
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ABSTRACT

Study question Is there an association between maternal occupational exposure to 

solvents, pesticides and metals as assessed by expert-based assessment and congenital 

anomalies in the offspring?

Summary answer There is an association between maternal occupational exposure 

to solvents and congenital anomalies in the offspring, including neural tube defects, 

congenital heart defects and orofacial clefts.

What is known already One important environmental risk factor for development of 

congenital anomalies is maternal occupational exposure to chemicals in the workplace 

prior to and during pregnancy. A number of studies have assessed the association with 

often conflicting results, possibly due to different occupational exposure assessing 

methods.

Study design, size, duration For this systematic review with meta-analysis, the search 

terms included maternal occupation, exposure, congenital anomalies and offspring. 

Electronic databases MEDLINE and EMBASE were searched for English studies up to 

October 2017.

Participants/materials, setting, methods Two reviewers independently screened all 

citations identified by the search. Case-control studies and cohort studies were included if 

(I) they reported on the association between maternal occupational exposure to solvents, 

pesticides or metals and congenital anomalies, and (II) assessment of occupational 

exposure was performed by experts. Data on study characteristics, confounders and odds 

ratios (ORs) were extracted from the included studies for four subgroups of congenital 

anomalies. Methodological quality was assessed using the Newcastle-Ottawa Scale. In the 

meta-analysis, random effects models were used to pool estimates.

Main results and the role of chance In total, 2806 titles and abstracts and 176 full text 

papers were screened. Finally, 28 studies met the selection criteria, and 27 studies could 

be included in the meta-analysis. Our meta-analysis showed that maternal occupational 

exposure to solvents was associated with neural tube defects (OR 1.51, 95%CI 1.09-2.09) 

and congenital heart defects (OR 1.31, 95%CI 1.06–1.63) in the offspring. Also maternal 

occupational exposure to glycol ethers, a subgroup of solvents, was associated with neural 

tube defects (OR 1.93, 95%CI 1.17-3.18) and orofacial clefts (OR 1.95, 95%CI 1.38–2.75) in the 

offspring. Only one study investigated the association between maternal occupational 
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exposure to solvents and hypospadias and found an association (OR 3.63, 95%CI 1.94-

7.17). Results of the included studies were consistent. In our meta-analysis, we found no 

associations between occupational exposure to pesticides or metals and congenital 

anomalies in the offspring.

Limitations, reasons for caution A limited number of studies was included, which made 

it impossible to calculate pooled estimates for all congenital anomalies, analyse individual 

chemicals or calculate exposure-response relations. Bias could have been introduced 

because not all included studies corrected for potentially confounding factors.

Wider implications of the findings Employers and female employees should be aware 

of the possible teratogenic effects of solvent exposure at the workplace. Therefore, is 

it important that clinicians and occupational health specialist provide women with 

preconception advice on occupational solvent exposure, to reduce the congenital anomaly 

risk.

INTRODUCTION

Around 2-3% of pregnancies in Europe are affected by a major congenital anomaly 1. The 

aetiology of most congenital anomalies is not fully understood, but genetic factors as well 

as environmental factors are involved. To decrease the prevalence of congenital anomalies, 

it is important to identify modifiable environmental factors and prevent maternal exposure 

to harmful factors. Examples of environmental factors known to increase the risk of having 

a child with a congenital anomaly include smoking during pregnancy 2 and increased 

body mass index (BMI) 2,3. Air pollution is another factor that has been associated with 

development of congenital anomalies, in particular with congenital heart defects 4.

One important environmental factor that has been associated with development of 

congenital anomalies is maternal exposure to chemicals in the workplace prior to and 

during pregnancy. Most studies that have investigated maternal occupational exposure 

have focused on exposure to solvents, pesticides and metals. Exposure to these chemical 

substances have been associated with various adverse reproductive outcomes. For 

instance, occupational exposure to solvents has been associated with reduced fertility and 

increased risks of spontaneous abortion and congenital anomalies 5,6. Pesticide and metal 

exposure in the workplace have been suggested to interfere with reproductive function 

and have been associated with prolonged time to pregnancy, spontaneous abortions, 

congenital anomalies, prematurity and reduced birth weight 5-8.
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Epidemiological studies that have investigated the association between maternal 

occupational exposure and congenital anomalies in the offspring have conflicting results. 

One explanation for these divergent results may be the type of exposure assessment used, 

e.g. job title as proxy for exposure, self-reported exposure or expert-based assessment. Job 

title as proxy for exposure can introduce non-differential misclassification 8. An example 

of using job title as proxy for exposure are studies reporting on the association between 

a specific occupational group (e.g. agricultural workers) and congenital anomalies in the 

offspring in which it is hypothesised that the congenital anomalies could be associated 

with an occupational exposure that is expected to be present in this occupation (e.g. 

pesticide exposure in agricultural workers). Using self-reported occupational exposure 

can introduce misclassification of exposure compared to expert assessment 9. Both 

assessment methods may overestimate the effects of maternal occupational exposure 

and congenital anomalies in the offspring 8,9. In this systematic review, we have therefore 

only included papers that used expert assessment in order to have less heterogeneous 

human evidence. Experts have, by training, a better understanding of the mechanisms 

of exposure 9 and know which agents and which levels of exposure play a role in specific 

jobs 10. We considered both case-by-case expert assessment and Job-Exposure Matrices 

(JEMs) as expert-based assessments. Job-exposure matrices are occupational exposure 

assessment tools based on cross tabulations of jobs against occupational exposures where 

probability and intensity have been scored by exposure experts (occupational hygienists) 
11. Occupational hygienists assess occupational exposure on the individual level, whereas 

JEMs assign exposures at the job level.

The aim of this review is to summarise the current evidence about maternal occupational 

exposure to solvents, pesticides and metals and congenital anomalies in the offspring 

by conducting a systematic review and meta-analysis using expert assessment for 

occupational exposures.

MATERIALS AND METHODS

This systematic review was conducted using the methods of the Cochrane Collaboration 12 

and reporting according to the PRISMA (Preferred Reporting Items for Systematic Reviews 

and Meta-analyses) statement 13. The protocol of our systematic review is registered in 

PROSPERO, an International prospective register of systematic reviews

(http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42017053943).
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Eligibility criteria, information sources, search strategy

A literature search of the electronic databases MEDLINE and EMBASE was conducted on 

12 January 2017. Search strings included the indexing terms (MeSH terms, Emtrees and key 

terms): maternal occupation, exposure, congenital anomalies and offspring (Supplementary 

File 1). A search update was conducted on 23 October 2017.

Study selection

Case-control and cohort studies with a non-exposed control group were included if 

they reported on the association between maternal occupational exposure to solvents, 

pesticides or metals and subtypes of congenital anomalies in their offspring. Occupational 

exposure had to be assigned by an occupational exposure expert, through a JEM or by 

using expert literature, for example National Institute for Occupational Safety and Health 

criteria documents. Studies using occupation as a proxy for occupational exposure without 

involvement of occupational expertise and studies using self-reported exposure were 

excluded.

Congenital anomalies had to be diagnosed or reported by a medical expert, identified 

by birth (defect) registries or identified using established guidelines (e.g. International 

Classification of Disease(ICD)-codes, EUROCAT guidelines). Studies in which only the 

parents reported on the congenital anomalies were excluded. Only full text studies 

published in English, German, French and Dutch were included. Case-reports and reviews 

were excluded.

Data extraction

All identified hits were screened on title and abstract for eligibility by two reviewers (NSp 

and JP) independently. Full texts of all potentially eligible articles were screened for final 

selection by the same reviewers. The reference lists of all included articles and relevant 

reviews were also screened to identify further eligible studies. Disagreements between 

the two reviewers’ assessments were resolved in consensus meetings. In case of persistent 

disagreement, a final decision was made by a third reviewer (HdW).

Data on study design, study population, study period, exposure, exposure assessment, 

outcome, outcome assessment, confounders and crude or adjusted odds ratios (OR) was 

extracted from the included studies. When certain information/data was missing, we 

contacted the corresponding author. One reviewer (NSp) extracted all of the data and 
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a second (JP) and third reviewer (JB, HdW, NSm, each one third of the extracted data) 

checked all of the extracted data.

Methodological quality

The quality of the studies was assessed by two reviewers independently (NSp and JP) using 

the Newcastle-Ottawa Scale, adjusted to study specific requirements, which is designed for 

assessing the quality of non-randomised studies in meta-analyses 14 (Supplementary File 

2 and 3). ‘Stars’ could be awarded on different methodological quality items. A maximum 

of nine ‘stars’ could be allocated to each study. Although papers might have referred 

to methods papers, only index papers were used to assess methodological quality. 

Disagreements were discussed and resolved in consensus meetings between the first two 

reviewers (NSp and JP). To evaluate the inter-agreement of the methodological quality of 

the studies, we calculated the overall percentage agreement and Cohen’s kappa a measure 

of congruence corrected for chance agreement 12.

Data synthesis

Meta-analyses were performed for the following categories of congenital anomalies: (I) 

neural tube defects, (II) congenital heart defects, (III) orofacial clefts and (IV) hypospadias, 

because these categories of major congenital anomalies are the most prevalent. Subgroup 

analyses were performed on cleft lip, with or without cleft palate, and cleft palate. Separate 

analyses were performed for the most prevalent subgroups of maternal occupational 

exposure to (a) solvents, (b), pesticides and (c) metals. A subgroup analysis was performed 

for maternal occupational exposure to glycol ethers, because this is a large subcategory 

of solvents.

The OR was used to calculate a pooled estimate. To reduce potential confounding effects, 

adjusted ORs were used for the meta-analyses where possible. When crude or adjusted 

ORs were not given, the available raw data was used in a 2x2 table to calculate the OR. 

When occupational exposure was categorised, categories were dichotomised so that the 

lowest category (no exposure) was tested against all other categories combined (e.g. low 

and high). Papers reporting zero exposed cases/controls were excluded from the meta-

analysis because an OR could not be calculated. When multiple papers were based on 

the same study population, we selected a paper based on the following criteria: (I) results 

reported an estimate useful for the meta-analysis and (II) largest sample size.
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A random effects method was used to pool effect estimates. Heterogeneity was examined 

by the I2 index. If the I2 index was higher than 50% 12, the results of the studies in the 

pooled analyses were considered to be heterogeneous, and no pooled estimate was 

calculated 12,15. Sources of heterogeneity were explored by conducting subgroup analyses 

for differences in study design (cohort versus case-control studies), study population 

(case ascertainment by hospital versus registry), exposure time window (first trimester 

versus three months before conception through the first trimester), exposure assessment 

(industrial hygienist versus JEM), and methodological quality (per item) as assigned by the 

Newcastle-Ottawa Scale.

Publication bias was assessed by constructing funnel plots for the relation between various 

occupational exposures and congenital anomalies. Asymmetry of the funnel plots was 

assessed by Egger’s test. If the P-value was <0.10, publication bias is likely 12,16. All statistical 

analyses were performed with Comprehensive Meta-Analyses (version 3).
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RESULTS

Study selection

In total, 2806 titles and abstracts were screened and 176 full texts were read (Figure 1). 

Screening the references of the included studies and other relevant reviews identified one 

additional eligible article. An updated search performed in October 2017 included one 

additional article. In total, 28 studies were included in the systematic review and 27 were 

included in the meta-analysis. One study was excluded from the meta-analysis because 

the results were based on the same study population as another included study.

1799 of records 
identified through 
PubMed searching 

2114 of records 
identified through 
Embase searching

Records screened on 
title and abstract 

(n=2806) 

Duplicates/triplicates (n=1107)

Full text assessment 
(n=176)

Studies included in 
systematic review 

(n=28)

Records excluded based on title and abstract (n=2630)

Records identified 
through reference check 

(n=1)

Full text excluded, with reasons:
- Type of study (n=16)
- Type of exposure (n=59)
- Type of exposure assessment (n=36)
- Type of outcome (n=35)
- Type of data presentation (n=4)

Studies included in the 
meta-analysis

(n=27)

Studies excluded from meta-analyses because results 
are based on same study population (n=1)

Records identified after 
search update

(n=1)

Figure 1 | Flowchart of study selection
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Study characteristics

Table 1 shows the characteristics of the included studies, consisting of 26 case-control 

studies and two cohort studies. The included studies were conducted between 1980 and 

2014. Most studies used birth registries or birth defect registries to identify children with 

congenital anomalies (n=16). Other studies were conducted in hospitals, rehabilitations 

centers, paediatric services and obstetric clinics. The critical time window of exposure was 

most often defined as three to one month before conception through the first trimester 

of pregnancy. Most studies used occupational hygienists to assess occupational exposure 

(n=15), whereas eleven studies used a JEM and two studies used expert based literature. In 

most studies, congenital anomalies were reported to registries by health care professionals, 

often by a clinical geneticist. When a study was performed in a hospital, diagnoses 

were confirmed by (paediatric) specialists. Most studies excluded cases diagnosed with 

chromosomal abnormalities or monogenic syndromes (Supplementary Table 1).
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Risk of bias of included studies

The results of the methodological quality assessment of the included studies are presented 

in Supplementary Table 2. Study quality varied from poor (4 stars) to high (9 stars). All 

case-control studies met the quality criteria for same method of exposure ascertainment 

for cases and controls. Most of the case-control studies included met quality criteria for 

adequate case definition, selection of controls, and definition of controls. Seven case-

control studies did not meet quality criteria on representativeness of the cases. Six case-

control studies scored medium risk of bias on comparability of cases and controls based 

on the design or analysis, and eight studies scored a high risk of bias on this item. Six 

case-control studies did not meet criteria on ascertainment of exposure. Most case-

control studies (n=17) did not report non-response rate, making it not possible to judge 

the likelihood of bias on this item (attrition bias).

The two cohort studies included in this systematic review met quality criteria on 

selection of the non-exposed part of the cohort, adequate ascertainment of exposure, 

demonstration that the outcome of interest was not present at start of study, comparability 

of cohort on the basis of design or analysis and ascertainment of exposure, and the follow-

up was long enough for outcomes to occur. Garlantézec et al. did not meet the criteria on 

representativeness of the exposed cohort 17. Morales-Suarez-Varela et al. did not meet the 

criteria on adequacy of follow up 18.

Agreement on methodological quality between the two reviewers was moderate (overall 

agreement 83% (238/288); Cohen’s Kappa statistic: 0.45). Most disagreements were caused 

by criteria on comparability and ascertainment of exposure.

Synthesis of results

Table 2 shows an overview of the results of our meta-analyses. Results of individual studies 

are presented in Supplementary Table 1. Forest plots of significant findings of the main 

analyses are shown in the main figures. All other forest plots and all funnel plots are shown 

in the supplementary figures.
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Table 2 | Overview of associations between maternal exposure and several congenital anomalies

Congenital 

anomaly

Maternal occupational 

exposure

Studies Exposed/

total cases

Exposed/

total controls

Pooled OR 95% CI Hetero-

geneity (%)

Neural tube defects

Solvents 4 124/888 419/4145 1.51 1.09-2.09 35

Glycol ethers 2 29/110 142/882 1.93 1.17-3.18 0

Pesticides 4* 183/1097 918/3734 0.93 0.76-1.15 0

Metals 2 12/458 18/539 NA NA 82

Congenital heart defects

Solvents 6 185/2526 848/6744 1.31 1.06-1.63 0

Glycol ethers 2 61/291 142/882 1.63 0.94-2.84 18

Pesticides 5* 1088/4742 970/4477 0.81 0.54-1.21 38

Metals 3 27/1185 48/1595 1.83 0.65-5.20 49.8

Orofacial clefts

Solvents 7* 354/1854 2111/11120 NA NA 65

Glycol ethers 3* 91/256 183/1037 1.95 1.38-2.75 0

Pesticides 2 39/644 131/4773 NA NA 57

Metals 2 15/487 89/5107 1.62 0.91-2.86 0

Cleft lip with or without cleft palate

Solvents 5 198/866 1532/8371 1.35 1.10-1.66 8

Glycol ethers 3 61/167 183/1037 1.95 1.38-2.75 0

Pesticides 2 30/449 131/4773 1.30 0.84-2.01 0

Metals 2 9/327 89/5107 1.45 0.70-3.01 0

Cleft palate

Solvents 5 142/966 1532/8371 1.25 0.94-1.65 26

Glycol ethers 3* 30/89 183/1037 1.85 1.10-3.09 0

Pesticides 2 9/195 131/4773 NA NA 70

Metals 2 6/160 89/5107 2.06 0.63-6.75 26

Hypospadias

Solvents 1 7/300 5/302 3.63a 1.94-7.17

Pesticides 7 227/5748 1190/82120 0.97 0.75-1.24 24

Metals 4 89/4870 1303/79939 NA NA 67

Bold values represent statistically significant values. * = Egger’s test indicated that publication bias was likely, NA=not 
applicable: pooled estimate could not be calculated because of heterogeneity (>50%). a= no pooled OR, because only one 
study is included.

Neural tube defects

Five papers examined the association between occupational exposure to solvents and 

neural tube defects 19-23. One study was excluded from the meta-analysis because the OR 

could not be calculated 20. Two studies included in the meta-analysis reported a positive 

association between solvent exposure and neural tube defect 22,23. The pooled estimate 

of the forest plot in Figure 2 showed that maternal occupational exposure to solvents was 

associated with a higher risk of neural tube defects in the offspring (OR 1.51, 95%CI 1.09-

2.09). Egger’s test indicated that publication bias was unlikely (Supplementary Figure 1). 

A subgroup analysis was performed on the three studies that reported on glycol ethers 

as exposure 20-22. One study was excluded from the meta-analysis because the OR could 
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not be calculated 20. The pooled estimate showed a statistically significant higher risk of 

neural tube defects in the offspring (OR 1.93, 95%CI 1.17-3.18, Supplementary Figure 2). 

The likelihood of publication bias could not be assessed, because only two studies were 

included.

Five studies assessed the relation between occupational exposure to pesticides and neural 

tube defects 19,20,24-26. We excluded Pettigrew et al. from the meta-analysis because they 

used the same study population as Makelarski et al, and this last study had a larger sample 

size. No association was found between pesticide exposure and neural tube defects (OR 

0.93, 95%CI 0.76-1.15, Supplementary Figure 3). Egger’s test indicated that publication bias 

is likely (Supplementary Figure 4).

Three studies investigated the association between exposure to metals and neural tube 

defects 19,20,27. Two studies retrieved the cases from the Texas Neural Tube Defect project 
20,27. We included Brender et al. (2006) in the meta-analysis because it assessed several 

classes of heavy metals compared to Brender et al. (2002), which only assessed maternal 

occupational exposure to lead. The study of Blatter et al. showed an association in the 

opposite direction between exposure to metals and neural tube defects. Because the 

results were heterogeneous, no pooled estimate could be calculated (χ2 = 5.6, df = 1, 

P = 0.02, I2 = 82%, Supplementary Figure 5). This heterogeneity and publication bias could 

not be assessed because only two studies are included.

Figure 2 | Forest plot of maternal occupational exposure to solvents and risk of neural tube defects in offspring.

Heterogeneity: χ2 = 5.54, df = 3, P = 0.21, I2 = 35%.

Congenital heart defects

Six papers assessed the relation between occupational exposure to solvents and congenital 

heart defects in the offspring 17,21,22,28-30. None of the studies in the meta-analysis found 

an association between exposure to solvents and congenital heart defects as a group. 

However, several studies found increased ORs for specific phenotypes of congenital heart 
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defects 21,22,29, and the forest plot in Figure 3 showed an association between maternal 

occupational exposure to solvents and congenital heart defects in the offspring (OR 1.31, 

95%CI 1.06–1.63). Egger’s test indicated that publication bias was unlikely (Supplementary 

Figure 6). A subgroup analysis was performed on two studies that reported on glycol ethers 

as exposure 21,22. The pooled estimate of maternal occupational exposure to glycol ethers 

and congenital heart defects in the offspring showed no significant association (OR 1.63, 

95%CI 0.94–2.84, Supplementary Figure 7). The likelihood of publication bias could not 

be assessed.

Five studies assessed the association between maternal occupational exposure to 

pesticides and congenital heart defects 26,30-33. Shaw et al. (1999) included only cases with 

conotruncal congenital heart defects 26. None of the studies showed an increased OR. 

The pooled estimate showed no association between mothers who were occupationally 

exposed to pesticides and congenital heart defects in the offspring (OR 0.81, 95%CI 

0.54 – 1.21, Supplementary Figure 8). Egger’s test indicated publication bias is likely 

(Supplementary Figure 9).

Three studies assessed the relation between exposure to metals and congenital heart 

defects 32-34. Jackson et al. (2004) only included cases with one specific congenital heart 

disease: total anomalous pulmonary venous return 34. Only the study of Wang et al. showed 

an association between occupational exposure to metals and congenital heart defects in 

the offspring 33. The pooled estimate showed no significant association (OR 1.83, 95%CI 

0.65–5.20, Supplementary Figure 10). Egger’s test indicated that publication bias is unlikely 

(Supplementary Figure 11).

Figure 3 | Forest plot of maternal occupational exposure to solvents and risk of congenital heart defects in 

offspring

Heterogeneity: χ2 = 2.58, df = 5, P= 0.76, I2 = 0%
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Orofacial clefts

Eight studies investigated the association between maternal occupational exposure to 

solvents and oral clefts in the offspring 17,21-23,28,35-37. We excluded Lorente et al. from the 

meta-analysis because they used the same study population as Cordier et al. (1997). Cordier 

et al. (1997) included all solvent subclasses whereas Lorente et al. only studied exposure 

to glycol ethers. Three studies reported a positive association between solvent exposure 

and oral clefts in the offspring 17,22,35. These results were too heterogeneous to calculate a 

pooled estimate (χ2 = 17.3, df = 6, P = 0.01, I2 = 65%) and the source of this heterogeneity 

could not be explored (Supplementary Figure 12). Egger’s test indicated publication bias 

was likely (Supplementary Figure 13). We performed a subgroup analysis on data from five 

studies that reported separately on cases with cleft lip with or without cleft palate and cleft 

palate 21-23,35,37. The studies of Chevrier et al. and Cordier et al (1997) concluded that there 

was an association between exposure to solvents and cleft lip with or without cleft palate. 

The pooled estimate in our meta-analyses did show an association as well (OR 1.35, 95%CI 

1.10–1.66, Supplementary Figure 14). Egger’s test indicated publication bias was unlikely 

(Supplementary Figure 15). None of the studies reporting on the exposure to solvents 

and cleft palate in offspring did show an association, nor did the pooled estimate show 

a significant association (OR 1.25, 95%CI 0.94–1.65, Supplementary Figure 16). Egger’s test 

indicated publication bias was unlikely (Supplementary Figure 17).

Furthermore, we performed subgroup analyses on three studies that reported on glycol 

ethers, a subgroup of solvents 21,22,35. The pooled estimate of maternal occupational 

exposure to glycol ethers showed an association with orofacial clefts in the offspring 

(OR 1.95, 95%CI 1.38–2.75, Figure 4). Publication bias was likely (Supplementary Figure 18). 

Additionally, separate analyses on cleft lip with or without cleft palate and cleft palate 

alone with these same studies were performed. Both analyses showed an association 

when mothers are occupationally exposed to glycol ethers (OR 1.95, 95%CI 1.31–2.92; OR 

1.85, 95%CI 1.10–3.05, respectively) (Supplementary Figure 19 and 21). Egger’s test indicated 

publication bias was unlikely for cleft lip with or without cleft palate, and likely for cleft 

palate alone (Supplementary Figure 20 and 22).

Two studies assessed the association between maternal occupational exposure to 

pesticides and oral clefts in the offspring 26,37. Only the study of Spinder et al. found a 

positive association. The results were too heterogeneous to calculate a pooled estimate 

(χ2=2.3, df=1, P=0.13, I2=57%, Supplementary Figure 23). Heterogeneity and publication 

bias could not be assessed, because only two studies were included. When a separate 
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analysis on cleft lip with or without cleft palate was performed the pooled estimate with 

these two studies estimate showed no significant association (OR 1.30, 95%CI 0.84–2.01, 

Supplementary Figure 24). The results for cleft palate were too heterogeneous to calculate 

a pooled estimate (χ2 =3.4, df = 1, P = 0.07, I2 = 70%, Supplementary Figure 25). The source 

of this heterogeneity could not be assessed because only two studies were included.

Two studies assessed the relation between exposure to metals and oral clefts 36,37. The 

pooled estimate showed no significant association between occupational exposure to 

metals and oral clefts in the offspring (OR 1.62, 95%CI 0.91–2.86, Supplementary Figure 26). 

Publication bias could not be assessed, because only two studies were included. When 

a separate analysis on cleft lip with or without cleft palate and cleft palate alone was 

performed with these two studies, the pooled estimate showed no significant association 

(OR 1.45, 95%CI 0.70–3.01; OR 2.06, 95%CI 0.63–6.75, respectively) (Supplementary Figure 

27 and 28).

Figure 4 | Forest plot of maternal occupational exposure to glycol ethers and risk of oral clefts in offspring

Heterogeneity: χ2 = 0.58, df = 2, P = 0.75, I2 = 0%

Hypospadias

Only one study assessed the association between maternal occupational exposure to 

solvents and hypospadias in the offspring 38. This study found an association between 

exposure to solvents and hypospadias in the offspring (OR 3.63, 95%CI 1.94-7.17).

Eight studies assessed the association between maternal occupational exposure to 

pesticides and hypospadias 18,38-44. We excluded one study from the meta-analysis because 

an OR could not be calculated due to zero exposed mothers in the control group 40. 

Only the study of Kalfa et al. showed an association between exposure to pesticides and 

hypospadias 38. The pooled estimate showed no association (OR 0.97, 95%CI 0.75-1.24, 

Supplementary Figure 29). Egger’s test indicated publication bias is unlikely (Supplementary 

Figure 30).
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Four studies assessed the association between maternal exposure to metals and 

hypospadias 18,40,41,44. Only one of these studies showed an increased risk when mothers 

were occupationally exposed to metals 41. The results were heterogeneous (χ2 = 9.20, 

df = 3, P = 0.03, I2 = 67%, Supplementary Figure 31), which meant that no pooled estimate 

could be calculated. The heterogeneity in results between studies could be explained by 

differences in recruitment of cases. Giordano et al. recruited children with a congenital 

anomaly at the hospital while the other studies retrieved their cases from registries 40. The 

heterogeneity in results might also be explained by variations in methodological quality. 

One study scored high in risk of bias on control definition because there was no definition 

of controls stated 44. Three studies had high risk of bias because the non-response rate 

between cases and controls was either not described or not comparable 18,40,44. Egger’s 

test indicated publication bias was unlikely (Supplementary Figure 32).
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DISCUSSION

Main findings

The aim of this systematic review and meta-analysis was to summarise the current evidence 

about maternal occupational exposure and congenital anomalies in the offspring. Our 

meta-analysis showed that maternal occupational exposure to solvents is positively 

associated with neural tube defects in the offspring, especially exposure to glycol ethers. 

Maternal occupational exposure to solvents also appeared to be positively associated 

with congenital heart anomalies in the offspring. Furthermore, we found an association 

between an increased risk of orofacial clefts in the offspring and maternal occupational 

exposure to glycol ethers. This was also seen for cleft lip with or without cleft palate 

and cleft palate alone. Hypospadias in the offspring was also positively associated with 

maternal exposure to solvents, however this result was only based on one study. For 

maternal exposure to pesticides and metals no evidence for an association was found for 

the congenital anomalies considered.

Strengths and limitations

Our study has several strengths. This is the first review that has summarised and evaluated 

literature of both different subtypes of congenital anomalies and different subtypes of 

occupational exposures. Another strength of this review is that we used strict criteria on 

the definition of congenital anomalies. We used EUROCAT guidelines and definitions for 

major congenital anomalies because of their reliability 45. EUROCAT has been registering 

congenital anomalies since 1979 and has strict inclusion criteria for major congenital 

anomalies. Furthermore, we included studies that used ICD codes for inclusion of 

congenital anomalies. Most studies included in our review retrieved case information from 

birth registries and birth defect registries. Those studies used EUROCAT guidelines or ICD 

codes as inclusion criteria for congenital anomalies. Other studies used hospital charts or 

diagnoses by medical experts. Particular birth defects may have been included in some 

studies and excluded from other studies depending upon which classification method 

was used. From the study of Hansen et al., it is known that this results in similar estimates 

of birth defect risks 46. Parental self-reporting can introduce misclassification of congenital 

anomalies because of low reliability due to low recognition and recall bias of the anomaly 
47, which is why we excluded studies that used parental reporting on congenital anomalies. 

