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EARLY LIFE
Each of our lives started with the fusion of a spermatozoid and an oocyte.1 At 
this beginning of life, and during the tremendous development that follows in 
utero and in early postnatal life,2, 3 environmental factors have been shown to 
affect future health.4-7 Poor nutrition, lack of physical activity, adiposity, metabolic 
abnormalities, stress, medical treatments, substance use, and smoking at time of 
conception and during pregnancy are all linked to adverse short- and long-term 
health of children.8-17 The concept that influences in early life affect future health, 
is referred to as the Developmental Origins of Health and Disease (DOHaD).18 
This theory encapsulates that exposure to an adverse environment during 
critical developmental periods could (re-)program the structure and/or function 
of various bodily systems. Developmental plasticity may be the underlying 
principle explaining how the phenotype can be shaped by an unfavorable early 
environment.19-23 While adaptions induced in utero might provide short-term 
survival benefits, they may come at the expense of longevity and poorer health.6, 

24-26 As the cells in the pre-implementation embryo are still undifferentiated,7, 27-30 
the periconception period might be especially sensitive to environmental cues.

A body of observational evidence and animal experiments have linked maternal 
obesity before and during pregnancy to poorer cardiometabolic health in 
offspring,5, 31-37 and altering the early embryo by means of assisted reproductive 
technology (ART) treatment also affected offspring’s cardiometabolic health.38-42 
Potentially, improving the in utero environment by optimizing maternal lifestyle 
and body mass index (BMI) may mitigate the negative effects of maternal obesity on 
children’s health. Currently, only human lifestyle interventions during pregnancy 
have been completed and were unable to induce lasting effects on childhood 
cardiometabolic health.43 Hence, there is an opportunity for interventions to 
optimize maternal lifestyle before conception.44 Additionally, there have been 
no previous randomized controlled trials that examined whether hormonal 
stimulation or in vitro fertilization (IVF) procedures differently affect children’s 
health. To that end, the studies described in this thesis aimed to elucidate the 
effects of periconceptional influences on children’s cardiometabolic health, and 
experimentally assess whether a preconception lifestyle intervention or different 
fertility treatments may affect cardiometabolic health in the offspring. 

MATERNAL OVERWEIGHT AND OBESITY
Worldwide, the prevalence of overweight (BMI ≥25 kg/m2) and obesity (BMI ≥30 
kg/m2) has tripled in the last decades.45, 46 About 40% of the population, or 1.9 
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billion people are overweight or obese.47 Obesity results in premature death 
by increased risks of non-communicable diseases, such as type 2 diabetes, 
hypertension, cardiovascular disease (CVD), and certain types of cancers.48-50 The 
initial treatment of obesity is a lifestyle intervention.51 Adhering to a healthy diet 
and increasing physical activity can reduce weight and the associated risks of 
non-communicable disease.52-55 Despite the potential of lifestyle interventions to 
reduce weight and disease risks, their success has been limited so far as weight 
loss and lifestyle changes are often temporary and the prevalence of obesity 
continues to rise.56, 57 

Globally, about a third of the women of reproductive age are overweight or obese.46, 

57-59 Becoming pregnant while overweight or obese, from now on referred to as 
maternal obesity, has substantial consequences for pregnancy related morbidity 
and mortality.60, 61 Moreover, maternal obesity affects neonatal health through 
increased risks of preterm birth, large for gestational age, congenital anomalies, 
low Apgar scores and stillbirth.62-65 Children of mothers who were obese during 
pregnancy are more often obese themselves, show impaired immune responses, 
have poorer neurodevelopment, and are at increased risk of cardiometabolic 
disorders later in life.34, 66-70 An obese child will often become an obese adult, and 
in turn propagate obesity risks to their child.71, 72 Additionally, obesity further 
accelerates the development of lipid abnormalities and insulin resistance.25, 73-

