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Introduction

RATIONALE

Aristotle stated that all individuals are born as a tabula rasa, a blank slate. Throughout
time, scientific evidence has started to contradict Aristotle’s proposition: when it comes
to health, no one starts with a blank slate. Factors already prior to birth contribute to
individuals’ health throughout the life course. Genetics and place and time of birth
have already been addressed as major determinants of development of disease (1, 2). A
more recent focus of interest has become the intrauterine life as an important period for
health throughout life (3). It has been proposed that intrauterine life is a critical period
for adverse exposures to increase susceptibility of disease and mortality later in life.
Especially maternal health around conception and during pregnancy could be a key
determinant for a good start in life (4).

Maternal metabolism around conception and during pregnancy is an essential health
factor for a successful pregnancy. As a physiological process, a woman’s metabolism
goes through major changes during pregnancy (5). Glucose, lipid and amino acid
homeostasis adapt to the pregnancy state to enable fetal growth and development,
placentation and to counter increased maternal energy expenditure (6). An important
adaptation is the decrease of maternal insulin resistance in early pregnancy and
the insulin resistance increase later in pregnancy. This change in insulin resistance
throughout pregnancy affects maternal glucose concentrations, which are the main
fuels for fetal growth and organogenesis (5). The increase in insulin resistance later in
pregnancy not only causes higher glucose concentrations, but also contributes to the
increase of lipids and protein synthesis as sources for fetal growth and development
(6). Suboptimal maternal characteristics, such as obesity and an unhealthy diet, lead to
disturbances in maternal metabolism during pregnancy (6, 7). As an adequate maternal
metabolism during pregnancy is crucial for fetal growth and development, disturbances
can have irreversible consequences for embryonic and fetal development, increasing
offspring risk of disease over their lifetime (Figure 1.1).

Because of the adverse effects of maternal metabolism on fetal development, antenatal
care aims to focus on women with metabolic diseases during pregnancy, for example by
screening for gestational diabetes, which is defined as a disorder of glucose metabolism
first recognized during pregnancy. However, also among healthy pregnant women a
suboptimal metabolism already within the normal range may have an adverse effect of
fetal development (8). Multiple studies have shown that moderately elevated maternal
glucose concentrations below diagnostic thresholds of diabetes are associated with an
increased risk of offspring birth complications (9). These findings may imply that while
the majority of women are considered healthy during pregnancy, a substantial number
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of women may still have increased risks of these offspring adverse outcomes. More
than nine out of ten women at a reproductive age have at least one risk factor that may
influence metabolism during pregnancy which may subsequently increase the risk of
birth complications or offspring cardio-metabolic risk factors (4). Especially in municipal
areas, pregnant women and their fetal offspring are exposed to clustering of lifestyle
and environmental risk factors that negatively influence circumstances for an optimal
pregnancy (10). For the improvement of health on a population level, more insight into
the effects of amaternal suboptimal metabolism below thresholds of disease on offspring
birth and long-term cardio-metabolic health is needed. Insight into modifiable dietary
targets for intervention could provide further insight into how maternal health during
pregnancy can be improved on a population level. After obtaining insight into markers
and targets of maternal metabolism during pregnancy, these maternal characteristics
could be translated into screening tools to enable personalized risk prediction and
early-identification on a population level of women at risk of birth complications and
adverse offspring cardio-metabolic health.

Maternal risk factors prior and during pregnancy
Body Mass Index, diet

\ 4

Suboptimal maternal metabolism prior and during
pregnancy
Glucose metabolism, metabolomics

y

Impaired fetal growth and organ development
Growth, metabolism, adipogensis, cardiogenesis

A\ 4

Adverse birth outcomes
Preterm birth, small-for-gestational-age, large-for-
gestational-age

v

Adverse childhood cardio-metabolic outcomes
Overweight or obesity, high blood pressure, insulin
resistance, dyslipidemia, fat accumulation, cardiac

alterations

FIGURE 1.1 Hypothesis for studies in this thesis
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Therefore, studies presented in this thesis were designed to examine the effects
of maternal glucose metabolism during pregnancy on offspring birth and cardio-
metabolic outcomes, to identify maternal dietary characteristics that can influence
maternal metabolism and subsequent offspring health outcomes and to assess whether
these maternal characteristics can be used to develop screening tools for identification
of those who are at increased risk of adverse offspring health outcomes (Figure 1.2).