Another strength is that we have only included studies that used expert assessment for 

defining occupational exposures or expert judgement, as the basis for assignment at the 
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job level, via a JEM. Studies included in other reviews often used self-reported occupational 

exposure for exposure assessment or job title as a proxy of occupational exposure. Self-

reported occupational exposure can introduce misclassification of exposure 9. Using 

job description as proxy for exposure can introduce non-differential misclassification 8. 

Occupational hygienists assess occupational exposure on an individual level, whereas JEMs 

designed by experts can describe exposures on a group level. Studies using those methods 

reduce the risk of recall bias and differential misclassification of exposure compared to 

studies based on self-reported exposure 48,49. Furthermore, a strength of our review is that 

most included studies in this systematic review used an adequate exposure time window. 

This is important, because the critical period for the development of most congenital 

anomalies is the first month before conception until the end of the first trimester. During 

the month before conception, maternal oocytes are vulnerable to chemical exposure. In 

the first trimester after conception, chemical exposure can affect the developing embryo. 

After this period, organogenesis is completed and the foetus is less vulnerable to chemical 

exposure for developing most congenital anomalies 47. Finally, a strength of this review 

is that only includes studies reporting on major congenital anomalies. Studies reporting 

minor congenital anomalies were excluded because they have fewer medical, functional, 

societal and cosmetic consequences, and the definitions, diagnoses and reporting of 

minor anomalies are very variable 45. Additionally, several studies have combined all major 

congenital anomalies in their analysis. Aetiology differs between congenital anomalies of 

different organ systems, which makes combining congenital anomalies of different organ 

origins unrealistic and analysis meaningless. For this reason, we excluded studies that did 

not report on congenital anomalies in separate categories.

We had to group birth defects by anatomical region. This could have been a limitation 

for congenital heart defects in particular. This review shows a positive association 

between occupational exposure to solvents and congenital heart defects but, because 

congenital heart defects are a heterogeneous group of birth defects, it is possible that 

this association is true for some types of heart defects and not for others. Also we did not 

find an association between occupational exposure to pesticides or metals and congenital 

heart defects overall, however it is still possible that specific types of heart defects might 

have been associated with these exposures. Our study has also some other limitations. 

It is possible that we missed relevant publications. Our original search was performed in 

January 2017, with an additional search performed in October 2017 that identified one 

additional study 37. During further preparation of the manuscript, we carefully have tracked 
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publications in the field of this systematic review. Another limitation is that it was not 

possible to calculate pooled estimates for some specific congenital anomalies because too 

few included studies reported on the congenital anomaly or the occupational exposure. 

Furthermore, it is a limitation that it was not possible to analyse individual chemicals, 

we examined only generic occupational exposure classes in this review. It was also not 

possible to study exposure-response relations as not all included studies reported levels 

of exposure. Even when studies did report on level of exposure, it is questionable whether 

categories of exposure are comparable between studies because studies do not handle 

strict criteria for categorising levels of exposure. Dichotomising exposure could have 

masked the effect of a specific exposure on the development of congenital anomalies. 

Some studies found associations only at high doses, but not for ‘any exposure’ 31,35. Those 

studies were included in our meta-analysis with the non-significant ‘any exposure’ OR. 

Another limitation is that little is known about the association between occupational 

exposure and multiple congenital anomalies (i.e. major congenital anomalies in more than 

one organ system). It is possible that one occupational exposure contributes to anomalies 

in multiple organ systems. Furthermore, eight studies did not correct for any confounding 

factors such as maternal age, folic acid use or maternal education. Not correcting for 

confounding factors leads to a high risk of bias and may result in an overestimation of 

the effect of occupational exposure on the development of congenital anomalies in the 

offspring 50. Finally, it is important to interpret the results with caution due to the likelihood 

of publication bias. Although Egger’s test did not indicate the presence of publication 

bias in most meta-analyses, our funnel plots and Egger’s tests are based on fewer than 

ten studies. It is known that Egger’s test is more reliable when at least ten studies are 

included in the meta-analysis 12,51. Furthermore, Egger’s test did indicate that publication 

bias is likely in the meta-analysis on occupational exposure to pesticides and congenital 

heart defects. This could be a false positive finding, because all included studies are non-

significant studies, which makes Egger’s less reliable 12,51. In addition, the positive Egger’s 

test regarding the meta-analysis on occupational exposure to solvents and oral clefts could 

be a false positive finding, because the included studies were heterogeneous (I2 >50%) 12,51.

Comparison with existing literature

Several earlier reviews have summarised the literature regarding occupational exposure and 

congenital anomalies in offspring. In particular, two meta-analyses have been performed 

on the association between maternal occupational pesticide exposure and congenital 

anomalies 52,53. The first meta-analysis focused on children with hypospadias and found 
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that maternal occupational exposure to pesticides is not associated with hypospadias in 

the offspring, when only studies using JEMs were included (OR 0.93, 95%CI 0.24-3.65, based 

on two studies using a JEM) 52. This result is in line with the results of our study, where 

we did not find an association between maternal occupational exposure to pesticides 

and hypospadias in the offspring (OR 0.87, 95%CI 0.73–1.05, based on seven studies). Both 

studies included in the review of Rocheleau were included in our review. We included an 

additional five studies assessing the association between maternal occupational pesticide 

exposure and hypospadias that were published since March 2008.

Another meta-analysis, Romitti et al. (2007), studied the association between maternal 

occupational pesticide exposure and oral clefts in the offspring 53. They suggested that 

maternal occupational exposure to pesticides can lead to a modest increase in the risk 

of having a child with an oral cleft (OR 1.37, 95%CI 1.04-1.81). In our meta-analysis, we 

were unable to estimate a pooled OR, because the studies were too heterogeneous and 

we included only two papers. The difference between our review and Romitti et al. is 

that we were restricting our review to those studies with expert assessment of maternal 

occupational exposure.

Conclusions and Implications

Our meta-analysis included 27 studies, examining the association between maternal 

occupational exposure and congenital anomalies in the offspring, each of which used 

expert assessment to assess occupational exposure. We concluded that maternal 

occupational exposure to solvents is associated with an increased risk of neural tube 

defects, congenital heart anomalies and orofacial clefts in the offspring. Occupational 

health specialists, employers and female employees should be aware of the possible 

teratogenic effects of solvent exposure at the workplace. Clinicians should provide women 

with preconception advice on exposure to solvents at the workplace to prevent neutral 

tube defects, congenital heart defects and orofacial clefts. Further research should focus 

on specific chemicals, use expert-based exposure assessment, and perform dose-response 

evaluation.
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SUPPLEMENTARY FILES

Supplementary File 1

Search strategy: PUBMED

(“Environmental Exposure”[Mesh] OR “Toxic Actions”[Mesh] OR “Radiation”[Mesh] OR 

“Prenatal Exposure Delayed Effects”[Mesh] OR exposure*[tiab] OR exposed [tiab] OR 

hazard*[tiab] OR radiation [tiab] OR “toxicity” [Subheading] OR “poisoning” [Subheading] 

OR teratogen* [tiab])

AND

(“Work”[Mesh] OR “Workplace”[Mesh] OR “Occupational Exposure”[Mesh] OR “Air 

Pollutants, Occupational”[Mesh] OR occupation*[tw] OR work*[tiab] OR employee*[tiab] 

OR personnel[tiab])

AND

(“Congenital Abnormalities”[Mesh] OR abnormalit*[tiab] OR birth defect*[tiab] OR 

deformit*[tiab] OR neural tube[tiab] OR cleft palate[tiab] OR cleft lip[tiab] OR oral cleft*[tiab] 

OR hypospad*[tiab] OR anomal*[tiab] OR congenital [tiab] OR malformat* [tiab])

AND

(“Maternal Exposure”[Mesh] OR “Pregnancy” [Mesh] OR “Embryonic and Fetal Development” 

[Mesh] OR offspring[tiab] OR maternal[tiab] OR mother*[tiab] OR parent*[tiab] OR 

conception*[tiab] OR periconception*[tiab] OR birth[tiab] OR pregnan* [tiab] OR 

prenatal*[tiab] OR fetal[tiab] OR foetal[tiab] OR reproduct* [tiab] OR outcome [tiab])

NOT

((“Animals”[Mesh] NOT “Humans”[Mesh]) OR animal[ti] OR mice[ti] OR mouse[ti] OR rat[ti] 

OR rats[ti])
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Search strategy: EMBASE

(‘exposure’/exp OR ‘environmental, industrial and domestic chemicals’/exp OR 

‘teratogenesis’/exp OR ‘electromagnetic field’/exp OR ‘electric field’/exp OR ‘radiation’/exp 

OR ‘radiation and radiation related phenomena’/exp OR ‘radiation related phenomena’/exp 

OR ‘polycyclic aromatic hydrocarbon’/exp OR ‘endocrine disruptor’/exp OR (exposure* OR 

exposed OR hazard* OR radiation OR toxicity OR toxic OR poisoning OR teratogen*):ab,ti)

AND

(‘occupation and occupation related phenomena’/exp OR ‘occupational disease’/exp 

OR (occupation* OR ‘at work’ OR worker* OR ‘work related’ OR ‘work environment’ OR 

‘mothers work*’ OR ‘maternal work*’ OR workplace OR ‘work place’ OR employee* OR 

personnel):ab,ti OR (mother* NEXT/2 work*) OR (women* NEXT/2 work*):ab,ti)

AND

(‘congenital disorder’/exp OR (abnormalit* OR anomal* OR ‘birth defect*’ OR deformit* 

OR ‘neural tube’ OR ‘cleft palate’ OR ‘cleft lip’ OR ‘oral cleft*’ OR hypospad* OR congenital 

OR malformat*):ab,ti)

AND

(‘maternal exposure’/exp OR ‘pregnancy’/exp OR ‘prenatal development’/exp OR ‘prenatal 

drug exposure’/exp OR ‘prenatal exposure’/exp OR ‘prenatal period’/exp OR (offspring 

OR maternal OR mother* OR parent* OR conception* OR periconception* OR birth OR 

pregnan* OR prenatal* OR fetal OR foetal OR reproduct* OR outcome):ab,ti)

NOT

(((‘animal’/exp OR ‘nonhuman’/exp) NOT ‘human’/exp) OR (animal OR mice OR mouse OR 

rat OR rats):ti)
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Supplementary File 2

Newcastle-Ottawa Quality Assessment Scale for Case-control studies

-	 ‘High’ quality choices were identified with a star.

-	 Maximum of 9 stars (low risk of bias), minimum of 0 stars (high risk of bias).

-	 A maximum of one star for each item within the Selection and Exposure/Outcome 

categories. A maximum of two stars for Comparability

Scales Stars Manual

Selection (max. 4 stars)

1 Is the case definition adequate?
a)	 yes, with independent validation

b)	 yes, e.g. record linkage or based on 
self-reports

a)	 c) no description

*

-

-

a) Requires some independent validation (e.g. >1 
person/record/time/process to extract information, 
or reference to primary record source such as x-rays or 
medical/hospital records)
b) Record linkage (e.g. ICD codes in database) or self-
report with no reference to primary record
c) No description

2 Representativeness of the cases
a)	 consecutive or obviously 

representative series of cases

b)	 potential for selection biases or not 
stated

*

-

a) All eligible cases with outcome of interest over a 
defined period of time, all cases in a defined catchment 
area, all cases in a defined hospital or clinic, group 
of hospitals, health maintenance organization, or 
an appropriate sample of those cases (e.g. random 
sample)
Surveillance systems, like birth defects registries were 
assumed to be low risk of bias
b) Not satisfying requirements in part (a), or not stated.

3 Selection of Controls
a)	 community controls

b)	 hospital controls or malformed 
controls

c)	 no description

*

*

-

a) Community controls (i.e. same community as cases 
and would be cases if had outcome)
b) Hospital controls, within same community as cases 
(i.e. not another city) but derived from a hospitalized 
population.
Hospital controls were assumed to be low risk of bias, 
because often the next live birth is selected as control, 
which is commonly born in a hospital. Furthermore, 
malformed controls are assumed to be low risk of bias, 
because of low chance of recall bias.
c) No description

4 Definition of Controls
a)	 no history of disease (endpoint)

b)	 no description of source

*

-

a) If cases are first occurrence of outcome, then it 
must explicitly state that controls have no history of 
this outcome. If cases have new (not necessarily first) 
occurrence of outcome, then controls with previous 
occurrences of outcome of interest should not be 
excluded.
b) No mention of history of outcome
Malformed controls were considered as high risk of bias, 
because they have a history of disease.
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Scales Stars Manual

Comparability (max. 2 stars)

1 Comparability of cases and controls on the 
basis of the design or analysis
a)	 study controls for
maternal age, registry site (if applicable), folic 

acid use (in case of neural tube defects) 
and child sex (in case of oral clefts)

b)	 study controls for any additional 
factor

*

*

Either cases and controls must be matched in the 
design and/or confounders must be adjusted for in the 
analysis. Statements of no differences between groups 
or that differences were not statistically significant are 
not sufficient for establishing comparability.

Maternal education, smoking or alcohol use during 
pregnancy, maternal body mass index, social economic 
status, or parity.

Exposure (max 3 stars)

1 Ascertainment of exposure
a)	 secure record (e.g. medical records)
b)	 structured interview where blind to 

case/control status
c)	 interview not blinded to case/control 

status
d)	 written self-report only
e)	 no description

*

*

-

-
-

Allocation of stars as per rating sheet.

Using a job exposure matrix for exposure assessment is 
assumed to be low risk of bias when job coding is blinded 
to case-control status.

2 Same method of ascertainment for cases 
and controls
a)	 yes
b)	 no

*
-

3 Non-Response rate
a)	 same rate for both groups (cases/

controls)
b)	 non respondents described
c)	 rate different and no designation

*

-

-

Allocation of stars as per rating sheet.

A rate difference for inclusion of cases and controls is 
defined of a non-response rate difference of >10%.
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Supplementary File 3

Newcastle-Ottawa Quality Assessment Scale for Cohort studies

-	 ‘High’ quality choices were identified with a star.

-	 Maximum 9 stars (low risk of bias), minimum 0 stars (high risk of bias).

-	 A maximum of one star for each item within the Selection and Exposure/Outcome 

categories. A maximum of two stars for Comparability

Scales Stars Manual

Selection (max. 4 stars)

1 Representativeness of the exposed cohort
a)	 truly representative of the average in 

the community
b)	 somewhat representative of the 

average in the community
c)	 selected group of users e.g. nurses, 

volunteers
d)	 no description of the derivation of the 

cohort

*

*

-

-

Item is assessing the representativeness of 
exposed individuals in the community, not the 
representativeness of the sample of women from 
some general population. For example, subjects 
derived from groups likely to contain middle 
class, better educated, health oriented women 
are likely to be representative of postmenopausal 
estrogen users while they are not representative of 
all women (e.g. members of a health maintenance 
organization (HMO) will be a representative sample 
of estrogen users. While the HMO may have an 
under-representation of ethnic groups, the poor, and 
poorly educated, these excluded groups are not the 
predominant users of estrogen).

2 Selection of the non exposed cohort
a)	 drawn from the same community as 

the exposed cohort
b)	 drawn from a different source
c)	 no description of the derivation of the 

non exposed cohort

*

-
-

Allocation of stars as per rating sheet

3 Ascertainment of exposure
a)	 secure record (e.g. medical records)
b)	 structured interview
c)	 written self-report
d)	 no description

*

*
-
-

Allocation of stars as per rating sheet

4 Demonstration that outcome of interest was 
not present at start of study
a)	 yes
b)	 no

*
-

In the case of mortality studies, outcome of interest 
is still the presence of a disease/ incident, rather than 
death. That is to say that a statement of no history of 
disease or incident earns a star.

Comparability (max. 2 stars)
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Scales Stars Manual

1 Comparability of cohorts on the basis of the 
design or analysis
a)	 study controls for maternal age, registry 

site (if applicable), folic acid use (in case of 
neural tube defects) and child sex (in case 
of oral clefts)

b)	 study controls for any additional factor

*

*

Either cases and controls must be matched in the 
design and/or confounders must be adjusted for in 
the analysis. Statements of no differences between 
groups or that differences were not statistically 
significant are not sufficient for establishing 
comparability.

Maternal education, smoking or alcohol use during 
pregnancy, maternal body mass index, social economic 
status, or parity.

Exposure (max 3 stars)

1 Ascertainment of exposure
a)	 independent blind assessment
b)	 record linkage
c)	 self-report
d)	 no description

*
*
-
-

Allocation of stars as per rating sheet
Using a job exposure matrix for exposure assessment is 
assumed to be low risk of bias when job coding is blinded 
to case-control status.

2 Was follow-up long enough for outcomes 
to occur
a)	 yes
b)	 no

*
-

Follow up time of one year

3 Adequacy of follow up of cohorts
a)	 complete follow up - all subjects 

accounted for
b)	 subjects lost to follow up unlikely to 

introduce bias - small number lost - <10 
%

c)	 lost to follow up rate >10% and no 
description of those lost

d)	 no statement

*

*

-

-

Allocation of stars as per rating sheet
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Supplementary Table 2 | Quality assessment of included studies using the Newcastle-Ottawa quality 
assessment a

Study Study design Selection Comparability Exposure Total

S1 S2 S3 S4 C E1 E2 E3

Blatter et al. (1996) Case-control * * * * ** - * * 8

Brender et al. (2002) Case-control * * * * ** * * - 8

Brender et al. (2006) Case-control * * * * -- * * - 6

Carbone et al. (2006) Case-control * * * * ** * * - 8

Chevrier et al. (2006) Case-control * * * * ** * * * 9

Cordier et al. (1992) Case-control * * * * ** * * - 8

Cordier et al. (1997) Case-control * * * * ** * * - 8

Cordier et al. (2001) Case-control - - - * * * * - 4

Desrosiers et al. (2012) Case-control * * * * ** * * * 9

Garlantézec et al. (2009) Cohort - * * * ** * * * 9

Gilboa et al. (2012) Case-control * * * * * * * - 8

Giordano et al. (2010) Case-control * * * * * * * - 8

Jackson et al. (2004) Case-control * - * * -- * * - 5

Kalfa et al. (2015) Case-control * - * * -- - * - 4

Lorente et al. (2000) Case-control * * * * * * * * 8

Makelarski et al. (2014) Case-control - - * * * - * * 5

Morales-Suarez-Varela et al. (2011) Cohort * * * * ** * * - 8

Nassar et al. (2009) Case-control * * * * ** * * * 9

Pettigrew et al. (2016) Case-control * - * * -- * * - 5

Pierik et al. (2004) Case-control * * * * -- * * - 6

Rocheleau et al. (2011) Case-control * * * * -- - * * 6

Rocheleau et al. (2015) Case-control * * * * ** - * * 8

Shaw et al. (1999) Case-control * - * * -- * * * 6

Snijder et al. (2012) Case-control * * * * ** * * - 8

Spinder et al. (2017) Case-control * * * - * * * - 6

Tikkanen et al. (1988) Case-control * - * - -- * * - 4

Vrijheid et al. (2002) Case-control * * * - ** * * - 7

Wang et al. (2015) Case-control * * * * ** - * - 7

a A maximum of nine stars can be allocated to each study. If the maximum number of stars was assigned, the study 
was considered as having low risk of bias. S1: adequate case definition/representativeness of the exposed cohort. S2: 
representativeness of the cases/selection of the non-affected cohort drawn from the same community as affected cohort. 
S3: selection of controls from community/adequate ascertainment of exposure. S4: definition of controls/demonstration 
that outcome of interest was not present at start of study. C: comparability of cases and controls on the basis of the design 
or analysis/comparability of cohorts on the basis of the design or analysis. E1: ascertainment of exposure. E2: same method 
of ascertainment for cases and controls/ follow-up long enough for outcomes to occur. E3: non-response rate/adequacy of 
follow up of cohorts.
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Supplementary Figure 1 | Funnel plot of maternal occupational exposure to solvents and risk of neural tube 

defects in offspring

p-value = 0.40

Supplementary Figure 2 | Forest plot of maternal occupational exposure to glycol ethers and risk of neural 

tube defects in offspring

Heterogeneity: χ2 = 1.54, df = 1, P= 0.90, I2 = 0%

Supplementary Figure 3 | Forest plot of maternal occupational exposure to pesticides and risk of neural 

tube defects in offspring

Heterogeneity: χ2 = 0.71, df = 3, P= 0.87, I2 = 0%
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Supplementary Figure 4 | Funnel plot of maternal occupational exposure to pesticides and risk of neural 

tube defects in offspring

p-value = 0.08

Supplementary Figure 5 | Forest plot of maternal occupational exposure to metals and risk of neural tube 

defects in offspring

Heterogeneity: χ2 = 5.58, df = 1, P= 0.02, I2 = 82%
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Supplementary Figure 6 | Funnel plot of maternal occupational exposure to solvents and risk of congenital 

heart defects in offspring

p-value = 0.27

Supplementary Figure 7 | Forest plot of maternal occupational expsoure to glycol ethers and risk of congenital 

heart defects in offspring

Heterogeneity: χ2 = 1.22, df = 1, P= 0.27, I2 = 18%

Supplementary Figure 8 | Forest plot of maternal occupational exposure to pesticides and risk of congenital 

heart defects in offspring

Heterogeneity: χ2 = 6.45, df = 4, P= 0.17, I2 = 38%

136620_Nynke_Spinder_BNW-def.indd   73136620_Nynke_Spinder_BNW-def.indd   73 17-9-2020   08:30:3517-9-2020   08:30:35



74

| Chapter 2

Supplementary Figure 9 | Funnel plot of maternal occupational exposure to pesticides and risk of congenital 

heart defects in offspring

p-value = <0.01

Supplementary Figure 10 | Forest plot of maternal occupational exposure to metals and risk of congenital 

heart defects in offspring

Heterogeneity: χ2 = 3.99, df = 2, P = 0.14, I2 = 49.8%
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Supplementary Figure 11 | Funnel plot of maternal occupational exposure to metals and risk of congenital 

heart defects in offspring

p-value = 0.41

Supplementary Figure 12 | Forest plot of maternal occupational exposure to solvents and risk of oral clefts 

in offspring

Heterogeneity: χ2 = 17.17, df = 6, P = 0.01, I2 = 65%
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Supplementary Figure 13 | Funnel plot of maternal occupational exposure to solvents and risk of oral clefts 

in offspring

p-value = <0.01

Supplementary Figure 14 | Forest plot of maternal occupational exposure to solvents and cleft lip with or 

without cleft palate in offspring

Heterogeneity: χ2 = 4.35, df = 4, P = 0.36, I2 = 8%
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Supplementary Figure 15 | Funnel plot of maternal occupational exposure to solvents and cleft lip with or 

without cleft palate in offspring

p-value = 0.10

Supplementary Figure 16 | Forest plot of maternal occupational exposure to solvents and risk of cleft palate 

in offspring

Heterogeneity: χ2 = 5.42, df = 4, P = 0.25, I2 = 26%
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Supplementary Figure 17 | Funnel plot of maternal occupational exposure to solvents and risk of cleft palate 

in offspring

p-value = 0.11

Supplementary Figure 18 | Funnel plot of maternal occupational exposure to glycol ethers and risk of oral 

clefts in offspring

p-value = 0.08
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Supplementary Figure 19 | Forest plot of maternal occupational exposure to glycol ethers and risk of cleft 

lip with or without cleft palate in offspring

Heterogeneity: χ2 = 0.08, df = 2, P = 0.96, I2 = 0%

Supplementary Figure 20 | Funnel plot of maternal occupational exposure to glycol ethers and risk of cleft 

lip with or without cleft palate in offspring

p-value = 0.22

Supplementary Figure 21 | Forest plot of maternal occupational exposure to glycol ethers and risk of cleft 

palate in offspring

Heterogeneity: χ2 = 1.25, df = 2, P = 0.54, I2 = 0%
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Supplementary Figure 22 | Funnel plot of maternal occupational exposure to glycol ethers and risk of cleft 

palate in offspring

p-value = 0.08

Supplementary Figure 23 | Forest plot of maternal occupational exposure to pesticides and risk of oral clefts 

in offspring

Heterogeneity: χ2 = 2.31, df = 1, P = 0.13, I2 = 57%

Supplementary Figure 24 | Forest plot of maternal occupational exposure to pesticides and risk of cleft lip 

with or without cleft palate in offspring

Heterogeneity: χ2 = 0.85, df = 1, P = 0.36, I2 = 0%
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Supplementary Figure 25 | Forest plot of maternal occupational exposure to pesticides and risk of cleft 

palate in offspring

Heterogeneity: χ2 = 3.37, df = 1, P = 0.07, I2 = 70%

Supplementary Figure 26 | Forest plot of maternal occupational exposure to metals and risk of oral clefts 

in offspring

Heterogeneity: χ2 = 0.82, df = 1, P = 0.36, I2 = 0%

Supplementary Figure 27 | Forest plot of maternal occupational exposure to metals and risk of cleft lip with 

or without cleft palate in offspring

Heterogeneity: χ2 = 0.18, df = 1, P = 0.67, I2 = 0%
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Supplementary Figure 28 | Forest plot of maternal occupational exposure to metals and risk of cleft palate 

in offspring

Heterogeneity: χ2 = 1.36, df = 1, P = 0.24, I2 = 26%

Supplementary Figure 29 | Forest plot of maternal occupational exposure to pesticides and risk of hypo-

spadias in offspring

Heterogeneity: χ2 = 7.85, df = 6, P = 0.25, I2 = 24%

Supplementary Figure 30 | Funnel plot of maternal occupational exposure to pesticides and risk of hypo-

spadias in offspring

p-value = 0.17
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Supplementary Figure 31 | Forest plot of maternal occupational exposure to metals and risk of hypospadias 

in offspring

Heterogeneity: χ2 = 9.20, df = 3, P = 0.03, I2 = 67%

Supplementary Figure 32 | Funnel plot of maternal occupational exposure to metals and risk of hypospadias 

in offspring

p-value = 0.13
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CHAPTER 3

Maternal occupational exposure 
and oral clefts in off spring
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ABSTRACT

Background Previous studies suggest that periconceptional maternal occupational 

exposure to solvents and pesticides increase the risk of oral clefts in the offspring. Less is 

known about the effect of occupational exposure to metals, dust, and gases and fumes 

on development of oral clefts.

Methods This case-malformed control study used data from a population-based birth 

defects registry (Eurocat)of children and foetuses born in the Northern Netherlands 

between 1997 and 2013. Cases were defined as nonsyndromic oral clefts. The first control 

group had chromosomal/monogenic defects, and the second control group was defined 

as non-chromosomal/non-monogenic malformed controls. Maternal occupational 

exposure was estimated through linkage of mothers’ occupation with a community-based 

Job Exposure Matrix (JEM). Multivariate logistic regression was used to estimate the effect 

of occupational exposures. Odds ratios were adjusted (aORs) for relevant confounders.

Results A total of 387 cases, 1135 chromosomal and 4352 non-chromosomal malformed 

controls were included in this study. Prevalence of maternal occupational exposures to 

all agents was 43.9% and 41.0%/37.7% among cases and controls, respectively. Oral clefts 

had significantly increased ORs of maternal occupational exposure to pesticides (aOR 

1.7, 95% confidence interval [CI] 1.0–3.1) and dust (aOR 1.3, 95%CI 1.1–1.6) when using 

nonchromosomal controls. Subgroup analysis for CL(P) stratified by gender showed a 

significantly increased risk for male infants exposed to ‘other solvents’ and exposure to 

mineral dust for female infants.

Conclusion Our study showed that maternal occupational exposure to pesticides and 

dust are risk factors for oral clefts in the offspring. Larger studies are needed to confirm 

this finding.
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BACKGROUND

Oral clefts are one of the most common congenital anomalies in the Netherlands with a 

prevalence of 2.1 per 1000 live births 1. Oral clefts are complex malformations that result 

from failure of fusion of the lip or palate. Because of different developmental origins, oral 

clefts can be classified as cleft palate (CP) or cleft lip with or without palate (CL(P)). Oral 

clefts have a large impact on the affected individuals, their parents and on the community 

in terms of physical and emotional wellbeing, and medical costs 2. The aetiology of oral 

clefts is not fully understood, but involves genetic as well as environmental factors. Several 

environmental factors during pregnancy have been associated with an increased risk of 

oral clefts in the offspring, including maternal smoking 3, maternal alcohol consumption 
4 and high maternal pre-pregnancy body mass index (BMI) (>30 kg/m2) 5-7. There is no 

consensus on whether folic acid is protective or might be a risk factor for oral clefts 8.

Participation of Dutch women in the labour market has increased substantially over the last 

two decades 9. Therefore, it is important to examine exposure to various teratogenic factors 

in the workplace. Large population based case-control studies suggest a relationship 

between exposure to organic solvents and oral clefts 10-17, whereas one other study did 

not find a higher risk of oral clefts in the offspring after maternal occupational exposure 

to solvents 18.

