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INTRODUCTION  

Worldwide, the prevalence of obesity has reached epidemic 
proportions. In Denmark one third of all pregnant women are 

overweight and 12 % are obese [1]. Even more concerning, a 

dramatic rise in the number of overweight and obese children has 

also been evident in recent decades. The World Health Organiza-

tion (WHO) estimates that 42 million children under the age of 
five were overweight in 2010, and the number is believed to 

increase to 60 million in 2020 [2]. In USA more than 35% of school 
children are overweight or obese [3] and in Denmark, approxi-

mately 14% of school children are overweight and 2.5% obese [4]. 
Already in preschool years are children affected, with 9% being 

overweight and 2% being obese in Denmark [5].  

Obesity and overweight in children is associated with a wide 

spectrum of adverse outcomes and can negatively affect virtually 

every organ in the body. Consequences can be hypertension, 

dyslipidemia, insulin resistance and fatty liver disease [6]. Recent 

evidence has even linked childhood obesity with liver cancer in 
adulthood [7]. In addition, overweight and obese children are 

often stigmatized and might experience social problems with 
their peers [8]. Obesity in childhood tracks into adulthood [9, 10], 

and it is estimated that up to two thirds of affected children 

become obese adults [11, 12], thus potentially creating a life-long 

condition.   

The obesity epidemic is not simply a consequence of poor diet or 

sedentary lifestyles [13]. Obesity is a multifactorial condition in 

which environmental, biological and genetic factors all play es-
sential roles. Furthermore, even though a number of genes have 

been linked with obesity and the metabolic syndrome [14], genes 
alone cannot explain the dramatic rise in the prevalences of the 

conditions. In this context, the Developmental Origins of Health 

and Disease (DOHaD) hypothesis has highlighted the link between 

prenatal, perinatal and early postnatal exposure to certain envi-

ronmental factors and subsequent development of obesity and 

non-communicable diseases. Maternal obesity and gestational 

weight gain, resulting in over-nutrition of the fetus, are major 
contributors to obesity and metabolic disturbances in the off-

spring [15, 16]. Once present, obesity is difficult to treat and early 

intervention strategies are urgently needed [17]. Pregnancy offers 

the opportunity to modify the intrauterine environment, and 

maternal lifestyle changes during gestation may confer health 

benefits to the child. In this thesis, focus is on the effects of ma-

ternal obesity on offspring body size and metabolic profile, with 

special emphasis on the effects of lifestyle intervention during 

pregnancy in obese women.      

Offspring body size and metabolic profile – Effects 

of lifestyle intervention in obese pregnant women 

 

Mette Tanvig 



 DANISH MEDICAL JOURNAL   2 

BACKGROUND 

ASSESSMENT OF BODY SIZE AND METABOLIC OUTCOMES 

Standard Deviation Scores 

Standard Deviation Scores (Z-scores) are often used for analyses 

of anthropometric data, especially in children. A Z-score ex-
presses how far a value is from the population mean, expressed in 

number of standard deviations of which it differs. It is used to 
compare a particular value with the mean and standard deviation 

for the corresponding reference data, stratified by age and sex, by 

using the following formula:  

Z-score =  
Where x is the observed value, µ is the mean of the reference 

value and σ the standard deviation of the corresponding refer-

ence data [18]. The advantages of Z-scores are that they are 

independent of age and sex of the individual, and that they can 

be studied as a continuous variable. In the present thesis, Z-

scores are used for describing a number of outcomes. 

Defining overweight and obesity  

Overweight and obesity can be defined as abnormal or excessive 

fat accumulation that presents a risk to health [17]. Despite being 
a crude measure, not distinguishing between fat mass and lean 

mass, the Body Mass Index (BMI) is used as a tool to classify 

individuals as being overweight or obese on a population basis. 

Adults are classified as obese if their BMI exceeds 30 kg/m2, or 

overweight if their BMI exceeds 25 kg/m2, whereas underweight 

is classified as BMI < 18.5 kg/m2. In children, the use of BMI as a 

classification tool is challenged by large variation induced by the 

age and sex of the child, and fixed thresholds such as those used 

for adults are not applicable. Instead, children´s BMI is classified 
using thresholds that vary according to the child´s age and sex. 

These thresholds are usually derived from a reference population, 

and this means that individual children can be compared to the 

reference population and the degree of variation from the ex-

pected value can be calculated. BMI thresholds are frequently 

defined in terms of a specific Z-score or centile, and once a child´s 

BMI centile or Z-score has been calculated, this figure can then be 

checked to see whether it is above or below the defined thresh-

old. A number of child growth references have been published in 
recent years [19-21]. Each growth reference tends to have a set of 

recommended thresholds. These thresholds are usually defined 
by statistical conventions, for example, a whole number of stan-

dard deviations from the mean, or a whole number of centiles 

(such as the 85th and 95th centiles). One exception is the Interna-

tional Obesity Task Force (IOTF), where the cut-offs correspond to 

a BMI of 25 kg/m2 or 30 kg/m2 at the age of 18 years, if the child 
remains at the same centile line during growth [20], Figure 1. 

There is great debate regarding which references and cut-offs to 
use. There may be some advantage in using references based on 

national data, as they give the best description of the background 
population [19], whereas for international comparisons, using the 

same cut-offs are essential.  

 

Skinfold thickness, abdominal circumference and the metabolic 

syndrome in children 

As BMI does not distinguish between fat mass and lean mass, 

other anthropometric measures are needed for the assessment of 
fat mass. The most commonly used are measures of skinfold 

thicknesses and abdominal circumference (AC, often referred to 
as waist circumference). Skinfolds are double, compressed thick-

nesses of subcutaneous fat and skin and are measured with stan-

dardized calipers at selected sites (e.g. triceps, subscapular, and 

suprailiac sites) [22]. They are considered attractive research 

tools because measurements are non-invasive and specific to 

subcutaneous fat, and some have argued that they are the best 
anthropometric measure of overall adiposity [23]. Furthermore, 

skinfolds are associated with cardiovascular risk factors such as 
blood lipid levels, blood pressure, plasma glucose levels and 

plasma insulin levels [24, 25]. Abdominal circumference is an-
other good indicator of fat mass. It reflects visceral fat better than 

BMI [26] and increased AC is an essential part of the metabolic 

syndrome (MS) in adults [27], being an independent predictor of 

cardiovascular disease, dyslipidemia and insulin resistance [28-

30]. Also in children, mounting evidence suggests that central 
obesity is associated with key components of the metabolic syn-

drome such as insulin resistance, lipid levels and blood pressure 
[31-35]. This is reflected in the International Diabetes Federation 

(IDF) definition for the MS in children, where for children aged 10 
years or older, MS is diagnosed by abdominal obesity and the 

presence of two or more other clinical features (elevated triglyc-

erides, low High Density Lipoprotein (HDL), high blood pressure or 

increased plasma glucose). For children aged 6 to 10 years, special 

attention should be brought to those with waist circumference 
above 90th percentile of a reference population, but MS cannot 

be diagnosed [36]. Unfortunately, for children younger than 6 
years, no recommendations exist due to lack of data [36].  
 

Figure 1 

 
IOTF cut-offs for body mass index by sex for overweight and obesity, passing through 

body mass index 25 and 30 kg/m2 at age 18. 

Adapted from Cole et al. 2000 [20] 

 
BODY COMPOSITION – DUAL ENERGY X-RAY 

The body composition describes the percentages of bone mass, 

fat mass and muscle mass. It is a more sophisticated measure 

than BMI and the anthropometric measures described above. 

Numerous assessment methods for body composition exist. The 

most commonly used methods are bioelectrical impedance, air 

displacement, Dual Energy X-Ray (DEXA) scans and Magnetic 

Resonance (MR) [37]. The DEXA scans provide estimates of fat 

mass, lean mass and bone mass and have several strengths. The 
scan duration is short, the procedure is non-invasive and the 

accuracy and reproducibility is high in normal weight individuals 

[38]. However, the accuracy is reduced in obese individuals [39], 

which is one of the limitations. Another limitation is radiation, but 

the effective dose of a total body scan is low (<1.0µSv) and corre-

sponds to less than 5% of a chest X-ray or 5-15% of naturally 

occurring daily background radiation [40]. Thus DEXA scans are 
considered safe and reliable for assessing body composition in 

children.  
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DEVELOPMENTAL ORIGINS OF HEALTH AND DISEASE (DOHAD) 

In the 1970s Forsdahl reported that poverty during adolescence, 

followed by prosperity, was associated with death from cardio-
vascular disease in adulthood [41]. Also in the 1970s, Ravelli 

found that maternal exposure to famine in early pregnancy during 
the Dutch hunger winter in 1944 resulted in increased obesity 

rates in the adult offspring [42]. A few years later, Barker and 
colleagues began publishing reports on the associations between 

an adverse intrauterine environment, using low birth weight as a 

proxy, and increased risk of type 2 diabetes and cardiovascular 

disease later in life [43-45]. This led the authors to put forth the 

“thrifty phenotype” hypothesis, which originally proposed that 
poor fetal and early post-natal nutrition imposes metabolic adap-

tations to secure the fetus´ immediate survival, resulting in re-
duced fetal growth [46]. These adaptations might be detrimental 

and lead to glucose intolerance, type 2 diabetes, cardiovascular 
disease (CVD) and hypertension in adulthood if food supply is 

abundant; a concept termed the mismatch hypothesis [47]. The 

thrifty phenotype hypothesis has since been supported by further 

studies of the Dutch hunger winter [48] and has been confirmed 

by many epidemiological studies in populations worldwide, show-
ing that low birth weight increases the risk of later adverse health 

(reviewed in [49]). Although the early epidemiological studies 
focused on the effects of low birth weight, it is now widely recog-

nized that higher incidences of disease occur at both ends of the 

birth weight spectrum, reflecting a U-shaped curve [50-52]. 

Inspired by the pivotal work by Barker and colleagues, focus is 

now also on effects of over-nutrition in uteri. Initially, studies of 

over-nutrition were investigating the effects of diabetes during 

pregnancy. Freinkel put forth the term “fuel mediated terato-
genesis” and proposed that maternal diabetes could cause obe-

sity and diabetes in the offspring [53]. The fuel-mediated terato-
genesis hypothesis has especially been investigated in a 

population with very high prevalences of obesity and type 2 dia-

betes (the Pima Indians) [54], but has also been confirmed in 

many other populations. It is now generally accepted that mater-

nal diabetes has long lasting effects on offspring metabolic health 

(see also the section on maternal diabetes and offspring out-

comes). On a population basis, however, due to the obesity epi-
demic, the effects of over-nutrition caused by obesity on long-

term offspring metabolic health are perhaps of even bigger con-
cern than those caused by diabetes. It is now well documented, 

that hyperglycemia in pregnancy, excess gestational weight gain 

and maternal obesity all are sources of intrauterine over-nutrition 

with programming effects in the offspring ([55], and reviewed in 

the sections below).    

Today, the concept of programming effects of certain events or 

environmental factors during prenatal, perinatal or early postna-

tal life is termed the Developmental Origins of Health and Disease 

(DOHaD). The mechanisms behind these programming effects are 
poorly understood, but are thought to involve permanent 

changes in appetite control, metabolism and neuroendocrine 

function, possibly via epigenetic processes leading to heritable 

changes in gene expression and function [56]. The epigenetic 

regulation mechanisms consist of DNA methylation, histone 

modification and non-cording RNAs [57-59], and these regulatory 

functions can switch genes on or off, resulting in altered pheno-

type, whereas the genotype is preserved.  Even though the sci-

ence of epigenetics is in its infancy, emerging data link nutritional 
environment during embryogenesis, fetal development and early 

post-natal life with epigenetic alterations [60].  

ASSOCIATIONS BETWEEN SIZE AT BIRTH AND LATER OBESITY 

A number of epidemiological studies have shown a link between 

birth weight and BMI in childhood and adulthood [61-63]. In the 
US growing up today study, a cohort with over 14.000 adoles-

cents, a 1-kg increment in birth weight in full-term infants was 
associated with an approximately 50% increase in the risk of 

overweight at 9-14 years [63]. Similarly, a study of Danish military 
conscripts showed that BMI at ages 18-26 strongly correlated 

with birth weight [61]. Two recent meta-analyses estimated that 

high birth weight (>4000g) is associated with an odds ratio (OR) of 

approximately 2 of becoming overweight or obese later in life [64, 

65]. Furthermore, neonatal fat percentage, estimated by total-
body electrical conductivity (TOBEC), is a good predictor of in-

creased fat mass in children at the age of 9 years [66]. In fetal life, 
accelerated growth of the abdominal circumference is a predictor 

of asymmetric growth and neonatal morbidity [67], and fetal 
abdominal diameter is associated with BMI at 5 years [68]. In 

childhood, current abdominal circumference is an independent 

predictor of insulin resistance [69]. Whether excessive abdominal 

fat deposition at birth is a better early predictor of later obesity 

and/or metabolic diseases than high birth weight is, however, not 
known.  

In conclusion, increased size at birth tracks into childhood and 
adulthood. In this light, knowledge of intrauterine factors influ-

encing fetal growth is imperative.  

MATERNAL DIABETES AND IMPLICATIONS FOR THE OFFSPRING 

Although the focus of this thesis is on maternal obesity and asso-

ciated offspring outcomes, a key mechanism proposed for these 

associations is via maternal hyperglycemia and/or frank diabetes 

and fetal over-nutrition, and must be recognized. Diabetes melli-

tus is not a single entity, but covers three main types in preg-

nancy; pregestational type 1 diabetes, pregestational type 2 

diabetes and gestational diabetes (GDM). Mutual for all three is 

the risk of exposing the fetus to intrauterine hyperglycemia and 

associated adverse outcomes. Indeed, exposure to a diabetic 

intrauterine environment has long been recognized as a risk to 

the fetus and seems to programme long-term effects. Studies 

have consistently shown that offspring of diabetic mothers have 

an increased risk of being born with a high birth weight [70], 

having increased adiposity at birth [71] and during childhood [63, 

72], as well as increased BMI and risk of MS in adulthood [73]. 

These consequences occur independently of genetic dispositions 

as exemplified in the Pima Indians, with studies of siblings born 

before and after the mother developed diabetes showing that 

offspring exposed to maternal diabetes have an increased risk of 

increased BMI and type 2 diabetes [54]. These results have re-

cently been impressively confirmed in a Swedish study with more 

than 80,000 sibling pairs [74]. In conclusion, the programming 

effect of fetal intrauterine over-nutrition caused by maternal 

diabetes is well described and is perhaps more potent than over-

nutrition caused by maternal obesity. However, as maternal 

obesity is a major problem worldwide, it is essential also to focus 

on the programming effect of obesity. 

MATERNAL OBESITY AND SHORT TERM IMPLICATIONS FOR THE 

OFFSPRING 

The impact of maternal obesity on the fetus has been investi-

gated in several populations, and a range of adverse outcomes 
such as: Large for Gestational Age (LGA, birth weight > 90th per-

centile of gestational age- and sex-specific references) and mac-
rosomia (birth weight ≥ 4500g) [55, 75-78], shoulder dystocia [77, 
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79], birth defects [77, 80], preterm delivery [76, 81, 82], stillbirth 

[83] and early neonatal death [79, 82] have consistently been 

reported.  
Most relevant to this thesis, maternal overweight or obesity 

affects the growth of the fetus resulting in increased birth weight 
[84]. A recent meta-analysis estimated that maternal obesity 

increases the risk of LGA, high birth weight (> 4000g) and macro-
somia, with odds ratios of 2.08, 2.00 and 3.06, respectively [78]. 

Also results from the large Hyperglycemia and Adverse Pregnancy 

Outcome (HAPO) study has provided strong evidence of an asso-

ciation between maternal obesity and birth weight [85]. 

Birth weight is of course a rather crude measure of overweight in 
the neonate and in recent years, studies have additionally been 

focusing on neonatal body composition and especially fat mass. 
Indeed, many studies have shown that maternal obesity is associ-

ated with neonatal fat mass, whether it is estimated by measures 
of skinfold thickness [85-87], TOBEC [88], DEXA [89], magnetic 

resonance (MR) [90] or by air displacement plethysmography 

[91]. Recently, Modi et al. have shown that increasing maternal 

BMI is associated also with increasing abdominal and intrahepa-

tocellular lipid content in the neonatal offspring [90]. Additionally, 
offspring of obese mothers seem to have increased insulin resis-

tance already at birth [87], indicating very early life effects on 
offspring metabolic profile.  

Interestingly, the increased birth weight in offspring of obese 

mothers seems to be the result of increased fat mass, rather than 

lean mass [88, 92], suggesting that the in utero metabolic envi-

ronment affects primarily growth of fat mass, not lean mass.  

MATERNAL OBESITY AND LONG TERM IMPLICATIONS FOR THE 

OFFSPRING 

A large number of studies have consistently linked increased 

maternal BMI with offspring overweight and obesity, whether it is 

assessed during childhood or adulthood [93-105]. A recent meta-

analysis including four studies with sufficient dichotomous data 

for prepregnancy BMI and offspring overweight/obesity during 

childhood estimated that maternal obesity was associated with a 

three-fold increased risk (OR 3.06) of becoming overweight or 

obese during childhood [78]. As for studies of implications of 

maternal obesity on neonatal outcomes, a great interest in the 

body composition of affected offspring during later life is also 

present. Again, many studies have consistently shown that in-

creased maternal prepregnancy BMI is associated with increased 

fat mass in the offspring, whether it is assessed by skinfold thick-

ness [103, 106], DEXA [66, 107-109] or bio-electrical impedance 

[110]. These associations have been reported from early child-

hood to adulthood. 

Additionally, effects of maternal obesity on offspring metabolic 

profile have been reported, with studies showing associations 

between maternal BMI and increased blood pressure [111-113], 

insulin resistance [112] and dyslipidemia in childhood [112-114], 

as well as indices of the metabolic syndrome [115] or type 2DM 

[116] in young adulthood. A recent study of over 37,000 adults 

with a total of 1.323.275 person years has even suggested asso-

ciations between maternal obesity and long term increased risk of 

cardiovascular disease and all course death for the offspring 

[117].  

Interestingly, increased risks of childhood disorders seemingly 

unrelated to childhood BMI, such as asthma [118-120] and neu-

rodevelopmental cognitive problems and attention-deficit disor-

ders [121-124] have also been linked with maternal obesity. 

ANIMAL MODELS OF MATERNAL OBESITY  

The epidemiological and clinical studies listed above strongly 

suggest that maternal obesity affects short and long term out-
comes in the offspring. They cannot, however, provide proof of 

causality. In this regard, animal models are useful and have been 
used extensively to study the effect of maternal obesity on off-

spring obesity and metabolic disturbances. Animals are usually 
fed a high-fat or western style-diet (increased fat and carbohy-

drate content) to induce obesity. These models have shown that 

maternal over-nutrition induces adiposity and permanent 

changes in metabolism in the offspring [125-132], even when the 

offspring are exposed to normal diets after birth, whether they 
are cross-fostered onto non-obese animals [129], or weaned to a 

standard diet [125, 127, 130-132]. A proposed mechanism behind 
the increased adiposity is a permanent state of hyperphagia in 

offspring exposed to in utero over-nutrition [130, 133, 134], 
possibly via programming of central pathways involved in appe-

tite control. Interestingly, in a rodent study Sen and Simmons 

found that offspring of dams fed a western diet had increased 

adiposity and impaired glucose tolerance already at 2 weeks. 

Inflammation and oxidative stress were increased already in pre-
implantation embryos, fetuses and newborns. Furthermore, 

supplementation of antioxidants to the maternal diet decreased 
adiposity and glucose intolerance in the offspring. This study 

suggested that obesity is programmed already at the pre-

implantation stage of development, and that inflammation and 

oxidative stress as a result of maternal obesity plays important 

roles [132]. In favor of the hypothesis of epigenetic modulation as 

a mediator of obesity programming, as described in the section 

on DOHaD, is a study using macaque monkeys. The authors found 
that intrauterine over-nutrition resulted in increased fetal liver 

lipids and indications of non-alcoholic fatty liver disease as well as 
global and gene specific methylation and histone modifications 

leading to alteration in DNA expression, and hypothesized that 

these modifications were indicators of programming of an obe-

sogenic phenotype [135].   

