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General introduction and aims of the thesis 

Introduction 

A healthy pregnancy is essential for the long term health of both mother and child. This is in line with 

the developmental origins of health and disease (DOHaD) hypothesis. The hypothesis states that an 

unhealthy pregnancy has the potential to modify health of the offspring in the short term (e.g. 

increased morbidity and mortality) and long term (increased risk of hypertension, diabetes and 

metabolic syndrome in later life).1, 2 Therefore, it is important to identify determinants that affect 

pregnancy. Gaining a better understanding of these determinants may aid in adequate risk 

assessments and interventions. So far, research has mainly focused on determinants that influence 

pregnancy in the second and third trimester. The first trimester of pregnancy has received less 

attention. However, the first trimester of pregnancy is crucial, because embryonic growth is 

associated with subsequent foetal growth and birth weight.3 During the first weeks of pregnancy, the 

source of nutrition for the embryo is predominantly of histiotrophic origin, i.e. comes from the 

maternal uterine glands. Haemotrophic nutrition, that is the exchange of nutrients between the 

maternal and foetal circulation, only takes place after this embryonic period.4, 5 Due to this rather 

isolated intrauterine setting, it was assumed that the embryo was not affected by external 

determinants. Therefore, growth of all embryos was thought to be uniform, which explains why the 

current dating of pregnancy is based on the crown-rump length (CRL).6, 7 However, from additional 

research we now know that embryonic growth is not uniform and that other determinants, such as 

maternal nutrition and lifestyle, already affect growth in this early phase of pregnancy.8-10 Therefore, 

in this thesis, we investigated whether external determinants are associated with embryonic growth. 

Moreover, we investigated the associations between these external determinants and foetal growth 

and pregnancy outcomes such as birth weight and preterm birth. Only external determinants on the 

individual level, such as nutrition and lifestyle, cannot exhaustively explain all causes of poor health.3 

Determinants related to the living environment also play an important role, which is supported by the 

presence of a strong geographical variation in a large number of health outcomes.11  

Determinants related to the living environment 

Neighbourhood deprivation 

The large differences in pregnancy outcomes between affluent neighbourhoods and deprived 

neighbourhoods are an important example of spatial variation in health.12, 13 In the Netherlands, 

perinatal mortality in affluent neighbourhoods is 5.3 deaths per 1000 births. This is in stark contrast 

with deprived neighbourhoods, in which this number can be as high as 10.2 deaths per 1000 births.14 

It is assumed that this ‘neighbourhood effect’ may be a result of the accumulation of individual 
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socioeconomic status (SES) related risk factors, such as unhealthy nutrition, smoking, psychosocial 

stress and physical inactivity.15, 16 However, deprived neighbourhoods are more often located in urban 

areas, and therefore, residents living in a deprived neighbourhood are also exposed to increased risks 

related to the urban environment (e.g. crime and physical insecurity).15, 17 These adverse external 

factors add to the individual SES related risk factors, and further increase health disparities between 

non-deprived and deprived neighbourhoods.18 Therefore, our aim was to investigate the independent 

association between neighbourhood deprivation and embryonic and foetal growth, in addition to 

pregnancy outcomes. 

Air pollution  

Pollution is a determinant with large spatial variation, which has the potential to contribute to health 

disparities. Pollution, especially air pollution from industrial emissions, vehicular exhausts and toxic 

chemicals, have increased sharply in the years since the industrial revolution. Particularly urban areas 

in industrializing countries are severely affected by air pollution, and 55% of the world’s population 

lives in these urban areas.19 The Lancet Commission on Pollution and Health estimated that 

worldwide, air pollution was responsible for 9 million deaths in 2015 alone.19 Air pollution is also 

linked to adverse pregnancy outcomes, including foetal growth restriction, preterm birth and low 

birth weight.20 Numerous studies have investigated biological mechanisms behind the effect of air 

pollutants on these adverse pregnancy outcomes.21 The mechanisms include oxidative stress, 

systemic inflammation and cytokine release, resulting in endothelial dysfunction, vasoconstriction 

and alterations in blood coagulation, which lead to lower nutrition supply to the developing foetus.22, 

23 However, there is contrasting data on the effect of air pollution on growth in the second and third 

trimester of pregnancy. Also, there was limited data on the effect of air pollution exposure in 

pregnancy and embryonic growth. Therefore, the study presented in this thesis was conducted to 

identify whether exposure to air pollution is associated with embryonic and fetal growth, and 

pregnancy outcomes.  

 

A maternal life style intervention (Smarter Pregnancy) 

Unhealthy maternal nutrition and lifestyle behaviours, such as vitamin deficiencies, a high caloric 

intake and smoking, combined with inadequate physical exercise, have consequences for the entire 

course of pregnancy. They negatively affect fertility, foetal growth and pregnancy outcomes.10, 26, 40 

Although the awareness of the impact of unhealthy nutrition and lifestyle on pregnancy is increasing, 

the prevalence remains very high in the population of reproductive age.41 Because healthy nutrition 

and lifestyle habits are so important for general health and pregnancy in particular, there is a need for 
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effective interventions to improve these habits. To achieve this, mobile technologies are more 

frequently deployed, since they can provide the targeted population with both general and 

individualized information.42 From previous studies it is known that women seek online information 

with regard to healthy nutrition and lifestyle, but this mostly concerns general information.43 In the 

Erasmus Medical Centre, a personalised nutrition and lifestyle intervention program called 'Smarter 

Pregnancy' (Dutch version: https://www.slimmerzwanger.nl) was designed to provide individual 

coaching and information to its users. Is was specifically created to encourage improvement on 

nutrition and lifestyle factors in women and men who are trying to conceive or women during early 

pregnancy.44 This personal mobile health (‘mHealth’) program has shown a high compliance and users 

have been found to improve nutritional behaviours, especially vegetable intake.45  

As discussed previously, unhealthy nutrition and lifestyle behaviours often accumulate within 

deprived neighbourhoods. Moreover, health literacy amongst the residents within these 

neighbourhoods is often low. A personal mHealth program may be able to defeat these barriers.46 

Therefore, in this thesis, we investigated whether improvement in nutrition and lifestyle behaviours 

differed among residents from neighbourhoods with different levels of deprivation, after following 

the personal mHealth program ‘Smarter Pregnancy’. 

 

Maternal cardiometabolic determinants 

Hypertensive disorders of pregnancy 

With regard to the developing embryo and foetus, the mother constitutes the most direct ‘external 

determinant’. Previous studies already found that maternal determinants, such as her nutrition and 

lifestyle factors, affect growth of the foetus.8-10 For example, maternal alcohol and tobacco use during 

pregnancy are associated with serious complications in pregnancy such as impaired foetal growth, 

which consequently affects long term health of the offspring.24-26 

Apart from maternal nutrition and lifestyle factors, maternal diseases also affect foetal growth and 

the risk of adverse pregnancy outcomes.27 For example, hypertensive disorders of pregnancy (HDP) 

are associated with adverse pregnancy outcomes such as preterm birth and a low birth weight. 

Preterm birth rates are up to 36% in pregnancies affected by HDP, compared to 10% within the 

general population. This includes both spontaneous and iatrogenic preterm birth, because delivery 

remains the only definitive cure for HDP.28 Since preterm birth is associated with impaired 

cardiometabolic health in the offspring, maternal HDP may affect cardiometabolic health of her 

children.29 Apart from preterm birth, there may be other mechanisms through which HDP may affect 
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cardiometabolic health of the offspring. For example, prenatal exposure to HDP is suggested to 

induce alterations in foetal vasculature and cardiac development, due to contact with maternal 

angiogenic factors.30 Second, cardiometabolic risk factors can track from mother to child through 

both genetic inheritance and shared environmental risk factors that predispose to the onset of HDP.31 

Third, the vasoconstrictive effects of HDP during pregnancy may reduce blood supply to the foetus. 

This induces under-nutrition and metabolic adaptation to this malnourished state. When sufficient 

nutrition is available postnatally, this metabolic adaptation can lead to excessive fat storage and thus 

higher body fat measures and BMI in the offspring.32 Thus, it is possible for maternal HDP to have 

long term detrimental effects on the health of the offspring. These effects are possibly already 

quantifiable in early childhood. Therefore, the study presented in this thesis investigated 

cardiometabolic outcomes in early childhood offspring of women whose pregnancy was complicated 

by a hypertensive disorder.  

Maternal lipid status 

The lipids in maternal blood provide the foetus with nutrients for growth and development. During a 

healthy pregnancy, maternal lipid levels increase to meet the requirements of the developing 

foetus.33 However, extremely high lipid levels (e.g. hypercholesterolemia) are a risk for gestational 

diabetes, pregnancy-induced hypertension, increased foetal growth and a child born large-for-

gestational age.34-36 These associations can be explained by the uptake of lipids over the placenta in 

the second and third trimester of pregnancy.37 Already in the first trimester of pregnancy, the uterine 

gland secretions that support embryonic growth, contain lipids.38 Yet, the associations between the 

maternal lipid profile during early pregnancy and embryonic growth are unknown.39 Moreover, high 

maternal weight is associated with increased lipid levels, and worldwide, the incidence of overweight 

and obese women of reproductive age is increasing. For that reason, we investigated the associations 

between the maternal lipid profile and embryonic growth in the first trimester of pregnancy. 

 

General aim 

The aim of this thesis was to investigate the effect of external determinants on pregnancy, with an 

emphasis on the embryonic phase of pregnancy. This could provide the possibility to set up early risk 

assessment and interventions to optimize the living environment and life style factors of a pregnant 

woman. If high-risk pregnancies are recognised on time, and adverse pregnancy outcomes could be 

prevented, this would in turn reduce the risks of adverse long term health outcomes in the offspring.  

Specific aims 
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1. To investigate whether there are associations between determinants related to the living 

environment (in particular neighbourhood deprivation and air pollution) and embryonic growth, 

foetal growth and pregnancy outcomes; 

2. To assess the associations between maternal cardiometabolic determinants in pregnancy 

(lipid status and the presence of hypertensive disorders of pregnancy) and embryonic growth, foetal 

growth and childhood outcomes; 

3. To investigate the impact of neighbourhood deprivation on the effectiveness of the mHealth 

“Smarter Pregnancy” program, aimed at improving nutrition and lifestyle behaviours; 

 

GENERAL DESIGN 

The research presented in this thesis was based on the Generation R study, the Rotterdam 

Periconception Cohort (Predict) study and data related to the ‘Smarter Pregnancy’ application. 

Generation R 

The majority of the studies described in this thesis are embedded within the Generation R Study. The 

Generation R study is an ongoing prospective population based cohort study from early pregnancy 

onwards in Rotterdam, the Netherlands. This study was designed to identify early environmental, 

biological and social determinants of growth, development and future health.47, 48 Eligible study 

participants were pregnant women living in the city of Rotterdam, with an expected delivery date 

between April 2002 and January 2006. Enrolment was aimed to be in the first trimester of pregnancy, 

but was possible until birth of the child. In total, 9778 women were included. Detailed measurements 

were conducted in early pregnancy (<18 weeks of gestation), mid-pregnancy (18 – 25 weeks of 

gestation) and late pregnancy (>25 weeks of gestation) and included foetal ultrasound 

measurements, physical examinations, collection of biological samples and self-administered 

questionnaires. Information on perinatal and maternal pregnancy outcomes, including embryonic and 

foetal growth, birth weight, gestational age at birth and complications of pregnancy were available. In 

the period from birth to 4 years of age, data collection was performed in all children by 

questionnaires and visits to the routine child health care centres. All children were invited to a 

dedicated research centre in the Erasmus MC – Sophia Children’s Hospital to participate in detailed 

body composition and cardiovascular follow-up measurements at the age of 6 years. Measurements 

during this visit included anthropometrics, body composition, cardiometabolic development and 

body fluid specimen collection. 
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Rotterdam Periconception Cohort  

The Rotterdam Periconception Cohort (Predict) study is a tertiary hospital-based, prospective cohort 

study at the Department of Obstetrics and Gynaecology at the Erasmus MC.49, 50 The Predict study 

focusses on three research areas: 1. Determinants of maternal and paternal periconceptional health; 

2. Reproductive performance, pregnancy course and outcome 3. Underlying molecular biological 

mechanisms, such as 1C-metabolism and epigenetics, but also cardiovascular and inflammatory 

mechanisms. Women of at least 18 years of age with ongoing pregnancies between 6 to 13 weeks of 

gestation were eligible for participation. The study started in November 2010. Between November 

2010 until August 2018 and 2717 couples participated in the Predict cohort. More specifically, 1890 

women were included during the periconception period, and 826 pregnancies ranging from 13 weeks 

of gestation until term. Women are followed until 1 year after delivery, by using transvaginal three–

dimensional ultrasound scans at 7, 9, and 11 weeks of gestation, self-administered questionnaires 

throughout pregnancy, and blood withdrawals. Crown-rump lengths and embryonic volumes were 

measured using the BARCO I-Space (Barco N.V., Kortrijk, Belgium), a four-walled CAVETM-like (Cave 

Automatic Virtual Environment) virtual reality system, allowing depth perception and interaction with 

the projected images.51, 52 Information on perinatal and maternal pregnancy outcomes, including 

birth weight and gestational age at birth were available. 

Smarter Pregnancy 

The Smarter Pregnancy mHealth program was launched in 2012. The program provides personal 

coaching on nutrition and lifestyle behaviours for both women and men who are contemplating 

pregnancy or who are already pregnancy.44 The platform is based on other nutrition and lifestyle 

interventions, in addition to the experience from the preconception outpatient clinic. To encourage 

people to engage in specific behaviour, this information was combined with different behavioural 

change models.41, 53-55 Features of the attitude, social influence, and self-efficacy model for coaching 

are also applied.45 The compliance, usability, and initial effectiveness of this mHealth program has 

previously been investigated. The potential to improve and maintain healthy nutrition and lifestyle 

behaviours in its users has been demonstrated.56, 57  

 

Outline of the thesis 

Chapter 1 presents a general introduction describing the background and hypotheses for the studies 

included in this thesis. Chapter 2 contains studies that investigate the associations between living 

environment related exposures and embryonic growth, foetal growth and pregnancy outcomes. In 
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Chapter 2.1 we examine whether living in a deprived neighbourhood affected embryonic growth 

trajectories in the Predict cohort. Chapter 2.2 focuses on neighbourhood deprivation and embryonic 

growth, foetal growth and pregnancy outcomes within the Generation R cohort. In Chapter 2.3 we 

investigated the associations between air pollution exposure and embryonic growth, foetal growth 

and pregnancy outcomes within the Generation R cohort. In Chapter 2.4, we investigated the 

improvement in nutrition and lifestyle factors of women who participated in the mHealth Smarter 

Pregnancy program. We studied whether living in a deprived neighbourhood affected this 

improvement. The studies in Chapter 3 of this thesis examine the associations between maternal 

cardiometabolic determinants and embryonic growth and cardiometabolic outcomes in childhood. 

Chapter 3.1 addresses the associations between the maternal lipid profile and the association with 

embryonic growth. In Chapter 3.2 the associations between maternal hypertensive disorders and 

cardiometabolic outcomes in early childhood are examined. Finally, in Chapter 4 we discuss our main 

findings, underlying mechanisms and implications for research, policy and practice. 
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Chapter 2 

Determinants related to the living environment. 
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Neighbourhood deprivation  
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Chapter 2.1 

The impact of neighbourhood deprivation on embryonic growth trajectories: Rotterdam 

periconception cohort. 
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ABSTRACT 

Neighbourhood deprivation is acknowledged as risk factor for impaired maternal health and adverse 

pregnancy outcomes. We investigated whether living in a deprived neighbourhood is also associated 

with first-trimester embryonic growth trajectories. From the prospective Rotterdam periconception 

cohort (Predict study), we studied 566 women who underwent ultrasound examinations at 7, 9 and 

11 weeks gestational age. Crown-rump length (CRL; n=1,707) and embryonic volume (EV; n=1,462) 

were measured using 3-dimensional ultrasound and innovative virtual reality techniques. 

Neighbourhood deprivation was assessed using the neighbourhood status scores (NSS) of the Dutch 

Social Cultural Planning office. A high NSS represents a non-deprived neighbourhood, a low NSS a 

deprived neighbourhood. Associations between the NSS and embryonic growth trajectories 

expressed as serial CRL and EV were investigated using linear mixed models. To isolate a 

neighbourhood specific effect, adjustment was performed for individual-level factors: maternal age, 

geographic origin, educational level, BMI, folic acid supplement use, fruit and vegetable intake, 

alcohol use and smoking habits. In neighbourhoods with a higher NSS (thus non-deprived), negative 

associations were established with CRL and EV; adjusted β: -0.025 (95% CI -0.046, -0.003) and 

adjusted β: -0.015 (95% CI -0.026, -0.003), respectively. At 11 weeks of pregnancy, this accounts for a 

0.55 cm3 smaller EV (7.65 cm3 vs. 7.10 cm3) and 1.08 mm smaller CRL (43.14 mm vs 42.06 mm), 

respectively. Concluding, in deprived neighbourhoods embryos are larger than in non-deprived 

neighbourhoods. This is an unexpected first finding, which might be explained by epigenetic 

derangements induced by unmeasured excessive mental stressors. 
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INTRODUCTION  

The residential neighbourhood environment is acknowledged as an important factor affecting health 

and reproductive outcomes of the population.1-3 Living in a deprived neighbourhood has been shown 

to be associated with adverse pregnancy outcomes such as preterm birth, small-for-gestational age 

(SGA) and perinatal mortality.4, 5 Unravelling the underlying mechanisms through which living in a 

deprived neighbourhood impacts health and pregnancy course and outcome remains challenging. It 

is suggested that the accumulation of risk factors within an individual, such as unhealthy nutrition, 

substance abuse and smoking, results in health inequalities between neighbourhoods.6 Therefore, 

neighbourhood deprivation is often used as a composite determinant of health. However, an isolated 

role of neighbourhood deprivation has also been postulated; living in a deprived neighbourhood is 

considered a self-contained risk factor for impaired physical and mental health and pregnancy course 

and outcomes.5, 7  

It is known that the course of pregnancy largely originates in the periconception period, which covers 

the 14 weeks before and 10 weeks after conception.8 This period is critical since the developing 

gametes, embryo and placenta are susceptible to changes due to maternal conditions and 

environmental factors, including nutrition and lifestyle factors. For instance, a diet characterised by 

high intakes of vegetable oil and fish is associated with improved embryonic development.9, 10 

Moreover, the absence of folic acid supplement intake in this period is associated with congenital 

malformations and even impaired embryonic growth.11-13 We hypothesize that in this vulnerable 

period, the developing embryo is also susceptible to environmental factors such as neighbourhood 

deprivation. A commonly used parameter of embryonic size is the crown-rump length (CRL), 

traditionally obtained at the end of the first trimester of pregnancy using two-dimensional ultrasound 

techniques. The introduction of three-dimensional ultrasound (3D-US) enabled embryonic growth 

assessment in a highly precise manner. At our institution, 3D-US datasets can be projected in the 

Barco I-Space, a system that uses stereo projection on three screens and the floor to create 

(embryonic) holograms. The system allows full depth perception and interaction with the projected 

hologram and enables more precise CRL measurements.14 Besides, it gives the opportunity to assess 

the volume of an embryo; the embryonic volume (EV). This volume is measured by a segmentation 

algorithm, which allows instant and semi-automated volume measurements.15 This volume-

measurement technique has been previously described and validated by Rousian et al.16 The EV is as 

a more accurate measure of embryonic size.15, 17  

Since embryonic growth is associated with second- and third trimester growth and pregnancy 

outcomes, impaired growth in these trimesters and adverse pregnancy outcomes might be preceded 
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by an already impaired development from as early as the first trimester of pregnancy onwards.12 This 

study aims to elucidate whether the previously demonstrated negative effect of living in a deprived 

neighbourhood on course and outcome of pregnancy is already detectable in the growth trajectory of 

the embryo during the first trimester of pregnancy. This might provide the possibility to start 

interventions in order to prevent adverse pregnancy outcomes, taking into account an individual’s 

non-medical risk factors such as the residential environment. From this background, we investigated 

the associations between neighbourhood deprivation and embryonic growth trajectories. 

 

METHODS 

Cohort selection 

This study was performed using data from the ongoing Rotterdam Periconception Cohort (Predict 

study), an ongoing prospective tertiary hospital-based study, embedded in the outpatient clinic of the 

department of Obstetrics and Gynaecology of the Erasmus MC, University Medical Centre Rotterdam, 

the Netherlands. A detailed description of the cohort has previously been published.18 In short, 

pregnant women of at least 18 years of age were eligible for participation and were recruited prior to 

10 weeks of gestation between November 2010 and November 2016. Women without information 

on the area of residency at the time of study enrolment, pregnancies conceived after oocyte 

donation, pregnancies complicated by spontaneous miscarriages, intrauterine deaths, perinatal 

deaths or congenital anomalies were excluded from analysis. Moreover, when either ultrasound or 

maternal nutrition data was missing or unreliable (i.e. a reported total energy intake of 

<500kcal/day), pregnancies were also excluded (Figure 1). 
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Figure 1. Flowchart of the study population. 
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Data collection 

Participating pregnant women completed a self-administered questionnaire at enrolment providing 

details on age, geographic origin, educational level, medical and obstetrical history and lifestyle 

behaviours (i.e. folic acid supplement use, smoking and alcohol consumption). Anthropometric 

measurements (height and weight) were measured by a research nurse at the first study visit and 

used to calculate body mass index (BMI). Furthermore, a food frequency questionnaire (FFQ) was 

completed, by which detailed information about vegetable and fruit intake and total their energy 

intake was collected.19 Adequate nutrition and lifestyle behaviours were defined as: a vegetable 

intake of ≥200 grams/day, a fruit intake of ≥2 pieces/day (equivalent to/more than 200g), initiation of 

folic acid supplement use (400 µg/d) before pregnancy, no smoking and no alcohol consumption.12, 20-

23  

Pregnancy dating 

Since gestational age (GA) is the most important determinant of embryonic growth, accurate 

pregnancy dating is vital. In clinical practice, pregnancy dating is mostly based on first trimester CRL 

measurement. However, since CRL is one of the outcome measures of this study, we did not calculate 

GA based on the CRL. In spontaneously conceived pregnancies, including those derived after intra-

uterine insemination (IUI) and hormone therapy, GA was calculated based on the first day of the last 

menstrual period (LMP). Therefore, of the spontaneously conceived pregnancies, only women with a 

known LMP and regular menstrual cycle (between 25-35 days) were included. In pregnancies 

conceived after in vitro fertilization (IVF) treatment with or without intracytoplasmic sperm injection 

(ICSI), GA was calculated based on the date of oocyte retrieval plus 14 days. In pregnancies conceived 

after the transfer of cryopreserved embryos, GA was calculated from the day of embryo transfer plus 

19 days.18, 24  

Exposure 

The neighbourhood status score (NSS), as assessed by The Netherlands Institute for Social Research, 

was used as a composite determinant of the deprivation status of a participant’s neighbourhood.25 

These scores are determined for all 4-digit zip codes in the Netherlands that have more than 100 

households per region, and are based on four elements: the average income, the number of non-

employed residents, the number of lower educated residents, and the number of households with a 

low income in that particular neighbourhood. The scores are standardized according to a normal 

distribution; the average over all the years is 0, with a standard deviation of 1. A high NSS represents 

a non-deprived status, whereas a low NSS represents a deprived status of the neighbourhood. The 

NSS is calculated every four years and for this study, the NSS of the year 2014 was used to determine 
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the classification of the neighbourhood of the participants. In that year, the interquartile range (IQR) 

of the NSS in the Netherlands was -0.57 to 0.71. A total of 193 neighbourhoods included in the study, 

based on the residential address at the moment of inclusion in the study (early in pregnancy). To 

illustrate growth trajectories of the embryos of women who live in neighbourhoods with different 

NSS, three groups were created based on their scores: a low NSS (a score up to -1), an intermediate 

NSS (a score between -1 and 1) and a high NSS (a score higher than 1). 

Outcomes 

Women underwent longitudinal transvaginal 3D-US scans at 7, 9 and 11 weeks GA with a 6-12 MHz 

transvaginal probe using GE Voluson E8 equipment and 4D View software (General Electrics Medical 

Systems, Zipf, Austria). The 3D-US datasets were transferred to the Barco I-Space (Barco N.V., Kortrijk, 

Belgium) to create a virtual reality hologram which allows depth perception and interaction with the 

hologram. Trained researchers performed offline CRL and EV measurements. The feasibility and 

reliability of these measurements have previously been described, and excellent inter- and intra-

observer agreement was established.14, 15 CRL measurements were performed three times and the 

average of these measurements was used in the analysis. EV measurements were performed once in 

the same image that was used for the CRL measurements. 

Statistical analysis  

Maternal characteristics are presented in Table 1. The median and interquartile range is presented for 

data with a skewed distribution. Baseline characteristics were compared between women in- and 

excluded from analysis (Supplementary Table 1). Differences were tested with Mann-Whitney U test 

for variables with a skewed distribution and Chi square tests for categorical variables.  

Associations between the NSS and embryonic growth were assessed through linear mixed model 

analysis. In these models, the NSS was used as a continuous measure. Linear mixed models take the 

dependent serial measurements of CRL and EV of the same pregnancy into account. Potential 

confounders were identified based on significant associations between maternal characteristics, 

nutrition and lifestyle behaviours, and NSS (Table 2), as well as the previously studied associations 

between covariates and embryonic growth in literature. In model 1 we adjusted for GA at the time of 

ultrasound. In model 2, we additionally adjusted for maternal age, gestational age, geographic origin, 

educational level, BMI, folic acid supplement use, fruit and vegetable intake, alcohol use, smoking 

habits and mode of conception. 

Pregnancy dating is performed in different ways between the IVF/ICSI pregnancies and spontaneous 

pregnancies in this study population. Moreover, IVF/ICSI treatment is associated with increased risks 
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of preterm birth, foetal growth restriction, a child small for gestational age (SGA) and low birthweight 

and therefore potentially with embryonic growth.26-28 Therefore, sensitivity analyses were executed, 

stratified according to the mode of conception (IVF/ICSI pregnancies versus spontaneous 

pregnancies: Supplementary Table 2). 

Approximate conditionally normal distributions of the responses and linear associations with GA 

were obtained by square root transformation of CRL and cube root transformation of EV. 

Retransformation of the CRL and EV to the original scale allowed us to calculate the absolute and 

relative differences of the CRL (in mm) and EV (in cm3) between the highest and lowest NSS group, at 

7 and 11 weeks of pregnancy. Statistical analyses were performed using the Statistical Package for the 

Social Sciences version 23.0 for Windows (SPSS Inc, Chicago, IL, USA). P-values below 0.05 were 

considered statistically significant. 
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Table 1. Maternal baseline characteristics and nutrition and lifestyle behaviours of the total study 

population and stratified for neighbourhood status score (NSS) categories.  

 Study population 
 n = 566  

Low NSS  
n = 170  

Intermediate 
NSS  
n = 280  

High NSS  
n = 116 

Missing 
n (%) 

Neighbourhood statusscore, median (IQR) 0.02 

(-1.13 – 0.77) 

-1.63 
(-2.55 - -1.14) 

0.19 
(-0.26 – 0.57) 

1.47 
(1.21 – 1.68) 

- 

Age (years), median (IQR) 32 (29 – 36) 33 (30 – 36) 32 (29 – 35) 33 (30 – 36) 14 (2.5) 

Nulliparous n (%) 244 (46.3) 72 (46.2) 126 (47.7) 46 (43.0) 39 (6.9) 

Geographical origin (Western), n (%) 475 (87.0) 120 (73.6) 251 (92.6) 104 (92.9) 20 (3.5) 

Educational level, n (%)     20 (3.5) 

High 317 (58.1) 96 (58.9) 134 (49.4) 87 (77.7)  

Intermediate 188 (34.4) 52 (31.9) 116 (42.8) 20 (17.9)  

Low 41 (7.5) 15 (9.2) 21 (7.7) 5 (4.5)  

BMI (kg/m2), median (IQR) 24.4 

(21.9 – 28.2) 

25.3 
(22.7 – 29.7) 

24.4 
(21.9 – 28.3) 

23.3 
(21.1 – 26.2) 

42 (7.4) 

Mode of conception (spontaneous), n (%) 332 (58.7) 116 (68.2) 148 (52.9) 68 (58.6) - 

Folic acid supplement use (adequate), n (%) 447 (82.6) 124 (77.0) 225 (84.0) 98 (87.5) 25 (4.4) 

Fruit intake (adequate), n (%) 292 (55.2) 87 (56.9) 146 (54.7) 59 (54.1) 37 (6.5) 

Vegetable intake (adequate), n (%) 184 (34.8) 64 (41.8) 84 (31.5) 36 (33.0) 437 
(6.5) 

Alcohol consumption (no), n (%) 369 (68.0) 55 (34.2) 86 (31.9) 33 (29.5) 23 (4.1) 

Smoking (no), n (%) 467 (85.8) 136 (84.0) 238 (88.1) 93 (83.0) 22 (3.9) 

Abbreviations: BMI, Body mass index; IQR, interquartile range; NSS, neighbourhood status score. 
Folic acid supplement use: adequate = initiation of folic acid supplement use (400 µg/d) before 
pregnancy; Fruit intake: adequate = ≥2 pieces/day. Vegetable intake: adequate = ≥200 grams/day. 
Values are percentages for categorical variables, means (SD) for continuous variables with a normal 
distribution, or medians (25th, 75th percentile, interquartile range) for continuous variables with a 
skewed distribution.  
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Table 2. Univariate associations between maternal baseline characteristics, nutrition and lifestyle 

behaviours, and the neighbourhood status score (NSS) for the total study population. 

Total study population (n = 569) β (95% CI) p-value 

Age (years) 0.01 (-0.002 , 0.03) 0.09 

BMI (kg/m2) -0.05 (-0.06 , -0.04) <0.001*** 

Parity (multiparous vs. nulliparous) -0.06 (-0.20 , 0.07) 0.34 

Geographical origin (non-Western vs. Western) -1.30 (-1.49 , -1.10) <0.001*** 

Educational level (low vs. intermediate) -0.22 (-0.47 , 0.04) 0.10 

                                (high vs. intermediate) 0.29 (0.15 , 0.43) <0.001*** 

Mode of conception (spontaneous vs. IVF/ICSI ) 0.37 (0.25 , 0.50) <0.001*** 

Folic acid supplement use (inadequate vs. adequate) -0.47 (-0.64 , -0.29) <0.001*** 

Fruit intake (inadequate vs. adequate) -0.001 (-0.13 , 0.13) 0.99 

Vegetable intake (inadequate vs. adequate) 0.08 (-0.06 , 0.21) 0.28 

Alcohol consumption (yes vs. no) 0.06 (-0.07 , 0.20) 0.38 

Smoking (yes vs. no) 0.10 (-0.08 , 0.28) 0.29 

Total risk score 0.003 (-0.01 , 0.02) 0.72 

Abbreviations: BMI, Body mass index; CI, confidence interval. Folic acid supplement use: inadequate 

= no initiation of folic acid supplement use (400 µg/d) before pregnancy, adequate = initiation of folic 

acid supplement use (400 µg/d) before pregnancy. Fruit intake: inadequate = <2 pieces/day, adequate 

= ≥2 pieces/day. Vegetable intake: inadequate = <200 grams/day, adequate = ≥200 grams/day. 

p<0.05, **p<0.01, ***p<0.001  
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RESULTS 

Baseline characteristics 

From a total of the 830 pregnancies with serial ultrasound evaluation in the Rotterdam 

Periconception cohort, 566 pregnancies were included in the analyses (Figure 1). Compared to the 

women excluded from the analysis, the included women had a higher age (32 years vs. 31 years), a 

more adequate intake of fruit and vegetables (55.2% vs. 42.0% and 34.8 vs. 23.9%, respectively), and 

the included women more frequently used folic acid supplements (82.6% vs. 67.4%)(Supplemental 

Table 1). Of the 566 included women, 332 (58.7%) conceived spontaneously and 234 (41.3%) 

conceived after IVF or ICSI treatment. At the moment of inclusion, the median age of the total study 

population was 32 years (IQR 29 - 36) and the median BMI was 24.4 kg/m2 (IQR 21.9 - 28.2). Women 

living in a neighbourhood with a low NSS (NSS < -1; deprived neighbourhood) were less often of 

Western geographic origin (73.6% vs. 92.9%), were less often highly educated (58.9% vs. 77.7%) and 

had a higher median BMI (25.3 kg/m2 vs. 23.3 kg/m2) compared to women living in a neighbourhood 

with a high NSS (NSS > 1; non-deprived neighbourhood)(Table 1). 

In the IVF/ICSI group, women were older (33 (IQR 30 – 36) vs. 32 (IQR 29 – 35) years; p<0.001), more 

often nulliparous (64.6% vs. 34.0%; p<0.001), less often highly educated (highly educated, 50.9% vs. 

62.9%; p = <0.001), more often used folic acid supplements (97.3% vs. 72.7%; p<0.001), and less 

often used alcohol (20.5% vs. 39.8%%; p<0.001) compared to the group of women who conceived 

spontaneously (Supplemental Table 2). The NSS of women in the IVF/ICSI group was higher compared 

to women in the spontaneously conceived group (0.08 (IQR -0.84 - 0.77) vs. -0.04 (IQR -1.36 - 0.77); 

p<0.001), indicating that these women more often live in non-deprived neighbourhoods.  

Women living in non-deprived neighbourhoods were less likely to have a non-Western geographic 

origin β: -1.30 (95% CI -1.49, -1.10) and to have an inadequate folic acid supplement intake β: -0.47 

(95% CI -0.64, -0.29). They were more likely to be higher educated β: 0.29 (95% CI 0.15, 0.43), to have 

a lower BMI β: -0.05 (95% CI -0.06, -0.04) and to have conceived after IVF/ICSI treatment β: 0.37 (95% 

CI 0.25, 0.50)(Table 2). 

Embryonic growth trajectories 

In the crude models, NSS was not associated with the embryonic growth trajectories (CRL: crude β: -

0.015 (95% CI -0.034, 0.003) and EV: β: -0.008 (95% CI -0.018, 0.001))(Table 3). However in the 

adjusted models, NSS was significantly negative associated with the serial embryonic growth 

trajectories CRL and EV (adjusted β: -0.025 (95% CI -0.046, -0.003) and adjusted β: -0.015 (95% CI -

0.026, -0.003), respectively). In the stratified analyses for mode of conception, effect sizes were 
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comparable, in both spontaneously conceived and IVF/ICSI pregnancies. The negative association 

between NSS and CRL and EV was more pronounced in spontaneously conceived pregnancies (CRL, 

adjusted β: -0.031 (95% CI -0.059, -0.002) and adjusted β: -0.020 (95% CI -0.034, -

0.006))(Supplemental Table 3). 