Several studies have investigated maternal occupational exposure to pesticides and risk 

of oral clefts in the offspring. Romitti et al. performed a meta-analysis and concluded that 

maternal exposure to pesticides in general is associated with a small increased risk of oral 

clefts in the offspring 19. More recently, Yang et al. assessed residential exposure to specific 

agricultural pesticides in an area with high rates of pesticide use and concluded that there 

was a positive relationship between herbicide exposure and oral clefts, especially among 

female infants 20.

There is one previous study that suggested an association between maternal occupational 

exposure to metals and oral clefts in the offspring 21. As far as we know, there is no literature 

concerning occupational exposure to mineral and organic dust, and gases and fumes in 

relation to the occurrence of oral clefts. However, since these exposures often occur in 

the same workplace as exposure to solvents and pesticides, these exposures were also 

taken into account in this study.

The objective of this case-malformed control study was to examine the association 

between maternal occupational exposure to, in particular solvents and pesticides, but also 
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to metals, mineral and organic dusts, and gases and fumes during the periconceptional 

period and risk of oral clefts in the offspring.

METHODS

Study design and population

To examine the possible association between maternal occupational exposure and 

oral clefts in the offspring a case-malformed control study was performed. Cases and 

malformed controls were selected from the European Concerted Action on Congenital 

Anomalies and Twins Northern Netherlands (Eurocat NNL). This population-based registry 

has been monitoring congenital anomalies in about 18,000 births annually in the provinces 

of Groningen, Friesland and Drenthe since 1981. In addition to live births (up to 10 years 

of age at notification), stillbirths, miscarriages and terminated pregnancies because of 

a congenital anomaly, are registered in the database. Children and foetuses are only 

registered in Eurocat NNL after parents give informed consent. In general, the informed 

consent rate is around 80% for all types of congenital anomalies. Coding and classification 

of congenital anomalies are performed according to Eurocat guidelines 22. In this study, 

Eurocat NNL data of children and foetuses born from 1997 until 2013 was used.

Data collection

Since 1997, parents have been asked to complete a written questionnaire to supply 

information about the pregnancy. The questionnaire includes a question about maternal 

occupation and the workplace (e.g. the company where the mother worked) at the 

beginning of the pregnancy. In addition, information is gathered concerning medical 

history, demographic characteristics and maternal pre-pregnancy weight and height. 

For smoking habits, alcohol consumption, and the use of medication, information is 

gathered from three months before pregnancy until the end of pregnancy. After parental 

consent, data on prescribed medication is retrieved from the pharmacy. Ambiguities in the 

questionnaire, actual use of medication and for which period it was used, were verified in 

a telephone interview with the mother.

Definition of cases and controls

Cases were defined as non-syndromic clefts, either occurring isolated or together with 

other major congenital anomalies. Children with a Pierre Robin sequence were included 

in the case group. International Classification of Diseases 9th revision (ICD-9, 749) was used 
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for births up until 2001 and the ICD-10 classification (Q35-Q37) was used for births since 

2002. A total of 679 cases with an oral cleft were selected for this study. Cases with a cleft 

that were also labelled as having a chromosomal or monogenic disorder were excluded 

(n = 89), because these clefts may be part of that specific syndrome. Additionally, cases 

with anencephaly, arhinencephaly and holoprosencephaly were excluded (n = 9) because 

these anomalies are often associated with oral clefts. In total, 95 cases (14%) were excluded 

because mothers’ occupation was unknown (e.g. the questionnaire was not returned). In 

this study only mothers with a paid job were included, which led to an exclusion of 99 

cases (e.g. housewives).

Non-malformed children are not registered in the Eurocat database. Infants and foetuses 

born with chromosomal/monogenic disorders, not accompanied by oral clefts, were 

used as controls, because the aetiology of these malformations is known. In total, 1764 

chromosomal controls were selected for this study. We excluded 357 controls (20%) 

because mothers’ occupation was unknown and another 272 controls were excluded 

because their mothers had no paid job. Hereafter we refer to this group as chromosomal 

controls.

Analyses were performed with a second control group, because chromosomal controls 

can introduce bias through higher maternal age. This second control group is defined as 

all other babies/foetuses registered in Eurocat with non-chromosomal/non-monogenic 

disorders, and no malformation accompanied by an oral cleft. A total of 6847 babies/

foetuses were selected for the non-chromosomal malformed control group. Because 

mothers’ occupation was unknown, 1626 controls (24%) were excluded. Furthermore, 869 

controls were excluded because mother had no paid job. Hereafter we refer to this group 

as non-chromosomal controls. This resulted in a total of 387 cases, 1135 chromosomal 

controls and 4352 non-chromosomal controls. Cases were further subdivided in a group 

of CP (n = 124) and a group of CL(P) (n = 263).

Exposure assessment

A community-based JEM (ALOHA+ JEM) is applied to translate self-reported information 

about mothers’ occupation during the periconceptional period (three months before 

conception through the first trimester) into occupational exposures to solvents, pesticides, 

metals and more generic categories like mineral and organic dust, and gases and fumes. 

The ALOHA+ JEM is built specifically for use in community-based studies 23. Given that 
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specific occupational exposures are relatively rare in the general population, specificity in 

exposure assignment was preferred over sensitivity when elaborating the ALOHA+ JEM 24.

Jobs were coded by two of the authors (NS and HK) into the International Standard 

Classification of Occupations 1988 (ISCO88) without knowledge of case/control status 
25. The ALOHA+ JEM assigned occupational exposure to solvents (aromatic, chlorinated 

and other [e.g. alkanes, alcohols, and esters]), pesticides (fungicides, herbicides and 

insecticides), metals, dust (organic and mineral), and gases and fumes. Based on the 

mothers’ occupation, the JEM assigned no (0), low (1) or high (2) exposure to solvents, 

pesticides, metals, dust, and gases and fumes. For mothers who had two or more jobs 

with different exposures, the highest exposure category was selected.

Variable definition

Potential confounders applied in our analyses were child sex (boy or girl), number of 

babies/foetuses delivered (1 or ≥2), previous births (0, 1 or ≥2 births), maternal age at 

delivery (15–19, 20–24, 25–29, 30–39, ≥40 years old), maternal BMI (underweight [<18.5 kg/

m2], normal [18.5–25 kg/m2], overweight [25–30 kg/m2], obese [>30 kg/m2]), maternal 

education level (low [primary school, lower vocational education, pre-vocational 

education], middle [secondary vocational education, general secondary education or pre-

university education] or high [higher professional education or academic education]), 

maternal smoking (no, yes/some period during pregnancy), maternal alcohol use during 

pregnancy (no, yes/ some period during pregnancy), folic acid use (no/wrong period, 

yes/periconceptional period [400 μg folic acid/ day from 4 weeks before until 8 weeks 

after conception 26), fertility problems (no, yes [self-reported fertility problems or fertility 

treatment]) and positive family history (yes/no). A positive family history means a first 

degree family member with the same condition as the baby/foetus under study, e.g. if 

a child has an oral cleft, the family history is positive when a first degree family member 

has an oral cleft as well.

Statistical analyses

The associations between specific maternal occupational exposures and oral clefts 

were assessed using univariate and multivariate logistic regression models to estimate 

crude odds ratios (OR) and adjusted ORs. We adjusted multivariate models for potential 

confounders, based on significance using Chi Square tests. Confounders for the analyses 

with chromosomal controls were child sex, maternal age at delivery, pre-pregnancy 

BMI, education level, smoking and alcohol use during pregnancy, and family history. 
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Analyses with non-chromosomal controls were corrected for child sex and previous births as 

confounders. Separate subgroup analyses were conducted for CP and CL(P) alone compared 

with both control groups.

From literature is known that the prevalence of CL(P) is higher among male infants. Therefore, 

an additional analysis was performed stratified by child’s gender. Due to the small number of 

mothers with high exposure, low and high exposure were merged into one ‘any exposure’ 

group for all types of occupational exposures. Additionally, for specific exposure categories 

with a high prevalence of exposed cases, it was possible to evaluate no, low, and high 

exposure categories separately. P-values of <0.05 were considered statistically significant. 

Statistical Package for the Social Sciences version 22 (SPSS V22) was used to perform all 

analyses.

RESULTS

The baseline characteristics of 387 cases, 1135 chromosomal controls and 4352 non-

chromosomal controls are presented in Table 1. Among cases there was a significant excess 

of males compared to chromosomal controls. Case mothers had a younger age at delivery, a 

higher BMI and their education level was lower. Furthermore, they smoked more often, used 

alcohol less often, and had less often a positive family history. The significant differences in 

baseline characteristics between oral clefts and chromosomal controls apply as well when 

CL(P) and chromosomal controls were compared, except for pre-pregnancy BMI. There were 

no significant differences in baseline characteristics between CP and chromosomal controls.
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None of these significant differences were observed when cases were compared with 

non-chromosomal controls, except the excess of males in the CL(P) group. Mothers 

with a child with an oral cleft had significantly more previous births. The prevalence of 

estimated occupational exposure to any of the agents considered was 43.9% among case 

mothers, 41.0% among mothers of chromosomal controls (Table 2), and 37.7% among 

nonchromosomal controls (Table 3). Prevalence of maternal exposure to solvents was 

similar among cases and controls. The most frequent type of solvent exposure was 

exposure to ‘other solvents’. Mothers exposed to ‘other solvents’ were mainly working 

in healthcare. The prevalence of occupational exposure to pesticides was low, but was 

higher among cases than controls (3.6% versus 2.4% for chromosomal controls and 

2.0% for non-chromosomal controls). Maternal occupational exposure to organic dust 

occurred most frequent, with case mothers being more often exposed to organic dust 

than chromosomal/non-chromosomal controls (36.7% versus 32.6%/29.6%). Mothers 

exposed to organic dust were working in e.g. healthcare or agriculture. Table 2 shows the 

adjusted ORs of maternal occupational exposure. The aORs for maternal occupational 

exposure to solvents, metals, dust, and gases and fumes did not increase significantly when 

using chromosomal controls. When using non-chromosomal controls, aORs increased 

significantly for maternal occupational exposure to pesticides and dust (Table 3). The 

highest aORs were found for fungicides and insecticides (aOR 2.0, 95%CI 1.1–3.7 and 

aOR 1.8, 95%CI 1.0–3.2, respectively). The aOR for dust, especially organic dust, increased 

significantly (aOR 1.3, 95%CI 1.1–1.7). The significant changes were also observed for organic 

dust in the CL(P) group. Additional analyses with CL(P) cases were performed stratified 

by child sex. The aOR for periconceptional exposure to ‘other solvents’ increased for male 

infants (aOR 1.5, 95%CI 1.1–2.1, data not shown in Table) using non-chromosomal controls. 

The aOR for occupational herbicide exposure in relation to CL(P) increased for female 

infants (aOR 3.8, 95%CI 1.1–13.4, data not shown in Table). However, this was only based 

on three exposed cases. Mineral dust exposure was associated with CL(P) for females as 

well (aOR 2.0, 95%CI 1.2-3.5, data not shown in Table). For exposure categories with high 

prevalence in this study (‘other solvents’, organic dust, and gases and fumes), additional 

analyses were performed for all three exposure intensity categories (no, low, and high). 

The number of high exposed cases was respectively 10, 11, and 4 cases. The aOR for cases 

with low exposure to ‘other solvents’ was 1.1 (95%CI 0.8–1.5), and increased to 1.5 (95%CI 

0.8–3.0) for cases with high exposure (data not shown in Table). For occupational exposure 

to organic dust the same trend is observed. The aOR increased from 1.3 (95%CI 1.1–1.6) for 

low exposure, to 1.7 (95%CI 0.9–3.2) for high exposure (data not shown in Table). No trend 
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of increased is observed OR for occupational exposure to gases and fumes. However, all 

ORs did not increase significantly.

Table 2 | Prevalence exposures and association between periconceptional maternal occupational exposure 
and all oral clefts, cleft palate (CP), and cleft lip with/without cleft palate (CL(P)) using chromosomal/monogenic 
controls.

Exposure Diagnosis Prevalence 
exposure

Unadjusted Adjusteda

n % OR 95% CI OR 95 %CI

Any agent

Chromosomal control 465 41.0 Ref Ref

All oral cleft 170 43.9 1.1 0.9 – 1.4 1.0 0.8 – 1.3

CP 42 33.9 0.7 0.5 – 1.1 0.7 0.5 – 1.1

CL(P) 128 48.7 1.4 1.0 – 1.8 1.2 0.9 – 1.6

Solvents

Chromosomal control 281 24.8 Ref

All oral cleft 103 26.6 1.1 0.8 – 1.4 1.0 0.8 – 1.4

CP 29 23.4 0.9 0.6 – 1.4 0.9 0.6 – 1.4

CL(P) 74 28.1 1.2 0.9 – 1.6 1.1 0.8 – 1.5

Aromatic solvents

Chromosomal control 50 4.4 Ref Ref

All oral cleft 17 4.4 1.0 0.6 – 1.8 1.1 0.6 – 1.8

CP 5 4.0 0.9 0.4 – 2.3 1.0 0.4 – 2.6

CL(P) 12 4.6 1.0 0.5 – 2.0 1.1 0.5 – 2.0

Chlorinated solvents

Chromosomal control 53 4.7 Ref Ref

All oral cleft 18 4.7 1.0 0.6 – 1.7 1.0 0.5 – 1.7

CP 4 3.2 0.7 0.2 – 1.9 0.7 0.2 – 1.9

CL(P) 14 5.3 1.1 0.6 – 2.1 1.1 0.6 – 2.0

Other solvents

Chromosomal control 263 23.2 Ref Ref

All oral cleft 99 25.6 1.2 0.9 – 1.5 1.1 0.8 – 1.4

CP 28 22.6 1.0 0.6 – 1.5 0.9 0.6 – 1.5

CL(P) 71 27.0 1.2 0.9 – 1.7 1.2 0.8 – 1.6

Pesticides

Chromosomal control 27 2.4 Ref Ref

All oral cleft 14 3.6 1.5 0.8 – 3.0 1.5 0.8 – 3.0

CP 5 4.0 1.7 0.7 – 4.6 1.7 0.6 – 4.6

CL(P) 9 3.4 1.5 0.7 – 3.1 1.4 0.6 – 3.1
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Table 2. Continued

Exposure Diagnosis Prevalence 
exposure

Unadjusted Adjusteda

n % OR 95% CI OR 95 %CI

Fungicides

Chromosomal control 23 2.0 Ref Ref

All oral cleft 13 3.4 1.7 0.8 – 3.4 1.7 0.8 – 3.5

CP 5 4.0 2.0 0.8 – 5.4 2.1 0.7 – 5.7

CL(P) 8 3.0 1.5 0.7 – 3.4 1.5 0.6 – 3.4

Herbicides

Chromosomal control 15 1.3 Ref Ref

All oral cleft 6 1.6 1.2 0.5 – 3.1 1.2 0.4 – 3.1

CP 1 0.8 0.6 0.1 – 4 6 0.6 0.1 – 4.6

CL(P) 5 1.9 1.4 0.5 – 4.0 1.3 0.5 – 3.9

Insecticides

Chromosomal control 25 2.2 Ref Ref

All oral cleft 14 3.6 1.7 0.9 – 3.2 1.7 0.8 – 3.3

CP 5 4.0 1.9 0.7 – 5.0 1.8 0.7 – 5.0

CL(P) 9 3.4 1.6 0.7 – 3.4 1.5 0.7 – 3.3

Heavy metals

Chromosomal control 14 1.3 Ref Ref

All oral cleft 4 1.0 0.8 0.3 – 2.6 0.6 0.2 – 2.3

CP 1 0.8 0.7 0.1 – 5.0 0.6 0.1 – 5.0

CL(P) 3 1.1 0.9 0.3 – 3.2 0.8 0.2 – 3.1

Dust

Chromosomal control 385 33.9 Ref Ref

All oral cleft 146 37.7 1.2 0.9 – 1.5 1.1 0.9 – 1.4

CP 37 28.8 0.8 0.5 – 1.2 0.8 0.5 – 1.2

CL(P) 109 41.4 1.3 0.9 – 1.7 1.3 0.9 – 1.7

Organic dust

Chromosomal control 370 32.6 Ref Ref

All oral cleft 142 36.7 1.2 0.9 – 1.5 1.2 0.9 – 1.4

CP 36 29.0 0.8 0.6 – 1.3 0.8 0.5 – 1.2

CL(P) 106 40.3 1.4 1.1 – 1.8 1.3 0.9 – 1.7

Mineral dust

Chromosomal control 111 9.8 Ref Ref

All oral cleft 40 10.3 1.1 0.7 – 1.6 1.1 0.7 – 1.6

CP 9 7.3 0.7 0.4 – 1.5 0.8 0.4 – 1.6

CL(P) 31 11.8 1.2 0.8 – 1.9 1.2 0.8 – 2.0
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Table 2. Continued

Exposure Diagnosis Prevalence 
exposure

Unadjusted Adjusteda

n % OR 95% CI OR 95 %CI

Gases and fumes

Chromosomal control 353 31.1 Ref Ref

All oral cleft 126 32.6 1.1 0.8 – 1.4 1.0 0.8 – 1.3

CP 29 23.4 0.7 0.4 – 1.0 0.6 0.4 – 1.0

CL(P) 97 36.9 1.3 1.0 – 1.7 1.2 0.9 – 1.6

a=Odds ratio adjusted for child sex, maternal age at delivery, pre-pregnancy body mass index, education level, smoking and 
alcohol use during pregnancy, and family history.

Table 3 | Prevalence exposures and association between periconceptional maternal occupational exposure 
and all oral clefts, cleft palate (CP), and cleft lip with/without cleft palate (CL(P)) using non-chromosomal/non-
monogenic malformed controls.

Exposure Diagnosis Prevalence 
exposure

Unadjusted Adjusteda

n % OR 95% CI OR 95 %CI

Any agent

Chromosomal control 1642 37.7 Ref Ref

All oral cleft 170 43.9 1.3 1.0 – 1.6 1.3 1.0 – 1.6

CP 42 33.9 0.8 0.6 – 1.2 0.8 0.6 – 1.2

CL(P) 128 48.7 1.6 1.2 – 2.0 1.5 1.2 – 2.0

Solvents

Chromosomal control 1075 24.7 Ref

All oral cleft 103 26.6 1.1 0.9 – 1.4 1.1 0.9 – 1.4

CP 29 23.4 0.9 0.6 – 1.4 0.9 0.6 – 1.4

CL(P) 74 28.1 1.2 0.9 – 1.6 1.2 0.9 – 1.6

Aromatic solvents

Chromosomal control 140 3.2 Ref Ref

All oral cleft 17 4.4 1.4 0.8 – 2.3 1.4 0.8 – 2.3

CP 5 4.0 1.3 0.5 – 3.1 1.3 0.5 – 3.1

CL(P) 12 4.6 1.4 0.8 – 2.6 1.5 0.8 – 2.7

Chlorinated solvents

Chromosomal control 190 4.4 Ref Ref

All oral cleft 18 4.7 1.1 0.7 – 1.8 1.1 0.7 – 1.8

CP 4 3.2 0.7 0.3 – 2.0 0.7 0.3 – 2.0

CL(P) 14 5.3 1.2 0.7 – 2.2 1.3 0.7 – 2.2

Other solvents

Chromosomal control 1042 23.9 Ref Ref

All oral cleft 99 25.6 1.1 0.9 – 1.4 1.1 0.9 – 1.4

CP 28 22.6 0.9 0.6 – 1.4 0.9 0.6 – 1.4

CL(P) 71 27.0 1.2 0.9 – 1.6 1.2 0.9 – 1.6
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Table 3. Continued

Exposure Diagnosis Prevalence 
exposure

Unadjusted Adjusteda

n % OR 95% CI OR 95 %CI

Pesticides

Chromosomal control 88 2.0 Ref Ref

All oral cleft 14 3.6 1.8 1.0 – 3.2 1.7 1.0 – 3.1

CP 5 4.0 2.0 0.8 – 5.1 1.9 0.8 – 4.8

CL(P) 9 3.4 1.7 0.9 – 3.4 1.7 0.8 – 3.4

Fungicides

Chromosomal control 70 1.6 Ref Ref

All oral cleft 13 3.4 2.1 1.2 – 3.9 2.0 1.1 – 3.7

CP 5 4.0 2.6 1.0 – 6.5 2.4 0.9 – 6.0

CL(P) 8 3.0 1.8 0.9 – 3.6 1.9 0.9 – 4.0

Herbicides

Chromosomal control 36 0.8 Ref Ref

All oral cleft 6 1.6 1.9 0.8 – 4.5 1.8 0.8 – 4.4

CP 1 0.8 1.0 0.1 – 7 2 0.9 0.1 – 7.0

CL(P) 5 1.9 2.3 0.9 – 6.0 2.3 0.9 – 5.9

Insecticides

Chromosomal control 84 1.9 Ref Ref

All oral cleft 14 3.6 1.9 1.1 – 3.4 1.8 1.0 – 3.2

CP 5 4.0 2.1 0.9 – 5.4 2.0 0.8 – 5.0

CL(P) 9 3.4 1.8 0.9 – 3.6 1.7 0.9 – 3.5

Heavy metals

Chromosomal control 44 1.0 Ref Ref

All oral cleft 4 1.0 1.0 0.4 – 2.9 1.1 0.4 – 3.0

CP 1 0.8 0.8 0.1 – 5.8 0.9 0.1 – 6.3

CL(P) 3 1.1 1.1 0.3 – 3.7 1.2 0.4 – 3.8

Dust

Chromosomal control 1346 30.9 Ref Ref

All oral cleft 146 37.7 1.4 1.1 – 1.7 1.3 1.1 – 1.6

CP 37 28.8 1.0 0.6 – 1.4 0.9 0.6 – 1.4

CL(P) 109 41.4 1.6 1.2 – 2.0 1.5 1.2 – 2.0

Organic dust

Chromosomal control 1288 29.6 Ref Ref

All oral cleft 142 36.7 1.4 1.1 – 1.7 1.3 1.1 – 1.7

CP 36 29.0 1.0 0.7 – 1.4 1.0 0.6 – 1.4

CL(P) 106 40.3 1.6 1.2 – 2.1 1.6 1.2 – 2.0
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Table 3. Continued

Exposure Diagnosis Prevalence 
exposure

Unadjusted Adjusteda

n % OR 95% CI OR 95 %CI

Mineral dust

Chromosomal control 396 9.1 Ref Ref

All oral cleft 40 10.3 1.2 0.8 – 1.6 1.1 0.8 – 1.6

CP 9 7.3 0.8 0.4 – 1.6 0.8 0.4 – 1.5

CL(P) 31 11.8 1.3 0.9 – 2.0 1.3 0.9 – 1.9

Gases and fumes

Chromosomal control 1521 34.9 Ref Ref

All oral cleft 126 32.6 0.8 0.7 – 1.1 0.9 0.7 – 1.1

CP 29 23.4 0.6 0.4 – 0.9 0.6 0.4 – 0.9

CL(P) 97 36.9 1.1 0.8 – 1.4 1.1 0.8 – 1.4

a=Odds ratio adjusted for child sex, maternal age at delivery, pre-pregnancy body mass index, education level, smoking and 
alcohol use during pregnancy, and family history.

DISCUSSION

Results from this population-based case-malformed control study indicate an effect for 

maternal periconceptional occupational exposure to fungicides, insecticides, and organic 

dust on the risk of oral clefts in the offspring. Male infants have an increased risk on CL(P) 

when mothers are occupational exposed to ‘other solvents’. Females have an increased on 

CL(P) when mothers are exposed to mineral dust. This study shows overall no increased 

risk of clefts in the offspring when mothers are periconceptionally occupational exposed 

to solvents, metals, and gases and fumes.

The association between maternal pesticide exposure and oral clefts in the offspring is 

described previously. A meta-analysis from 2007, that examined the association between 

occupational exposure to pesticides during pregnancy and oral clefts, showed a significant 

increased risk of oral clefts (OR 1.37, 95%CI 1.04– 1.81) 19. This is comparable to our study, 

where we find slightly higher OR of 1.7, 95%CI 1.0–3.1. Most mothers exposed to pesticides 

in our study were working in agriculture. A Finnish study examined the association 

between working in agriculture and oral clefts in the offspring 27. They found a comparable 

increased OR of oral clefts in the offspring among mothers working in agriculture during 

the first trimester of their pregnancy (OR 1.9, 95%CI 1.1–3.5).

Furthermore, we observed an association between maternal exposure to dust and oral 

clefts in the offspring. Despite the fact that occupational exposure to dust is common 
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at the workplace, no studies are known about the relation between occupational dust 

exposure and congenital anomalies in the offspring.

In our study we found no association between maternal occupational exposure to solvents 

and oral clefts in the main analyses. However, in the additional analyses an association 

is found between maternal occupational exposure to ‘other solvents’ and CL(P) in male 

infants only. Our finding is in line with one study from the USA that reported no association 
18, but it is in contrast with multiple studies published since 2000 that did report an 

association between maternal occupational exposure to solvents and oral clefts 10-16. Most 

of these studies have been performed in France and the USA and used occupational 

hygienists, who assessed exposure to specific solvents case-by-case based on detailed 

standardized interviews in which mothers were asked about job titles and descriptions of 

the job. The method of classifying occupational exposure by industrial hygienists is more 

specific and accurate than use of a JEM. However, there is a prospective study, using self-

reported exposure assessment as well as a JEM, which reports a significant increased risk 

of oral clefts in the offspring for mothers exposed to solvents 12. Inconsistencies could also 

be due to different definitions of solvent exposure.

We found no significant association between maternal occupational exposure to metals 

and oral clefts, whereas the study of Hao et al. 21 did find a significant association (OR 5.67, 

95%CI 1.34–24.09). In our study the prevalence of exposure was very low compared to 

the Chinese study (0.8% in our CP group versus 8.8% in Hao et al.). No other studies have 

investigated metal exposure in relation to oral clefts.

Finally, we observed no association between maternal occupational exposure to gases 

and fumes, which we analysed because these are often co-exposures in women exposed 

to pesticides, solvents and metals.

Strengths and limitations

A major strength of this study is the use of data from the population-based Eurocat registry. 

Ascertainment of oral cleft cases by Eurocat NNL was virtually complete for birth years 

1997–2009, with a consent rate for registration of over 90% 8. Data in the Eurocat NNL 

database are of high quality and congenital anomalies are classified according to high 

standards and ICD codes. This made it possible to accurately distinguish between isolated 

clefts, clefts occurring together with other major congenital anomalies and syndromic 

clefts. Moreover, because both cases and both control groups had anomalies, recall bias 

is not expected to play a role in our study design.
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Another strength is the use of the ALOHA+ JEM. The benefit of using a JEM is that it avoids 

recall bias since the mother is not directly asked about her occupational exposure during 

pregnancy. Besides, results in occupational exposure estimates are that are less prone to 

differential misclassification of exposure compared to self-reported exposures 24,28.

The Eurocat NNL questionnaire includes questions about job title and workplace during 

pregnancy, but did not include questions about the actual job tasks that were performed. 

It is therefore possible that women avoided certain activities during the periconceptional 

period in order to decrease exposure to potential teratogenic agents. Their actual exposure 

could therefore have been lower or absent from what was assigned by the JEM based on 

their job. Another limitation of using a JEM, compared to expert assessment, is that JEMs 

have often low sensitivity. Partly, this low sensitivity is due to the variability in exposure 

across time which is not taken into account by the JEM 29.

In our study a relatively low numbers of cases are exposed to pesticides. This has resulted in 

a lower power. Besides, our study could not address exposure intensity for all subcategories 

of exposure as assigned by the JEM (low or high exposure) separately in our analyses, due 

to the low numbers of highly exposed women. This precluded an exposure-response 

evaluation.

Finally, we used malformed controls and could therefore not compare with healthy 

children. It is known that occupational exposure to pesticides is possibly associated with 

chromosomal aberrations 30. Furthermore, residential exposure to solvents or metals has 

been suggested to be associated with an increased risk of chromosomal anomalies in the 

offspring of older women 31. Given our design, if these associations between occupational 

exposure and chromosomal anomalies would have been present, this would have resulted 

in attenuated risk estimates of maternal occupational exposures for the risk of oral clefts 

in the offspring.
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Conclusion

Our study indicates that maternal periconceptional occupational exposure to pesticides 

and dust are risk factors for oral clefts, in particular exposure to fungicides, insecticides 

and organic dust is associated with an increased risk for cleft palate in the offspring. 