GESTATIONAL WEIGHT GAIN AND IMPLICATIONS FOR THE OFF-

SPRING  

Maternal weight gain during pregnancy is termed gestational 

weight gain (GWG) and includes the weight of the fetus, uterus, 

amniotic fluid, placenta, increased maternal blood volume and 

increased maternal fat and lean mass [136]. Even though GWG is 

a natural and necessary phenomenon, excessive GWG can be 

seen as another source of over-nutrition of the fetus. Associations 

between GWG and birth weight or infant adiposity have been 

found in many observational studies [92, 137-144]. The associa-

tions between GWG and offspring body size continues into early 

childhood [105, 114, 145-159], adolescence [113, 150, 151, 153, 

154, 160-162] and adulthood [101, 150, 151, 154, 163, 164]. A 

recent meta-analysis including many of these studies estimated 

that the OR of excessive GWG and childhood overweight/obesity 

was 1.33 [16]. In the attempt to eliminate confounding factors 

such as shared genetics, 3 recent large cohorts of 513.501, 42.133 

and 136.050 women, respectively [139, 162, 164], followed the 

women over multiple pregnancies and using a within-subject 

design, they suggested that GWG was directly associated with 

offspring birth weight [139] as well as BMI in childhood [162] and 

adulthood [164]. 

Overweight and obese mothers tend to gain less weight than lean 

mothers [165, 166]. This is reflected in the Institute of Medicine 

(IOM) guidelines [167], Table 1, where obese women are recom-
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mended to gain between 5 and 9 kg, whereas normal weight 

mothers are recommended to gain between 11.5 and 16 kg. 

Despite this, obese mothers are at higher risk of gaining exces-
sively compared to lean mothers [165, 168]. This is worrisome, as 

the impact of excessive weight gain is increased in mothers with 
raised BMI and associated with even higher risks of offspring 

being large at birth as well as later in life [101, 105, 140, 142, 
149]. 

 
Table 1  

The 2009 Institute of Medicine recommendations for total weight gain 

during pregnancy 

Pre-pregnancy BMI 

(kg/m
2
) 

Recommended gestational weight 

gain 

(kg) 

Underweight (< 18.5) 12.5 - 18 

Normal weight (18.5 – 

24.9) 
11.5 - 16 

Overweight (25 – 29.9) 7 – 11.5 

Obese (≥ 30) 5 – 9  

POTENTIAL MECHANISMS OF IMPACT OF MATERNAL OBESITY 

AND GESTATIONAL WEIGHT GAIN ON OFFSPRING ADIPOSITY 

The mechanisms behind the associations between maternal 
obesity and/or GWG and offspring adiposity and adverse meta-

bolic profile are not well-determined. According to the original 

Pedersen hypothesis, maternal hyperglycemia results in fetal 

hyperglycemia, leading to hyperplasia and hypertrophy of islet 

tissue in the fetal pancreas. This in turn, leads to fetal hyperinsu-

linemia and excessive fetal growth of adipose, muscle and liver 

tissue, often resulting in a macrosomic infant with disproportion-
ate features [169]. Even though the Pedersen hypothesis origi-

nally described the influence of diabetes, similar models appear 
to explain influence of increased maternal glycemia below the 

threshold. This is exemplified by the large Hyperglycemia and 

Adverse Pregnancy Outcome Study (HAPO), where birth weight 

and newborn adiposity increase linearly with maternal glucose 

concentration [170].  

Obesity induces a state of insulin resistance, and it is the strong-

est predictor of GDM [171]. Pregnancy itself is associated with 
insulin resistance [172, 173], making the combination of obesity 

and pregnancy a significant metabolic stress on the female body. 
For obese women, who have gained excessively during preg-

nancy, this metabolic stress is even further exaggerated. In addi-

tion to insulin resistance, pregnancy also induces significant 

changes in lipid concentration and function, and especially obese 

mothers have altered lipid metabolism [55, 174, 175]. In the third 

trimester, obese women have increased levels of triglycerides, 

VLDL and lower HDL compared to lean women [176]. Free fatty 
acids can cross the placenta and become incorporated into fetal 

lipids [177], and studies have shown correlation between mater-

nal lipids and fetal abdominal circumference [178], birth weight 

[179, 180] and fat mass at birth [178].  

Taken together, these data suggest that in women with obesity 

and/or associated decreased insulin sensitivity, both increased 

levels of glucose and lipids may account for a significant propor-

tion of fetal adiposity. These data support the original studies of 

Freinkel [53], and have further emphasized that fetal overgrowth 

is the result of multiple nutritional factors, not only glucose. And 

as fetal overgrowth and consequent neonatal adiposity is highly 

associated with later obesity and metabolic disturbances, this 

might be one of the links between in utero over-nutrition 

(whether it is caused by maternal obesity, GWG, diabetes or a 

combination) and the long-term adverse offspring outcomes.  

GENETIC AND EPIGENETIC IMPACT ON OFFSPRING OBESITY 

Based on the many studies on associations between maternal and 

offspring obesity listed above, it certainly seems that the intrau-

terine environment contributes to programming of the offspring. 

Nevertheless, some have argued, that these associations reflect 

“obesogenic” genes or shared postnatal environment between 
mother and child rather than the intrauterine environment. If 

shared genes alone explained the associations, correlations be-

tween maternal and paternal BMI and offspring BMI would be the 

same. Some studies have indeed shown similar effects [106, 181-

184]. However, in many of these studies paternal BMI was self-

reported, possibly biasing the father-offspring effect. In other 

studies, maternal BMI seems to be closer associated than pater-

nal BMI to offspring BMI or body composition [98, 185-188]. Also, 

the studies on associations between GWG and offspring body 
composition listed above supports an intra-uterine cause rather 

than genetic or shared lifestyle explanations. Additionally, a Brit-

ish study showed that the BMI of children born to recipients of 

ovum donation was closer associated with the recipient mother 

than the ovum donor, suggesting that the genetic component 

plays a lesser role [189]. Further evidence is provided by studies 

of siblings born to the same mother before and after bariatric 

surgery. These demonstrate that bariatric surgery and associated 

weight loss reduces birth weight and obesity rates, and improves 

the cardiometabolic profile in the offspring [190, 191]. One of the 

strengths of these studies is that they have eliminated the con-

founding factors of genetics and at least to a certain extent also 

influences of the postnatal environment, as the siblings were 

brought up in the same family. Interestingly, in a subgroup analy-

sis, the authors found that the siblings born after maternal sur-

gery had different gene methylation and expression compared to 

the siblings born before surgery, and speculated that this was 

responsible for the improved cardiometabolic risk profile [192], 

thus supporting the hypothesis of epigenetic processes as pro-

gramming factors. As described in earlier sections, the role of 

epigenetics on the formation of the phenotype is still uncertain. 

Very few studies have been conducted in humans. However, an 

interesting study has recently reported links between gene me-

thylation in umbilical cord tissue and later risk of childhood adi-

posity [193], thus proposing that a substantial component of 

metabolic disease risk has a prenatal developmental basis. Even 

though not directly transferable to the human condition, results 

from animal models suggest associations between in utero over-

nutrition and epigenetic changes [60, 135, 194]. As this concept of 

effect of epigenetic alterations is attracting wide attention, future 

research will undoubtedly provide further information.   

In conclusion, over-nutrition in utero certainly seems to contrib-

ute to programming of the fetus. However, whether maternal 

obesity in humans truly causes long-term programming events in 

the offspring, whether the associations between maternal and 

offspring obesity reflects tracking of size at birth, or whether the 

associations are due to shared genes and lifestyle, is difficult to 

determine. Solid evidence from intervention studies in obese 

pregnant women with follow-up in the children is sorely needed.  

OTHER EARLY LIFE FACTORS OF CHILDHOOD OBESITY 

In addition to the effects of intrauterine over-nutrition caused by 
diabetes, maternal obesity and/or GWG, many other early life 
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factors have been linked with childhood overweight and obesity. 

Rapid growth in the first months of life, for instance, is associated 

with increased risk of becoming overweight and having increased 
fat mass in childhood [154, 195-197]. Also maternal smoking 

during pregnancy has long lasting effects on the offspring. Mater-
nal smoking is associated with a reduction in fetal growth, and 

often results in children being born small for gestational age 
(SGA) [68, 198, 199]. Paradoxically, later in life, maternal smoking 

is associated with increased BMI in the offspring [200-203]. Chil-

dren born with low birth weight are often subjected to catch up 

growth during early childhood [204] and are subsequent at risk of 

increased BMI later in childhood. This might be one mechanism of 
the effect of maternal smoking. Additionally, cessation of smoking 

results in weight gain in adult persons, and this might also be the 
case for the newborn child [202]. But even though attempts have 

been made to adjust for confounding factors in the listed studies, 
residual confounding such as living conditions in smoking families 

might also be an explanation [205].  

The effect of breastfeeding on overweight and obesity in child-

hood has been extensively studied, and several meta-analyses 

have been conducted in recent years [206-208]. Overall, it seems 
that breastfeeding has a protective effect against childhood 

overweight and obesity, albeit the effects on mean BMI might be 
limited [208]. The large RCT “Promotion of Breastfeeding Inter-

vention Trial (PROBIT)” did not suggest effects of breastfeeding 

on offspring mean BMI, despite a larger proportion of breastfeed-

ing mothers in the intervention arm compared to the control arm 

[209]. Furthermore, a study using DEXA scans of 5 year old chil-

dren did not detect any differences in fat mass between breastfed 

and never breastfed children [210]. Nevertheless, breastfeeding 
might have positive effects on the offspring, especially looking at 

the risks of overweight and obesity rather than BMI as a continu-
ous outcome. Unfortunately, overweight and obese women are 

less likely to breastfeed [76] and breastfeed for shorter periods 

[211]. This is particularly a problem, as a significant interaction 

between maternal BMI and lack of breastfeeding seem to put 

offspring at an even higher risk of obesity [95].  

MATERNAL AND OFFSPRING OBESITY – A VICIOUS INTERGEN-

ERATIONAL CYCLE 

In conclusion, several influential factors on the development of 

childhood obesity have been suggested. In this thesis, main focus 

is on the effect of maternal obesity and taken together, obese 

mothers are at risk of delivering large babies who become obese 

during childhood and adulthood, and subsequently obese par-

ents, thus creating a vicious intergenerational cycle of obesity, as 

initially proposed by Catalano et al. [212], Figure 2. The epidemi-

ological data and animal data listed above suggest that the ma-

ternal intrauterine milieu might be favorably altered to confer 

short and long term benefits to the child. During pregnancy, 

women have increased motivation to change lifestyle to better 

their own as well as their unborn child´s health [213]. As a result, 

a great number of lifestyle intervention studies have been con-

ducted in pregnant women. A recent review and meta-analysis by 

Thangaratinam et al. included 44 RCTs that examined lifestyle 

interventions during pregnancy [214]. The authors concluded that 

interventions based on exercise alone showed a small reduction 

in birth weight and GWG. Interventions based on diet alone and 

mixed interventions also resulted in a reduction of GWG, whereas 

no effect was found on birth weight. Similarly, a number of other 

systematic reviews or meta-analyses have found that limiting 

GWG is possible with intervention strategies, whereas effects of 

interventions on other obstetric outcomes including birth weight 

are limited [215-221]. However, none of the studies included in 

the systematic reviews and meta-analyses described above fol-
lowed the offspring past delivery.  

 

 
Figure 2  

The intergenerational cycle of obesity 
  
 

LGA; Large for Gestational age, OW; overweight, OB; obese. 

Adapted from Adamo et al. 2012 [222].   
In fact, only two small clinical trials have investigated effects of 

lifestyle intervention strategies aiming to improve the intrauter-
ine environment on the offspring past birth ([223, 224], Table 2), 

and none have estimated possible effects into adulthood. Both 
trials were conducted in Finland by the same research group. In 

the first trial Mustila et al. used a cluster controlled design to 

investigate effects of lifestyle intervention during pregnancy on 
postnatal weight development from 0-4 years in the offspring. 

This study included 109 pregnant women with all categories of 
BMI, and women giving birth in intervention centers were given 

individual counseling on physical activity and diet five times dur-
ing pregnancy and had the option to attend supervised group 

exercise sessions. Follow-up rates of the offspring at four years of 

age was 66%, and no effect of the intervention during pregnancy 

was seen [223]. In the other trial, the group used a non-

randomized design with an intervention and a historical control 

group to study the effects of lifestyle intervention on offspring 

weight development from 0-1 years. In this study, 216 women at 
risk of developing GDM (defined as; body mass index 

(BMI) ≥ 25 kg/m2, macrosomic newborn (weight ≥ 4500 g) in any 

previous pregnancy, immediate family history of diabetes and/or 

age ≥ 40) were included, and follow-up was conducted in 86%. 

Intervention group participants received two group sessions with 

diet and physical exercise advice as well as breast feeding advice 

postpartum. Again, no effect of the intervention was seen in the 
offspring [224]. Both of these studies were non-randomized and 

relatively small, and no effect on gestational weight gain was 
seen. So, whether it is possible to improve weight gain patterns 

during pregnancy and subsequently confer short- and long-term 
benefits to the offspring remains to be determined. Fortunately, 

many large pregnancy lifestyle interventions trials with planned 

follow-up of the children are being conducted at the moment and 

results from them will hopefully provide valuable information 

([225, 226] and Table 2). 
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Table 2  

 

Published reports, protocols or registered trials with pregnancy lifestyle intervention programs with follow-

up on the offspring 
 

   

Author and 

year 

Country Design Population (n) Maternal BMI 

(kg/m2) 

Intervention Offspring age 

at follow-up 

Follow-up 

rates 

Outcome Results 

Published reports: 

Mustila et al. 
2012 
 

Finland Cluster Control-
led Trial 

109 All BMI 
categories 

5 times individual 
counseling on physical 
activity and diet, 

option to attend 
supervised group 

exercise sessions 

0-4 years 66 % Postnatal weight 
development 

No effect  

Mustila et al. 
2013 

Finland Non-randomized 
controlled trial. 

Historical control 
group 

216 (women at 
risk of develop-

ing GDM) 

All BMI 
categories 

2 group counseling 
sessions on diet and 

exercise, breastfeed-
ing advise 

0-1 years 86% Postnatal weight 
development 

No effect  

Published protocols: 

Adamo et al. 
2013 

 

Canada RCT, pilot 
 

60  ≥18.5  3 group and 2 
individual counseling 

sessions on diet 
during pregnancy. 
Group exercise 

offered twice weekly.   

0-2 years  BMI Z-score  and 
skinfolds 

 

Registered trials: 

Calle-Pascual 
et al. 

Spain RCT 1000 All Mediterranean diet, 
individual counseling 

sessions and physical 
activity. Control group 
also physical activity 

and dietary advice on 
less fat intake. Start 
from 8-12 weeks´ 

gestation. 

0-12 months  Not specified  

Poston et al.  UK RCT 1564 ≥30 Weekly individual 
counseling sessions on 

diet and physical 
activity between 20 

and 28 weeks' 
gestation.  

3 years  Not specified   

Joshipura et 

al.  

Puerto Rico RCT 400 ≥25 Counseling on dietary 

and physical activity.  

0-12 months  BMI Z-score  

Gallagher et 
al. 

USA RCT 210 25-35 Individual and group 
sessions with dietary 

and physical activity 
advice twice monthly 
and telephone contact 

every week. 

0-12 months  Infant fat percent-
age at 14 and 52 

weeks 

 

Chung et al.  USA RCT 266 25-45 28 home visits both 
during pregnancy and 

postpartum. Advice 
on healthy living in 
pregnancy and 

breastfeeding 

0-18 months  Not specified  

Van Horn et 
al.  

USA RCT 300 25-35  Individual counseling 
sessions on diet and 

physical activity, daily 

tracking of diet and 

activity, and use of 
pedometer 

0-12 months  Postnatal weight 
development 

 

Phelan et al USA RCT 350 ≥25 Not specified in 

details, but include 
behavioral strategies 
to modify diet and 

physical activity.   

0-12 months  Postnatal weight 

development 

 

Knowler et al.  USA RCT 1500 ≥25 Not specified, but 
aims to limit GWG 

0-12 months  Postnatal weight 
development 

 

Goodman USA RCT 150 All  Home visits with 
advice on limiting 
GWG and improving 

breastfeeding 

0-12 months  Postnatal weight 
development 
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Own studies 

OVERALL AIM OF THE THESIS 

The overall aim of this thesis was to investigate the relationship 
between maternal BMI and offspring body size and metabolic 

profile. Special focus was put on investigating the effects of life-
style intervention during pregnancy in obese women on the off-

spring in early childhood.  

SPECIFIC AIMS  

Paper I   To examine the impact of maternal pregesta-
tional BMI and smoking on neonatal abdominal 

circumference (AC) and weight at birth.   

To define reference curves for birth AC and 

weight in offspring of healthy, non-smoking, 

normal weight women.  

To compare the impact of maternal BMI on Z-

scores of birth AC and weight and on the ratio 

between birth AC and weight.  

 
Paper II  To study the effects of lifestyle intervention 

during pregnancy in obese women on offspring 

anthropometrics and body composition in early 

childhood.  

To compare anthropometrics and body compo-

sition in offspring of obese mothers from a life-

style intervention trial to an external reference 

group of children born to lean mothers. 

 

Paper III To study the effects of lifestyle intervention 

during pregnancy in obese women on offspring 

metabolic risk factors in early childhood 

To compare metabolic risk factors in offspring 

of obese mothers from a lifestyle intervention 

trial to an external reference group of children 

born to lean mothers. 

To study the predictive values of birth weight 

and birth abdominal circumference on meta-

bolic risk factors in early childhood.  

 

PAPER I – REGISTRY BASED STUDY 

The study in paper I is based on data extracted from the Danish 

Medical Birth Registry. The study was conducted according to the 
Helsinki Protocol and it was approved by the Danish Data Protec-

tion Agency. 

MATERIALS AND METHODS 

The Danish Medical Birth Registry has information on pregnancies 

and deliveries since 1973, including 99.8% of all Danish deliveries 

and has a high reliability and validity [227], especially when it 

comes to the quantitative data (e.g. birth size and gestational 
age) [228]. Since 2004 the pregestational height and weight of the 

mother, as reported by her general practitioner, have been regis-
tered.  

Nationwide data on pregnant women and their offspring born 

between January 1, 2004 and December 31, 2010 was extracted. 

Inclusion criteria included singleton children born in weeks 35+0 

to 41+6 (weeks+days) of gestation. Exclusion criteria included 

stillborn children, children with congenital malformations and 

children from a multiple pregnancy.  
For each mother- and infant-pair, the following variables were 

recorded: Maternal pregestational weight and height, age, parity, 
smoking status, any medical condition, gestational age (GA), sex, 

birth weight and abdominal circumference (AC). Pregestational 

BMI was calculated and women were grouped into the following 

five categories: <18,5 kg/m2 (underweight), 18,5-24,9 kg/m2 
(normal weight), 25-29,9 kg/m2 (overweight), 30-34,9 kg/m2 

(obese) and >35 kg/m2 (severely obese). Maternal and fetal dis-
eases or complications were classified according to the Interna-

tional Classification of Diseases 10th revision.  
STATISTICAL ANALYSES  

For all analyses STATA 12 software (StataCorp, College Station, 

TX, USA) was used. Initially, linear regression models were used to 

estimate the relation of AC and birth weight to different catego-

ries of maternal pregestational BMI in non-smoking mothers 
without medical conditions. Next, the effect of smoking and 

pregestational BMI on birth AC and weight was quantified using 
multivariate linear regressions, accounting also for sex, gesta-

tional age, maternal age, height, parity and any medical condi-
tion.  