77 These effects have been shown in numerous cohorts globally.5 For instance, 
those born to obese mothers had higher rates of premature all-cause mortality 
and hospital admissions related to CVD during their lives, even after adjusting 
for confounders.33 Another cohort showed that children of mothers that were 
obese during pregnancy had 3 to 4 times higher odds of becoming obese or to 
have clustering of cardiometabolic risks compared to children of normal weight 
mothers.78 In numbers, one study showed that offspring of mothers with obesity 
had an estimated 5 kg/m2 increase in BMI and 8 cm higher waist circumference 
as adults.32 Other studies have shown smaller effects in the same direction in 
individuals born to obese mothers; a 0.3 kg/m2 higher BMI and 1 kg higher body 
fat mass at age 6-10 years,79 or approximately 1 kg/m2 higher BMI at 62 years of 
age.80 Furthermore, daughters of women with obesity were 6 times more likely 
to be obese at 18 years of age,81 signifying the intergenerational development of 
obesity and CVD.

The aforementioned studies indicate poorer cardiometabolic health in children 
whose mothers were obese during pregnancy in various settings. However, 
these findings may be explained by confounding factors like shared genetics or 

an unhealthy postnatal lifestyle, as these factors are not easily accounted for in 
observational studies.82-87 To assess whether maternal obesity is causally linked 
to offspring’s obesity and increased CVD risk factors, experimental studies that 
either induce or revert obesity are needed. To date, such human intervention 
studies are scarce, likely due to the long time between exposure and outcomes, 
high costs and ethical considerations deliberately exposing women and children 
to obesity. Hence, experimental studies in animal models are suitable to explore 
the causal relation between maternal obesity and offspring’s cardiometabolic 
health. Benefits of experiments in animals include a common genetic background, 
a controlled dietary and physical activity exposure, and a controlled postnatal 
environment. Furthermore, the shorter lifespan of animals allows exploring 
effects into late adulthood within a matter of years. 

In animal experiments that compared offspring of rats and mice that were made 
obese by a high fat diet to offspring of mothers on normal chow diet, maternal 
obesity led to increased adiposity, hypertension and insulin resistance in the 
offspring.88, 89 Additionally, previous reviews of animal experiments have indicated 
obesity during pregnancy to cause poorer offspring metabolism and glycemic 
control.35, 90, 91 In these reviews maternal obesity was not necessarily induced 
before pregnancy, and thus the effects of obesogenic diets during pregnancy may 
have been studied instead of obesity present throughout gestation.35, 90, 91 In order 
for animal models to closer resemble the human situation, the animals should 
be obese before and during pregnancy. Hence, Chapter 2 presents a systematic 
review of animal experiments examining the effect of maternal obesity before 
and during pregnancy on offspring’s anthropometry and cardiometabolic health. 

PHYSICAL FITNESS AND ACTIVITY LEVELS
After examining the effects of maternal obesity on well-known cardiometabolic 
risk factors in animal experiments, Chapter 3 describes whether in humans 
maternal obesity is associated with childhood levels of physical fitness, physical 
activity (PA) and sedentary behavior (SB). As low levels of physical fitness and 
PA are associated with poor cardiometabolic health,92-96 these factors may be 
an important link between maternal obesity and offspring’s cardiometabolic 
health. Physical fitness is an overall term that comprises muscular strength, 
balance, agility, and cardiorespiratory fitness (CRF). Of these, CRF is most strongly 
associated with health outcomes.97 Some studies showed that low birth weight, a 
proxy of poor in utero circumstances, was associated with lower levels of physical 
fitness in childhood.98, 99 On the other hand, maternal obesity led to high birth 
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weight,68, 100 which was associated with lower levels of PA.101 Thus, early life 
influences may (partly) determine the development of CRF, muscular strength, PA 
and SB. Preliminary evidence of the effects of maternal obesity during pregnancy 
on offspring’s physical fitness comes from animal experiments; offspring of 
obese ewes had increased lipid accumulation and fibrosis in their muscles,102 
and offspring of obese rats showed disturbed metabolic processes in muscle 
cells, such as reduced expression of glucose transporter proteins.103 Currently, in 
humans it is unknown whether maternal obesity affects childhood CRF, muscular 
strength, PA and SB. Therefore, these associations are described in Chapter 3, and 
may provide novel insights into the programming effects of maternal obesity on 
children’s health. 