Retransformation to the original scale demonstrated that the CRL of embryos from women who live 

in a neighbourhood with a high NSS (i.e. non-deprived) was on average 0.49 mm smaller (relative 

difference 5.49%; 8.90 mm vs. 8.42 mm) at 7 weeks gestation and 1.08 mm smaller (relative 

difference 2.51%; 43.14 mm vs. 42.06 mm) at 11 weeks gestation compared to embryos from women 

who live in a neighbourhood with a low NSS (i.e. deprived). The EV of embryos from women who live 

in neighbourhoods with a high NSS was on average 0.02 cm3 smaller (relative difference 33.77%: 0.05 

cm3 vs. 0.03 cm3) at 7 weeks gestation and 0.55 cm3 smaller (relative difference 7.13%: 7.65 cm3 vs. 

7.10 cm3) at 11 weeks of gestation compared to embryos from women who live in neighbourhoods 

with a low NSS (Supplemental Figure 1). 

 

 

Table 3. Associations between neighbourhood status score (NSS) and embryonic growth trajectories, 

expressed as longitudinal crown-rump length (CRL) and embryonic volume (EV) measurements in the 

total study population. 

Model 1: adjusted for gestational age only. Model 2: adjusted for gestational age, maternal age, 

geographic origin, educational level, BMI, mode of conception, folic acid supplement use, fruit and 

vegetable intake, alcohol use and smoking habits. *p<0.05, **p<0.01, ***p<0.001 

 

  

Total study population 

n = 566 

Model 1 

 

 Model 2 

 

 

 β (95% CI) p-value β (95% CI) p-value 

CRL (√mm) -0.015 (-0.034 , 0.003) 0.11 -0.025 (-0.046 , -0.003) 0.03* 

EV (3√cm3)  -0.008 (-0.018 , 0.001) 0.10 -0.015 (-0.026 , -0.003) 0.01* 
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DISCUSSION 

Main findings 

We found that increasing neighbourhood deprivation is associated with larger embryonic growth. In a 

stratified analysis for mode of conception, we found negative associations, especially for the 

pregnancies that were conceived spontaneously.  

Strengths and Limitations 

The main strengths of our study are its large sample size and the unique use of the longitudinal 

measures of CRL and EV for embryonic growth from as early as 7 weeks GA. Embryonic growth 

trajectories were assessed using serial 3D ultrasound and offline measurements in a virtual reality 

environment. These innovative and validated techniques enabled us to measure trajectories of 

embryonic growth very precise and accurate. To classify neighbourhood deprivation, we chose to use 

a continuous and frequently updated measure. This allowed us to investigate associations between 

different levels of neighbourhood deprivation and embryonic growth more precisely than, for 

instance, using a measure such as binary classification of deprived neighbourhoods. The distribution 

of NSS in our study population (IQR -1.13 - 0.77) approximately resembles the distribution of NSS 

across the Netherlands (IQR -0.57 - 0.71). The lower limit of the IQR of NSS in our study population 

indicates the presence of deprived neighbourhoods, which is to be expected in the urban city of 

Rotterdam.29 Women from 193 different neighbourhoods were included in the study, which indicates 

a large neighbourhood heterogeneity within our study population. The demonstrated associations 

between individual characteristics and NSS are in line with literature, stating that, generally, in 

deprived neighbourhoods residents are of non-Western geographic origin, are lower educated and 

have a higher BMI.6, 30 Therefore, we substantiate the assumption that the NSS is a representative 

measure for the deprivation status of the particular neighbourhoods.31 In the interest of comparison, 

classification of the NSS in three groups (low, intermediate, high) was made. 

Some limitations of the present study need to be addressed as well. This study was carried out in a 

tertiary hospital setting, characterized by the high number of included IVF/ICSI pregnancies. This may 

have resulted in selection bias of the study population. Also, women with a higher socioeconomic 

status, who most often live in neighbourhoods with a higher NSS, are more prone to participate in 

studies, which additionally adds selection bias.32 Even within the eligible population, the included 

women had a more healthy lifestyle (i.e. more frequent adequate intake of fruit, vegetables and folic 

acid supplements) compared to the women that were excluded from the analysis. As a result, the 

presented results might be an underestimation of the described associations. Lastly, a selected 

hospital study population may hamper the generalizability of the results to the general population.  
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Interpretation 

Embryonic growth trajectories, expressed as serial CRL and EV measurements, are associated with 

perinatal outcomes.33 It is also known that individual risk factors, such as an unhealthy diet and a 

higher BMI, often accumulate within deprived neighbourhoods.1, 6, 31, 34 These factors are supposed to 

underlie the adverse (perinatal) health outcomes that are associated with neighbourhood 

deprivation, and neighbourhood deprivation operates as a proxy for these individual factors.4, 5, 7 To 

analyse the associations between accumulated individual risk factors as well as the independent 

effect of living in a deprived neighbourhood with embryonic growth, we studied the associations in 

models that were only adjusted for GA at the time of ultrasound examination (model 1) as well as a 

for individual risk factors associated with embryonic growth (model 2). In the fully adjusted models 

we found significantly negative associations between neighbourhood deprivation and embryonic 

growth trajectories, suggesting an independent effect of neighbourhood deprivation on embryonic 

growth. A neighbourhood effect above and beyond the effect of individual factors, nutrition and 

lifestyle on pregnancy course and outcome is previously demonstrated in literature.5, 31, 35 This 

emphasizes the need in clinical practice to consider the total environmental and social background 

when performing a risk assessment for adverse pregnancy course and outcomes.36, 37  

With regard to CRL, which is the most frequently clinically implemented measure, we found a 0.49 

mm and 1.08 mm difference between the neighbourhoods with the lowest and highest deprivation 

score at 7 and 11 weeks GA, respectively. These differences are very small compared to previously 

investigated associations between other risk factors and embryonic growth. For example, when 

comparing black, white and Asian women, ethnicity accounts for a 0.81 and 1.28 mm difference in 

CRL at 6 weeks GA and 1.61 and 2.57 mm difference at 12 weeks, respectively.38 No or post-

conception initiation of folic acid supplement use results in 0.76 mm and 1.63 mm smaller CRLs at 7 

and 11 weeks GA, respectively.11 Finally, a strong adherence to the ‘high fish and olive oil, low meat’ 

dietary pattern is associated with a 1.9 mm and a 3.4 mm increase in CRL at week 7 and 11 GA, 

respectively.9  

We expected to find CRL and EV to be smaller in neighbourhoods with a lower NSS, i.e. the deprived 

neighbourhoods. We found the opposite, namely that in deprived neighbourhoods, embryonic 

growth trajectories are slightly increased. However, it may be questioned whether the estimate of the 

increased embryonic growth can be regarded as optimal. As previously studies demonstrated, 

accelerated growth during early pregnancy increases the risk of excessive birthweight with the 

associated negative outcomes for mother and infant.39, 40 A proposed underlying mechanism for 

development of adipose tissue in the first trimester of pregnancy are epigenetic modifications that 
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affect adipocyte development.41-43 It is unlikely that the demonstrated associations are due to 

measurement errors of the embryonic growth trajectories, as a good intra- and interobserver 

reproducibility of CRL and EV in early pregnancy has been established.16 Misclassification due to the 

method of pregnancy dating cannot be ruled out. After stratification according to mode of conception 

(and thus pregnancy dating), little differences in the association between NSS and embryonic growth 

between the groups of spontaneous pregnancies and IVF/ICSI pregnancies were demonstrated. In the 

end, we adjusted the models for mode of conception (and thus pregnancy dating). At last we 

hypothesize that residual confounding of unmeasured intrinsic and extrinsic factors, such as mental 

stress, might explain the unexpected negative association between the degree of neighbourhood 

deprivation and embryonic growth. From literature it is known that there is an association between 

living in a deprived neighbourhood and perceived stress.44 Moreover, chronic stress is involved in the 

causative pathway of excessive oxidative cellular stress leads that increases cell growth and survival.45 

Excessive oxidative stress is associated with epigenetic hypomethylation of IGF2 DMR, amongst other 

important embryonic growth genes, resulting in an increased expression of growth factors and thus 

larger embryo’s.8, 46-51 This is an interesting hypothesis which needs however further elucidated in 

future studies.  

 

CONCLUSION 

In conclusion, we observed a negative association between neighbourhood deprivation and 

embryonic growth, above and beyond the effects of individual factors. These rather unexpected 

negative associations might be explained by stronger unmeasured intrinsic and extrinsic factors, such 

as mental stressors, contributing to epigenetic hypomethylation and subsequent increased 

expression of embryonic growth genes . The clinical relevance of the demonstrated small differences 

in embryonic growth trajectories is unknown. Additional research in larger periconception and birth 

cohorts in urban regions is warranted in order to further understand the consequences of exposure 

to deprivation and underlying mechanism in the periconception period on embryonic development, 

adverse pregnancy outcomes and health and disease risks in later life and future generations. 
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Supplementary Table 1. Maternal baseline characteristics of women who were included and excluded 

from analysis. 

Characteristics Included 

(n = 566) 

Excluded 

(n = 264) 

P-value 

Neighbourhood statusscore, median (IQR) 0.02 (-1.13 – 0.77) -0.18 (-1.36 – 0.98) 0.37 

Age (years), median (IQR) 32 (29 – 36) 31 (28 – 34) <0.001*** 

Nulliparous, n (%) 244 (46.3) 109 (41.3) 0.71 

Geographical origin (Western), n (%) 475 (87.0) 206 (78.0) 0.18 

Education, n (%)   0.15 

High 317 (58.1) 123 (50.8)  

Intermediate 188 (34.4) 95 (39.3)  

Low  41 (7.5) 24 (9.9)  

BMI (kg/m2), median (IQR) 24.4 (21.9 – 28.2) 24.8 (22.1 – 29.4) 0.19 

Folic acid supplement use (adequate), n (%) 447 (82.6) 178 (67.4) 0.003** 

Fruit intake (adequate), n (%) 292 (55.2) 111 (42.0) 0.02* 

Vegetable intake (adequate), n (%) 184 (34.8) 63 (23.9) 0.02* 

Alcohol consumption (no), n (%) 369 (68.0) 164 (62.1) 0.25 

Smoking (no), n (%) 467 (85.8) 198 (75.0) 0.23 

Abbreviations: BMI, Body mass index; IQR, interquartile range. Folic acid supplement use: adequate = 

initiation of folic acid supplement use (400 µg/d) before pregnancy; Fruit intake: adequate = ≥2 

pieces/day; Vegetable intake: adequate = ≥200 grams/day. Values are percentages for categorical 

variables, means (SD) for continuous variables with a normal distribution, or medians (25th, 75th 

percentile, interquartile range) for continuous variables with a skewed distribution. Statistical testing 

was carried out through Mann-Whitney U tests and chi-square tests. *p<0.05, **p<0.01, ***p<0.001
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Supplementary Table 2. Maternal baseline characteristics and nutrition and lifestyle behaviours of the 

study population, stratified for spontaneous pregnancies and IVF/ICSI pregnancies. 

Characteristics Spontaneous 

(n = 332) 

Missing 

 

IVF/ICSI 

(n = 234) 

Missing 

n (%) 

p-value 

Neighbourhood statusscore, median (IQR) -0.04 (-1.36 – 0.77) - 0.08 (-0.84 – 0.77) - <0.001*** 

Age (years), median (IQR) 32 (29 – 35) 9 (2.7) 33 (30 – 36) 5 (2.1) <0.001*** 

Nulliparous, n (%) 107 (34.0) 217 (5.1) 137 (64.6) 22 (9.4) <0.001*** 

Geographical origin (Western), n (%) 285 (87.7)  190 (86.0)  0.24 

Education, n (%)  6 (1.8)  14 (6.0) <0.001*** 

High 205 (62.9)  112 (50.9)   

Intermediate 94 (28.8)  94 (42.7)   

Low 27 (8.3)  14 (6.4)   

BMI (kg/m2), median (IQR) 24.2 (22.0 – 28.8) 21 (6.3) 24.6 (21.7 – 27.8) 21 (9.0) 0.06 

Folic acid supplement use (adequate), n 
(%) 

234 (72.7)  213 (97.3) 15 (6.4) <0.001*** 

Fruit intake (adequate), n (%) 166 (53.7)  126 (57.3) 14 (6.0) 0.24 

Vegetable intake (adequate), n (%) 112 (36.2)  72 (30.8) 14 (6.0) 0.06 

Alcohol consumption (no), n (%) 195 (60.2)  174 (79.5) 15 (6.4) <0.001*** 

Smoking (no), n (%) 272 (84.0)  195 (88.6) 16 (6.0) <0.001*** 

Abbreviations: BMI, Body mass index; IQR, interquartile range. Folic acid supplement use: adequate = 

initiation of folic acid supplement use (400 µg/d) before pregnancy; Fruit intake: adequate = ≥2 

pieces/day; Vegetable intake: adequate = ≥200 grams/day. Values are percentages for categorical 

variables, means (SD) for continuous variables with a normal distribution, or medians (25th, 75th 

percentile, interquartile range) for continuous variables with a skewed distribution. Statistical testing 

was carried out through Mann-Whitney U tests and chi-square tests. *p<0.05, **p<0.01, ***p<0.00
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 Supplementary Table 3. Associations between the neighbourhood status score (NSS) and embryonic 

growth trajectories, expressed as longitudinal crown-rump length (CRL) and embryonic volume (EV) 

measurements, stratified for spontaneous pregnancies and IVF/ICSI pregnancies. 

 

Model 1: adjusted for gestational age only. Model 2: adjusted for gestational age, maternal age, 

geographic origin, educational level, BMI, mode of conception, folic acid supplement use, fruit and 

vegetable intake, alcohol use and smoking habits. *p<0.05, **p<0.01, ***p<0.001 

  

 Model 1    Model 2    

Total study 

population  

n = 569 

Spontaneous 

n = 332 

 IVF/ICSI 

n = 234 

 Spontaneous 

n = 304 

 IVF/ICSI 

n = 196 

 

 β 

(95% CI) 

p-value  β  

(95% CI) 

p-

value 

β 

 (95% CI)  

p-

value 

β 

(95% CI) 

p-

value 

CRL (√mm) -0.024 

(-0.049 ; 0.002) 

0.07 -0.001 

(-0.027 ; 0.025) 

0.92 -0.031 

(-0.059 ; -0.002) 

0.04* -0.010 

(-0.043 ; 0.022) 

0.53 

EV (3√cm3) 

 

-0.013 

(-0.026 ; -0.0003) 

0.045* 0.002 

(-0.012 ; 0.015) 

0.81 -0.020 

(-0.034 ; - 0.006) 

0.01* 0.001 

(-0.017 ; 0.018) 

0.95 
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Supplementary Figure 1. Full adjusted models for (A) crown-rump length and (B) embryonic volume 

in the lowest, middle and highest groups of the NSS. 
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Chapter 2.2 

Association between neighbourhood deprivation, fetal growth, small-for-gestational age and 

preterm birth: a population-based prospective cohort study. 

 

BMJ Open. 2021 Nov 16;11(11):e049075.  
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ABSTRACT 

Background Socioeconomic status (SES) is one of the most important determinants of health. Living 

in a deprived neighbourhood is associated with adverse health outcomes. However, the associations 

between neighbourhood deprivation and fetal growth, including growth in the first trimester and 

adverse pregnancy outcomes, remain unclear. 

Methods Within a prospective population-based cohort of 8617 live singleton births, we studied the 

association between living in a deprived neighbourhood and fetal growth throughout pregnancy, and 

adverse pregnancy outcomes: small for gestational age (SGA) and preterm birth (PTB) using 

regression analyses. The neighbourhood socioeconomic status was determined by the 

neighbourhood status score (NSS), which was assessed per 4 digit zip code. The NSS was based on the 

income, educational level and employment status of the residents of the neighbourhoods. 

Results Neighbourhood deprivation was not associated with first trimester growth. However, a higher 

neighbourhood status score (less deprivation), was associated with increased fetal growth in the 

second and third trimester (e.g. estimated fetal weight (adjusted model difference of 0.04 SDS (95% 

CI 0.02 ; 0.06), and a decreased risk of PTB (OR 0.89 (95% CI 0.82 ; 0.96) per 1 unit increase in 

neighbourhood status score). 

Conclusion We found an association between neighbourhood deprivation and fetal growth in the 

second and third trimester pregnancy and pregnancy outcomes, but we found no association with 

first trimester growth. The association between neighbourhood deprivation and fetal growth 

remained after adjustment for individual level risk factors. This supports the hypothesis that living in 

a deprived neighbourhood acts as an independent risk factor for fetal growth, above and beyond 

individual risk factors. 
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INTRODUCTION 

A low individual socioeconomic status (SES) is associated with adverse health outcomes.1 

Additionally, there is accumulating evidence that the socioeconomic status of the neighbourhood in 

which a person lives is also associated with health outcomes.2 This is also the case for pregnancy: 

both individual SES and living in a deprived neighbourhood are acknowledged risk factors for adverse 

pregnancy outcomes.3-5  

Recent evidence shows that other factors, such as maternal nutrition and lifestyle, already affect 

pregnancy from the first trimester of pregnancy onwards.6 Gaining a better understanding of 

modifiable factors that influence pregnancy from the earliest phase onwards is important. First, since 

impaired development during the first trimester of pregnancy is associated with adverse pregnancy 

outcomes.6 Second, in line with the DOHaD-paradigm (Developmental Origin of Health and Disease), 

impaired development in pregnancy and adverse pregnancy outcomes are associated with an 

increased risk of non-communicable diseases in adult life like cardiovascular disease.7 If impaired 

early fetal development could be prevented or recognized, this would enable the prevention of both 

short-term and long-term adverse outcomes.  

Living in a deprived neighbourhood is known to be a risk factor for adverse pregnancy outcomes. It is 

however unknown whether this potentially modifiable factor is also associated with early fetal 

development. Therefore, the aim of this study was to investigate the associations between 

neighbourhood deprivation, fetal growth including growth in the first trimester, and adverse 

pregnancy outcomes.  

 
METHODS 

Design  

This study was embedded in the Generation R Study, a population-based prospective cohort study.8 

Pregnant women living in the area of Rotterdam, the Netherlands, with an expected delivery date 

between April 2002 and January 2006, were invited to participate in this study. We excluded the 

following pregnancies: twin pregnancies, terminated pregnancies, intra-uterine deaths and 

pregnancies without information on area of residence or ultrasound data (Figure 1). The study 

protocol was approved by the Medical Ethical Committee of Erasmus Medical Centre, Rotterdam 

(MEC 198.782/ 2001/31). Written informed consent was obtained from all participants.  
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Figure 1. Flowchart of the study population. 

  
N = 8976 

Pregnancies enrolled in 
Generation R. 

n = 343  
Twins (194), abortions (29), 
fetal deaths (75) and loss to 

follow-up (45). 

n = 15 
Pregnancies with no 

information on postal codes. 

n = 8633 
Live singleton births. 

n = 1 
Pregnancy without first 

trimester and fetal growth 
assessment. 

n = 8617 
Population for analysis on 

fetal growth and birthweight. 

n = 1614 
Population for analysis on 

crown-rump length. 

n = 8617 
Population for analysis. 
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Neighbourhood deprivation  

We used area-based status scores as a proxy for neighbourhood deprivation, which were made 

available by the Netherlands Institute for Social Research.9 The scores are matched on four-digit 

postcodes and are based on mean household income, proportion of population with low income, 

proportion of population with low educational level, and proportion of population without paid 

work. The scores are determined every 4 years, and a more negative score represents a lower 

socioeconomic status. The status scores used in this study were calculated in 2002 and 2006. The 

correlations between the status scores in 2002 and 2006 were very high: r = 0.97. To assign the 

status scores in the best possible way, pregnancies in 2002 and 2003 were allocated with the status 

score of 2002. For pregnancies in 2005 and 2006, the status score of 2006 was assigned. For 

pregnancies in 2004, the average score of 2002 and 2006 was assigned.  

Pregnancy dating  

Gestational age is the most important determinant of fetal growth, so precise dating of the 

pregnancy is important. It has long been assumed that embryonic growth in the first trimester of 

pregnancy is universal. This is the rationale behind the current practice of pregnancy dating using the 

CRL, if the gestational age is less than 12 weeks and 5 days and the CRL measurement is smaller than 

65 mm.10 However, study findings suggest that first trimester growth is not uniform.11 Therefore, in 

our analyses with CRL measurements as the outcome of interest, pregnancy dating was not based on 

the CRL, but on the known and reliable last menstrual period (LMP) in case of a regular menstrual 

cycle (28 ± 4 days).6 All other cases were excluded for that particular analyses of CRL. The LMP was 

obtained from the referral letter and confirmed at enrolment. Additional information on regularity 

and cycle duration was obtained through questionnaires. When the gestational age was more than 

12 weeks and 5 days, or the biparietal diameter (BPD) was larger than 23 mm, pregnancy dating was 

performed using the BPD.  

Growth parameters  

Ultrasound assessments were carried out during visits to one of the research centres, and took place 

in early- (median 13.2 weeks of gestation), mid- (median 20.5 weeks of gestation) and late (median 

30.3 weeks of gestation) pregnancy. Growth parameters included the crown-rump length (CRL), head 

circumference (HC), femur length (FL), abdominal circumference (AC), estimated fetal weight (EFW) 

and birthweight. EFW was calculated using the Hadlock formula with parameters AC, HC and FL (in 

cm): EFW = 10^(1.326 – 0.00326*AC*FL + 0.0107*HC + 0.0438*AC + 0.158*FL) (Supplemental 2).12 

Gestational age adjusted standard deviation scores (SDS) were constructed for all growth 

measurements.13 The SDS for birthweight were constructed using growth standards from Niklasson 

et al., which were adjusted for gestational age at the time of birth and sex of the neonate.14 
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Measurements were performed using uniform ultrasound procedures and were executed with the 

Aloka® model SSD-1700 (Tokyo, Japan) or the ATL-Philips Model HDI 5000 (Seattle, WA, USA).  

Adverse pregnancy outcomes  

Preterm birth (PTB) was defined as a gestational age of <37 weeks at delivery. Small size for 

gestational age (SGA) at birth was defined as a sex and gestational age adjusted birth weight below 

the 10th percentile (<-1.40 SDS) in the study cohort.  

Covariates  

Information on maternal age, education level, ethnicity, and maternal folic acid supplement use was 

obtained at enrolment.8 Ethnicity of participating mothers was defined according to the classification 

of Statistics Netherlands, and was categorized into Dutch and other Western (European, American, 

and Oceanian); Turkish and Moroccan; African (Cape Verdean, other African, Surinamese-Creole, and 

Dutch Antillean); and Asian (Indonesian, other Asian, and Surinamese-Hindu) according to the largest 

ethnic groups in our study population and similarities in skin colour and cultural background. In 

sensitivity analyses, the following classification was used: Dutch, European, Turkish, Moroccan, 

African, Dutch Antillean, Cape Verdean, Indonesian, Surinamese-Creole, Surinamese-Hindu, 

Surinamese-unspecified, American Western, American non Western, Asia Western, Asia non Western 

and Oceanian.8 Information about smoking, alcohol consumption, and caffeine intake was assessed 

by questionnaires in each trimester. Maternal pre-pregnancy body mass index was calculated from 

the reported height (cm) and weight (kg) in the questionnaires. Information about pregnancy 

complications, mode of delivery and childhood sex, gestational age, and weight and length at birth 

was obtained from medical records.13, 14 Complications in a previous pregnancy were defined as: 

gestational diabetes, pre-eclampsia, thrombosis in arm or leg, pulmonary embolism, solutio 

placentae, premature rupture of membranes, contractions before 37 weeks of pregnancy or 

pregnancy induced hypertension. We selected potential confounding variables based on their 

associations with the outcomes of interest, in order to isolate a neighbourhood specific effect.  

Statistical analysis  

First, we examined differences between quartiles of neighbourhood deprivation for maternal 

characteristics, first trimester growth and fetal growth and adverse pregnancy outcomes. Second, we 

examined the associations of neighbourhood deprivation with fetal growth patterns using 

unbalanced repeated measurement regression models.15 We included neighbourhood deprivation in 

these models as intercept and as interaction term with gestational age to estimate fetal growth rates 

over time.15 Third, we assessed the associations of neighbourhood deprivation with the risks of 

adverse pregnancy outcomes using multiple logistic regression models. In the basic model, the crude 

association between neighbourhood deprivation and the outcomes of interest were investigated. 

The adjusted model was adjusted for maternal age, maternal educational level, smoking, alcohol use, 
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folic acid supplement use, ethnicity, parity, pre-pregnancy BMI and fetal sex. We tested interaction 

between neighbourhood deprivation and complications in previous pregnancy in the regression 

models. Fourth, we examined the associations of neighbourhood deprivation with fetal growth in 

gestational-age-adjusted SDS in each pregnancy period using linear regression models with the same 

adjustment models.  

We performed several sensitivity analyses: in the first, we performed multilevel regression analysis in 

order to adjust for potential clustering between the different neighbourhoods. In the second, we 

repeated the analyses with all 1614 available CRL measurements, compared to the analyses with only 

CRL measurements below the 12 weeks of gestational age (GA).6, 16 A third sensitivity analysis was 

performed to determine to which extent the inclusion of pregnancies with an impaired fetal 

development due to placental dysfunction influenced our results. Therefore we performed analyses 

excluding SGA born babies. Fourth, analyses were additionally adjusted for the household income 

and complications in a previous pregnancy. Fifth, we repeated the analyses with the different 

classification of ethnicity, described in the ‘Covariates’ section. Lastly, we explored the associations in 

the dataset only including the first born (i.e. excluding siblings). We used multiple imputation for 

missing values of covariates according to Markov Chain Monte Carlo method (details given in 

Supplemental 1).17 The percentage of missing data was <10%, except for smoking (12.7%), alcohol 

use (13.8%) and folic acid supplement use (25.9%). Five imputed datasets were created and pooled 

for analyses. A sensitivity analysis was performed to observe differences in observed and expected 

values of confounders before and after imputation. Tests for trend were based on regression models 

with neighbourhood deprivation as a continuous variable. We checked whether the regression 

models were linear using scatterplots of the dependent variable plotted against the independent 

variable.18 Residuals were normally distributed as assessed by visual inspection of a normal 

probability plot. We tested for multicollinearity using the tolerance statistic. As tolerance was >0.20 

for all variables in our models, there were no problems of multicollinearity. The repeated 

measurement analysis was performed using the Statistical Analysis System version 9.3 (SAS, Institute 

Inc., Cary, NC, USA), including the Proc Mixed module for unbalanced repeated measurements. All 

other analyses were performed using the Statistical Package of Social Sciences version 21.0 for 

Windows (IBM Corp., Armonk, NY, USA).  
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Table 1. Baseline characteristics of the study population, stratified for quartiles of neighbourhood 

deprivation.  

Maternal characteristics Total study 
 population 

n = 8617 

Lowest 
deprivation 

quartile 
n = 2170 

Second 
deprivation 

quartile 
n = 2208 

Third deprivation 
quartile 
n = 2090 

Highest 

deprivation 

quartile 

n = 2149 

p-

value 

Neighbourhood status score -1.13 (1.39) -2.96 (0.51) -1.62 (0.31) -0.51 (0.37) 0.61 (0.49) <0.001 

Age at intake (years) 29.6 (5.3) 28.1 (5.5) 28.7 (5.7) 30.2 (4.9) 31.6 (4.1) <0.001 

Pre-pregnancy body mass index (kg/m2) 22.8 (18.4 – 32.2) 23.5 (18.0 – 33.6) 23.0 (18.1 – 32.5) 22.9 (18.2 – 32.0) 22.3 (18.5– 

30.1) 

<0.001 

Parity (nulliparous) 4796 (55.7) 1090 (50.2) 1273 (57.7) 1227 (58.7) 1205 (56.1) <0.001 

Educational level 
Lower/no  
Middle 
High 

 
1101 (12.8%) 
4060 (47.1) 
3456 (40.1) 

 
503 (23.2) 

1153 (53.1) 
514 (23.7) 

 
366 (16.5) 

1152 (52.2) 
690 (31.3) 

 
179 (8.5) 

1007 (48.2) 
904 (43.3) 

 

52 (2.4) 

747 (34.8) 

1349 (62.8) 

<0.001 

Ethnicity 
Dutch and Western 
Turkish and Moroccan 
African 
Asian 

 
4967 (57.6%) 
1464 (17.0%) 
1178 (13.7%) 
1008 (11.7%) 

 
636 (29.3) 
714 (32.9) 
519 (23.9) 
301 (13.9) 

 
1084 (49.1) 
471 (21.3) 
370 (16.8) 
283 (12.8) 

 
1426 (68.2) 
222 (10.6) 
211 (10.1) 
231 (11.1) 

 

1821 (84.7) 

57 (2.7) 

78 (3.6) 

193 (9.0) 

<0.001 

Smoking 
Never smoked during pregnancy 
Smoked until pregnancy was known 
Continued smoking in pregnancy 

 
6256 (72.6%) 

735 (8.5%) 
1626 (18.9%) 

 
1515 (69.8) 

171 (7.9) 
484 (22.3) 

 
1523 (69.0) 

183 (8.3) 
502 (22.7) 

 
1518 (72.6) 

188 (9.0) 
384 (18.4) 

 

1700 (79.1) 

193 (9.0) 

256 (11.9) 

<0.001 

Alcohol 
Never consumption in pregnancy 
Consumption until pregnancy was known 
Continued consumption in pregnancy  

 
4351 (50.5%) 
1149 (13.3%) 
3117 (36.2%) 

 
1436 (66.2) 
220 (10.1) 
514 (23.7) 

 
1200 (54.4) 
239 (10.8) 
769 (34.8)) 

 
990 (47.4) 
335 (16.0) 
765 (36.6) 

 

726 (33.8) 

354 (16.5) 

1069 (49.7) 

<0.001 

Folic acid supplement intake 
None 
Start in first 10 weeks of pregnancy 
Start preconceptionally 

 
2751 (31.9%) 
2661 (30.9%) 
3205 (37.2%) 

 
1141 (52.6) 
594 (27.4) 
435 (20.0) 

 
843 (38.2) 
703 (31.8) 
662 (30.0) 

 
534 (25.6) 
650 (31.1) 
906 (43.3) 

 

233 (10.8) 

714 (33.2) 

1202 (55.9) 

<0.001 

Fetal sex (male) 4347 (50.4) 1063 (49.0) 1147 (51.9) 1066 (51.0) 1071 (49.8) 0.22 
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Data are represented as n (%), mean (SD) or median with the 90% range. Differences in baseline 

characteristics were tested using ANOVA, Kruskal-Wallis tests and chi-square tests. Confounders are 

imputed. Non imputed percentages are valid percentages. 

 

 

RESULTS  

A total of 8976 pregnancies were included in the Generation R study. In total, we included 8617 

pregnancies for analyses (Figure 1). Table 1 depicts the baseline characteristics of both the total 

study population and the population stratified according to the quartiles of neighbourhood 

deprivation. Women in the total study population were on average 29.6 years old with a median BMI 

of 22.8 kg/m2. Stratification of the population in deprivation quartiles revealed that 2170 women 

(25.2%) lived in a neighbourhood with the most deprivation, i.e. lowest status score, and 2149 

(24.9%) lived in the least deprived neighbourhoods, i.e. the highest status score. When comparing 

women in the most deprived neighbourhoods to those in the least deprived neighbourhoods, less 

women were highly educated (23.7% vs. 62.8% (p<0.001)), more women continued smoking in 

pregnancy (22.3% vs. 11.9% (p<0.001)) and less women used any folic acid supplements (20.0% vs. 

49.7% respectively (p<0.001)) (Table 1). In Supplemental Table 1 the fetal growth parameters and 

adverse pregnancy outcomes stratified by quartile of neighbourhood deprivation are presented. 

Overall, growth parameters are smaller in the most deprived neighbourhoods compared to the least 

deprived neighbourhoods (e.g. -0.07 SD vs. 0.15 SD, EFW in the third trimester of pregnancy, 

respectively).  

Neighbourhood deprivation and fetal growth  

Figure 2 gives the results of the longitudinal analyses on the association between quartiles of 

neighbourhood deprivation and fetal head circumference, length, and weight growth patterns from 

mid-pregnancy onwards. It shows that compared to the least deprived neighbourhoods, in the more 

deprived neighbourhoods fetal head circumferences, length and weight are smaller (for all measures, 

the gestational age dependent effect of neighbourhood deprivation on fetal growth was significant 

value<0.05). Regression coefficients for gestational age-independent and gestational age-dependent 

effects are given in Supplemental Table 2.  

The associations of neighbourhood deprivation with first trimester and second and third trimester 

fetal growth based on regular linear regression models are given in Supplemental Figure 1. In both 

the basic and adjusted analyses, a positive association between neighbourhood deprivation and AC 

was present (difference in AC in the adjusted model, 0.03 SDS [95% CI 0.01, 0.05, P-value 0.002] per 1 

unit increase in neighbourhood status score). In the third trimester of pregnancy a positive 
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association was found for the HC, AC and EFW (adjusted model difference of 0.04 SDS [95% CI 0.02, 

0.05, P-value <0.001], 0.04 SDS [95% CI 0.03, 0.06, P-value <0.001] and 0.04 SDS [95% CI 0.03, 0.06, P-

value <0.001] per 1 unit increase in neighbourhood status score, respectively). Overall, there is a 

dose-response like association between neighbourhood deprivation and fetal growth, with stronger 

associations in the most deprived neighbourhoods compared to the least deprived neighbourhoods.  

Effect modification analyses showed significant interaction between neighbourhood deprivation and 

complications in previous pregnancies for PTB (Supplemental Table 3). The associations between 

neighbourhood deprivation and fetal growth and adverse pregnancy outcomes were non-significant 

in the group with a complication in a previous pregnancy (e.g. HC in late pregnancy attenuates from 

0.06 SDS [95%CI 0.05 , 0.08, P-value <0.001] to 0.03 SDS [95%CI -0.05 , 0.11, P-value 0.50] per 1 unit 

increase in neighbourhood status score) (Supplemental Table 4).  

Neighbourhood deprivation and adverse pregnancy outcomes  

Results of the regression analysis between neighbourhood deprivation and adverse pregnancy 

outcomes are presented in Table 2. Living in a more affluent neighbourhood was inversely associated 

with the risk of delivering a SGA neonate (adjusted model, OR 0.91 [95% CI 0.86, 0.97, P-value 0.01], 

independent of maternal sociodemographic or lifestyle factors. Moreover, it was inversely and 

independently associated with the risk of PTB (adjusted model, OR 0.89 [95% CI 0.82, 0.96, P-value 

0.01]. The adverse pregnancy outcomes were most prevalent in the neighbourhood with the lowest 

deprivation status compared to the neighbourhood with the highest social status (SGA: 12.2% vs. 

7.1%, PTB: 5.9% vs. 3.8%) (Supplemental Table 1).  