For construction of normative curves for AC and birth weight only 

offspring of non-smoking, healthy mothers with normal pregesta-

tional BMI were included. Normative curves were produced for 

35+0 to 41+6 weeks of gestation. Descriptive statistics (mean and 
standard deviation) for the normative curves were calculated 

point-wise for each gestational week and sex. In the correspond-
ing curves, the point-wise estimates were connected by lines.   

In addition, we used multivariate linear regressions to analyze 

whether AC or birth weight had the strongest association with 

maternal pregestational BMI. Standardized Z-scores of AC and 

birth weight from our established healthy reference curves were 

used instead of their "raw" values. The following covariates were 

included in the model: maternal pregestational BMI (continuous), 
sex, gestational age (35-41 weeks, continuous), smoking (yes/no), 

maternal medical condition (yes/no), height (continuous), parity 
(categorical) and age (continuous). Furthermore, we tested the 

difference between the two estimated regression coefficients, 

BMI on AC, and BMI on birth weight, using a method including 

dummy variables, as described in [229].  

Finally, we examined the ratio between AC and birth weight and 

the impact of maternal pregestational BMI on this parameter, 

using simple linear regression analyses. For this analysis we only 
used data on offspring of non-smoking mothers with no medical 

conditions. 
RESULTS 

The study included 333,618 healthy singletons born at 35+0 to 

41+6 weeks of gestation and their mothers. An overview of sam-

ple sizes in the different analyses is given in Table 3.  

In a population of non-smoking mothers with no medical condi-

tions, maternal pregestational BMI was directly associated with 

mean birth AC and weight, and across all BMI categories both 

outcomes increased significantly (p<0.0001). Sex specific curves 

for mean birth AC and weight, stratified by maternal pregesta-
tional BMI according to GA are shown in Figure 3. Corresponding 

single reference curves and statistics, stratified by sex and mater-

nal BMI category can be seen in the appendix in supplementary 

material for article I, Figures S1-S4 and Tables S4-S23.  

 



 DANISH MEDICAL JOURNAL   9 

 

AC; abdominal circumference 

 

In adjusted analysis estimating also the effects of smoking, every 

increase in pregestational BMI of 1 kg/m2 was associated with an 

increase in AC of 0.5mm (95% confidence interval (C.I.) 0.5-
0.5mm), and an increase in birth weight of 14.2g (95% C.I, 13.9-

14.5g), Table 4. An increase in gestational week was associated 
with an increase in abdominal circumference of 5.0mm (95% C.I. 

5.0-5.1mm) and of 162.2g (95% C.I, 161.1-163.3g) in birth weight. 

In this model, increasing GA had the highest positive impact and 

smoking had the largest negative impact on both AC and birth 

weight. Increasing parity and maternal height were also positively 

associated with both outcomes, whereas sex (girls), advancing 

maternal age and maternal medical condition (any) were nega-
tively associated, Table 4.  

 

 
 

Figure 3A  
Figure 3 A) Mean abdominal circumference by maternal pregestational BMI and 

gestational age, separately for boys and girls (p < 0.0001). 

 

Table 3  

 

Overview of the number of mother-child pairs contributing to the different analyses. All analyses are based on data from 35+0 to 

41+6 weeks of gestation 

 

 

 Abdominal circumference Birth weight 

Analysis Inclusion criteria Boys Girls Total Boys Girls Total 
Non-smokers; no medical 

condition; all BMI catego-
ries 

137,825 134,521 272,346 141,654 137,515 279,169 
Relation of birth AC and 

weight to pregestational 
BMI,  maternal smoking 
status, medical condi-

tions,  height, age and 
parity 

Both smokers and non-
smokers, all BMI, age, 

height and age categories, 

medical condition +/- 

164,811 160,541 325,352 169,372 164,246 333,618 

Normative curves, 

stratified by sex 

Non-smokers; no medi-

cal condition; BMI 
category 18.5-24,9 

kg/m2 

89,971 87,114 177,085 92,424 89,063 181,487 

Comparison of birth 

AC and weight Z-

score with pregesta-
tional BMI, adjusted 

for maternal smoking, 
height, age, parity 

and medical condi-
tions  

Smoking status, height, 
age, parity, BMI, birth 

AC and weight non-
missing 

164,471 160,202 324,673 164,471 160,202 324,673 

Relation of AC/birth 

weight ratio to 

pregestational BMI 

Non-smokers; no medi-

cal condition; all BMI 

categories, birth AC and 

weight non-missing 

137,825 134,521 272,346 137,825 134,521 272,346 
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Figure 3B  
Mean birth weight by maternal pregestational BMI and gestational age, separately 

for boys and girls (p < 0.0001) 

 
 

 
Table 4  

 

Factors associated with birth AC and weight in multivariate regression 

analysis (N=333,618 mother-child pairs)  

 

Covariate Abdominal circum-
ference (cm) 

Coefficient (95% 
C.I.) 

Birth weight (g) 
Coefficient (95% 

C.I.) 

Maternal BMI 

(con[nuous) † 

0.05 (0.05; 0.05) 14.2 (13.9; 14.5) 

Gestational 

Week (35-41, 

con[nuous) ‡ 

0.50 (0.50; 0.51) 162.2 (161.1; 163.3) 

Sex (girls vs. 

boys)  
-0.20 (-0.22; -0.19) 

-133.2 (-136.0; -

130.4) 

Smoking (yes vs. 

no)  
-0.45 (-0.47; -0.43) 

-172.7 (-176.8; -

168.5) 

Any medical 

condition, 

mother (yes vs. 

no)  

-0.08 (-0.12; -0.01) -17.4 (-29.7; -5.2) 

Parity 1§ 0.65 (0.63; 0.66) 153.2 (150.0; 156.4) 

Parity 2 or 
more§ 

0.73 (0.71; 0.75) 182.8 (178.6; 187.1) 

Maternal age 

(continuous) || 
-0.01 (-0.01; -0.01) -2.5 ( -2.8; -2.1) 

Maternal height 

(continuous) £ 
0.04 (0.04; 0.05) 13.8 ( 13.5; 14.0) 

†; every increase in pregesta[onal BMI of 1 kg/m2. ‡; every in-
crease in gestational week. §compared to first time pregnancies. 

||; every increase in maternal age of 1 year. £; every increase in 

maternal height of 1 cm. 

 

Sex specific normative curves for birth AC and weight by GA, 

based on offspring of healthy, non-smoking, normal-weight 

mothers are presented in Figure 4 and 5. Corresponding statistics 
are shown in the supplementary material for paper I, Tables S5, 

S10, S15 and S20.  

Finally, we found that birth weight had a stronger association 

with maternal pregestational BMI than birth AC. For every in-

crease of 1 kg/m2 in pregestational BMI, birth AC Z-score (95% 
C.I.) increased by 0.02 (0.02-0.03), whereas birth weight Z-score 

increased by 0.03 (0.03-0.03), after adjusting for smoking, mater-
nal medical conditions, age, parity and height. The difference was 

statistically significant (p<0.0001). In accordance with these re-
sults, the ratio between AC and birth weight decreased with 

increasing maternal pregestational BMI. For every increase of 1 

kg/m2 in pregestational BMI, the birth AC:weight ratio decreased 

by -0.02 cm/kg (95% C.I. -0.02 to -0.02, p<0.0001).  

 

 
 

Figure 4  
Normative curves for abdominal circumference by gestational age, for healthy 

singletons of non-smoking mothers with normal pregestational BMI 

 

 
 

Figure 5  

Normative curves for birth weight by gestational age, for healthy singletons of non-

smoking mothers with normal pregestational BMI 

DISCUSSION 

In this registry based study, we have demonstrated that maternal 

pregestational BMI is associated with both birth weight and birth 
abdominal circumference. The associations were, however, 

strongest between maternal pregestational BMI and birth weight. 
In accordance, the ratio between AC and birth weight, which to 

some extent is a measure of the degree of abdominal obesity in 

relation to weight, decreased with increasing maternal BMI. This 
could imply that intrauterine over-nutrition results in a general 

weight gain of the fetus rather than just fat accumulation around 
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the abdomen. However, another explanation could be the differ-

ence in accuracy of the measurement methods. AC is often 

rounded into whole centimeters and lack precision, whereas birth 
weight is reported in smaller units and thus with more accuracy. 

Despite the closer correlation between BMI and birth weight, our 
findings from this study do not tell us whether birth AC is a 

weaker or better predictor of future metabolic risk factors than 
birth weight, which is one of the aims for paper III. With our 

normative birth AC and weight reference curves we have pro-

vided a research tool for evaluation of this hypothesis. We addi-

tionally found that maternal smoking has a negative effect on 

fetal growth, as reported by many others [68, 198, 199].  
The strengths of this study are the size of the cohort, the high 

validity of the data and the possibility to stratify for smoking, BMI 
and diseases. Limitations include inability to estimate the effect of 

gestational weight gain, ethnicity, paternal BMI and sub-
categorize the effect of smoking (binary data only), as this infor-

mation is not available in the Danish Medical Birth Registry.  

PAPER II AND III – THE LIFESTYLE IN PREGNANCY AND OFF-

SPRING (LIPO) STUDY 

The studies in paper II and III are based on a follow-up of a ran-

domized controlled trial (RCT) involving lifestyle intervention 

during pregnancy in obese women. The RCT was the basis for a 

previous PhD thesis [230]. 

 

MATERIALS AND METHODS 

Description of the Lifestyle in Pregnancy (LiP) Study  

The Lifestyle in Pregnancy (LiP) study was a randomized con-

trolled trial with lifestyle intervention in obese pregnant women 

running from 2007 to 2010 in two University Hospitals in Den-

mark; Odense University Hospital and Aarhus University Hospital, 

Skejby [231]. The LiP study was approved by the local ethics 

committee of the Region of Southern Denmark (S-20070058) and 

the Danish Data Protection Agency, and was registered at 

www.clinicaltrials.gov as NCT00530439. A total of 360 women 

aged 18–40 years were recruited at 10–14 weeks of gestation. 

The inclusion criterion was a BMI of 30–45 kg/m2 based on pre-

pregnancy weight, or first measured weight in pregnancy. Inclu-

sion and exclusion criteria can be seen in Table 5. Participants 

were randomized in a ratio of 1:1 to i) lifestyle intervention in-

cluding dietary advice, coaching and exercise or to ii) routine 

obstetric care. A doctor and a research midwife enrolled the 

patients and they were randomized using computer-generated 

numbers in closed envelopes, which they themselves picked up 

from a basket and opened. Subsequently, there was no blinding 

to patients, care givers or the doctor. The intervention in preg-

nancy consisted of two major components: i) dietary counseling 

and ii) physical activity. Dietary counseling was performed indi-

vidually by trained dieticians four times during pregnancy. The 

aim of the counseling was to limit gestational weight gain to five 

kg. Trained dieticians carried out individual dietary counseling 

four times during pregnancy. The counseling was based on the 

evaluation of each participant´s dietary history, weight and level 

of activity and led to a personalized diet. The dietary advises were 

based on the official Danish recommendations. At the last visit 

before delivery, intervention group participants were given mate-

rial on breastfeeding advice. The physical activity component 

consisted of encouragement to be moderately physically active 

for 30-60 minutes daily. Participants were equipped with a pe-

dometer (Walking Style II, Omron Healthcare, Japan) and in-

formed about the general advice of walking approximately 10,000 

steps daily. Each participant was given free, full-time membership 

in a fitness center, where they could choose between several 

different types of aerobic classes or weight training. Additionally, 
for one hour each week, a closed aerobics class was arranged 

with a physiotherapist, and participants were requested to attend 
this session. After physical training the participants were grouped 

4-6 times during pregnancy together with the physiotherapist. In 
these group sessions the physiotherapist used coaching inspired 

methods to improve participant´s integration of physical activities 

in pregnancy and daily life.  

Women in both groups were monitored three times during preg-

nancy with fasting blood samples, oral glucose tolerance tests 
(OGTTs) and weight. As part of the LiP study, women were seen 

six months postpartum, where breastfeeding information was 
gathered. 
 

Table 5  

Inclusion and exclusion criteria for the LiP study 

 
Summary of results from the LiP study 

The intervention group had a significantly lower median GWG 

compared with the control group (7.0 vs. 8.6 kg; p=0.01). Surpris-

ingly, neonates from the intervention group had a higher birth 

weight compared to the control group (median 3742g vs. 3596) 

[231]. No significant differences were seen in the five main clinical 

outcomes between groups (gestational diabetes, preeclamp-
sia/pregnancy induced hypertension, cesarean delivery, infants 

born large for gestational age or infants admitted to neonatal 
intensive care unit). Additionally, no differences in breastfeeding 

patterns were detected postpartum. The compliance with the LiP 

intervention program was good regarding the dietary counseling 

sessions; 92% of the women completed all four sessions and 98% 

completed at least three sessions. When asked if participation in 

the LiP study had resulted in more healthy eating habits, 85% of 

women in the intervention group responded affirmatively. How-
ever, 21% of women in the control group also reported that they 

had adopted more healthy eating habits as a result of being in the 
trial. Compliance with the physical component of the intervention 

was not as good as that of the dietary sessions. Mean attendance 

for the 20 aerobic classes was 10.4 hours, and 56% of women in 

the intervention group attended the aerobic classes for at least 

half of the lessons. Among women in the intervention group 78% 

undertook leisure time sporting activities in addition to the aero-

bic classes. However, also 65% of control group women did some 
sort of leisure time sporting.       

Inclusion criteria 

Age 18-40 years 

BMI 30-45 kg/m2 

Exclusion criteria 

Prior serious obstetric complications (e.g. stillbirth, preterm 

delivery, second trimester or habitual abortion) 

Chronic diseases (e.g. hypertension, diabetes, severe asthma, 

severe psychiatric disorder, severe disorders in musculoskeletal 

system) 

Positive oral glucose tolerance test in early pregnancy 

Alcohol or drug abuse 

Non-Danish speaking 

Late referral to Department of Gynecology and Obstetrics (>14 

weeks of gestation) 

Multiple pregnancy 
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Description of the Lifestyle in Pregnancy and Offspring (LiPO) 

study 

The Lifestyle in Pregnancy and Offspring (LiPO) study was based 
on a follow-up of the LiP study. Additionally, an external refer-

ence group (ER) of lean mothers and their offspring was included. 
The study thus included three sets of mother and child dyads: 

• LiPi (from LiP intervention group) 

• LiPc (from LiP control group)  

• ER (from external reference group of lean mothers and their 
offspring)  

The LiPO study was planned in 2010, while the LiP RCT was still 

ongoing. The study was approved by the local ethics committee 

of the Region of Southern Denmark (S-20100070) and by the 

Danish Data Protection Agency. It was registered at 

www.clinicaltrials.gov as NCT01918319 for comparison of off-

spring of mothers participating in the LiP study and as 
NCT01918423 for comparison of offspring from the LiP study with 

the reference group of children born to lean mothers. Written 
informed consent was obtained for each participant, initially as 

part of the LiP study and again for participants of the LiPO follow-

up.  

Inclusion criteria for the LiPi and LiPc groups were mothers who 

had completed the LiP study until birth and their offspring (Figure 

6). The ER group was recruited from lean mothers who had given 

birth in Odense University Hospital within the same time period 
as the offspring of LiP participants were born. Maternal inclusion 

and exclusion criteria for the ER group were similar to those for 
the LiP study (Table 6), with a few exceptions; pregestational BMI 

was restricted to 18.5-24.9 kg/m2 and late referral to Department 

of Gynecology and Obstetrics was not an exclusion criteria. Addi-

tional exclusion criteria for the reference group were: children 

born before 37 or after 41 completed weeks of gestation and 
children with significant medical conditions (defined by being 

hospitalized for more than 10 days in the first year of life). These 
additional exclusion criteria were added as we wished to have as 

normal a reference group as possible. 
 

Table 6  

Inclusion and exclusion criteria for the external reference group (ER) in 

the LiPO study 

Inclusion criteria 
Age 18-40 years 

BMI 18.5-24.9 kg/m2 

Completed questionnaire at the child´s second birthday 

Exclusion criteria, maternal 

Serious obstetric complications  

Chronic diseases (i.e. hypertension, diabetes, severe asthma, 

severe psychiatric disorder, severe disorders in muscu-

loskeletal system) 

Positive oral glucose tolerance test in pregnancy 
Alcohol or drug abuse 

Non-Danish speaking 

Multiple pregnancy 

Exclusion criteria, offspring 

Born outside gestation 37+0 to 41+6 (weeks + days) 

Severe medical conditions 

 

The ER group was identified after pregnancy from electronic 

patient records. We wished to obtain further information on 

maternal smoking status during pregnancy, socioeconomic status, 
breastfeeding, paternal height and weight, child morbidity and 

diet of the ER group; information which was unavailable in the 
patient records. In order to limit faulty recall, we chose to mail a 

questionnaire to potential participants before they were formally 
invited to the clinical examination. In the accompanying letter, 

brief information of the follow-up study was given, although a 

formal invitation for the clinical examination was not included. A 

number of 2292 normal weight mothers without pregestational 

diabetes or gestational diabetes gave birth to singleton children 
born at term from September 2008 to September 2009 in Odense 

University Hospital. For the first child born on each day from 
September 2008 to June 2009, the electronic patient record was 

reviewed. If they fulfilled criteria for participation, a question-
naire was sent to the mother. If the criteria were not fulfilled, the 

patient record of the second child born on that particular day was 

reviewed and so forth. From June 2009 to September 2009 the 

number of questionnaires sent was increased to two each day. 

We reviewed the electronic patient records of 532 potential 
participants, and a total of 484 mothers were sent questionnaires, 

with the original plan of sending the same questionnaires to 
participants twice; at the child´s first and second birthday. How-

ever, the questionnaire survey for the ER group started Septem-

ber 2010, which meant that very few received both question-

naires. We therefore chose to use only data on the ER group from 

the second questionnaire in our analyses. Out of 484 potential ER 

group mothers who were sent questionnaires, 325 replied and 

were eligible for the follow-up.  
Of the initial 360 included women in the LiP study, 304 partici-

pated in the trial until birth (Figure 6). At delivery, three children 
were stillborn (two in the intervention group and one in the con-

trol group). Accordingly, 301 mother and child dyads were eligible 

for the LiPO infant follow-up study. Eligible LiP participants were 

mailed the exact same questionnaires as the potential ER group, 

and as the questionnaire survey for the LiP groups was started 

already July 2010, the majority received both questionnaires; at 

the child´s first and second birthday. 
Those fulfilling criteria for the LiPO follow-up received written 

information about the study when the child was approximately 
2.5 years old. They were also given access to a website, which 

described the study (www.lgos.dk). The mothers were encour-

aged to contact Mette Tanvig if they wished to participate or 

wanted to know more about the study and were subsequently 

verbally informed about the study. Of the 301 eligible LiP study 

mother and child dyads, 157 (52.2%) were seen for the LiPO 

follow-up (Figure 6). Of the 325 eligible reference group mother 

and child dyads, 97 (29.8%) were seen (Figure 6). 
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Figure 6  

Flowchart for participation in the LiP and LiPO studies 



 DANISH MEDICAL JOURNAL   14 

Study visit 

Follow-up visits between the age of 2.5 and 3 years were con-

ducted at Odense University Hospital or Aarhus University Hospi-
tal between February 2011 and November 2012. All children were 

examined by the same medical doctor (M.T.), blinded to the RCT 
intervention. Information on who had received intervention was 

revealed after data collection was complete. Due to identifiable 
differences in maternal BMI, it was not possible to blind M.T. to 

the reference group.  