Physical fitness has been recognized as a strong predictor of overall health and 
high levels of CRF have been related to lower CVD risks in adults.104-106 However, 
little is known about the longitudinal relationship between CRF in childhood and 
adolescence and the risks of developing CVD later in life. Cross-sectional studies 
in children have shown strong correlations between lower levels of CRF and 
increased rates of obesity, higher blood pressure and metabolic disorders.96, 107, 

108 These associations may be explained by a child’s adiposity and/or PA levels at 
the time of fitness testing, and not be due to CRF itself.109-112 On the other hand, 
if there are effects of CRF on CVD risk factors, they may be bidirectional. Children 
with low CRF may have more difficulties being physically active,113 resulting in 
lower energy expenditure and a subsequent increase in adiposity.114 Alternatively, 
children who are overweight or obese might be less inclined to be physically 
active and in turn have lower CRF.115 Thus, the relations between CRF, PA and 
CVD risk factors are intricate. Investigating the temporal sequence is needed 
to explore causality,116 and may aid the early detection of those at risk of poor 
cardiometabolic health.117 Hence, Chapter 4 describes whether CRF in childhood 
and adolescence is associated with future CVD risk factors.

INTERVENTIONS
Interventions to reduce maternal obesity before and during pregnancy could 
have positive effects on offspring’s health. Currently, only follow-up of studies that 
implemented a lifestyle intervention during pregnancy have been completed.43 
While these interventions improved maternal health during pregnancy,118-120 and 
follow-up suggested healthier weight and body composition in infancy,121, 122 most 
studies found no effects on childhood CVD risk factors.43 Although these studies 
are indicative that interventions in early life can affect offspring’s heath, the lack of 

a lasting effect may be due to the fact that these interventions started at the end 
or after the first trimester. Since during early gestation most organs are already 
formed, this period may be the most sensitive to environmental cues.23, 123-125 Hence, 
focusing on weight loss before conception may prove a more favorable strategy 
to improve long-term health of offspring.126-128 Besides, the preconception period 
might be an ideal window of opportunity as women contemplating pregnancy 
may be more susceptible to lifestyle change and more inclined to change their 
less healthy habits.126, 129 For instance, women contemplating pregnancy reported 
they increased folic acid intake, stopped smoking and reduced alcohol intake.130

Some observational studies of mothers who lost weight between subsequent 
pregnancies showed healthier weight and improved lipid profiles in the 
children born after weight loss, but other factors like the postnatal diet may 
affect these associations.131-133 Nonetheless, the potential of a preconception 
lifestyle intervention in prospective mothers with obesity to improve their own 
health and that of their children, may provide an effective approach to limit the 
intergenerational development of obesity.72, 126, 134 The LIFEstyle trial is currently 
the only completed randomized controlled trial that examined the effects of a 
preconception lifestyle intervention in infertile women with obesity.135 These 
women were randomly assigned to 6 months of personalized counseling on 
healthy diet, aimed to increase physical activity by reaching 10,000 steps a day and 
participating in sport activities three times a week before fertility management, 
or to the control group who received prompt fertility management.135 Women in 
the intervention group reduced snacking and sugary drink intake, and increased 
physical activity in response to the lifestyle intervention.136 Furthermore, 
these women lost approximately 4 kg of body weight and halved their odds of 
metabolic syndrome 6 months after the intervention started.137 Follow-up of the 
children born in this trial provides the first experimental evidence in humans on 
the effects of a preconception lifestyle intervention on offspring’s anthropometry 
and cardiometabolic health, and these findings are described in Chapter 5.