Sensitivity analyses  

The first sensitivity analyses revealed largely similar associations after performing multilevel analyses 

(Supplemental Table 5). Second, the results of the associations between neighbourhood deprivation 

and CRL did not change after including all CRL measurements, in comparison to only the CRL 

measurements below 12 weeks GA (Supplemental Table 5). The third sensitivity analyses excluding 

SGA pregnancies did attenuate the results (Supplemental Table 6). Results also did not materially 

change after all other sensitivity analyses (data not shown). No major differences were observed in 

confounders before and after multiple imputation (Supplemental Table 7) and there were similar 

results when confounders were not imputed (data not shown).  
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Table 2. Associations between the neighbourhood status score and adverse pregnancy outcomes.  

Study population 

 

n = 8617 

Model Lowest deprivation 

quartile 

n = 2277 

Second deprivation 

quartile 

n = 2123 

Third deprivation 

quartile 

n = 2084 

Highest 

deprivation 

quartile 

n = 2133 

  β / OR (95% CI) β / OR (95% CI) β / OR (95% CI)  

Small for gestational age Basic 1.80 (1.46 ; 2.22) 1.46 (1.17 ; 1.81) 1.31 (1.05 ; 1.64) Reference 

 Adjusted 1.39 (1.09 ; 1.77) 1.14 (0.90 ; 1.44) 1.13 (0.90 ; 1.42) Reference 

      

Preterm birth Basic 1.60 (1.21 ; 2.13) 1.76 (1.33 ; 2.32) 1.41 (1.05 ; 1.89) Reference 

 Adjusted 1.52 (1.11 ; 2.09) 1.65 (1.23 ; 2.22) 1.32 (0.97 ; 1.77) Reference 

Abbreviations: β: beta; OR: odds ratio. Values are odds ratios with the 95% CI of the data in SD-score 

and are based on logistic regression models. Basic model: by the use of SD scores it is automatically 

adjusted for gestational age. Adjusted model: basic model and additionally adjusted for maternal 

age, educational level, smoking, alcohol use, folic acid supplement use, ethnicity, parity, pre-

pregnancy body mass index and fetal sex. p-for trend analysis with the neighbourhood deprivation as 

a continuous measure. Small size for gestational age (SGA) at birth was defined as a sex and 

gestational age adjusted birthweight below the 10th percentile (<-1.40 SD-score) in the study cohort. 

Preterm birth (PTB) was defined as a gestational age of <37 weeks at delivery. 
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Figure 2. Associations of neighbourhood deprivation with fetal growth. 
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Differences in fetal growth rates for the lower three neighbourhood status score quartiles as 

compared to the highest neighbourhood status score. Squares represent the lowest quartile of the 

neighbourhood status score; circles represent the second quartile; and triangles the third quartile. 

Results are based on repeated measurement regression models and reflect the differences in 

gestational-age-adjusted SDS scores of (a) fetal head circumference, (b) weight, and (c) length growth 

for the three lower neighbourhood status score compared to the highest neighbourhood status score 

(reference group represented as zero line). The models were adjusted for maternal age, educational 

level, smoking, alcohol use, folic acid supplement use, ethnicity, parity, pre-pregnancy body mass 

index and fetal sex. 



 

DISCUSSION 

Main findings  

We observed that living in a more deprived neighbourhood is associated with decreased fetal growth 

in the second and third trimester of pregnancy, and with higher odds of small for gestational age 

birth and preterm birth. Several pathways may explain the disadvantageous effects of living in a 

deprived neighbourhood on pregnancy.19 First, it is proposed to be due to the accumulation of risk 

factors at the individual level.5 Examples are smoking and inadequate nutrition and lifestyle 

behaviours.20 Neighbourhood deprivation then acts as a proxy for the increased prevalence of risk 

factors within the deprived neighbourhoods. Our findings are substantiated by earlier studies within 

the Generation R birth cohort, that demonstrate that living in a deprived neighbourhood is 

accompanied by the accumulation of individual level risk factors. These in turn were associated with 

adverse pregnancy outcomes.5 However, we observe that even after correction for the individual 

level risk factors, the association between neighbourhood deprivation and impaired development 

and adverse pregnancy outcomes remained, emphasizing an isolated role for neighbourhood 

deprivation as a risk factor for pregnancy. The associations between neighbourhood deprivation and 

fetal growth and adverse pregnancy outcomes attenuated to non-significance in the population 

affected by a complication in a previous pregnancy. These complications, and the maternal 

constitution for the development of it, may thus outweigh the contribution of neighbourhood 

deprivation in the associations with fetal growth and adverse pregnancy outcomes. This may be due 

to the fact that past complications in pregnancy are strongly associated with both neighbourhood 

deprivation and fetal growth and adverse pregnancy outcomes.21 A second pathway which may 

explain the disadvantageous effects of living in a deprived neighbourhood on adverse pregnancy 

outcomes is attributed to the lack of or suboptimal access to facilities such as the possibility to 

purchase healthy food nearby.22 Third, living in a deprived neighbourhood is acknowledged as a 

source of chronic stress, and thereby acts as an independent risk factor for adverse health 

outcomes.19, 23 Stress is associated with increased cortisol levels, and both prolonged or repeated 

cortisol exposure increases the risk for impaired physical health.24 Also with regard to pregnancy, 

stress is demonstrated to be harmful. M since maternal stress during pregnancy is associated with 

preterm birth, lower birthweight and the onset of preeclampsia and gestational diabetes.25, 26  

Our data demonstrates that the associations between neighbourhood deprivation and fetal growth 

become stronger over the course of pregnancy. This may be due to the fact that there are different 

mechanisms by which external factors -such as environmental, nutritional and lifestyle factors- affect 

the developing fetus over the different trimesters of pregnancy. In the first trimester of pregnancy 

the embryo depends on the uterine glands and yolk sac for the provision of nutrients, while in the 

subsequent periods of pregnancy there is an exchange of nutrients between the maternal and fetal 



 

circulations across the placenta.27 The more isolated source of nutrition in the first trimester 

compared to the second and third trimester of pregnancy may decrease the sensitivity of first 

trimester embryonic growth to external influences.  

A previous study of our group, observed a negative association between neighbourhood deprivation 

and first trimester growth. The larger embryos in deprived neighbourhoods were hypothesized to be 

explained by strong unmeasured intrinsic and extrinsic factors, such as mental stressors.28 The 

difference in direction of effects between that study and our current findings, may be due to the 

different source populations; the first study was conducted in a tertiary-hospital based cohort, while 

the present study is performed within a population-based cohort.  

Strengths and limitations  

Strengths of this study include the large number of participants and the availability of extensive data 

which allowed us to adjust for a large number of potential confounders. Its population-based design 

in a multi-ethnic population results in a good representation of the residents of the city of 

Rotterdam. The presence of both residents from deprived and more affluent neighbourhoods in the 

study population allowed us to investigate the effect of this exposure extensively. The choice of the 

neighbourhood deprivation indicator is another strength of this study. To classify the degree of 

neighbourhood deprivation often composite indexes are used, which take factors into account such 

as the percentage of educated or employed residents, and income of residents within a specific 

neighbourhood.29 We selected the status scores of the Netherlands Institute for Social Research, 

because this index is comparable with international indices such as the Index of Multiple Deprivation 

and the Jarman score.30, 31 The status scores are a continuous measure, which allows more accurate 

analyses compared to a dichotomous measure. Another strength of the study was that missing data 

of covariates was handled by applying multiple imputations. In comparison with complete-case 

analyses (which was conducted as a sensitivity analysis), this technique maintains the statistical 

power of the analyses. Lastly, we chose not to adjust for nutritional factors other than alcohol intake 

and folic acid supplement use, since alcohol intake and folic acid supplement use are strongly 

correlated with other lifestyle and nutritional habits.32, 33  

Some limitations of this study also merit discussion. First, we adjusted the analyses for individual 

factors, to isolate a neighbourhood specific effect. However, we cannot rule out the presence of 

residual confounding caused by other individual factors that are strongly associated with fetal 

growth. Next, possible misclassification of neighbourhood deprivation may have occurred if women 

moved during pregnancy to a neighbourhood with a different status score from the one they moved 

out of. However, social mobility in pregnancy is limited and if women move, they generally tend to 

move to a neighbourhood with a comparable deprivation status.34 Third, the power of the analyses 

on CRL are lower due to the availability of only one CRL measurement, instead of a repeated 



 

assessment of the CRL. A last disadvantage is that participants of cohort studies, even those in more 

deprived neighbourhoods, generally have a higher level of health awareness and are generally more 

healthy compared to those who do not participate.8 This may reduce the generalizability of our 

findings to the general population.  

Future perspectives  

In future studies, a potential power issue due to the small measurement differences in first trimester 

growth measurements may be prevented by using larger study sample sizes. Moreover more 

accurate measures of early fetal growth with higher quality ultrasound could increase the variability 

of the measurements which enables detection of very small differences. Additionally, animal studies 

may help unravel the underlying mechanisms through which neighbourhood deprivation affect 

pregnancy. For instance, by further investigating how maternal stress affects placental nutrient 

transport.  

In the Netherlands, in both the prenatal and postnatal setting, screening for non-medical risk factors 

is starting to become part of daily medical practice.35, 36 This allows early interventions in order to 

prevent developmental problems of children in later life. However, we propose a shift of attention 

towards an earlier window of opportunity: the preconception period and first trimester of 

pregnancy. This periconception period provides the opportunity to optimize the conditions of 

pregnancy and thereby decrease the risks of adverse outcomes and all their long-term 

consequences.37 For example, based on an early risk assessment, a pregnant woman living in a 

deprived neighbourhood could be scheduled for extra ultrasounds and check-ups, and be assisted to 

improve modifiable lifestyle risk factors. Additionally, it is important to create more awareness 

among politicians, policymakers and public health workers. They could help to embed 

neighbourhood deprivation in the context of health promotion, by developing and promoting 

targeted preventive intervention programs.38 These programs could specifically focus on residents of 

deprived neighbourhoods. It is important to stimulate these residents to diminish risk factors on the 

individual level, for instance to quit smoking and abstain from alcohol. This could also help to narrow 

health inequalities between neighbourhoods and between groups of different socioeconomic status.  

In conclusion, our obtained insights on the association between neighbourhood deprivation and fetal 

growth and prematurity emphasize the need for a comprehensive research, care and policy approach 

from the preconception phase onwards, to mitigate the risk of adverse pregnancy outcomes due to 

deprivation.  
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Supplemental Table 1. Fetal growth and adverse pregnancy outcomes in the study population, stratified for quartiles of neighbourhood deprivation.  

Abbreviations: SD: standard deviation. HC: head circumference. FL: femur length. AC: abdominal circumference. EFW: estimated fetal weight. Values 

represent data in SD-score, mean (SD) or n (%).1 Differences between groups were evaluated using one-way-ANOVA-tests for continuous variables and Chi-

square tests for proportions. 2 Differences in growth parameters between the lowest and highest neighbourhood status score groups were tested were 

evaluated using Student’s t-tests. Percentages are valid percentages. 

  

 n Study 
population 

n = 8617 

n Lowest 
deprivation 

quartile 
n = 2170 

n Second 
deprivation 

quartile 
n = 2208 

n Third 
deprivation 

quartile 
n = 2090 

n Highest 
deprivation 

quartile 
n = 2149 

p-value1 

 
p-value2 

Early pregnancy              
CRL  1614 -0.05 (1.06) 287 0.03 (1.05) 362 -0.01 (1.07) 418 -0.01 (0.95) 547 0.07 (0.87) 0.81 0.63 
HC  5646 -0.27 (1.39) 1359 -0.04 (0.99) 1440 -0.04 (1.04) 1361 -0.04 (1.10) 1486 -0.09 (1.06) 0.36 0.20 
FL  4682 0.61 (0.88) 1162 -0.08 (0.99) 1233 -0.18 (1.00) 1107 -0.04 (0.98) 1180 -0.10 (1.00) 0.18 0.74 

Mid pregnancy              
HC  8035 -0.02 (1.02) 1972 -0.06 (1.03) 2049 -0.04 (1.05) 1973 -0.01 (1.02) 2041 0.03 (0.98) 0.047 0.01 
FL  8058 0.03 (1.03) 1985 0.06 (1.07) 2046 0.06 (1.08) 1970 0.04 (1.02) 2057 -0.01 (0.97) 0.12 0.03 
AC  8052 0.01 (1.01) 1977 -0.04 (1.02) 2050 -0.04 (1.02) 1971 0.02 (1.00) 2054 0.11 (0.98) <0.001 <0.001 
EFW  8016 -0.10 (1.01) 1975 -0.12 (1.02) 2035 -0.12 (1.04) 1957 -0.09 (1.00) 2049 -0.06 (0.97) 0.22 0.08 

Late pregnancy              
HC  8163 0.01 (1.00) 2029 -0.08 (1.00) 2067 -0.09 (1.02) 1984 0.06 (1.00) 2083 0.17 (0.96) <0.001 <0.001 
FL 8234 -0.01 (1.00) 2049 -0.04 (1.00) 2083 -0.01 (1.05) 2005 0.004 (1.00) 2097 0.02 (0.97) 0.28 0.06 
AC  8212 0.01 (1.01) 2042 -0.10 (1.01) 2076 -0.07 (1.04) 1995 0.04 (1.01) 2099 0.14 (0.97) <0.001 <0.001 
EFW  8201 0.03 (1.02) 2042 -0.06 (1.01) 2073 -0.02 (1.04) 1993 0.07 (1.00) 2093 0.15 (1.00) <0.001 <0.001 

Birth             
Small for gestational age 824 854 (9.9%) 261 261 (12.2%) 220 225 (10.1%) 190 190 (9.2%) 153 153 (7.1%) <0.001 <0.001 
Preterm birth 460 460 (5.3%) 128 128 (5.9%) 142 142 (6.4%) 109 109 (5.2%) 81 81 (3.8%) 0.001 0.001 



 

Supplemental Table 2. Regression coefficients of longitudinal associations between quartiles of neighbourhood deprivation with fetal growth patterns. 

 

Intercept 

Head circumference 

(SDS) 

Slope 

Head circumference 

(SDS) 

Intercept 

Length 

(SDS) 

Slope 

Length 

 (SDS) 

Intercept 

Weight 

(SDS) 

Slope 

Weight  

(SDS) 

Neighbourhood deprivation       

Quartile 1 0.225 (0.122; 0.328) -0.010 (-0.013; -0.006) 0.270 (0.167; 0.373) -0.012 (-0.016; -0.010) 0.229 (0.115; 0.3441) -0.011 (-0.015; -0.008) 

Quartile 2 0.104 (0.004; 0.204) -0.005 (-0.008; -0.001) 0.103 (0.003; 0.203) -0.005 (-0.008; -0.001) 0.155 (0.043; 0.268) -0.008 (-0.011; -0.005) 

Quartile 3 0.109 (0.009; 0.208) -0.004 (-0.008; -0.001) 0.170 (0.071; 0.270) -0.006 (-0.010; -0.003) 0.095 (-0.018; 0.208) -0.005 (-0.008; -0.001) 

Quartile 4 Reference Reference Reference Reference Reference Reference 

Values are regression coefficients obtained from linear repeated measurement models and reflect the (gestational) age independent differences (intercepts) 

and the gestational age dependent differences (slopes: change in growth characteristics SDS per week per quartile of the neighbourhood deprivation score, 

compared with the highest quartile of the neighbourhood deprivation score as the reference group, adjusted for maternal age, educational level, smoking, 

alcohol use, folic acid supplement use, ethnicity, parity, pre-pregnancy body mass index and fetal sex.)  



 

Supplemental Figure 1. Associations between neighbourhood deprivation with first trimester and 

fetal growth measurements.  

 

  



 

 

Data are SDS values (95% CI) from linear regression models that reflect the differences in growth 

characteristics in SDS’s in early pregnancy, mid-pregnancy late pregnancy and birth, per 1 unit change 

in neighbourhood status score. Analyses with crown–rump length were based on subgroup analyses 

(n = 1614). Estimates are from multiple imputed data. Squares show basic model; circles show the 

adjusted model: basic model and additionally adjusted for maternal age, educational level, smoking, 

alcohol use, folic acid supplement use, ethnicity, parity, pre-pregnancy body mass index and fetal sex.  



 

Supplemental Table 3. P-value of interaction terms (neighbourhood deprivation * parity and 

neighbourhood deprivation * complications in a previous pregnancy). 

Study population 

n = 8617 

  

 Parity Complications in a previous pregnancy 

 p-value for trend p-value for trend 

Early pregnancy   

CRL 0.44 0.36 

HC 0.25 0.24 

FL 0.52 0.91 

Mid pregnancy   

HC 0.15 0.20 

FL 0.13 0.20 

AC 0.73 0.81 

EFW 0.27 0.34 

Late pregnancy   

HC 0.64 0.62 

FL 0.58 0.51 

AC 0.66 0.88 

EFW 0.82 0.99 

Birth   

SGA 0.95 0.85 

PTB 0.17 0.03 

Abbreviations: β: beta; CRL: crown-rump length; HC: head circumference; FL: femur length; AC: 

abdominal circumference; EFW: estimated fetal weight. Values are based on the adjusted linear and 

logistic regression models. 



 

Supplemental Table 4. Associations between the neighbourhood status score and fetal growth and adverse pregnancy outcomes, split for nulliparous 

women, multiparous women without a complications in a previous pregnancy or multiparous women with a complications in a previous pregnancy. 

Study population 

n = 8617 

Nulliparous 

N = 4739 

Multiparous, no complications previous pregnancy 

N = 3166 

Multiparous, complications previous pregnancy 

N = 606 

 Trend  Trend  Trend  

 β/OR (95% CI) p-value for trend β/OR (95% CI) p-value for trend β/OR (95% CI) p-value for trend 

Early pregnancy       

CRL 0.02 (-0.04 ; 0.08) 0.42 -0.01 (-0.10 ; 0.07) 0.74 0.02 (-0.19 ; 0.22) 0.88 

HC 0.004 (-0.03 ; 0.04) 0.84 -0.01 (-0.05 ; 0.04) 0.73 -0.04 (-0.15 ; 0.07) 0.45 

FL 0.03 (-0.01 ; 0.07) 0.09 0.04 (-0.01 ; 0.09) 0.09 -0.04 (-0.15 ; 0.07) 0.50 

Mid pregnancy       

HC 0.02 (-0.02 ; 0.05) 0.32 0.02 (-0.02 ; 0.06) 0.30 -0.11 (-0.19 ; -0.03) 0.01 

FL 0.01 (-0.02 ; 0.04) 0.66 -0.01 (-0.05 ; 0.03) 0.59 -0.06 (-0.15 ; 0.02) 0.14 

AC 0.03 (0.002 ; 0.06) 0.03 0.05 (0.01 ; 0.09) 0.01 -0.02 (-0.11 ; 0.07) 0.66 

EFW 0.02 (-0.01 ; 0.05) 0.12 0.03 (-0.01 ; 0.07) 0.18 -0.04 (-0.13 ; 0.04) 0.32 

Late pregnancy       

HC 0.04 (0.01 ; 0.07) 0.004 0.03 (-0.003 ; 0.07) 0.07 0.03 (-0.05 ; 0.11) 0.50 

FL 0.02 (-0.01 ; 0.05) 0.10 -0.003 (-0.04 ; 0.03) 0.89 0.03 (-0.05 ; 0.11) 0.45 

AC 0.03 (0.002 ; 0.06) 0.04 0.04 (0.01 ; 0.08) 0.03 0.07 (-0.01 ; 0.16) 0.10 

EFW 0.03 (0.01 ; 0.06) 0.02 0.04 (0.001 ; 0.08) 0.048 0.07 (-0.02 ; 0.16) 0.11 

Birth       

SGA 0.90 (0.82 ; 0.99) 0.03 0.96 (0.82 ; 1.12) 0.60 0.88 (0.63 ; 1.23) 0.46 



 

PTB 0.91 (0.81 ; 1.03) 0.15 0.73 (0.58 ; 0.93) 0.01 0.89 (0.66 ; 1.21) 0.46 

Abbreviations: β: beta; CRL: crown-rump length; HC: head circumference; FL: femur length; AC: abdominal circumference; EFW: estimated fetal weight. 

Values are regression coefficients with the 95% CI of the data in SD-score and are based on adjusted linear and logistic regression models. Adjusted model: 

adjusted for maternal age, educational level, smoking, alcohol use, folic acid supplement use, ethnicity, parity, pre-pregnancy body mass index and fetal sex. 

p-for trend analysis with the neighbourhood deprivation as a continuous measure.  

 



 

Supplemental Figure 2. Multilevel regression analysis of associations between the neighbourhood 

deprivation and first trimester and fetal growth measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Data are SDS values (95% CI) from multilevel analyses and reflect the differences in growth 

characteristics in SDS’s in early pregnancy, mid-pregnancy late pregnancy and birth, per 1 unit change 

in neighbourhood status score. Analyses with crown–rump length were based on subgroup analyses 

(n = 1614). Estimates are from multiple imputed data. Squares show basic model. Circles show 



 

adjusted model: basic model and additionally adjusted for maternal age, educational level, smoking, 

alcohol use, folic acid supplement use, ethnicity, parity, pre-pregnancy body mass index and fetal sex. 



 

Supplemental Table 5. Sensitivity analysis with all available CRL measurements in the study population. 

 a. All CRL measurement in the study population, stratified for quartiles of the neighbourhood status score.  

 

b. All CRL measurement in the study population and the associations between quartiles of the neighbourhood status score. 

 n Model Lowest 

deprivation 

quartile 

n = 300 

Second 

deprivation 

quartile 

n = 373 

Third deprivation 

 quartile 

n = 399 

Highest deprivation 

quartile 

n = 542 

Trend p-value for trend 

   β (95% CI) β (95% CI) β (95% CI)  β (95% CI)  

CRL 1614 Basic  -0.03 (-0.17 ; 0.10) -0.08 (-0.21 ; 0.05) -0.08 (-0.20 ; 0.05) Reference 0.01 (-0.02 ; 0.05) 0.48 

  Adjusted  0.02 (-0.15 ; 0.16) -0.04 (-0.17 ; 0.10) -0.06 (-0.19 ; 0.06) Reference 0.004 (-0.04 ; 0.04) 0.85 

 

 

 

 

 n Study 

population 

n = 8617 

n Lowest 

deprivation 

quartile 

n = 2277 

n Second 

deprivation 

quartile 

n = 2123 

n Third 

deprivation 

quartile 

n = 2084 

n Highest 

deprivation 

quartile 

n = 2133 

p-value1 

 

Mean difference 

(95% CI)2 

p-value2 

CRL 1614  287 0.03 (1.05) 362 -0.01 (1.07) 418 -0.01 (0.95) 547 0.07 (0.87) 0.56 -0.03 (-0.17 ; 0.10) 0.61 



 

c. All CRL measurement in the study population and the associations between quartiles of the neighbourhood status score. Complete case analysis.  

 n Model Lowest 

deprivation 

quartile 

n = 2268 

Second 

deprivation 

quartile 

n = 2118 

Third deprivation 

quartile 

n = 2081 

Highest 

deprivation 

quartile 

n = 2131 

Trend p-value for trend 

   β (95% CI) β (95% CI) β (95% CI)  β (95% CI)  

CRL 1143 Adjusted -0.06 (-0.23 ; 0.12) 0.02 (-0.14 ; 0.17) -0.06 (-0.21 ; 0.09) Reference 0.01 (-0.04 ; 0.05) 0.80 

 

d. The association between the neighbourhood deprivation status score and all CRL measurement in the study population in a selected cohort of non-SGA 

pregnancies.  

 n Model Lowest 

deprivation 

quartile 

n = 2268 

Second 

deprivation 

quartile 

n = 2118 

Third deprivation 

quartile 

n = 2081 

Highest 

deprivation 

quartile 

n = 2131 

Trend p-value for trend 

   β (95% CI) β (95% CI) β (95% CI)  β (95% CI)  

CRL 434 Basic 0.05 (-0.26 ; 0.35) 0.10 (-0.17 ; 0.37) -0.05 (-0.31 ; 0.21) Reference -0.01 (-0.09 ; 0.06) 0.73 

  Adjusted 0.07 (-0.30 ; 0.43) 0.09 (-0.19 ; 0.38) -0.06 (-0.33 ; 0.21) Reference -0.02 (-0.11 ; 0.08) 0.75 

Abbreviations: β: beta; CRL: crown-rump length. Values are regression coefficients with the 95% CI of the data in SD-score and are based on linear regression 

models. Basic model: by the use of SD scores it is automatically adjusted for gestational age. Fully adjusted model: basic model and additionally adjusted for 

maternal age, educational level, smoking, alcohol use, folic acid supplement use, ethnicity, parity, pre-pregnancy body mass index and fetal sex. p-for trend 

analysis with the neighbourhood deprivation as a continuous measure. 1 Differences between groups were evaluated using one-way-ANOVA-tests for 



 

continuous variables. 2Differences in growth parameters between the lowest and highest neighbourhood status score groups were tested were evaluated 

using Student’s t-tests.



 

Supplemental Table 6. Associations between the neighbourhood status score and fetal growth in a selected cohort of non-SGA pregnancies.  

Study 
population 
n = 7710 

Model Lowest deprivation 
quartile 
n = 2268 

Second deprivation 
quartile 
n = 2118 

Third deprivation 
quartile 
n = 2081 

Highest 
deprivation 

quartile 
n = 2131 

Trend  

  β (95% CI) β (95% CI) β (95% CI)  β (95% CI) p-value for 
trend 

Early pregnancy        
CRL  Basic  0.05 (-0.26 ; 0.35) 0.10 (-0.17 ; 0.37) -0.05 (-0.31 ; 0.21) Reference -0.01 (-0.09 ; 0.06) 0.73 
 Adjusted  0.07 (-0.30 ; 0.43) 0.09 (-0.19 ; 0.38) -0.06 (-0.33 ; 0.21) Reference -0.02 (-0.11 ; 0.08) 0.75 
        
HC  Basic  -0.38 (-0.71 ; -0.04) -0.37 (-0.69 ; -0.06) -0.07 (-0.37 ; 0.23) Reference 0.12 (0.04 ; 0.21) 0.004 
 Adjusted  -0.22 (-0.60 ; 0.17) -0.32 (-0.65 ; 0.01) -0.06 (-0.36 ; 0.25) Reference 0.09 (-0.01 ; 0.19) 0.09 
        
FL  Basic  -0.19 (-0.53 ; 0.15) -0.33 (-0.63 ; -0.03) -0.11 (-0.40 ; 0.18) Reference 0.08 (-0.002 ; 0.16) 0.06 

 Adjusted  -0.24 (-0.66 ; 0.18) -0.36 (-0.69 ; -0.03) -0.13 (-0.44 ; 0.18) Reference 0.10 (-0.01 ; 0.20) 0.07 

Mid pregnancy        
HC  Basic  -0.07 (-0.13 ; -0.001) -0.05 (-0.12 ; 0.01) -0.03 (-0.10 ; 0.04) Reference 0.02 (0.003 ; 0.04) 0.02 
 Adjusted  -0.02 (-0.10 ; 0.05) -0.03 (-0.09 ; 0.04) -0.02 (-0.09 ; 0.05) Reference 0.01 (-0.01 ; 0.03) 0.40 
        
FL  Basic  0.10 (0.045 ; 0.17) 0.10 (0.03 ; 0.16) 0.08 (0.01 ; 0.15) Reference -0.02 (-0.05 ; -0.01) 0.001 
 Adjusted  0.02 (-0.05 ; 0.10) 0.05 (-0.03 ; 0.11) 0.04 (-0.03 ; 0.11) Reference -0.01 (-0.03 ; 0.01) 0.42 
        
AC  Basic  -0.12 (-0.18 ; -0.05) -0.13 (-0.20 ; -0.07) -0.07 (-0.13 ; -0.01) Reference 0.04 (0.02 ; 0.05) <0.001 
 Adjusted  -0.09 (-0.16 ; -0.01) -0.11 (-0.18 ; -0.04) -0.06 (-0.12 ; 0.01) Reference 0.03 (0.01 ; 0.05) 0.01 
        
EFW  Basic  -0.03 (-0.08 ; 0.05) -0.03 (-0.09 ; 0.04) 0.001 (-0.07 ; 0.06) Reference 0.01 (-0.01 ; 0.02) 0.77 

 Adjusted  -0.04 (-0.12 ; 0.03) -0.04 (-0.11 ; 0.03) -0.01 (-0.08 ; 0.05) Reference 0.01 (-0.01 ; 0.03) 0.19 

Late pregnancy        
HC  Basic  -0.22 (-0.29 ; -0.16) -0.24 (-0.31 ; -0.18) -0.09 (-0.16 ; -0.03) Reference 0.06 (0.04 ; 0.08) <0.001 
 Adjusted  -0.13 (-0.20 ; -0.06) -0.18 (-0.24 ; -0.11) -0.06 (-0.12 ; -0.001) Reference 0.03 (0.01 ; 0.05) <0.001 
        



 

FL Basic  -0.02 (-0.09 ; 0.04) 0.01 (-0.05 ; 0.07) 0.01 (-0.05 ; 0.08) Reference 0.001 (-0.02 ; 0.02) 0.90 
 Adjusted  -0.08 (-0.15 ; -0.01) -0.01 (-0.08 ; 0.05) -0.01 (-0.07 ; 0.06) Reference 0.01 (-0.01 ; 0.03) 0.20 
        
AC Basic  -0.20 (-0.27 ; -0.14) -0.18 (-0.24 ; -0.12) -0.07 (-0.13 ; -0.01) Reference 0.06 (0.04 ; 0.07) <0.001 

 Adjusted  -0.15 (-0.22 ; -0.08) -0.13 (-0.19 ; -0.06) -0.05 (-0.12 ; 0.01) Reference 0.04 (0.02 ; 0.06) 0.02 
        
         EFW Basic  -0.18 (-0.20 ; -0.12) -0.14 (-0.20 ; -0.08) -0.05 (-0.11 ; 0.01) Reference 0.05 (0.03 ; 0.06) <0.001 
 Adjusted  -0.16 (-0.23 ; -0.08) -0.11 (-0.17 ; -0.04) -0.05 (-0.11 ; 0.02) Reference 0.04 (0.02 ; 0.06) <0.001 

Abbreviations: SGA: small for gestational age, HC: head circumference, FL: femur length, AC: abdominal circumference, EFW: estimated fetal weight. Values 

are regression coefficients with the 95% CI of the data in SD-score and are based on linear regression models. Basic model: by the use of SD scores it is 

automatically adjusted for gestational age. Fully adjusted model: basic model and additionally adjusted for maternal age, educational level, smoking, alcohol 

use, folic acid supplement use, ethnicity, parity, pre-pregnancy body mass index and fetal sex. p-for trend analysis with the neighbourhood deprivation as a 

continuous measure. 



 

Supplemental Table 7. Observed and expected values of covariates. 

Data are represented as n (%), mean (SD) or median with the 90% range. Percentages ‘expected’ 

displayed as valid percentages.

Maternal characteristics   

 Observed Expected 

Age at intake (years) 29.6 (5.3) 29.6 (5.3) 

Prepregnancy body mass index (kg/m2) 22.8 (18.4 – 32.2) 22.6 (18.6 – 32.4) 

Parity (nulliparous) 4796 (55.7) 4739 (55.7) 

Fetal sex (boy) 4347 (50.4) 4346 (50.4) 

Educational level 

Lower/no education 

Middle 

High 

 

1101 (12.8) 

4060 (47.1) 

3456 (40.1) 

 

916 (11.7) 

3638 (46.4) 

3282 (41.9) 

Ethnicity 

Dutch and Western 

Turkish and Moroccan 

African 

Asian 

 

4967 (57.6) 

1464 (17.0) 

1178 (13.7) 

1008 (11.7) 

 

4793 (58.8) 

1330 (16.3) 

1076 (13.2) 

946 (11.6) 

Smoking 

Never smoked during pregnancy 

Smoked until pregnancy was known 

Continued smoking in pregnancy 

 

6256 (72.6) 

735 (8.5) 

1626 (18.9) 

 

5472 (72.8) 

644 (8.6) 

1403 (18.7) 

Alcohol 

Never consumption in pregnancy 

Consumption until pregnancy was known 

Continued consumption in pregnancy  

 

4351 (50.5) 

1149 (13.3) 

3117 (36.2) 

 

3692 (49.8) 

999 (13.5) 

2728 (36.8) 

Folic acid supplement use 

None 

Start in first 10 weeks of pregnancy 

Start preconceptional 

 

2751 (31.9) 

2661 (30.9) 

3205 (37.2) 

 

1877 (29.4) 

1981 (31.1) 

2518 (39.5) 
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Supplemental 1. Multiple imputations for missing data of covariates.  

We imputed missing data of the covariates using multiple imputations.17 The percentages of missing 

values for the confounders within the population for analysis were lower than 20%. For the multiple 

imputation, we the Markov chain Monte Carlo approach. In the imputation model, we included all 

confounders, plus maternal age, ethnicity, parity and prepregnancy BMI. Furthermore, we additionally 

added the studied determinants and outcomes in the imputation model as prediction variables only; 

they were not imputed themselves. Five imputed datasets were created and analyzed together.  

Supplemental 2. First trimester and fetal growth, measurement guidelines. 

CRL: crown-rump length 39 

CRL is measured as the largest dimension of embryo, excluding the yolk sac and extremities. A midline 

sagittal section of the whole embryo or fetus should be obtained, ideally with the embryo or fetus 

oriented horizontally on the screen. An image should be magnified sufficiently to fill most of the width 

of the ultrasound screen, so that the measurement line between crown and rump is at about 90◦ to the 

ultrasound beam.  

Caliper placement: measure the fetus in a neutral position (i.e. neither flexed nor hyperextended). The 

end points of crown and rump should be defined clearly.  

 

 

 

HC: Head circumference 40  

As described for the BPD, ensuring that the circumference 

placement markers correspond to the 

technique described on the reference chart.  

Caliper placement: If the ultrasound equipment has ellipse 

measurement capacity, then the HC can be measured directly by 

placing the ellipse around the outside of the skull bone echoes. 
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AC: abdominal circumference 40 

- Transverse section of the fetal abdomen (as circular as possible); 

- umbilical vein at the level of the portal sinus; 

- stomach bubble visualized; 

- kidneys should not be visible. 

Caliper placement: The AC is measured at the outer surface of the skin line, either 

directly with ellipse calipers or calculated from linear measurements made 

perpendicular to each other, usually the anteroposterior abdominal diameter and 

transverse abdominal diameter. 

 

 

FL: femur length 40 

The FL is imaged optimally with both ends of the ossified metaphysis clearly 

visible. The longest 

axis of the ossified diaphysis is measured. The same technique as that used 

to establish the reference chart should be used with regard to the angle 

between the femur and the insonating ultrasound beams. An angle of 

insonation between 45◦ and 90◦ is typical.  