Exploration of effects of a suboptimal Identification of maternal dietary
maternal metabolism in early-pregnancy characteristics influencing offspring birth
on offspring cardio-metabolic outcomes and cardio-metabolic outcomes

(Chapter 2) (Chapter 3)

Translation of maternal characteristics into
prediction tools
Early-identification of those who benefit
most from interventions improving early-
pregnancy metabolism (Chapter 4)

FIGURE 1.2 Outline of aim of this thesis

MATERNAL EARLY-PREGNANCY GLUCOSE METABOLISM

Gestational diabetes affects 4 to 8% of all pregnancies and is a well-known risk factor for
maternal and offspring morbidity (11). Offspring of mothers with gestational diabetes
have anincreased risk of being large-for-gestational-age at birth and developing obesity
and insulin resistance in childhood (12). An increasing body of evidence indicates that
these offspring risks are not confined to women diagnosed with gestational diabetes
(8, 13). The Hyperglycemia and Adverse Pregnancy Outcomes Study including 25,505
pregnant women from nine countries reported conclusive results on this subject (13).
The results from this study indicated strong, continuous associations of maternal
glucose concentrations measured between 24 and 32 weeks of gestation below those
diagnostic threshold of gestational diabetes with an increased birthweight. Based on
these results new criteria for diagnosis of diabetes in pregnancy have been proposed by
the Internal Association of Diabetes and Pregnancy Study Groups using lower thresholds
for glucose concentrations (8, 13, 14). These criteria are based on studies focused on
the associations of maternal glucose concentrations in mid- and late pregnancy with
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offspring risk of birth complications, obesity and insulin resistance. As embryonic and
fetal cardio-metabolic development already starts in the first trimester, early-pregnancy
may already be a critical period for the adverse influence of a suboptimal maternal
glucose metabolism on the development of offspring cardio-metabolic systems. The
effects of a suboptimal maternal glucose metabolism in early-pregnancy may also affect
development of other organ systems, which are crucial for development of disease
in later life. Especially cardiac development may be irreversibly altered by maternal
early-pregnancy glucose concentrations, as the human heart is the first functional
organ to develop (17). More insight into the continuous effects of maternal glucose
concentrations already from early-pregnancy onwards on offspring adiposity, glucose
metabolism and cardiac development is needed to enable more accurate identification
of women at risk of adverse offspring outcomes. We hypothesized that higher maternal
glucose concentrations already below the diagnostic thresholds of diabetes from
early-pregnancy onwards are associated with persistent offspring cardio-metabolic
adaptations.

MATERNAL DIETARY INFLUENCES DURING PREGNANCY

The maternal diet is inseparable linked to maternal metabolism. During pregnancy,
maternal nutritional needs increase to enable maternal metabolic changes to pregnancy
and to provide sufficient fetal nutrient availability (18). The maternal diet may therefore
have a major potential in women with a suboptimal metabolism to improve fetal
nutrient availability and subsequent growth and development.