ASSISTED REPRODUCTIVE TECHNOLOGY
Adults who are obese not only have poorer cardiometabolic health, they also 
have reduced fertility.138, 139 The increase in individuals with obesity, as well as the 
increasing age of women attempting to conceive have contributed to a rise in 
fertility problems, which is estimated to affect 50 million couples worldwide.140 
After the birth of the first child by IVF in 1978,141 about 8 million children have been 
conceived by assisted reproduction.142-144 These assisted reproduction fertility 
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treatments, including ovarian (hyper)stimulation, intrauterine insemination 
(IUI), IVF and intracytoplasmic sperm injection (ICSI) have in common that they 
alter the environment at the very earliest start of life.145 Although most assisted 
reproduction conceived babies are born healthy, because of the sensitivity of the 
early embryo to its environment,146, 147 there is a need to assess to what extent 
the elements of assisted reproduction affect later health. There is preliminary 
evidence that ovarian hyperstimulation, embryo culture, and transfer can affect 
the developing fetus.148-152 This may alter organ growth, endocrine function, and 
metabolism,40, 153, 154 all potentially leading to impaired development and poorer 
health of the individual.155-159 

Reviews of observational studies concluded that parameters such as postnatal 
growth, respiratory disorders, cancer risk, cognitive functioning and motor 
development were similar in assisted reproduction and naturally conceived 
children.12, 160-163 On the other hand, there is convincing evidence that children 
conceived by assisted reproduction have increased fat mass, higher blood 
pressure, higher fasting glucose levels and altered lipid levels, compared to 
naturally conceived children.38, 39, 161, 163 In these observational studies disentangling 
confounding by for instance parental infertility is challenging.164, 165 In the few 
studies that included naturally conceived children from infertile couples, still the 
negative effects of assisted reproduction on offspring’s cardiometabolic health 
remained.163, 166, 167 Additionally, animal studies have causally linked assisted 
reproduction procedures to altered offspring fat distribution, glucose metabolism, 
vascular dysfunction and hypertension.40, 168-170 Although many aspects of the 
physiology of reproduction may be similar between animals and humans, the 
translatability of these effects to humans remains uncertain.171, 172 

The ever-increasing number of assisted reproduction procedures and the negative 
associations of assisted reproduction with offspring’s cardiometabolic health, 
as described previously, warrants human randomized trials to further explore 
causality. Moreover, identifying which aspects of assisted reproductive treatment 
affects offspring’s health may further guide development of these procedures. 
Currently, there is no human experimental evidence of the effects of assisted 
reproduction treatment on long-term offspring’s health. The INeS trial randomized 
couples with a uniform diagnosis of unexplained or mild male factor infertility to 
IUI with controlled ovarian hyperstimulation, IVF in a modified natural cycle, or 
IVF with single embryo transfer.173 This design allows investigating whether and to 
what extent ovarian hyperstimulation or the in vitro procedures in the very early 
phase of development affect health of the offspring. Hence, this thesis reports 

the neurodevelopment and physical health outcomes at age 4-7 years of these 
children in Chapter 6. 

AIMS AND OUTLINES
Based on the effects of periconceptional and early life influences on future health, 
there are several questions that this thesis aims to address. 

• What is the evidence from animal experiments of the effect of maternal 
obesity before and during pregnancy on offspring’s anthropometry and 
cardiometabolic health?

• Is preconceptional maternal obesity in humans associated with offspring’s 
CRF, muscular strength, PA and SB at 8-9 years of age?

• What is the evidence of a longitudinal association of CRF in childhood and 
adolescence with future cardiometabolic disease risk factors?

• Does a preconception lifestyle intervention in infertile obese women affect 
offspring’s anthropometry and cardiometabolic health at 3-6 years of age?

• What is the effect of ovarian hyperstimulation, IVF, or a combination of these 
on childhood neurodevelopmental and physical health at 4-7 years of age?

After introducing the concepts and relevance of periconceptional influences on 
children’s cardiometabolic health (current chapter), the questions this thesis aims 
to answer will be addressed in the subsequent chapters. To conclude, Chapter 7 
will reflect on the main findings in a broader perspective, and address the main 
methodological considerations. Furthermore, potential clinical and public health 
implications of the results will be discussed, including recommendations for 
future research.
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