Caliper placement: Each caliper is placed at the ends of the ossified diaphysis without including the 

distal femoral epiphysis if it is visible 
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Air pollution 
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Chapter 2.3 

Air pollution exposure during pregnancy, fetal growth, and pregnancy outcomes at birth. 
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ABSTRACT Air pollution exposure has been associated with adverse pregnancy outcomes at birth. 

However, the association between air pollution exposure with both embryonic size and fetal growth 

across pregnancy remains unclear. Additionally, previous studies only included a limited number of air 

pollutants. We evaluated the associations of maternal air pollution exposure during pregnancy with 

embryonic size, fetal growth, and pregnancy outcomes at birth in 8,304 women in Rotterdam, the 

Netherlands. This study was embedded in the Generation R study. Exposure to 13 air pollutants during 

pregnancy were calculated using land-use regression models. Embryonic size was measured in early 

pregnancy and fetal growth parameters were repeatedly measured in mid pregnancy, late pregnancy, 

and at birth. Information on pregnancy outcomes was obtained from medical records. We observed no 

associations between air pollution exposure and embryonic size. Higher levels of PM2.5 exposure were 

associated with larger fetal head circumference across pregnancy (0.008 SDS; 95% CI 0.003, 0.012 per 10 

µg/m3 increase of PM2.5). Higher levels of OPDTT exposure were associated with lower fetal weight across 

pregnancy (-0.009 SDS; 95% CI -0.015, -0.003 per 0.5 nmol DTT/min/m3 increase of OPDTT). Higher levels 

NO2 exposure were associated with an increased odds of delivering a large for gestational age infant (OR 

1.27; 95% CI 1.09, 1.49 per 10 µg/m3 of NO2). None of air pollutant exposures were associated with 

being small for gestational age, having a lower birth weight, or preterm birth. We observed that air 

pollution exposure during pregnancy was associated with larger fetal head circumference and lower fetal 

weight across pregnancy. Also, we found an association between air pollution exposure and being large 

for gestational weight at birth. Future work should try to elucidate the underlying mechanisms behind 

the association of air pollution exposure on both lower and higher fetal growth. 
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INTRODUCTION 

Almost 8% of total global mortality can be attributed to air pollution exposure, leading to 4.2 million 

deaths.1 Moreover, it has been estimated that worldwide, 103.1 million years of healthy life are lost due 

to air pollution exposure.1 The pregnancy period is particularly vulnerable to the potential harmful 

effects of air pollution exposures, due to the high rate of cell proliferation and the many metabolic 

changes that occur in the developing fetus.2-4 It has been suggested that air pollutants directly affect 

fetal development by impairing placental function, decreasing transplacental oxygen and nutrient 

transport, and inducing placental oxidative stress which could lead to epigenetics changes.5-7 

Additionally, fine particles may also deposit in the respiratory tract of a pregnant woman and move into 

her circulation, originating systemic inflammation. Moreover, a study demonstrated that air pollutants 

even reach the fetal side of the human placenta.8  

There is a moderate body of evidence from epidemiological studies supporting an association between 

air pollution exposure during pregnancy and adverse pregnancy outcomes at birth in terms of low birth 

weight including birth weight lower than 2,500 grams or small size for gestational age at birth (i.e. sex 

and gestational age adjusted birth weight below the 10th percentile). Some studies demonstrated that air 

pollution exposure is associated with increased chances of preterm birth (gestational age < 37 weeks)9-14, 

though the body of evidence for this adverse pregnancy outcome is low.15-26 In case air pollution would 

already have an impact on fetal growth, this would confirm the associations with pregnancy outcomes 

and could provide an opportunity to screen for high risk pregnancies. A number of studies indeed 

showed an association between air pollution exposure during pregnancy and smaller fetal head and 

femur length in the second trimester15,22,27, and a smaller fetal head27,28, femur length29, abdominal 

circumference29, and estimated fetal growth30 in the third trimester. However, the number of studies 

investigating fetal growth across pregnancy are scarce16,28,31,32, as well as the number of studies 

investigating fetal size in the first trimester of pregnancy.30 Additionally, most studies were based on 

small numbers of participants or explored a limited number of air pollutants.  

Therefore, the aim of the present study was to investigate the association of a large number of air 

pollutants with longitudinal measures of fetal growth across pregnancy and adverse pregnancy 

outcomes at birth in a relatively large sample size. This study builds on a previous work16 by including air 

pollution exposure to a wider selection of air pollutants, such as components of fine particles and their 

oxidative potential.  
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METHODS 

Population and study design 

This study was embedded in the Generation R Study, a population-based prospective cohort study which 

follows women and their offspring from pregnancy until young adulthood in Rotterdam, the Netherlands 

(33). In total, 8879 women were enrolled during pregnancy between 2001 and 2005 (Figure S1). We 

excluded twin pregnancies, terminated pregnancies and intra-uterine deaths (n=298). Next we excluded 

pregnancies without data on the exposure (n=290) or without data on any of the outcomes (n=89). A 

total of 8304 pregnancies were included in the study. The sample for analyses differs depending on the 

outcome: 1589 for embryonic size, between 7822 and 7863 for fetal growth, and between 8269 and 

8302 for pregnancy outcomes. Written consent was obtained from all participants. The study protocol 

was approved by the Medical Ethical Committee of Erasmus Medical Center, Rotterdam (MEC 

198.782/2001/31). 

Air pollution exposure assessment 

Air pollutant concentrations were estimated for all reported home addresses of each participant during 

the pregnancy, following a standardized procedure.34 In brief, within the ESCAPE (European Study of 

Cohorts for Air Pollution Effects) and TRANSPHORM (Transport related Air Pollution and Health impacts – 

Integrated Methodologies for Assessing Particulate Matter) projects, we performed two week 

measurements of nitrogen oxides (NOX, NO2) in three different seasons (i.e., summer, winter, and 

intermediate) between February 2009 and February 2010 at 80 sites across the Netherlands and 

Belgium. At 40 of those sites we performed measurements of particulate matter (PM) with aerodynamic 

diameter less than 10µm (PM10) and less than 2.5µm (PM2.5). PM between 10µm and 2.5µm (PMcoarse) 

was calculated by subtracting PM2.5 from PM10. The absorbance of PM2.5 fraction (PM2.5absorbance), and the 

composition of PM2.5 consisting of polycyclic aromatic hydrocarbons (PAHs), organic carbon (OC), copper 

(Cu), silicon (Si), zinc (Zn), and oxidative potential of PM2.5 (OP) were measured . The OP was evaluated 

using two acellular methods: dithiothreitol (OPDTT) and electron spin resonance (OPESR). For each 

pollutant, the results of the measurements were averaged, adjusting for temporal trends using data from 

a continuous reference site, resulting in one annual mean concentration for each pollutant. Next, land-

use regression models were developed using a variety of land-use predictor such as traffic intensity or 

population/household density. Land-use regression models were then used to assign air pollution levels 

to the mothers’ home addresses across pregnancy. Air pollution data was weighted according to the time 
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spent at each address, in case women had moved during pregnancy, and the average concentration of 

each air pollutant during pregnancy was calculated. Since no historical data was available for most of the 

pollutants, we could not extrapolate the concentration to match the exact pregnancy periods. Thus we 

assumed that the spatial contrast remained constant over time, based on a previous study from the 

Netherlands.35 

Pregnancy dating and gestational age at each assessment 

Precise dating of the pregnancy is key for properly defining the gestational age of each ultrasound and 

birth measurements. For analyses on crown-rump length, gestational age was based on a known and 

reliable last menstrual period but only in the cases of a regular menstrual cycle.36 The last menstrual 

period and additional information on regularity and cycle duration was obtained from the referral letter 

and through questionnaires and confirmed at enrolment. Women with non-regular menstrual cycle were 

not included in these analyses since gestational age could not be determined. For mid- and late-

pregnancy fetal growth measurements and neonatal anthropometrics at birth, pregnancy dating was 

different. Gestational age was then established by first trimester crown-rump length (gestational age 

until 12 weeks and five days of gestation) or biparietal diameter (gestational age from 12 weeks and five 

days of gestation onwards). 

Fetal growth and pregnancy outcomes at birth 

Fetal ultrasound examinations were carried out in two research centers, and measurements were 

performed in early pregnancy (13.2 median weeks’ gestation [95% range 9.6–17.6]), mid pregnancy (20.5 

median weeks’ gestation [95% range 18.7–23.1]), and late pregnancy (30.3 median weeks’ gestation 

[95% range 28.5–32.8]). All ultrasound examinations were performed using standardized ultrasound 

procedures37 and were executed with the Aloka® model SSD-1700 (Tokyo, Japan) or the ATL-Philips 

Model HDI 5000 (Seattle, WA, USA), and were carried out by experienced sonographers who underwent 

additional training according to guidelines from the Fetal Medicine Foundation to achieve optimal 

reproducibility. We measured crown-rump length to the nearest millimeter in early pregnancy as a 

measure of embryonic size. In mid and late pregnancy, we measured head circumference, femur length, 

and abdominal circumference to the nearest millimeter. Estimated fetal weight was calculated using the 

Hadlock formula.38 Gestational age standard deviation scores (SDS) were constructed for all fetal growth 

measurements. These SDS were based on reference growth curves from the whole study population, 

and represent the equivalent of z-score.39 Information on gestational age at birth and birth weight was 
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obtained from midwife and hospital registries. The SDS for birth weight were constructed using growth 

standards from Niklasson et al., which were adjusted for gestational age at birth and sex of the baby.40 

We used the repeated measures in mid pregnancy, late pregnancy and birth of head circumference, 

length, and weight as measures of fetal growth across pregnancy. Pregnancy outcomes at birth were 

defined as: small size for gestational age at birth (SGA; sex and gestational age adjusted birth weight 

below the 10th percentile, < -1.42 SDS), large size for gestational age at birth (LGA; sex and gestational 

age adjusted birth weight above the 90th percentile, >1.18 SDS), preterm birth (PTB; gestational age < 37 

weeks), and low birth weight (LBW; birth weight < 2,500 grams). 

Potential confounding variables  

Potential confounding variables were defined a priori, based on a Directed Acyclic Graph, on previous 

literature, and on the available data in the study.9, 41-43 Information about maternal age, parity 

(nulliparous vs. multiparous), ethnicity (Dutch or Western, Turkish and Moroccan, African or Asian), 

educational level (primary, secondary, university or higher), folic acid supplementation intake during 

periconception (no intake periconceptionally, intake started in the first 10 weeks of pregnancy, intake 

stated preconceptionally), and household income (<€1400, €1400-2200, >€2200) was obtained at 

enrollment. Maternal height (cm) and weight (kg) were measured without shoes and heavy clothing at 

the research centers and body mass index (kg/m2) was calculated. As enrolment in our study was in 

pregnancy, we were not able to measure maternal weight before pregnancy. Correlation of pre-

pregnancy weight obtained by questionnaire and weight measured at enrolment was 0.95. Information 

about smoking use and alcohol consumption was assessed by questionnaires in each trimester. We also 

applied a socioeconomic status score at the neighbourhood of each maternal home address. This score 

was calculated by the Netherlands Institute for Social Research and was based on mean household 

income, proportion of population with a low income, proportion of population with low educational 

level, and proportion of population without paid work in that neighbourhood.44 A low score represented 

a low socioeconomic status. The assessment of residential greenness was based on a satellite-based 

index, the Normalized Difference Vegetation Index (NDVI), which is an indicator that includes all types of 

vegetation. The NDVI is based on land surface reflectance of visible and near-infrared parts of the light 

spectrum. Its values range between −1 and 1, with higher values indicating more greenness and negative 

values indicating water bodies, snow, and barren areas of rock and sand.45 Residential greenness in a 

buffer of 100 m was calculated at each maternal home address.  

Statistical analyses  
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Linear regression models were performed to study the association between each air pollutant and 

crown-rump length. For these models, we examined whether the residuals were normally distributed 

using normal probability plots and whether the exposure-outcome relationship was linear using 

scatterplots between each pollutant and crown-rump length. We examined the associations of air 

pollution exposure with fetal growth patterns from mid-pregnancy onwards using unbalanced repeated 

measurement regression models. We modelled fetal head circumference, femur length, and estimated 

fetal weight measured in the second and third trimester, together with head circumference, length, and 

weight at birth. These models take into account the correlation between the repeated measurements of 

the same subject, and allow for incomplete outcome data.46 To investigate the association between air 

pollution exposure and adverse pregnancy outcomes at birth (i.e. SGA, LGA, PTB, LBW), we performed 

logistic regression models. We applied correction for multiple testing to the association of all air 

pollutants with each outcome. Each p-value was compared with a threshold defined as 0.05 divided by 

the effective number of independent tests estimated based on the correlation between the exposures 

(new p-value threshold of 0.007).47 To prevent bias associated with missing data, we used multiple 

imputations for covariates with missing values (Table S1). This was based on the correlation of missing 

variables with other participant characteristics, according to the Markov Chain Monte Carlo method.48 

Percentage of missing was low, except for maternal folic acid supplement intake and paternal body mass 

index which were 25.3% and 27.7% respectively. Five imputed datasets were created and analyzed 

together. Distributions in the imputed and observed datasets were comparable (Table S1). Statistical 

analyses were performed using the Statistical Package for the Social Sciences (SPSS) version 25.0 for 

Windows (IBM Corp., Armonk, NY, USA), R version 4.0.3 (R foundation for Statistical Computing, Vienna, 

Austria) and SAS version 9.4 (SAS, Cary, NC), including the PROC MIXED module for unbalanced repeated 

measurements. 

 

RESULTS 

Characteristics of the study population 

Maternal characteristics are shown in Table 1. The median BMI was 22.7 kg/m2, most women were of 

Dutch or Western ethnicity (59.3%) and never smoked during pregnancy (72.8%). The distribution of air 

pollutant concentrations during pregnancy are presented in Table 2. For example, mean exposure 

concentrations during pregnancy were 27.02 ug/m3 for PM10, 16.93 ug/m3 for PM2.5, and 34.44 ug/m3 for 
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NO2. Correlation between air pollutants were from low to highly correlated, with Spearman correlations 

from 0.01 (between OC and PM2.5) to 0.96 (between PM10 and PM2.5)(Figure S2).  

Table 1. Baseline characteristics of the study population (N=8304) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are percentages for categorical variables, means (standard deviation) for continuous variables 

with a normal distribution, or medians with 90% range for continuous variables with a skewed 

distribution.

 
Distribution 

Maternal age, years 29.7 (5.3) 

Maternal body mass index at first trimester, kg/m2 23.9 (19.4; 33.7) 

Maternal parity (nulliparous vs multiparous) 4576 (55.1%) 

Maternal ethnicity (Dutch or Western vs others) 

Dutch or Western 

Turkish and Moroccan 

African 

Asian 

 
4693 (56.5%) 
1287 (15.5%) 
1020 (12.3%) 
912 (11.0%) 

Maternal educational level 

Primary or less 

Secondary 

University or more 

 
878 (10.6%) 

3524 (42.4%) 
3218 (38.8%) 

Maternal folic acid supplement intake during 

periconception 

No periconception intake 

Intake started in first 10 weeks of pregnancy 

Intake started preconceptionally 

 
 

1793 (21.6%) 
1933 (23.3%) 
2475 (29.8%) 

Maternal smoking use during pregnancy 

Never smoking use 

Smoking use until pregnancy was known 

Continued smoking during pregnancy 

 

5313 (64.0%) 

627 (7.6%) 

1361 (16.4%) 

Maternal alcohol consumption during pregnancy 

Never alcohol consumption  

Alcohol consumption until pregnancy was known 

Continued alcohol consumption during pregnancy 

 
3560 (42.9%) 
958 (11.5%) 

2683 (32.3%) 

Paternal body mass index, kg/m2 25.0 (20.2; 31.5) 

Household income 

<€1400/month 

€1400-€2200/month 
>€2200/month 

 
1655 (19.9%) 
1269 (15.3%) 
3506 (42.2%) 

Residential neighborhood socioeconomic status -1.1 (-3.4; 1.0) 

Residential greenness in a 100 m buffer 0.4 (0.1) 
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Table 2. Distribution of air pollutants during pregnancy.  

Abbreviations: PM10, particulate matter with an aerodynamic diameter ≤10 μm; PM2.5, particulate matter 

with an aerodynamic diameter ≤2.5 μm; PMcoarse, particulate matter with an aerodynamic diameter 

between 2.5 μm and 10 μm; PM2.5absorbance, absorbance of the PM2.5 fraction; NO2, nitrogen dioxide; NOx, 

nitrogen oxide; OC, organic carbon; PAHs, polycyclic aromatic hydrocarbons; Cu, elemental copper; Si, 

elemental silicon; Zn, elemental zinc; OPDTT, the oxidative potential of PM2.5 evaluated using the 

dithiothreitol method; OPESR, the oxidative potential of PM2.5 evaluated using the electron spin 

resonance method. 

 

Air pollution exposure and fetal growth 

No association was found between air pollution exposure during pregnancy and crown-rump length 

(Table 3). Higher PM10, PM2.5, and PMcoarse exposure was associated with an larger fetal head 

circumference, but only PM2.5 exposure survived multiple testing (0.008 SDS (95% CI 0.003, 0.012) per 5 

µg/m3 increase in PM2.5)(Table 4). Higher PM10, PM2.5, and Si exposure was associated with increased 

fetal length, while higher OPDTT exposure was associated with decreased fetal length. However, none of 

these associations survived multiple testing. Higher PM10, PMcoarse, OC, and OPDTT exposure was 

associated with decreased fetal weight. Only the association with OPDTT exposure survived multiple 

testing (-0.009 SDS (95% CI -0.015, -0.003) per 0.5 nmol DTT/min/m3 increase of OPDTT).  

Air pollution exposure and adverse pregnancy outcomes at birth 

Higher PM2.5absorbance, NO2, NOX, Cu, and OPESR exposure was associated with higher odds of being born 

large for gestational age. Though, only the association with NO2 exposure survived multiple testing (OR 

  

 Minimum Median Maximum 

PM10 (10 µg/m3) 22.7 31.4 54.3 

PM2.5 (µg/m3) 15.2  19.7 31.0 

PMcoarse (µg/m3) 7.5 11.6  21.0 

PM2.5absorbance (10-5 m1) 1.0 1.7  4.4 

NO2 (µg/m3) 21.0 38.4 89.9 

NOX (µg/m3) 26.0 56.8 183.1 

OC (µg/m3) 0.2 1.8  2.8 

PAHs (ng/m3) 0.01 0.9  3.8 

Cu (ng/m3) 1.0 4.7  12.2 

Si (ng/m3) 21.8 89.0  287.7 

Zn (ng/m3) 4.5  18.8  45.9 

OPDTT
 (nmol DTT/min/m3) 0.3 1.4  1.7 

OPESR
 (arbitrary units/m3) 228.5 1041.3 3528.9 
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1.27 (95% CI 1.09, 1.49) per 10 µg/m3 increase in NO2)(Table 5). We did not find association between air 

pollution and any of the other adverse pregnancy outcomes at birth. 

 

Table 3. Adjusted association between air pollutant exposure and crown-rump length.  

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: Coef, coefficient; PM10, particulate matter with an aerodynamic diameter ≤10 μm; PM2.5, 
particulate matter with an aerodynamic diameter ≤2.5 μm; PMcoarse, particulate matter with an 
aerodynamic diameter between 2.5 μm and 10 μm; PM2.5absorbance, absorbance of the PM2.5 fraction; NO2, 
nitrogen dioxide; NOx, nitrogen oxide; OC, organic carbon; PAHs, polycyclic aromatic hydrocarbons; Cu, 
elemental copper; Si, elemental silicon; Zn, elemental zinc; OPDTT, the oxidative potential of PM2.5 

evaluated using the dithiothreitol method; OPESR, the oxidative potential of PM2.5 evaluated using the 
electron spin resonance method. Values are regression coefficients per unit change in air pollution 
concentration obtained from linear regression models. Models were adjusted for maternal age, 
maternal body mass index, maternal height, maternal parity, maternal ethnicity, maternal educational 
level, maternal folic acid supplement intake periconceptionally, maternal smoking use during pregnancy, 
maternal alcohol conception during pregnancy, paternal body mass index, paternal height, household 
income, residential neighborhood socioeconomic status, and residential greenness.  

 

Crown-rump length 

Coef. (95% CI) 

PM10 (∆ 10 µg/m3) -0.12 (-0.26 ; 0.03) 

PM2.5 (∆ 5 µg/m3) -0.09 (-0.22 ; 0.04) 

PMcoarse (∆ 5 µg/m3) -0.03 (-0.21 ; 0.15) 

PM2.5absorbance (∆ 10-5 m1) -0.16 (-0.34 ; 0.03 ) 

NO2 (∆ 10 µg/m3) -0.04 (-0.14 ; 0.07) 

NOX (∆ 20 µg/m3) -0.02 (-0.09 ; 0.05 ) 

OC (∆ 1 µg/m3)  0.04 (-0.10 ; 0.18) 

PAHs (∆ 1 ng/m3) -0.03 (-0.20 ; 0.14) 

Cu (∆ 5 ng/m3) -0.11 (-0.44 ; 0.21) 

Si (∆ 100 ng/m3) -0.04 (-0.43 ; 0.35) 

Zn (∆ 10 ng/m3) -0.08 (-0.20 ; 0.05) 

OPDTT (∆ 0.5 nmol DTT/min/m3) 0.07 (-0.14 ; 0.27) 

OPESR (∆ 1,000 arbitrary units/m3) -0.03 (-0.36 ; 0.31) 
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Table 4. Adjusted association between air pollution exposure during pregnancy and fetal growth 

across pregnancy. 

Abbreviations: Coef, coefficient; PM10, particulate matter with an aerodynamic diameter ≤10 μm; 

PM2.5, particulate matter with an aerodynamic diameter ≤2.5 μm; PMcoarse, particulate matter with an 

aerodynamic diameter between 2.5 μm and 10 μm; PM2.5absorbance, absorbance of the PM2.5 fraction; 

NO2, nitrogen dioxide; NOx, nitrogen oxide; OC, organic carbon; PAHs, polycyclic aromatic 

hydrocarbons; Cu, elemental copper; Si, elemental silicon; Zn, elemental zinc; OPDTT, the oxidative 

potential of PM2.5 evaluated using the dithiothreitol method; OPESR, the oxidative potential of PM2.5 

evaluated using the electron spin resonance method. Values are regression coefficients per unit 

change in air pollution concentration obtained from linear repeated measurement models. Models 

were adjusted for maternal age, maternal BMI, maternal height, parity, maternal ethnicity, maternal 

educational level, folic acid supplement intake, smoking during pregnancy, alcohol use during 

pregnancy, paternal BMI, paternal height, household income, neighborhood socioeconomic status 

and green space exposure. *: analyses surviving multiple testing correction   

 Head circumference  

Coef. (95% CI) 

Length  

 Coef. (95% CI) 

Weight  

Coef. (95% CI) 

PM10 (∆ 10 µg/m3) 0.007  

(0.002 ; 0.013) 

0.006  

(0.001 ; 0.011) 

-0.004  

(-0.008 ; 0.001) 

PM2.5 (∆5 µg/m3) 0.008  

(0.003 ; 0.012)* 

0.006 

(0.001 ; 0.009) 

-0.004  

(-0.007 ; -0.001) 

PMcoarse (∆5 µg/m3) 0.007  

(0.002 ; 0.014) 

0.005  

(-0.001 ; 0.011) 

-0.006 

(-0.010 ; -0.001) 

PM2.5absorbance (∆10-5 m1) 0.001  

(-0.005 ; 0.007) 

0.002 

(-0.004 ; 0.007) 

-0.003  

(-0.007 ; 0.002) 

NO2 (∆10 µg/m3) -0.002  

(-0.005 ; 0.002) 

0.001  

(-0.002 ; 0.004) 

-0.001  

(-0.004 ; 0.001) 

NOX (∆20 µg/m3) -0.002  

(-0.004 ; 0.001) 

0.001  

(-0.002 ; 0.002) 

-0.001  

(-0.002 ; 0.001) 

OC (∆1 µg/m3) -0.005  

(-0.010 ; 0.001) 

-0.006  

(-0.010 ; 0.001) 

-0.005  

(-0.009 ; -0.001) 

PAHs (∆1 ng/m3) -0.002  

(-0.008 ; 0.004) 

-0.001  

(-0.006 ; 0.005) 

-0.001  

(-0.006 ; 0.003) 

Cu (∆5 ng/m3) 0.011  

(-0.002 ; 0.023) 

0.005  

(-0.006 ; 0.016) 

0.004  

(-0.005 ; 0.013) 

Si (∆100 ng/m3) -0.006  

(-0.021 ; 0.008) 

0.014  

(0.001 ; 0.027) 

0.003  

(-0.007 ; 0.014) 

Zn (∆10 ng/m3) 0.001  

(-0.005 ; 0.005) 

-0.002  

(-0.006 ; 0.003) 

-0.002  

(-0.005 ; 0.002) 

OPDTT
 (∆0.5 nmol DTT/min/m3) 0.001  

(-0.008 ; 0.010) 

-0.009  

(-0.016 ; -0.001) 

-0.009  

(-0.015 ; -0.003)* 

OPESR
 (∆1,000 arbitrary units/m3) 0.008  

(-0.004 ; 0.020) 

0.001  

(-0.010 ; 0.012) 

0.004  

(-0.004 ; 0.013) 
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Table 5. Adjusted associations between air pollution exposure during pregnancy and adverse 

pregnancy outcomes.  

Abbreviations: OR, odds ratio; CI, confidence interval; PM10, particulate matter with an aerodynamic 

diameter ≤10 μm; PM2.5, particulate matter with an aerodynamic diameter ≤2.5 μm; PMcoarse, 

particulate matter with an aerodynamic diameter between 2.5 μm and 10 μm; PM2.5absorbance, 

absorbance of the PM2.5 fraction; NO2, nitrogen dioxide; NOx, nitrogen oxide; OC, organic carbon; 

PAHs, polycyclic aromatic hydrocarbons; Cu, elemental copper; Si, elemental silicon; Zn, elemental 

zinc; OPDTT, the oxidative potential of PM2.5 evaluated using the dithiothreitol method; OPESR, the 

oxidative potential of PM2.5 evaluated using the electron spin resonance method. Values are odds 

ratios per unit change in air pollution concentration obtained from logistic regression models . 

Models were adjusted for maternal age, maternal BMI, maternal height, parity, maternal ethnicity, 

maternal educational level, folic acid supplement intake, smoking during pregnancy, alcohol use 

during pregnancy, paternal BMI, paternal height, household income, neighborhood socioeconomic 

status and green space exposure. 

  

 Small for 

gestational age 

Large for 

gestational age 

Preterm birth Low birth weight 

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

PM10 (∆ 10 µg/m3) 0.99 (0.75 ; 1.31) 1.09 (0.84 ; 1.41) 1.33 (0.93 ; 1.89) 0.90 (0.61 ; 1.34) 

PM2.5 (∆ 5 µg/m3) 1.01(0.80 ; 1.28) 1.06 (0.85 ; 1.33) 1.37 (0.99 ; 1.80) 1.03 (0.74 ; 1.43) 

PMcoarse (∆ 5 µg/m3) 1.02 (0.73 ; 1.42) 1.24 (0.92 ; 1.68) 1.28 (0.84 ; 1.96) 1.06 (0.67 ; 1.69) 

PM2.5absorbance (∆ 10-5 m1) 0.91 (0.65 ; 1.28) 1.37 (1.05 ; 1.78) 1.18 (0.79 ; 1.76) 0.71 (0.44 ; 1.14) 

NO2 (∆ 10 µg/m3) 0.94 (0.78 ; 1.14) 1.27 (1.09 ; 1.49)* 1.04 (0.82 ; 1.32) 0.83 (0.63 ; 1.09) 

NOX (∆ 20 µg/m3) 0.95 (0.83 ; 1.08) 1.14 (1.03 ; 1.27) 0.93 (0.79 ; 1.10) 0.84 (0.70 ; 1.01) 

OC (∆ 1 µg/m3) 1.09 (0.80 ; 1.47) 1.16 (0.87 ; 1.53) 1.27 (0.85 ; 1.90) 1.36 (0.87 ; 2.10) 

PAHs (∆ 1 ng/m3) 1.06 (0.78 ; 1.46) 1.19 (0.90 ; 1.58) 1.15 (0.78 ; 1.69) 1.16 (0.76 ; 1.78) 

Cu (∆ 5 ng/m3) 0.90 (0.47 ; 1.75) 1.76 (1.05 ; 2.95) 1.37 (0.65 ; 2.88) 1.05 (0.43 ; 2.57) 

Si (∆ 100 ng/m3) 1.37 (0.76 ; 2.48) 1.37 (0.76 ; 2.48) 1.32 (0.56 ; 3.08) 1.34 (0.52 ; 3.43) 

Zn (∆ 10 ng/m3) 0.81 (0.61 ; 1.09) 1.13 (0.90 ; 1.42) 0.84 (0.58 ; 1.21) 0.74 (0.49 ; 1.13) 

OPDTT (∆ 0.5 nmol DTT/min/m3) 1.09 (0.68 ; 1.76) 1.31 (0.85 ; 2.01) 1.79 (0.93 ; 3.44) 1.65 (0.81 ; 3.35) 

OPESR (∆ 1,000 arbitrary units/m3) 0.89 (0.46 ; 1.72) 1.83 (1.11 ; 3.01) 1.24 (0.61 ; 2.52) 1.21 (0.53 ; 2.79) 
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DISCUSSION 

The present study investigated the association between exposure to a large number of air pollutants 

in pregnancy with embryonic size, fetal growth, and adverse pregnancy outcomes in a relatively large 

birth cohort. We observed no association between air pollution exposure and embryonic size. PM2.5 

exposure was associated with larger head circumference across pregnancy, while OPDTT exposure was 

associated with lower fetal weight across pregnancy. NO2 exposure was associated with a higher 

odds of being born large for gestational age. None of the air pollutant exposures were associated 

with being born small for gestational age, low birth weight, or preterm birth.  

In our study, exposure to PM2.5 was associated with larger fetal head circumference across pregnancy. 

Similarly, other studies found associations between NO2 exposure and larger fetal biparietal diameter 

in the third trimester of pregnancy 32 and larger fetal head circumference over the whole course of 

pregnancy.31 This association may have long-term health implications, since an enlarged head 

circumference has been proposed to be an early marker of the autism spectrum disorder.49 However, 

more studies are needed to understand this finding. 

In literature, air pollution exposure has been associated with measures of fetal growth 

restriction.16,22,30 This is in line with our finding that air pollution exposure, in particular OPDTT 

exposure, was associated with lower fetal weight across pregnancy. The suggested mechanisms 

through air pollution could negatively affect fetal development are the induction of inflammation, 

oxidative stress 50,51, inadequate placental perfusion, and potential DNA changes.52 Though, in our 

study, we did not find an association between air pollution exposure and lower birth weight. This is 

in accordance with the findings of Shao et al, who observed that exposure to PM2.5, PM10, SO2, and 

O3 was associated with a lower estimated fetal weight during pregnancy, but not with a lower weight 

at birth.22 An association with fetal growth, but not with birth weight, could have two explanations. 

First, it may imply rapid catch-up growth in the late third trimester. A recent paper published by Niu 

et al. observed that the sensitive windows of ambient air pollution exposure with birth weight is in 

early to mid-pregnancy 53, which leaves the third trimester a window of opportunity of potential 

catch up growth. The second explanation for an association with fetal growth, but not with birth 

weight, may be due to the multiple measurements of fetal growth. Thereby, the statistical power to 

detect an association is increased, in contrast to the single measurement of birth weight. This may 

also explain the absence of an association with embryonic size, measured as crown-rump length in 

early pregnancy. To our knowledge, this was the first study to investigate this association with 

embryonic size. Future studies should include repeated crown-rump length measurements in early 
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pregnancy to reduce the measurement error and increase the statistical power for this novel 

research question.  

Our results suggested that higher NO2 exposure was associated with a higher risk of being born large 

for gestational age. Several other studies found that prenatal NO2 exposure was associated with 

higher birth weight, or a lower odds of being born with a low birth weight.13,54-56 Another study did 

not investigate NO2 exposure but PM2.5 exposure, and observed that PM2.5 exposure was associated 

with higher odds of fetal macrosomia (i.e. birth weight greater than or equal to 4000 grams).57 The 

exact mechanism through which air pollution exposure may lead to higher fetal growth is not 

elucidated yet. A study of Carvalho et al. observed a trend toward a lower pulsatility index of the 

umbilical artery, in association with NO2 exposure. This lower index indicates a lower placental 

vascular resistance and thereby a better flow towards the developing foetus.7 Additionally, higher 

maternal concentrations of leptin and adiponectin levels as a consequence of air pollution exposure 

were proposed as possible mechanisms, since high levels of leptin and adiponectin are associated 

with higher fetal and neonatal growth.58-60  

The main strengths of the current study are the large number of air pollutants that were explored, 

and the longitudinal and objective assessment of fetal growth. Additionally, we included a relatively 

large cohort and were able to do adjustment in the analyses for both individual socioeconomic and 

lifestyle related factors and neighborhood socioeconomic status. Lastly, the assigned exposure 

estimates were weighted according to the time spent at each address, in case women moved during 

pregnancy. This enhanced the quality of the exposure assessment and overcomes potential 

misclassification when only one time point is used to assign the exposure.61  

There are also a number of limitations that need to be addressed. First, there is the possibility of 

non-differential misclassification bias, since the sampling campaigns were carried out in 2009-2010 

and we assumed that the concentrations of the pollutants remained spatially stable over time as it 

has been shown in previous publications.35 This bias could lead to an underestimation of the 

associations. Second, air pollution concentrations were estimated at the home addresses. Pregnant 

women are exposed to air pollutants in different locations, such as at work, commuting, or 

performing outdoor physical activity. Consequently, there might be a misclassification bias of the 

true personal air pollution exposures. Nonetheless, pregnant women become less mobile over the 

course of pregnancy, being particularly exposed to air pollutant at their home addresses. Third, 

estimated fetal weight in the second and third trimester of pregnancy are not a measurement but a 

calculation, which is a result of multiple fetal measurements. Thus, it is prone to the measurement 

error of each fetal parameter, which introduces a non-differential misclassification bias for the 
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estimated fetal weight measures. In contrast, birth weight is measured by actual weighing, which is 

also standardized in clinical practice. Therefore, this measurement is less susceptible to this error.  

CONCLUSION 

In conclusion, our study suggests that higher air pollution exposure during pregnancy is associated 

with fetal growth across pregnancy including larger fetal head circumference, lower fetal weight, and 

higher odds of being born large for gestational age. Our findings call for future studies to explore the 

underlying mechanisms of air pollution exposure on both lower and higher fetal growth.  
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Figure S1. 

Abbreviations: crown-rump length, CRL; estimated fetal weight, EFW; femur length, FL; head 

circumference, HC; low birth weight, LBW; large for gestational age, LGA; preterm birth, PTB; small 

for gestational age, SGA. 
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Supplemental Figure 2. Correlations between levels of the air pollutants during pregnancy. 