Occupational maternal exposure to ‘other solvents’ gives an increased risk of CL(P) in male 

offspring, whereas mineral dust is associated with CL(P) in female offspring. Exposure to 

solvents, metals, and gases and fumes are not shown to be associated with oral clefts 

in the offspring. More data are needed to identify whether the association between 

periconceptional occupational maternal solvents, pesticides, and dust exposure and cleft 

palate in the offspring is causal.
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ABSTRACT

Background Urogenital anomalies comprise any defect of the organs and tissues 

responsible for the formation and excretion of urine. The aetiology of urogenital anomalies 

is largely unknown.

Objective To examine the association between maternal occupational exposure 

to endocrine disrupting chemicals (EDCs) and subgroups of urinary anomalies and 

hypospadias in offspring.

Methods For this case–control study we selected cases with urogenital anomalies 

from Eurocat Northern Netherlands and non-malformed controls from the Lifelines 

children cohort born between 1997 and 2013. Information on maternal jobs held early in 

pregnancy was collected via self-administered questionnaires. Job titles were translated 

into occupational exposure to EDCs using a job exposure matrix. Adjusted odds ratios 

(aORs) and 95% confidence intervals (95%CIs) were estimated to assess the association 

between maternal occupational exposure to EDCs and to specific types of EDCs and 

urinary anomalies and hypospadias.

Results This study included 530 cases with urogenital anomalies, 364 cases with 

hypospadias, and 5602 non-malformed controls. For urinary anomalies and hypospadias, 

23.1% and 22.9% of the cases were exposed to EDCs respectively, whereas 19.8% of the 

controls were exposed. We found an association between maternal occupational exposure 

to organic solvents/ alkylphenolic compounds and urinary anomalies (aOR 1.41, 95%CI 

1.01,1.97) that became stronger when combinations of urinary anomalies co-occurred with 

other defects (aOR 7.51, 95%CI 2.41,23.43). An association was also observed for exposure 

to phthalates/benzophenones/parabens/siloxanes and urinary anomalies (aOR 1.56, 95%CI 

1.06, 2.29), specifically urinary collecting system anomalies (aOR 1.62, 95% CI 1.03, 2.54) and 

combinations of urinary anomalies (aOR 2.90, 95%CI 1.09, 7.71). We observed no association 

between EDC exposure and hypospadias.

Conclusion Maternal occupational exposure to specific EDCs can increase the risk of 

urinary anomalies in offspring, and this should be taken into consideration when carrying 

out risk assessments of the workplace.
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INTRODUCTION

Urogenital anomalies are congenital anomalies representing any defect in the organs 

and tissues responsible for the formation and excretion of urine. The total prevalence of 

kidney and urinary collecting system anomalies is 31 per 10,000 births in Europe 1.These 

anomalies comprise a broad range of disorders that result from abnormal embryonal renal 

development, such as renal parenchymal malformations, abnormalities in renal migration, 

or abnormalities of the urinary collecting system. The severity of urinary anomalies can 

differ. Total absence of the kidneys will cause neonatal death, whereas milder kidney and 

urinary collecting system anomalies (e.g. vesico-ureteral-renal reflux – the retrograde 

passage of urine from the bladder into the upper urinary tract) can lead to chronic renal 

failure if untreated 2.

Hypospadias is the most common genital anomaly, with a total prevalence of 14 per 10,000 

births in Europe 1. Hypospadias is present only in males and is characterised by an abnormal 

position of the urethral opening that ranges from the urethral opening being near the 

tip of the penis to further down the shaft of the penis, scrotum or in the perineum. Most 

types of hypospadias need surgical correction after birth.

Foetal development occurs under influence of hormones. It has been proposed that 

hypospadias develops through disruption of the androgenic stimulation required for the 

development of the normal male external genitalia. Both genetic and environmental factors 

can negatively affect androgenic stimulation 3. For urinary anomalies the pathogenesis is 

largely unknown, but both genetic and environmental factors are thought to be involved 
4. Exposure to certain chemicals can influence hormonal activity and adversely affect foetal 

development of the urogenital tract 5. These potentially endocrine disrupting chemicals 

(EDCs) can be man-made or naturally occurring. Sources of EDC exposure in the general 

population are diet, personal care products, cosmetics, plastics, textiles, and construction 

materials 6,7. However, a relatively high level of exposure may occur in specific occupations 

as EDCs are present in a large variety of materials and products used in the workplace, 

such as pesticides, phthalates, and organic solvents, or can be by-products formed during 

manufacturing, for example dioxins 6,7.

Several studies have found an association between maternal occupational exposures to 

EDCs and hypospadias 8,9, whilst a few other studies have found associations between 

specific EDCs, such as pesticides 10 and solvents 11,12, and hypospadias. However, other 
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studies have found no association between maternal occupational exposure to pesticides 

or metals and increased risk of hypospadias 13,14.

Studies regarding maternal occupational exposure early in pregnancy in relation to urinary 

anomalies are limited. One study found an association between maternal occupational 

exposure to solvents and urinary malformations 15. However, only 13 cases were included 

in this prospective study. Another study found no association between solvent exposure 

and urinary malformations 16. Neither of these studies differentiated between specific 

subcategories of urinary anomalies. The aim of our study was thus to examine the 

association between maternal occupational exposure to EDCs early in pregnancy and 

subgroups of urinary anomalies and hypospadias in the offspring.

METHODS

Study design

This is a case–control study. Cases were selected from European Concerted Action on 

Congenital Anomalies and Twins Northern Netherlands (Eurocat NNL). Since 1981 this 

registry has been collecting data on children born with congenital anomalies in the 

northern Dutch provinces of Groningen, Friesland, and Drenthe. Eurocat NNL registers 

live births (up to 10 years of age at notification), stillbirths, miscarriages, and pregnancies 

terminated because of a congenital anomaly. After the parents have given informed 

consent, they are asked to complete a questionnaire that includes items on pregnancy 

characteristics, parental medical history, demographic and occupational characteristics, 

pre-pregnancy weight and height, and smoking, alcohol, and medication use during 

the periconceptional period (3 months before pregnancy through the end of the first 

trimester).

Controls for this study were selected from the Lifelines cohort. Lifelines is a multi-

disciplinary prospective population-based cohort study examining in a three-generation 

design the health and health-related behaviours of 167,729 persons living same catchment 

region as Eurocat NNL. Participants were recruited through general practitioners in the 

study area. Children were invited to participate if one parent was already a participant 

in Lifelines. Children were included from 6 months of age until their 18th birthday after 

parents or the child has given informed consent. Parents of participating children received 

a questionnaire with questions on pregnancy, childbirth, and health of the child in the first 
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6 months of life. Detailed information about the Lifelines cohort study has been published 

previously 17.

Case and control definition

Children, foetuses, and terminated pregnancies affected by a major anomaly of the 

urogenital tract born between 1997 until 2013 were selected from Eurocat NNL. Coding and 

classification of congenital anomalies was performed according to EUROCAT guidelines 18,19. 

Since there are many different types of urinary tract anomalies, we classified cases into four 

groups of urinary anomalies: (I) malformations of the renal parenchyma, (II) anomalies of the 

urinary collecting system, (III) abnormal embryonic migration of kidneys and other urinary 

tract anomalies, and (IV) combinations of urinary anomalies 4,20. The anomalies included 

in these categories are listed in Table 1. The primary urinary tract anomaly was used for 

categorisation. For example, if a child developed renal dysplasia as a consequence of an 

ureteropelvic junction stenosis (UPJ stenosis), the anomaly was classified as UPJ stenosis 

and categorized under “anomalies of the urinary collecting system”. The only genital tract 

anomaly included in this study was hypospadias (Table 1). Infants with both hypospadias 

and urinary anomalies were counted in both main categories (n=7). Cases with a genetic 

or chromosomal anomaly were excluded. To avoid genetic correlation, we also excluded 

cases in which a sibling with the same defect was included.

Controls were defined as children without congenital anomalies born between 1997 and 

2013. We only selected infants whose biological mother participated in Lifelines. Parents 

were asked if their child was born with a congenital anomaly. Since linkage with Eurocat 

NNL was not possible and parental descriptions of the congenital anomaly were poor, 

we could not include these infants as cases. One infant per mother was included to avoid 

genetic correlation.
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Table 1 | Classes of urogenital anomalies

Anomaly Classes Included urinary tract anomalies

Urinary anomalies I Malformations of the renal 
parenchyma

Renal agenesis, renal hypoplasia, multicystic dysplastic 
kidneys, cystic kidney, and renal dysplasia

II Anomalies of the urinary 
collecting system

Hypdronephrosis (end stage of obstructive anomalies), 
ureteropelvic junction stenosis, megaloureter, hydroureter, 
duplication of ureter, vesico-uretero-renal reflux, epispadias, 
exstrophy of urinary bladder, OEIS complex, (posterior) 
urethral valves, stenosis, atresia of urethra and bladder neck, 
and absence of bladder and urethra

III Abnormal embryonic 
migration of kidneys and other 
urinary tract anomalies

Pelvic kidney, horseshoe kidney, other malformations of the 
urinary system

IV Combinations of urinary 
anomalies

Presence of at least two types of urinary tract anomalies, both 
considered to be primary anomalies and belonging to at least 
two categories

Genital anomalies Hypospadias Glandular*, coronal, penile, penoscrotal and perineal 
hypospadias

* Included from birth year 2005 onwards according to EUROCAT guidelines 17,18

Exposure assessment

Mothers were asked to report the job, including industry of employment, they held during 

early pregnancy. The maternal job descriptions of children included from the Eurocat 

registry and Lifelines cohort were coded by two authors (NS, HK) into the International 

Standard Classification of Occupational 1988 (ISCO88) 21, without knowledge of case or 

study details. To translate the ISCO88 codes into occupational exposure, we used a Job 

Exposure Matrix (JEM) developed by van Tongeren and colleagues. The original JEM was 

developed to study the risk of hypospadias after maternal exposure to EDCs 22 and later 

updated to improve its performance 6. Chemicals incorporated in this JEM were identified 

from literature and classified into nine chemical groups: polycyclic aromatic hydrocarbons 

(PAHs), polychlorinated organic compounds, pesticides, phthalates, organic solvents, 

bisphenol A, alkylphenolic compounds, brominated flame retardants, and a miscellaneous 

group (benzophenones, parabens, and siloxanes). Three occupational experts scored the 

exposure to each chemical group as “unlikely, possible or probable” using job titles form 

the Standard Occupation Classification (SOC). Two authors (NS, HK) translated SOC codes 

into the ISCO88 classification to make the JEM applicable to the data in the present study. 

Due to sparse data (<5 exposed cases) exposures to polychloride organic compounds, 

bisphenol A, and flame retardants were not analysed. Detailed information on the JEM 

has been published elsewhere 6.
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Statistical analyses

Infant and maternal characteristics for cases and controls were tabulated. Variables 

registered in both Eurocat NNL and the Lifelines cohort were: child sex, birth year, maternal 

age at delivery, maternal body mass index (BMI) – the self-reported pre-pregnancy weight 

and height for Eurocat NNL cases or objective measurement at baseline visit for Lifelines 

controls (underweight [<18.5 kg/m2], normal [18.5-24.9 kg/m2], overweight [25-29.9 kg/m2], 

or obese [≥30 kg/m2] –, maternal education level (low [primary school, lower vocational 

education, pre-vocational education], middle [secondary vocational education, general 

secondary education or pre-university education], or high [higher professional education 

or academic education]), maternal smoking (no, yes/some period during pregnancy), 

maternal alcohol use during pregnancy (no, yes/some period during pregnancy), folic 

acid use (no/wrong period, yes/sometime during periconceptional period), and fertility 

problems (no, yes [self-reported fertility problems or fertility treatment]).

The correlation between EDC subgroups was explored in mothers of controls to determine 

the best modelling strategy. Due to high correlation, organic solvents and alkylphenolic 

compounds were combined into a single exposure group (exposure to at least one 

exposure in this group), as were phthalates, benzophenones, parabens, and siloxanes.

The association between maternal occupational exposures was assessed separately for the 

four classes of urinary anomalies and hypospadias. Because hypospadias is only present 

in boys, only boys were selected as controls for the hypospadias analyses. The association 

between any occupational exposures (possible/probable) and urinary anomalies and 

hypospadias were assessed using univariate and multivariate logistic regression to estimate 

crude odds ratios (OR) and adjusted odds ratios (aOR), respectively. Cases and controls 

with no occupational exposure to EDCs included in the analysis were used as reference 

category. Multivariate logistic regression analyses were adjusted for birth year, maternal 

age at delivery, maternal BMI, and smoking and alcohol use during pregnancy, based on 

chi-square tests (Supplementary Table 1). Multivariate logistic regressions regarding urinary 

anomalies were additionally adjusted for child sex, folic acid use, and fertility problems. 

Stratified analyses were conducted for isolated urogenital defects and for urogenital 

defects co-occurring with congenital anomalies because these may differ in aetiology. To 

account for the likelihood of exposure, subgroup analyses were performed only including 

mothers who had a job ‘probably’ exposed to EDCs, meaning that exposure was likely to 

occur in more than 10% of workers with this job. We also performed analyses using ‘no 
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exposure’ to any occupational EDCs as the reference category. The Statistical Package for 

the Social Sciences version 23 (SPSS v23) was used to perform all analysis.

RESULTS

We selected 1,462 cases with urogenital defects from Eurocat NNL (Figure I). Cases 

were excluded because mothers had no job early in pregnancy (n=176) or because job 

information was missing (n=369). Fourteen cases were excluded because siblings with the 

same defect were included. We included 530 cases with urinary anomalies, 364 cases with 

hypospadias, and 7 cases with both a urinary anomaly and hypospadias.

Eurocat cases with 
urogenital defects 

(n=1,462) Excluded:
Cases with mothers who had no job (n=176):
- Housewife (n=133)
- Disabled (n=17)
- Student (n=13)
- Unemployed (n=11)
- Volunteer (n=2)

Job information was missing (n=369)

Eligible cases with 
urogenital defects 

(n=901)

Excluded:
- Siblings (n=14)

Figure 1 | Flowchart case selection from Eurocat Northern Netherlands, 1997-2013

The Lifelines children’s cohort consisted of 12,494 potentially eligible infants born from 

1997 to 2013 (Figure II). From these, we excluded 163 non-biological infants. A further 814 

children were excluded because their parents reported one or more congenital anomalies 

or it was unknown if the child was born with a congenital anomaly. Another 3,029 children 

were excluded because their mother did not work early in pregnancy or job information 

was missing. One child per parent was selected, which resulted in exclusion of another 

2,886 children. In total, 5,602 children without congenital anomalies were selected as 

control group.
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Lifelines infants born 
between 1997-2013 

(n=12,494)

Biological infants 
(n=12,331)

Biological non-
malformed infants 

(n=11,517)

Non-malformed 
infants with known 

maternal occupation
(n=8,488)

Excluded:
- Non-biological infants (n=163)

Excluded:
- Infants with congenital anomaly (n=724)
- Unknown (n=19), missing (n=71)

Excluded:
- Mothers who did not work during pregnancy (n=1,085)
- Mothers who did work, but did not remember job (n=146)
- Job information/description missing or uncodable (n=1,798)

Eligible non-
malformed controls

(n=5,602)

Excluded:
- Siblings (n=2,886)

Figure 2 | Flowchart control selection from Lifelines population based cohort study Northern Netherlands, 

1997-2013

Children aff ected by a urinary anomaly were more often boys (70.0% of Eurocat NNL cases 

were male versus 48.8% of the Lifelines cohort, Supplementary Table 1). For both urinary 

anomalies and hypospadias cases, the mothers were younger at delivery and had a lower 

BMI compared to controls. Mothers of cases were also more often smokers and more often 

used alcohol during pregnancy compared to controls. The mothers of urinary anomaly 

cases used folic acid less often and more often had fertility problems.

Urinary anomalies

The percentage of women exposed to EDCs and ORs for urinary anomalies are shown in 

Table 2. For urinary anomalies, 23.1% of the cases and 19.8% of the controls were exposed 

to ‘any’ EDCs. After adjustment, an OR of 1.21 (95%CI 0.96-1.53) was observed between 

exposure to ‘any’ EDCs and urinary anomalies when comparing to non-exposed infants. 

When we looked into specifi c types of EDCs, we observed associations for exposure to 

organic solvents/alkylphenolic compounds (aOR 1.41, 95%CI 1.01-1.97) and exposure to 

phthalates/benzophenones/parabens/siloxanes (aOR 1.56, 95%CI 1.06-2.29). No associations 
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were observed for exposure to PAHs or pesticides when comparing to non-exposed infants 

(aOR 1.06, 95%CI 0.73-1.53 and aOR 0.53, 95%CI 0.22-1.25 respectively).

Subgroup analyses for specific classes of urinary anomalies were performed. The aOR for 

anomalies of the urinary collecting system was higher compared to all urinary anomalies 

(aOR 1.29, 95%CI 0.98-1.69). The aORs for other subgroups anomalies were lower and 

ranged from 0.84 (95%CI 0.28-2.52) for abnormal embryonic migration of the kidneys to 

1.10 (95%CI 0.51-2.35) for combinations of urinary tract anomalies. An association was found 

between occupational exposure to phthalates/benzophenones/parabens/siloxanes and 

anomalies of the urinary collecting system (aOR 1.62, 95%CI 1.03-2.54) and combinations 

of urinary anomalies (aOR 2.90, 95%CI 1.09-7.71). We found no associations with anomalies 

of the renal parenchyma and abnormal embryonic migration of the kidney.

When we performed a stratified analysis for isolated urinary anomalies (n=420, 

Supplementary Table 2) and urinary anomalies co-occurring with other congenital 

anomalies (n=117, Supplementary Table 3), the association between occupational exposure 

to phthalates/benzophenones/parabens/siloxanes was stronger for isolated cases (aOR 

1.63, 95%CI 1.07-2.49) than for urinary defects co-occurring with congenital anomalies 

(aOR 1.20, 95%CI 0.51-2.80), specifically for anomalies of the urinary collecting system (aOR 

1.76, 95%CI 1.11-2.79). The association between exposure to organic solvents/alkylphenolic 

compounds and combinations of urinary anomalies became stronger when restricting 

the analysis to urinary defects co-occurring with congenital anomalies (aOR 7.51, 95%CI 

2.41-23.43).

Subgroup analyses performed for mothers with ‘probable’ exposure to EDCs according to 

the JEM and for women not exposed to any EDC (the reference category) did not materially 

change the results (Supplementary Table 4 and 5).
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Hypospadias

The exposure rates and ORs for hypospadias are shown in Table 3. For hypospadias, 22.9% 

of the cases and 18.9% of the controls were exposed to ‘any’ EDCs. We observed no 

association between EDCs in general and hypospadias in offspring (aOR 1.26, 95%CI 0.95-

1.65), nor did we observe an association between subcategories of EDCs and hypospadias.

We performed stratified analyses of isolated hypospadias (n=341) and hypospadias co-

occurring with other congenital anomalies (n=30) (Supplementary Table 6). An increased 

aOR for ‘any’ EDCs exposure and hypospadias that co-occurred with another congenital 

anomalies (aOR 1.46, 95%CI 0.63-3.39) as compared to isolated hypospadias (aOR 1.23, 

95%CI 0.92-1.64). Subgroup analyses for mothers with ‘probable’ exposure to EDCs or using 

women not exposed to any EDC as reference category did not materially change the results 

(Supplementary Table 7 and 8).

Table 3 | Prevalence, crude OR, and adjusted OR of maternal occupational exposure to EDCs and the risk of 
hypospadias in the offspring (Eurocat) compared to non-malformed controls (Lifelines), North Netherlands, 
1997-2013

Occupational exposure

Total Unexposed Exposed Unadjusted Adjusted a

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

Any EDC

Controls b 2731 2214 (81.1%) 517 (18.9%) 1.00 1.00

Hypospadias 371 286 (77.1%) 85 (22.9%) 1.27 (0.98-1.65) 1.26 (0.95-1.65)

PAHS

Controls b 2731 2560 (93.7%) 171 (6.3%) 1.00 1.00

Hypospadias 371 340 (91.6%) 31 (8.4%) 1.37 (0.92-2.03) 1.37 (0.91-2.07)

Pesticides

Controls b 2731 2685 (98.3%) 46 (1.7%) 1.00 1.00

Hypospadias 371 366 (98.7%) 5 (1.3%) 0.80 (0.32-2.02) 0.76 (0.30-1.98)

Organic Solvents/
Alkylphenolic compoundsc

Controls b 2731 2641 (96.7%) 90 (3.3%) 1.00 1.00

Hypospadias 371 347 (93.5%) 24 (6.5%) 1.02 (0.66-1.59) 0.94 (0.59-1.48)

Phthalates/Benzophenones/
Parabens/Siloxanesc

Controls b 2731 2620 (95.9%) 11 (4.1%) 1.00 1.00

Hypospadias 371 351 (95.6%) 20 (5.4%) 1.35 (0.83-2.19) 1.21 (0.73-2.01)

a adjusted for birth year, maternal age and body mass index, smoking and alcohol use during pregnancy, b only boys are 
selected as controls. c exposure to at least one exposure in this group. EDCs = endocrine disrupting chemicals, PAH = polycyclic 
aromatic hydrocarbons.
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DISCUSSION

Principal findings

In this study we found an association between maternal occupational exposure to organic 

solvents/alkylphenolic compounds and phthalates/benzophenones/parabens/siloxanes 

and urinary anomalies, specifically for anomalies of the urinary collecting system and 

when more than one urinary anomaly was present. Women exposed to organic solvents/

alkylphenolic compounds were working in the agricultural sector or as life science 

technicians. Women exposed to phthalates/benzophenones/parabens/siloxanes worked 

mainly as cleaners, hairdressers or beauticians.

Strengths and weaknesses of the study

For this case–control study we used case data from the high-quality population-based 

Eurocat NNL registry. Detailed medical information was available for each case, and all 

cases were coded by trained registry staff according to international coding guidelines 18. 

These factors made it possible to distinguish between classes of urinary anomalies and 

between isolated and urinary defects that co-occurred with other anomalies. A major 

strength of this study is that we used non-malformed controls. We selected controls 

from Lifelines, a large population-based cohort which recruited its participants from the 

same region as Eurocat. The Lifelines cohort is representative for the population in the 

Northern Netherlands 23. Another strength is that we used a JEM for occupational exposure 

assessment. When compared to self-reported exposures, use of a JEM limits the effect of 

recall bias on exposure estimates as well as the differential misclassification of exposure 

compared to self-reported exposure 24,25.

The different study designs of Eurocat and Lifelines could have introduced differential 

information bias. Eurocat aimed to conduct research specifically to identify risk factors 

for congenital anomalies, whereas Lifelines aimed to collect data that could be used to 

examine diseases in general. Eurocat questionnaires therefore focused specifically on risk 

factors for congenital anomalies, whereas the Lifelines questionnaire included a wide 

variety of risk factors for neonatal and childhood diseases such as low birth weight, asthma, 

allergies, and congenital anomalies. This is of particular importance when assessing our 

confounder variables because questions were asked with different intentions. However, 

differential bias was unlikely for our main risk factor of interest: maternal occupational 

exposure early in pregnancy. In both questionnaires, mothers were asked to report 

their job during pregnancy. In addition, recall bias could have been introduced, as the 
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time between birth and notification was 16 months for Eurocat cases and 7.5 years for 

Lifelines controls. The effect of recall bias on occupational exposure is expected to be 

small, because exposure is assigned based on job description/industry of employment, 

because exposure is assigned based on job description/industry of employment, and recall 

bias for self-reported job description has been reported to be limited 26. A limitation of 

JEMs in general is that they assign exposure at job level, which under normal conditions 

will result in a Berkson type error resulting in unbiased, but less precise, risk estimates. 

Another limitation is that the JEM estimates exposure as possible exposed (involves less 

than 10% of workers with this job title) and probably exposed (exposure was likely to 

occur in more than 10% of workers with this job) 6. No studies have evaluated how the 

exposure assigned by the JEM relates to the actual exposures of the females involved. We 

also have no information about the number of hours mothers per week worked early in 

pregnancy or other characteristics regarding employment. Therefore, it is possible that 

the actual exposure is lower or absent than the exposure estimated by the JEM. One other 

limitation is that the JEM assigns a probability of exposure rather than a level of exposure, 

which precludes performing dose–response analyses.

Interpretation

Studies regarding occupational exposure and urinary anomalies are scarce and only 

performed for maternal occupational exposure to solvents. One earlier study also found 

an association between solvent exposure and urinary anomalies 15, but the results of two 

other studies were not in line with our finding 16,27. However, one of these studies did find 

an association between glycol ethers (a specific group of organic solvents) and multiple 

congenital anomalies 16, which is in line with the association we found in our subgroup 

analysis for cases with a combination of urinary anomalies defects co-occurring with 

congenital anomalies. We did not observe a specific pattern of co-occurring congenital 

anomalies in the five exposed cases that could explain the association between solvents 

and multiple anomalies. The number of included urinary cases in those previous studies 

was low compared to the present study (n=12-76 versus n=537), and therefore no subgroup 

analyses were performed.

It is known that EDCs can interfere with hormone levels during foetal development, 

and hormones such as gonadotropins, oestrogen, and androgens play an important 

role in development of many tissues during foetal development. Therefore, it seems 

possible that maternal occupational exposure to solvents increases the risk of multiple 
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co-occurring congenital anomalies. Additionally, it has been suggested that exposure to 

EDCs is associated with inappropriate modulation of hormone receptors and can therefore 

interfere with development of the (male) reproductive tract 28. The development of the 

urinary system is closely related to the development of the reproductive tract.

However, despite the hypothesis that EDCs can interfere with development of the 

reproductive tract, we did not find an association between maternal occupational exposure 

to EDCs and hypospadias, nor did we find one with specific groups of EDCs. Previous 

studies have reported contradictory results. Four studies found an association between 

maternal occupational exposure to EDCs in general and hypospadias 8,29-31, but several 

other studies and our study found no association 32-35. A few studies performed subgroup 

analysis for specific EDCs 29,30,32-35. One study that found an effect for EDC exposure in 

general, found that specifically phthalates and other compounds (e.g. parabens) had an 

effect 29. However, another study that found an association, did not find an effect for 

specific EDC subgroups 30. Three studies that found no association between EDC exposure 

and hypospadias, found also no specific subgroup effects 32,34,35. Only one study found an 

association between maternal occupational exposure to metals and mild hypospadias 33. 

Two studies showing an association between EDC exposure and hypospadias included 

a small number of cases (n=57-80), which could have resulted in imprecise estimates 8,30. 