Anthropometry 

Weight in light indoor clothing was measured to the nearest 0.1 

kg using a digital weight (model 704, Seca, Hamburg, Germany). 
Height was measured to the nearest 0.1 cm using a portable 

stadiometer (model 214, Seca, Hamburg, Germany). Triceps and 
subscapular skinfold thickness was measured to the nearest 0.1 

mm using a Harpenden skinfold caliper (Chasmors Ltd, London, 
UK). Abdominal circumference at the umbilical level and hip 

circumference at the widest diameter of the buttocks was meas-

ured to the nearest mm with a non-stretchable tape measure. 

Blood pressure was measured using an electronic device (model 

420, WelchAllyn, Skaneateles Falls NY, USA) with the child resting 
in supine position. Measures were performed in triplicate and 

averaged.  
Blood samples  

After a 4 hours fast, blood samples were collected from the ante-

cubital vein. Fasting plasma glucose was measured using venous 

blood and analyzed photometrically in a HemoCue analyzer 

(HemoCue Glucose 201 RT-system, Ängelholm, Sweden). Serum 

levels of insulin were analyzed by time-resolved fluoro-

immunoassay (AutoDELFIA, Wallac Oy, Turku, Finland). Plasma 
concentrations of High Density Lipoprotein cholesterol (HDL) and 

triglycerides (TG) were determined (Modular, Roche Diagnostics, 
Basel, Switzerland). 

DEXA Scans 

Dual Energy X-ray absorptiometry (DEXA) scans were performed 

in Odense University Hospital only. A GE Lunar Prodigy (GE Medi-

cal Systems, Madison, WI, USA), equipped with ENCORE software 

(version 12.3, Prodigy; Lunar Corp, Madison WI, USA), was used 

to measure estimates of lean mass (LM), fat mass (FM) and body 
fat percent. Machine calibration and quality assurance tests were 

performed daily as recommended by the manufacturer. The 
scanner computer selected the scanning mode (thin, standard or 

thick) after the data of height and weight of the subject was 

entered to the machine. The typical scan duration was 4 minutes 

depending on the child´s height and weight. A trained research 

bioanalyst and M.T. performed all scans. The children were posi-

tioned on the scanner table by M.T. and were instructed to lie still 

in a supine position wearing underwear and a thin blanket for the 

duration of the scan. The positioning of the child and the quality 

of the scan were checked immediately and if these were unsatis-
factory, the scan procedure was either ended and restarted or 

performed again. The GE Lunar Prodigy has good reproducibility 

with 2.01% Coefficient of Variation (CV) for LM, 1.94% CV for FM 

and 1.29% CV for body fat percent in children and adolescents 

aged 5-17 years [38]. The reproducibility of the DEXA scans per-

formed in the present studies was not examined due to ethical 

consideration. However, repeated daily scans of a phantom were 

performed to assess the CV during the test period. The CV values 

were 0.27-0.33% and corresponded well with the above men-
tioned study. Due to the young age of the children, the quality of 

the DEXA scans varied and some were inadequate. Consequently, 

scans were categorized as previously suggested [232]:  i) perfect, 

ii) good with minor irregularities, iii) several irregularities, iv) 

unusable. Scans graded iii) or iv) were excluded from further 

analyses. 

Outcomes 

We assessed a number of anthropometric, body composition and 

metabolic outcomes. The primary outcome was child BMI Z-score. 
BMI was calculated as weight (kg) divided by the square of height 

(m2) and expressed as a continuous Z-score based on age and 
sex-specific Danish standards [19]. Other outcomes were BMI, 

triceps skinfold thickness, mid-scapular skinfold thickness, ab-

dominal circumference, hip circumference, abdominal/hip cir-

cumference ratio, the DEXA values of total fat mass, total lean 

mass and fat percentage, blood pressure, fasting plasma glucose, 
fasting insulin, fasting TG and fasting HDL. Furthermore, over-

weight or obese children were identified using the criteria defined 
by the International Obesity Task Force (IOTF) Childhood Obesity 

Working Group [20].  
In order to investigate the associations between birth weight 

(BW) contra birth abdominal circumference (BAC) and metabolic 

risk factors (Paper III), we expressed BW and BAC as continuous Z-

scores according to our gestational age- and sex-specific norma-

tive curves (from paper I). We used the standards based on chil-
dren born to healthy, non-smoking mothers with a normal 

pregestational BMI [233].  
Statistical analyses 

All analyses were performed using STATA 12.0 software (Stata-

Corp, College Station, TX). 

With no previous studies available on which to base a power 

calculation, we originally aimed to include 90 in each randomiza-

tion groups (in total 180) of 360 mother and child dyads from the 

LiP study. Given an alpha of 0.05, a beta of 0.80 and a BMI Z-score 
SD of 1.0, a true difference between the LIP intervention and the 

control group in offspring BMI Z-score of 0.417 could be detected. 
However, as only 301 mothers completed the LiP study until birth, 

we adjusted our power calculations and aimed instead to include 

160 of the 301 eligible children (53%). Using the same method for 

power calculation (an alpha of 0.05, a beta of 0.80 and a BMI Z-

score SD of 1.0), we had enough power to detect a difference 

between the LIPi and LiPc group of 0.447 in BMI Z-score. In order 

to have a sufficient reference group, we aimed to include a mini-
mum of 90 children born to women with a normal BMI.   

A number of different statistical analyses were used. Differences 
in baseline characteristics and outcomes between groups were 

analyzed with Chi2 test for categorical variables. For analyses of 

continuous variables between two groups (e.g. between LiPi and 

LiPc) Student’s t-test was used when data were normally distrib-

uted; otherwise Mann-Whitney U test was used. For analyses of 

continuous variables between more than two groups (e.g. LiPi, 

LiPc and ER) One-way Anova was used for normally distributed 

data and Kruskal-Wallis for non-normally distributed data. We did 

not perform statistical testing for baseline differences between 
randomized groups and the ER, as the latter was selected from a 

different population (lean mothers) with the purpose of serving 

as a normative reference, and was thus by default different. 

Linear and multiple regression models were used for analyses of 

associations between size at birth and metabolic outcomes, as 

well as for adjusting for potential confounders in the analyses of 

difference in BMI Z-score between all three groups.  

 

RESULTS 
The results of paper II and III are summarized in this section after 

an overall description of baseline maternal and neonatal charac-

teristics, breastfeeding and infant growth. 
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Baseline Characteristics 

Overall, participants from the LiPi (n=82) and LiPc group (n=75) 

did not differ with respect to maternal or neonatal baseline char-
acteristics (Table 7). At baseline, there were no differences be-

tween those who attended and those who were lost to follow-up 
except for 2-h OGTT plasma glucose values performed at 28 

weeks gestation; median (interquartile range) intervention and 
control group attendees 6.1 (5.4-7.2) and 6.1 (5.4-6.9) mmol/L vs. 

lost to follow up 6.6 (5.6-7.5) mmol/L, p = 0.021 (Table 7). Com-

pared to women from the LiP study, those from the reference 

group had a lower BMI, higher educational level and higher GWG. 

Children from the reference group had a lower mean birth 
weight, whereas there were no differences in abdominal circum-

ference or length at birth. Of 250 children with breastfeeding 
data, 124 (49.6%) were exclusively breastfed (never formula fed) 

and 66 (26.4%) were exclusively breastfed for at least 5 months, 
with no differences between the LiPi, LiPc or ER groups. Addition-

ally, there was no difference in postnatal weight development 

between the LiPi, LiPc or ER groups. Among the LiP children born 

preterm, two children from the intervention group and one child 

from the control group had severe medical conditions. None of 
the children born at term had severe medical conditions.  

 
Anthropometric and body composition outcomes (paper II) 

Anthropometric measures and DEXA scan results are presented in 

Table 8. No significant differences were seen in the primary out-

come, BMI Z-score; median (interquartile range) BMI Z-score in 

children from the LiPi vs. LiPc groups (0.10 (-0.58-0.69) vs. -0.09 (-

0.87-0.50)), nor were there any statistically significant differences 

in BMI Z-score between the LiP offspring and the ER group (-0.32 
(-0.75-0.40)). In the linear regression models which analyzed 

differences in BMI Z-score between the three groups, LiPi group 
children had an non-significant trend towards a higher BMI Z-

score (coefficient 0.27, p=0.069 [crude values]) compared to the 

reference group, but this was not seen after adjustment for ges-

tational weight gain, parity, smoking during pregnancy, maternal 

age, educational level (school ≥ 12 years), breastfeeding (exclu-

sive breastfeeding for at least 5 months), birth weight Z-score and 

post natal growth (change in weight Z-score between 0 and 12 
months). No differences between LiPi, LiPc or ER group were seen 

for the secondary outcomes: BMI (16.4 vs. 16.1 vs. 16.0 kg/m2); 
the percentage of overweight or obesity (10.9 vs. 6.7 vs. 4.1%), or 

for weight, length, skinfold thicknesses, abdominal circumfer-

ence, hip circumference, or abdominal to hip ratio (Table 8). DEXA 

scanning was successful in 123 (83.7%) out of 147 children (Lipi 

n=37, LiPc n=30, ER n=56). No differences were detected in total 

fat mass (2.5 vs. 2.4 vs. 2.3 kg), total lean mass (11.3 vs. 11.2 vs. 

10.9 kg) or fat percentage (21.6 vs. 21.6 vs. 21.3%) (Table 8).  

 
Metabolic risk factors and associations with size at birth (paper 

III) 

For the analyses in paper III, we chose to include only children 

born at term. This meant that 7 preterm children (5 from the LiPi 
group and 2 from the LiPc group), were excluded. Fasting plasma 

glucose was measured in 206/247 (83%) of all children (LiPi 

group: n=59, LiPc group: n=59 and ER group: n=88). Other blood 

samples were successful in 150 (61%) children (LiPi n=39, LiPc 

n=51 and ER group n=60), and blood pressure measurement was 
successful in 200 (81%) children (LiPi n=63, LiPc n=54 and ER 

group n=83). Metabolic risk factors are presented in Table 9. No 
significant differences were seen in abdominal circumference 

(median) LiPi vs. LiPc (48.2 vs. 48.0 cm, p=0.157) or in the fasting 
plasma measures of glucose, insulin, HDL, TG or in systolic or 

diastolic blood pressure. Similarly, no differences in metabolic risk 

factors were detected between LiPi, LiPc and ER group (Table 9). 

 

 
Associations between size at birth and metabolic risk factors 

Results from multiple linear regressions on associations between 
BW contra BAC and metabolic risk factors at the age of 2.8 years 

are given in Table 10. The results shown are adjusted for sex, 

pregestational BMI, GWG, maternal age, educational level, smok-

ing during pregnancy, parity, gestational age at birth, breastfeed-

ing and postnatal growth.  BW Z-score was positively associated 

with (regression coefficients (95% CI), p-value): abdominal cir-

cumference (1.56 (1.10; 2.01), p<0.004), fasting blood glucose 
(0.17 (0.07; 0.26), p<0.004), fasting insulin (5.40 (2.47; 8.33), 

p<0.004), fasting triglycerides (0.10 (0.02; 0.18), p<0.020) and 
systolic blood pressure (1.92 (0.71; 3.12), p<0.004). No significant 

associations between BW Z-score and HDL or diastolic blood 

pressure were detected. Similarly, BAC Z-score was positively 

associated with (regressions coefficients (95% CI), p-value): ab-

dominal circumference (1.23 (0.79; 1.68), p<0.004), fasting 

plasma glucose (0.15 (0.06; 0.24), p<0.004), fasting insulin (5.93 

(3.14; 8.72), p<0.004) and fasting triglycerides (0.11 (0.03; 0.18), 
p<0.004), after adjusting for the above mentioned variables. No 

significant associations were found between BAC Z-score and 
HDL, systolic or diastolic blood pressure. 
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Data are given as median (interquartile range) or frequency 

 

Table 7  

 

Baseline, pregnancy, neonatal and early postnatal outcome data in trial groups from the LiP study and from an external reference 

group of children born to lean mothers  
 

 

 Participants in the LiP study External reference 

group 

 
 

 Intervention (LiPi) 
 n=82  

Control  (LiPc) 
 n= 75 

Lost to follow-up 
n=144 

Children born to 
lean mothers (ER) 

n=97 

Missing numbers 
(intervention/ 

controls/lost to 
follow-

up/reference) 
percentage 

 

Maternal       

Age at delivery (years) 30.5 (28.2-32.7) 30.2 (26.6-33.4) 29.8 (27.0-32.5) 30.2 (28.0-33.1) .  

Primiparous 42 (51.2 %) 42 (56.0 %) 74 (51.4%) 41 (47.7%) .  

Prepregnancy BMI 
(kg/m2) 

33.2 (31.6-35.8) 33.0 (32.0-36.9) 33.6 (31.7-37.0) 22.1 (20.7-23.4) . 
 

Smoking in pregnancy 4 (4.9 %) 7 (9.3 %) 17 (11.8%) 10 (10.5%) .  

School ≥ 12 years 62 (75.6%) 48 (64.0%) 96 (66.7%) 97 (100.0%) .  

Further education ≥ 3 
years 

42 (51.2%) 33 (44.0%) 66 (45.8%) 85 (87.6%) . 
 

Gainfully employed 54 (65.9%) 55 (76.4%) 97 (67.4%) 78 (80.4) .  

Gestational weight gain  7.1 (5.2-10.8) 8.8 (5.9-11.4) 7.5 (4.4-10.8) 15.0 (12.0-19.0) 6/3/2/2  

75-g OGTT at 28 weeks of gestation:       

  Fasting plasma  glucose      
(mmol/L) 

4.8 (4.5-5.1)   4.9 (4.5-5.1)   4.7 (4.6-5.1) . 10/1/13/100 
 

  2-h plasma glucose 

(mmol/L) 

6.1 (5.4-7.2)    6.1 (5.4-6.9) 6.6 (5.6-7.5) . 15/7/19/100 
 

Neonatal       

Sex, female/male  41/ 41 33/42  66/78 47/50 .  

Gestational age at birth 
(days) 

282 (274-289) 284 (275-288) 283 (273-289) 282 (277-286) . 
 

GA < 37+0 5 (6.2%) 2 (2.3%) 6 (4.2%) . .  

Birth weight (g)  3720 (3382-4070) 3520 (3330-3900) 3745 (3460-4040) 3548 (3212-3864) .  

Birth weight  Z-score  0.23 (-0.46-0.91) 0.01 (-0.69-0.75) 0.20 (-0.40-0.81) -0.03 (-0.67-0.68) .  

BAC (cm) 34.0 (32.0-35.0) 34.0 (32.0-35.0) 34.0 (33.0-36.0) 34 (33-35) 4/3/7/0  

BAC Z-score 0.25 (-0.53-0.65) 0.06 (-0.54-0.58) 0.27 (-0.55-0.66) 0.11 (-0.37-0.65) 4/3/7/0  

Birth length (cm) 53.0 (51.0-54.0) 52.0 (51.0-54.0) 53.0 (51.0-54.0) 53.0 (51.0-54.0) .  

Exclusively breastfed  36 (45.0%) 36 (48.0%) . 52 (54.7%) 2/0/1002  

Exclusively breastfed for 
at least five months 

20 (25.0%) 26 (35.6%) . 20 (20.6%) 2/0/100/2 
 

Weight development 0-5 

months (change in 
weight Z-score) 

 0.33 (-0.64-0.96) 

 

0.49 (-0.36-1.42) . 0.72 (0.03-1.36) 12/13/100/16 
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Since we had several missing values on DEXA derived and meta-

bolic outcomes, we subsequently compared our primary out-
come, BMI Z-score, between participants with information on all 

outcomes (n = 81) and participants with at least one missing value 
(n = 173) in order to investigate the possibility of bias. There was 

no difference in BMI Z-score between these two groups; mean 
BMI Z-score in participants with information on all outcomes vs. 

participants with missing values (-0.12 vs. -0.12, p=0.994).    

 
Table 8  

Anthropometric outcomes and body composition according to LiP 

intervention and external reference groups  

 

LiP Offspring External 

reference 

group 
 Intervention 

(LiPi)  

n=82 

Control (LiPc) 

 n=75 

Children 

born to 

lean moth-

ers (ER) 

n=97 

BMI Z-score  0.10 (-0.58-

0.69) 

-0.09 (-0.87-

0.50) 

-0.32 (-

0.75-0.40) 

Weight (kg)  14.5 (13.5-15.6) 14.2 (13.4-

15.8) 

14.5 (13.4-

15.4) 

Height (cm)  95.0 (92.5-96.5) 94.0 (92.5-

97.2) 

95 (92.1-

97.0) 

BMI (kg/m2)  16.3 (15.6-17.2) 16.1 (15.4-
17.0) 

15.9 (15.4-
16.8) 

Overweight 
or obese 

9 (10.9%) 5 (6.7%) 4 (4.1%) 

AC  (cm) 48.2 (46.8-51.3) 48.0 (45.9-

50.3) 

48.0 (46.0-

49.8) 

Hip (cm) 51.0 (49.0-53.0) 50.0 (45.9-

50.3)  

50.3 (48.3-

52.3) 

AC/hip ratio 0.97 (0.92-0.98) 0.97 (0.93-

0.99) 

0.96 (0.93-

0.98) 
Triceps skin-

fold (mm)   

8.2 (7.1-9.8) 8.3 (6.7-9.8) 8.0 (7.1-

9.4) 
Subscapular 

skinfold (mm)  

6.0 (5.4-6.4) 5.9 (5.1-6.8) 5.7 (5.0-

6.7) 
DEXA scan n= 37 n=30 n=56 

Total fat (g)  2354 (1719-

2770) 

2437 (1996-

2964) 

2110 

(1697-

2953) 

Lean body 
mass (g)  

11 923 (10 415-
12 143) 

11 250 (10 
504-11 947) 

10 987 (10 
095-11 

547) 
Total fat (%) 20.9 (14.6-24.8) 21.5 (18.6-

24.6) 

20.0 (15.7-

26.7) 

Data are given as median (interquartile range) or frequency. At a 

significance level of 0.05 (two-sided), there were no statistically 

significant differences in any variables between the LiPi and LiPc 

groups or between LiPi, LiPc and ER groups. AC; abdominal cir-

cumference, DEXA; Dual Energy X-ray. 
 

 
 

 

 

 

 

 
Table 9  

Metabolic risk factors in children born at term according to LiP interven-

tion and external reference groups 

 

LiP Offspring External 

reference 

group 

 Intervention 

(LiPi)  
n=77 

Control (LiPc) 

 n=73 

Children 

born to 
lean 

mothers 
(ER) 

n=97 

AC (cm) 48.2 (46.8-52) 48.0 (46.1-

50.3)  

48.0 (46-

49.8) 

Systolic blood 

pressure 

(mmHg) 

98.3 (93.7-

105.3) 

97.3 (94.3-

101.3) 

97.0 

(91.7-

103.7) 

Diastolic blood 
pressure 

(mmHg) 

64.3 (61.0-67.3) 62.0 (60.3-
65.3) 

63.3 
(60.3-

68.0) 

Fasting blood 

glucose 

(mmol/L) 

5.2 (4.6-5.6) 5.1 (4.7-5.5) 5.0 (4.7-

5.4) 

Fasting insulin 

(mU/mL) 

16 (8-33) 12 (8-18) 11 (8-15) 

Fasting HDL 

(mmol/L) 

1.2 (1.1-1.4) 1.3 (1.1-1.5) 1.2 (1.0-

1.4) 

Fasting triglyce-

rides (mmol/L) 

0.7 (0.6-1.1) 0.9 (0.6-1.0) 0.7 (0.5-

1.0) 

Data are given as median (interquartile range) or frequency. At a 

significance level of 0.05 (two-sided), there were no statistically 
significant differences in any variables between the LiPi and LiPc 

or between LiPi, LiPc or ER groups. AC; Abdominal Circumference, 
HDL; High Density Lipoprotein 

 

Difference in size at birth between offspring of women partici-

pating in the LiP study and a matched control group from the 

background population 

As described above, LiP intervention group offspring had a larger 

median birth weight than control group offspring, despite a lower 
GWG in the intervention group. This was a surprising result, for 

which we have no explanation. Other outcomes were comparable 
between groups, and GWG was quite low in both groups. We 

therefore speculated that all women in the LiP study had bene-

fited from being in the trial, regardless of the randomization, and 

that the children were smaller at birth than offspring of obese 

women in the background population. In order to test this hy-

pothesis, we needed an extra control group of obese women not 

participating in the trial. Unfortunately, we were not given per-
mission by the ethics committee to investigate the outcomes of 

eligible patients who had declined to participate, which would 
have been the ideal control group. We were, however, given 

permission to use the Danish Medical Birth Registry to match 
obese mothers who participated in the trial to a comparable 

group of mothers who did not participate, and subsequently 

compare the offspring size at birth between these two groups 
(Danish Data Protection Agency J.nr. 2013-41-2343). We there-

fore set up a small case-control analysis in which we matched 
mothers from the LiP study (cases) with offspring of obese moth-

ers not participating in the trial (controls).  
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In order not to include those who were invited into the LiP study, 

but declined to participate, we restricted the controls to women 

who had given birth in Odense University Hospital or Aarhus 

University Hospital three years prior to the LiP study.  