Abbreviations: elemental copper, Cu; nitrogen oxide, NO; organic carbon, OC; dithiothreitol, OPdtt; 

electron spin resonance, OPESR; particulate matter with an aerodynamic diameter <10 μm, PM10; 

particulate matter with an aerodynamic diameter <2.5 μm, PM2.5; polycyclic aromatic hydrocarbons, 

PAHs; elemental silicon, Si; elemental zinc, Zn. 
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A maternal life style intervention (Smarter Pregnancy) 
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Chapter 2.4 

Neighbourhood deprivation and the effectiveness of mobile health coaching to improve 

periconceptional nutrition and lifestyle in women: survey in a large urban municipality in the 

Netherlands. 
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ABSTRACT 

Background: In 2011, we launched the ‘’Smarter Pregnancy’’ mHealth coaching program, which has 

shown to effectively improve inadequate nutrition and lifestyle behaviors in women before and 

during pregnancy. It is known that in deprived neighborhoods risk factors for adverse pregnancy 

outcomes, such as inadequate nutrition and lifestyle behaviors, accumulate. It has however not yet 

been investigated whether the Smarter Pregnancy program is equally effective in women who live in 

deprived neighborhoods. 

Objective: To study the associations between neighborhood deprivation and improvement of 

inadequate nutrition and lifestyle behaviors of women before and during pregnancy who subscribed 

to the ‘’Smarter Pregnancy’’ program. 

Methods: We performed an additional analysis on data from women who were either contemplating 

pregnancy or already pregnant and used the ‘’Smarter Pregnancy’’ program between 2011-2016. 

The program consisted of 24 weeks of coaching on five nutrition and lifestyle behaviors of which 

adequate daily intakes or lifestyle behaviors were defined as an intake of ≥200 grams of vegetables, 

two pieces of fruit, daily folic acid supplement use of 400 µg per day, and no smoking or alcohol 

consumption. Neighborhood deprivation was determined according to the status scores of the 

Netherlands Institute for Social Research. Logistic regression analyses and generalized estimating 

equation models were used to assess the associations between the neighborhood status score (NSS) 

and the improvement of inadequate nutrition and lifestyle behaviors, taking into account the 

behaviors at baseline. We adjusted the analyses for maternal age, body mass index, geographic 

origin, pregnancy status and participation as a couple. 

Results: A total of 2,554 women were included of whom 521 participated with their male partner. 

Overall, daily vegetable intake was most frequently inadequate at the start of the program (n=1,985; 

77.7%). Women with a higher NSS (i.e. non-deprived neighborhood) less often smoked (adjusted OR 

0.85, 95%CI 0.77;0.93), more often consumed alcohol (adjusted OR 1.14, 95%CI 1.04;1.24) and were 

less likely to complete the 24 weeks of coaching (OR 0.91, 95%CI 0.88;0.95) compared to women 

who live in a neighborhood with a low NSS (i.e. deprived). In the total study group, the relative 

improvement of inadequate nutrition and lifestyle behaviors after 24 weeks of coaching was 

between 26% and 64%. NSS was negatively associated with this improvement, indicating that women 

with a higher NSS were less likely to improve inadequate nutrition and lifestyle behaviors, especially 

vegetable intake (adjusted OR 0.89, 95%CI 0.82 ; 0.97).  

Conclusions: The ‘’Smarter Pregnancy’’ mHealth coaching program empowers women to improve 

inadequate nutrition and lifestyle behaviors. Unexpectedly, the program seemed more effective in 
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women who live in deprived neighborhoods. It is important to unravel differences in needs and 

behaviors of specific target groups in order to further tailor the mHealth program based on 

demographic characteristics, such as neighborhood deprivation.  
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INTRODUCTION 

Worldwide, there are substantial differences in perinatal morbidity and mortality rates between and 

within countries, which may indicate inequalities in perinatal as well as population health.1, 2 Several 

underlying factors can explain these differences, such as maternal-specific (e.g. age, body mass index 

(BMI) and parity), environmental (e.g. air pollution and extreme temperature) and community-

derived (e.g. housing conditions and poverty) factors.3-6 As in other countries, perinatal morbidity 

and mortality rates in the Netherlands also differ between districts, with particularly high mortality 

rates in the country’s four largest cities. This is mainly due to the large number of deprived 

neighborhoods in these cities.7-9 

Risk factors for adverse pregnancy outcomes, such as poor nutrition, lifestyle and housing conditions 

as well as lower health literacy, often accumulate in residents of deprived neighborhoods.6, 9, 10 

However, living in a deprived neighborhood itself has also been described as an independent risk 

factor for poor health outcomes.11 Exposure to abovementioned risk factors during the 

periconception period (i.e. the 14 weeks prior to conception until 10 weeks after conception) 12, 13 

can have a detrimental effect on maternal and neonatal outcome. Moreover, on the longer term, the 

effect of these adverse outcomes is not limited to perinatal health, it also extends to the child’s 

health later in life.14, 15 Therefore, it is important to change inadequate nutrition and lifestyle 

behaviors during the periconception period. 

According to the transtheoretical model of behavioral change, intentional behavioral change can be 

achieved after passing six different stages, from pre-contemplation to maintenance and 

termination.16 However, behavioral change is more challenging for individuals who have limited 

health literacy or impaired financial resources, who are less educated, and live in more deprived 

neighborhoods.3, 17, 18 From this background, we hypothesize that women who live in more deprived 

neighborhoods are less likely to improve inadequate nutrition and lifestyle behaviors before and 

during pregnancy compared to women who live in less deprived neighborhoods.  

Currently, mobile Health (mHealth) applications are widely available and used for health 

improvement. mHealth applications can be designed to a specific population and target of interest 

and may be offered anytime and anywhere at low costs. Therefore, mHealth is a promising medium 

to support people to improve nutrition and lifestyle behaviors.19, 20 In 2011, after more than 30 years 

of research on the impact of nutrition and lifestyle behaviors on reproduction, we developed and 

launched the ‘’Smarter Pregnancy’’ mHealth coaching program21 for women, together with their 

male partners, who are contemplating pregnancy or already pregnant.22, 23 ‘’Smarter Pregnancy’’ is a 
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web-based program that can be used on a mobile device, consisting of screening questions and 

thereafter personal coaching through SMS and e-mail. 

Previously, van Dijk et al. analyzed survey data of all subscribers to the ‘’Smarter Pregnancy’’ 

program to assess compliance, feasibility, usability and first effectiveness of the program. It was 

shown that the program contributes to significant improvements of inadequate nutrition and 

lifestyle behaviors (i.e. vegetable (+26%) and fruit intake (+38%), folic acid supplement use (+56%), 

smoking (-35%) and alcohol consumption (-42%)) in couples before and during pregnancy, which also 

resulted in an enhanced pregnancy chance in both fertile and subfertile couples up to 40%. Besides, 

a high compliance (65%) and usability were reported.22, 24  

It has however not yet been investigated whether the Smarter Pregnancy program is equally 

effective in women who live in deprived neighborhoods. Therefore, our current aim was to 

investigate in an additional analysis, associations between neighborhood deprivation and the 

improvement of inadequate nutrition and lifestyle behaviors of women before and during pregnancy 

who previously subscribed to the ‘’Smarter Pregnancy’’ program. 

 

METHODS 

Study design 

We used the data of an epidemiological survey conducted among all women who subscribed to the 

‘’Smarter Pregnancy’’ program for an additional analysis.21 Women and their partners living in the 

Netherlands were invited to subscribe to the ‘’Smarter Pregnancy’’ program. Inclusion criteria were: 

age between 18 and 45, an active wish to contemplate pregnancy, pregnant less than 13 weeks, the 

possession of a smartphone with Internet access and a sufficient knowledge or understanding of the 

Dutch language. For male partners, the same inclusion criteria had to be met, but without an upper 

age limit. Registration to this mHealth program was recommended to patients who visited the 

Division of Reproductive Medicine of the Department of Obstetrics & Gynaecology of the Erasmus 

MC and to women who attended a community midwife in the Rotterdam area. However, since the 

website had an open access policy, other visitors were able to register. Although women could either 

participate alone or together with their male partner, due to the small sample size of couples, in this 

study we only analyzed data from women and participation as a couple was taken into account as a 

co-variate. 

The coaching model developed for the Smarter Pregnancy program is based on the most recent 

knowledge on the effect of vegetable, fruit and folic acid supplement intake, smoking and alcohol 
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consumption on pregnancy chance, course and outcome.18, 25, 26 For the content of the platform, the 

stage of the model of Prochaska and Diclemente’s was taken into account that describes the 

readiness for behavioral change. This was implemented by informing participants about the positive 

effects of adequate nutrition and lifestyle behaviors on pregnancy course and outcome, which could 

affect the readiness to improve these behaviors.16 Characteristics of the ASE (attitude, social 

influence, and self-efficacy) model were implemented by enabling individuals as well as their 

partners to improve behavior.27 Fogg's behavior model was applied by including triggers throughout 

the program to support motivation and thereby increase the ability to change nutrition and lifestyle 

behaviors.28 Furthermore, the Smarter Pregnancy program meets the highest rules of legislation for 

medical devices in Europe and it received the Conformité Européenne, classe 1 (CE-1) classification 

(2013). Effectiveness of the program has previously been demonstrated and described by van Dijk et 

al.24 

Intervention 

The coaching program starts with a baseline screening on nutrition (i.e. vegetable and fruit intake 

and folic acid supplement use) and lifestyle (i.e. smoking and alcohol consumption) behaviors that 

significantly impact fertility and pregnancy course and outcome.24 The mHealth coaching lasts for a 

period of 24 weeks and only targets the nutrition and lifestyle behaviors that are inadequate at the 

start of the program. Coaching consists of a maximum of three interventions per week comprising of 

short message service (SMS) text messages and e-mail messages containing recommendations, 

vouchers and seasonal recipes. Follow-up screening takes place at 6, 12, 18 and 24 weeks after 

registration. Besides nutrition and lifestyle behaviors, there are additional questions addressing 

pregnancy status and BMI. The technical programming is executed by Peercode B.V. A detailed 

description of the content of the ‘’Smarter Pregnancy’’ program has previously been published by 

van Dijk et al. 22 

Data collection 

Data were collected through the Smarter Pregnancy program itself. Demographic characteristics and 

anthropometric measurements of the participants were retrieved from the ‘’Smarter Pregnancy’’ 

database: zip code, sex (male or female), age (continuous), pregnancy status (pregnant or not 

pregnant) and BMI (calculated from self-reported height and weight). Geographic origin was not 

reported by participants themselves. Therefore, we used the surnames of the participants to ascribe 

them a geographic origin, a method which is considered valid when self-identification is not 

available.29 Classification was performed by three investigators (D.G., M.R.D. and M.P.H.K.) who 

separately categorized all participants’ surnames into two groups, i.e. Western (Europe (excluding 
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Turkey), North America, Oceania, Indonesia and Japan) and non-Western (Africa, Latin America, Asia 

(excluding Indonesia and Japan) and Turkey) origin. Any disagreement was resolved by discussion 

between the three investigators, which was the case within 195 out of the 2,554 (7.6%) surnames. 

Outcomes 

Compliance to the ‘’Smarter Pregnancy’’ program was defined as the percentage of participants who 

filled in the last questionnaire of the program after 24 weeks of coaching. At baseline and after 24 

weeks of coaching, the reported nutrition and lifestyle behaviors were classified as ‘adequate’ or 

‘inadequate’. Adequate behavior was defined as a daily intake of at least 200 grams of vegetables 

and at least two pieces of fruit, daily folic acid supplement use of at least 400 µg starting before 

conception and lasting until the 12th week of pregnancy, and no smoking or alcohol consumption.30 

To adjust for nutrition and lifestyle behaviors, a total risk score (TRS) was calculated. For vegetable 

and fruit intake, folic acid supplement and alcohol use, 0 points were assigned in case a participant 

had an adequate intake or use.[24] For inadequate intake or use, 3 points were assigned. For 

smoking 6 points were assigned in case of inadequate use, due to its known strong negative impact 

on pregnancy course and outcome.25, 31 Consequently, the TRS in this study ranges from 0 (most 

adequate) to 18 (most inadequate).  

To assign participants a neighborhood deprivation state, the status scores of the Netherlands 

Institute for Social Research were used. These scores follow a standard normal distribution by design 

and are calculated for all 4-digit zip codes in the Netherlands based on four neighborhood 

characteristics: the average income, the number of non-employed residents, the number of lower 

educated residents, and the number of households with a low income.32 When the neighborhood 

status score (NSS) is low, this indicates a deprived neighborhood. A high NSS indicates a non-

deprived neighborhood.33 Since 1998, the NSS is calculated every four years. For this study, the NSS 

of the year 2014 was used to determine the classification of the neighborhood participants lived in 

while using the ‘’Smarter Pregnancy’’ program. In the year 2014, the interquartile range (IQR) of the 

NSS in the Netherlands was -0.57 to 0.71.    

Data analysis 

All participants who started the program were included in the analysis at baseline. However, 

improvement of nutrition and lifestyle behaviors was only examined in those individuals that scored 

inadequate at any of these behaviors the start of the program. In order to minimize selection bias, 

multiple imputation using chained equations was performed to handle missing data of women who 

prematurely resigned from the program. For those women, it was assumed that the adequacy of 
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their nutrition and lifestyle behaviors at the last reported screening moment would not have 

changed until the end of the program (24 weeks). 

Univariate linear and logistic regression analysis was used to study associations between 

demographic characteristics of the study population (maternal age, BMI, geographic origin, 

pregnancy status, whether a woman participated as a couple or alone, and TRS) and the NSS at the 

start of the program. Logistic regression analysis was used to examine the association between the 

NSS and (in)adequate nutrition and lifestyle behaviors at the start of the program. To study the 

improvement of inadequate nutrition and lifestyle behaviors after 24 weeks of coaching, generalized 

estimating equations (GEE) with an independent working correlation matrix were used to model the 

fraction of the study population that scored inadequate at baseline, taking into account that less 

improvement may be expected when less women show inadequate behavior at baseline. Interaction 

tests were performed to study interactions of geographic origin, participation as a couple or being 

pregnant at the start of the program on the association between NSS and nutrition and lifestyle 

behaviors.  

 Statistical analyses were performed using SPSS version 21 software package (IBM Corp, 

Armonk, NY) and R version 3.4 (Foundation for Statistical Computing, Vienna, Austria). P-values <0.05 

were considered statistically significant. No alpha-adjustment for multiple comparisons was made. 
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Table 1. Demographics of the study population, and nutrition and lifestyle behaviors at the start and 

after 24 weeks of coaching with the ‘’Smarter Pregnancy’’ mHealth coaching program. 

  Women  
(n=2,554) 

Demographics  

Age (years), median (IQR)† 31 (28 – 34) 

Neighborhood status score, median (IQR) -0.18 (-1.14 – 0.69) 

Pregnant at baseline (yes), n (%) 1,300 (50.9) 

Body mass index (BMI; kg/m2), median (IQR) † 23.9 (21.4 – 27.5) 

Participating as couple (yes), n (%) 521 (20.4) 

Geographic origin (Western), n (%)† 1,862 (80.8) 

Nutrition and lifestyle behaviors  

Vegetable intake (inadequate), n (%)  

At start of the program 1,985 (77.7) 

At 24 weeks 1,462 (57.2) 

Fruit intake (inadequate), n (%)  

At start of the program 1,024 (40.1) 

At 24 weeks 576 (22.6) 

Folic acid supplement use (inadequate), n (%)  

At start of the program 316 (12.4) 

At 24 weeks 114 (4.5) 

Smoking (yes), n (%)  

At start of the program 252 (9.9) 

At 24 weeks 182 (7.1) 

Alcohol consumption (yes), n (%)  

At start of the program 605 (27.0) 

At 24 weeks 339 (13.3) 

Total risk score, median (IQR) * 3 (1 – 6) 

† Age, BMI and geographic origin were missing in 1.2%, 0.4% and 9.6% of the study population, 

respectively. IQR, interquartile range 
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RESULTS 

General characteristics  

 A total of 3,776 women registered to the ‘’Smarter Pregnancy’’ program, of whom 1,222 

(32.4%) were excluded due to absence of activating the registration, incomplete registration or 

incomplete data entry at the start of the program (Figure 1). Consequently, a total of 2,554 women 

were included in the analysis of whom 521 participated with their male partner. The median age of 

the women at the start of the program was 31 years and most women were of Western geographic 

origin (n=1,862; 80.0%). Of all nutrition and lifestyle behaviors, daily vegetable intake was most 

frequently inadequate at the start of the program (n=1,985; 77.7%) (Table 1). 

 Women with a higher NSS (i.e. who lived in a less deprived neighborhood) were older 

(β=0.04, 95%CI 0.03;0.05) and more often participated as a couple (β=0.18, 95%CI 0.11;0.25). 

Moreover, these women were more often pregnant at the start of the program (β=-0.30, 95%CI -

0.41;-0.19), had a lower BMI (β=-0.03, 95%CI -0.04;-0.02), and were less often of non-Western 

geographic origin (β=-0.78, 95%CI -0.85;-0.70). (Table 2) 

 Compliance to the ‘’Smarter Pregnancy’’ program was 68.2% (Figure 1). Women with a 

higher NSS were less likely to finish the 24 weeks of coaching (OR 0.91, 95%CI 0.88;0.95). 

Nutrition and lifestyle behaviors  

Since coaching was only aimed at nutrition and lifestyle behaviors that were reported as inadequate 

at the start of the program, improvement of these behaviors was only studied in subsets of women. 

Overall, women who used the “Smarter Pregnancy” program improved all nutrition and lifestyle 

behaviors (Table 1). At the start of the program, vegetable intake was most frequently inadequate 

(n=1,985; 77.7%). After 24 weeks of coaching, this was reduced to 57.2% (n=1,462), which is a 

relative improvement of 26%. The largest improvement (relative improvement of 64%) was achieved 

for folic acid supplement use; this was inadequate in 12.4% (n=316) women at the start of the 

program and reduced to 4.5% after 24 weeks (n=114). 

At the start of the program, no statistically significant association between NSS and inadequate 

vegetable and or fruit intake was found. However, women with a higher NSS were significantly less 

likely to smoke (adjusted OR 0.85 95%CI 0.77;0.93), but more likely to consume alcohol (adjusted OR 

1.14, 95%CI 1.04; 1.24) (Table 3). The NSS was not associated with the amount of improvement in 

smoking and alcohol consumption after 24 weeks of coaching (Table 4). However, the NSS was 

significantly negatively associated with improvement of vegetable intake after 24 weeks of coaching: 

women with a higher NSS improved their vegetable intake less than women with a lower NSS 
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(adjusted OR 0.89 95%CI 0.82; 0.97). Improvement of the other nutrition and lifestyle behaviors did 

not significantly depend on NSS (Table 4). 

Interaction tests showed that the association between NSS and nutrition and lifestyle behaviors was 

not significantly different in women who did or did not participate as a couple and who were 

pregnant or not pregnant at the start of the program. However, at the start of the program, the 

association between NSS and alcohol consumption was stronger in non-Western (adjusted OR 1.74, 

95%CI 1.33;2.28) compared to Western women (adjusted OR 1.12, 95%CI 1.00;1.25). This difference 

between non-Western and Western women was not observed for the association between the NSS 

and improvement of alcohol consumption.  

 

Table 2. Univariate associations between the neighborhood status score (NSS) and demographic 

factors. 

Total n = 2,554 β (95% CI) P-value 

Age (years)† 0.04 (0.04 ; 0.05) <0.001 

Pregnant at baseline (yes) -0.30 (-0.41 ; -0.19) <0.001 

Body mass index (kg/m2)† -0.03 (-0.04 ; -0.02)  <0.001 

Participating as couple (yes) 0.18 (0.11 ; 0.25) <0.001 

Geographic origin (non-Western)† -0.78 (-0.85 ; -0.70)  <0.001 

Total risk score -0.01 (-0.02 ; 0.001) 0.42 

† Age, body mass index and geographic origin were missing in 1.2%, 0.4% and 9.6% of the study 

population, respectively. β, effect size; CI, confidence interval 
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Table 3. The association between the neighborhood status score (NSS) and inadequate nutrition and 

lifestyle behaviors in all participating women at the start of the program. 

aOR: odds ratio. bAdjusted for body mass index, age, geographic origin, pregnancy status, and 
participation as a couple. 

 

Table 4. The association between the neighborhood status score (NSS) and improvement of 

inadequate nutrition and lifestyle behaviors after 24 weeks of coaching in all women who scored 

inadequatly at the start of the mHealth program.  

aOR: odds ratio. bAdjusted for body mass index, age, geographic origin, pregnancy status and 
participation as a couple. 

Total n = 2,554 Crude  Adjustedb  

 Baseline  Baseline  

 ORa (95% CI) p-value OR (95% CI) p-value 

Vegetable intake (inadequate)  1.04 (0.98 ; 1.11) 0.21 1.04 (0.98 ; 1.12) 0.20 

Fruit intake (inadequate)  1.03 (0.97 ; 1.09) 0.29  1.01 (0.95 ; 1.07) 0.74 

Folic acid supplement use (inadequate) 1.00 (0.92 ; 1.08) 0.94 1.00 (0.90 ; 1.09) 0.85 

Smoking (yes) 0.85 (0.78 ; 0.92) <0.001 0.85 (0.77 ; 0.93) <0.001 

Alcohol consumption (yes) 1.23 (1.15 ; 1.32) <0.001 1.14 (1.04 ; 1.24) 0.004 

  Crude  Adjustedb  

  After 24 weeks  After 24 weeks  

 n ORa (95% CI) p-value OR (95% CI) p-value 

Vegetable intake (inadequate)  1,462 0.86 (0.79 ; 0.94) .001 0.89 (0.82 ; 0.97) .02 

Fruit intake (inadequate)  576 0.90 (0.81 ; 1.00) .051 0.93 (0.84 ; 1.04) .21 

Folic acid supplement use (inadequate)  114 1.00 (0.80 ; 1.24) .97 1.02 (0.80 ; 1.30) .87 

Smoking (yes) 182 0.87 (0.69 ; 1.10) .23 0.90 (0.69 ; 1.16) .40 

Alcohol consumption (yes) 339 1.04 (0.9 ; 1.19) .57 1.05 (0.91 ; 1.21) .49 
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DISCUSSION 

Principal results 

Following the results of van Dijk et al., this study again demonstrates that women improve their 

inadequate nutrition and lifestyle behaviors after 24 weeks of mHealth coaching using the ‘’Smarter 

Pregnancy’’ program.22 However, especially with regard to vegetable intake, this improvement is less 

in women living in a lesser deprived neighborhood (higher NSS). Although women with a higher NSS 

were less likely to smoke and more likely to consume alcohol at the start of the program compared 

to women with a lower NSS, we observed no significant differences in the amount of improvement of 

these lifestyle behaviors. Furthermore, NSS was significant negatively associated with compliance to 

the “Smarter Pregnancy” program; women with a higher NSS were less likely to complete the 24 

weeks of coaching than women with a lower NSS. 

Comparison with prior work 

Currently, a growing number of mHealth apps are developed for personal lifestyle and medical health 

care support. These apps provide interaction and targeted information on particular domains for 

specific target groups, and improvement in self-reported health behaviors due to these apps are 

observed. Specifically, decreased tobacco use, increased vitamin intake more frequent healthy food 

intake have been reported after coaching by apps designed to encourage healthy behavior. 

Therefore, in our opinion it is important to conduct profound research both in low- and middle- as 

well as in high income countries before these apps can be implemented in medical health care.34 

In our study population,women who lived in less deprived neighborhoods were less likely to smoke, 

but more likely to consume alcohol, which is in line with previous studies.9, 35, 36 Despite recent 

studies stating that residents who live in deprived neighborhoods are difficult to motivate to change 

unhealthy behaviors,3, 17, 18 in our study, those women were more likely to complete the 24 weeks of 

mHealth coaching and improve their nutrition and lifestyle behaviors more than women who live in 

less deprived neighborhoods. This is rather surprising because we expected the opposite namely that 

higher educated women, more often living in a neighborhood with a higher NSS, have generally 

higher health literacy skills compared to women from a neighborhood with a lower NSS and 

therefore improve behaviors more quickly.37 An explanation may be that higher educated women 

believe that they already have healthy behaviors and don’t need to change.37, 38 In addition, our 

previously conducte focus group study among women participating in the ‘’Smarter Pregnancy’’ 

program reported that higher educated women showed a lower compliance and appreciated the 

program less than middle- and low-educated women, who often live in lower NSS.39 This is in line 

with the fact that the content of the coaching is compiled so that it matches the skills and knowledge 
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of the largest population of middle- and low-educated women who generally have a higher 

prevalence of unhealthy lifestyle behaviors.  

Strengths and limitations 

Strengths of our study are the large number of included participants (n=2,554), the high overall 

compliance of 68.2% of women who completed the 24 weeks of coaching, the fact that several 

potential confounders were taken into account in the adjusted models, and the imputation of 

missing data. In our study, the NSS –based on a well-defined index– was used as a proxy for socio-

economic health inequality between neighborhoods. This continuous measure of neighborhood 

deprivation was used instead of a dichotomous measure (i.e. deprived vs. non-deprived), which 

provides a more precise evaluation of the effect of neighborhood deprivation. The use of area-based 

indices as a proxy for socio-economic health is well supported in the literature, thus the used 

neighborhood deprivation index can be considered a valid indicator.40, 41 The NSS is a measure based 

on factors that are specific for (the residents in) that particular neighborhood. Indeed, we found that 

the NSS is a representative measure for deprivation characteristics on the individual level; in less 

deprived neighborhoods, participating women had a lower BMI and were more likely to be of non-

Western geographic origin. Furthermore, the distribution of the NSS in this study cohort (IQR -

1.14;0.69 [data not shown]) was comparable with the national NSS in the year 2014 (IQR -0.57;0.71). 

Despite the fact that the inclusion period of the study population and the coaching with the 

‘’Smarter Pregnancy’’ program covers several years, the NSS of 2014 was used as the measure of 

neighborhood deprivation for the whole study population. Since the NSS and the ratio of score 

between the neighborhoods does not change much over time, we consider this a valid determinant 

of the neighborhood deprivation within the study population.   

Although geographic origin is known to be a potential confounding variable for associations with 

deprivation, information regarding geographic origin was not directly available from our database. In 

order to take geographic origin into account, we retrospectively performed geographic classification. 

This approach is considered a valid method for ascribing individuals to geographic groups when self-

identification is not available29, but unfortunately does not permit any further subdivision into more 

specific geographic groups besides Western and non-Western.  

Limitations of this study are the absence of validation of nutritional status by biomarkers and the 

absence of a control group, although this is inherent to our study design. Furthermore, the “Smarter 

Pregnancy” program was only available in Dutch and on multiple devices with Internet access and 

preferably a mobile phone. Consequently, only those familiar with the Dutch language and in 

possession of a mobile phone with Internet access participated. Over 95% of all women and men of 
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reproductive age living in the Netherlands have Internet access on their mobile phone, making the 

program properly accessible.42 However, a selection may have occurred of only those familiar with 

the Dutch language, who are mainly of Western origin. This is reflected by the fact that over 80% of 

the women in this study were of Western geographic origin, while, based on the population 

distribution of the city of Rotterdam, a percentage of 62% was to be expected.43 Misclassification of 

the geographic origin due to incorrect assignment cannot be excluded. However, the surname-based 

method for ascribing individuals to geographic groups when self-identification is not available is 

previously described as a valid method. Another form of selection bias may have been induced 

because the ‘’Smarter Pregnancy’’ program was not routinely used or recommended as part of 

(pre)pregnancy care and participants mostly subscribed upon their own initiative. Therefore, women 

could have been mainly women who are already intrinsically motivated to change nutrition and 

lifestyle behaviors before starting the mHealth program. Together, these limitations may contribute 

to the generalizability of our study results.  

Conclusions and future perspectives 

Overall, we can conclude that the ‘’Smarter Pregnancy’’ mHealth coaching program is able to 

motivate and support women from more and less deprived neighborhoods to improve their nutrition 

and lifestyle behaviors. Women who live in more deprived neighborhoods, however, seem to 

improve their nutrition and lifestyle behaviors more compared to women from less deprived 

neighborhoods. Together, these findings underline the need for a more tailored version of the 

program, adapted to the needs of its participants based on demographic characteristics, so that the 

program can adequately and optimally empower all women to improve their nutrition and lifestyle 

behaviors.  
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Maternal cardiometabolic determinants.  
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Chapter 3.1 

Maternal lipid profile in pregnancy and embryonic size: a population-based prospective cohort 

study. 
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ABSTRACT 

Background: Lipids are crucial for fetal growth and development. Maternal lipid concentrations are 

associated with fetal growth in the second and third trimester of pregnancy and with birth 

outcomes. However, it is unknown if this association starts early in pregnancy or arises later during 

fetal development. The aim of this study was to investigate the association between the maternal 

lipid profile in early pregnancy and embryonic size. 

Methods: We included 1474 women from the Generation R Study, a population based prospective 

birth cohort. Both embryonic size and the maternal lipid profile were measured between 10 weeks + 

1 day and 13 weeks + 6 days gestational age. The maternal lipid profile was defined as total 

cholesterol, triglycerides (TG), high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein 

cholesterol (LDL-c), remnant cholesterol, non-high-density (non-HDL-c) lipoprotein cholesterol 

concentrations and the triglycerides/high-density lipoprotein (TG/HDL-c) ratio. Additionally, 

maternal glucose concentrations were assessed. Embryonic size was assessed using crown-rump 

length (CRL) measurements. Associations were studied with linear regression models, adjusted for 

confounding factors: maternal age, pre-pregnancy body mass index (BMI), parity, educational level, 

ethnicity, smoking and folic acid supplement use.  

Results: Triglycerides and remnant cholesterol concentrations are positively associated with 

embryonic size (fully adjusted models, 0.17 SDS CRL: 95% CI 0.03 ; 0.30, and 0.17 SDS: 95% CI 0.04 ; 

0.31 per 1 MoM increase, respectively). These associations were not present in women with normal 

weight (triglycerides and remnant cholesterol: fully adjusted model, 0.44 SDS: 95% CI 0.15 ; 0.72). 

Associations between maternal lipid concentrations and embryonic size were not attenuated after 

adjustment for glucose concentrations. Total cholesterol, HDL-c, LDL-c, non-HDL-c concentrations 

and the TG/HDL-c ratio were not associated with embryonic size.  

Conclusions: Higher triglycerides and remnant cholesterol concentrations in early pregnancy are 

associated with increased embryonic size, most notably in overweight women. 
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INTRODUCTION 

In pregnancy, lipids are crucial for the developing fetus and to maintain placental function.1 Lipids 

are fatty substances that are either absorbed from food or synthesized by the liver, and comprise of 

cholesterol, triglycerides and lipoproteins. Cholesterol is crucial to provide structural integrity to the 

cell membrane.2, 3 

Triglycerides are nonpolar lipid molecules associated with various lipoproteins that primarily store 

energy in adipocytes and muscle cells. Lipoproteins are structures that possess surface proteins that 

are cofactors and ligands for lipid-processing enzymes. They are classified by their size and density as 

either low-density lipoprotein cholesterol (LDL-c) and high-density lipoprotein cholesterol (HDL-c).4 

Low-density lipoproteins transport cholesterol, the main substrate for progesterone synthesis, and 

thereby support the maintenance of a pregnancy.5, 6 By receptor-mediated endocytosis, maternal 

LDL can be taken up into the syncytiotrophoblast.7 After uptake, LDL-derived triglycerides and 

cholesterol are hydrolyzed by placental lipases and contribute to the intracellular fatty acid pool. 

HDL binds to receptors on the syncytiotrophoblast surface and is subsequently hydrolyzed by 

extracellular placental lipases.1, 8 To facilitate the requirements of the developing fetus, the 

concentrations of maternal lipids such as triglycerides and total cholesterol rise over the course of 

pregnancy.9, 10  

Pregnant women with low cholesterol concentrations have a higher risk for fetal growth restriction 

(FGR), preterm birth, and small-for-gestational age neonates.11-14 Women affected by the Smith-

Lemli-Opitz syndrome (SLOS), an inherited metabolic disease that results in a decreased cholesterol 

production, are at a higher risk of giving birth to small-for-gestational age neonates.2, 12 Low LDL-c 

has even been proposed as a clinical marker for FGR risk assessment.15 In contrast, a growing body 

of evidence from animal and human studies also suggests adverse consequences of increased lipid 

concentrations in pregnancy. High maternal total cholesterol and triglyceride concentrations are 

associated with an increased risk of hypertensive disorders of pregnancy, (induced) preterm birth 

and large for gestational age (LGA) neonates.16-18 Additionally, triglycerides and remnant cholesterol 

are associated with higher birth weight and infant weight, as well as with the risk of LGA-related 

complications.18-20 This is in line with the fetal over-nutrition hypothesis, which suggests that apart 

from maternal glucose concentrations, other maternal nutrients also contribute to (excess) fetal 

growth.21 Additionally, it is proposed that in case of maternal obesity, there is an increased 

availability of these nutrients and thereby an increased risk for this over-nutrition.21 

Due to the increase in a sedentary lifestyle and a higher intake of calories, a growing number of 

women of reproductive age are obese and have abnormally elevated lipid levels.22, 23 As a 

consequence of these abnormally elevated lipid levels , more women are at risk for an adverse 
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course and outcome of pregnancy.16, 17 These adverse outcomes do not only affect health of the 

offspring in the short term, but also have far reaching effects on the health of the offspring in 

adulthood.24-26 Therefore, it is important to identify and mitigate factors that have an adverse effect 

on embryonic and fetal growth and birth outcomes, both for the long- and short-term health of the 

offspring. 

Until recently, most studies focused on the association between the maternal lipid profile and fetal 

development in the second and third trimester of pregnancy and birthweight. However, we 

hypothesize that an effect of maternal lipids on embryonic size in early pregnancy may already be 

present. This is substantiated by the fact that embryonic size early in pregnancy is strongly 

associated with fetal size throughout pregnancy, and birth outcomes.27, 28 Our aim was therefore to 

investigate the association between the maternal lipid profile in early pregnancy and embryonic size.  

 

METHODS 

Design and study population  

This study was embedded in the Generation R Study, a large multi-ethnic population-based 

prospective cohort study in the city of Rotterdam, the Netherlands.29, 30 All methods were carried out 

in accordance with the Declaration of Helsinki. The study protocol has been approved by the Medical 

Ethics Committee of the Erasmus University Medical Centre (Erasmus MC), Rotterdam (MEC-2007-

413). Written informed consent was obtained from all participants. We excluded women that were 

not pregnant when included in the Generation R study (n=925). Next we excluded twin pregnancies, 

abortions, fetal deaths and women lost to follow-up (n=343). From the 8633 pregnancies resulting in 

a live singleton birth, we excluded pregnancies without information on lipid concentrations 

(n=2416), pregnancies without information on CRL (n=4719), pregnancies complicated by 

(gestational) diabetes (18) and pregnancies in which cholesterol regulating medication was used (6). 