Maternal glucose concentrations are the main fuel for fetal growth and development.
However, too high concentrations of maternal glucose during pregnancy may
contribute in the etiology of offspring birth complications and development of cardio-
metabolic diseases. Therefore, there is a need for identification of modifiable factors
during pregnancy that can optimize maternal glucose concentrations in pregnancy.
The main determinant of glucose concentrations in blood is the dietary carbohydrate
intake. The dietary glycemic index and glycemic load are measures that can be used
to qualify and quantify the maternal postprandial glycemic response to the maternal
dietary carbohydrate intake (19). These measures are indicative for the postprandial
glucose available for maternal energy, storage and transfer to the fetus (19, 20).
Consumption of high glycemic index products cause peak increases in postprandial
glucose concentrations, whereas consumption of low glycemic index products cause
lower and more stable glucose concentrations (19). In non-pregnant normal weight
and overweight populations, a diet with a low glycemic index has been associated with
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decreased risk of cardio-metabolic disease and mortality (21). In pregnant women with
obesity or gestational diabetes lowering the dietary glycemic index and load has shown
potential beneficial effects on offspring birth outcomes (22, 23). In the general pregnant
population, not much is known about the effects of the maternal dietary glycemic index
and load on fetal development and subsequent birth outcomes. Also, the long-term
effects of the dietary glycemic index and load during pregnancy on offspring growth
and cardio-metabolic development remain to be established. More insight into the
direct effects of the maternal dietary glycemic index and load during pregnancy on
offspring outcomes is needed to assess the feasibility of a low glycemic index diet
within the general population. The maternal dietary glycemic index and load during
pregnancy may offer a new target for intervention strategies aiming improvement of
offspring health, already in women without an impaired glucose metabolism.

Besides the effects of maternal carbohydrate metabolism on maternal glucose
concentrations in pregnancy, a suboptimal maternal dietary polyunsaturated fatty acid
(PUFA) intake could also influence maternal glucose metabolism and fetal development
(24, 25). PUFA, in particular omega-3 (n-3) and omega-6 (n-6) PUFAs, cannot be
synthesized by the human body (26). Nevertheless, through fatty fish consumption or
fish oil supplementation, these essential nutrients can easily be obtained from the diet.
As the fetus fully depends on maternal polyunsaturated fatty acids (PUFA) intake and
subsequent placental transfer, maternal dietary intake of n-3 and n-6 PUFAs, is essential
for fetal growth and development (27-30). Whereas it previously has been thought
that adequate maternal PUFA intake during pregnancy only improved offspring
neurological outcomes, there is an increasing body of evidence that maternal dietary
PUFA intake may also have a role in the development of maternal insulin resistance
during pregnancy and fetal hepatic adipocyte differentiation (23, 24, 31). Optimization
of maternal PUFA concentrations may therefore also have beneficial effects offspring
liver fat development (23, 31).

We hypothesized the maternal diet, in particular the maternal dietary glycemic index
and PUFA intake, may be modifiable factors for the prevention of an adverse offspring
body fat distribution, in particular by reducing ectopic fat accumulation.

RISK PREDICTION OF OFFSPRING HEALTH OUTCOMES

New markers of maternal metabolism during pregnancy

Maternal hyperglycemia during pregnancy is an established marker of an impaired
metabolism during pregnancy (6). Maternal hyperglycemia during pregnancy is strongly
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related to maternal overweight or obesity prior and during pregnancy and is suspected
to be highly involved in pathways underlying the associations of a higher prepregnancy
body mass index (BMI) with adverse offspring outcomes. However, maternal glucose
concentrations do not seem to fully explain these associations (15, 32). There is a need
for new markers of metabolism to further explore unknown metabolic mechanisms
leading to adverse offspring outcomes and to enable more accurate identification
of those at risk of adverse offspring outcomes. Novel metabolomics techniques can
provide more insight into alterations of maternal metabolism during pregnancy
by enabling a detailed characterization of maternal metabolite profiles (33). These
maternal metabolite profiles could be useful in unraveling the detailed alterations in
maternal metabolism during pregnancy in response to a higher prepregnancy BMI
and in exploring how these alterations impact fetal growth and development. After
identification of metabolic profiles for the understanding of metabolic mechanisms
underlying the associations of a higher maternal prepregnancy BMI with a birth
complications, these metabolite profiles may provide as novel biomarkers for the early-
identification of women at increased risk of adverse offspring outcomes.