Mothers were matched using the following criteria: Date of birth 

minus three years +/- 30 days, same fetal/child sex, same gesta-
tional age +/- 7 days, same maternal BMI category and same 

parity.  
Controls were only used once for each case. We stratified the 

analyses into two sets; one with outcomes for BMI category 30-

34.9 kg/m2, and one with outcomes for BMI category 35-45 

kg/m2. The analyses were done in two steps; first all who had 

participated in the LiP trial until birth and their controls, and 

second all who had participated in the LiPO follow-up and their 

controls. We subsequently tested if the difference was significant 
using a linear regression model, which took cluster effects into 

account.  
Out of 301 LiP participants, the registry identified 274 LiP mother 

and child dyads with valid information for the first set of analyses. 
Out of 157 LiPO follow-up attendees, the registry identified 143 

dyads for the second set of analyses. Results of the analyses can 

be seen in Table 11 for comparison of LiP offspring with a 
matched control group and in Table 12 for comparison of LiP 

offspring attending the LiPO follow-up with a matched control 
group. Offspring of LiP participants had a smaller mean birth 

weight compared to their matched control group (3684 vs. 3722 
g, p=0.021 for BMI category 30-34.9 kg/m2, and 3649 vs. 3869 g, 

p=0.004 for BMI category 35-45 kg/m2), Table 11. Mean abdomi-
nal circumference was also significantly smaller in LiP offspring 

compared to controls in BMI category 35-45 kg/m2 (33.8 vs. 34.6 

cm, p=0.007), whereas the difference was not significant for BMI 
category 30-34.9 kg/m2, Table 11. 

 
 

 
 

 
 

 

 
 

 

Table 11  

 
Birth weight and abdominal circumference in LiP offspring (n=274) com-
pared to background population of offspring of obese women 

 
LiP participants  

(Cases) 

Background popula-

tion (Controls) 

Linear regression, 

coefficient (95% C.I.) 

Birth weight (g)    

BMI 30-34.9 kg/m2 3684 (575), n=180 3722 (512), n=376 -93.6 (-172.9; -14.3), 

p=0.021 
BMI 35-45 kg/m2 3649 (551), n=94 3869 (536), n=123 -219.6 (-365.8; -

73.5), p=0.004 

Birth abdominal 
circumference (cm) 

   

BMI 30-34.9 kg/m2 33.8 (2.3), n=170 33.8 (2.2), n=348 -0.22 (-0.54; 0.11), 
p=0.191 

BMI 35-45 kg/m2 33.8 (2.1), n=91 34.6 (2.0), n=117 -0.8 (-1.37; -0.23), 

p=0.007 

Data are given as means (SD) and linear regression coefficient (95% C.I.) for difference between LiP 
offspring and background population of offspring born to obese mothers.  

 

 

For the LiP offspring, who had attended the LiPO follow-up, mean 

birth weight was also smaller compared to matched controls 

(3616 vs.3792 g, p=0.001 for BMI category 30-34.9 kg/m2, and 

3582 vs. 3860 g, p=0.01 for BMI category 35-45 kg/m2), whereas 

no significant difference was found in abdominal circumference, 

Table 12. Additionally, it seems that the follow-up attendees were 

smaller at birth compared to the total group of LiP offspring (e.g. 

birth weight 3616 vs. 3684 g for BMI category 30-34.9 kg/m2). 
 
Table 12  

Birth weight and abdominal circumference in LiP offspring attending the 
LiPO follow-up (N=143) compared to background population of offspring 

of obese women 

 
LiP participants  
(Cases) 

Background Popula-
tion (Controls) 

Linear regression, 
coefficient (95% C.I.) 

Birth weight (g)    

BMI 30-34.9 kg/m2 3616 (629), n=98 3792 (530), n=182 -206.2 (-322.2; -90.2), 
p=0.001 

BMI 35-45 kg/m2 3582 (597), n=45 3860 (470), n=66 -278.1 (-485.4; -70.8), 

p=0.01 
Birth abdominal 

circumference (cm) 
   

BMI 30-34.9 kg/m2 33.4 (2.6), n=92 33.9 (2.0), n=170 -0.4 (-0.90; 0.09), 
p=0.107 

BMI 35-45 kg/m2 33.5 (2.3), n=44 34.6 (1.9), n=63 -0.71 (-1.77; 0.36), 
p=0.187 

Data are given as means (SD) and linear regression coefficient (95% C.I.) for difference between 

LiP offspring attending the LiPO follow-up and background population of offspring born to obese 

mothers.  
 

 

Even though this small analysis suggests a difference in offspring 

size at birth between LiP offspring and a matched control group, it 

Table 10  

 

Associations between weight and abdominal circumference at birth and metabolic risk factors in children born at term. 
 

 Birth Weight Z-score 

Adjusted* 
Birth Abdominal Z-score 

Adjusted* 
  

Outcome Coefficient (95% C.I.) R2 Coefficient (95% C.I.)  R2   

AC 1.56 (1.10; 2.01) † 0.35 1.23 (0.79; 1.68) † 0.29   

F-plasma glucose 0.17 (0.07; 0.26) † 0.12 0.15 (0.06; 0.24) † 0.12   

F-insulin 5.40 (2.47; 8.33) † 0.16 5.93 (3.14; 8.72) † 0.20   

F-HDL NS - NS -   

F-triglycerides 0.10 (0.02; 0.18) ‡ 0.17 0.11 (0.03; 0.18) † 0.18   

Systolic BP 1.92 (0.71; 3.12) † 0.18 NS -   

Diastolic BP 0.86 (0.12; 1.84) || 0.16 NS -   

* adjusted for sex, pregestational BMI, gestational weight gain, maternal education (more than 12 years of school), parity, exclusive 

breasdeeding for at least 5 months, smoking during pregnancy, maternal age, gesta[onal age at birth and postnatal weight gain. †; 

p<0.004, ‡; p <0.020, §; p =0.045, ||; p =0.084. Z-score; standard deviation score, C.I.; Confidence Interval, R2; Coefficient of Determina-

tion, AC; abdominal circumference, HDL; High Density Lipoprotein, BP; blood pressure. 
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must be interpreted with consideration. First, we used a control 

group, which had given birth three years prior to the LiP study. 

The ideal control group would have been the women who were 
eligible for the LiP study, but declined to participate. As we were 

not allowed to use this group, we had to use a historical control 
group of women giving birth in the same hospitals as the LiP 

participants instead. By doing this, we were certain not to include 
women who had been in contact with the LiP study, and the 

control group was likely composed of women with the same 

social background, as they were from the same living area. Sec-

ond, we did not have thorough information on all exclusion crite-

ria as listed in the LiP study. This means that we did not exclude 
women with diabetes or other chronic diseases, which might have 

resulted in larger offspring in the control group. Third, we did not 
match on smoking status, as this would have resulted in difficul-

ties in retrieving enough matches. However, the number of 
smokers in the obese background population is believed to be 

similar to the numbers of smokers in the obese women participat-

ing in the LiP study, limiting bias on this account. Fourth, a num-

ber of mother and child dyads from the LiP study did not have 

valid information on all variables in the Danish Medical Birth 
Registry. This meant that not all participants could be used as 

cases.   
Nevertheless, from this small case-control analysis, we found that 

LiP offspring in general were smaller in birth weight and abdomi-

nal circumference compared to their matched control group. This 

support our hypothesis that women across groups in the LiP study 

had benefited from being in the trial, and that the children were 

smaller at birth than we could have expected based on their 

maternal BMI alone.  

DISCUSSION 

In this follow-up of a randomized controlled trial involving life-

style intervention during pregnancy, we have demonstrated that 

the lifestyle intervention did not result in improved anthropomet-

ric, body composition or metabolic outcomes in the offspring. We 

also found that offspring of obese mothers participating in the 

trial were comparable to the external reference group of children 

born to lean mothers, and that both abdominal circumference 

and weight at birth are predictors of later metabolic profile. Dis-

cussions about details in each of the two components of the LiPO 

study are found in the respective papers. The following discussion 

regards the overall issues of the LiPO study.  

 

METHODOLOGICAL CONSIDERATIONS 

Study design 

The study was designed as a follow-up of a randomized controlled 

trial, with the addition of an external reference group which was 

recruited after pregnancy. In the preceding trial, the participants 

and health care professionals were not blinded. However, in the 

follow-up, the evaluating doctor was blinded to the intervention 

groups during assessment of the outcomes. According to the 

flowchart for participation (Figure 6), the participating women in 

the LiP study were a selected group of obese pregnant women. 

Among eligible obese women more than 40% were primarily 

excluded due to the strict criteria. Among those fulfilling all crite-

ria and invited for participation, a number of 317 women de-

clined. The women´s participation in the study was based on the 

willingness to change lifestyle during pregnancy. Hence, women 

in the control group were as motivated as those in the interven-

tion group and many of the women also expressed their disap-

pointment about being randomized to the control group. Women 

in the control group were seen more often during pregnancy than 

obese women not included in the study and they received the 

same information about purpose and content as the intervention 
group, including access to a website with advice on healthy life-

style in pregnancy. Study visits during pregnancy included re-
peated measures of maternal weight, blood pressure and OGTT, 

and a physical step test. The results of these measures might have 
been an eye-opener to many women and it is likely that behavior 

have changed towards a healthier lifestyle. Such cross-over from 

the control group could explain some of the null results between 

the randomization groups. Therefore, the control group might 

have acted more as a “passive intervention group” rather than an 
“unspoiled” control group. This might also explain the general 

lower birth weight in Lip offspring compared to the background 
population, as estimated from our case-control analyses.  

The external reference group was recruited from lean women. 
Unfortunately, we had no information on glucose levels during 

pregnancy in this group and background information was col-

lected retrospectively, and GWG was based on self-reported 

values. Furthermore, breastfeeding data was based on the postal 

questionnaires answered two years postpartum. Especially the 
self-reported GWG and breastfeeding data might be submitted to 

faulty recall. Women in the ER group had higher educational 
levels compared to LiP participants, but this might partly be due 

to the difference in data collection (two years postpartum for the 

ER group, compared to during early pregnancy for LiP groups). 

Nevertheless, the ER group might also represent a selected, well-

educated group willing to participate in a clinical exam involving 

blood samples and DEXA scans of the children. However, the 

purpose of this group was to serve as a normal reference, not to 
study the effects of GWG, breastfeeding, glucose values during 

pregnancy, socioeconomic status or other potential factors on 
offspring adiposity. 

Study power 

The study was powered to detect a difference in BMI Z-score 

between LiPi and LiPc groups if we had achieved an attendance 

rate of 53% (160 individuals). We almost met our aim with an 

attendance rate of 52.2%, which is comparable to other follow-up 

studies [234, 235]. But the power calculation used to calculate 
this number was based on the expectation of a large difference in 

BMI Z-score (1SD), which in hindsight probably was unrealistic 
given the small difference in GWG in the LiP study. However, as 

the LiPO follow-up was planned while the LiP study was still run-

ning, and as we had no previous studies on which to base power 

calculation, we had no better option. Accordingly, a larger num-

ber of follow-up participants might have provided more reliable 

information.  

Internal and external validity 

The lost to follow-up group from the LiP study was characterized 

by having higher 2-h plasma glucose values from OGTT performed 
at 28 weeks gestation compared to the follow-up attendees. This 

is a potential weakness, as the higher levels of glucose might 

increase offspring adiposity in the lost to follow-up group. How-

ever, in all other maternal baseline characteristics follow-up 

attendees were comparable to the lost to follow-up group.    

The women who entered the Lip study were all very motivated to 

change lifestyle and they were highly selected as suggested 

above. This is making it difficult to extrapolate our results to the 

general population.  
Information bias 

The LiP groups were followed throughout pregnancy and the 

background information for this group is not likely to have been 

biased, as most outcomes were measured by trained health care 
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professionals. However, the information on breastfeeding might 

have been submitted to faulty recall. In order to limit this prob-

lem, the information on breastfeeding patterns were predomi-
nantly taken from interviews which were part of the six months 

postpartum visit. However, if the participants had not attended 
this visit, information from the 12 months postpartum question-

naire was used. The background information for the ER group is 
much more problematic, as this relies heavily on non-validated 

questionnaires performed 24 months postpartum or information 

gathered at the study visit. Accordingly, the self-reported GWG 

and breastfeeding data might be the subject of faulty recall.  

The information on weight and height measures at 5 and 12 
months of age was gathered from general practitioners for all 

participants. And even though some measurement errors could 
exist, it is unlikely that a systematic bias is present regarding 

these measures.  
To reduce the risk of information bias in study visit outcomes, 

anthropometric measures were performed after standardized 

guidelines in triplicates and were subsequently averaged. The 

DEXA scan is a highly validated tool to measure body composi-

tion, and great efforts to maximize the quality and reproducibility 
of the scans was made. All exams were performed by the same 

person, eliminating inter-observer variance, whereas some intra-
observer variance might have been present. However, as the 

examiner was blinded to the LiPi and LiPc group we expect poten-

tial misclassification to be primarily non-differential. On the other 

hand, as the examiner was not blinded to the ER group (due to 

obvious differences in maternal physical status), this might have 

biased the results.  

Unfortunately, we had several missing values both for variables 
from the DEXA scans and from the blood sampling. Due to logisti-

cal challenges we were only able to perform DEXA scans in one of 
the centers (Odense University Hospital), and not all children 

were able to lie still during the scan procedure. When performing 

the blood sampling, we chose to stop the procedure, if the child 

got upset. This was due to an ethical consideration, as we found it 

unethical to frighten the child unnecessarily, which might have 

made it difficult for the child to participate in future more impor-

tant examinations (for instance if the child was hospitalized later 
due to illness). Some mothers also refused to let their children 

participate in the blood sampling, making the numbers even 
smaller. The result of the several missing values is of course a 

weakness in our data, and some information might have been 

hidden due to this. However, our post hoc analyses did not sug-

gest that there was a difference in our primary outcome, BMI Z-

score, between the participants with information on all outcomes 

and those with minimum one missing value. We therefore do not 

believe that a systematic bias is present on this account.     

Confounding factors 

The study contains information on many different potential con-
founders and mediators. When reporting a RCT, mediators and 

confounders are likely to be distributed equally amongst groups, 

making adjustment for them unnecessary. However, as we also 

introduced an extra group (the ER group), which was not part of 

the original RCT, we had to take measures to make adjustments. 

We did this on our primary outcome, BMI Z-score, and found that 

adjustment for known potential confounders did not alter the 

conclusion; that no difference was present between the three 

groups (LiPi, LiPc and ER). In the analyses on the associations 
between size at birth and metabolic risk factors in study III, ad-

justing for confounders also did not change the conclusions. 

Nevertheless, residual confounding is always potentially present.  

 

INTERPRETATION OF RESULTS 

Overall, there were no differences between the LiPi and LiPc 

groups, which could imply that the lifestyle intervention during 
pregnancy had no effect on the offspring. There may be several 

explanations for this null result. First of all, it may reflect the 
limited difference in GWG between the randomized groups and 

the generally low GWG in both groups [231], as well as the lower 
birth weight compared to the background population. Secondly, it 

may reflect the timing of intervention with inclusion of women 

between 10 and 14 weeks of gestation. Previous studies have 

suggested that only weight gain in the first trimester of pregnancy 

is associated with increased offspring adiposity [113, 155]. This 
means that our intervention during pregnancy might have been 

initiated too late to confer long-term benefits for the offspring. 
Thirdly, our follow-up study might have been conducted too early 

in childhood to detect differences between groups.  
We have no similar large offspring RCT follow-up studies to com-

pare our results with. A pilot study including questionnaire data 

on 72 offspring of mothers from an intervention trial, where the 

intervention group received advice on physical activity and diet, 

found no effect on weight development from 0-4 years [223]. 
However, the mothers were mainly lean, making comparisons 

with our study difficult. In another trial, women with mild GDM 
between 24 and 34 weeks gestation were allocated to dietary 

advice, blood glucose monitoring and insulin therapy if necessary, 

or to routine control. Despite a reduction in the prevalence of 

macrosomia at birth, no difference was seen in child BMI Z-score 

at the age of 4-5 years [234]. Finally, a trial aiming to improve 

lifestyle in women at risk of developing GDM, followed the off-

spring until the age of one year. Again, no effect of the interven-
tion was seen in the offspring [224]. This is raising general doubts 

about the effectiveness of pregnancy interventions in preventing 
childhood obesity. However, it is also possible that the effects of 

intrauterine over-nutrition are hard to detect early in childhood, 

and may predominantly appear later in childhood. This hypothesis 

is supported by studies of offspring exposed to maternal diabetes. 

Silverman et al. found that children of diabetic mothers were 

heavier than controls at birth, but not at ages 1,2 or 3 years. 

However, when the children turned school age, the difference in 
weight reappeared [236]. Also studies on the Pima Indians found 

that GDM influenced offspring BMI from the age of nine years, 
but not earlier [54]. Similarly, in Indian children, the effects of 

maternal diabetes on offspring metabolic profile and adiposity 

was stronger at age 9.5 than at age 5 [72]. Furthermore, in the 

Exploring Perinatal Outcomes among Children (EPOCH) study, the 

effect of exposure to gestational diabetes became apparent 

around the child´s age of ten, where exposed children started to 

have a higher BMI growth velocity compared to controls [237], 

whereas no difference in growth trajectory was seen in infancy or 

early childhood. Even though these studies have been conducted 
in offspring exposed to diabetes during pregnancy, a similar pat-

tern might be seen for children exposed to over-nutrition caused 

by obesity or high glucose levels below the threshold of diabetes 

diagnosis. 

Thus, it seems to be too soon to conclude that maternal lifestyle 

intervention during pregnancy cannot improve offspring health. 

In our study, LiP offspring were comparable in all outcomes as-

sessed in early childhood to the external reference group of chil-

dren born to lean mothers. This was not expected on the basis of 
the many observational studies linking maternal obesity with 

offspring BMI, obesity or metabolic risk factors [78, 94, 112]. In 

our study, only 9% of the children of obese mothers were classi-

fied as overweight or obese at the age of 2.8 years, which is com-
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parable to the Danish background population [5]. This is in sup-

port of the hypothesis that participating mothers in the LiP study 

represented a selected health-promotion motivated group of 
obese women, and that the children had benefited from their 

mothers voluntarily participation in the LiP study, regardless of 
the randomization. From our small case-control analysis we found 

that offspring of LiP participants were smaller at birth compared 
to a matched control group of obese women from the back-

ground population, which further supports our hypothesis.   