As studies were conducted in different countries, it is possible that exposure levels varied 

over time and by country due to (pregnancy) policy differences. The difference in results 

could not be explained by exposure assessment methods as all studies used the same 

JEM by van Tongeren and colleagues 22.
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Conclusion

This study showed an association between maternal occupational exposure to organic 

solvents/alkylphenolic compounds and phthalates/benzophenones/parabens/siloxanes 

early in pregnancy, and urinary anomalies in offspring. We also found some signals that 

exposure to those specific EDCs is associated with a combination of urinary anomalies that 

co-occur with other congenital anomalies. In the Netherlands, employers are obliged by 

law to identify occupational risks for pregnant employees by carrying out risk assessments 

at the workplace since 1997 36. Women, their healthcare providers, and their employers 

need to be aware that occupational exposure to specific EDCs early in pregnancy may be 

associated with urinary anomalies in offspring. Occupational hygienist should be consulted 

to take exposure to those specific EDCs into consideration when risk assessments are 

carried out at the workplace.
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SUPPLEMENTARY MATERIAL
Supplementary Table 1 | Baseline characteristics of Lifelines controls and Eurocat cases, North Netherlands. 
1997-2013

Occupational exposure

Controls Urinary anomalies Hypospadias

n (%) n (%) n (%)

N (total) 5602 537 373

Child biological sexe

Boy 2731 (48.8%) 377 (70.2%) 373 (100%)

Girl 2871 (51.2%) 160 (29.8%) 0 (0%)

Birth yeare,f

1997-2000 1240 (22.1%) 103 (19.2%) 76 (20.4%)

2001-2004 1660 (29.6%) 108 (20.1%) 86 (23.1%)

2005-2008 1293 (23.1%) 131 (24.4%) 115 (30.8%)

2009-2013 1409 (25.2%) 195 (36.3%) 96 (25.7%)

Maternal age at deliverye,f

15-19a 3 (0.1%) 1 (0.2%) 1 (0.3%)

20-24 191 (3.6%) 40 (7.5%) 28 (7.5%)

25-29 1492 (28.2%) 167 (31.5%) 128 (34.5%)

30-34 2470 (46.7%) 225 (42.4%) 155 (41.8%)

35-39 1058 (20.0%) 90 (16.9%) 57 (15.4%)

>40 73 (1.4%) 8 (1.5%) 2 (0.5%)

Unknown 315 6 2

BMI (kg/m2)b,e,f

Underweight (<18.5) 56 (1.0%) 10 (1.9%) 4 (1.1%)

Normal (18.5-25) 2871 (53.6%) 340 (65.6%) 245 (66.8%)

Overweight (25-30) 1610 (30.1%) 112 (21.6%) 82 (22.3%)

Obese (>30) 818 (15.3%) 56 (10.8%) 36 (9.8%)

Unknown 247 19 6

Education level

Low 649 (12.3%) 56 (10.7%) 38 (10.3%)

Middle 2396 (45.4%) 260 (49.7%) 185 (50.3%)

High 2236 (42.3%) 207 (39.6%) 145 (39.4%)

Unknown 321 14 5

Smoking during pregnancyc,e,f

No 5036 (90.2%) 415 (78.3%) 300 (81.1%)

Yes 549 (9.8%) 115 (21.7%) 70 (18.9%)

Unknown 17 7 3

Alcohol during pregnancyc,e,f

No 5045 (90.3%) 406 (76.7%) 281 (76.2%)

Yes 544 (9.7%) 123 (23.3%) 88 (23.8%)

Unknown 13 8 4
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Supplementary Table 1. Continued

Occupational exposure

Controls Urinary anomalies Hypospadias

n (%) n (%) n (%)

Folic acid usee

No 847 (16.5%) 139 (26.3%) 71 (19.2%)

Yes 4272 (83.5%) 389 (73.7%) 299 (80.8%)

Unknown 483 9 3

Fertility problemse

No 5230 (93.9%) 481 (90.9%) 352 (95.1%)

Yes 339 (6.1%) 48 (9.1%) 18 (4.9%)

Unknown 33 8 3

a Lifelines includes participants from 18 years old. b BMI of Eurocat cases is based on self-reported weight and length at early 
pregnancy, whereas weight and length of Lifelines participants is measured at baseline visit at the study clinic. c Eurocat 
reported smoking/alcohol use during pregnancy, whereas Lifelines reported this specifically for the first trimester. d only boys 
were selected as controls for hypospadias. e Significant difference between urinary cases and controls (p value <0.05) using 
X2 tests. f Significant difference between hypospadias cases and controls (p value <0.05) using X2 tests
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Supplementary Table 6 | Prevalence, crude OR, and adjusted OR of maternal occupational exposure to EDCs 
and the risk of isolated hypospadias and hypospadias co-occurring with other congenital anomalies in the 
offspring (Eurocat) compared to non-malformed controls and non-exposed as reference category (Lifelines), 
North Netherlands, 1997-2013

Total Unexposed Exposed Unadjusted Adjusted a

Occupational exposure n n (%) n (%) OR 95% CI OR 95% CI

Any EDC

Controls b 2731 2214 (81.1%) 517 (18.9%) 1.00 1.00

Hypospadias isolated 341 264 (77.4%) 77 (22.6%) 1.25 (0.95-1.64) 1.23 (0.92-1.64)

Hypospadias co-occurring 
with other CAs

30 22 (73.3%) 8 (26.7%) 1.56 (0.69-3.52) 1.46 (0.63-3.39)

PAHS

Controls b 2731 2560 (93.7%) 171 (6.3%) 1.00 1.00

Hypospadias isolated 341 313 (91.8%) 28 (8.2%) 1.34 (0.88-2.03) 1.35 (0.88-2.08)

Hypospadias co-occurring 
with other CAs

30 <5 NC

Pesticides

Controls b 2731 2685 (98.3%) 46 (1.7%) 1.00 1.00

Hypospadias isolated 341 336 (98.5%) 5 (1.5%) 0.87 (0.34-
2.20)

0.84 (0.32-2.17)

Hypospadias co-occurring 
with other CAs

30 <5 NC

Organic Solvents/
Alkylphenolic compoundsc

Controls b 2731 2560 (93.7%) 171 (6.3%) 1.00 1.00

Hypospadias isolated 341 320 (93.8%) 21 (6.2%) 0.97 (0.61-1.55) 0.88 (0.54-1.43)

Hypospadias co-occurring 
with other CAs

30 <5 NC

Phthalates/Benzophenones/ 
Parabens/Siloxanesc

Controls b 2731 2620 (95.9%) 111 (4.1%) 1.00 1.00

Hypospadias isolated 341 351 (94.6%) 20 (5.4%) 1.35 (0.83-2.19) 1.21 (0.73-2.01)

Hypospadias co-occurring 
with other CAs

3 <5 NC

a adjusted for birth year, maternal age and body mass index, smoking and alcohol use during pregnancy, b only boys are 
selected as controls. c exposure to at least one exposure in this group. EDCs = endocrine disrupting chemicals, PAH = polycyclic 
aromatic hydrocarbons, NC = not calculated due to sparse data (<5 exposed cases), CAs = congenital anomalies.
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Supplementary Table 7 | Prevalence, crude OR, and adjusted OR of probable maternal occupational exposed 
to EDCs and the risk of hypospadias in the offspring (Eurocat) compared to non-malformed controls (Lifelines), 
North Netherlands, 1997-2013

Total Unexposed Exposed Unadjusted Adjusted a

Occupational exposure n n (%) n (%) OR 95% CI OR 95% CI

Any EDC

Controls b 2369 2214 (93.5%) 155 (6.5%) 1.00 1.00

Hypospadias 310 286 (92.3%) 24 (7.7%) 1.20 (0.77-1.88) 1.10 (0.69-1.77)

PAHS

Controls b 2620 2560 (97.7%) 60 (2.3) 1.00 1.00

Hypospadias 354 340 (96.0%) 14 (4.0%) 1.76 (0.97-3.18) 1.57 (0.84-2.95)

Pesticides

Controls b 2716 2685 (98.9%) 31 (1.1%) 1.00 1.00

Hypospadias 369 <5 NC NC

Organic Solvents/ Alkylphenolic 
compoundsc

Controls b 2561 2558 (99.9%) 3 (0.1%) 1.00 1.00

Hypospadias 320 <5 NC NC

Phthalates/Benzophenones/
Parabens/Siloxanesc

Controls b 2697 2620 (97.1%) 77 (2.9%) 1.00 1.00

Hypospadias 338 322 (95.3%) 16 (4.7%) 1.69 (0.98-2.93) 1.22 (0.91-1.63)

a adjusted for birth year, maternal age and body mass index, smoking and alcohol use during pregnancy. b only boys are 
selected as controls. c exposure to at least one exposure in this group. EDCs = endocrine disrupting chemicals, PAH = polycyclic 
aromatic hydrocarbons, NC = not calculated due to sparse data (<5 exposed cases).
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Supplementary Table 8 | Prevalence, crude OR, and adjusted OR of maternal occupational exposure to EDCs 
and the risk of hypospadias in the offspring (Eurocat) compared to non-malformed controls (males only) and 
non-exposed as reference category (Lifelines), North Netherlands, 1997-2013

Total Unexposed Exposed Unadjusted Adjusted a

Occupational exposure n n (%) n (%) OR 95% CI OR 95% CI

Any EDC

Controls b 2369 2214 (93.5%) 155 (6.5%) 1.00 1.00

Hypospadias 310 286 (92.3%) 24 (7.7%) 1.20 (0.77-1.88) 1.10 (0.69-1.77)

PAHS

Controls b 2385 2214 (92.8%) 171 (7.2%) 1.00 1.00

Hypospadias 317 286 (90.2%) 31 (9.8%) 1.40 (0.94-2.10) 1.42 (0.93-2.16)

Pesticides

Controls b 2260 2214 (98.0%) 46 (2.0%) 1.00 1.00

Hypospadias 291 286 (98.3%) 5 (1.7%) 0.84 (0.33-2.14) 0.81 (0.31-2.10)

Organic Solvents/ Alkylphenolic 
compoundsc

Controls b 2387 2214 (92.8%) 173 (7.2%) 1.00 1.00

Hypospadias 310 286 (92.3%) 24 (7.7%) 1.07 (0.69-1.68) 0.99 (0.62-1.57)

Phthalates/Benzophenones/
Parabens/Siloxanesc

Controls b 2325 2214 (95.2%) 111 (4.8%) 1.00 1.00

Hypospadias 306 286 (93.5%) 20 (6.5%) 1.40 (0.85-2.28) 1.26 (0.75-2.11)

a adjusted for birth year, maternal age and body mass index, smoking and alcohol use during pregnancy. b only boys are 
selected as controls. c exposure to at least one exposure in this group. EDCs = endocrine disrupting chemicals, PAH = polycyclic 
aromatic hydrocarbons, NC = not calculated due to sparse data (<5 exposed cases).
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ABSTRACT

Objective Congenital heart defects (CHDs) are the most prevalent congenital anomalies. 

This study aims to examine the association between maternal occupational exposures to 

organic and mineral dust, solvents, pesticides, and metal dust and fumes and CHDs in the 

offspring, assessing several subgroups of CHDs.

Methods For this case-control study, we examined 1,174 cases with CHDs from Eurocat 

Northern Netherlands and 5,602 controls without congenital anomalies from the Lifelines 

cohort study. Information on maternal jobs held early in pregnancy was collected via self-

administered questionnaires, and job titles were linked to occupational exposures using 

a job exposure matrix.

Results An association was found between organic dust exposure and coarctation of aorta 

(adjusted odds ratio [aOR] 1.90, 95% Confidence Interval [95%CI] 1.01-3.59) and pulmonary 

(valve) stenosis in combination with ventricular septal defect (aOR 2.68, 95%CI 1.07-6.73). 

Mineral dust exposure was associated with increased risk of coarctation of aorta (aOR 2.94, 

95%CI 1.21-7.13) and pulmonary valve stenosis (aOR 1.99, 95%CI 1.10-3.62). Exposure to 

metal dust and fumes was infrequent, but was associated with CHDs in general (aOR 2.40, 

95%CI 1.09-5.30). Exposure to both mineral dust and metal dust and fumes was associated 

with septal defects (aOR 3.23, 95%CI 1.14-9.11). Any maternal occupational exposure was 

associated with a lower risk of aortic stenosis (aOR 0.32, 95%CI 0.11-0.94).

Conclusion Women should take preventive measures or avoid exposure to mineral dust, 

organic dust, and metal dust and fumes early in pregnancy since this could affect foetal 

heart development.
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INTRODUCTION

Congenital heart defects (CHDs) are the most prevalent congenital anomalies. 

Approximately 7 per 1,000 pregnancies are affected by a CHD 1. Of these, >90% are live 

births, ~8% of the pregnancies are terminated because of CHDs, and 1-2% are still births 
1. Since the introduction of prenatal ultrasound screening, ~50% of critical CHD cases 

are detected prenatally, and this number continues to increase with improvements in 

ultrasound technology, recommendations, and training for foetal heart examination 2. 

Survival rates are also increasing due to improved surgical intervention and intensive care 
3. Major CHDs have a significant impact on children’s physical and mental health in the 

short- and long-term 4,5, making it important to identify modifiable risk factors to prevent 

CHDs in offspring.

Both genetic and environmental factors are involved in the development of CHDs. 

Chromosomal anomalies are found in 12% of the infants with CHDs 6, and an increasing 

number of gene point mutations have been identified that cause isolated non-syndromic 

CHD 7. Having first-degree family members with CHDs or a multiple pregnancy increases 

the risk of CHDs in offspring by 1-10% 8. In addition, certain maternal illnesses (e.g. 

maternal diabetes, phenylketonuria, rubella infection), exposure to specific medications 

during pregnancy (e.g. anticonvulsants and higher doses of lithium), and high maternal 

weight increase the risk of CHD in offspring 8,9. Lifestyle factors such as parental smoking 

and alcohol use can also increase the risk of CHDs 8-10, while periconceptional folic acid 

supplementation decreases this risk 11. Other risk factors are exposure to environmental 

agents such as ambient air pollution, chemicals, and metals 12,13.

Exposure to potential teratogenic agents can occur in the workplace. A recent meta-

analysis found an association between maternal occupational exposure to solvents and 

CHDs 14. In this meta-analysis, it was not possible to examine subgroups of CHDs since the 

majority of studies selected included small numbers of cases. However, it is important to 

assess subgroups of CHDs, as defects differ in aetiology and develop during different stages 

of embryogenesis. The aim of the present study is to examine the association between 

various types of maternal occupational exposures early in pregnancy and subgroups of 

CHDs in the offspring.
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METHODS

Study design

Cases were selected from the European Concerted Action on Congenital Anomalies and 

Twins Northern Netherlands (Eurocat NNL). This registry collects data of infants born with 

a congenital anomaly in the three northern provinces of the Netherlands. In addition to 

live-born infants (up to 10 years of age at notification), Eurocat NNL registers stillbirths, 

miscarriages, and terminated pregnancies affected by a congenital anomaly. Eurocat 

NNL identifies eligible cases by active case ascertainment using hospital records, prenatal 

diagnosis records, and postmortem records. After parents give informed consent, they 

are asked to complete a questionnaire. Information is collected regarding the pregnancy, 

obstetric and medical history, demographic characteristics, use of medication, and 

occupation and lifestyle factors early in pregnancy 15.

Controls without congenital anomalies (non-malformed controls) were selected from the 

Lifelines cohort. Lifelines is a three-generation cohort study following 167,000 participants 

over a 30-year period in the same geographical region as Eurocat NNL. Lifelines participants 

were recruited through their general practitioners, and participants (between 18 and 65 

years old) were also asked to invite their offspring and parents in order to create a three-

generation cohort. Participant’s children could participate if they were between 6 months 

and 18 years old. Parents of participating children completed a questionnaire regarding 

the pregnancy, their health during pregnancy, childbirth, and the child’s health in the first 

six months of life 16.

Case and control definition

CHD cases were coded by trained registry staff according to the International Classification 

of Diseases 9th revision (ICD-9) until 2001 and according to ICD 10th revision (ICD-10) 

from 2002 onwards, using international EUROCAT guidelines 17,18. Cases with heterotaxy 

syndrome or an underlying genetic, chromosomal, or syndromic condition were excluded, 

resulting in the selection of 1,922 CHD cases born between 1997 and 2013 (Figure 1). 

Mothers with missing job information (n=400) or without a job (n=260) were excluded to 

avoid healthy worker bias.

The remaining cases were classified according to the Botto classification by three of the 

study authors (NS, JB, and GMS) to account for the diversity of cardiac phenotypes and 

underlying developmental mechanisms. The Botto classification has been described 
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previously 19. Briefl y, morphologically homogeneous groups were produced for each 

cardiac phenotype, based on anatomy and developmental and epidemiologic evidence. 

The seven main heart defect groups were: conotruncal heart defects, atrioventricular septal 

defects (AVSD), anomalous pulmonary venous return (APVR), left ventricular outfl ow tract 

obstruction (LVOTO), right ventricular outfl ow tract obstruction (RVOTO), septal defects, 

and complex heart defects. A few cardiac malformations are not included in the Botto 

classifi cation. In line with the classifi cation described by Riehle-Collarusso and colleagues 20, 

cases with a bicuspid aorta valve were classifi ed as LVOTO anomaly and cases with a vascular 

ring (vascular rings/slings, double aortic arch, right descending aortic arch, aberrant left 

subclavian artery, or pulmonary artery sling) were classifi ed as conotruncal defects. Cases 

were excluded if they could not be classifi ed (e.g. coronary artery malformations, n=52) or 

constituted isolated patent ductus arteriosus (n=24). Additionally, CHDs were classifi ed as 

isolated defect (only the heart is aff ected) or as multiple defect (presence of cardiac and 

extra-cardiac malformations). Cases were also classifi ed by the complexity of their cardiac 

phenotype: simple (anatomically discrete or well-recognized single entities), association 

(common, uncomplicated combinations of heart defects), and complex malformations 

(those not described as simple or association). If multiple siblings were aff ected by a CHD, 

one infant per family was randomly selected to avoid genetic correlation, resulting in 

exclusion of 12 cases. Overall, 1,174 infants with CHDs were included.

Eurocat cases with 
congenital heart defects 

(n=1,922) Excluded:
Cases with mothers who had no job 
(n=260):
- Housewife (n=186)
- Disabled (n=27)
- Student (n=24)
- Unemployed (n=20)
- Volunteer (n=3)

Job information was missing (n=400)

Eligible cases with 
congenital heart defects 

(n=1,174)

Excluded:
-Cases that could not be classified (n=52)
- Isolated patent ductus arteriosus (n=24)
- Siblings (n=12)

Figure 1 | Flowchart case selection from Eurocat North Netherlands
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As controls, we selected 12,494 participants from the Lifelines cohort born between 

1997 and 2013 (same years as the Eurocat NNL cases)(Figure 2). Only infants of which 

the biological mother was a Lifelines participant were included (n=12,331). We excluded 

814 infants because one or more congenital anomalies were reported, or information on 

congenital anomalies was missing. As with cases, mothers without a job or missing job 

information were excluded (n=3,029) and only one infant per family was selected, resulting 

in exclusion of another 2,886 infants. In total, 5,602 children without congenital anomalies 

were included as control group.

Lifelines infants born 
between 1997-2013 

(n=12,494)

Biological infants 
(n=12,331)

Biological non-
malformed infants 

(n=11,517)

Non-malformed 
infants with known 

maternal occupation
(n=8,488)

Excluded:
- Non-biological infants (n=163)

Excluded:
- Infants with congenital anomaly (n=724)
- Unknown (n=19), missing (n=71)

Excluded:
- Mothers who did not work during pregnancy (n=1,085)
- Mothers who did work, but did not remember job (n=146)
- Job information/description missing or uncodable (n=1,798)

Eligible non-
malformed controls

(n=5,602)

Excluded:
- Siblings (n=2,886)

Figure 2 | Flowchart control selection from Lifelines

Exposure assessment

The mother’s description of her job early in pregnancy was coded by two authors (NS, HK)

using the International Standard Classifi cation of Occupations 1988 (ISCO88) 21, without 

knowledge of case or study details. To translate ISCO88 codes into occupational exposure, 

the ALOHA+ Job Exposure Matrix (JEM) was used. Occupational exposure was assigned 

based on six categories: organic and mineral dust, solvents, pesticides, metal dust and 

fumes, and gases and fumes. This JEM assigns exposure intensity in three categories 

(no, low, and high exposure). Because “high” (intensity and probability) exposure did not 

occur often, the categories “low” and “high” were combined into “exposed”. The ALOHA+ 
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JEM is specifically built for use in general population studies 22,23. However, in our female 

study population there was a strong correlation of exposure to solvents with exposure to 

gases and fumes and to organic dust with gases and fumes (Spearman’s rank correlation 

coefficient = 0.75 and 0.80, respectively). Therefore, the association of gases and fumes 

with CHD was not analysed.

Statistical analysis

Baseline characteristics of mothers and infants were tabulated, and differences between 

cases and controls were tested for significance using Chi-square tests. The following 

covariates were assessed: child sex (male/female), birth year (1997-2000, 2001-2004, 2005-

2008, or 2009-2013), maternal age at delivery (15-19, 20-24, 25-29, 30-34, 35-39, or ≥40 

years old), maternal body mass index (BMI) (self-reported pre-pregnancy weight and 

height for Eurocat NNL cases and objective measurement at baseline visit for Lifelines 

controls)(underweight [<18.5 kg/m2], normal [18.5-24.9 kg/m2], overweight [25.0-29.9 kg/

m2], or obese [≥30 kg/m2]), maternal education level (low [primary school, lower vocational 

education, pre-vocational education], middle [secondary vocational education, general 

secondary education or pre-university education], or high [higher professional education 

or academic education]), maternal smoking and alcohol use, folic acid use (no/not during 

periconceptional period, yes/sometime during periconceptional period), and fertility 

problems (no, yes [self-reported fertility problems and/or fertility treatment]).

The association between maternal occupational exposure early in pregnancy and CHDs 

was assessed using univariate and multivariate logistic regression analysis to estimate 

crude odds ratios (ORs) and adjusted odds ratios (aORs). The multivariate logistic 

regression associations were adjusted for child sex, maternal age at delivery, maternal 

educational level, maternal BMI, smoking and alcohol use during pregnancy, folic acid 

supplementation, and fertility problems, based on Chi-square tests (Table 1). Although 

the correlation between exposure to mineral dust and exposure to metal dust and fumes 

was negligible (Spearman’s rank correlation coefficient = 0.08), exposure to metal dust 

and fumes contributes to mineral dust exposure. Consequently, additional analyses were 

performed with a combination of those exposures. Stratified analyses were performed for 

cases with isolated and multiple defects. An exposure–response analysis was conducted 

for maternal occupational exposure and CHDs in general. If <5 infants were exposed, data 

was not presented and ORs were not estimated.
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RESULTS

Baseline characteristics differed between cases and controls (Table 1). Infants born with a 

CHD were more often boys. Mothers of case infants had a lower maternal age at delivery, 

lower educational level, and lower BMI. As expected they were also more likely to smoke or 

consume alcohol, used folic acid supplements less often, and had more fertility problems 

compared to mothers of controls.

Table 1 | Baseline characteristics of Lifelines controls and Eurocat cases

Controls
(n=5602)

CHDs
(n=1174)

p-value

n (%) n (%)

Child sex <0.01

Male 2731 (48.8%) 632 (53.8%)

Female 2871 (51.2%) 542 (46.2%)

Birth year 0.12

1997-2000 1240 (22.1%) 266 (22.8%)

2001-2004 1660 (29.6%) 310 (26.1%)

2005-2008 1293 (23.1%) 298 (25.5%)

2009-2013 1409 (25.2%) 300 (25.6%)

Maternal age at delivery <0.01

15-19a 3 (0.1%) 1 (0.1%)

20-24 191 (3.6%) 100 (8.7%)

25-29 1492 (28.2%) 362 (31.6%)

30-34 2470 (46.7%) 479 (16.2%)

35-39 1058 (20.0%) 194 (16.9%)

≥40 73 (1.4%) 11 (1.0%)

Unknown 315 27

Education level <0.01

Low 649 (12.3%) 162 (14.0%)

Middle 2396 (45.4%) 561 (48.6%)

High 2236 (42.3%) 432 (37.4%)

Unknown 321 19

Body mass index (kg/m2)b <0.01

<18.5 56 (1.0%) 31 (2.7%)

18.5-24.9 2871 (53.6%) 738 (64.6%)

25.0-29.9 1610 (30.1%) 269 (23.5%)

≥30 818 (15.3%) 105 (9.2%)

Unknown 247 32
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Table 1. Continued

Controls
(n=5602)

CHDs
(n=1174)

p-value

n (%) n (%)

Smoking during first trimester <0.01

No 5036 (90.2%) 903 (77.2%)

Yes 549 (9.8%) 267 (22.8%)

Unknown 17 4

Alcohol during first trimester <0.01

No 5045 (90.3%) 873 (74.6%)

Yes 544 (9.7%) 297 (25.4%)

Unknown 13 4

Folic acid use <0.01

No 847 (16.5%) 290 (24.9%)

Yes 4272 (83.5%) 873 (75.1%)

Unknown 483 11

Fertility problems <0.01

No 5230 (93.9%) 971 (83.6%)

Yes 339 (6.1%) 190 (16.4%)

Unknown 33 13

aLifelines includes participants from 18 years old. bBody mass index of Eurocat cases is based on self-reported height 
and weight. Height and weight of Lifelines participants is measured at the baseline visit to the study clinic.

In total, 37.6% of CHD infants and 35.6% of the control infants were exposed to any of 

the maternal occupational exposures early in pregnancy (Table 2), and no association 

was found between any exposure and CHDs in general. When examining any exposure 

and specific groups of CHDs, we found an association for pulmonary (valve) stenosis in 

combination with ventricular septal defect (VSD) (aOR 3.06, 95%CI 1.20-7.81). However, any 

exposure is also associated with a lower risk of aortic stenosis (aOR 0.32, 95%CI 0.11-0.94).

When analysing specific exposures, the most prevalent maternal occupational exposure 

was to organic dust, with approximately 30% of women exposed. Associations were 

found between organic dust exposure and coarctation of aorta (aOR 1.90, 95%CI 1.01-

3.59) and pulmonary (valve) stenosis in combination with VSD (aOR 2.68, 95%CI 1.07-

6.73). Mineral dust exposure was less common (10% of cases and 8% of controls) and 

was associated with CHDs in general (aOR 1.29, 95%CI 1.01-1.64). When analysing mineral 

dust exposure in relation to specific CHDs, we found an association with LVOTO defects 

(aOR 1.75, 95%CI 1.06-2.89), particularly coarctation of the aorta (aOR 2.94, 95%CI 1.21-7.13), 

and with RVOTO defects, especially pulmonary (valve) stenosis (aOR 1.99, 95%CI 1.10-3.62). 
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Approximately 25% of mothers were exposed to solvents and 2-3% to pesticides, but no 

associations between exposure to solvents or pesticides and CHDs were found. Although 

the prevalence of exposure to metal dust and fumes was only 0.4% for controls and 1% 

for cases, we did observe an association between this exposure and CHDs in general (aOR 

2.40, 95%CI 1.09-5.30). When mothers were exposed to mineral dust and metal dust and 

fumes, the association with CHDs in general became stronger compared to exposure to 

mineral dust or metal dust and fumes alone (aOR 2.92, 95%CI 1.23-6.92), and an association 

with septal defects was found (aOR 3.23, 95%CI 1.14-9.11) (Supplementary Table 1).

Stratified analysis by isolated and multiple defects included 1,009 cases with isolated CHDs 

and 165 cases with CHDs and extra-cardiac malformations. The aORs for isolated CHDs 

were comparable to the total group of CHDs (Supplementary Table 2). One additional 

association was observed when only isolated defects were included: exposure to metal 

dust and fumes was associated with septal defects (aOR 3.06, 95%CI 1.14-8.23). The aORs 

for multiple defects that include CHDs showed no association for any of the exposures 

(Supplementary Table 3). Only a small number of cases were included in the stratified 

analyses for multiple defects, and most aORs were not estimated due to sparse outcome 

and exposure data.

An exposure–response analysis was performed for any exposure and CHDs in general. The 

aOR appeared to be non-significant but higher in the high exposure group only (aOR 1.37, 

95%CI 0.97-1.94; Supplementary Table 4).
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DISCUSSION

This study showed that infants with specific CHDs were more likely to be exposed in 

utero to organic dust, mineral dust, and metal dust and fumes at the workplace of mother 

compared with infants without malformations. Exposure to organic dust was associated 

with a two-fold increased risk of coarctation of aorta and a three-fold increased risk of 

pulmonary (valve) stenosis in combination with VSD. This exposure occurs most often 

in personal care workers, nursing professionals, and cleaners. Mineral dust exposure was 

associated with a two-fold increase in LVOTO defects in offspring, specifically coarctation 

of the aorta, and RVOTO defects, specifically pulmonary (valve) stenosis. Cleaners and 

agricultural workers are those most likely to be exposed to mineral dust. Exposure to metal 

dust and fumes was associated with a two-fold increase of CHDs in general. However, this 

result has to be interpreted carefully as only 1% of the women, mostly those working as 

machine and instrument operators/repairers, were occupationally exposed to metal dust 

and fumes. Exposure to mineral dust in combination with metal dust and fumes was 

associated with a three-fold increased risk of septal defects. We also found that infants 

affected by aortic stenosis were less likely to be exposed to any maternal occupational 

exposure compared to non-malformed controls. However, only five cases with aortic 

stenosis were included, and analyses for specific subgroups of exposure could not be 

performed. No specific job association was identified.

During their work, mothers may inhale mineral, metal or organic aerosols, which can pass 

through the lungs into the blood. These agents might consequently cross the placental 

barrier and have been found at the foetal side of the placenta24. Occupational exposures, 

including to several organic, mineral, and metal compounds, can induce oxidative stress, 

which may induce teratogenesis via misregulation of critical pathways involved in foetal 

development 25.

Although the association between metal dust and fumes and CHDs/septal defects has to 

be interpreted with caution, previous studies found increased risks. One study found an 

association between exposure to metals and specific septal defects 26. Two other studies 

showed that maternal occupational exposure to mineral oils, which are often used in the 

metal industry, increased the risk of isolated septal defects 27 and coarctation of the aorta 
28. Another study using comparable methods did not show this association, but these 

estimates could have been imprecise as this study included <5 exposed cases 29. To our 

knowledge, no studies specifically examining organic or mineral dust have been reported.
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 Our results did not confirm the association between occupational exposure to solvents 

and CHDs reported by a meta-analysis using similar occupational exposure assessment 

methods 14. It is possible that the difference is explained by the diversity of CHDs included 

in the meta-analysis. One previous study assessing solvent exposure and specific types 

of CHDs also showed no association 30, but another study found an association with 

perimembranous VSD and aorta stenosis 31. Our results on maternal occupational exposure 

to pesticides are in line with the meta-analysis, which also found no association with CHDs 
14. One previous study found an association between pesticide exposure and specific 

CHDs, such as RVOTO defects, hypoplastic left heart syndrome, and tetralogy of Fallot 32. 