Risk prediction in high risk and general populations

Maternal metabolic and lifestyle characteristics are associated with the risk of offspring
birth complications and adverse cardio-metabolic health outcomes. This knowledge
led to an increasing interest in preventive strategies improving metabolic health and
lifestyle already from preconception onwards (3, 4). However, identification of women
who are likely to benefit from these intervention strategies remains a major challenge
(34, 35). Currently, preventive interventions and intensified monitoring in health care
are focused on high risk populations and risk selection is performed during pregnancy,
when it is often too late to intervene (35-37). Definition of high risk populations is
mainly based on a single maternal characteristics, such as obesity or smoking (36, 37).
However, these approaches bring limitations and may not select the women most
prone of adverse offspring outcomes (38). First, not all women with overweight or
obesity develop adverse offspring outcomes. Women with overweight or obesity during
pregnancy are subject to a larger extend of characteristics that may influence their risk
of adverse offspring outcomes (39). Women with overweight or obesity who are likely
to have an uncomplicated pregnancy may have redundant intensified monitoring
during pregnancy. These women may have an unnecessary and maybe even harmful
medicalization of pregnancy. Differences in risk should lead to different approaches
of antenatal care. Screening tools including a larger extent of maternal characteristics
could enable personalized risk prediction of adverse pregnancy outcomes within
this high risk population to allow for tailored antenatal care in pregnant women with
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overweight or obesity. On the other hand, among a general population not classified as
high risk, women could also develop adverse offspring outcomes. These women should
be identified for preventive interventions to target those who will benefit most from
lifestyle programs and to allow for intensified antenatal monitoring of those prone for
birth complications. Especially among this group, early-identification already within the
preconception period offers a great opportunity for interventions to improve maternal
health and lifestyle during pregnancy. Last, novel markers of maternal metabolism and
health may have an incremental value for more accurate risk prediction prior and during
pregnancy. Screening tools enabling personalized risk prediction are needed to offer a
tailored approach for those who need it the most. These tailored approaches may offer
an opportunity to prevent from adverse offspring birth and subsequent adverse long-
term health outcomes and may contribute to a good start at life.

GENERAL AIM OF THIS THESIS

The main aims of studies presented in this thesis were to identify maternal risk factors
and influences of maternal metabolism during pregnancy on maternal and offspring
outcomes, and to subsequently develop screening tools for risk prediction of adverse
offspring health outcome (Figure 1.2).

Therefore, we first aimed to explore the impact of maternal metabolism during
pregnancy on offspring cardio-metabolic outcomes. Second, we identified maternal
characteristics that can influence maternal metabolism and subsequent offspring health
outcomes. Third, we assessed whether these maternal characteristics can be used to
develop screening tools for risk prediction of adverse offspring health outcomes.

GENERAL DESIGN

Studies in this thesis were embedded in the Generation R study. The Generation R
study is a population-based cohort study from fetal life until adulthood in Rotterdam,
The Netherlands (32). The Generation R Study aims to identify early environmental
and genetic determinants of growth, development and health. Written consent was
obtained from all participating women. All pregnancy women were enrolled between
2001 and 2005. Response rate at birth was 61%, which was calculated by dividing the
number of participating live born children by the total number of live born children born
in the study area during the inclusion period. Enrollment was possible in pregnancy
and at birth but aimed at early pregnancy (total n=9,778, participants were enrolled
during pregnancy n=8,879). In early, mid and late pregnancy, ultrasounds, physical
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examinations, body sample collections and questionnaires were planned. From birth
onwards, data collection was performed using information form municipality health
centers, questionnaires and visits to a dedicated research center in Erasmus MC
- Sophia’s Children’s Hospital at the ages of 6 and 9 years. A subgroup of the cohort
participated in magnetic resonance imaging (MRI) scans at 9 years.