Associations between size at birth and metabolic risk factors in 

early childhood 

We found that both BW and BAC Z-score were associated with 
metabolic risk factors in early childhood. In general, BAC reflects 

both abdominal visceral size and fat stores. However, liver size is 
a main determinant of BAC [238, 239], and increases in intra-

hepatic lipid content can result in larger liver size, which in turn 
leads to increased BAC. In children, abdominal circumference is 

an indicator of MS [240, 241], whereas less is known about the 

predictive value of intrahepatic lipid content. We speculated that 

excessive abdominal fat deposition, both in the liver and other 

visceral compartments, as well as weight at birth are early predic-
tors of later metabolic risk factors. BW and BAC Z-score showed 

similar associations with AC, fasting plasma glucose, fasting insu-
lin and fasting triglycerides at the age of 2.8 years, and BW Z-

score was additionally associated with systolic blood pressure, 

after correction for confounding factors. Whereas the predictive 

value of BW is well established, we believe we are the first to 

show similar associations between BAC and metabolic outcomes. 

We could, however, not determine if BAC is an even better pre-

dictor than BW, and one reason for this might be the difference in 
accuracy of the measurement methods, as discussed in the dis-

cussion section regarding results from paper I. In order to come 
closer to an answer on the importance of abdominal adiposity 

contra weight at birth, more refined methods such as Dual Energy 

X-ray scans might be helpful. Nevertheless, we have shown that 

birth abdominal size, in addition to birth weight, is a good predic-

tor for later adverse metabolic profile.   

SUMMARY OF STRENGTHS AND LIMITATIONS 

The main strength of this study is the detailed examinations of 
mother and child dyads from the RCT in both pregnancy and early 

childhood. Limitations include the risk of selection bias towards a 
group from the LiP study who were highly motivated to improve 

lifestyle irrespective of the randomization. In addition, there was 

a low attendance rate and differences in data collection between 

the LiP study and the reference group, and the many missing 

values in the DEXA scan and blood sample outcomes. 

6. Conclusions and future directions 

The development of obesity comprises a complex interplay of 

genetic susceptibility, intrauterine and postnatal factors. There is 

vast evidence that maternal obesity and GWG influences the 
growth of the fetus as well as put offspring at risk of later obesity 

and associated metabolic conditions. As maternal obesity in-

creases the size of the offspring at birth, which in turn is strongly 

associated with later weight development, interventions during 

pregnancy aiming to limit GWG and subsequently fetal excessive 

growth are intuitively a good tool for limiting downstream obe-

sity.  

In our studies, we have clearly demonstrated that maternal BMI is 

linearly associated with both birth weight and birth abdominal 
circumference (paper I). We also found that both weight and 

abdominal circumference at birth are good predictors of later 

metabolic profile (paper III). We could, however, not demonstrate 

that lifestyle intervention during pregnancy in obese women 

resulted in a healthier BMI or metabolic profile in the offspring 

(paper II and III). Taken together, the results from this thesis 

suggest that the size at birth is important for early childhood 
metabolic outcomes.  

However, whether it is possible to halt the intergenerational cycle 
of obesity by lifestyle intervention strategies during pregnancy, 

cannot be determined by our studies. As discussed above, off-
spring from the LiP study were comparable to an external refer-

ence group of offspring of lean mothers, and furthermore it 

seems the LiP offspring were smaller at birth than what could 

have been expected on the basis of the maternal BMI. What is 

learned from this study is that having an optimal control group is 
essential to make valid conclusions. The LiP control group acted 

as more of a “passive intervention group” as discussed about the 
study design. In hindsight, it would have been optimal to have an 

additional “unspoiled” control group, which received a minimum 
of information about the study and was only seen at inclusion and 

end of trial.  

Only two very small studies have investigated the effects of life-

style interventions on offspring outcomes past birth [223, 224]. It 

is of paramount importance that larger well-designed lifestyle 
intervention studies investigate the effects on the offspring. 

Fortunately, several are on their way as described and results 
from them will hopefully provide new information on which ways 

to go in the future.  

The ideal management of maternal obesity and associated risk for 

the offspring is prevention. Perhaps an even better starting point 

for intervention programs is prior to pregnancy or in between 

pregnancies to help women conceive at an optimal weight. Such 

intervention programs should also include follow-up into child-
hood. Alternatively, prevention strategies could be planned for 

infants with known high risk of obesity, e.g. children born to 
obese mothers, mothers who gained excessively during preg-

nancy or smoked during pregnancy or children with high birth 

weight and/or large abdominal circumference.  

 

FUTURE RESEARCH 

During the LiPO study period a large amount of data was col-

lected. Some of these data were analyzed and presented in this 
thesis, but much still needs to be analyzed and interpreted. Such 

additional information include data on regional fat deposition and 
bone density as estimated from DEXA scans, X-ray scans of the 

children´s hands to determine bone age, vitamin D levels in early 

childhood and data from questionnaires (e.g. postnatal dietary 

information, allergic diseases and general morbidity). Further-

more, a biobank has been established and contains stored mater-

nal blood samples from the three visits during pregnancy and 

cord blood from the LiP study, as well as blood samples from LiPO 

participants at the age of 2.8 years.  

This large amount of data makes it possible for us to investigate a 
number of associations and outcomes. We are particularly inter-

ested in investigating effects of maternal and child vitamin D 

status on offspring bone density and bone age, and metabolic and 

anthropometric outcomes. We also have the ability to investigate 

epigenetic markers in the cord blood as well as in the offspring in 

early childhood, possible subtle effects of the lifestyle interven-

tion, and associations with anthropometric and metabolic out-

comes. Furthermore, it might be interesting to examine if there is 

a difference in regional fat deposition between the LiP offspring 
and the external reference group.  

If a lifestyle intervention program can have impact on the most 

critical time of fetal development, as in the first trimester of 

pregnancy, intervention must be initiated before conception. An 
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obvious potential target would be obese women planning to 

become pregnant, for instance women with one previous preg-

nancy that could be recruited in the postpartum period. Such an 
intervention study including follow-up of the offspring would be 

interesting to conduct with all the experience and knowledge that 
we have obtained by performing the LiP and LiPO studies. 

In our study, we concluded that abdominal circumference at birth 
(BAC) was a good predictor of later metabolic profile. In order to 

further investigate this finding, it would be interesting to compare 

twins discordant for BAC and follow-up them up during childhood 

to see if the associations were independent of genetic factors. 

This is possible using the Danish Twin Registry, and such a study 
might provide valuable information. 

SUMMARY 

Worldwide, the prevalence of obesity has reached epidemic 

proportions. In Denmark one third of all pregnant women are 

overweight and 12 % are obese. Perhaps even more concerning, a 

dramatic rise in the prevalence of childhood overweight and 
obesity has also been evident over recent decades. The obesity 

epidemic is not simply a consequence of poor diet or sedentary 

lifestyles. Obesity is a multifactorial condition in which environ-

mental, biological and genetic factors all play essential roles. The 

Developmental Origins of Health and Disease (DoHaD) hypothesis 

has highlighted the link between prenatal, perinatal and early 

postnatal exposure to certain environmental factors and subse-

quent development of obesity and non-communicable diseases. 

Maternal obesity and excessive gestational weight gain, resulting 

in over-nutrition of the fetus, are major contributors to obesity 

and metabolic disturbances in the offspring. Pregnancy offers the 

opportunity to modify the intrauterine environment, and mater-

nal lifestyle changes during gestation may confer health benefits 

to the child.  

The overall aim with this PhD thesis was to study the effects of 

maternal obesity on offspring body size and metabolic outcomes, 

with special emphasis on the effects of lifestyle intervention 

during pregnancy. The thesis is based on a literature review, 

description of own studies and three original papers/manuscripts 

(I, II and III).  

In paper I, we used data from the Danish Medical Birth Registry. 

The aim of this paper was to examine the impact of maternal 

pregestational Body Mass Index (BMI) and smoking on neonatal 

abdominal circumference (AC) and weight at birth and to define 

reference curves for birth AC and weight in offspring of healthy, 

non-smoking, normal weight women. Data on 366,886 singletons 

were extracted and analyzed using multivariate linear regressions. 

We found that birth AC and weight increased with increasing 

pregestational BMI and decreased with smoking. Reference 

curves were created for offspring of healthy, non-smoking moth-

ers with normal pregestational BMI.  

Paper II and III are based on an offspring follow-up of a random-

ized controlled trial (RCT) with 360 obese pregnant women. The 

intervention during pregnancy consisted of two major compo-

nents: dietary advice and physical activity. The intervention re-

sulted in a small, but significant difference in gestational weight 

gain compared to the control group. A number of 301 completed 

the trial and were eligible for the follow-up. We managed to 

include 157 mother and child dyads in the follow-up, which was 

conducted in Odense University Hospital and Aarhus University 

Hospital, Skejby between February 2010 and November 2012. At 

that time the children were in the ages 2.5-3 years. In addition to 

the children from the RCT, a group of 97 children born to lean 

mothers were included as an external reference group. The fol-

low-up consisted of a clinical examination with anthropometric 

measures, DEXA scans and fasting blood samples for evaluation of 
metabolic outcomes.  

In paper II the effect of the maternal intervention on offspring 
body composition and anthropometric outcomes was studied. 

The primary outcome was BMI Z-score and secondary outcomes 
were: body composition values by DEXA (fat mass, lean mass and 

fat percentage), BMI, percentage of overweight or obese children 

and skin fold thicknesses. We found no significant differences in 

offspring outcomes between randomized groups of the preceding 

RCT. Neither was any differences detected between offspring of 
the RCT or the external reference group born to lean mothers.  

Paper III focused on the metabolic outcomes in the offspring. We 
additionally studied the predictive values of birth weight (BW) 

and birth abdominal circumference (BAC) on metabolic risk fac-
tors. We found that both BAC and BW were significantly associ-

ated with several risk factors in early childhood. All metabolic 

measurements in RCT offspring were similar, and no differences 

were detected between the RCT offspring and the external refer-

ence group of offspring of lean mothers.  
Lifestyle intervention in obese pregnant women has the potential 

to modify the intrauterine environment and confer long-term 
benefits to the child. In this follow-up study, lifestyle intervention 

in pregnancy did not result in changes in offspring body composi-

tion or metabolic risk factors at 2.8 years. This might be due to a 

limited difference in gestational weight gain between follow-up 

attendees. When comparing offspring of obese women with 

offspring of normal weight mothers all outcomes were similar. 

We speculate that obese mothers entering a lifestyle intervention 
RCT regardless of the intervention have a high motivation to focus 

on healthy lifestyle during pregnancy, which makes it difficult to 
determine the effects of the randomized lifestyle intervention 

compared to an unselected control group of obese women. Our 

studies (paper I and III) on birth abdominal circumference show 

that abdominal size at birth is a good predictor of later adverse 

metabolic profile. Abdominal circumference at birth may reflect 

visceral adiposity and this measurement together with birth 

weight are strongly associated to later adverse metabolic out-
come. Future studies should be performed in other populations 

to confirm this.  

REFERENCES 

1. Ovesen, P., S. Rasmussen, and U. Kesmodel, Effect of 

prepregnancy maternal overweight and obesity on 

pregnancy outcome. Obstet Gynecol, 2011. 118(2 Pt 1): 

p. 305-12. 

2. de Onis, M., M. Blossner, and E. Borghi, Global 

prevalence and trends of overweight and obesity among 

preschool children. Am J Clin Nutr, 2010. 92(5): p. 1257-

64. 

3. Lobstein, T. and R. Jackson-Leach, Child overweight and 

obesity in the USA: prevalence rates according to IOTF 

definitions. Int J Pediatr Obes, 2007. 2(1): p. 62-4. 

4. Matthiessen, J., et al., Prevalence and trends in 

overweight and obesity among children and adolescents 

in Denmark. Scand J Public Health, 2008. 36(2): p. 153-

60. 

5. Larsen, L.M., et al., Prevalence of overweight and 

obesity in Danish preschool children over a 10-year 

period: a study of two birth cohorts in general practice. 

Acta Paediatr, 2012. 101(2): p. 201-7. 



 DANISH MEDICAL JOURNAL   23 

6. Daniels, S.R., Complications of obesity in children and 

adolescents. Int J Obes (Lond), 2009. 33 Suppl 1: p. S60-

5. 
7. Berentzen, T.L., et al., Body Mass Index in Childhood and 

Adult Risk of Primary Liver Cancer. J Hepatol, 2013. 
8. Pitrou, I., et al., Child overweight, associated 

psychopathology, and social functioning: a French 

school-based survey in 6- to 11-year-old children. 

Obesity (Silver Spring), 2010. 18(4): p. 809-17. 

9. Serdula, M.K., et al., Do obese children become obese 

adults? A review of the literature. Prev Med, 1993. 

22(2): p. 167-77. 
10. Singh, A.S., et al., Tracking of childhood overweight into 

adulthood: a systematic review of the literature. Obes 
Rev, 2008. 9(5): p. 474-88. 

11. Togashi, K., et al., A 12-year follow-up study of treated 

obese children in Japan. Int J Obes Relat Metab Disord, 

2002. 26(6): p. 770-7. 

12. Freedman, D.S., et al., Relationship of childhood obesity 

to coronary heart disease risk factors in adulthood: the 

Bogalusa Heart Study. Pediatrics, 2001. 108(3): p. 712-8. 
13. Keith, S.W., et al., Putative contributors to the secular 

increase in obesity: exploring the roads less traveled. Int 
J Obes (Lond), 2006. 30(11): p. 1585-94. 

14. Bell, C.G., A.J. Walley, and P. Froguel, The genetics of 

human obesity. Nat Rev Genet, 2005. 6(3): p. 221-34. 

15. Drake, A.J. and R.M. Reynolds, Impact of maternal 

obesity on offspring obesity and cardiometabolic 

disease risk. Reproduction, 2010. 140(3): p. 387-98. 

16. Tie, H.T., et al., Risk of childhood overweight or obesity 

associated with excessive weight gain during pregnancy: 

a meta-analysis. Arch Gynecol Obstet, 2013. 
17. Obesity: preventing and managing the global epidemic. 

Report of a WHO consultation. World Health Organ 

Tech Rep Ser, 2000. 894: p. i-xii, 1-253. 

18. Kirkwood, R.B. and J.A.C. Sterne, Essential Medical 

Statistics. 1988, Massachusetts, USA: Blackwell 

Publishing company. 

19. Nysom, K., et al., Body mass index of 0 to 45-y-old 

Danes: reference values and comparison with published 

European reference values. Int J Obes Relat Metab 
Disord, 2001. 25(2): p. 177-84. 

20. Cole, T.J., et al., Establishing a standard definition for 

child overweight and obesity worldwide: international 

survey. BMJ, 2000. 320(7244): p. 1240-3. 

21. Group, W.M.G.R.S., WHO child growth standards based 

on length/height, weight and age. Acta Paediatr Suppl., 

2006. 450: p. 76-85. 

22. Krebs, N.F., et al., Assessment of child and adolescent 

overweight and obesity. Pediatrics, 2007. 120 Suppl 4: 
p. S193-228. 

23. Brambilla, P., et al., Waist circumference-to-height ratio 

predicts adiposity better than body mass index in 

children and adolescents. Int J Obes (Lond), 2013. 37(7): 

p. 943-6. 

24. Chu, N.F., et al., Relationship between anthropometric 

variables and lipid levels among school children: The 

Taipei Children Heart Study. Int J Obes Relat Metab 

Disord, 1998. 22(1): p. 66-72. 
25. Hansen, S.E., et al., Cardiovascular disease risk factors in 

6-7-year-old Danish children: the Copenhagen School 

Child Intervention Study. Prev Med, 2005. 40(6): p. 740-

6. 

26. Brambilla, P., et al., Crossvalidation of anthropometry 

against magnetic resonance imaging for the assessment 

of visceral and subcutaneous adipose tissue in children. 
Int J Obes (Lond), 2006. 30(1): p. 23-30. 

27. Eckel, R.H., S.M. Grundy, and P.Z. Zimmet, The 

metabolic syndrome. Lancet, 2005. 365(9468): p. 1415-

28. 
28. Kannel, W.B., et al., Regional obesity and risk of 

cardiovascular disease; the Framingham Study. J Clin 

Epidemiol, 1991. 44(2): p. 183-90. 

29. Rexrode, K.M., et al., Abdominal adiposity and coronary 

heart disease in women. JAMA, 1998. 280(21): p. 1843-
8. 

30. Alberti, K.G., P. Zimmet, and J. Shaw, Metabolic 

syndrome--a new world-wide definition. A Consensus 

Statement from the International Diabetes Federation. 
Diabet Med, 2006. 23(5): p. 469-80. 

31. Flodmark, C.E., T. Sveger, and P. Nilsson-Ehle, Waist 

measurement correlates to a potentially atherogenic 

lipoprotein profile in obese 12-14-year-old children. Acta 

Paediatr, 1994. 83(9): p. 941-5. 
32. Lee, S., F. Bacha, and S.A. Arslanian, Waist 

circumference, blood pressure, and lipid components of 

the metabolic syndrome. J Pediatr, 2006. 149(6): p. 809-

16. 

33. Lee, S., et al., Waist circumference is an independent 

predictor of insulin resistance in black and white youths. 

J Pediatr, 2006. 148(2): p. 188-94. 

34. Hirschler, V., et al., Comparison of different 

anthropometric indices for identifying dyslipidemia in 

school children. Clin Biochem, 2011. 44(8-9): p. 659-64. 

35. Savva, S.C., et al., Waist circumference and waist-to-

height ratio are better predictors of cardiovascular 

disease risk factors in children than body mass index. Int 

J Obes Relat Metab Disord, 2000. 24(11): p. 1453-8. 

36. Zimmet, P., et al., The metabolic syndrome in children 

and adolescents - an IDF consensus report. Pediatr 

Diabetes, 2007. 8(5): p. 299-306. 

37. Lee, S.Y. and D. Gallagher, Assessment methods in 

human body composition. Curr Opin Clin Nutr Metab 

Care, 2008. 11(5): p. 566-72. 
38. Margulies, L., et al., Reproducibility of pediatric whole 

body bone and body composition measures by dual-

energy X-ray absorptiometry using the GE Lunar 

Prodigy. J Clin Densitom, 2005. 8(3): p. 298-304. 

39. Wells, J.C., et al., Evaluation of DXA against the four-

component model of body composition in obese children 

and adolescents aged 5-21 years. Int J Obes (Lond), 

2010. 34(4): p. 649-55. 

40. Njeh, C.F., et al., Radiation exposure in bone mineral 

density assessment. Appl Radiat Isot, 1999. 50(1): p. 

215-36. 

41. Forsdahl, A., Are poor living conditions in childhood and 

adolescence an important risk factor for arteriosclerotic 

heart disease? Br J Prev Soc Med, 1977. 31(2): p. 91-5. 

42. Ravelli, G.P., Z.A. Stein, and M.W. Susser, Obesity in 

young men after famine exposure in utero and early 

infancy. N Engl J Med, 1976. 295(7): p. 349-53. 

43. Barker, D.J., et al., Weight in infancy and death from 

ischaemic heart disease. Lancet, 1989. 2(8663): p. 577-

80. 



 DANISH MEDICAL JOURNAL   24 

44. Hales, C.N., et al., Fetal and infant growth and impaired 

glucose tolerance at age 64. BMJ, 1991. 303(6809): p. 

1019-22. 
45. Barker, D.J., et al., Type 2 (non-insulin-dependent) 

diabetes mellitus, hypertension and hyperlipidaemia 

(syndrome X): relation to reduced fetal growth. 

Diabetologia, 1993. 36(1): p. 62-7. 
46. Barker, D.J., Fetal origins of coronary heart disease. 

BMJ, 1995. 311(6998): p. 171-4. 

47. Bateson, P., et al., Developmental plasticity and human 

health. Nature, 2004. 430(6998): p. 419-21. 