Unfortunately, our sample size was too limited to analyse these specific CHDs.

Limitations

Occupational exposure assessment using the ALOHA+ JEM is done at job level, which 

could have resulted in misclassification of exposure. Circumstances at the workplace are 

often unpredictable and can vary within jobs, between workplaces and over time 33. It is 

also possible that women avoided certain exposures because they wanted to become 

pregnant or knew they were pregnant while performing a job that would normally come 

with these exposures. Moreover, the limited number of exposed women restricted our 

ability to explore exposure–response associations for specific exposures or specific CHDs.

Because Eurocat NNL does not collect data on non-malformed controls, controls were 

selected from Lifelines, and this approach introduced several limitations. Eurocat NNL 

aims to investigate the prevalence and risk factors for congenital anomalies, and their 

questionnaire is focused specifically on risk factors for congenital anomalies. Lifelines 

collects data to obtain insight into healthy ageing, and specifically for children on neonatal 

and childhood diseases. Consequently, the Lifelines questionnaire includes items on a wide 

variety of risk factors. These differences could introduce information bias during assessment 

of the covariates. We assume that bias was not introduced for maternal occupational 

exposure, as mothers were asked to report a description of their job early in pregnancy in 

both questionnaires and recall bias is limited for self-reported jobs 33. Additionally, residual 

confounding due to maternal diabetes, paternal smoking, or environmental exposures 

could have been introduced since information regarding those risk factors was lacking.

Another major concern of using Lifelines is selection bias. Previous studies showed that 

some groups of individuals, for example those with a low socioeconomic status, are less 

likely to participate in population-based cohort studies 34,35. However, Lifelines is known 
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to be representative for the population in the Northern Netherlands, indicating selection 

bias might be low 36.

Strengths

A major strength of this study is the high quality of data from Eurocat NNL, which registers 

detailed medical information for each case. Anomalies were coded by trained registry staff 

according to international coding guidelines 18. Case classification was performed under 

supervision of an experienced clinical geneticist and a paediatric cardiologist. Use of the 

Botto classification made it possible to create homogenous groups of CHDs based on 

anatomy and developmental and epidemiological evidence 19. Another strength is that 

Eurocat identifies eligible cases by active case ascertainment using various sources in the 

catchment area, and ~72% of the parents of a child affected by a CHD agreed to participate 

and responded to the questionnaire. A major strength of the JEM approach is that it 

limits the effect of recall bias on exposure status as well as differential misclassification of 

exposure when compared to self-reported exposure 22,37.

Conclusion

This large population-based case-control study shows that maternal occupational exposure 

to organic dust, mineral dust, and metal dust and fumes early in pregnancy could affect 

the development of the foetal heart. These exposures, with a prevalence of 1-30% at the 

workplace, were associated with a two- to three-fold increase in LVOTO, RVOTO, and septal 

defects. Women should avoid exposure to mineral and organic dusts and metal dust and 

fumes in the months before and early in pregnancy.
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SUPPLEMENTARY FILES
Supplementary Table 1 | Prevalence, crude OR and adjusted OR of maternal occupational exposures and 
CHDs in offspring.

Controls CHDs Unadjusted Adjusted a

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

Any CHD (n=5602) (n=1174)

No exposure 5179 (92.4%) 1053 (89.7%) Ref Ref

Mineral dust only 403 (7.2%) 109 (9.3%) 1.33 1.07-1.66 1.22 0.95-1.57

Metal dust and fumes 
only

5 (0.1%) <5 NC NC

Both 15 (0.3%) 11 (0.9%) 3.61 1.65-7.88 2.92 1.23-6.92

Septal defects (n=5602) (n=544)

No exposure 5179 (92.4%) 496 (91.2%) Ref Ref

Mineral dust only 403 (7.2%) 42 (7.7%) 1.09 0.78-1.52 0.96 0.67-1.38

Metal dust and fumes 
only

13 (1.1%) <5 NC NC

Both 15 (0.3%) 6 (1.1%) 4.18 1.61-10.81 3.23 1.14-9.11

CHD, congenital heart defects; LVOTO, left ventricular outflow tract obstruction; NC, not calculated due to sparse data. a 

Adjusted for child sex, maternal age at delivery (as continuous variable), educational level, maternal BMI (as continuous variable), 
smoking and alcohol use during pregnancy, folic acid supplementation, and fertility problems.
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Supplementary Table 4 | Prevalence, crude OR and adjusted OR of maternal occupational exposure and 
CHDs in the offspring.

Controls
(n=5602)

CHDs
(n=1174)

Unadjusted Adjusted a

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

Any exposure

No exposure 3611 (64.5%) 733 (62.4%) Ref Ref

Low exposure 1802 (32.2%) 386 (32.9%) 1.06 0.92-1.21 1.00 0.86-1.16

High exposure 189 (3.4%) 55 (4.7%) 1.43 1.05-1.96 1.37 0.97-1.94

CHD, congenital heart defects. a Adjusted for child sex, maternal age at delivery (as continuous variable), educational level, 
maternal BMI (as continuous variable), smoking and alcohol use during pregnancy, folic acid supplementation, and fertility 
problems.
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ABSTRACT

Objectives The aim of this study was to assess the association between maternal 

occupational exposure to solvents and gastroschisis in offspring.

Methods We used data from the National Birth Defects Prevention Study, a large 

population-based case-control study of major birth defects conducted in ten U.S. 

states from 1997-2011. Infants with gastroschisis were ascertained by active birth defects 

surveillance systems. Control infants without major birth defects were selected from 

vital records or birth hospital records. Self-reported maternal occupational histories 

were collected by telephone interview. Industrial hygienists reviewed this information 

to estimate exposure to aromatic, chlorinated, and petroleum-based solvents from one 

month before conception through the first trimester of pregnancy. Cumulative exposure 

to solvents was estimated for the same period accounting for estimated exposure intensity 

and frequency, job duration, and hours worked per week. Odds ratios (ORs) and 95% 

confidence intervals (95%CIs) were estimated to assess the association between exposure 

to any solvents or solvent classes, and gastroschisis risk.

Results Among 879 cases and 7817 controls, the overall prevalence of periconceptional 

solvent exposure was 7.3% and 7.4% respectively. Exposure to any solvent versus no 

exposure to solvents was not associated with gastroschisis after adjusting for maternal 

age (OR 1.00, 95%CI 0.75–1.32), nor was an association noted for solvent classes. There was 

no exposure-response relationship between estimated cumulative solvent exposure and 

gastroschisis after adjusting for maternal age.

Conclusion Our study found no association between maternal occupational solvent 

exposure and gastroschisis in offspring. Further research is needed to understand risk 

factors for gastroschisis.
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INTRODUCTION

Gastroschisis is a severe birth defect of the abdominal wall, which involves a full-thickness 

para-umbilical defect through which intestines and other organs may herniate without a 

covering membrane. Gastroschisis is most often an isolated defect and is not associated 

with chromosomal disorders.1 The prevalence of gastroschisis in the United States is 

increasing, and is currently estimated to be approximately 4.5 per 10,000 births.2 The 

majority of infants need surgery to close the abdominal wall. After surgery, 90% of these 

infants are alive at one year of age.3

The aetiology of gastroschisis is unknown and much debated. One recent hypothesis is 

that gastroschisis develops due to rupture or non-closure of the membrane covering the 

umbilical ring between 8 and 11 weeks after fertilization;4,5 however, other hypotheses 

are suggested.6,7 The increased prevalence of gastroschisis suggests a role of unknown 

environmental factors, which might have an effect on the developing membrane of the 

umbilical ring.8 Epidemiological studies show that the strongest risk factor for gastroschisis 

is young maternal age (<20 years of age).9 Other risk factors associated with gastroschisis 

are maternal smoking,9 alcohol consumption, illicit drugs,10,11 and low maternal body mass 

index (BMI).12 Maternal illnesses such as depression, urinary tract infections, and sexually 

transmitted diseases before or early in pregnancy;8,13-15 and use of specific medications 

early in pregnancy 9,13,16 have also been associated with gastroschisis. The relationships 

between these risk factors and gastroschisis are complicated by young maternal age, since 

it is not clear whether maternal age is a confounder or on causal pathways involving these 

exposures and gastroschisis.

Fewer studies have examined the role of occupational exposures that might be associated 

with gastroschisis. Millions of workers in the United States are exposed to solvents, which are 

present in paints, adhesives, glues, and degreasing/cleaning agents. Solvents are used for 

production of plastics, textiles, printing inks, agricultural products, and pharmaceuticals.17 

Solvents are known for their reproductive toxicity,18 and might therefore have an effect on 

the development of gastroschisis. A recent meta-analysis found that maternal occupational 

exposure to solvents before and during pregnancy is associated with several birth defects, 

including neural tube defects, congenital heart defects, and oral facial clefts.19 One case-

control study was conducted assessing maternal occupational exposure to solvents and 

gastroschisis. This study, including 110 gastroschisis cases and 220 controls, reported an 

association (odds ratio (OR) 2.55, 95% confidence interval (CI) 1.10-5.89).20
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The aim of our study was to assess the association between estimated maternal 

occupational exposure to solvents during the periconceptional period (one month before 

conception through three months after conception) and gastroschisis in offspring using 

data from the National Birth Defects Prevention Study (NBDPS).

METHODS

Study design

The NBDPS is a large population-based multicenter case–control study of major structural 

birth defects in the United States. Detailed information about NBDPS has been previously 

described.21 In brief, pregnancies with estimated delivery dates between October 1, 1997 

and December 31, 2011 in Arkansas, California, Georgia, Iowa, Massachusetts, North 

Carolina, New Jersey, New York, Texas, and Utah were included.

All states included live-born cases, whereas most states also included cases among 

stillbirths (death after >20 of gestational age) and terminated pregnancies with a prenatal 

diagnosis of birth defects. Cases were ascertained by the participating states’ birth defects 

surveillance systems up to 2 years after delivery. To confirm eligibility, clinical information 

abstracted from medical records was reviewed by a clinical geneticist at each center using 

a systematic study-wide classification protocol. Only one infant per family was eligible for 

the study. Controls were live-born infants without major birth defects selected randomly 

from either vital records or birth hospital records from the same geographical regions and 

time-period as cases. All participants gave informed consent.

Case classification

Cases were classified as “isolated” if they had one major defect or two major defects 

involving the same organ system; cases were classified as “multiple” if they had multiple 

major defects in different organ systems.22 Infants were excluded if defects were related to 

a single gene condition or a chromosomal abnormality, or if case information was classified 

as limb-body wall complex or amniotic band sequence. Furthermore, infants with a first-

degree family member with gastroschisis were excluded because of unknown heredity.

Exposure assessment

Women who participated in the NBDPS completed a computer assisted telephone 

interview (CATI) in English or Spanish between 6 weeks and 24 months after the estimated 
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delivery date. Mothers were asked to report information about demographics, medication 

use, and lifestyle during pregnancy and the three months preceding pregnancy. 

Occupational histories were collected among women who reported a job for at least 

one month or more during the three months prior to conception through the end of 

pregnancy. Women were asked about their job title, employer name, what the company 

makes or does, their primary tasks and duties, description of chemicals and machines 

handled on the job, dates of employment, and hours and days worked per week for each 

job.

All jobs were coded using the Standard Occupational Classification (SOC) 2010.23 Industrial 

hygienists and occupational experts working at the National Institute for Occupational 

Safety and Health (NIOSH) performed, blinded by case-control status, a retrospective 

exposure assessment for a variety of occupational exposures, including ten solvents: 

benzene, xylene, toluene, carbon tetrachloride, chloroform, methylene chloride, 

perchloroethylene, 1,1,1-trichloroethane, trichloroethylene, and Stoddard solvent. Each 

job was assigned scores for estimated relative intensity of exposure (Supplementary Table 

1) and frequency (none, >0 to <2 hours per week, 2-10 hours per week, 11-19 hours per 

week, >19 hours per week exposed in a standard 40-hour week), as well as probability and 

confidence scores to reflect the certainty of the raters. Probability score was defined as 

the estimated percentage of mothers with similar jobs being exposed to solvents (<10% 

– >90%). Confidence score was defined as the confidence of the industrial hygienist that 

mothers’ job matched the job description indicating solvent exposure (low – very high). 

Raters compiled previously published exposure measurements from a variety of studies 

and workplace evaluations to guide them as they assigned ratings. If ratings between the 

hygienists disagreed, they met with an additional industrial hygienist/occupational health 

expert to discuss and reach consensus on the most appropriate rating.

To combine information on intensity and frequency of exposure, as well as self-reported 

hours worked per week and duration of the job during the window of biological interest, 

intensity and frequency scores were quantitatively mapped to the midpoint of their 

estimated range and calculated as follows: (intensity)×(frequency as hours per week/40 

hours per week)×((self-reported work frequency (hours/week))/(7 days/week))×(number 

of days worked during the periconceptional period). This resulted in an estimated 

cumulative exposure (in parts per million (ppm)-hours or µg/m3) for each job during the 

periconceptional period;24 a similar approach has been described and used elsewhere.25

136620_Nynke_Spinder_BNW-def.indd   171136620_Nynke_Spinder_BNW-def.indd   171 17-9-2020   08:30:4917-9-2020   08:30:49



172

| Chapter 6

Although most mothers held one job, some mothers held multiple jobs during the 

periconceptional period. Mothers with multiple jobs were considered as exposed if any of 

her jobs during the periconceptional period was rated as exposed. If all jobs were rated as 

unexposed, mothers were considered to have been unexposed. The estimated cumulative 

exposure (ppm-hours or µg/m3) was summed across all jobs. Mothers who reported not 

being employed during the periconceptional period were excluded from this analysis to 

reduce the potential for bias due to work status or employment-related factors.26

Statistical analysis

Frequency distributions of maternal demographic and behavioural characteristics were 

calculated for cases and controls. Additionally, frequency distributions for solvent-exposed 

and solvent-unexposed controls were calculated to give an overview of characteristics for 

the working population. The prevalence of 23 SOC major job groups for solvent-exposed 

and solvent-unexposed case and control mothers was tabulated to characterize the 

occupation types held in our exposed study population.

Correlations between exposure status within and between solvent classes were explored 

in mothers of controls to determine the best modelling strategy. Solvents were evaluated 

individually and subsequently grouped by class into aromatic solvents (benzene, xylene, 

toluene) and chlorinated solvents (carbon tetrachloride, chloroform, methylene chloride, 

perchloroethylene, 1,1,1-trichloroethane, trichloroethylene) due to high correlation within 

these groupings. For example, 98% of mothers exposed to trichloroethylene were also 

considered to be exposed to methylene chloride (n=259). Correlation between assigned 

solvent classes was substantially lower compared to correlation between individual 

chemicals within solvent classes (Supplementary Table 2).

The prevalence of occupational exposure (no exposure/exposure) was estimated for 

any solvent exposure and solvent classes (aromatic, chlorinated, and Stoddard solvents). 

Univariate logistic regression analyses were performed to estimate ORs and 95% CIs in 

order to assess the association between maternal occupational exposure to solvents 

and gastroschisis, using non-exposed mothers for the solvent class under analysis as the 

reference category. Sparse data (≤3 exposed individuals) were not presented, and ORs were 

not estimated. To assess covariates associated with gastroschisis and/or solvent exposure 

for the multivariate regression analyses, we introduced one covariate at a time into the 

model. At least a 10%-point difference in the OR for the main effect between solvents and 

gastroschisis was considered as a meaningful difference. We examined the following self-

136620_Nynke_Spinder_BNW-def.indd   172136620_Nynke_Spinder_BNW-def.indd   172 17-9-2020   08:30:4917-9-2020   08:30:49



173

Occupational exposure to solvents and gastroschisis |

6

reported covariates: NBDPS center, maternal education (≤12 and >12 years), race/ethnicity 

(Non-Hispanic white, Non-Hispanic black, Hispanic, and other), BMI (continuous), parity (0 

and ≥1), maternal cigarette smoking including second-hand smoke at work or at home 

(yes/no), alcohol intake (yes/no), illicit drug use (yes/no) during the periconceptional period. 

None of these covariates produced a 10%-point difference in the OR for the main effect. 

Maternal age was a priori selected as covariate, due to the strong association between 

young maternal age and gastroschisis.

Sensitivity analyses were conducted in order to account for exposure misclassifications. 

First we repeated analyses restricting the exposed group to women with at least one 

job with an estimated probability of exposure ≥10%. Second, we repeated the solvent-

gastroschisis analyses restricting to women with at least one job with medium/high 

confidence. Mothers with multiple jobs that changed exposure category due to those 

restrictions were excluded from analyses.

Because young maternal age is the strongest risk factor for gastroschisis, analyses stratified 

by maternal age (<20 and ≥20 years) were conducted. Furthermore, stratified analyses 

were conducted for isolated and multiple defects, since isolated and non-isolated defects 

may differ in aetiology.

Exposure-response analyses for overall solvent exposure and each solvent class were 

conducted to assess cumulative maternal occupational solvent exposure and gastroschisis. 

The estimated cumulative exposure was analysed in four groups, based on tertiles of the 

exposed controls (none, level 1, 2, and 3). Crude and adjusted ORs (aORs) and 95% CIs were 

estimated for the association between cumulative exposure to any solvents and classes 

and gastroschisis. Logistic regression was used to test for a linear trend in the betas of 

the tertiles of cumulative solvent exposure using the Wald test of significance. Separate 

analyses were conducted for intensity and frequency of exposure.

RESULTS

In total, 13,279 control infants or infants with gastroschisis were identified. One infant 

with an amniotic band sequence/limb-body-wall complex was excluded. There were 

4,573 mothers excluded because no job was reported during the periconceptional period. 

They were homemakers (n=2,838), students (n=617), disabled (n=45), in between jobs 

(n=182), not specified (n=35), or were missing information about employment (n=485). 

Finally, 369 mothers were excluded because their reported job was not held during the 
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periconceptional period or because exposure could not by assigned (n=2). Four cases and 

five controls were excluded because they had a first-degree relative with gastroschisis. In 

total, 879 infants with gastroschisis and 7,817 control infants were included in this study.

The comparisons of maternal characteristic between cases and controls are shown in 

Table 1. Mothers of cases with gastroschisis were younger, had fewer years of education, 

were more likely to be Hispanic, and had a lower BMI. Mothers of cases had greater 

exposure to cigarette smoking, and used alcohol and illicit drugs more frequently during 

the periconceptional period compared to mothers of controls. Exposed mothers had 

significantly fewer years of education, had greater exposure to cigarette smoking, but 

consumed less alcohol than non-exposed mothers (Supplementary Table 3). Among cases, 

96.2% were live births, 3.1% were foetal deaths (>20 weeks of gestational age), and 0.7% 

were induced abortions.

Table 1 | Baseline characteristics of gastroschisis cases and controls, National Birth Defects Prevention Study, 
USA, 1997-2011

Gastroschisis cases
(n = 879)

Total Controls
(n = 7817)

N (%) N (%)

Maternal age at delivery (years) †

<20 246 (28.0%) 492 (6.3%)

20-24 408 (46.4%) 1747 (22.3%)

25-29 161 (18.3%) 2240 (28.7%)

30-34 52 (5.9%) 2163 (27.7%)

≥35 12 (1.4%) 1176 (15.0%)

Maternal education †

≤12 years 498 (56.9%) 2504 (32.1%)

>12 years 377 (43.1%) 5300 (67.9%)

Maternal race-ethnicity †

Non-Hispanic white 503 (57.2%) 5003 (64.0%)

Non-Hispanic black 83 (9.4%) 899 (11.5%)

Hispanic 223 (25.4%) 1433 (18.3%)

Other 70 (8.0%) 482 (6.2%)

Pre-pregnancy BMI (kg/m2) †

Underweight (<18.5) 63 (7.3%) 352 (4.6%)

Normal weight (18.5-25) 603 (69.6%) 4125 (53.9%)

Overweight (25-30) 159 (18.3%) 1772 (23.2%)

Obese (>30) 42 (4.8%) 1403 (18.3%)
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Table 1. Continued

Gastroschisis cases
(n = 879)

Total Controls
(n = 7817)

N (%) N (%)

Parity †

0 611 (69.5%) 3514 (45.0%)

≥1 268 (30.5%) 4301 (55.0%)

Maternal cigarette smoking during periconceptional perioda †

Yes 485 (55.2%) 2498 (32.0%)

No 391 (44.8%) 5302 (68.0%)

Maternal alcohol use during periconceptional period †

Yes 429 (48.9%) 3327 (42.7%)

No 448 (51.2%) 4464 (56.7%)

Maternal illicit drug use during periconceptional periodb †

Yes 117 (13.3%) 329 (4.2%)

No 761 (86.7%) 7486 (95.8%)

Totals do not add up due to missing data. BMI = body mass index. a = self-reported cigarette smoking and second-hand 
cigarette smoke exposure at work and at home, b = included marijuana, hash, cocaine, crack, hallucinogens, heroin, and 
mushrooms, † = significant difference between cases and controls (p-value <0.05) using χ2 tests.

The prevalence of estimated occupational exposure to any solvent during the 

periconceptional period was 7.3% among cases and 7.4% among controls (Table 2). 

Mothers with exposure to any solvents worked in production occupations (28.0%), personal 

care and service occupations (18.4%), building and grounds cleaning and maintenance 

occupations (12.9%). There was no association between maternal occupational exposure 

to solvents and gastroschisis (aOR 1.00, 95%CI 0.75-1.32, adjusted for maternal age) (Table 

2). Exposure prevalence for aromatic solvents was 2.2% for cases and 2.1% for controls, 

and there was no association between aromatic solvents and gastroschisis (aOR 1.15, 

95%CI 0.69-1.92). Exposure to chlorinated solvents was most common; 6.4% for both cases 

and controls. However, no increased OR was identified in association with gastroschisis 

(aOR 0.98, 95%CI 0.73-1.32). The prevalence of Stoddard solvents exposure was 2.2% for 

cases and 2.0% for controls, but no association between Stoddard solvents exposure and 

gastroschisis was found (aOR 0.84, 95%CI 0.51-1.39). When analyses were restricted to jobs 

with an estimated exposure probability ≥10%, similar results were observed compared 

to analyses that included all women (data not shown). In addition, analyses restricted to 

jobs with medium and high confidence of solvent exposure also showed similar results 

(data not shown).
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Table 2 | Prevalence of estimated maternal occupational exposure to solvents during the periconceptional 
perioda and risk of gastroschisis in offspring, National Birth Defects Prevention Study, USA, 1997-2011

Solvent classes
Gastroschisis cases
(n = 879)

Total Controls
(n = 7817)

Unadjusted Adjustedb

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

Any solvent

No exposure 813 (92.7%) 7233 (92.6%) Ref Ref

Exposure 64 (7.3%) 579 (7.4%) 0.98 0.75 - 1.29 1.00 0.75 - 1.32

Aromatic solvents

No exposurec 859 (97.8%) 7651 (97.9%) Ref Ref

Exposure 19 (2.2%) 163 (2.1%) 1.04 0.64 - 1.68 1.15 0.69 - 1.92

Chlorinated solvents

No exposurec 821 (93.6%) 7311 (93.6%)

Exposure 56 (6.4%) 502 (6.4%) 0.98 0.75 - 1.32 0.98 0.73 - 1.32

Stoddard solvents

No exposurec 858 (97.8%) 7658 (98.0%) Ref Ref

Exposure 19 (2.2%) 158 (2.0%) 1.07 0.66 - 1.74 0.84 0.51 - 1.39

Totals do not add up due to missing data. a = one month before conception through three months after conception, 
b = adjusted for maternal age at delivery as a continuous variable (no missing values), c = no exposure for outcome under 
analysis.

Analysis stratified by maternal age at delivery (<20 and ≥20 years of age) showed that 

exposure to solvents was more prevalent among cases with older mothers (8.7%) 

compared to cases with younger mothers (3.7%) (data not shown). The OR for any solvent 

exposure versus no solvent exposure for older mothers showed no significant increase 

(OR 1.16, 95%CI 0.87-1.55), nor were increased ORs observed for solvent classes. The OR for 

any solvents among younger mothers showed no increase (OR 0.74, 95%CI 0.34-1.61). No 

increased ORs were found for solvents by class.

Stratified analysis by isolated and multiple defects included 801 cases with an isolated 

defect and 78 cases with multiple defects (Table 3). Exposure to any solvent was more 

common among exposed cases with multiple defects (14.1%) compared to exposed cases 

with isolated defects (6.6%). An increased OR was found for any solvent exposure (aOR 2.11, 

95%CI 1.10-4.06) for infants with multiple defects. The estimate was lower for chlorinated 

solvents (aOR 1.44, 95%CI 0.65-3.17). The ORs for aromatic and Stoddard solvents could 

not be calculated due to sparse data (n ≤ 3). Increased ORs were not observed for isolated 

defects (e.g. any solvent exposure versus no solvent: aOR 0.90, 95%CI 0.66-1.21).
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The prevalence and ORs for the estimated maternal cumulative exposure to solvents 

during the periconceptional period and gastroschisis in offspring are shown in Table 4. 

We did not observe an exposure level-response association for any solvent exposure, 

nor for aromatic, chlorinated, or Stoddard solvents exposure. No trends were observed 

for increasing cumulative maternal occupational exposures to solvents or to solvent 

classes. Exposure-response analyses could not be performed for multiple defects, due 

to too few cases per category. Separate analyses for intensity and frequency of exposure 

showed no differences between lower and higher intensities or frequencies of exposure 

(Supplementary Table 4 and 5).

Table 4 | Prevalence of cumulative maternal occupational exposure to solvents during the periconceptional 
perioda and risk of gastroschisis in offspring, National Birth Defects Prevention Study, USA, 1997-2011

Cases
(n=879)b

Controls
(n = 7817)b

Unadjusted Adjustedc

Solvent classes d N % N % OR 95% CI OR 95% CI

Any solvents Ptrend = 0.68 Ptrend =0.79

No exposure e 813 (92.7%) 7233 (92.6%) Ref Ref

Level 1 14 (1.6%) 193 (2.5%) 0.64 0.37 – 1.11 0.68 0.38 – 1.20

Level 2 27 (3.1%) 191 (2.4%) 1.26 0.83 – 1.89 1.37 0.89 – 2.12

Level 3 23 (2.6%) 194 (2.5%) 1.05 0.68 – 1.63 0.96 0.60 – 1.51

Aromatic solvents Ptrend = 0.69 Ptrend = 0.66

No exposure e 859 (97.8%) 7651 (97.9%) Ref Ref

Level 1 5 (0.6%) 54 (0.7%) 0.83 0.33 – 2.07 1.08 0.41 – 2.84

Level 2 7 (0.8%) 54 (0.7%) 1.16 0.52 – 2.55 1.50 0.64 – 3.52

Level 3  7 (0.8%) 54 (0.7%) 1.16 0.52 – 2.55 0.98 0.43 – 2.24

Chlorinated solvents Ptrend = 0.58 Ptrend = 082

No exposuree 821 (93.6%) 7311 (93.6%) Ref Ref

Level 1 11 (1.3%) 167 (2.1%) 0.59 0.32 – 1.08 0.61 0.32 – 1.15

Level 2 24 (2.7%) 167 (2.1%) 1.28 0.83 – 1.98 1.41 0.89 – 2.24

Level 3 21 (2.4%) 167 (2.1%) 1.12 0.71 – 1.77 0.97 0.59 – 1.54

Stoddard solvents Ptrend = 0.95 Ptrend = 0.37

No exposuree 858 (97.8%) 7658 (98.0%) Ref Ref

Level 1 7 (0.8%) 51 (0.7%) 1.23 0.55 – 2.71 0.93 0.41 – 2.14

Level 2 8 (0.9%) 54 (0.7%) 1.32 0.63 – 2.79 1.09 0.50 – 2.38

Level 3 4 (0.5%) 53 (0.7%) 0.67 0.24 – 1.87 0.52 0.18 – 1.48

a = one month before conception through three months after conception, b = missing cases/controls varied from 4 to 7 mothers 
across exposures because exposure could not be assigned or cumulative exposure could not be calculated, c = adjusted for 
maternal age at delivery as a continuous variable (no missing values), d = based on tertiles of the exposed controls. e = no 
exposure for outcome under analysis. Ptrend = Wald p-value for testing linear trend of the tertile betas .
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DISCUSSION

In this study we did not find an association between maternal occupational exposure 

to chlorinated, aromatic, or Stoddard solvents during the periconceptional period and 

isolated gastroschisis in offspring. We did observe an association between exposure to any 

solvents and gastroschisis co-occurring with other defects, but this should be interpreted 

with caution. The observed association did not reach statistical significance for aromatic 

and chlorinated solvents, but these analyses were based on a small number of multiple 

cases. Overall, the power of these analyses is limited; only 78 cases were included, of which 

11 cases were exposed. Furthermore, gastroschisis is mainly known as an isolated defect. 