OUTLINE OF THIS THESIS

The objectives of the studies in this thesis are addressed in various chapters. Chapter 2
describes association studies of maternal early-pregnancy glucose metabolism with
childhood cardio-metabolic outcomes. First, we examined the associations of maternal
early-pregnancy glucose concentrations with childhood blood pressure, lipid and
glucose metabolism and fat distribution in Chapter 2.1, and the associations of
maternal early-pregnancy glucose concentrations with childhood liver fat accumulation
(Chapter 2.2) and with childhood cardiac outcomes (Chapter 2.3). Chapter 3 describes
association studies of maternal dietary factors during pregnancy with offspring fetal,
birth and childhood outcomes. We examined in Chapter 3.1 the associations of maternal
dietary glycemic index with fetal growth patterns and birth outcomes, in Chapter 3.2
the associations of maternal dietary glycemic index with childhood general, abdominal
and ectopic fat accumulation and in Chapter 3.3 the associations of maternal PUFA
concentrations during pregnancy with childhood liver fat accumulation. In Chapter 4,
we assessed the role of maternal characteristics prior and during pregnancy in the risk
prediction of adverse offspring outcomes. In Chapter 4.1 we assessed whether maternal
early-pregnancy metabolites could be useful in the prediction of a higher birthweight
in women with a higher prepregnancy BMI. In Chapter 4.2 we developed a prediction
model based on maternal clinical and experimental characteristics for the risk prediction
of healthy pregnancies in women with overweight or obesity. In Chapter 4.3 we
developed a prediction model for the risk prediction of birth complications among a
general population.

20
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Chapter 2.1

ABSTRACT

Objective: This study aimed to examine the associations of maternal early-pregnancy
glucose and insulin concentrations with offspring cardio-metabolic risk factors and fat
distribution.

Methods: In a population-based prospective cohort study among 3,737 mothers and
their children, random maternal glucose and insulin concentrations were measured at
a median gestational age of 13.2 (95% range 10.5 to 17.1) weeks. Childhood fat, blood
pressure, and blood concentrations of lipids, glucose, and insulin at the age of 10
years were measured.

Results: Higher maternal early-pregnancy glucose and insulin concentrations were
associated with a higher risk of childhood overweight, and higher maternal early-
pregnancy insulin concentrations were associated with an increased childhood risk
of clustering of cardio-metabolic risk factors (all P<0.05). These associations were
explained by maternal prepregnancy BMI. Independent of maternal prepregnancy BMI,
one SD score (SDS) higher maternal early-pregnancy glucose and insulin concentrations
were associated with higher childhood glucose (0.08 SDS, 95% Confidence Interval (Cl):
0.04 to 0.11) and insulin concentrations (0.07 SDS, 95% Cl: 0.03 to 0.10), but not with
childhood blood pressure, lipids, and fat measures.

Conclusions: These results suggest that maternal early-pregnancy random glucose and
insulin concentrations are associated with childhood glucose and insulin concentrations
but not with other childhood cardio-metabolic risk factors.
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INTRODUCTION

Gestational diabetes is associated with increased risks of offspring obesity, type 2
diabetes, and metabolic syndrome (1-5). Increasing evidence has suggested that these
risks might not be confined to women diagnosed with gestational diabetes but that
they may already exist in offspring exposed to maternal glucose concentrations below
diagnostic thresholds (6, 7). Previous studies have reported associations of maternal
glucose concentrations in mid- and late pregnancy with offspring cardio-metabolic risk
factors (6, 7). However, as fetal cardiovascular and metabolic development already starts
in the first trimester, early pregnancy may already be a critical period for the adverse
influence of a suboptimal maternal glucose metabolism on the development of the
fetal cardio-metabolic system. Increases of maternal glucose and insulin concentrations
from early pregnancy onward may directly affect placental development and increase
nutrient transfer to the developing fetus. This may subsequently lead to increased fetal
growth as well as adaptations in adipogenesis and pancreaticand vascular development.
These adaptations may increase the susceptibility to cardio-metabolic disease in later
life (4, 8-12). Altered childhood body fat development may especially be involved in
the associations of maternal glycemia with offspring cardio-metabolic risk factors (9).
A few studies have shown an association of maternal fasting glucose concentrations
in pregnancy with increased childhood sum of skinfolds and waist circumference (6, 7,
13). However, it is not clear whether this includes overall fat or more specifically visceral
fat accumulation, which is known to be more strongly related with cardio-metabolic
disease (14, 15). We hypothesized that higher maternal early-pregnancy glucose
concentrations are associated with an unfavorable offspring cardio-metabolic risk
profile and suboptimal body fat distribution.