48. Ravelli, A.C., et al., Glucose tolerance in adults after 

prenatal exposure to famine. Lancet, 1998. 351(9097): 

p. 173-7. 
49. Hales, C.N. and D.J. Barker, The thrifty phenotype 

hypothesis. Br Med Bull, 2001. 60: p. 5-20. 
50. Wei, J.N., et al., Low birth weight and high birth weight 

infants are both at an increased risk to have type 2 

diabetes among schoolchildren in taiwan. Diabetes 

Care, 2003. 26(2): p. 343-8. 

51. Rogers, I. and E.-B.S. Group, The influence of 

birthweight and intrauterine environment on adiposity 

and fat distribution in later life. Int J Obes Relat Metab 
Disord, 2003. 27(7): p. 755-77. 

52. Harder, T., et al., Birth weight and subsequent risk of 

type 2 diabetes: a meta-analysis. Am J Epidemiol, 2007. 

165(8): p. 849-57. 

53. Freinkel, N., Banting Lecture 1980. Of pregnancy and 

progeny. Diabetes, 1980. 29(12): p. 1023-35. 

54. Dabelea, D., et al., Intrauterine exposure to diabetes 

conveys risks for type 2 diabetes and obesity: a study of 

discordant sibships. Diabetes, 2000. 49(12): p. 2208-11. 
55. Catalano, P.M. and H.M. Ehrenberg, The short- and 

long-term implications of maternal obesity on the 

mother and her offspring. BJOG, 2006. 113(10): p. 1126-

33. 

56. Waterland, R.A. and K.B. Michels, Epigenetic 

epidemiology of the developmental origins hypothesis. 

Annu Rev Nutr, 2007. 27: p. 363-88. 
57. Berger, S.L., The complex language of chromatin 

regulation during transcription. Nature, 2007. 
447(7143): p. 407-12. 

58. Reik, W., Stability and flexibility of epigenetic gene 

regulation in mammalian development. Nature, 2007. 

447(7143): p. 425-32. 

59. Marti, A. and J. Ordovas, Epigenetics lights up the 

obesity field. Obes Facts, 2011. 4(3): p. 187-90. 

60. Burdge, G.C., et al., Epigenetic regulation of 

transcription: a mechanism for inducing variations in 

phenotype (fetal programming) by differences in 

nutrition during early life? Br J Nutr, 2007. 97(6): p. 

1036-46. 

61. Sorensen, H.T., et al., Relation between weight and 

length at birth and body mass index in young adulthood: 

cohort study. BMJ, 1997. 315(7116): p. 1137. 

62. Parsons, T.J., C. Power, and O. Manor, Fetal and early 

life growth and body mass index from birth to early 

adulthood in 1958 British cohort: longitudinal study. 

BMJ, 2001. 323(7325): p. 1331-5. 
63. Gillman, M.W., et al., Maternal gestational diabetes, 

birth weight, and adolescent obesity. Pediatrics, 2003. 

111(3): p. e221-6. 

64. Yu, Z.B., et al., Birth weight and subsequent risk of 

obesity: a systematic review and meta-analysis. Obes 

Rev, 2011. 12(7): p. 525-42. 
65. Schellong, K., et al., Birth weight and long-term 

overweight risk: systematic review and a meta-analysis 

including 643,902 persons from 66 studies and 26 

countries globally. PLoS One, 2012. 7(10): p. e47776. 
66. Catalano, P.M., et al., Perinatal risk factors for childhood 

obesity and metabolic dysregulation. Am J Clin Nutr, 

2009. 90(5): p. 1303-13. 

67. Bollepalli, S., et al., Asymmetric large-for-gestational-

age infants of type 1 diabetic women: morbidity and 

abdominal growth. Am J Perinatol, 2010. 27(8): p. 603-

10. 
68. Ruckinger, S., et al., Growth in utero and body mass 

index at age 5 years in children of smoking and non-

smoking mothers. Early Hum Dev, 2010. 86(12): p. 773-

7. 

69. Franks, P.W., et al., Childhood predictors of young-onset 

type 2 diabetes. Diabetes, 2007. 56(12): p. 2964-72. 

70. Catalano, P.M., et al., The hyperglycemia and adverse 

pregnancy outcome study: associations of GDM and 

obesity with pregnancy outcomes. Diabetes Care, 2012. 
35(4): p. 780-6. 

71. Hill, J.C., et al., Glucose tolerance in pregnancy in South 

India: relationships to neonatal anthropometry. Acta 

Obstet Gynecol Scand, 2005. 84(2): p. 159-65. 

72. Krishnaveni, G.V., et al., Intrauterine exposure to 

maternal diabetes is associated with higher adiposity 

and insulin resistance and clustering of cardiovascular 

risk markers in Indian children. Diabetes Care, 2010. 

33(2): p. 402-4. 
73. Clausen, T.D., et al., Overweight and the metabolic 

syndrome in adult offspring of women with diet-treated 

gestational diabetes mellitus or type 1 diabetes. J Clin 

Endocrinol Metab, 2009. 94(7): p. 2464-70. 

74. Lawlor, D.A., P. Lichtenstein, and N. Langstrom, 

Association of maternal diabetes mellitus in pregnancy 

with offspring adiposity into early adulthood: sibling 

study in a prospective cohort of 280,866 men from 

248,293 families. Circulation, 2011. 123(3): p. 258-65. 
75. Jensen, D.M., et al., Pregnancy outcome and 

prepregnancy body mass index in 2459 glucose-tolerant 

Danish women. Am J Obstet Gynecol, 2003. 189(1): p. 

239-44. 

76. Sebire, N.J., et al., Maternal obesity and pregnancy 

outcome: a study of 287,213 pregnancies in London. Int 

J Obes Relat Metab Disord, 2001. 25(8): p. 1175-82. 

77. Owens, L.A., et al., ATLANTIC DIP: the impact of obesity 

on pregnancy outcome in glucose-tolerant women. 
Diabetes Care, 2010. 33(3): p. 577-9. 

78. Yu, Z., et al., Pre-pregnancy body mass index in relation 

to infant birth weight and offspring overweight/obesity: 

a systematic review and meta-analysis. PLoS One, 2013. 

8(4): p. e61627. 

79. Cedergren, M.I., Maternal morbid obesity and the risk of 

adverse pregnancy outcome. Obstet Gynecol, 2004. 

103(2): p. 219-24. 

80. Stothard, K.J., et al., Maternal overweight and obesity 

and the risk of congenital anomalies: a systematic 

review and meta-analysis. JAMA, 2009. 301(6): p. 636-

50. 



 DANISH MEDICAL JOURNAL   25 

81. Callaway, L.K., et al., The prevalence and impact of 

overweight and obesity in an Australian obstetric 

population. Med J Aust, 2006. 184(2): p. 56-9. 
82. Cnattingius, S., et al., Prepregnancy weight and the risk 

of adverse pregnancy outcomes. N Engl J Med, 1998. 
338(3): p. 147-52. 

83. Chu, S.Y., et al., Maternal obesity and risk of stillbirth: a 

metaanalysis. Am J Obstet Gynecol, 2007. 197(3): p. 

223-8. 

84. Flores, G. and H. Lin, Factors predicting overweight in 

US kindergartners. Am J Clin Nutr, 2013. 97(6): p. 1178-

87. 
85. Group, H.S.C.R., Hyperglycaemia and Adverse 

Pregnancy Outcome (HAPO) Study: associations with 

maternal body mass index. BJOG, 2010. 117(5): p. 575-

84. 
86. Whitelaw, A.G., Influence of maternal obesity on 

subcutaneous fat in the newborn. Br Med J, 1976. 

1(6016): p. 985-6. 

87. Catalano, P.M., et al., Fetuses of obese mothers develop 

insulin resistance in utero. Diabetes Care, 2009. 32(6): p. 
1076-80. 

88. Sewell, M.F., et al., Increased neonatal fat mass, not 

lean body mass, is associated with maternal obesity. Am 

J Obstet Gynecol, 2006. 195(4): p. 1100-3. 

89. Harvey, N.C., et al., Parental determinants of neonatal 

body composition. J Clin Endocrinol Metab, 2007. 92(2): 

p. 523-6. 

90. Modi, N., et al., The influence of maternal body mass 

index on infant adiposity and hepatic lipid content. 
Pediatr Res, 2011. 70(3): p. 287-91. 

91. Hull, H.R., et al., Impact of maternal body mass index on 

neonate birthweight and body composition. Am J Obstet 

Gynecol, 2008. 198(4): p. 416 e1-6. 

92. Waters, T.P., L. Huston-Presley, and P.M. Catalano, 

Neonatal body composition according to the revised 

institute of medicine recommendations for maternal 

weight gain. J Clin Endocrinol Metab, 2012. 97(10): p. 

3648-54. 
93. Laitinen, J., C. Power, and M.R. Jarvelin, Family social 

class, maternal body mass index, childhood body mass 

index, and age at menarche as predictors of adult 

obesity. Am J Clin Nutr, 2001. 74(3): p. 287-94. 

94. Whitaker, R.C., Predicting preschooler obesity at birth: 

the role of maternal obesity in early pregnancy. 

Pediatrics, 2004. 114(1): p. e29-36. 

95. Li, C., et al., Additive interactions of maternal 

prepregnancy BMI and breast-feeding on childhood 

overweight. Obes Res, 2005. 13(2): p. 362-71. 

96. Salsberry, P.J. and P.B. Reagan, Dynamics of early 

childhood overweight. Pediatrics, 2005. 116(6): p. 1329-

38. 

97. Reilly, J.J., et al., Early life risk factors for obesity in 

childhood: cohort study. BMJ, 2005. 330(7504): p. 1357. 

98. Lawlor, D.A., et al., Epidemiologic evidence for the fetal 

overnutrition hypothesis: findings from the mater-

university study of pregnancy and its outcomes. Am J 

Epidemiol, 2007. 165(4): p. 418-24. 

99. Koupil, I. and P. Toivanen, Social and early-life 

determinants of overweight and obesity in 18-year-old 

Swedish men. Int J Obes (Lond), 2008. 32(1): p. 73-81. 

100. Tequeanes, A.L., et al., Maternal anthropometry is 

associated with the body mass index and waist:height 

ratio of offspring at 23 years of age. J Nutr, 2009. 

139(4): p. 750-4. 

101. Stuebe, A.M., M.R. Forman, and K.B. Michels, Maternal-

recalled gestational weight gain, pre-pregnancy body 

mass index, and obesity in the daughter. Int J Obes 
(Lond), 2009. 33(7): p. 743-52. 

102. Mesman, I., et al., Maternal pre-pregnancy body mass 

index explains infant's weight and BMI at 14 months: 

results from a multi-ethnic birth cohort study. Arch Dis 

Child, 2009. 94(8): p. 587-95. 

103. Reynolds, R.M., et al., Maternal BMI, parity, and 

pregnancy weight gain: influences on offspring adiposity 

in young adulthood. J Clin Endocrinol Metab, 2010. 

95(12): p. 5365-9. 
104. Pirkola, J., et al., Risks of overweight and abdominal 

obesity at age 16 years associated with prenatal 

exposures to maternal prepregnancy overweight and 

gestational diabetes mellitus. Diabetes Care, 2010. 

33(5): p. 1115-21. 

105. Stamnes Kopp, U.M., et al., The associations between 

maternal pre-pregnancy body mass index or gestational 

weight change during pregnancy and body mass index 

of the child at 3 years of age. Int J Obes (Lond), 2012. 
36(10): p. 1325-31. 

106. Labayen, I., et al., Intergenerational cardiovascular 

disease risk factors involve both maternal and paternal 

BMI. Diabetes Care, 2010. 33(4): p. 894-900. 

107. Burdette, H.L., et al., Maternal infant-feeding style and 

children's adiposity at 5 years of age. Arch Pediatr 

Adolesc Med, 2006. 160(5): p. 513-20. 
108. Gale, C.R., et al., Maternal size in pregnancy and body 

composition in children. J Clin Endocrinol Metab, 2007. 
92(10): p. 3904-11. 

109. Mingrone, G., et al., Influence of maternal obesity on 

insulin sensitivity and secretion in offspring. Diabetes 

Care, 2008. 31(9): p. 1872-6. 

110. Blair, N.J., et al., Risk factors for obesity in 7-year-old 

European children: the Auckland Birthweight 

Collaborative Study. Arch Dis Child, 2007. 92(10): p. 866-
71. 

111. Lawlor, D.A., et al., Associations of parental, birth, and 

early life characteristics with systolic blood pressure at 5 

years of age: findings from the Mater-University study 

of pregnancy and its outcomes. Circulation, 2004. 

110(16): p. 2417-23. 

112. Boney, C.M., et al., Metabolic syndrome in childhood: 

association with birth weight, maternal obesity, and 

gestational diabetes mellitus. Pediatrics, 2005. 115(3): 

p. e290-6. 

113. Fraser, A., et al., Association of maternal weight gain in 

pregnancy with offspring obesity and metabolic and 

vascular traits in childhood. Circulation, 2010. 121(23): 

p. 2557-64. 

114. Bekkers, M.B., et al., Early-life determinants of total and 

HDL cholesterol concentrations in 8-year-old children; 

the PIAMA birth cohort study. PLoS One, 2011. 6(9): p. 

e25533. 

115. Hochner, H., et al., Associations of maternal 

prepregnancy body mass index and gestational weight 

gain with adult offspring cardiometabolic risk factors: 

the Jerusalem Perinatal Family Follow-up Study. 

Circulation, 2012. 125(11): p. 1381-9. 



 DANISH MEDICAL JOURNAL   26 

116. Juonala, M., et al., Higher maternal body mass index is 

associated with an increased risk for later type 2 

diabetes in offspring. J Pediatr, 2013. 162(5): p. 918-23 
e1. 

117. Reynolds, R.M., et al., Maternal obesity during 

pregnancy and premature mortality from cardiovascular 

event in adult offspring: follow-up of 1 323 275 person 

years. BMJ, 2013. 347: p. f4539. 

118. Reichman, N.E. and L. Nepomnyaschy, Maternal pre-

pregnancy obesity and diagnosis of asthma in offspring 

at age 3 years. Matern Child Health J, 2008. 12(6): p. 

725-33. 
119. Patel, S.P., et al., Associations between pre-pregnancy 

obesity and asthma symptoms in adolescents. J 
Epidemiol Community Health, 2012. 66(9): p. 809-14. 

120. Pike, K.C., et al., The relationship between maternal 

adiposity and infant weight gain, and childhood wheeze 

and atopy. Thorax, 2013. 68(4): p. 372-9. 

121. Rodriguez, A., et al., Maternal adiposity prior to 

pregnancy is associated with ADHD symptoms in 

offspring: evidence from three prospective pregnancy 

cohorts. Int J Obes (Lond), 2008. 32(3): p. 550-7. 

122. Rodriguez, A., Maternal pre-pregnancy obesity and risk 

for inattention and negative emotionality in children. J 

Child Psychol Psychiatry, 2010. 51(2): p. 134-43. 

123. Van Lieshout, R.J., V.H. Taylor, and M.H. Boyle, Pre-

pregnancy and pregnancy obesity and 

neurodevelopmental outcomes in offspring: a 

systematic review. Obes Rev, 2011. 12(5): p. e548-59. 

124. Hinkle, S.N., et al., Associations between maternal 

prepregnancy body mass index and child 

neurodevelopment at 2 years of age. Int J Obes (Lond), 
2012. 36(10): p. 1312-9. 

125. Levin, B.E. and E. Govek, Gestational obesity 

accentuates obesity in obesity-prone progeny. Am J 

Physiol, 1998. 275(4 Pt 2): p. R1374-9. 

126. Bayol, S.A., B.H. Simbi, and N.C. Stickland, A maternal 

cafeteria diet during gestation and lactation promotes 

adiposity and impairs skeletal muscle development and 

metabolism in rat offspring at weaning. J Physiol, 2005. 

567(Pt 3): p. 951-61. 
127. Buckley, A.J., et al., Altered body composition and 

metabolism in the male offspring of high fat-fed rats. 

Metabolism, 2005. 54(4): p. 500-7. 

128. Muhlhausler, B.S., et al., Increased maternal nutrition 

alters development of the appetite-regulating network 

in the brain. FASEB J, 2006. 20(8): p. 1257-9. 

129. Shankar, K., et al., Maternal obesity at conception 

programs obesity in the offspring. Am J Physiol Regul 

Integr Comp Physiol, 2008. 294(2): p. R528-38. 
130. Samuelsson, A.M., et al., Diet-induced obesity in female 

mice leads to offspring hyperphagia, adiposity, 

hypertension, and insulin resistance: a novel murine 

model of developmental programming. Hypertension, 

2008. 51(2): p. 383-92. 

131. Long, N.M., S.P. Ford, and P.W. Nathanielsz, Maternal 

obesity eliminates the neonatal lamb plasma leptin 

peak. J Physiol, 2011. 589(Pt 6): p. 1455-62. 

132. Sen, S. and R.A. Simmons, Maternal antioxidant 

supplementation prevents adiposity in the offspring of 

Western diet-fed rats. Diabetes, 2010. 59(12): p. 3058-

65. 

133. Kirk, S.L., et al., Maternal obesity induced by diet in rats 

permanently influences central processes regulating 

food intake in offspring. PLoS One, 2009. 4(6): p. e5870. 
134. Long, N.M., et al., Maternal obesity and increased 

nutrient intake before and during gestation in the ewe 

results in altered growth, adiposity, and glucose 

tolerance in adult offspring. J Anim Sci, 2010. 88(11): p. 
3546-53. 

135. Aagaard-Tillery, K.M., et al., Developmental origins of 

disease and determinants of chromatin structure: 

maternal diet modifies the primate fetal epigenome. J 

Mol Endocrinol, 2008. 41(2): p. 91-102. 
136. Pitkin, R.M., Nutritional support in obstetrics and 

gynecology. Clin Obstet Gynecol, 1976. 19(3): p. 489-
513. 

137. Guihard-Costa, A.M., E. Papiernik, and S. Kolb, Maternal 

predictors of subcutaneous fat in the term newborn. 

Acta Paediatr, 2004. 93(3): p. 346-9. 

138. Ay, L., et al., Maternal anthropometrics are associated 

with fetal size in different periods of pregnancy and at 

birth. The Generation R Study. BJOG, 2009. 116(7): p. 
953-63. 

139. Ludwig, D.S. and J. Currie, The association between 

pregnancy weight gain and birthweight: a within-family 

comparison. Lancet, 2010. 376(9745): p. 984-90. 

140. Hull, H.R., et al., Higher infant body fat with excessive 

gestational weight gain in overweight women. Am J 

Obstet Gynecol, 2011. 205(3): p. 211 e1-7. 

141. Tikellis, G., et al., Maternal and infant factors associated 

with neonatal adiposity: results from the Tasmanian 

Infant Health Survey (TIHS). Int J Obes (Lond), 2012. 

36(4): p. 496-504. 
142. Ferraro, Z.M., et al., Excessive gestational weight gain 

predicts large for gestational age neonates independent 

of maternal body mass index. J Matern Fetal Neonatal 

Med, 2012. 25(5): p. 538-42. 

143. Josefson, J.L., J.A. Hoffmann, and B.E. Metzger, 

Excessive weight gain in women with a normal pre-

pregnancy BMI is associated with increased neonatal 

adiposity. Pediatr Obes, 2013. 8(2): p. e33-6. 

144. Davenport, M.H., et al., Timing of excessive pregnancy-

related weight gain and offspring adiposity at birth. 

Obstet Gynecol, 2013. 122(2 Pt 1): p. 255-61. 

145. Li, C., et al., Developmental trajectories of overweight 

during childhood: role of early life factors. Obesity 

(Silver Spring), 2007. 15(3): p. 760-71. 

146. Oken, E., et al., Gestational weight gain and child 

adiposity at age 3 years. Am J Obstet Gynecol, 2007. 

196(4): p. 322 e1-8. 

147. Wrotniak, B.H., et al., Gestational weight gain and risk 

of overweight in the offspring at age 7 y in a 

multicenter, multiethnic cohort study. Am J Clin Nutr, 

2008. 87(6): p. 1818-24. 