The study population comprised 1474 women with a live born singleton and of whom information 

was available on lipid measurements and ultrasonic assessment of embryonic size (Figure 1).  

Maternal lipid and glucose concentrations in early pregnancy 

Non-fasting blood was sampled early in pregnancy (median 12+3 weeks of gestation, 90% range 

[10+1 – 13+6 weeks]) by trained research nurses. Details of the processing procedures have been 

described earlier.30 After thawing, the total cholesterol (mmol/L) and HDL-c (mmol/L) 

concentrations were determined using standard laboratory methods. Concentrations of LDL-c were 

calculated using the Friedewald equation.31 This calculation is not valid when the triglyceride level is 

≥5 mmol/L. In this study population, there are no women with triglycerides above 5 mmol/L. 

Remnant cholesterol was calculated as the total cholesterol minus LDL-c and minus HDL-c ([total 
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cholesterol – LDL-c] – HDL-c). Non-HDL-c was calculated by subtracting HDL-c from total cholesterol 

(total-cholesterol – HDL-c). The TG/HDL-ratio was calculated by TG divided by the HDL-c 

concentration (TG/ HDL-c) (Additional Table 1). Both cholesterol, TG and glucose (mmol/l) were 

measured with the c702 module on a Cobas 8000 analyzer (Roche, Almere, The Netherlands). 

Results on maternal lipid levels in this cohort have previously been published.18  

Embryonic size and birth weight 

Embryonic size was assessed by ultrasound examinations using an Aloka model SSD-1700 (Tokyo, 

Japan) or the ATL-Philips Model HDI 5000 (Seattle, WA, USA). Ultrasound examinations for this study 

were performed by dedicated ultrasonographers at each prenatal visit to the designated research 

centers.29 The crown-rump length (CRL) was measured in a true mid-sagittal plane with the genital 

tubercle and the spine longitudinally in view, according to standard procedures.27, 32, 33 Intra-class 

correlation coefficients for intra-observer and inter-observer reproducibility of crown to rump length 

measurements were 0.998 and 0.995.32 Gestational age (GA) adjusted standard deviation scores 

(SDS) were constructed for the CRL measurements. Gestational age of the embryo’s was expressed 

in weeks of gestational age. These scores were based on reference growth curves from the whole 

study population and represent the equivalent of Z-scores.34 We obtained information on birth 

weight from midwifery and obstetric medical records. Gestational-age-adjusted SDS for birth weight 

were constructed using North European growth standards as the reference growth curve and 

represent the equivalent of z-scores.34, 35  

Pregnancy dating 

The gestational age is the most important determinant of embryonic and fetal growth. In clinical 

practice, pregnancy dating is based on the CRL. However, for the purpose of analyses with CRL as the 

outcome, gestational age should be based on the LMP.36 In this study, pregnancy dating was thus 

based on the last known menstrual period in women with a regular menstrual cycle (28 days, range 

24 – 32 days).27 The first day of the last menstrual period was derived from the referral letter of the 

community midwife or hospital.27 At the ultrasound visit, we checked this date with the mother and 

obtained additional information on the regularity and duration of the menstrual cycle. 

Covariates 

In a consensus meeting (DG, AP, ES, JRvL), we identified confounders for the association between 

maternal lipid concentrations and embryonic size. This resulted in a Directed Acyclic Graph (DAG) 

(Supplementary Figure 1).37 The identified confounders were: maternal age (continuous), pre-

pregnancy BMI (continuous), parity (nulliparous, multiparous), educational level (no education 

finished, lower education, middle education, higher education), ethnicity (Dutch and Western, 

Turkish and Moroccan, African, Asian), smoking (never smoked during pregnancy, smoked until 
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pregnancy was known, continued smoking in pregnancy), folic acid supplement use (started 

preconceptionally, started in first 10 weeks of pregnancy, no folic acid supplement intake) and 

glucose concentrations (continuous). Maternal questionnaires at study enrolment provided 

information on maternal age, pre-pregnancy body mass index, parity, educational level, ethnicity, 

smoking habits and folic acid supplement use.  

 Maternal anthropometrics 

We collected information about pre-pregnancy weight by questionnaire, and measured height and 

weight at enrollment. Questionnaire based weight and measured height were then used to calculate 

body mass index (BMI)(kg/m2). The correlation of pre-pregnancy weight obtained by questionnaire 

and weight measured at enrollment was high (β = 0.97, P < 0.01).38 Normal weight was defined as a 

BMI <25.0 kg/m2 and overweight was defined as a BMI ≥ 25.00 kg/m2. 

Statistical analysis 

 First, baseline characteristics and the distribution of the covariates were determined. We examined 

potential differences in baseline characteristics between women included and excluded from the 

analysis. Differences in continuous variables with a normal distribution (mean, SD) were analyzed 

with Students t-test, and variables with a skewed distribution (median, 90% range) with the Mann-

Whitney U test. Categorical variables were analyzed with chi-square tests (Additional Table 2).  

Second, multivariate linear regression analyses were performed to study the association between 

differences in embryonic size for the lower and upper tertiles of the maternal lipid concentrations, 

compared to the middle tertile. We carried out tests for trends based on multiple linear regression 

models with the maternal lipid concentrations as a continuous variable. To allow mutual comparison 

of the lipid measures, we constructed Multiple of the Median (MoM) scores of all lipid measures. 

This MoM score indicates of how far the individual measure deviates from the median in the study 

population. The crude model was the univariate analysis of maternal lipid concentrations and 

embryonic size. In the adjusted model, we additionally corrected for the previously determined 

confounding factors.  

Since lipid changes may not only be the consequence of higher glucoses, but may also cause 

disturbances of glucose metabolism, there is an interactive effect of the maternal lipid status and 

maternal glucose status.39 This changes the direction in the DAG graph, indicating that there may be 

a confounding or mediating effect of maternal glucose level. We examined whether maternal 

glucose concentrations mediated the association of maternal lipid concentrations with size growth 

by adding it to our models (fully adjusted model).  

We aimed to investigate the effect of the switch in nutritional source of the embryo, from uterine 

glands and yolk sac to the placenta, which occurs at around week 12 of gestation. Therefore, 
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sensitivity analyses were performed. Associations between the maternal lipid status and embryonic 

size were separately investigated in the period of 10 to 12 weeks GA versus 12 to 14 weeks GA, with 

gestational-age adjusted MoM’s (Additional Table 3). With other sensitivity analyses, we tested the 

effect of the lowest lipid concentrations by assessing the cases with the lowest 5% of the lipid 

concentrations (Additional Table 4). Results of all linear regression analyses are presented as SDS 

with a 95% confidence interval (CI).  

 The following confounders had missing values: pre-pregnancy BMI (14.3%), parity (0.4%), 

educational level (4.3%), ethnicity (2.1%), smoking (8.8%), folic acid supplement use (19.3%) and 

glucose (2.7%). To prevent bias associated with missing data, we used multiple imputations for 

covariates with missing values. We imputed missing data on the basis of the correlation of missing 

variables with other participant characteristics, according to the Markov Chain Monte Carlo 

method.40 Ten datasets were created and analyzed together. A sensitivity analysis was performed 

to observe differences in observed and expected values of confounders before and after imputation 

(Additional Table 5). Lastly, complete case analyses were conducted, in which datasets were used 

without the imputed missing values (data not shown).  

We used IBM Statistical Package of Social Sciences version 25.0 for Windows (SPSS Incl., Chicago, IL, 

USA) for all statistical analyses. A p-value <0.05 was considered statistically significant.  
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Table 1. Baseline characteristics of the study population. 

 

Abbreviations: HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; 

TG, triglycerides; BMI, body mass index. Values are means (SD) for continuous variables with a 

normal distribution, or medians (90% range) for continuous variables with a skewed distribution. 

Confounders were imputed. Non-imputed values represent valid percentages. 

  

Maternal characteristics 

N=1474 

 Reference ranges  

lipid concentrations41  

Age at intake (years) 30.8 (4.6)  

Pre-pregnancy BMI (kg/m2) 22.6 (18.9 ; 29.9)  

Overweight women, n (%) 347 (25.4)  

Parity (nulliparous) 877 (59.5)  

Educational level (high) 785 (53.3)  

Ethnicity (Dutch and Western) 1060 (71.9)  

Smoking (continued smoking in pregnancy) 232 (15.7)  

Alcohol (continued consumption in pregnancy) 650 (44.1)  

Folic acid supplement use (start preconceptional) 756 (51.3)  

Embryonic sex (male) 723 (49.1)  

Glucose, mmol/L 4.41 (0.83)  

Total cholesterol, mmol/L 4.69 (0.81) 3.65 – 5.44 

Triglycerides, mmol/L 1.19 (0.70 ; 2.24) 0.50 – 1.80 

HDL-c, mmol/L 1.77 (0.34) 1.04 – 2.02 

LDL-c, mmol/L 2.34 (0.67) 1.55 – 3.96 

Remnant cholesterol, mmol/L 0.54 (0.32 ; 1.01) - 

Non-HDL-c, mmol/L 2.93 (0.77) - 

TG/HDL-c ratio 0.67 (0.34 ; 1.63) - 
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Figure 1. Flowchart of the study population. 
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RESULTS 

Maternal baseline characteristics and first trimester reference ranges 41 for lipid concentrations are 

presented in Additional Table 6. In the study we included 1474 women. Women were on average 30.8 

(±4.6) years of age, 1060 (71.9%) women had a Dutch and Western ethnicity and the median pre-

pregnancy BMI was 22.6 kg/m2 (90% range 18.9 ; 29.6). Additional Table 2 shows baseline characteristics 

of women included and excluded from the analyses. Excluded women were on average younger, less 

often of Dutch and Western ethnicity, more often lower educated and they more often consumed 

alcohol in pregnancy.  

The associations between maternal lipid concentrations and CRL are shown in Table 2. In the crude 

analyses, a larger CRL was observed in women with higher triglyceride concentrations; a significant 

linear trend was observed (crude model, 0.16 SDS CRL; 95% CI, 0.05 ; 0.38, per 1 MoM increase). 

In the multivariable analyses, the association remained significant (adjusted model, 0.15 SDS; 95% CI, 

0.01 ; 0.28), also after additionally adjusting for glucose concentrations (fully adjusted model, 0.17 SDS 

CRL; 95% CI, 0.03 ; 0.30, per 1 MoM increase). When analyses were performed according to BMI (i.e. 

normal weight or overweight), the associations only remained in the overweight group (crude model, 

0.29 SDS CRL; 95% CI, 0.04 ; 0.53, per 1 MoM increase. Adjusted model, 0.35 SDS CRL; 95% CI, 0.10 ; 

0.61, per 1 MoM increase and fully adjusted model, 0.44 SDS CRL; 95% CI, 0.15 ; 0.72, per 1 MoM 

increase).  

The crude analyses between remnant cholesterol and CRL showed significant positive associations 

(crude model, 0.17 SDS CRL; 95% CI, 0.05 ; 0.29, per 1 MoM increase). After adjustment for confounders 

in the multivariable analysis, and the fully adjusted analysis, the significant associations remained 

(adjusted model, 0.15 SDS CRL; 95% CI, 0.02 – 0.29, per 1 MoM increase and fully adjusted model, 0.17 

SDS CRL; 95% CI, 0.04 – 0.31, , per 1 MoM increase, respectively). Again, the associations only remained 

in the overweight group (crude model, 0.29 SDS CRL; 95% CI, 0.05 ; 0.53, per 1 MoM increase. Adjusted 

model, 0.35 SDS CRL; 95% CI, 0.09 ; 0.61, per 1 MoM increase and fully adjusted model, 0.44 SDS CRL; 

95% CI, 0.15 ; 0.72, per 1 MoM increase) (Table 2). Total-cholesterol, HDL-c, LDL-c, non-HDL-c 

concentrations and the TG/HDL-c ratio in early pregnancy were not associated with CRL. We tested for 

multicollinearity using the tolerance statistic. As tolerance was >0.20 for all variables in our models, 

multicollinearity was unlikely. 

Sensitivity analysis demonstrated that the associations between triglycerides and remnant cholesterol 

and embryonic size attenuated and were no longer significant when the analyses were split for 

gestational age 10-12 weeks and 12-14 weeks (Additional Table 3). Complete case analysis showed 
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similar results to those presented in Table 2 (data not shown). Also, sensitivity analyses were performed 

in which we examined the effect of the lowest lipid concentrations within the study population. When 

investigating the association between the lowest 5% lipid concentrations and embryonic size, no 

significant associations were observed (fully adjusted model triglycerides, -0.16 SDS CRL; 95% CI, -0.38 ; 

0.13, per 1 MoM increase and fully adjusted model remnant cholesterol, -0.13 SDS CRL; 95% CI, -0.29 ; 

0.20, per 1 MoM increase, respectively) (Additional Table 4). 
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Table 2. Associations of maternal lipid profile in early pregnancy with embryonic growth in whole 

population, women with normal pre-pregnancy weight and overweight women.  

Study population 

(n=1474) 

Crude model Adjusted model Fully adjusted model 

 Whole group Normal weight Overweight Whole group Normal weight Overweight Whole group Normal weight Overweight 

 β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) 

Total cholesterol, 

mmol/L 

         

Lowest tertile MoM 

(<0.94) 

-0.03 (-0.15 ; 

0.09) 

-0.08 (-0.23 ; 

0.07) 

0.01 (-0.26 ; 

0.28) 

-0.07 (-0.20 ; 

0.07) 

-0.08 (-0.24 ; 

0.09) 

-0.13 (-0.44 ; 

0.17) 

-0.06 (-0.20 ; 

0.07) 

-0.07 (-0.24 ; 

0.10) 

-0.14 (-0.46 ; 

0.17) 

Second tertile MoM 

(0.94 – 1.08) 

Reference Reference Reference Reference Reference Reference Reference Reference Reference 

Highest tertile MoM 

(>1.08) 

0.02 (-0.10 ; 

0.14) 

-0.001 (-0.15 ; 

0.15) 

0.12 (-0.13 ; 

0.37) 

-0.02 (-0.15 ; 

0.11) 

-0.03 (-0.20 ; 

0.13) 

-0.02 (-0.30 ; 

0.26) 

-0.02 (-0.15 ; 

0.11) 

-0.05 (-0.22 ; 

0.12) 

-0.04 (-0.32 ; 

0.25) 

Trend analyses MoM 
0.09 (-0.19 ; 

0.37) 

0.21 (-0.15 ; 

0.56) 

0.15 (-0.47 ; 

0.77) 

0.13 (-0.19 ; 

0.44) 

0.13 (-0.26 ; 

0.51) 

0.13 (-0.56 ; 

0.82) 

0.11 (-0.21 ; 

0.43) 

-0.40 (-1.38 ; 

0.57) 

0.07 (-0.32 ; 

0.47) 

Triglycerides, mmol/L          

Lowest tertile MoM 

(<0.87) 

-0.08 (-0.20 ; 

0.04) 

-0.12 (-0.26 ; 

0.03) 

0.06 (-0.24 ; 

0.36) 

-0.08 (-0.21 ; 

0.06) 

-0.09 (-0.25 ; 

0.07) 

0.03 (-0.30 ; 

0.36) 

-0.08 (-0.21 ; 

0.06) 

-0.09 (-0.25 ; 

0.07) 

0.05 (-0.28 ; 

0.39) 

Second tertile MoM 

(0.87 – 1.18) 

Reference Reference Reference Reference Reference Reference Reference Reference Reference 

Highest tertile MoM 

(>1.18) 

0.04 (-0.08 ; 

0.16) 

-0.01 (-0.16 ; 

0.15) 

0.18 (-0.07 ; 

0.43) 

0.04 (-0.10 ; 

0.18) 

-0.06 (-0.23 ; 

0.11) 

0.23 (-0.05 ; 

0.50) 

0.06 (-0.07 ; 

0.20) 

-0.06 (-0.23 ; 

0.12) 

0.28 (-0.01 ; 

0.56) 

Trend analyses MoM 
0.16 (0.05 ; 

0.38) 

0.12 (-0.03 ; 

0.28) 

0.29 (0.04 ; 

0.53) 

0.15 (0.01 ; 

0.28) 

0.02 (-0.15 ; 

0.18) 

0.35 (0.10 ; 

0.61) 

0.17 (0.03 ; 

0.30) 

0.03 (-0.15 ; 

0.20) 

0.44 (0.15 ; 

0.72) 

HDL-c, mmol/L          

Lowest tertile MoM 

(<0.92) 

0.04 (-0.08 ; 

0.16) 

0.01 (-0.14 ; 

0.17) 

0.18 (-0.08 ; 

0.43) 

0.08 (-0.06 ; 

0.22) 

0.06 (-0.11 ; 

0.24) 

0.13 (-0.16 ; 

0.43) 

0.10 (-0.04 ; 

0.23) 

0.09 (-0.09 ; 

0.26) 

0.15 (-0.15 ; 

0.45) 

Second tertile MoM 

(0.92 – 1.08) 

Reference Reference Reference Reference Reference Reference Reference Reference Reference 
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Highest tertile MoM 

(>1.08) 

0.04 (-0.08 ; 

0.16) 

0.07 (-0.08 ; 

0.22) 

-0.03 (-0.31 ; 

0.25) 

0.05 (-0.08 ; 

0.19) 

0.06 (-0.10 ; 

0.22) 

-0.03 (-0.34 ; 

0.28) 

0.05 (-0.08 ; 

0.18) 

0.07 (-0.09 ; 

0.23) 

-0.05 (-0.37 ; 

0.27) 

Trend analyses MoM 
-0.01 (-0.26 ; 

0.25) 

0.17 (-0.16 ; 

0.50) 

-0.51 (-1.07 ; 

0.06) 

0.03 (-0.28 ; 

0.32) 

0.18 (-0.20 ; 

0.55) 

-0.39 (-1.03 ; 

0.25) 

-0.01 (-0.32 ; 

0.29) 

0.15 (-0.23 ; 

0.54) 

-0.48 (-1.16 ; 

0.20) 

LDL-c, mmol/L          

Lowest tertile MoM 

(<0.88) 

0.04 (-0.08 ; 

0.17) 

0.01 (-0.14 ; 

0.16) 

-0.09 (-0.37 ; 

0.19) 

-0.01 (-0.15 ; 

0.13) 

-0.06 (-0.22 ; 

0.11) 

-0.05 (-0.37 ; 

0.27) 

-0.01 (-0.15 ; 

0.13) 

-0.04 (-0.21 ; 

0.13) 

-0.05 (-0.38 ; 

0.28) 

Second tertile MoM 

(0.88 – 1.13) 

Reference Reference Reference Reference Reference Reference Reference Reference Reference 

Highest tertile MoM 

(>1.13) 

0.03 (-0.09 ; 

0.15) 

0.03 (-0.12 ; 

0.19) 

0.03 (-0.22 ; 

0.27) 

-0.01 (-0.14 ; 

0.12) 

-0.04 (-0.21 ; 

0.13) 

0.02 (-0.25 ; 

0.30) 

-0.01 (-0.15 ; 

0.12) 

-0.05 (-0.22 ; 

0.12) 

0.01 (-0.27 ; 

0.29) 

Trend analyses MoM 
-0.02 (-0.18 ; 

0.15) 

0.03 (-0.18; 

0.25) 

0.10 (-0.26 ; 

0.47) 

0.01 (-0.18 ; 

0.20) 

0.03 (-0.20 ; 

0.26) 

0.02 (-0.39 ; 

0.43) 

0.004 (-0.19 ; 

0.19) 

-0.01 (-0.24 ; 

0.23) 

0.001 (-0.42 ; 

0.42) 

Remnant cholesterol, 

mmol/L 

         

Lowest tertile MoM 

(<0.87) 

-0.08 (-0.20 ; 

0.04) 

-0.13 (-0.28 ; 

0.02) 

0.09 (-0.21 ; 

0.38) 

-0.08 (-0.21 ; 

0.06) 

-0.10 (-0.25 ; 

0.06) 

0.06 (-0.27 ; 

0.39) 

-0.08 (-0.21 ; 

0.06) 

-0.10 (-0.26 ; 

0.06) 

0.09 (-0.25 ; 

0.42) 

Second tertile MoM 

(0.87 – 1.17) 

Reference Reference Reference Reference Reference Reference Reference Reference Reference 

Highest tertile MoM 

(>1.17) 

0.05 (-0.08 ; 

0.17) 

-0.04 (-0.20 ; 

0.12) 

0.24 (-0.01 ; 

0.49) 

0.04 (-0.10 ; 

0.18) 

-0.08 (-0.25 ; 

0.09) 

0.27 (-0.003 ; 

0.55) 

0.06 (-0.08 ; 

0.20) 

-0.08 (-0.25 ; 

0.10) 

0.32 (0.04 ; 

0.61) 

Trend analyses MoM 
0.17 (0.05 ; 

0.29) 

0.13 (-0.02 ; 

0.29) 

0.29 (0.05 ; 

0.53) 

0.15 (0.02 ; 

0.29) 

0.02 (-0.15 ; 

0.19) 

0.35 (0.09 ; 

0.61) 

0.17 (0.04 ; 

0.31) 

0.03 (-0.15 ; 

0.20) 

0.44 (0.15 ; 

0.72) 

Non-HDL-c, mmol/L          

Lowest tertile MoM 

(<0.89) 

0.03 (-0.09 ; 

0.15) 

0.02 (-0.13 ; 

0.17) 

-0.13 (-0.41 ; 

0.15) 

-0.01 (-0.14 ; 

0.13) 

-0.003 (-0.17 ; 

0.16) 

-0.22 (-0.54 ; 

0.09) 

-0.01 (-0.15 ; 

0.13) 

0.01 (-0.16 ; 

0.18) 

-0.23 (-0.55 ; 

0.10) 

Second tertile MoM 

(0.89 – 1.11) 

Reference Reference Reference Reference Reference Reference Reference Reference Reference 

Highest tertile MoM 

(>1.11) 

0.07 (-0.05 ; 

0.19) 

0.09 (-0.06 ; 

0.25) 

0.03 (-0.22 ; 

0.27) 

0.05 (-0.09 ; 

0.18) 

0.03 (-0.14 ; 

0.20) 

-0.03 (-0.30 ; 

0.24) 

0.05 (-0.09 ; 

0.18) 

0.02 (-0.16 ; 

0.19) 

-0.04 (-0.32 ; 

0.24) 

Trend analyses MoM 
0.06 (-0.12 ; 

0.24) 

0.09 (-0.14 ; 

0.32) 

0.25 (-0.15 ; 

0.66) 

0.08 (-0.13 ; 

0.28) 

0.03 (-0.21 ; 

0.28) 

0.21 (-0.24 ; 

0.67) 

0.08 (-0.13 ; 

0.28) 

0.01 (-0.25 ; 

0.26) 

0.21 (-0.26 ; 

0.68) 
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Abbreviations: CI: confidence interval, HDL-c: high-density lipoprotein cholesterol, LDL-c: low-density 

lipoprotein cholesterol, MoM: Multiple of the median, n.a.: not applicable. Values are SDS with the 95% 

CI and are based on linear regression models. Crude model: univariate regression analysis. Adjusted 

model: crude model additionally adjusted for maternal age, parity, educational level, ethnicity, smoking 

and folic acid supplement use. Fully adjusted model: adjusted model additionally adjusted for maternal 

glucose concentrations. Estimates of MoM trend analyses represent the unit increase in the outcome per 

1 multiple of the median increase in lipid, compared to the reference category.  

  

TG/HDL-c ratio          

Lowest tertile MoM 

(<0.83) 

-0.07 (-0.19 ; 

0.05) 

-0.01 (-0.16 ; 

0.13) 

-0.15 (-0.45 ; 

0.15) 

-0.04 (-0.17 ; 

0.09) 

0.003 (-0.15 ; 

0.16) 

-0.11 (-0.44 ; 

0.22) 

-0.04 (-0.17 ; 

0.09) 

0.01 (-0.15 ; 

0.17) 

-0.15 (-0.49 ; 

0.18) 

Second tertile MoM 

(0.83 – 1.23) 

Reference Reference Reference Reference Reference Reference Reference Reference Reference 

Highest tertile MoM 

(>1.23) 

0.01 (-0.11 ; 

0.13) 

0.02 (-0.14 ; 

0.18) 

0.10 (-0.16 ; 

0.35) 

0.05 (-0.09 ; 

0.19) 

-0.01 (-0.19 ; 

0.16) 

0.26 (-0.03 ; 

0.54) 

0.07 (-0.07 ; 

0.21) 

0.002 (-0.18 ; 

0.18) 

0.28 (-0.01 ; 

0.57) 

Trend analyses MoM 
0.06 (-0.01 ; 

0.13) 

0.03 (-0.06 ; 

0.12) 

0.15 (0.01 ; 

0.29) 

0.04 (-0.03 ; 

0.12) 

-0.02 (-0.12 ; 

0.07) 

0.16 (0.01 ; 

0.31) 

0.06 (-0.02 ; 

0.13) 

-0.01 (-0.11 ; 

0.09) 

0.26 (0.06 ; 

0.45) 
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Figure 2. Associations of the maternal lipid profile in early pregnancy with embryonic growth.  

 

Abbreviations: CI, confidence interval; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density 

lipoprotein cholesterol. Values are linear regression coefficients (95% confidence interval). Adjusted for: 

maternal age, pre-pregnancy BMI, parity, educational level, ethnicity, smoking, folic acid supplement use 

and glucose concentrations.  
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DISCUSSION 

Principal findings 

We showed that both maternal triglycerides and remnant cholesterol in early pregnancy are positively 

associated with embryonic size, especially in overweight women and even after adjustment for glucose 

concentrations.42  

Results 

Lipids such as triglycerides and cholesterol reach the developing embryo or fetus through different 

mechanisms, which change over the course of pregnancy. In the first 12 weeks of pregnancy, the 

placenta is developing and not fully functional.43 In this period, the developing embryo is dependent on 

the yolk sac and uterine glands for the storage and transport of nutrition.44, 45 The yolk sac transports 

maternal lipids into the vitelline vessels that are connected with the circulation of the embryo.46 Animal 

studies showed that as the maternal serum lipid concentrations increased, so did the concentrations in 

the yolk sac, and consequently the secretion by the yolk sac into the embryo.47 This indicates that the 

lipid transport to the embryo is dependent on maternal serum lipid concentrations. For triglycerides to 

pass the yolk sac membrane, they have to be hydrolyzed into free fatty acids by placental lipases.48 From 

animal studies it is known that during embryonic growth, approximately 90% of the total energy 

requirement is derived from yolk lipid fatty acid oxidation.49 This indicates triglycerides have an 

important role as energy source in the development of an embryo, supporting our positive association 

between triglycerides and embryonic growth. In the performed sensitivity analyses, we were not able to 

verify the increased dependency of the embryo on the maternal lipid concentrations in the first 12 

weeks of pregnancy (analyses split for gestational age 10-12 weeks and 12-14 weeks). Neither did we 

find stronger associations when we investigated the group of women with the lowest 5% lipid 

concentrations compared to the higher lipid levels in relation to embryonic size. This could be explained 

by the fact that by stratifying, the groups are smaller, which lowers the statistical power to detect 

statistically significant differences. However, the observed effect estimates in these sensitivity analyses 

are very similar from the main analyses. 

Since triglycerides and remnant cholesterol only make up a small part of the total cholesterol content, it 

could explain why we did not find a positive association between total cholesterol concentrations with 

embryonic growth. Moreover, based on previous studies, it is postulated that only very low maternal 

total cholesterol levels are related to fetal and newborn size.50, 51 In a study demonstrating a negative 

association between total cholesterol levels and newborn birth weight 50, the mean level of total 

cholesterol was 3.6 mmol/L. By contrast, the mean level in this study population was 4.8 mmol/L. This 
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possibly explains the absence of an association in this study population. Additionally, we did not find an 

association between HDL-c levels and embryonic size. This is in line with earlier studies examining the 

association between HDL-c levels and postnatal measures of fetal growth (i.e. LGA), which also did not 

observe a significant association.52, 53 Lastly, we did not find an association between LDL-c and 

embryonic size. Previous epidemiological studies observed reduced serum LDL-c levels in pregnancies 

complicated by fetal growth restriction.54 A suggested underlying mechanism for the association 

between LDL-c levels and impaired fetal growth is an increased lipid oxidation of LDL-c. These modified 

LDLs are not recognized nor taken up by the LDL receptor, after which the modified LDL accumulates 

outside the receptor and initiates plaque formation in the maternal spiral arteries of the placenta. This 

contributes to artery occlusion, a disturbed perfusion of the placenta and has fetal growth restriction as 

a result.55, 56 Because the spiral arteries and placenta are not formed yet in the first trimester of 

pregnancy, we propose (oxidized) LDL-c does not have the same negative effect on embryonic size. 

Strikingly, the demonstrated associations between maternal serum lipid concentrations and embryonic 

size were most prominent in overweight women. Adiposity is associated with metabolic and 

endocrinologic changes, and they differ depending on different BMI.57 The findings of a previous study 

investigating maternal lipid levels and fetal birthweight, suggest that the metabolic lipid pathways 

affecting fetal growth may be substantially different in overweight women, compared to the normal 

weight women.58 We also find associations with embryonic size in this group of overweight women to be 

more profound, which may be explained by the possible positive association between maternal BMI and 

embryonic size. 59 Second, this could be explained by the strong association between both obesity and 

insulin resistance, and insulin resistance and remnant cholesterol.60-62 Therefore, the effect of higher 

lipid levels may be stronger if the woman is insulin resistant. However, since the gold standard for the 

assessment of insulin resistance is the hyperinsulinemic-euglycemic clamp, and this was not utilized, we 

were not able to verify this in this study.63 Though, the analyses were additionally adjusted for maternal 

glucose levels, which is an indirect measure of insulin resistance. Apart from small changes in effect 

estimates, we could not substantiate an insulin dependent effect in overweight women. However, again, 

we did not make use of the gold standard for insulin resistance. The yolk sac is important for nutrient 

transport to the embryo. Hypothetically, hyperglycemia in early pregnancy injures the development of 

the yolk sac, which impairs embryonic growth and development. Next, there appears to be a decrease in 

glucose transport in embryos exposed to a hyperglycemic environment, which may lead to programmed 

cell death, and therefore impaired growth and development.64 However, the analyses in which we 

additionally adjust for maternal glucose concentrations did not reveal a glucose dependent effect on 
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embryonic size. This is in line with both in vivo and in vitro studies, that could not verify this negative 

association of maternal glucose levels on early embryonic growth.65, 66 In this study population, there 

was a relatively small number of women with high levels of glucose or hyperglycemia, which might have 

decreased the possible interactive effect on the association between the maternal lipids and embryonic 

size. Therefore, the observed associations may be stronger among higher-risk populations. 

Clinical implications 

Our findings demonstrate that the previously established associations between maternal lipids, fetal 

growth and adverse birth outcomes may already be present during the first trimester of pregnancy.17, 18, 

20, 28, 51, 67, 68  

It is also in line with the Developmental Origins of Health and Disease (DOHaD) theory, which states that 

adverse influences in early pregnancy have the potential to affect the change of adverse birth 

outcomes.24 The finding that specifically both triglycerides and remnant cholesterol are associated with 

embryonic size are not surprising, as plasma triglycerides and remnant cholesterol are highly 

correlated.69 Remnant cholesterol is the cholesterol content of triglyceride-rich lipoproteins. In a clinical 

setting, triglycerides are even proposed as a surrogate marker of remnant cholesterol.70, 71 Additionally, 

our results emphasize the potential of triglycerides and remnant cholesterol as markers for first 

trimester size. 

Research implications 

To unravel the mechanisms of nutrient transport from mother to embryo, and especially lipid transport, 

more fundamental research is needed. Also changes in nutrient transport due to the switch from yolk 

sac and uterine glands to the placenta as main nutrient transporter is interesting. Second, due to the 

small measures of the CRL, the measurement ranges are also small. Lastly, research with repeated CRL 

measurements would make it possible to investigate embryonic growth patterns. 

Strengths & limitations 

To our knowledge, this is the first study which investigates the association between the maternal lipid 

profile and embryonic size in early pregnancy. One limitation is that maternal blood samples were 

obtained in a non-fasting state and not on a specific time of the day, while the levels are sensitive 

towards intake. This could have led to an underestimation of the observed associations, due to non-

differential misclassification of high or low lipid levels. Moreover, multiple studies have demonstrated 

that plasma lipids only change a little in response to food intake.72-80 Therefore, non-fasting lipids levels 

can used to evaluate the serum lipid status of pregnant women instead of fasting lipids. As an exception, 

only fasting blood samples should be considered if non-fasting plasma triglycerides are above 5 
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mmol/L.77 However, in our study population, there were no women with non-fasting triglycerides that 

exceeded 5 mmol/L.  

A second limitation, is that embryonic size was measured only once. Therefore, no patterns of 

embryonic growth could be assessed. Also no information on (changes in) pre-pregnancy lipid 

concentrations was available. We therefore cannot investigate the effect of preconceptional lipid 

concentrations on embryonic size. Next, the use of MoM’s in the analyses makes it harder to clinically 

interpret the associations. However, these MoM’s enable to compare the different lipid concentrations 

to each other. The effect sizes for the association between triglycerides and remnant cholesterol and 

embryonic size are comparable.  

Moreover, there might be the issue of response bias or self-selection, which is known to happen in 

cohort studies. Indeed, the median BMI of 22.6 within our study population is within the healthy range 

and the majority of women did not smoke during pregnancy (73.9%) (Additional Table 1). Indeed, most 

of the measured maternal lipid concentrations are within the recommended ranges for the first 

trimester of pregnancy.41 The selection of a relatively healthy study population did thus not allow to 

investigate the associations of extreme dyslipidemia. This might imply that effects in the general 

population with more and severe dyslipidemia may be even larger, and thus has affected the 

generalizability of our results. Finally, the observational nature of this study does not allow for inference 

of causality. 

Conclusions 

The positive association between maternal lipids and embryonic size in pregnancy, especially in 

overweight women, emphasizes the importance of healthy maternal nutrition and a healthy weight. we 

propose maternal serum lipids concentrations, especially triglycerides and remnant cholesterol, may be 

a marker for early embryonic and fetal growth. Additionally, they are potentially new targets for an early 

intervention in overweight pregnant women to prevent excess embryonic and fetal growth. 
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ABSTRACT 

Objective The objective of the study was to determine the associations between hypertensive disorders 

of pregnancy and early childhood cardiometabolic risk factors. 