When we further explored the types of multiple defects in our study population, we did 

not identify a specific pattern among the defects in association with the gastroschisis. 

Most cases had one additional birth defect, such as a congenital heart defect or a neural 

tube defect, which have been previously associated with occupational solvent exposure.19

Stratification by maternal age showed no association between occupational exposure to 

solvents and gastroschisis. No exposure-response relationship for any solvents or solvent 

classes and gastroschisis were found.

One previous study reported an association between maternal occupational exposure 

to solvents and gastroschisis (OR 2.55, 95%CI 1.10-5.89).20 This case-control study was 

performed by the California Birth Defects Monitoring Program in 1989 and 1990. Case/

control ascertainment and inclusion criteria were comparable to the NBDPS. In this study by 

Torfs and colleagues, during an interview mothers were asked to describe any occupations 

performed, including specific tasks, during the three months before conception and 

the first trimester. One industrial hygienist, blinded by outcome, evaluated the type of 

exposure that was associated with the job. Solvent types included aromatic hydrocarbons, 

gaseous aliphatic hydrocarbons, and liquid aliphatic hydrocarbons. Exposure assessment 

was comparable to our exposure assessment. However, we used a multiple expert rater 

method of exposure assessment, which is known to reduce exposure misclassification.27 

The prevalence of exposure was not reported for occupational exposure specifically, 

and could therefore not be compared to our exposure prevalence. Finally, we included 

879 cases with gastroschisis whereas Torfs and colleagues included only 150 cases. Their 

study did not report on whether cases had isolated defects or multiple defects including 

gastroschisis. Therefore, our results regarding multiple defects could not be compared. In 
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conclusion, differences in results could be explained by different inclusion criteria, possible 

exposure misclassification, and a difference in power.

Strengths and limitations

One strength of this study is that we utilized data from the NBDPS, a large population-

based case-control study in which ten centers participated for most of the study period. 

Each center covered a birth population between 35,000 and 80,000 births per year.21 

Therefore, a relatively large number of infants with gastroschisis could be included. Live 

births, stillbirths, and terminated pregnancies were included in most states, thereby 

mitigating selection bias due to survival. In addition, careful clinical review and classification 

by clinical geneticists were conducted, reducing outcome misclassification. Finally, the 

NBDPS included control infants without major birth defects. These infants were generally 

representative of the base population from which they were selected28.

Another strength of this study is that we restricted our study sample to women who 

reported having a job during the periconceptional period. This is important because 

employment status is related to sociodemographic and (reproductive) health characteristics 

that are generally recognized risk factors for adverse pregnancy outcomes. By restricting 

our analyses to employed women, we controlled for confounding by employment 

status and related factors.26,29 The interrater reliability of exposure assessment used in 

this study was fair to good and was generally comparable to or slightly higher than 

reliability estimates from similar studies, therefore it might be less likely that exposure 

misclassification impacted our results.24

Despite our large study sample, the number of exposed cases was relatively low (7%) 

compared to other population-based studies of occupational solvent exposure during 

pregnancy (10-19%19) using similar exposure assessment methods. This could have 

resulted in imprecision of our estimates. This is especially true for the exposure-response 

analyses where less than 3% of exposed cases per level were included. With three levels 

of exposure, we created a contrast between low and high exposure; however, this resulted 

in lower power compared to the analysis with two exposure categories. Our estimates 

were generally more precise than the previous study20, likely due to the unprecedented 

number of cases available in NBDPS. However, direct comparison to previous work is 

tenuous given the differences in exposure assessment methodologies. Most women in 

this population-based study were exposed to relatively low estimated doses of solvents. 

However, we cannot rule out effects among workers with much higher doses of exposures.
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A limitation of exposure assessment is that non-differential misclassification of exposure 

could have occurred, because assessment was indirect and retrospective. We possibly 

reduced potential misclassification by looking only at solvent class and not at individual 

solvents. The sensitivity and specificity of exposure assessment by industrial hygienist is 

unknown compared with true exposure, since there was no validation by direct exposure 

measurement. Another limitation of retrospective exposure assessment is the possibility 

that women avoided or were restricted by their employer to handle certain solvents during 

work, or wore protective equipment because they wanted to become pregnant or knew 

they were pregnant.

A limitation of the NBDPS is that selection bias could have occurred, since approximately 

two-thirds of invited women participated (65% for cases and controls).21 However, a 

previous study showed that NBDPS participants held a wide variety of occupations.30

Conclusion

We did not observe an association between gastroschisis in offspring and estimated 

maternal occupational exposure to solvents and solvent classes during the periconceptional 

period in this large population-based case-control study. Among mothers with 

gastroschisis cases with multiple defects, an association with maternal occupational 

exposure to solvents was observed, but these results should be interpreted with caution. 

No exposure-response relationship was observed using estimated cumulative occupational 

exposure to solvents. Continued exploration of risk factors for gastroschisis is warranted.
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SUPPLEMENTARY MATERIAL
Supplementary Table 1 | Intensity scores for individual solvents

Exposure intensity in ppm
(Stoddard solvents in mg/m3)

Solvent classes Very low Low Medium High

Aromatic solvents

Benzene <0.01 0.01 ≤ 0.1 0.1 ≤ 1 ≥ 1

Toluene <0.35 0.35 ≤ 3.5 3.5 ≤ 30 ≥ 30

Xylene <1 1 ≤ 5 5 ≤ 10 ≥ 10

Chlorinated solvents

Carbon tetrachloride <0.1 0.1 ≤ 1 1 ≤ 10 ≥ 10

Chloroform <0.6 0.6 ≤ 6 6 ≤ 30 ≥ 30

Methylene chloride <0.35 0.35 ≤ 3.5 3.5 ≤ 30 ≥ 30

Perchloroethylene <0.2 0.2 ≤ 2 2 ≤ 15 ≥ 15

1,1,1-trichloroethane <6 6 ≤ 60 60 ≤ 300 ≥ 300

Trichloroethylene <0.35 0.35 ≤ 3.5 3.5 ≤ 30 ≥ 30

Stoddard solvents <6 6 ≤ 60 60 ≤ 300 ≥ 300

Supplementary Table 2 | Correlation between solvent classes assessed in controls only

Solvent classes Aromatic solvents Chlorinated solvents Stoddard solvents

Aromatic solvents 1 0.38 0.36

Chlorinated solvents 0.38 1 0.43

Stoddard solvents 0.36 0.43 1

Correlation coefficient assessed with Spearman’s rho.
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Supplementary Table 3 | Baseline characteristics of exposed and non-exposed control infants, National Birth 
Defects Prevention Study, USA, 1997-2011

Exposed controls
(n= 579)

Non-exposed controls
(n = 7238)

N (%) N (%)

Maternal age at delivery (years) ᶲ

<20 24 (4.1%) 467 (6.5%)

20-24 152 (26.3%) 1594 (22.0%)

25-29 184 (31.8%) 2053 (28.4%)

30-34 148 (25.6%) 2015 (27.8%)

≥35 71 (12.3%) 1105 (15.3%)

Maternal education ᶲ

≤12 years 236 (40.8%) 2265 (31.4%)

>12 years 342 (59.2%) 4955 (68.6%)

Maternal race-ethnicity

Non-Hispanic white 359 (62.0%) 4641 (64.2%)

Non-Hispanic black 68 (11.7%) 831 (11.5%)

Hispanic 106 (18.3%) 1325 (18.3%)

Other 46 (7.9%) 436 (6.0%)

Pre-pregnancy BMI (kg/m2)

Underweight (<18.5) 22 (3.9%) 329 (4.6%)

Normal weight (18.5-25) 331 (59.1%) 3792 (53.5%)

Overweight (25-30) 119 (21.3%) 1652 (23.3%)

Obese (>30) 88 (15.7%) 1314 (18.5%)

Parity ᶲ

0 237 (40.9%) 3277 (45.3%)

≥1 342 (59.1%) 3942 (54.7%)

Maternal cigarette smoking during periconceptional perioda ᶲ

Yes 229 (39.6%) 2268 (31.4%)

No 350 (60.4%) 4963 (68.6%)

Maternal alcohol use during periconceptional period ᶲ

Yes 229 (39.6%) 2268 (31.4%)

No 350 (60.4%) 4948 (68.6%)

Maternal illicit drug use during periconceptional periodb

Yes 31 (5.4%) 298 (4.1%)

No 548 (94.6%) 6933 (95.9%)

Totals do not add up due to missing data. BMI = body mass index. a = self-reported cigarette smoking and second-hand 
cigarette smoke exposure at work and at home, b = included marijuana, hash, cocaine, crack, hallucinogens, heroin, and 
mushrooms, ᶲ = significant difference between exposed and non-exposed controls (p-value <0.05) using Chi Square tests.
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Supplementary Table 4 | Estimated intensity of maternal occupational solvents exposure during the 
periconceptional perioda and risk of gastroschisis in offspring, National Birth Defects Prevention Study, USA, 
1997-2011

Gastroschisis 
cases (n= 879)

Total Controls
(n = 7817)

Unadjusted Adjustedb

Solvent classes N (%) N (%) OR 95% CI OR 95% CI

Any solvent

No exposure 823 (93.6%) 7359 (94.1%) Ref Ref

Very low 28 (3.2%) 225 (2.9%) 1.11 0.75 – 1.66 1.22 0.80 – 1.86

Low 19 (2.2%) 118 (1.5%) 1.44 0.88 – 2.35 1.17 0.70 – 1.97

Medium 7 (0.8%) 103 (1.3%) 0.61 0.28 – 1.31 0.69 0.31 – 1.53

High <3 NC NC

Aromatic solvents

No exposurec 860 (97.8%) 7651 (97.9%) Ref Ref

Very low 9 (1.0%) 47 (0.6%) 1.70 0.83 – 3.49 2.25 1.03 – 4.90

Low 6 (0.7%) 62 (0.8%) 0.86 0.37 – 2.00 0.75 0.31 – 1.80

Medium <3 NC NC

High <3 NC NC

Chlorinated solvents

No exposurec 836 (95.1%) 7513 (96.1%) Ref Ref

Very low 25 (2.8%) 187 (2.4%) 1.20 0.79 – 1.84 1.42 0.91 – 2.23

Low 10 (1.1%) 60 (0.8%) 1.50 0.76 – 2.94 1.07 0.53 – 2.17

Medium 7 (0.8%) 54 (0.7%) 1.17 0.53 – 2.57 1.12 0.49 – 2.56

High <3 NC NC

Stoddard solvents

No exposurec 859 (97.8%) 7658 (98.0%) Ref Ref

Very low 4 (0.5%) 47 (0.6%) 0.76 0.27 – 2.11 0.54 0.19 – 1.55

Low 13 (1.5%) 76 (1.0%) 1.53 0.84 – 2.76 1.27 0.68 – 2.38

Medium <3 NC NC

High <3 NC NC

Totals do not add up due to missing data. a = one month before conception through three months after conception, 
b = adjusted for maternal age at delivery as a continuous variable (no missing values), c = no exposure for outcome under 
analysis.
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Supplementary Table 5 | Estimated frequency of maternal occupational solvents exposure during the 
periconceptional perioda and risk of gastroschisis in offspring, National Birth Defects Prevention Study, USA, 
1997-2011

Gastroschisis cases
(n= 879)

Total Controls
(n = 7817)

Unadjusted Adjustedb

Solvent classes N (%) N (%) OR 95% CI OR 95% CI

Any solvent

No exposure 815 (92.7%) 7238 (92.6%) Ref Ref

0 -10 hours per week 52 (5.9%) 471 (6.0%) 0.98 0.73 – 1.32 1.07 0.78 – 1.45

>11 hours per week 23 (1.4%) 108 (1.4%) 0.99 0.54 – 1.80 0.77 0.41 – 1.44

Aromatic solvents

No exposurec 860 (97.8%) 7651 (97.9%) Ref Ref

0 -10 hours per week 16 (1.8%) 133 (1.7%) 1.07 0.63 – 1.81 1.23 0.71 – 2.15

>11 hours per week 3 (0.3%) 30 (0.4%) 0.89 0.27 – 2.92 0.85 0.24 – 2.95

Chlorinated solvents

No exposurec 821 (93.6%) 7311 (93.6%)

0 -10 hours per week 48 (5.5%) 428 (5.5%) 1.00 0.73 – 1.36 1.05 0.76 – 1.45

>11 hours per week 8 (0.9%) 73 (0.9%) 0.98 0.47 – 2.03 0.70 0.33 – 1.50

Stoddard solvents

No exposurec 859 (97.8%) 7658 (98.0%) Ref Ref

0 -10 hours per week 12 (1.4%) 115 (1.5%) 0.93 0.51 – 1.69 0.75 0.40 – 1.40

>11 hours per week 7 (0.8%) 43 (0.6%) 1.45 0.65 – 3.24 1.06 0.46 – 2.46

Totals do not add up due to missing data. a = one month before conception through three months after conception, 
b = adjusted for maternal age at delivery as a continuous variable (no missing values), c = no exposure for outcome under 
analysis.
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Embryonic development is a complex process involving genetic, epigenetic, and 

environmental factors. Disturbances in embryonic development can lead to congenital 

anomalies, yet the aetiology of congenital anomalies is still not fully understood. In the 

Netherlands, an increasing number of women are working during their reproductive 

years and their pregnancies, which means that exposures in the workplace can have 

potential teratogenic effects. This thesis aimed to examine the associations between 

maternal occupational exposures early in pregnancy and the risks of congenital anomalies 

in offspring. The present chapter discusses the main findings and methodological 

challenges of this thesis and gives suggestions for future research and perspectives on 

periconceptional occupational health.

THE EFFECT OF MATERNAL OCCUPATIONAL EXPOSURES ON CONGENI-
TAL ANOMALY DEVELOPMENT

This thesis focused on maternal occupational exposure to organic and mineral dusts, 

gases and fumes, solvents, pesticides, metals, and endocrine disrupting chemicals (EDCs). 

Approximately 35% of the women studied in this thesis were exposed to one or more of 

these occupational exposures. Table 1 summarizes the results of the research described 

in this thesis. Exposure to organic dust increased the risk of orofacial clefts in the offspring 

(Chapter 3), and occupational exposure to mineral and organic dusts and metals increased 

the risk of specific congenital heart defects (CHDs) (Chapter 5). Occupational exposure to 

solvents possibly increased the risk of neural tube defects, CHDs (Chapter 2), and urinary 

defects (Chapter 4), whereas exposure to pesticides was associated with a slightly higher 

prevalence of orofacial clefts in offspring (Chapter 3). Exposure to specific EDCs, such as 

phthalates, benzophenones, parabens, or siloxanes, increased the number of infants born 

with urinary anomalies (Chapter 4).

During their work, women were most likely exposed through inhalation and/or dermal 

contact to agents that could end up in the circulatory system after uptake. A recent study 

showed that inhaled fine particles are able to cross the placental barrier and are found 

at the foetal side of the placenta 1. Once agents cross the placental barrier, exposure 

can induce oxidative stress, which may induce teratogenesis via misregulation of critical 

pathways involving foetal development 2.
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Table 1 | Summary of the associations between maternal occupational exposures and congenital anomalies 
examined in this thesis

Occupational exposures

Congenital anomalies

Neural tube 
defects

Congenital 
heart defects

Orofacial 
clefts

Hypospadias Urinary 
anomalies

Gastroschisis

Organic dust = +

Mineral dust + =

Gases and fumes =

Metals Meta-analysis NC + + NC

+ =

Solvents Meta-analysis + + NC NC

= = = + =

Pesticides Meta-analysis = = NC =

= + - -

PAHs + =

Phthalates / Benzophenones /
Parabens / Siloxanes

+ +

-/=/+ represent the estimate (adjusted odds ratio (OR)) or pooled estimate for the meta-analyses
- OR <0.8; = OR ≥0.8 and <1.2; + OR ≥1.2. NC = pooled OR not calculated due to heterogeneity.
Red values represent significant values (p<0.05).
Associations represented by empty cells were not examined in this thesis. Analyses for subgroups of congenital anomalies 
and subgroups of occupational exposure are not displayed.

Exposure to organic and mineral dusts

In this thesis, exposures to organic and mineral dusts were relatively common, with about 

30% and 10% of female employees being exposed, respectively. Organic dust is defined as 

dusts from plants (vegetables), animals, wood, or microbes, while mineral dust originates 

from minerals in soil. Mothers working as personal care workers, nursing professionals, 

cleaners, and agricultural workers were those most likely exposed to organic dust. Cleaners 

and agricultural workers were also considered to be simultaneously exposed to mineral 

dust. In Chapter 3, we showed that maternal occupational exposure to organic dust 

increased the risk of orofacial clefts (specifically cleft lip with or without palate). Mineral 

dust appeared to be associated with a higher risk for specific CHDs, such as coarctation 

of the aorta and pulmonary (valve) stenosis (Chapter 5). No other studies were identified 

that studied the effect of organic and mineral dusts on reproductive health and, especially, 

foetal development.

Exposure to metals

In this thesis, fewer than 1% of working mothers were exposed to metals. Occupational 

metal exposure occurs through exposure to metal dusts and fumes produced during 

metalworking processes (grinding, welding, cutting, lathe work, etc.). The women included 
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in this analysis worked as electronic-equipment or mechanical-machinery assemblers. In 

Chapter 5, an association between maternal occupational exposure to metals and CHDs 

was observed. In Chapter 2, three previous studies regarding maternal occupational 

exposure to metals and CHDs were pooled in the meta-analysis, and no association was 

found. However, we were not able to explore subgroups of CHDs in this meta-analysis 

even though it is important to assess subgroups because specific CHDs are anatomically, 

clinically, epidemiologically, and developmentally heterogeneous 3. In Chapter 5, we were 

able to perform subgroup analysis for specific heart defects and found that maternal 

occupational exposure to metals is particularly associated with isolated septal defects.

Exposure to solvents

Approximately 7-20% of the women studied in this thesis were exposed to solvents during 

their work. Solvents are present in paints, adhesives, glues, and degreasing/cleaning 

agents. Women occupationally exposed to solvents mainly worked in healthcare, beauty 

or hairdressing salons, or as cleaners.

The meta-analysis conducted in Chapter 2 showed that maternal occupational exposure 

to solvents increased the risk of neural tube defects in offspring. All studies using expert-

based occupational exposure assessment regarding maternal occupational exposure 

to solvents and neural tube defects were included in this meta-analysis. Our observed 

association is supported by studies that found associations between neural tube defects 

and maternal jobs that were likely exposed to solvents, such as jobs in healthcare (nurses), 

cleaning, chemical sciences, and agriculture 4-6.

In Chapter 5, no association between maternal occupational exposure to solvents and 

CHDs was observed. In the meta-analysis, an association between solvent exposure 

and CHDs was observed (Chapter 2). It is important to assess CHDs in subgroups, e.g. 

using the Botto classification 3, because of their anatomical, clinical, epidemiological, 

and developmental differences. In Chapter 5, we were able to perform such a subgroup 

analyses and found no association between maternal occupational exposure to solvents 

and any of the CHD subgroups. We were not able to perform subgroup analyses in the 

meta-analysis.

In Chapter 4, an association was found between maternal occupational exposure to 

solvents that have an endocrine disrupting effect and urinary anomalies, particularly for 

anomalies of the urinary collecting system and when more than one urinary anomaly was 

present. One earlier study had also found an association between solvent exposure and 
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urinary anomalies 7, but the results of two other studies were not in line with our finding 
8,9. However, the number of urinary cases included in these previous studies was low 

compared to the study described in this thesis (n=12 and n=76 versus n=537 here), and 

no subgroup analyses were performed.

Exposure to pesticides

In this thesis, only 2-3% of women participating in the labour force were exposed to 

pesticides. Women were most likely to be exposed to pesticides when they were working 

in the agricultural sector. In Chapter 3, an increased risk of developing an orofacial cleft was 

found among offspring of women with occupational exposure to pesticides. In our meta-

analysis, we could not calculate a pooled estimate for pesticide exposure and orofacial 

clefts because the two studies included were too heterogeneous to calculate a pooled 

estimate (Chapter 2). A previous meta-analysis that examined this association and included 

more studies had suggested that exposure to pesticides can lead to a modest increase 

of orofacial clefts in the offspring 10. However, most of the studies they included relied on 

self-reported exposure, which might have biased the association upward.

METHODOLOGICAL CHALLENGES

Occupational exposure assessment methods

In this thesis two occupational exposure assessment methods were used: group-based 

job-exposure matrices (JEMs) and individual-based expert assessments by occupational 

hygienists. Both methods are retrospective and based primarily on self-reported job 

characteristics early in pregnancy or during the periconceptional period. An advantage 

of both assessment methods is that they limit recall bias and differential misclassification 

of exposure 11.

A limitation of the JEMs used in this thesis is that non-differential misclassification is 

introduced in two different ways. First, the JEM does not account for the time period 

in which the job was performed, and previous studies have shown that occupational 

exposure can vary over time 12,13. Second, circumstances at the workplace are often 

unpredictable and can vary within a job and between companies 11. In individual-based 

assessment, occupational hygienists can take differences over time, within jobs, and 

between companies into consideration. They can rely on information available for a wide 

variety of occupational characteristics to perform a more detailed exposure assessment 
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at individual level, examining factors such as job title, employer name, what the company 

produces, primary tasks and duties, a description of chemicals and machines handled on 

the job, dates of employment, and hours and days worked per week. However, a challenge 

of assessing occupational exposure at the individual level is that the questionnaires for 

participants need to include more specific questions on tasks and circumstances for a 

wide variety of jobs, resulting in long complicated questionnaires for participants. Another 

limitation of this method is that it is time-consuming and requires expensive input from 

an occupational hygienist.

A limitation in Chapters 3-5 was that correction for the number of hours and weeks 

mothers worked early in pregnancy was not possible due to absence of this information. 

In Chapter 6, we were able to account for the dates of employment and hours and days 

worked per week during the periconceptional period.

Finally, measurement error is unavoidable for both assessment methods. Individual-based 

exposure assessment by occupational hygienists could result in classical error because the 

exposure assigned at an individual level will vary around a true value depending on the 

quality of the self-reported information. Reporting bias could also be an issue. In contrast, a 

JEM assigns exposure at job level rather than individual level, and this exposure assignment 

will therefore produce risk estimates with no bias or only minor bias, but this will come 

with a loss of precision, generally known as a Berkson type error 14.

A special time window of exposure: early in pregnancy

In this thesis, maternal occupational exposure was assessed during a special time window 

in a woman’s life: early in pregnancy. While some women will be very careful during 

this time because they are pregnant after a long period of fertility treatments, other 

pregnancies are unplanned or unexpected, and these women will initially not even know 

they are pregnant. Therefore, it is possible that some women avoided certain exposures 

because they wanted to become pregnant, or knew they were pregnant, while performing 

a job that includes exposure. Another possibility could be that women avoided or were 

advised by their employer not to handle certain solvents or other chemicals during work, 

or wore protective equipment, because they wanted to become pregnant or knew they 

were pregnant. An exposure assessment based on precise information about how women 

behaved early in pregnancy, when they informed their employer, and if, when and by 

whom preventive measures were taken would result in less misclassification.
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A Dutch report published in 2007 showed that protective measures were taken by the 

employer for only 40-50% of the pregnant women working with harmful chemicals 15. This 

report did not show at which gestational age measures were taken, which is important 

since organogenesis is already complete at the end of the first trimester. Unfortunately, 

there is no more recent literature regarding occupational behaviour of pregnant women 

or women who want to become pregnant in the Netherlands. Although the report was 

published more than a decade ago, protection of pregnant women is probably still not 

fully incorporated into workplace practices, as pregnancy discrimination is prevalent, with 

more than 40% of working women reporting negative experiences with their pregnancy 

in relation to work 16. Additionally, for female freelancers or self-employed contractors, it 

might be difficult to avoid exposure. More up-to-date information is needed to give a 

more precise estimate of the actual exposures of women in the periconceptional period. 

This is could be done by asking women when they found out they were pregnant, if and 

when they changed their occupational behaviour, when they informed their employer, 

and when were preventive measures taken.

Surveillance and registration of infants with congenital anomalies

Surveillance and registration of congenital anomalies is complex because 2-3% of 

pregnancies worldwide are affected by a congenital anomaly and subgroups of 

congenital anomalies are very different in aetiology and relatively uncommon. In this 

thesis, high quality data from Eurocat Northern Netherlands (Eurocat NNL) and the National 

Birth Defects Prevention Study (NBDPS) were used. Eurocat NNL has detailed medical 

information available for each case, and all cases were coded by trained registry staff 

according to international coding guidelines 17. The NBDPS abstracted clinical information 

from medical records, which was then reviewed by clinical geneticists using a systematic 

study-wide classification protocol 18. The registration of congenital anomalies is important 

because, through detailed epidemiological surveillance of congenital anomalies over 

a long time period, reliable information can be generated about possible increases in 

numbers of congenital anomalies in order to detect a new epidemic as soon as possible. 

Active surveillance can also reassure or support clinicians if they detect a possible cluster 

of congenital anomalies. One strength of surveillance using high quality data is that 

homogenous and detailed groups of congenital anomalies could be examined to study 

risk factors, such as the occupational exposure examined in this thesis.
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Despite the detailed information available for each infant, several analyses in this thesis 

using data from Eurocat NNL included a low number of infants affected by very specific 

anomalies. The catchment area of Eurocat NNL is limited to the three Northern provinces. 

To increase the power of these studies, it would be helpful to extend the coverage and 

methods used by Eurocat NNL to the whole of the Netherlands, or even to the whole of 

Europe. Unfortunately, it was not possible to use the international Eurocat Network in this 

thesis because not all European registries have information on maternal occupation during 

the periconceptional period.

Another challenge for both Eurocat and the NBDPS was collecting data for all infants 

born with a congenital anomaly. In Eurocat NNL, approximately three-fourths of parents 

gave permission for registration and, of those, approximately two-thirds filled in the 

questionnaire. In the NBDPS, two-thirds of the invited women participated. This could 

have introduced selection bias because it is known that people who do not participate 

in scientific studies have, on average, a lower socioeconomic status, with more potential 

for occupational exposure, and are more likely to live in urban environments as compared 

to participants 19,20. To improve the surveillance of congenital anomalies in the Northern 

Netherlands, Eurocat NNL is allowed to register limited information on the anomaly 

if parents who have an infant born with a congenital anomaly do not respond to the 

invitation to participate. However, data on risk factors are not registered in these cases.

Selection of controls

In this thesis, four different control groups were used. The definition of the ideal control 

group is that controls should be free of the disease being studied and represent the 

population at risk of becoming cases 21. In Chapter 6, the control group used is consistent 

with this definition. The NBDPS randomly selected live-born infants without major 

congenital anomaly (non-malformed controls) from vital records or birth hospital records 

from the same geographical region and time period as cases 18. The control participants 

of the NBDPS are representative of their base population 22. However, this method is time-

consuming and expensive, as significantly more infants have to be identified and recruited, 

and more information needs to be collected. Additionally, recall bias could have been 

an issue, since parents who have an infant with a congenital anomaly may search their 

memories more thoroughly for exposures to possible risk factors than parents who have 

a healthy infant. Because Eurocat NNL does not collect data on non-malformed controls, 

three other control groups were used in Chapter 3-5.
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In Chapter 3, two control groups were created: chromosomal malformed controls (infants 

with a chromosomal/monogenic anomaly born during the same time period in the same 

geographical region as cases) and non-chromosomal malformed controls (all infants with a 

non-chromosomal/non-monogenic congenital anomaly, but not affected by the anomaly 

under study, born during the same time period in the same geographical region as cases). 

From a historical perspective, Eurocat NNL has been using chromosomal controls in case–

control studies examining risk factors for congenital anomalies. A genetic cause is identified 

for those anomalies, implying that other causes, for example from the environment, were 

unlikely. There is some evidence that occupational exposure to pesticides can have a 

mutagenic effect and that mineral dust can induce DNA methylation in humans 23,24. 

Another study showed that women living near solvent and metal waste sites have an 

increased risk of chromosomal anomalies in offspring 25. A recent study suggests that 

maternal occupational exposure to solvents among production workers increased the 

risk of chromosome 21 nondisjunction, resulting in trisomy 21 26. Based on those studies, 

it seems possible that environmental factors might increase the risk of chromosomal/

monogenic anomalies. As a consequence, the use of chromosomal malformed controls 

could result in underestimation of risk estimates of maternal occupational exposure on 

development of congenital anomalies. Therefore, a second control group was created of 

infants with non-chromosomal anomalies. However, it is known that maternal occupational 

exposures could increase the risk of several congenital anomalies included in this control 

group. Therefore analysis with infants with non-chromosomal anomalies as controls could 

have introduced bias resulting in an underestimation of the effect.