148. Fuiano, N., et al., Prevalence and risk factors for 

overweight and obesity in a population of Italian 

schoolchildren: a longitudinal study. J Endocrinol Invest, 

2008. 31(11): p. 979-84. 

149. Olson, C.M., M.S. Strawderman, and B.A. Dennison, 

Maternal weight gain during pregnancy and child 

weight at age 3 years. Matern Child Health J, 2009. 

13(6): p. 839-46. 

150. Margerison Zilko, C.E., D. Rehkopf, and B. Abrams, 

Association of maternal gestational weight gain with 



 DANISH MEDICAL JOURNAL   27 

short- and long-term maternal and child health 

outcomes. Am J Obstet Gynecol, 2010. 202(6): p. 574 

e1-8. 
151. Schack-Nielsen, L., et al., Gestational weight gain in 

relation to offspring body mass index and obesity from 

infancy through adulthood. Int J Obes (Lond), 2010. 

34(1): p. 67-74. 
152. Crozier, S.R., et al., Weight gain in pregnancy and 

childhood body composition: findings from the 

Southampton Women's Survey. Am J Clin Nutr, 2010. 

91(6): p. 1745-51. 

153. von Kries, R., et al., Gestational weight gain and 

overweight in children: Results from the cross-sectional 

German KiGGS study. Int J Pediatr Obes, 2011. 6(1): p. 
45-52. 

154. Rooney, B.L., M.A. Mathiason, and C.W. Schauberger, 
Predictors of obesity in childhood, adolescence, and 

adulthood in a birth cohort. Matern Child Health J, 

2011. 15(8): p. 1166-75. 

155. Andersen, C.S., et al., Weight gain in different periods of 

pregnancy and offspring's body mass index at 7 years of 

age. Int J Pediatr Obes, 2011. 6(2-2): p. e179-86. 

156. Durmus, B., et al., Parental anthropometrics, early 

growth and the risk of overweight in pre-school children: 

the Generation R Study. Pediatr Obes, 2013. 8(5): p. 

339-50. 

157. Hinkle, S.N., et al., Excess gestational weight gain is 

associated with child adiposity among mothers with 

normal and overweight prepregnancy weight status. J 

Nutr, 2012. 142(10): p. 1851-8. 
158. Deierlein, A.L., et al., Gestational weight gain and 

predicted changes in offspring anthropometrics 

between early infancy and 3 years. Pediatr Obes, 2012. 

7(2): p. 134-42. 

159. Ensenauer, R., et al., Effects of suboptimal or excessive 

gestational weight gain on childhood overweight and 

abdominal adiposity: results from a retrospective cohort 

study. Int J Obes (Lond), 2013. 37(4): p. 505-12. 

160. Oken, E., et al., Maternal gestational weight gain and 

offspring weight in adolescence. Obstet Gynecol, 2008. 

112(5): p. 999-1006. 
161. Laitinen, J., et al., Maternal weight gain during the first 

half of pregnancy and offspring obesity at 16 years: a 

prospective cohort study. BJOG, 2012. 119(6): p. 716-23. 

162. Ludwig, D.S., H.L. Rouse, and J. Currie, Pregnancy 

weight gain and childhood body weight: a within-family 

comparison. PLoS Med, 2013. 10(10): p. e1001521. 

163. Mamun, A.A., et al., Associations of gestational weight 

gain with offspring body mass index and blood pressure 

at 21 years of age: evidence from a birth cohort study. 
Circulation, 2009. 119(13): p. 1720-7. 

164. Lawlor, D.A., et al., Does maternal weight gain in 

pregnancy have long-term effects on offspring 

adiposity? A sibling study in a prospective cohort of 

146,894 men from 136,050 families. Am J Clin Nutr, 

2011. 94(1): p. 142-8. 

165. Nohr, E.A., et al., Combined associations of 

prepregnancy body mass index and gestational weight 

gain with the outcome of pregnancy. Am J Clin Nutr, 
2008. 87(6): p. 1750-9. 

166. Rode, L., et al., Association between gestational weight 

gain according to body mass index and postpartum 

weight in a large cohort of Danish women. Matern Child 

Health J, 2012. 16(2): p. 406-13. 

167. in Weight Gain During Pregnancy: Reexamining the 

Guidelines, K.M. Rasmussen and A.L. Yaktine, Editors. 

2009: Washington (DC). 
168. Weisman, C.S., et al., Preconception predictors of weight 

gain during pregnancy: prospective findings from the 

Central Pennsylvania Women's Health Study. Womens 

Health Issues, 2010. 20(2): p. 126-32. 

169. Pedersen, J., Weight and length at birth of infants of 

diabetic mothers. Acta Endocrinol (Copenh), 1954. 

16(4): p. 330-42. 
170. Group, H.S.C.R., Hyperglycemia and Adverse Pregnancy 

Outcome (HAPO) Study: associations with neonatal 

anthropometrics. Diabetes, 2009. 58(2): p. 453-9. 

171. Catalano, P.M., Obesity, insulin resistance, and 

pregnancy outcome. Reproduction, 2010. 140(3): p. 

365-71. 

172. Catalano, P.M., et al., Carbohydrate metabolism during 

pregnancy in control subjects and women with 

gestational diabetes. Am J Physiol, 1993. 264(1 Pt 1): p. 
E60-7. 

173. Catalano, P.M., et al., Longitudinal changes in glucose 

metabolism during pregnancy in obese women with 

normal glucose tolerance and gestational diabetes 

mellitus. Am J Obstet Gynecol, 1999. 180(4): p. 903-16. 

174. Sanchez-Vera, I., et al., Changes in plasma lipids and 

increased low-density lipoprotein susceptibility to 

oxidation in pregnancies complicated by gestational 

diabetes: consequences of obesity. Metabolism, 2007. 
56(11): p. 1527-33. 

175. Huda, S.S., L.E. Brodie, and N. Sattar, Obesity in 

pregnancy: prevalence and metabolic consequences. 

Semin Fetal Neonatal Med, 2010. 15(2): p. 70-6. 

176. Ramsay, J.E., et al., Maternal obesity is associated with 

dysregulation of metabolic, vascular, and inflammatory 

pathways. J Clin Endocrinol Metab, 2002. 87(9): p. 

4231-7. 

177. Knopp, R.H., et al., Relationships of infant birth size to 

maternal lipoproteins, apoproteins, fuels, hormones, 

clinical chemistries, and body weight at 36 weeks 

gestation. Diabetes, 1985. 34 Suppl 2: p. 71-7. 

178. Schaefer-Graf, U.M., et al., Maternal lipids as strong 

determinants of fetal environment and growth in 

pregnancies with gestational diabetes mellitus. Diabetes 

Care, 2008. 31(9): p. 1858-63. 

179. Di Cianni, G., et al., Maternal triglyceride levels and 

newborn weight in pregnant women with normal 

glucose tolerance. Diabet Med, 2005. 22(1): p. 21-5. 

180. Knopp, R.H., et al., Prediction of infant birth weight by 

GDM screening tests. Importance of plasma triglyceride. 

Diabetes Care, 1992. 15(11): p. 1605-13. 

181. Safer, D.L., et al., Early body mass index and other 

anthropometric relationships between parents and 

children. Int J Obes Relat Metab Disord, 2001. 25(10): p. 

1532-6. 

182. Davey Smith, G., et al., Is there an intrauterine influence 

on obesity? Evidence from parent child associations in 

the Avon Longitudinal Study of Parents and Children 

(ALSPAC). Arch Dis Child, 2007. 92(10): p. 876-80. 

183. Kivimaki, M., et al., Substantial intergenerational 

increases in body mass index are not explained by the 

fetal overnutrition hypothesis: the Cardiovascular Risk in 



 DANISH MEDICAL JOURNAL   28 

Young Finns Study. Am J Clin Nutr, 2007. 86(5): p. 1509-

14. 

184. Li, L., et al., Intergenerational influences on childhood 

body mass index: the effect of parental body mass index 

trajectories. Am J Clin Nutr, 2009. 89(2): p. 551-7. 
185. Danielzik, S., et al., Impact of parental BMI on the 

manifestation of overweight 5-7 year old children. Eur J 
Nutr, 2002. 41(3): p. 132-8. 

186. Shields, B.M., et al., Assessing newborn body 

composition using principal components analysis: 

differences in the determinants of fat and skeletal size. 

BMC Pediatr, 2006. 6: p. 24. 
187. Whitaker, K.L., et al., Comparing maternal and paternal 

intergenerational transmission of obesity risk in a large 

population-based sample. Am J Clin Nutr, 2010. 91(6): p. 

1560-7. 
188. Linabery, A.M., et al., Stronger influence of maternal 

than paternal obesity on infant and early childhood 

body mass index: the Fels Longitudinal Study. Pediatr 

Obes, 2013. 8(3): p. 159-69. 

189. Brooks, A.A., et al., Birth weight: nature or nurture? 
Early Hum Dev, 1995. 42(1): p. 29-35. 

190. Kral, J.G., et al., Large maternal weight loss from obesity 

surgery prevents transmission of obesity to children who 

were followed for 2 to 18 years. Pediatrics, 2006. 

118(6): p. e1644-9. 

191. Smith, J., et al., Effects of maternal surgical weight loss 

in mothers on intergenerational transmission of obesity. 

J Clin Endocrinol Metab, 2009. 94(11): p. 4275-83. 

192. Guenard, F., et al., Methylation and expression of 

immune and inflammatory genes in the offspring of 

bariatric bypass surgery patients. J Obes, 2013. 2013: p. 
492170. 

193. Godfrey, K.M., et al., Epigenetic gene promoter 

methylation at birth is associated with child's later 

adiposity. Diabetes, 2011. 60(5): p. 1528-34. 

194. Vucetic, Z., et al., Maternal high-fat diet alters 

methylation and gene expression of dopamine and 

opioid-related genes. Endocrinology, 2010. 151(10): p. 
4756-64. 

195. Ong, K.K., et al., Association between postnatal catch-up 

growth and obesity in childhood: prospective cohort 

study. BMJ, 2000. 320(7240): p. 967-71. 

196. Toschke, A.M., A. Beyerlein, and R. von Kries, Children 

at high risk for overweight: a classification and 

regression trees analysis approach. Obes Res, 2005. 

13(7): p. 1270-4. 

197. Ong, K.K. and R.J. Loos, Rapid infancy weight gain and 

subsequent obesity: systematic reviews and hopeful 

suggestions. Acta Paediatr, 2006. 95(8): p. 904-8. 
198. Voigt, M., et al., Somatic classification of neonates 

based on birth weight, length, and head circumference: 

quantification of the effects of maternal BMI and 

smoking. J Perinat Med, 2011. 39(3): p. 291-7. 

199. Lindell, G., K. Marsal, and K. Kallen, Impact of maternal 

characteristics on fetal growth in the third trimester: a 

population-based study. Ultrasound Obstet Gynecol, 

2012. 40(6): p. 680-7. 

200. Power, C. and B.J. Jefferis, Fetal environment and 

subsequent obesity: a study of maternal smoking. Int J 

Epidemiol, 2002. 31(2): p. 413-9. 

201. von Kries, R., et al., Maternal smoking during pregnancy 

and childhood obesity. Am J Epidemiol, 2002. 156(10): 

p. 954-61. 
202. Oken, E., E.B. Levitan, and M.W. Gillman, Maternal 

smoking during pregnancy and child overweight: 

systematic review and meta-analysis. Int J Obes (Lond), 

2008. 32(2): p. 201-10. 
203. Ino, T., Maternal smoking during pregnancy and 

offspring obesity: meta-analysis. Pediatr Int, 2010. 

52(1): p. 94-9. 

204. Ong, K.K., et al., Size at birth and early childhood growth 

in relation to maternal smoking, parity and infant 

breast-feeding: longitudinal birth cohort study and 

analysis. Pediatr Res, 2002. 52(6): p. 863-7. 
205. Florath, I., et al., Association of pre- and post-natal 

parental smoking with offspring body mass index: an 8-

year follow-up of a birth cohort. Pediatr Obes, 2013. 

206. Owen, C.G., et al., The effect of breastfeeding on mean 

body mass index throughout life: a quantitative review 

of published and unpublished observational evidence. 

Am J Clin Nutr, 2005. 82(6): p. 1298-307. 
207. Harder, T., et al., Duration of breastfeeding and risk of 

overweight: a meta-analysis. Am J Epidemiol, 2005. 
162(5): p. 397-403. 

208. Beyerlein, A. and R. von Kries, Breastfeeding and body 

composition in children: will there ever be conclusive 

empirical evidence for a protective effect against 

overweight? Am J Clin Nutr, 2011. 94(6 Suppl): p. 1772S-

1775S. 

209. Kramer, M.S., et al., Promotion of Breastfeeding 

Intervention Trial (PROBIT): a randomized trial in the 

Republic of Belarus. JAMA, 2001. 285(4): p. 413-20. 
210. Burdette, H.L., et al., Breastfeeding, introduction of 

complementary foods, and adiposity at 5 y of age. Am J 

Clin Nutr, 2006. 83(3): p. 550-8. 

211. Baker, J.L., et al., High prepregnant body mass index is 

associated with early termination of full and any 

breastfeeding in Danish women. Am J Clin Nutr, 2007. 

86(2): p. 404-11. 
212. Catalano, P.M., Obesity and pregnancy--the 

propagation of a viscous cycle? J Clin Endocrinol Metab, 
2003. 88(8): p. 3505-6. 

213. Crozier, S.R., et al., Do women change their health 

behaviours in pregnancy? Findings from the 

Southampton Women's Survey. Paediatr Perinat 

Epidemiol, 2009. 23(5): p. 446-53. 

214. Thangaratinam, S., et al., Effects of interventions in 

pregnancy on maternal weight and obstetric outcomes: 

meta-analysis of randomised evidence. BMJ, 2012. 344: 

p. e2088. 
215. Kuhlmann, A.K., et al., Weight-management 

interventions for pregnant or postpartum women. Am J 

Prev Med, 2008. 34(6): p. 523-8. 

216. Streuling, I., et al., Physical activity and gestational 

weight gain: a meta-analysis of intervention trials. 

BJOG, 2011. 118(3): p. 278-84. 

217. Skouteris, H., et al., Preventing excessive gestational 

weight gain: a systematic review of interventions. Obes 

Rev, 2010. 11(11): p. 757-68. 
218. Streuling, I., et al., Weight gain and dietary intake 

during pregnancy in industrialized countries--a 

systematic review of observational studies. J Perinat 

Med, 2011. 39(2): p. 123-9. 



 DANISH MEDICAL JOURNAL   29 

219. Quinlivan, J.A., S. Julania, and L. Lam, Antenatal dietary 

interventions in obese pregnant women to restrict 

gestational weight gain to Institute of Medicine 

recommendations: a meta-analysis. Obstet Gynecol, 

2011. 118(6): p. 1395-401. 
220. Tanentsapf, I., B.L. Heitmann, and A.R. Adegboye, 

Systematic review of clinical trials on dietary 

interventions to prevent excessive weight gain during 

pregnancy among normal weight, overweight and obese 

women. BMC Pregnancy Childbirth, 2011. 11: p. 81. 

221. Oteng-Ntim, E., et al., Lifestyle interventions for 

overweight and obese pregnant women to improve 

pregnancy outcome: systematic review and meta-

analysis. BMC Med, 2012. 10: p. 47. 
222. Adamo, K.B., Z.M. Ferraro, and K.E. Brett, Can we 

modify the intrauterine environment to halt the 

intergenerational cycle of obesity? Int J Environ Res 

Public Health, 2012. 9(4): p. 1263-307. 

223. Mustila, T., et al., Lifestyle counseling during pregnancy 

and offspring weight development until four years of 

age: follow-up study of a controlled trial. J Negat Results 
Biomed, 2012. 11: p. 11. 

224. Mustila, T., et al., Pragmatic controlled trial to prevent 

childhood obesity in maternity and child health care 

clinics: pregnancy and infant weight outcomes (the 

VACOPP Study). BMC Pediatr, 2013. 13: p. 80. 

225. Poston, L., et al., Developing a complex intervention for 

diet and activity behaviour change in obese pregnant 

women (the UPBEAT trial); assessment of behavioural 

change and process evaluation in a pilot randomised 

controlled trial. BMC Pregnancy Childbirth, 2013. 13(1): 

p. 148. 
226. Adamo, K.B., et al., The Maternal Obesity Management 

(MOM) Trial Protocol: a lifestyle intervention during 

pregnancy to minimize downstream obesity. Contemp 

Clin Trials, 2013. 35(1): p. 87-96. 

227. Knudsen, L.B. and J. Olsen, The Danish Medical Birth 

Registry. Dan Med Bull, 1998. 45(3): p. 320-3. 

228. Validation of the National Patient Register (NPR) for 

obstetrical research and quality assurance - a quality 

development project. . Validation of the National 
Patient Register (NPR) for obstetrical research and 

quality assurance - a quality development project 2003  

[cited 2013 1-11]; Available from: 

www.http://sundhedsstyrelsen.dk/publ/Publ2003/LPR.

pdf. 

229. McDowell, A., StataCorp. How do you test the equality 

of regression coefficients that are generated from two 

different regressions, estimated on two different 

samples? 2001 01 December 2011 [cited 2011 01-12]; 
Available from: 

http://www.stata.com/support/faqs/statistics/test-

equality-of-coefficients/. 

230. Vinter, C.A., The clinical effects of lifestyle intervention 

during pregnancy in obese women, in Department of 

Gynecology and Obstetrics, Odense University Hospital. 

2011, University of Southern Denmark. 

231. Vinter, C.A., et al., The LiP (Lifestyle in Pregnancy) study: 

a randomized controlled trial of lifestyle intervention in 

360 obese pregnant women. Diabetes Care, 2011. 

34(12): p. 2502-7. 

232. Jensen, S.M., et al., Validity of anthropometric 

measurements to assess body composition, including 

muscle mass, in 3-year-old children from the SKOT 

cohort. Matern Child Nutr, 2012. 

233. Tanvig, M., et al., Pregestational body mass index is 

related to neonatal abdominal circumference at birth--a 

Danish population-based study. BJOG, 2013. 120(3): p. 
320-30. 

234. Gillman, M.W., et al., Effect of treatment of gestational 

diabetes mellitus on obesity in the next generation. 

Diabetes Care, 2010. 33(5): p. 964-8. 

235. Rowan, J.A., et al., Metformin in gestational diabetes: 

the offspring follow-up (MiG TOFU): body composition 

at 2 years of age. Diabetes Care, 2011. 34(10): p. 2279-
84. 

236. Silverman, B.L., et al., Long-term prospective evaluation 

of offspring of diabetic mothers. Diabetes, 1991. 40 

Suppl 2: p. 121-5. 
237. Crume, T.L., et al., The impact of in utero exposure to 

diabetes on childhood body mass index growth 

trajectories: the EPOCH study. J Pediatr, 2011. 158(6): p. 

941-6. 

238. Vintzileos, A.M., et al., Fetal liver ultrasound 

measurements during normal pregnancy. Obstet 

Gynecol, 1985. 66(4): p. 477-80. 
239. Dos Santos Rizzi, M.C., et al., Nomogram of fetal liver 

volume by three-dimensional ultrasonography at 27 to 

38 weeks of pregnancy using a new multiplanar 

technique. Am J Perinatol, 2010. 27(8): p. 641-8. 

240. l'Allemand-Jander, D., Clinical diagnosis of metabolic 

and cardiovascular risks in overweight children: early 

development of chronic diseases in the obese child. Int J 
Obes (Lond), 2010. 34 Suppl 2: p. S32-6. 

241. Moreno, L.A., et al., Waist circumference for the 

screening of the metabolic syndrome in children. Acta 

Paediatr, 2002. 91(12): p. 1307-12. 

 

 