Methods We included 7794 women from the Generation R Study, an ongoing population-based 

prospective birth cohort. We classified women with a hypertensive disorders of pregnancy as such when 

they were affected by pregnancy induced hypertension, pre-eclampsia or the hemolysis, elevated liver 

enzymes and low platelet count syndrome during pregnancy. Early childhood cardiometabolic risk 

factors were defined as the body mass index at the age of 2, 6, 12, 36 months and 6 years. Additionally, 

it included systolic blood pressure, diastolic blood pressure, total fat mass, cholesterol, triglycerides, 

insulin and clustering of cardiometabolic risk factors at 6 years of age. We tested whether there were 

sex-specific differences in the associations between hypertensive disorders and early childhood 

cardiometabolic risk factors. 

Results Maternal hypertensive disorders of pregnancy were inversely associated with childhood body 

mass index at 12 months (confounder model: -0.15 SD, 95% CI -0.27 ; -0.03) and childhood triglyceride at 

6 years of age (confounder model: -0.28 SD, 95% CI -0.45 ; -0.10), but for the association with 

triglycerides, this was only present in girls. Further, at 6 years of age, no associations between maternal 

hypertensive disorders of pregnancy and systolic blood pressure, diastolic blood pressure, body mass 

index, fat mass index, or cholesterol levels were observed. Maternal hypertensive disorders of 

pregnancy were not associated with childhood body mass index at 2, 6 and 36 months. 

Conclusion Our findings do not support an independent and consistent association between maternal 

hypertensive disorders of pregnancy and early childhood cardiometabolic risk factors in their offspring. 

However, this does not rule out possible longer term effects of maternal hypertensive disorders of 

pregnancy on offspring cardiometabolic health. 
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INTRODUCTION 

Hypertensive disorders of pregnancy (HDP) complicate up to 10% of pregnancies and represent a 

significant cause of morbidity and mortality in both mother and child.1-3 In the long term, mothers who 

have had a HDP have an approximately twofold risk of developing cardiovascular or cerebrovascular 

disease.4-6 In contrast, conflicting data exist on the prevalence of cardiometabolic risk factors in their 

children.7-11  

There are a number of mechanism proposed, through which HDP may affect offspring cardiometabolic 

risk factors. First, there may be alterations in fetal vasculature and cardiac development due to exposure 

to angiogenic factors during pregnancy.12, 13 Second, relative fetal undernutrition due to maternal 

vasoconstriction may lead to adjusted fetal programming, which has a negative effect on 

cardiometabolic health in the offspring.14-16 Thirdly, shared maternal and fetal genetic risk and life style 

factors for cardiometabolic outcomes may explain the association.17-19 Lastly, spontaneous or iatrogenic 

preterm birth and the associated low birthweight may mediate the association with cardiometabolic risk 

factors in the offspring.20-22 

The association between childhood cardiometabolic risk factors and the cardiometabolic profile in adult 

life has been well established.23, 24 Early identification of children at risk for the development of such an 

adverse profile is important to potentially mitigate these risks.25 Because no consistent results are 

reported with regard to an increased cardiometabolic risk for young offspring that is prenatally exposed 

to HDP, we wish to add to the evidence.13, 26-29 Therefore, the aim of this study is to investigate the 

associations between maternal HDP and early childhood cardiometabolic risk factors, in a large and 

multiethnic population-based cohort.  

 

METHODS 

Population and study design 

This prospective cohort study was embedded in the Generation R Study, a prospective population-based 

cohort from early in pregnancy onwards in Rotterdam, the Netherlands.30 Pregnancies were eligible for 

the study if the women had an expected delivery date from April 2002 until January 2006 and were 

living in the study area in the city of Rotterdam. The following pregnancies were excluded from the 

analysis: twin pregnancies, terminated pregnancies, intra-uterine fetal demise and pregnancies without 

data on maternal hypertensive disorders or early childhood cardiometabolic risk factors (Figure 1). The 

study protocol was approved by the Medical Ethical Committee of Erasmus Medical Centre, Rotterdam 

(MEC 198.782/ 2001/31). Written informed consent was obtained from all participants. 
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Hypertensive disorders of pregnancy 

We classified women with a HDP as such when they were affected by gestational hypertension (GH), 

pre-eclampsia (PE) or the HELLP syndrome (hemolysis, elevated liver enzymes and low platelet count) 

during pregnancy. Information on physician-diagnosed GH, PE or HELLP was retrieved from hospital 

charts.31 The diagnosis was determined on the basis of the criteria of 2001 described by the 

International Society for the Study of Hypertension in Pregnancy 32. GH was defined as a systolic blood 

pressure ≥140 mmHg or a diastolic blood pressure ≥90 mmHg after 20 weeks of gestation in previously 

normotensive women. PE was defined as de novo gestational hypertension with concurrent new onset 

proteinuria in a random urine sample with no evidence of urinary tract infection.32, 33 HELLP syndrome 

was defined according to the class I and II 2006 Mississippi criteria (platelet count ≤ 100 x 109/L, 

aspartate transaminase (AST) or alanine-aminotransferase (ALT) ≥ 40 IU/L and lactic acid dehydrogenase 

(LDH) ≥ 600 IU/L).34 There were 293 cases of GH, 139 cases of PE, 14 cases of HELLP, and 45 cases which 

were classified as both PE and HELLP.  

Child cardiometabolic risk factors  

 Body mass index and ponderal index 

Information on early childhood height and weight was collected from the community health centers 

were they visited at age 2 months, 6 months, 12 months and 36 months. At the age of 6 years, we 

invited all children to the dedicated research facility in the Erasmus University Medical Center, Sophia 

Children’s Hospital for blood withdrawal and detailed measurements, among which height and weight 

measurements. Height and weight of children was measured according to standardized procedures: 

wearing underwear only, and height was measured in a barefooted standing position.30 The children’s 

individual body mass indexes (BMI’s) were calculated as weight/height2. We calculated sex- and age- 

adjusted standard deviation scores (SDS) of childhood BMI based on Dutch reference growth charts 

(Growth Analyzer 4.0, Dutch Growth Research Foundation).35 Since ponderal index might be a better 

measure if weight adjusted for height in infancy, we performed a sensitivity analyses by using the 

ponderal index (weight/height3).36  

 Blood pressure 

Systolic and diastolic blood pressure were measured at the right brachial artery, four times with one 

minute intervals, using the validated automatic sphygmanometer Datascope Accutor Plus TM (Paramus, 

NJ, USA).37 We calculated the mean value for systolic and diastolic blood pressure using the last three 

blood pressure measurements of each participant.  

 Blood measurements 
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A 30-minute fasting venous blood sample was obtained, in which total cholesterol, low-density 

lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides and insulin were measured. 

 Fat mass index 

Body fat was measured by Dual-Energy X-ray absorptiometry (DXA) (iDXA, General Electrics – Lunar, 

2008, Madison, WI, USA), according to standard procedures.38 Previous studies have validated DXA 

against computed tomography for body fat assessment.39, 40 We calculated android fat mass as a 

percentage of total fat mass.39 In order to obtain the fat mass index uncorrelated with height, we 

divided total fat mass by height3, as confirmed by a log-log regression analysis.41, 42 

 Cardiometabolic clustering 

We defined clustering of cardiometabolic risk factors when children had three or more of the following 

components: android fat mass percentage at the 75th centile or above, systolic or diastolic blood 

pressure at the 75th centile or above; high density lipoprotein cholesterol at the 25th centile or below or 

triglycerides at the 75th centile or above, and an insulin levels at the 75th centile or above.43  

Pregnancy dating 

Gestational age is the most important determinant of fetal growth, so precise dating of the pregnancy is 

important. In accordance with clinical guidelines, if the gestational age was below 12 weeks and 5 days 

and the CRL measurement was smaller than 65 mm, pregnancy dating was performed using the first 

ultrasound measurement of the CRL. When the gestational age was older than 12 weeks and 5 days, or 

the biparietal diameter (BPD) was larger than 23 mm, pregnancy dating was performed using the BPD.44 

Potential confounding variables  

Covariates in the regression models were selected based on their association with both the predictor 

and outcome of interest. Therefore, we conducted a Directed Acyclic Graph (DAG) analysis with a 

consensus meeting to identify which covariates were confounders (Figure S1).45, 46 Consensus was 

achieved by the authors regarding the current structure of our regression models (DG, AP, BR, ES). The 

identified confounders consist of maternal BMI, ethnicity, glucose levels, educational level, smoking, 

alcohol use, gestational diabetes mellitus and the child’s sex.  

Covariates  

Maternal age was assessed at the intake by questionnaire. Information on maternal education level, 

ethnicity, parity, folic acid supplementation, smoking and alcohol consumption was assessed by 

questionnaires during pregnancy.30 We obtained information on childhood sex, gestational age at birth, 

birth weight and length at birth from midwifery and (obstetric) medical records.44, 47 At enrollment 

maternal weight (kg) and height (cm) were measured without shoes and heavy clothing after which 
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pregnancy BMI (kg/m2) was calculated. Weight measured at enrollment and pre-pregnancy weight were 

highly correlated (Pearson’s correlation coefficient 0.95 (P-value <0.001)).48 Childhood weight change 

was defined as growth from birth to 24 months of age. In line with previous studies, we considered an 

increase of more than 0.67 SD between the measurements as catch-up growth. 0.67 SD reflects the 

difference between 2 percentile lines on the growth charts that are used in the Netherlands.49 Maternal 

glucose concentrations were measured in nonfasting blood samples which were collected at enrollment 

in the study. Glucose concentration (millimoles per liter) was measured with c702 module on the Cobas 

8000 analyzer (Roche, Almere, the Netherlands). Information on gestational diabetes mellitus was 

obtained from medical records after delivery. Gestational diabetes mellitus was diagnosed by a 

community midwife or an obstetrician according to Dutch midwifery and obstetric guidelines using the 

following criteria: either a random glucose level >11.0 mmol/l (196 mg/dL), a fasting glucose ≥7.0 

mmol/l (126 mg/dL) or a fasting glucose between 6.1 mmol/l (110 mg/dL) and 6.9 mmol/l (124 mg/dL) 

with a subsequent abnormal glucose tolerance test.50 In clinical practice and for this study sample, an 

abnormal glucose tolerance test was defined as a glucose level greater than 7.8 mmol/l (140 mg/dL) 

after glucose intake.  

Statistical analyses 

First, a non-response analysis was performed to compare baseline characteristics between women 

included and excluded from this study. Second, using Students t-test and chi-square tests we examined 

the distribution of baseline characteristics and covariates within the study population. Third, we 

examined the associations of HDP with early childhood outcomes in linear regression models: (1) a basic 

model including child’s sex and (2) a confounder model, which was additionally adjusted for maternal 

and early childhood covariates selected in the DAG analysis; maternal pre-pregnancy BMI, glucose 

levels, educational level, ethnicity, smoking during pregnancy, alcohol use during pregnancy and 

gestational diabetes mellitus. Effect modifications by maternal ethnicity, child’s sex, maternal smoking 

behaviors, maternal BMI were investigated. When significant interactions were present (p<0.1), 

stratified analyses were performed. Fourth, sensitivity analyses were performed. In the first analysis we 

tested differences in early childhood cardiometabolic risk factors between pregnancies affected by 1) 

pre-eclampsia / HELLP, 2) GH or 3) ‘no HDP’ using one-way ANOVA and Kruskal Wallis tests. To 

investigate the robustness of our results, we performed sensitivity analyses defining cases as women 

with severe HDP (pre-eclampsia or HELLP). Lastly we conducted an analysis to find differences in 

observed and expected values of confounders before and after imputation. 
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We transformed non-normally distributed outcome variables. Additionally, we constructed standard 

deviation scores (SDS) [(observed value - mean)/SD] for early childhood outcomes to enable comparison 

of effect estimates. The models were tested for multicollinearity using the tolerance statistic. As 

tolerance was >0.20 for all variables in our models, multicollinearity was unlikely. We used multiple 

imputation procedures for confounders with missing values, creating five imputed complete datasets. 

These were then pooled for analyses.51 Missing values were pre-pregnancy BMI (19.6%), glucose levels 

(29.6%), educational level (9.3%), ethnicity (5.7%), smoking in pregnancy (12.7%), alcohol use during 

pregnancy (13.9%) and gestational diabetes mellitus (2.8%). Statistical analyses were performed using 

the Statistical Package of Social Sciences version 25.0 for Windows (IBM Corp., Armonk, NY, USA). A p-

value < 0.05 was considered statistically significant.  
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Figure 1. Flowchart of the study population.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; PI, 

ponderal index 
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Table 1. Baseline characteristics of the study population. 

Abbreviations: BMI, body mass index; HDP, hypertensive disorder of pregnancy. HDP included: 293 cases of GH, 139 cases of 

PE, 14 cases of HELLP, 20 cases of PE and HELLP and 25 cases of superponated PE/HELLP. Values are percentages for 

categorical variables, means (SD) for continuous variables with a normal distribution, or medians (5th, 95th percentile) for 

continuous variables with a skewed distribution. Confounders are imputed. Non-imputed values are presented as valid 

percentages. Differences in baseline characteristics were tested using Students t-test, Mann-Whitney and chi-square tests.

 Study population 

n = 7794 

No HDP 

n = 7303 

HDP 

n = 491 

p-value 

Maternal characteristics     

Maternal age at enrolment (years) 30.2 (20.2-37.9) 30.2 (20.2-37.8) 30.0 (20.0-38.1) 0.81 

Pre-pregnancy BMI (kg/m2) 22.7 (18.6-32.4) 22.6 (18.6-32.4) 22.7 (18.4-33.0) 0.75 

High educational level, n (%) 3073 (39.4%) 2878 (39.4%) 195 (39.7%) 0.98 

Dutch and Western ethnicity, n (%) 4479 (57.5%) 4192 (57.4%) 287 (58.5%) 0.53 

Nulliparous, n (%) 4260 (55.4%) 3995 (54.7%) 265 (54.0%) 0.87 

Never smoked in pregnancy, n (%) 5651 (72.5%) 5278 (72.3%) 373 (76.0%) 0.23 

Never drank alcohol in pregnancy, n (%) 3940 (50.6%) 3685 (50.5%) 255 (51.9%) 0.25 

Glucose (mmol/l) 4.4 (0.8) 4.4 (0.8) 4.4 (0.9) 0.76 

Child characteristics      

Male sex, n (%) 3952 (50.7%) 3714 (50.9%) 239 (48.7%) 0.35 

Gestational age at birth (weeks)  40.1 (36.9-42.1) 40.1 (36.7-42.1) 40.1 (37.1-42.0) 0.52 

Preterm birth, n (%) 441 (5.7%) 418 (5.7%) 23 (4.7%) 0.34 

Birth weight (grams) 3415 (561) 3417 (564) 3400 (530) 0.82 
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RESULTS 

Characteristics of the study population 

Table 1 shows maternal and child characteristics. In our study of 7794 women, 491 women (6.3%) 

developed a HDP. The majority of women had a normal pre-pregnancy BMI (median 22.7 kg/m2) and 

were non-smokers (72.5%). When investigating differences between maternal and child characteristics 

between women with a HDP and without a HDP, only BMI in children at 12 months of age was 

statistically different (mean BMI 17.47 kg/m2 versus mean BMI 17.25 kg/m2 p-value 0.01). Non-response 

analysis showed that women included in this study were on average slightly younger (30.2 years vs. 30.6 

years, p-value 0.02) and drank less alcohol (never used alcohol 50.6% vs. 51.1%, p-value <0.001) 

compared to women excluded from the study. No differences were observed in pre-pregnancy BMI, 

educational level and ethnicity between women included and excluded from the analyses (Table S1). 

Early childhood cardiometabolic risk factors 

Apart from a negative association between maternal HDP and BMI at 12 months, (confounder model: -

0.15 SD, 95% CI -0.27 ; -0.03), no associations between maternal HDP and childhood BMI at 2, 6 or 36 

months were present (Table 2). These results did not change in sensitivity analyses with only pre-

eclampsia and HELLP cases (Table S2). We did not observe differences in results when we used the 

ponderal index as outcome measurement instead of BMI at 2, 6, 12 and 36 months (data not shown).36  

At 6 years of age, no associations between maternal HDP and systolic blood pressure, diastolic blood 

pressure, BMI, fat mass index, cholesterol or triglyceride levels were observed. Results of interaction 

tests demonstrated that maternal HDP were inversely associated with triglyceride levels at 6 years of 

age, but only in girls (confounder model -0.28 SD, 95% CI -0.45 ; -0.10) (Table 3a). Results of interaction 

test with maternal BMI were significant, however after stratification of the results, no differences were 

observed (Table 3b). Sensitivity analyses with pulse as a different measure of common cardiometabolic 

risk factors, namely the sympatho-vagal balance, did not show different results (data not shown). The 

values of confounders for the regression analyses before and after multiple imputation did not show 

relevant differences (Table S3). 
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Table 2: Associations between HDP and childhood cardiometabolic risk factors. 

Abbreviations: BMI, body mass index; HDP, hypertensive disorder of pregnancy. Values are regression coefficients (95% confidence interval) that 

reflect the difference in childhood outcomes in SD scores, in pregnancies complicated by HDP versus pregnancies not complicated by HDP. Basic 

model was adjusted for child’s sex. Confounder model includes maternal pre-pregnancy body mass index, educational level, ethnicity, smoking 

during pregnancy, alcohol use during pregnancy, maternal glucose levels and presence of gestational diabetes mellitus. ¶Variables were log 

transformed. 

  

 Cardiometabolic risk factor   Model    

    Basic  Confounder  

  n n 

HDP  

β (95% CI) p-value β (95% CI) p-value 

2 months BMI 3779 235 (6.2%) -0.06 (-0.19 ; 0.08) 0.41 -0.05 (-0.18 ; 0.09) 0.50 

6 months BMI 4518 267 (5.9%) -0.11 (-0.23 ; 0.02) 0.10 -0.09 (-0.21 ; 0.04) 0.17 

12 months BMI 4614 283 (6.1%) -0.16 (-0.28 ; -0.04) 0.01 -0.15 (-0.27 ; -0.03) 0.02 

36 months BMI 3933 263 (6.7%) -0.03 (-0.16 ; 0.10) 0.67 -0.002 (-0.13 ; 0.13) 0.97 

6 years Systolic blood pressure 4874 321 (6.6%) 0.04 (-0.08 ; 0.15) 0.50 0.05 (-0.07 ; 0.16) 0.42 

 Diastolic blood pressure 4874 321 (6.6%) 0.09 (-0.02 ; 0.21) 0.10 0.10 (-0.01 ; 0.21) 0.09 

 BMI¶ 5312 343 (6.5%) 0.02 (-0.08 ; 0.12) 0.71 0.03 (-0.07 ; 0.13) 0.53 

 Fat mass index ¶ 5163 330 (6.4%) 0.03 (-0.08 ; 0.13) 0.62 0.04 (-0.06 ; 0.14) 0.42 

 Cholesterol¶ 3531 241 (6.8%) 0.01 (-0.12 ; 0.14) 0.93 0.01 (-0.12 ; 0.14) 0.87 

 Triglycerides¶ 3523 239 (6.8%) -0.10 (-0.23 ; 0.03) 0.13 -0.10 (-0.23 ; 0.03) 0.14 

 Cardiometabolic risk factor clustering 3196 217 (6.8%) 1.15 (0.97 ; 1.35) 0.41 1.16 (0.84 ; 1.60) 0.38 
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Table 3a: HDP and childhood cardiometabolic risk factors at 6 years of age, split for child’s sex. 

Abbreviations: HDP, hypertensive disorder of pregnancy. Values are regression coefficients (95% confidence interval) that reflect the difference 

in early childhood outcomes in SD scores, in pregnancies complicated by HDP versus pregnancies not complicated by HDP. Basic model was 

adjusted for child’s sex. The confounder model includes maternal pre-pregnancy body mass index, educational level, ethnicity, smoking during 

pregnancy, alcohol use during pregnancy, maternal glucose levels and gestational diabetes mellitus. ¶Variables were log transformed. 

  

   Boys (N = 3952)   Girls (N = 3842)  

Cardiometabolic risk factor  Model n β (95% CI) p-value n β (95% CI) p-value 

Fat mass index ¶ Basic  2568 0.09 (-0.06 ; 0.25) 0.23 2594 -0.04 (-0.18 ; 0.11) 0.64 

 Confounder  2568 0.12 (-0.02 ; 0.27) 0.09 2594 -0.03 (-0.17 ; 0.11) 0.66 

Cholesterol¶ Basic  1798 0.15 (-0.04 ; 0.33) 0.12 1733 -0.12 (-0.30 ; 0.07) 0.20 

 Confounder 1798 0.16 (-0.03 ; 0.34) 0.09 1733 -0.12 (-0.30 ; 0.07) 0.23 

Triglycerides¶ Basic  1796 0.09 (-0.11 ; 0.28) 0.38 1727 -0.27 (-0.45 ; -0.09) 0.003 

 Confounder 1796 0.09 (-0.10 ; 0.28) 0.36 1727 -0.28 (-0.45 ; -0.10) 0.002 
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Table 3b: HDP and early childhood cardiometabolic risk factors at 6 years of age, split for maternal pre-pregnancy BMI. 

Abbreviations: HDP, hypertensive disorder of pregnancy; BMI, body mass index. Values are regression coefficients (95% confidence interval) that 

reflect the difference in early childhood outcomes in SD scores, in pregnancies complicated by HDP versus pregnancies not complicated by HDP. 

Basic model was adjusted for child’s sex. Confounder model includes educational level, ethnicity, smoking during pregnancy, alcohol use during 

pregnancy, maternal glucose levels and gestational diabetes mellitus. ¶Variables were log transformed.

  <18.5 (N = 315) 18.5 – 25.0 (N = 5280) >25.0 (N = 2223) 

Cardiometabolic risk factor  Model  β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value 

BMI¶ Basic  0.05 (-0.45 ; 0.54) 0.86 -0.05 (-0.17 ; 0.08) 0.44 0.20 (-0.02 ; 0.42) 0.08 

 Confounder 0.06 (-0.41 ; 0.54) 0.80 -0.03 (-0.15 ; 0.09) 0.64 0.20 (-0.02 ; 0.41) 0.07 
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DISCUSSION 

Principal findings 

In this study, we did not observe strong and independent associations between maternal hypertensive 

disorders of pregnancy and early childhood cardiometabolic risk factors. We did observe a negative 

association between maternal HDP and offspring BMI at the age of 12 months, however this was no 

longer present at 2 and 6 years of age.  

Results  

In earlier studies, maternal HDP has been associated with a lower BMI in the offspring.7, 9 However, data 

are inconsistent and associations with higher BMI have also been demonstrated.52 Additionally, in 

literature, associations of PE with offspring BMI became inverse after adjustment for potential 

confounding factors with maternal prepregnancy BMI as the main covariate attributable to this change.7 

In our analyses, inverse associations were already present in the basic analyses. This is possibly due to 

the small differences in BMI between mothers with and without a HDP in our study population. Our 

findings are in line with the results of a previous study in the same cohort as the current study. That 

previous study demonstrated a strong association between an adverse maternal cardiometabolic profile 

and an adverse cardiometabolic profile in their offspring, and this association was not attenuated by 

pregnancy complications such as preeclampsia.53 This endorses that the effect of PE on the offspring 

cardiometabolic profile is only limited. Similar to two other studies, we found no association between 

maternal HDP and offspring blood pressure.54 This may in part be explained by the challenges of 

obtaining a reliable blood pressure measurement in young children. Since a physiologic childhood blood 

pressure has a smaller range compared to the adult blood pressure, it is harder to detect an association 

with blood pressure in childhood. To address this, we added the child’s pulse to our outcome measures. 

This measure is more variable, but this did not change the results. Next, we found that the presence of 

maternal HDP was inversely associated with offspring triglyceride levels, but only in girls. In literature, 

sex differences in the lipid profile in healthy adults have been described. It is known that since sex 

hormones may modulate the lipid metabolism.55-57 Additionally, an animal study demonstrated that PE 

in mice led to sex-specific metabolomic differences in fetuses: the female fetuses showed pronounced 

alterations in the lipid metabolism.58 More specifically, lipid metabolite levels associated with 

triglyceride storage were lower in the female fetuses in comparison to the male fetuses, which is in line 

with our findings. These sex-specific differences are proposed to be due to the significantly decreased 

expression of lipid transporters and lipid binding proteins in the female placentas that were exposed to 

preeclampsia.58 For the lipid measures other than triglycerides, we found no significant differences in 
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the offspring when comparing non-hypertensive with hypertensive pregnancies, which is also in line 

with previously published studies.13, 26, 28, 29, 59 

Clinical implications  

Many studies demonstrate that the associations between maternal HDP and cardiometabolic health in 

the offspring are mediated by adverse birth outcomes such as preterm birth and low birth weight.60, 61 

This amplified cardiometabolic risk, attributable to fetal growth restriction and preterm birth, is not 

limited to childhood but is demonstrated to persist into adulthood.62, 63 Since we did not observe 

significant associations between HDP and cardiometabolic risk factors in the offspring in the first 

models, we did not perform mediation analyses with adverse birth outcomes.  

Research implications  

It is required to explore the underlying mechanisms between maternal HDP and long term 

cardiometabolic health in offspring further. With help of metabolomics studies, the role of shared 

lifestyle related factors could be elucidated in the development of both hypertensive disorders and 

offspring cardiometabolic risk factors. 

Strengths and limitations 

The main strengths of our study are the large sample size, the prospective design of the study and the 

standardized procedures that were used for data collection. Moreover, this study is one of few studies 

to assess the associations of maternal HDP with fat mass percentage and lipid levels as measures of 

cardiometabolic health in early childhood.64 In contrast, previous studies examining cardiometabolic 

health in offspring from mothers with HDP mainly focused on BMI and blood pressure.8, 65  

Some limitations of this study also need to be addressed. First, follow-up data with regard to 

cardiometabolic outcomes in childhood varied from 41% to 68%. Especially, response rates for measures 

from blood sampling (e.g. cholesterol) are lower compared to BMI measures. This may have contributed 

to selection bias. Second, the children in this study are relatively young for the measurement of 

cardiometabolic risk factors and therefore large differences in cardiometabolic risk factors were not to 

be expected. This small variation in outcome measures makes it harder to detect associations. Third, 

new guidelines state that pre-eclampsia is diagnosed based on the presence of de novo hypertension 

after 20 weeks gestation accompanied by one of the following: proteinuria, acute kidney injury, liver 

dysfunction, neurological features, hemolysis or thrombocytopenia, or fetal growth restriction.1, 66 

However, in our data we could only determine the presence of de novo hypertension, proteinuria and 

fetal growth restriction, possibly leading to some misclassification of cases. To classify HDP by severity as 

best as possible, we separated PE and HELLP from GH.31, 67 Third, even after adjusting for a large number 
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of potential confounders, residual confounding may still be present in the observed associations. 

Examples of residual confounding could include lifestyle-related characteristics such as maternal 

prenatal physical activity. Finally, the majority of women in the study population were relatively young 

and had a low-risk profile. Moreover, in the group of women affected and unaffected by HDP, the mean 

gestational age at birth was at term, implying relatively mild cases of HDP within this study population. 

As a result, the generalizability of the findings in this study is limited. 

 

CONCLUSIONS 

In this large, prospective, longitudinal cohort study, we did not observe strong and persistent 

associations between maternal HDP and cardiometabolic risk factors in the offspring between 2 months 

and 6 years of age. Apart from small and favorable changes in BMI and triglycerides at some of the time 

points, the effects of maternal HDP on child cardiometabolic risk factors seem relatively minor. This 

however does not rule out effects on cardiometabolic health in the offspring in later life. 
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Chapter 4  

General discussion and future perspectives 

The intrauterine environment has been conceptualized as the ‘’nexus of nutritional, metabolic, 

endocrinological, infectious, genetic, epigenetic and socio-behavioural inputs’’.1 These determinants 

come together and they affect the growth of the embryo, foetus and pregnancy outcomes. In response 

to exposure to external determinants, there are changes in gene expression in the developing foetus. 

Due to these changes, effects of adverse pregnancy outcomes extend into child- and adulthood.2, 3 This 

process of so-called foetal programming has the capability to alter the risk of non-communicable 

diseases in adult life of the offspring.4-6 In the first weeks of pregnancy, the embryonic period, 

organogenesis makes this period extra susceptible for changes due to external disturbances.7 However 

in literature, associations between external determinants and growth in the first weeks of pregnancy 

have received far less attention, compared with second and third trimester growth. Additionally, 

longitudinal studies are scarce.8 Therefore, in this thesis, we investigated associations between external 

determinants and foetal growth and adverse pregnancy outcomes, starting with growth from the first 

trimester of pregnancy. 

 

The main aims of this thesis were:  

1. To investigate whether there are associations between determinants related to the living 

environment (in particular neighbourhood deprivation and air pollution) and embryonic growth, foetal 

growth and pregnancy outcomes; 

2. To assess the associations between maternal cardiometabolic determinants in pregnancy (lipid 

status and the presence of hypertensive disorders of pregnancy) and embryonic growth, foetal growth 

and childhood outcomes; 

3. To investigate the impact of neighbourhood deprivation on the effectiveness of the mHealth 

“Smarter Pregnancy” program, aimed at improving nutrition and lifestyle behaviours; 

 

PRINCIPAL FINDINGS 

Determinants related to the living environment  

Neighbourhood deprivation 

The circumstances in which a foetus is developing, differs between pregnancies. The fact that there are 

local or geographical differences in pregnancy outcomes suggests the contribution of environmental 
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factors to these differences. More specifically, differences in perinatal health are demonstrated to be 

related to the degree of urbanity and deprivation of the area in which a pregnant woman lives. 

Currently, more than half of the world’s population live in an urban area, and it has been estimated that 

by 2050, this number will grow up to 60% - 70% (approximately 6.4 billion people).9, 10 Therefore, it is 

important to explore the associations between living in a deprived area and embryonic and foetal 

growth and adverse pregnancy outcomes. We investigated this in Chapter 2.1 and Chapter 2.2 of this 

thesis. In Chapter 2.1, we observed that living in a deprived neighbourhood was associated with 

increased embryonic growth. Previous studies reported that both living in a deprived neighbourhood 

and smaller embryos are independently associated with adverse pregnancy outcomes, such as preterm 

birth and a low birth weight. Therefore, we hypothesized embryos in the more deprived 

neighbourhoods are smaller, thus our findings were counterintuitive. Possibly, the observed positive 

association is a reflection of accelerated growth. In some previous studies, accelerated growth during 

early pregnancy increases the risk of excessive birthweight, which is associated with negative outcomes 

for both mother and the baby.11 By contrast, in Chapter 2.2, we did not observe an association between 

neighbourhood deprivation and embryonic size. For the study presented in Chapter 2.2, however, no 

serial embryonic growth measures were available, as they were in Chapter 2.1 of this thesis. Compared 

to Chapter 2.1, the power to detect potential differences therefore was lower. The World Health 

Organisation previously described factors such as neighbourhood deprivation as a so-called ‘distal 

background’ factor.12 Potentially, neighbourhood deprivation is too ‘distal’ to detect significant effects 

on small outcome measures, especially in addition to the lower power because of a single measurement 

of embryonic growth. The conflicting findings on embryonic size in Chapter 2.1 and Chapter 2.2 may also 

be a result of the different study populations they were conducted in, while the counding factors were 

harmonized best as possible. Our observation of an association between neighbourhood deprivation 

and higher odds of adverse pregnancy outcomes (Chapter 2.2) is in accordance with previous studies 

that both made use of cross sectional and longitudinal measures of neighbourhood deprivation.13-18 The 

observed associations persisted even after controlling for individual level socioeconomic factors, 

emphasising the isolated role for neighbourhood deprivation as risk factor for foetal growth in the 

second and third trimester of pregnancy, and for the pregnancy outcomes. 

Air pollution 

Living in an urban area like the city of Rotterdam, increases the chances of being exposed to air 

pollutants.19 Many factors may affect air quality, but most air pollutants originate from emissions of 

transport and industry. Additionally, urbanization structure affects air quality: more open spaces in a city 
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disperses air pollution, and more green spaces reduce the air pollutants by uptake of trees, shrubs and 

plants. Air quality development of the city of Rotterdam is progressing well, due to local interventions to 

reduce emissions from road traffic.20 For instance, the use of shared (electrical) bike and scooter 

initiatives saved an estimated 168.5 ton of CO2 emissions in the city of Rotterdam in 2020.21 However, 

these rides only covers inner-urban road traffic, which represents about 65% of the total vehicle driven 

kilometres within and directly around the city of Rotterdam. So for the latter 35%, initiatives to lower 

traffic on motorways should be started as well, but these are regulated by national authorities. The 

World Health Organization guideline on air pollution specifies concentrations that may best not be 

exceeded in order to prevent health damage.22  

In Chapter 2.3, we did not find consistent association between air pollution and foetal growth and 

adverse pregnancy outcomes. The suggested mechanisms through which air pollution could negatively 

affect fetal development are the induction of inflammation, oxidative stress, inadequate placental 

perfusion, and potential DNA changes.23-25 However, we did not find an steady association between air 

pollution exposure and embryonic size. Future studies should include longitudinal embryonic size 

measurements to increase quality of the data. We did find that OPdtt exposure was associated with 

decreased fetal weight across pregnancy. However, there was no association between air pollution 

exposure and lower birth weight. We observed that more NO2 exposure during pregnancy was 

associated with a higher odds of being born large for gestational age. This may imply rapid catch-up 

growth in the late third trimester. This increase in growth may be supported by a higher umbilical blood 

flow, as a study of Carvalho et al. observed a trend towards a lower pulsatility index of the umbilical 

artery in association with NO2 exposure. This lower index indicates a lower placental vascular resistance 

and thereby a better flow towards the developing foetus.26 Additionally, increased concentrations of 

leptin and adiponectin levels as a reaction to air pollution exposure are proposed as possible 

explanatory mechanisms, since high levels of leptin and adiponectin are associated with increased fetal 

and neonatal growth.27-29 This could also explain the finding that higher PM2.5course exposure is associated 

with an increased growth of foetal head circumference across pregnancy. 30, 31 The clinical implications of 

this finding however, remain to be investigated. Our findings call for future studies to explore the 

underlying mechanisms between air pollution exposure and the effect on fetal growth.  