Infants without congenital anomaly were selected from the general population Lifelines 

cohort for the studies described in Chapter 4 and 5. However, this method could have 

introduced selection bias, because individuals with a higher socioeconomic status are 

more likely to participate in a biobank such as Lifelines 19,20. Nevertheless, a previous 

study showed that the Lifelines cohort is a representative sample of the population 

in the Northern Netherlands 27. As discussed above, selection bias is also possible for 

cases/malformed controls because parents with a higher socioeconomic status could be 

overrepresented amongst those who filled in the Eurocat questionnaire. Another concern 

in using non-malformed controls from the general population Lifelines cohort is that 

information bias could have been introduced due to differences in questionnaires and the 

timing of questionnaires. Additionally, recall bias could have been an issue in the same 

way described above for the NBDPS healthy control group. For occupational exposure, 
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information bias and recall bias is unlikely, since mothers participating in both Eurocat and 

Lifelines were asked about their job early in pregnancy and the JEM assigns exposure based 

on job only. However, information bias and recall bias might have been an issue some for 

important covariates, such as folic acid use, smoking, alcohol use, and body mass index.

To gain more insight into the effect of the different control groups, a post-hoc analysis was 

performed for the orofacial cleft study described in Chapter 3. In this study, we examined 

the association between maternal occupational exposures and orofacial clefts compared 

to a chromosomal and a non-chromosomal malformed control group from Eurocat. This 

analysis was repeated with non-malformed controls from the Lifelines cohort. Effect 

estimates turned out to be of the same magnitude and in the same direction for all three 

control groups.

RECOMMENDATIONS

Based on the results and challenges described in the previous sections, directions for future 

research are given below. In addition, we provide recommendation for female workers 

who want to become pregnant, or are pregnant, and for employers.

Methodological recommendation for future research

Based on the methodological challenges described above, we can make recommendations 

for future case–control studies that want to examine risk factors for congenital anomalies. 

We recommend recruiting controls together with cases. Control infants should be infants 

without congenital anomalies from the same geographical area and time-period as cases. 

For Eurocat NNL, it is not feasible to collect data on non-malformed infants because Eurocat 

NNL has only been collecting data on risk factors since 1997 and retrospectively including 

non-malformed infants would have limitations as well (e.g. introducing recall bias). The 

recommendation for Eurocat NNL case–control studies is to select non-malformed control 

infants from a cohort of infants without congenital anomalies, such as Lifelines. Analyses 

should be performed with a second control group consisting of chromosomal malformed 

controls from Eurocat NNL to account for bias introduced using the non-malformed control 

group.

In future studies, occupational exposure assessment should be performed by occupational 

hygienists, and questionnaires should include questions on a wide variety of occupational 

variables. A JEM is a good and far less-costly alternative if only the job description is known. 
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Studies, including those of Eurocat NNL, must consider extending their questionnaire 

with additional questions about the number of hours and weeks mothers worked early 

in pregnancy because, in contrast to other European countries, the majority of women in 

the Netherlands hold part-time jobs 28,29.

Topics for future research

In the Netherlands, employers are required by law to protect pregnant employees and 

their unborn child from adverse occupational effects, but there is no recent information 

on the effectiveness of reproductive health policies. We therefore recommend studying 

how women behave early in pregnancy: Do they acknowledge occupational risks? If, 

when, and by whom are preventive measures taken at work? When do women inform 

their employer about the pregnancy? Do they feel they are working in a safe environment? 

This will allow for the detection of knowledge gaps and reveal better ways of protecting 

pregnant working women and those who want to become pregnant.

Future research should consider paternal occupational exposure as well, with several 

studies suggesting that paternal occupational exposure can increase the risk of congenital 

anomalies in the offspring 30-33. Paternal exposure to chemicals could induce structural, 

genetic and/or epigenetic abnormalities in the sperm. However, there is currently no clear 

relation between the sperm abnormalities and offspring health 34.

In addition to paternal exposure, future research should work towards risk prediction 

models that incorporate several risk factors, as most congenital anomalies do not develop 

through exposure to a single risk factor. These models can then be used to identify high-

risk groups in the population. In the United States, a risk prediction model for neural 

tube defects was not able to successfully identify high risk groups 35. However, prediction 

models developed in China identified groups at high risk for CHDs 36. Other prediction 

models have already been developed and implemented successfully to predict the risk of 

pregnancy complications in the Netherlands. One successful prediction model facilitated 

risk-based care, which reduced perinatal adverse outcomes in nulliparous women 37.

In addition to environmental exposures, genetic risk factors should also be included in risk 

models. This could be achieved by performing gene–environment interaction studies 38. 

The NBDPS collected buccal cells to perform genetic analysis 18. This study is extended 

through the Birth Defects Study To Evaluate Pregnancy exposureS (BD-STEPS), which 

requested permission to sample residual newborn screening blood spots for genetic 
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analysis 39. The international EUROCAT network should also consider collecting genetic 

information to perform gene–environment interactions studies.

Periconceptional occupational health: advice for the female workforce and their 

employers

Working women and employers must be aware that the periconceptional period is a 

crucial period for giving birth to a healthy child. Maternal occupational exposure to organic 

dust and solvents early in pregnancy increases the risk of orofacial clefts, neural tube 

defects, urinary defects, and CHDs in offspring. As these exposures are common in the 

population, they can be significant contributors to the risk of developing those anomalies. 

Maternal exposure to mineral dust, pesticides, and metals increases the risk of orofacial 

clefts and CHDs. As exposure to these agents is currently uncommon among women in 

the Netherlands, the public health impact will be limited.

Women must be aware of the possible risk that occupational exposure can have on 

development of congenital anomalies in their offspring. They should be aware of their 

exposure to organic or mineral dusts, solvents, pesticides, or metals during their work, and 

of how adequate protective measures can be taken.

As Dutch law requires, employers are obligated to identify risks for pregnant employees and 

to inform employees about these risks. Employers must create a safe working environment 

and limit possible teratogenic exposures. Employees and employers must also ensure that 

they work in accordance with the protocols, which will reduce occupational exposure 

and therefore possibly reduce the risk of congenital anomalies in offspring. Together, it 

is essential that employees and employers consult an occupational hygienist/physician 

when needed.

CONCLUSION

This thesis has shown that maternal occupational exposure to organic dust and solvents 

early in pregnancy is relatively common and increases the risk of orofacial clefts, neural 

tube defects, urinary defects, and CHDs. Maternal exposures to mineral dust, pesticides, 

and metals are less prevalent, but increase the risk of orofacial clefts and CHDs. Employers 

should perform careful risk inventories and evaluations at their workplace, if necessary 

with input from an occupational hygienist. The female workforce should be informed 

about their occupational exposures and educated about recommended policies to 
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limit teratogenic exposure as much as possible in order to reduce the risk of congenital 

anomalies in offspring. Employees and employers should not hesitate to consult and 

discuss uncertainties with occupational hygienists and/or occupational physicians.

Future research should employ occupational exposure assessment methods that take into 

account the amount of data about occupational characteristics they foresee collecting, as 

group-based JEMs and individual-based expert assessments by occupational hygienists 

have different strengths and limitations and require different budgets. Control group 

selection should depend on the study population. However, researchers must be aware 

of the types of bias that could be introduced by using different types of control groups. 

Future research should investigate the current effectiveness of reproductive health policies 

and the occupational behaviour of pregnant women. Since many congenital anomalies are 

the result of the combined effects of genetics and maternal and paternal environmental 

factors, gene–environment interaction studies should be performed. The outcome of 

these studies could eventually lead to risk prediction models that will enable identification 

of groups in the population at high risk for congenital anomalies, thereby allowing for 

better protection and prevention and consequently fewer congenital malformations.
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SUMMARY

One in 33 infants worldwide is born with a congenital anomaly. Embryonic development 

is a complex process involving genetic, epigenetic, and environmental factors, and 

disturbances in embryonic development can lead to congenital anomalies. However, the 

aetiology of many congenital anomalies is not yet fully understood. In the Netherlands, 

an increasing number of women are working during their reproductive years and their 

pregnancies, which increases the chances of potential teratogenic effects due to exposures 

in the workplace. It is thus important to identify teratogenic exposures in order to protect 

women who want to become pregnant or are pregnant. This is crucial because having 

an infant with a congenital anomaly has a large impact, not only on the infant’s health, 

but also on their families and society at large. Therefore, this thesis aimed to examine the 

association between maternal occupational exposures early in pregnancy and the risk of 

congenital anomalies in the offspring.

In Chapter 2, a systematic review and meta-analysis was performed to examine the 

association of maternal occupational exposure to solvents, pesticides, and metals with 

congenital anomalies in offspring. Four subgroups of congenital anomalies were examined: 

neural tube defects, congenital heart defects, orofacial clefts, and hypospadias. The results 

showed an association between maternal occupational exposure to solvents and neural 

tube defects, congenital heart defects, and orofacial clefts in offspring. No association was 

observed between maternal occupational exposure to pesticides or metals and congenital 

anomalies.

In Chapter 3, a case–control study was performed to assess maternal occupational 

exposure to solvents, pesticides, metals, dusts, and gases and fumes early in pregnancy 

in relation to orofacial clefts in offspring. Cases with an orofacial cleft (124 infants with 

cleft palate and 263 infants with cleft lip with or without cleft palate) were selected from 

the Eurocat Northern Netherlands (Eurocat NNL) population-based registry for congenital 

anomalies. Two control groups were selected from Eurocat NNL: (1) infants born with 

chromosomal/monogenic defects (n=1,135), and (2) infants born with non-chromosomal/

non-monogenic congenital anomalies (n=4,356). In total, 44% of case mothers, 41.0% 

chromosomal and 37.7% of non-chromosomal control mothers were exposed to one 

of the agents considered in this study. The results indicated that maternal occupational 

exposure to pesticides and organic dust early in pregnancy are risk factors for orofacial 

clefts in offspring.
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The development of the urogenital tract takes place under the influence of hormones. 

Exposure to endocrine disrupting chemicals (EDCs) can result in abnormal development 

of the urogenital tract. In Chapter 4, the association between maternal occupational 

exposure to EDCs early in pregnancy and urogenital anomalies in offspring was assessed 

in a case–control study. Infants born with urinary anomalies or hypospadias were selected 

from the Eurocat NNL registry. Urinary anomalies were classified into four groups: (I) 

malformations of the renal parenchyma, (II) anomalies of the urinary collecting system, 

(III) abnormal embryonic migration of kidneys and other urinary tract anomalies, and (IV) 

combinations of urinary anomalies. Controls without congenital anomaly were selected 

from the Lifelines cohort study. This study included 537 infants with urinary anomalies, 

371 infants with hypospadias, and 5,602 controls, with 23% of case mothers and 20% of 

control mothers exposed to any EDC. The results of this study showed an association 

between maternal occupational exposure to some specific EDCs (organic solvents / 

alkylphenolic compounds and phthalates / benzophenones / parabens / siloxanes) and 

urinary anomalies, specifically anomalies of the urinary collecting system or when more 

than one urinary anomaly was present among cases.

In Chapter 5, the association between maternal occupational exposure to organic and 

mineral dust, solvents, pesticides, and metals was assessed in relation to congenital heart 

defects in offspring. Cases with congenital heart defects were selected from Eurocat NNL 

and classified into seven main subgroups to account for the diversity of cardiac phenotypes 

and underlying developmental mechanisms: conotruncal heart defects, atrioventricular 

septal defects, anomalous pulmonary venous return, left and right ventricular outflow tract 

obstructions, septal defects, and complex heart defects. Controls without a congenital 

anomaly were selected from the Lifelines cohort study. For the 1,174 cases with congenital 

heart defects and 5,602 controls, overall exposure to one or more maternal occupational 

exposures was 37.6% and 35.6%, respectively. The results of this study showed that maternal 

occupational exposures to organic dust, mineral dust, and metal dust and fumes early in 

pregnancy could increase the risk of left and right ventricular outflow tract obstructions 

and septal defects.

In Chapter 6, a case–control study was conducted that assessed the association between 

maternal occupational exposure to solvents and gastroschisis in the offspring. This study 

was performed in the United States using data from the National Birth Defects Prevention 

Study. This is a large population-based case–control study of major congenital anomalies 

that was conducted in ten states from 1997 to 2011. In total, 879 cases with gastroschisis 
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and 7,817 controls without congenital anomalies were included. The overall prevalence of 

occupational exposure to solvents was 7.3% in case mothers and 7.4% in control mothers 

during the periconceptional period (1 month before conception through 3 months after 

conception). No association was found between maternal occupational exposure to 

solvents and gastroschisis in the offspring, nor was an exposure–response relationship 

observed.

In Chapter 7, the main findings and methodological challenges in this thesis are discussed, 

followed by suggestions for future research and perspectives on periconceptional 

occupational health. Maternal occupational exposure to organic dust and solvents early 

in pregnancy is relatively common and increases the risk of orofacial clefts, neural tube 

defects, urinary defects, and congenital heart defects. Maternal exposures to mineral 

dust, pesticides, and metals are less prevalent, but increase the risk of orofacial clefts and 

congenital heart defects. Employers should perform careful risk inventories and evaluations 

at their workplace, if necessary with input from an occupational hygienist. The female 

workforce should be informed about their occupational exposures and educated about 

the recommended policies to limit teratogenic exposure as much as possible in order to 

reduce the risk of congenital anomalies in offspring. Employees and employers should 

not hesitate to consult and discuss uncertainties with occupational hygienists and/or 

occupational physicians.

Future research should employ occupational exposure assessment methods that account 

for the number and kind of occupational characteristics they foresee collecting, as group-

based job exposure matrices and individual-based expert assessments by occupational 

hygienists have different strengths and limitations and require different budgets. Control 

group selection should be done based on the study population. However, researchers must 

be aware of the types of bias that can be introduced by using different types of control 

groups. Future research should also take into account the effectiveness of reproductive 

health policies and the occupational behaviour of pregnant women. Since many congenital 

anomalies are the result of the combined effects of genetics and maternal and paternal 

environmental factors, gene–environment interactions studies should be performed. The 

outcome of such studies should eventually lead to risk prediction models that will enable 

identification of groups in the population at high risk for congenital anomalies and lead to 

protection and prevention and consequently to fewer congenital malformations.
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SAMENVATTING

Wereldwijd wordt één op de 33 kinderen geboren met een aangeboren aandoening. 

Foetale ontwikkeling is een complex proces dat beïnvloed wordt door genetische, 

epigenetische en omgevingsfactoren. Verstoring van de normale foetale ontwikkeling 

kan leiden tot aangeboren aandoeningen. Blootstelling aan schadelijke stoffen tijdens 

het werk gedurende de zwangerschap kan invloed hebben op de foetale ontwikkeling. 

Tegenwoordig werkt meer dan 80% van de Nederlandse vrouwen tijden hun reproductieve 

levensfase, 40 jaar geleden was dit nog maar 50% van de vrouwen. Hierdoor neemt de kans 

toe dat vrouwen tijdens hun werk worden blootgesteld aan mogelijk schadelijke effecten 

die de zich ontwikkelende foetus kunnen beïnvloeden. Het is daarom belangrijk om 

deze beroepsmatige reproductieve effecten te identificeren, zodat vrouwen die zwanger 

willen worden of zwanger zijn, blootstelling aan deze factoren kunnen voorkomen. Het 

krijgen van een kind met een aangeboren aandoening heeft veel impact, niet alleen 

op de gezondheid van het kind, maar ook op hun familie en de maatschappij. In dit 

proefschrift wordt het verband tussen maternale beroepsmatige blootstelling vroeg in de 

zwangerschap en het risico op het krijgen van een kind met een aangeboren aandoening 

onderzocht. 

In Hoofdstuk 2 is maternale beroepsmatige blootstelling aan oplosmiddelen, 

gewasbeschermingsmiddelen en metalen in relatie tot vier specifieke aangeboren 

aandoeningen onderzocht door middel van systematisch literatuuronderzoek en meta-

analyse. De volgende vier aangeboren aandoeningen zijn hierin meegenomen: neuraal 

buis defecten (open ruggetje), hartafwijkingen, schisis (spleet in de bovenlip, kaak en/

of het gehemelte) en hypospadie (plasbuis mondt uit aan de onderzijde van de penis). 

Dit review liet zien dat maternale beroepsmatige blootstelling aan oplosmiddelen een 

verhoogd risico geeft op neuraal buis defecten, hartafwijkingen en schisis bij het kind. Er 

werd geen verband gevonden tussen blootstelling aan gewasbeschermingsmiddelen of 

metalen en aangeboren aandoeningen.  

In Hoofdstuk 3 wordt het verband tussen maternale beroepsmatige blootstelling en 

schisis verder onderzocht in een patiënt-controle studie. In dit onderzoek werd specifiek 

gekeken naar blootstelling aan oplosmiddelen, gewasbeschermingsmiddelen, metalen, 

biologisch stof, mineraal stof en gassen/rook vroeg in de zwangerschap. Voor deze studie 

werden kinderen met schisis geselecteerd uit de Eurocat Noord-Nederland (Eurocat NNL) 

database. Eurocat NNL is een langlopend onderzoek waarbij alle kinderen geboren met 
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een aangeboren aandoening en waarvan de moeder woont in een van de drie noordelijke 

provincies in aanmerking komt voor registratie. Ouders ontvangen een vragenlijst om 

aanvullende informatie te geven over de zwangerschap, hun gezondheid, medicijn 

gebruik, levensstijl en werk. Ongeveer twee derde van de ouders stuurde de ingevulde 

vragenlijst retour. Er werden 124 kinderen met een schisis van het gehemelte en 263 

kinderen met een schisis van de lip met of zonder schisis van het gehemelte geïncludeerd. 

Daarnaast werden twee controlegroepen geselecteerd uit Eurocat NNL: (1) kinderen 

geboren met erfelijke aandoeningen (n=1135), en (2) kinderen geboren met andere niet 

erfelijke aangeboren aandoeningen (n=4356). Vierenveertig procent van de moeders die 

een kind kregen met schisis was blootgesteld aan één van de stoffen die bestudeerd 

werden in deze studie, tegenover 41% in de eerste controlegroep en 38% in de tweede 

controlegroep. De resultaten toonden dat maternale beroepsmatige blootstelling aan 

gewasbeschermingsmiddelen en biologisch stof vroeg in de zwangerschap mogelijk 

verband houden met het krijgen van een kind met schisis.

Het urogenitale stelsel ontwikkelt zich onder invloed van hormonen. Blootstelling 

aan stoffen die de hormoonhuishouding uit balans brengen (zogenaamde hormoon 

verstorende stoffen) kunnen leiden tot een afwijkende ontwikkeling van het urogenitale 

stelsel. Daarom is in Hoofdstuk 4 het verband tussen maternale beroepsmatige 

blootstelling aan hormoon verstorende stoffen vroeg in de zwangerschap en urogenitale 

aandoeningen onderzocht in een patiënt-controle studie. Kinderen geboren met een 

nier- en/of urinewegaandoening of een hypospadie werden geselecteerd uit de 

Eurocat NNL registratie. Nier- en urinewegaandoeningen werden geclassificeerd in vier 

groepen: (I) aandoeningen aan het nierparenchym, (II) aandoeningen aan het urine 

verzamelsysteem, (III), aandoeningen aan de embryonale migratie van de nieren of 

andere urinewegaandoeningen, (IV) combinaties van nier- en urinewegaandoeningen. 

Als controlegroep werden kinderen zonder aangeboren aandoening geselecteerd 

uit de Lifelines cohort studie. In totaal werden 537 kinderen met nier- en/of 

urinewegaandoeningen geïncludeerd, 371 kinderen met hypospadie en 5602 controles. 

Drieëntwintig procent van de moeders die een kind kreeg met een urogenitale aandoening 

was blootgesteld aan één of meerdere hormoon verstorende stoffen ten opzichte van 20% 

van de controle moeders. In deze studie werd een mogelijk verband gevonden tussen 

maternale beroepsmatige blootstelling aan specifieke hormoon verstorende stoffen 

(organische oplosmiddelen / alkylfenolische verbindingen en weekmakers / benzofenonen 
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/ parabenen / siloxanen) en aandoeningen aan het urine verzamelsysteem of combinaties 

van nier- en urinewegaandoeningen.

In Hoofdstuk 5 is het verband tussen maternale beroepsmatige blootstelling aan 

biologisch en mineraal stof, oplosmiddelen, gewasbeschermingsmiddelen en metalen en 

aangeboren hartafwijkingen onderzocht. Kinderen geboren met een hartafwijking werden 

geselecteerd uit de Eurocat NNL registratie en geclassificeerd in zeven hoofdgroepen 

hartafwijkingen. Op deze manier werd rekening gehouden met de diversiteit aan 

hartafwijkingen die elk een eigen onderliggend embryonaal ontwikkelingsmechanisme 

hebben. De zeven groepen waren: conotruncale hartafwijkingen, atrioventriculaire 

septum defecten, abnormale pulmonale veneuze connecties, linkszijdige of rechtszijdige 

ventriculaire uitstroombaan obstructies, septum defecten en complexe hartafwijkingen. 

Als controlegroep werden kinderen zonder aangeboren aandoeningen geselecteerd 

uit de Lifelines cohort studie. Er werden 1174 kinderen met hartafwijkingen en 5602 

controles geïncludeerd. In totaal was 38% van de moeders die een kind kregen met 

een hartafwijking beroepsmatig blootgesteld ten opzichte van 36% van de moeders uit 

de controle groep. Deze studie liet zien dat maternale beroepsmatige bootstelling aan 

biologisch stof, mineraal stof en metalen vroeg in de zwangerschap de kans op het krijgen 

van een kind met een linkszijdige of rechtzijdige ventriculaire uitstroombaan obstructie 

of een septum defect mogelijk vergroot. 

In Hoofdstuk 6 is een patiënt-controle onderzoek gedaan om het verband tussen 

maternale beroepsmatige blootstelling aan oplosmiddelen en gastroschisis (een 

aandoening van de buikwand) te onderzoeken. Deze studie is gedaan in de Verenigde 

Staten met data van de National Birth Defects Prevention Study. Dit is een groot onderzoek 

naar aangeboren aandoeningen dat is gedaan in tien staten tussen 1997 en 2011. Moeders 

werden uitgenodigd om mee te doen aan een telefonisch interview waarbij zij werden 

gevraagd naar hun gezondheid, medicijn gebruik, levensstijl en werk drie maanden voor 

de zwangerschap en tijdens de zwangerschap. Ongeveer twee derde van de moeders 

stemde in met dit telefonische interview. In totaal werden 879 kinderen met gastroschisis 

en 7817 kinderen zonder een aangeboren aandoening geïncludeerd. Het percentage 

moeders dat werd blootgesteld aan oplosmiddelen tijdens de periconceptionele 

periode (een maand voor conceptie tot drie maanden na de conceptie) was 7.3% voor 

gastroschisis patiënten en 7.4% voor controle moeders. Er werd geen verband gevonden 

tussen maternale beroepsmatige blootstelling aan oplosmiddelen en gastroschisis in het 

nageslacht en ook geen blootstelling-respons relatie. 
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In Hoofdstuk 7 worden de belangrijkste resultaten en methodologische uitdagingen van 

dit proefschrift bediscussieerd. Ook worden suggesties voor toekomstig onderzoek en de 

perspectieven met betrekking tot beroepsmatige gezondheid in de periconceptionele 

periode besproken. Uit de resultaten van dit proefschrift blijkt dat werkgevers een 

zorgvuldige risico-inventarisatie en evaluatie van deze blootstellingen dienen uit te 

voeren op het werkterrein. Hiernaast is het van belang dat werkende vrouwen zich laten 

informeren over de blootstellingen waarmee zij eventueel in aanraking komen op het 

werk. Ook moeten ze zich houden aan de bestaande protocollen om mogelijk schadelijke 

blootstellingen zo veel mogelijk te verminderen om zo het risico op aangeboren 

aandoeningen te reduceren. Een arbeidshygiënist en een bedrijfsarts op de werkvloer is 

zeer aan te bevelen om informatie in te winnen en/of twijfels te bespreken. 

Het achteraf karakteriseren van beroepsmatige blootstelling vroeg in de zwangerschap is 

een uitdaging. Voor toekomstig onderzoek is het belangrijk om bij het selecteren van de 

meest optimale methode voor het schatten van beroepsmatige blootstelling rekening te 

houden met de hoeveelheid en soort beroepskarakteristieken die worden verzameld. Tot 

slot moeten onderzoekers zich bewust zijn van de verschillende typen vertekening die het 

gebruik van verschillende controlegroepen met zich mee kan brengen. 

136620_Nynke_Spinder_BNW-def.indd   214136620_Nynke_Spinder_BNW-def.indd   214 17-9-2020   08:30:5417-9-2020   08:30:54



215

Dankwoord (Acknowledgment)

DANKWOORD (ACKNOWLEDGMENT)

Mijn proefschrift is af! Doordat het schrijven van dit proefschrift parallel liep met mijn 

master mastergeneeskunde was het niet altijd makkelijk om alle ballen in de lucht te 

houden. Daarom zijn er een aantal mensen die ik graag wil bedanken voor hun hulp, 

vertrouwen en steun.  

Ten eerste was er geen onderzoek geweest zonder bereidwilligheid van ouders. Ik wil 

alle ouders bedanken die de tijd hebben genomen om mee te doen aan het Eurocat 

onderzoek, zonder jullie moeite kan er geen onderzoek naar aangeboren aandoeningen 

gedaan worden. I also want to thank all the participants of the National Birth Defects 

Prevention Study for the time they invested to participate in this study. Ook wil ik alle 

kinderen en hun ouders die hebben deelgenomen aan Lifelines bedanken.

Zonder mijn (co-)promoteren had ik dit werk niet kunnen doen. Bedankt voor jullie 

vertrouwen dat ik mijn MD/PhD traject tot een succesvol einde zou brengen, ook al zag 

ik dat zelf op sommige momenten niet meer zitten. Met veel plezier denk ik terug aan 

onze lunch- en dinerbesprekingen. Onze leerzame discussies mij hebben ontwikkeld tot 

waar ik nu ben.

Prof. dr. Boezen, Marike, dank voor je optimisme en doortastendheid. Door jou heb ik veel 

geleerd over leidinggeven, methodologie en epidemiologie. 

Prof. dr. Kromhout, Hans, mijn kennis over beroepsmatige blootstellingen was nihil, maar 

dankzij jou herhaaldelijke en zorgvuldige uitleg ben ik dit steeds beter gaan begrijpen. 

Ondanks dat je in Utrecht werkt was je bereid meerdere keren naar het hoge Noorden af 

te reizen en kon ik je altijd bellen voor hulp. 

Dr. de Walle, Hermien, dankjewel dat je voor mij klaar stond. Dankzij jouw jarenlange 

ervaring met onderzoek naar aangeboren afwijkingen is dit proefschrift tot stand gekomen. 

Je hebt me veel geleerd over epidemiologie en de (on)mogelijkheden van het doen van 

onderzoek naar aangeboren aandoeningen. Ook op persoonlijk vlak kon ik alles bij je kwijt. 

Dr. van Kammen-Bergman, Jorieke, door jou onuitputtelijke kennis over aangeboren 

aandoeningen heb ik veel geleerd over menig aandoening die in dit proefschrift 

beschreven wordt. De kwaliteit van mijn manuscripten zijn een stuk verbeterd door 

jouw nauwgezette blik! Bedankt voor alle leuke gesprekken die we hebben gehad als 

kamergenoten en dat je altijd voor me klaar stond als sparpartner. 

136620_Nynke_Spinder_BNW-def.indd   215136620_Nynke_Spinder_BNW-def.indd   215 17-9-2020   08:30:5417-9-2020   08:30:54



216

Appendices

Graag wil ik de leden van mijn leescommissie bedanken voor het beoordelen van mijn 

proefschrift, thank you for the effort of judging my thesis: prof. dr. J.P. Bonde, prof. dr. A. 
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geen ouders meer meedoen aan het Eurocat onderzoek. Beste Priscilla, we hebben niet 
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er nog meer ouders worden aangeschreven. Beste Renée, altijd boordevol goede ideeën, 
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niet gemist. We hadden altijd gespreken over van alles en nog wat, puzzelden eindeloos 

op syntaxen en hielpen elkaar met Excel. Samen met Hermien ben je een wandelend 
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Beste gynaecologen en andere collega’s van het Medisch Centrum Leeuwarden, het 
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