Therefore, in a population-based prospective cohort from early pregnancy onward
among 3,737 mothers and their children, we assessed the associations of maternal
early-pregnancy glucose and insulin concentrations across the full range with cardio-
metabolic risk factors and detailed measurements of general and abdominal fat in
childhood. We additionally explored whether these associations are independent of
maternal lifestyle factors and birth, infant, or childhood characteristics.

METHODS

Study design and participants

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onward in Rotterdam, The Netherlands (16).
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Approval for the study was obtained from the Medical Ethical Committee of Erasmus
University Medical Center, Rotterdam. Written consent was obtained from the parents
of all participants. In total, 8,879 pregnant women were enrolled between 2001 and
2005. Of these, 6,117 mothers had early-pregnancy information on glucose and insulin
concentrations available and had singleton live-born children. Cardio-metabolic follow-
up measurements at the age of 10 years were available for 3,737 of their children
(Figure 2.1.1). Main reasons for missing data were participants lost to follow-up and no
consent or failure of venous punctures (16).

n=6,257
Mothers enrolled during pregnancy with information on early-
pregnancy glucose or insulin levels available

n=140
> Excluded:
Twin pregnancies
A\ 4
n=6,117
Mothers enrolled during pregnancy with information on early-
pregnancy glucose or insulin levels available and singleton live
births
n=3,335
Excluded:
> No participation in follow up
measurements at 10 years
n=3,737

Population for analyses:

Mother-singleton child couples with information available on
maternal early-pregnancy glucose or insulin levels and childhood
cardio-metabolic risk factors

Childhood cardio-metabolic risk factors

BMI n=3,726
Blood pressure n=3,603
Cholesterol n=2,589
High-density lipoprotein-cholesterol n=2,589
Triglycerides n=2,584
Glucose n=2,589
Insulin n=2,583
Childhood general and abdominal fat
Total body fat mass n=3,691
Android/gynoid fat mass ratio n=3,691
Subcutaneous fat mass n=1,923
Visceral fat mass n=1,923

FIGURE 2.1.1. Flow chart of the study participants
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Maternal early-pregnancy glucose and insulin concentrations