A maternal life style intervention (Smarter Pregnancy)  

Maternal individual determinants (e.g nutritional deficiencies) have the potential to lead to a greater 

susceptibility to harmful external determinants such as neighbourhood deprivation, and thereby create 

a “double jeopardy.”32, 33 This means that the risk of an adverse outcome is larger than the risk of just 
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the maternal individual determinants and external determinants added up.33 Therefore, especially in 

deprived neighbourhoods, individual level risk factors should be identified and improved in order to 

realise a reduction in perinatal health inequalities. An example of risk factors that are associated with 

perinatal health, are poor nutrition and lifestyle behaviours.34, 35 In order to support all women who 

want to be pregnant or who are already pregnant to improve these behaviours, the Smarter Pregnancy 

mHealth program was developed. Previous studies have demonstrated that women improve inadequate 

nutrition and lifestyle behaviours after 24 weeks of mHealth coaching using this ‘’Smarter Pregnancy’’ 

program. In general, interventions to improve individual health primarily benefit the less deprived and 

less vulnerable people first, due to have generally higher health literacy skills and better access to 

programs or materials to help them out.36 Interventions are often thought to widen the gap between 

those the least and the most in need, since the impact of an intervention relies on a person’s resources 

to reach this intervention. The resources in most deprived neighbourhoods are often limited.37 

Therefore, we investigated whether residents of deprived neighbourhoods do equally improve nutrition 

and lifestyle behaviours as residents of non-deprived neighbourhoods, after following the Smarter 

Pregnancy program. We found that this improvement appeared to be better in women living in a 

deprived neighbourhood (Chapter 2.4). First, this may be due to the fact that by implementing this 

mobile health program, the barrier to reliable information and help was overcome since ownership and 

use of cell phones is as common among deprived individuals as among those from the general 

population.38 Based on the substantial use of smartphones worldwide, the World Health Organization 

even pointed out the potential of mHealth in health care delivery on a large and accessible scale.39, 40 

Since Smarter Pregnancy is accessible on the cell phone, this may contribute to the reduction of 

inequalities in nutrition and lifestyle behaviours. Next, we previously conducted a focus group study.41 

There, we found that higher educated women who participated in the Smarter Pregnancy program, 

showed a lower compliance and appreciation to the program than middle- and low-educated women, 

the latter often living in more deprived neighborhoods. Lastly, from previous studies we know that in a 

lower socioeconomic population, self-efficacy is a strong predictor of behaviour change.42 Although the 

previous focus group did not enquire self-efficacy specifically, a higher appreciation for the program in 

the low-educated women may represent a stronger believe in improvement due to participation to the 

program. 

Maternal cardiometabolic determinants  

Maternal lipid status 
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As previously mentioned, the mother-to-be is the most direct environment of the developing embryo 

and foetus. Changes in maternal metabolic and nutritional determinants are demonstrated to have an 

effect on foetal growth, for example changes in maternal glucose concentrations that are associated 

with differences in birth weight.43, 44 Also the maternal lipid status has implications for pregnancy. In the 

earliest phase of pregnancy, maternal lipids already play an important role. First, lipids are a major 

component of the oocyte and provide a large potential energy reserve. Second, the maternal lipid status 

is essential to ovulation, fertilization and implantation of the embryo.45, 46 From in vitro studies we know 

that the amount of lipids in the oocyte and embryo can be altered by interventions or changes in the 

lipid composition of the culture medium. This indicates that the embryo is susceptible to changes in the 

lipid concentrations of its environment.47 In earlier studies, it is demonstrated that the maternal lipid 

profile is positively associated with growth in the second and third trimester of pregnancy, and with the 

risk of large-for-gestational age born infants.48 In this study, we observed positive associations between 

the maternal lipid profile and embryonic size in the first trimester of pregnancy (Chapter 3.1). This 

observation adds to the current literature, suggesting a continuum in the association between the 

maternal lipid profile and embryonic, foetal growth and pregnancy outcomes. Additional studies are 

needed to evaluate the implications of embryonic size for embryonic health. Moreover, future studies 

may look into the optimal lipid concentrations over the whole course of pregnancy, and whether diet 

and physical activity have the potential reduce adverse pregnancy outcome by affecting these 

concentrations. This may result in lifestyle programs specifically targeted to optimize maternal lipid 

levels, both before as well as during pregnancy. 

Hypertensive disorders of pregnancy 

The maternal lipid status is not only important with regard to embryonic and foetal growth, but it also 

contributes to the risk of pregnancy complications. Dyslipidaemia, an abnormal amount of lipids in the 

blood, is associated with pregnancy induced hypertensive disorders and gestational diabetes.49 The 

association between the maternal lipid profile and hypertensive disorders of pregnancy are proposed to 

be a result of increased atherosis.50, 51 Atherosis is a process which is comparable to the early stage of 

atherosclerosis.52 Atherosis in the arteries of the placenta could lead to suboptimal functioning of the 

placenta and ultimately, complications of pregnancy such as preeclampsia. Moreover, the dyslipidaemia 

or an increased lipid profile increases the risk of endothelial damage, which consequently increases the 

risk of hypertension. An increased lipid profile in early pregnancy might thus be a precursor of a 

hypertensive disorder of pregnancy (HDP).53 Hypertensive disorders of pregnancy complicate 5% to 10% 

of pregnancies, and they increase the short-term risk of morbidity and mortality for both mother and 
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child. Moreover, it also increases the lifetime risk of cardiovascular disease for these women in later life. 

Notably, their children are also at increased risk of adverse cardiovascular outcomes later in life. This is 

proposed to be due to the exposure to anti-angiogenic factors which may alter the foetal 

cardiometabolic structure and function, which can modify cardiometabolic health in the offspring. 54, 55 

In our study, we investigated the associations between maternal HDP and early childhood 

cardiometabolic outcomes (Chapter 3.2). We did not find maternal HDP to be independently associated 

with early childhood cardiometabolic risk factors. However, the absence of an association between 

maternal cardiometabolic health and cardiometabolic risk factors at this stage, does not rule out an 

association later in childhood or adulthood. Another study in Generation R found that cardiometabolic 

risk factors do track from mother to children in later childhood.56 Within that study, adjustment for 

hypertensive pregnancy complications did not attenuate the results, which is in accordance to our 

findings that there is only a small role for pregnancy induced hypertensive disorders in the association 

between mother and offspring cardiometabolic risk factors.56 The observation that these 

cardiometabolic risk factors track from mother to child, supports the hypothesis that shared genetic and 

environmental factors play an important role in the association between the maternal and offspring 

cardiometabolic profile.54 A study demonstrated that siblings who were born after a normotensive 

pregnancy had identical cardiometabolic risk profiles compared to a sibling born after a pregnancy 

complicated by hypertension, which is in line with our findings that there is an absence of association 

between maternal HDP and childhood cardiometabolic risk factors .57  

 

METHODOLOGICAL CONSIDERATIONS 

All studies conducted within this thesis were performed in a prospective cohort setting. A prospective 

cohort is a powerful study design, although its observational nature does not allow to infer causality in 

the associations. To check whether there is evidence for a causal relationship between an exposure and 

an outcome, the Bradford Hill criteria were developed. Examples of these criteria include the biological 

plausibility and temporality of the associations, strength of the effect estimates and whether there is a 

dose response relationship.58 Most studies in this thesis had a prospective design, which supports the 

temporality between exposures and outcomes. Next, the strength of the effect estimates are relatively 

small, however the main findings of this thesis were consistent with previous studies.  

Another point worth discussing is that there was a selection of a relatively more healthy and affluent 

part of the population. Compared to the general population in the city of Rotterdam, women 

participating in the Generation R Study, Predict study and Smarter Pregnancy program were less likely to 
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be from ethnic minority groups, women were less likely to develop gestational hypertensive disorders 

and the incidence of preterm birth and low birth weight was lower compared to the national average.59 

This causes selection bias. This type of bias occurs if the association between, for example, the maternal 

lipid status and embryonic and foetal growth is different in women who are included in the analysis 

compared to those who are not included but would be eligible. For the Generation R Study we observed 

that of all women eligible for the study, the overall response to participate was 61%.60 Additionally, the 

Smarter Pregnancy intervention and the Predict study have been performed in a tertiary care centre, 

which gives rise to limited external validity due to relatively higher rates of folic acid supplement use, a 

chronic comorbidity and higher risks of pregnancy complications in this study population compared to 

the general population. Although selective participation in cohort studies at baseline has been shown 

not to bias relative risks61, it may influence the observed prevalence rates and thereby the external 

validity of our results. Furthermore, we used a virtual reality system in the investigation of embryonic 

and foetal growth measures. Despite its limited availability, the virtual reality system is currently only 

available in the Erasmus MC, it is now also available on a desktop system. The advantage is that this 

system can be used without any viewing aids, i.e. without 3D polarizing glasses. This makes VR widely 

available in the nearby future, in daily clinical practice, for a fraction of the cost. However, as both in 

research and clinical practice there is little access to this technology, which may compromise the 

applicability of our findings. Nevertheless, the results of this thesis add to the evidence on the worth of 

this new measurement methods, making it more valid to implement in clinical practice. As a next point 

of discussion, information bias might have occurred, because of misclassification of measurements.62 

This misclassification can be categorized as non-differential or differential. Differential misclassification 

comprises of misclassification of the exposure status related to the outcome status, and vice versa. 

Differential misclassification may lead to both an overestimation or underestimation of the effect 

estimates. Exposure data used in studies in this thesis were collected longitudinally and in advance of 

assessment of the outcomes. In most of the studies, the outcome was assessed using medical records, 

or standardized hands-on assessments of embryonic and foetal growth, prenatal body composition and 

cardiometabolic health. Also, the parents as well as the data collectors were unaware of the precise 

research questions under study. The data collectors were blinded to the exposure status, which makes 

differential misclassification of the outcomes less likely. Non-differential misclassification involves 

misclassification where the exposure status is not related to the outcome status, and vice versa. Non-

differential misclassification generally leads to an underestimation of the effect estimates. For example, 

underreporting of adverse lifestyle-related factors might have led to an underestimation or 
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overestimation of the observed effects, especially in the Smarter Pregnancy study. Additionally, we were 

not able to verify this, due to the lack of biomarker validation for the obtained information on the 

improvement of nutrition and lifestyle behaviours in this study population. 

Due to the prospective cohort design of the studies, controlling for confounders by methods such as 

randomization, restriction and matching was not possible. To account for confounding factors, we 

adjusted analyses for these potential confounders. The covariates in the adjusted models were selected 

based on their associations with the exposures and outcomes of interest.63 We assessed the variables by 

using directed acyclic graphs (DAG’s), which are a useful graphical tool that can help to identify 

confounders.63 To help understand whether the associations of neighbourhood deprivation with 

embryonic and foetal growth parameters in Chapter 2 and Chapter 3 are explained by individual level 

factors, we selected confounders that are known to be strongly related to embryonic and/or foetal 

growth. Although information about many potential confounders was available, residual confounding 

may still be present. This may result in an overestimation of the observed effect estimates.  
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RECOMMENDATIONS FOR RESEARCH, POLICY AND PRACTICE  

Table 1. Summary of findings. 

Manuscript Main finding 

The impact of neighbourhood deprivation on embryonic growth 

trajectories: Rotterdam Periconception Cohort. 

More deprivation was associated with larger embryonic growth 

(both crown-rump length and embryonic volume). 

Association between neighbourhood deprivation, fetal growth, 

small-for-gestational age and preterm birth: a population-based 

prospective cohort study. 

More deprivation was associated with decreased foetal growth 

in the second and third trimester, and an increased risk of 

preterm birth. 

Air pollution exposure during pregnancy, fetal growth, and 

pregnancy outcomes at birth. 

Air pollution exposure was associated with increased foetal 

head circumference, decreased foetal weight, and higher odds 

of delivering a large for gestational age infant. 

Maternal lipid profile in pregnancy and embryonic size: a 

population-based prospective cohort study. 

Maternal triglycerides and remnant cholesterol concentrations 

in early pregnancy are positively associated with embryonic 

growth.  

Maternal hypertensive disorders in pregnancy and early 

childhood cardiometabolic risk factors: the Generation R Study. 

No independent association between maternal HDP and early 

childhood cardiometabolic risk factors 

Neighbourhood deprivation and the effectiveness of mobile 

health coaching to improve periconceptional nutrition and 

lifestyle in women: survey in a large urban municipality in the 

Netherlands. 

Residents of more deprived neighbourhoods benefit more from 

the Smarter Pregnancy app compared to residents of less 

deprived neighbourhoods. 

 

In Table 1, an overview of the manuscripts in this thesis is presented. Our findings emphasize that 

maternal and environmental factors are independently associated with embryonic growth. During 

embryonic growth, development rates are highest and essential organ development is completed in this 

phase of pregnancy.64 Also, we know that first trimester growth is associated with pregnancy 

outcomes.65-67 Therefore, adverse exposures in the first trimester could have permanent consequences 

for both foetal and postnatal health. This means this period is a window of opportunity to target 

interventions, in order to prevent both short- and long term adverse health outcomes for mother and 

child. In this part of the thesis, we discuss the issues that remain to be addressed in future studies. 

Additionally, recommendations for clinical practice and policy makers are set out. 

 

Future research  
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We need to obtain further insight in the underlying mechanisms that explain how external determinants 

affect embryonic growth. In this thesis, we did not always observe significant associations between 

external determinants and embryonic growth, measured as crown-rump length or embryonic volume. 

The difference between embryonic growth and embryonic development, may be an explanatory 

factor.68 Embryonic growth is represented by the two-dimensional measure of length of an embryo, the 

crown-rump length. Embryonic development is represented by the stages of Carnegie, which are 

determined on both external as well as internal characteristics and with that they provide specific 

information on embryogenesis.69, 70 External determinants may alter this development, in terms of delay 

in morphology characteristics, but without affecting embryonic growth in terms of length, which is 

measured with the crown-rump length. So, future research addressing associations between external 

determinants and embryonic development in terms of Carnegie stages would provide us with more 

information. 

Another mechanism that remains to be elucidated, is 

whether there are any differences between embryo’s in 

the plasticity and the timing of the sensitivity of the 

embryo to external determinants. It is known that, post-

fertilization, the embryo is maintained by secretions from 

the uterine glands in the endometrium, so-called ‘uterine 

milk’(Figure 1).71 This is supported by findings in 

experimental studies that embryonic development ceased 

in when the growth of these endometrial glands was 

suppressed.72 Additionally, both Doppler ultrasound, 

hysteroscopy, and perfusion of hysterectomy specimens all 

demonstrated an absence of significant maternal blood 

flow to the placenta prior to 10-12 weeks of pregnancy, 

which means the embryo is relying on the local provision 

of nutrients.73 The timing of the change in nutrient supply 

from histiotrophic (from the endometrial glands) to 

hemotrophic nutrition (exchange of particles between the 

maternal and foetal circulations crossing the placenta) is 

demonstrated to coincide with a substantial increase in 

embryonic growth rate.74 Since the onset of the transition of 
From: Placenta (2001), Vol. 22, Supplement A, Trophoblast 

Research, Vol. 15 
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nutrient provision is associated with the embryonic growth rate, external determinants affecting this 

transition might thus also affect embryonic growth. Additionally, the morphology of the endometrial 

glands has been studied71, 75, 76, but the exact associations between the maternal preconceptional 

nutrient status and the concentration of nutrients in the endometrial glands and their secretions are not 

fully clarified. Therefore, this is an interesting focus for future (laboratory) research. Moreover, it is likely 

that uterine secretions are not only important as source of nutrients.73 74 75 The secretions also contain 

regulators of trophoblast proliferation and migration, which suggests that the secretions may also play a 

part in artery formation, but this has to be investigated further.76 Also the possible immunosuppressive 

properties, which can support maternal tolerance to the placenta are not fully identified yet.76 Another 

important topic for investigation are the mechanisms laying foundations for the associations between 

living in a deprived neighbourhood and embryonic and foetal growth and adverse pregnancy outcomes. 

Living in a deprived neighbourhood implies being exposed to urban stressors such as high crime rates, 

that can lead to psychosocial stress which finally may increase the risk of adverse pregnancy outcomes.13 

This mechanism has been demonstrated to explain small area variations in acute psychiatric diseases, 

and could matter for pregnancy outcomes as well.77 In order to isolate a ‘deprived neighbourhood-

effect’ in this thesis, we performed extensive adjustments for risk factors at the individual level. 

Adjustments for urban stressors and the degree of received care is, however, challenging, and therefore 

we cannot exclude the contribution of these factors to the effects of neighbourhood deprivation in the 

associations with our investigated adverse pregnancy outcomes.78 

In future research, the contribution of these factors to a ‘neighbourhood effect’ is an important topic of 

interest. A comparison of urban stressors and individual psychosocial stress within neighbourhoods of 

similar (low) socioeconomic status could provide more insight in the mechanisms behind a 

neighbourhood effect. Analyses using the ‘Rotterdam Wijkprofiel’ (neighbourhood profile) data may be 

insightful. In the ‘Wijkprofiel’, data on different domains is collected for the different neighbourhoods in 

the city of Rotterdam: the so called physical domain, the social domain and the security domain.41 

Additionally, the ‘Wijkprofiel’ data makes a distinction between objective information (originating from 

registries) and subjective information (originating from surveys conducted within the neighbourhoods). 

The subjective information on the social and security domain for example, can be used as a proxy for 

individual psychosocial stress. Additionally, in this thesis we did not take the fact into account that one’s 

socioeconomic position relative to that of others within a neighbourhood is important for health. Living 

in a deprived neighbourhood may have the most negative health effects on poorer individuals, possibly 

because they are more dependent on collective resources in the neighbourhood.79, 80 Indeed, it is also 
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known that risk factors can have a different effect on health outcomes between persons due to 

interaction with other risk factors or protective factors, the previously mentioned ‘double jeopardy’. For 

instance, a negative effect of a low income can be mitigated by a strong social safety net. In some cases, 

we did investigate whether effect modification was present. However the purpose of our studies was 

not do fully disentangle the interactive effects, which could be done in future research. Subsequently, if 

future studies confirm an isolated neighbourhood effect, it raises the question whether a 

neighbourhood effect can be undone by moving to another area. Moving away may eliminate adverse 

urban related factors. Assuming causality, a study looking into longitudinal measures of neighbourhood 

deprivation and adverse pregnancy outcomes, demonstrated that the improvement of neighbourhood 

status prevents the occurrence of preterm and small-for-gestational-age births.81 

With regard to natural environmental factors, future studies should aim to select individuals with a wide 

range of exposure levels, which enhances the ability to detect associations of environmental factors 

with adverse pregnancy outcomes. Also, it is interesting to investigate differences in associations 

between exposure to residential surrounding greenness and adverse pregnancy outcomes between 

countries. Specifically, there are large differences between countries in green space cover, which might 

affect the associations with adverse pregnancy outcomes. Another relatively unexplored area of 

research are the effects of interactions of genes with the environment. Certain gene polymorphisms 

may affect susceptibility to environmental factors such as air pollution, by influencing biological 

pathways related to responses to air pollution such as bronchoconstriction and airway inflammation.82 

Oxidative stress is an important mechanism behind the effects of air pollution, and thus polymorphisms 

in genes coding for enzymes involved in the oxidative stress response are proposed to be important.82 In 

addition, for some of the associations addressed in this thesis, large population-based studies are 

needed focusing on epigenetics and metabolomics. For instance, in case of the association between 

maternal lipid levels and embryonic growth, this could be performed using Mendelian randomization 

analysis.83 Mendelian randomization analysis is an instrumental variable analysis that uses common 

genetic polymorphisms as instruments for exposures. To use this method, genes need to be available 

that are known to be associated with the exposure, and they need to affect the outcome only via that 

exposure. This approach uses the fact that – in contrast to environmental exposures – genotypes are 

randomly assigned and do not change over time. Mendelian randomization analysis thus avoids the 

problems of reverse causation and confounding, and can therefore be used to examine whether our 

previously observed associations are essentially causal.83  



 

181 
 

To investigate the complex correlations between living environment related risk factors, there is the so 

called exposome approach for epidemiologic studies.84 The concept of the exposome was first proposed 

in 2005 by Christopher Wild to describe ‘life-course environmental exposures (including lifestyle 

factors), from the prenatal period onwards’.85 The exposome has been proposed to 

comprise three domains: (1) a general external domain, including factors such as climate and the 

urban/rural environment; (2) a specific external domain, including environmental pollutants, and (3) an 

internal domain, including internal body processes such as inflammation, and endogenous circulating 

hormones.86 In future research, these exposome studies may provide us with better information on the 

effect of widespread exposures, and how they interact with each other, on health outcomes such as 

pregnancy. However, this also makes these studies complicated, and the initiation of the studies face 

multiple challenges. First, there is the selection of exposures, which depends on feasibility and data 

accessibility. Next, there are some technical challenges of measuring the domains of the exposome. For 

exposures that are measured through biochemical assays, some values may be below the limit of 

detection (LOD), which is the lowest quantity of an exposure that can be detected by a specific method. 

A commonly used approach consists in replacing all values below the LOD by a fixed value such as the 

LOD, half the LOD or LOD/√2.87 Another important issue in an exposome study is exposure 

misclassification, especially when the measurement error differs from one exposure to another. Next, in 

real life, one is continuously exposed to external determinants, but it is difficult to assess a continuous 

exposome with the aim to perform a study. Therefore, the exposome is usually obtained from exposure 

assessments at specific time points. Even though exact measurement of the entire exposome is 

currently impossible, even partial exposome coverage provides valuable information. With specific 

attention to these challenges, exposome studies can provide us with more insights.  

 

Policy and practice Our findings complement the existing evidence that both personal (e.g. maternal 

lipid levels) and living environment related factors (i.e. neighbourhood of residence) are associated with 

embryonic and foetal growth and adverse pregnancy outcomes. Early identification and management of 

risk factors is a promising way to prevent or limit exposure to these risk factors during pregnancy. This is 

vital with regard to pregnancy outcomes, but also for the long-term health of the next generation.88, 89 

Therefore it is of the utmost importance to optimize one’s health and living status before pregnancy, 

even before conception. Preconception education and preconception care (PCC) are still very limited. 

This may be related to the lack of sense of urgency that it is important, amongst (obstetric) health 

professionals as well as the parents to be. One way to increase this sense of urgency could be by 



 

182 
 

implementing this knowledge in the curriculum of medical 

schools and midwifery schools. Increased awareness 

among future parents could be attained by offering more 

and clearer information to them, for instance by TV 

commercials or free preconceptional appointments at the 

general practitioner.90 PCC has previously been defined as 

“a set of interventions and/or programs that aim to 

identify and enable informed decision making to modify 

biomedical, behavioural, and psychosocial risks to parental 

health and the health of their future child through 

counselling, prevention, and management; emphasizing on 

factors that must be acted on before conception and in 

early pregnancy to have maximal impact and/or choice”.91 

PCC may identify risk factors for adverse pregnancy outcomes before conception. This provides the 

opportunity to modify these risk factors through health information, interventions like vaccinations and 

life style changes to improve one’s nutritional status and stop substance abuse.92, 93 

The recognition of the long-term effects of events during early foetal growth, is part of early life course 

medicine. A ‘life course approach’ is being used to study the physical and social risk factors during 

pregnancy, childhood, adolescence, adulthood and midlife that affect chronic disease risk and health 

outcomes.94, 95 It emphasizes that the chain of health care around the preconceptional and antenatal 

period, postpartum, and subsequent child health care also needs to be more connected. This allows 

timely intervention by the professionals with the most expertise at the right moments. A life course 

approach encourages to look across generations for clues to current patterns of health and disease, and 

to recognise that these are affected by a wider social, economic and cultural context.96 Therefore, this 

approach also addresses the importance of one’s place of living and exposure to urban factors.97 

According to the US Centers for Disease Control and Prevention, “eliminating disparities in 

preconception health can potentially reduce disparities in two of the leading causes of death [for 

women] in early and middle adulthood (i.e. heart disease and diabetes).”98 However, current care 

systems are not set up with the main goal to optimize preconceptional or first trimester health of the 

future mom-to-be. A first step in a life coarse approach is by implementing PCC. One way to identify 

women contemplating pregnancy could be by just simply asking women of reproductive age: “would 

you like to become pregnant in the next year?”.99 Preventive targeted intervention programs may 

From: Paediatr Perinat Epidemiol (2019), Nov;33(6):503-505. 
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contribute to the reduction of inequalities in population health.100 These programs may specifically be 

set up to focus on the reduction of health inequalities between deprived and non-deprived 

neighbourhoods. Until now, multiple interventions were developed. For instance, in 2008, the city of 

Rotterdam launched the ‘Ready for a Baby’ program.101 102 In this program, it was demonstrated that 

high-risk populations were best accessed via group-based education, since results of the individual 

preconceptual care consultations were limited. Additionally, it was observed that obstetric health 

professionals rarely screen for non-medical or social risk factors in the Netherlands, and that risk 

assessment approaches are highly 

variable between community 

midwifery practices and 

hospitals.103 Despite the fact that 

health professionals deal with 

non-medical risk factors 

frequently, national guidelines or 

protocols and supportive tools to 

deal with them are lacking.104 To 

improve the detection of risks 

factors for adverse outcomes in 

pregnancy, within the ‘Ready for a Baby’ program, a tool was developed: the 

Rotterdam Reproductive Risk Reduction scorecard (R4U). This scorecard 

incorporates both medical and non-medical risk factors. In the Healthy Pregnancy 4 All (HP4All) study, 

strategies to improve pregnancy outcomes were evaluated, particularly in deprived populations. It 

demonstrated that the implementation of this R4U scorecard, together with care pathways, increased 

professionals’ awareness for these risk factors, promoted uniformity in risk surveillance and encouraged 

to deliver PCC. At the same time, the uptake of PCC by women who were planning to become pregnant 

was promoted.91 This is promising, for a future in which both maternal health inequalities and adverse 

pregnancy outcomes should be reduced.  

Our findings emphasize that early pregnancy is a critical period for health outcomes in the offspring, 

which emphasizes the importance of preventive strategies that focus on improving maternal health 

status in the preconception period and in early pregnancy. 

  

From: WHO/HPS, Geneva 2000  
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Chapter 5 

Summary 

The overarching goal of this thesis was to investigate the associations between external determinants 

and embryonic and foetal growth and adverse pregnancy outcomes. Chapter 1 describes the 

background and hypotheses for the studies presented in this thesis. For some determinants, for instance 

alcohol use and smoking, it is known that they have the potential to affect foetal growth and the 

outcome of pregnancy. However, it remains unclear to which extend these factors also affect embryonic 

or first trimester growth.  

In Chapter 2 we evaluate the association between environmental determinants and embryonic and 

foetal growth and adverse pregnancy outcomes. In Chapter 2.1 we demonstrated that in deprived 

neighbourhoods, embryos are larger than in non-deprived neighbourhoods. The neighbourhood status 

score was negatively associated with embryonic growth: a higher score (a less deprived neighbourhood) 

was associated with a smaller crown-rump length and embryonic vollume.  

In Chapter 2.2, a higher neighbourhood status score (less deprivation), was associated with increased 

foetal growth in the second and third trimester, and a decreased risk of preterm birth. In this study, 

neighbourhood deprivation was an independent risk factor for decreased foetal growth and preterm 

birth, above and beyond individual level risk factors of the residents. 

In Chapter 2.3 we observed that higher air pollution during pregnancy was associated with increased 

fetal head circumference and decreased fetal weight across pregnancy. Also, we found an association 

between air pollution exposure and being large for gestational weight at birth.  

In Chapter 2.4 we examine the effectiveness of a mobile health coaching app, Smarter Pregnancy. The 

Smarter Pregnancy mHealth coaching program empowers women to improve inadequate nutrition and 

lifestyle behaviours. The results of this chapter suggest residents of more deprived neighbourhoods 

benefit more from this app compared to residents of less deprived neighbourhoods. It is important to 

unravel differences in needs and behaviours of specific target groups to further tailor the mHealth 

program on the basis of demographic characteristics like neighbourhood deprivation. 

Chapter 3 describes studies that are focused on the associations of maternal determinants with 

embryonic and foetal growth and adverse pregnancy outcomes. In Chapter 3.1 we demonstrated that 

maternal triglycerides and remnant cholesterol concentrations in early pregnancy are positively 

associated with embryonic growth. These associations were only present in the overweight women, not 

in women with normal weight. Associations between maternal lipid concentrations and embryonic 

growth were not attenuated after adjustment for glucose concentrations. Total-cholesterol, HDL-c, LDL-
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c, non-HDL-c, glucose concentrations and the TG/HDL-c ratio were not significantly associated with 

embryonic growth. The lipid profile in early pregnancy might thus be useful biomarkers of high-risk 

pregnancies.  

We did not observe evidence for an independent association between maternal HDP and early 

childhood cardiometabolic risk factors in Chapter 3.2. More specifically, at 6 years of age, no 

associations between maternal HDP and systolic blood pressure, diastolic blood pressure, BMI, fat mass 

index, cholesterol or triglyceride levels were observed. Maternal HDP were inversely associated with 

childhood body mass index at 12 months. Maternal HDP were not associated with childhood body mass 

index at 2, 6 and 36 months. However, we emphasize that this does not rule out possible long term 

effects of maternal HDP on cardiometabolic health in the offspring. 

In Chapter 4 we discuss the principal findings, methodological considerations, future perspectives and 

final conclusion of this thesis.  

In conclusion, findings from this thesis suggest that environmental and maternal determinants are 

associated with changes embryonic and foetal growth and adverse pregnancy outcomes. Although the 

observed associations were relatively small, they may be important for first trimester risk assessment on 

a population level. Our findings emphasize that early pregnancy is a critical period for health outcomes 

in the offspring. Preventive strategies should focus on improving maternal health status in the 

preconception period and in early pregnancy to improve pregnancy outcomes. 

  

Samenvatting  

Het overkoepelende doel van dit proefschrift was om de associaties tussen externe determinanten en 

embryonale en foetale groei en zwangerschapsuitkomsten te onderzoeken. De aanleiding voor het 

starten van de studies en de achterliggende hypotheses worden beschreven in Hoofdstuk 1. Van enkele 

determinanten, bijvoorbeeld alcoholgebruik en roken, is bekend dat ze de groei van de foetus en de 

uitkomst van de zwangerschap kunnen beïnvloeden. Het blijft echter onduidelijk in welke mate deze 

factoren ook de groei van het embryo of de groei in het eerste trimester beïnvloeden. 

In Hoofdstuk 2 kijken we naar omgevingsfactoren en de groei van het embryo en de foetus en 

zwangerschapsuitkomsten. In Hoofdstuk 2.1 lieten we zien dat er in achterstandswijken, embryo’s 

sneller groeiden dan in niet-achterstandswijken. De statusscore van een wijk was negatief geassocieerd 

met embryonale groei: een hogere score (een minder achtergestelde buurt) was geassocieerd met een 

kleinere kop-staart lengte en kleiner embryonale volume.  
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In Hoofdstuk 2.2 keken we verder naar de relatie tussen het wonen in een achterstandswijk en de groei 

van de ontwikkelende baby, en de uitkomst van de zwangerschap. We konden in dit hoofdstuk geen 

relatie vinden tussen het wonen in een achterstandswijk en groei in het eerste trimester. Wél zagen we, 

dat ontwikkelende baby’s in het tweede en derde trimester kleiner waren in achterstandswijken, en dat 

deze baby’s een groter risico hadden om te vroeg geboren te worden. Het wonen in een 

achterstandswijk was een onafhankelijke risicofactor voor verminderde groei van de baby en 

vroeggeboorte, die los stond van individuele risicofactoren van de inwoners van de wijken.  

In Hoofdstuk 2.3 vonden we een positieve relatie tussen luchtvervuiling en de groei van het hoofd van 

de foetus. Echter, vonden we een negatieve relatie met het gewicht van de foetus over het verloop van 

de zwangerschap. Als laatste vonden we een grotere kans op een baby die met een hoog gewicht voor 

de termijn wordt geboren, in relatie tot een van de onderzochte luchtvervuilers. 

 In Hoofdstuk 2.4 onderzochten we de effectiviteit van de mobiele applicatie ‘Slimmer Zwanger’. Met 

behulp van dit programma worden vrouwen die zwanger zijn of zwanger willen worden geholpen om 

inadequate voeding- en leefstijl te verbeteren. In dit hoofdstuk laten we zien dat inwoners van een 

achterstandswijk meer baat lijken te hebben bij het volgen van het Slimmer Zwanger programma, dan 

inwoners van een niet-achterstands wijk. De inwoners van een achterstandswijk lieten sterkere 

verbeteringen zien in de inname van groente, en maakten het gehele programma van 24 weken vaker af 

dan vrouwen in een niet-achterstandswijk. 

In Deel III van dit proefschrift onderzoeken we of maternale factoren de groei in de zwangerschap 

kunnen beïnvloeden. In Hoofdstuk 3.1 hebben we de lipiden in de vroege zwangerschap als biomarker 

onderzocht. Vrouwen met een hoge concentratie lipiden in het bloed hebben een grotere kans op 

grotere kinderen bij de geboorte. We hebben laten zien dat de baby zelfs in het eerste trimester al 

groter is dan bij vrouwen met lagere lipiden concentraties. Deze associaties waren alleen aanwezig bij 

vrouwen met overgewicht, niet bij vrouwen met een normaal gewicht. Associaties tussen maternale 

lipidenconcentraties en embryonale groei werden niet verminderd door correctie voor maternale 

glucoseconcentraties. Totaal cholesterol, HDL-c, LDL-c, non-HDL-c en de TG / HDL-c-ratio waren niet 

significant geassocieerd met embryonale groei. Het lipidenprofiel in de vroege zwangerschap zou 

daarom kunnen helpen om vrouwen stadium op te sporen, die een verhoogd risico hebben om te 

bevallen van een zwaar kind. 

In Hoofdstuk 3.2 keken we of een hoge bloeddruk in de zwangerschap en zwangerschapsvergiftiging een 

negatief effect heeft op het hart- en vaatstelsel van het kind, en of het zijn of haar BMI beïnvloed. We 

hebben geen bewijs gevonden voor een onafhankelijk verband tussen hoge bloeddruk en 
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zwangerschapsvergiftiging van de moeder tijdens de zwangerschap en cardiometabole risicofactoren 

voor kinderen. Meer specifiek, op de leeftijd van 6 jaar, waren er geen associaties tussen hoge 

bloeddruk en zwangerschapsvergiftiging van de moeder en systolische bloeddruk, diastolische 

bloeddruk, BMI, vetmassa-index, cholesterol- of triglycerideniveaus bij de kinderen. Hoge bloeddruk en 

zwangerschapsvergiftiging van de moeder was geassocieerd met een lagere body mass index bij 

kinderen op de leeftijd van 12 maanden. We benadrukken echter dat dit mogelijke langetermijneffecten 

van maternale aandoeningen met hoge bloeddruk in de zwangerschap op de cardiometabole 

gezondheid bij de nakomelingen op latere leeftijd niet uitsluit. 

In Hoofdstuk 4 bespreken we de belangrijkste bevindingen, methodologische overwegingen, 

toekomstperspectieven en de eindconclusie van dit proefschrift. We constateren dat omgevings- en 

maternale determinanten geassocieerd zijn met embryonale en foetale groei en 

zwangerschapsuitkomsten. Hoewel de waargenomen associaties relatief klein waren, kunnen ze 

belangrijk zijn voor risicobeoordeling van de zwangerschap in het eerste trimester op populatieniveau. 

Onze bevindingen benadrukken dat de vroege zwangerschap een kritieke periode is voor de gezondheid 

op de lange termijn bij het nageslacht. Preventieve strategieën moeten gericht zijn op het verbeteren 

van de gezondheidstoestand van moeders in de preconceptieperiode en tijdens de vroege 

zwangerschap om de zwangerschap en daarmee de gezondheid van hun kinderen te verbeteren.  
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