Nonfasting blood samples were collected at enrollment in the study before 18 weeks
of gestation (median: 13.2 weeks, 95% range: 10.5 to 17.1). Glucose concentration
(millimoles per liter) is an enzymatic quantity and was measured with c702 module
on the Cobas 8000 analyzer (Roche, Almere, the Netherlands). Insulin concentration
(picomoles per liter) was measured with electrochemiluminescence immunoassay on
the Cobas e411 analyzer (Roche). Childhood cardio-metabolic risk factors and general
and abdominal fat measurements At the age of 10 years, we measured height and
weight without shoes and heavy clothing and calculated BMI (kilograms per meter
squared). Childhood BMI standard deviation scores (SDS) adjusted for sex and age
were constructed based on Dutch reference growth charts (Growth Analyzer 4.0; Dutch
Growth Research Foundation, Rotterdam, Netherlands) (17). We defined childhood
overweight and underweight by categorizing childhood weight status according to the
International Obesity Task Force cutoffs (18). Overweight and obesity were combined
into one category, and children with underweight were excluded only in this variable
(n=266). We observed similar results when children with underweight were included in
the analyses (results not shown). Systolic and diastolic blood pressures (millimeters of
mercury) were measured at the right brachial artery, four times with 1-minute intervals,
using the validated automatic sphygmanometer Datascope Accutorr Plus (Paramus,
New Jersey) (19). Mean systolic and diastolic blood pressure values were calculated
using the last three blood pressure measurements. We obtained nonfasting venous
blood samples and measured total cholesterol (millimoles per liter), high-density
lipoprotein (HDL) cholesterol (millimoles per liter), triglycerides (millimoles per liter),
glucose (millimoles per liter), and insulin (picomoles per liter) concentrations. We
measured total, android, and gynoid body fat mass by dual-energy x-ray absorptiometry
(Lunar iDXA; GE Healthcare, Madison, Wisconsin) and calculated android/gynoid fat
mass ratio (20). Abdominal subcutaneous and visceral fat measures were obtained
from magnetic resonance imaging (MRI) scans using a 3.0-T MRI (Discovery MR750w;
GE Healthcare, Milwaukee, Wisconsin) as described previously (16, 21). Childhood body
fat mass is strongly influenced by height of the child (22). To enable assessment of
the associations of maternal glucose metabolism with childhood adiposity measures
independent of childhood size, we constructed childhood fat mass measures
independent of height of the child. Using log-log regressions, we estimated the optimal
adjustment for childhood height needed to construct height-independent fat mass
measures (details in Supplementary Methods $2.1.1) (22-24). We calculated total fat
mass and subcutaneous fat mass indices (total and subcutaneous fat mass/height*)
and visceral fat mass index (visceral fat mass/height?). Clustering of cardio-metabolic
risk factors was defined as having three or more of the following components: visceral
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fat mass index > 75th percentile, systolic or diastolic blood pressure>75th percentile,
triglycerides > 75th percentile, or HDL cholesterol <25th percentile; and insulin>75th
percentile (25). Because waist circumference was not available, we used visceral fat
mass index as a proxy for waist circumference.

Covariates

Information on maternal educational level, ethnicity, parity, weight just before
pregnancy, maximum weight during pregnancy, smoking, and total daily energy intake
(in kilojoules) during pregnancy was obtained through questionnaires (16). Maternal
height was measured at intake without shoes and BMI was calculated (16). We obtained
information about diagnosis of gestational diabetes and child’s sex, gestational age
at birth, and birthweight from medical records (16). Preterm birth was defined as a
gestational age at birth <37 weeks. We created gestational age- and sex-adjusted SDS
of birthweight using North-European reference growth charts (26). We defined small
for gestational age and large for gestational age at birth as the lowest and the highest
10 percentiles of gestational-age-adjusted birthweight, respectively. We obtained
information on breastfeeding in infancy by questionnaire (16).

Statistical analysis

First, we performed a nonresponse analysis to compare children with and without
follow-up measurements at the age of 10 years. Second, we assessed the associations of
maternal early-pregnancy glucose and insulin concentrations across the full range with
the risks of childhood overweight and clustering of cardio-metabolic risk factors using
multiple logistic regression models. Third, we used multiple linear regression models to
assess the associations of maternal early-pregnancy glucose and insulin concentrations
with childhood BMI, blood pressure, lipids, and glucose and insulin concentrations
across the full range separately and with detailed childhood general and abdominal fat
measurements. We used three different models for the analyses. The first was the basic
model, which was adjusted for gestational age at enroliment and child’s age and sex at
follow-up measurements. The second was the confounder model, which was the basic
model additionally adjusted for confounding covariates and was considered as the
main model. Based on literature, maternal ethnicity, educational level, parity, smoking,
and daily total caloric intake were considered as potential confounders. Only maternal
ethnicity and educational level were selected in the model based on their association
with exposures and outcomes and change in effect estimates of >10% in our study
sample. The third model was the maternal BMI model, which was the confounder
model additionally adjusted for maternal prepregnancy BMI. Because previous studies
have suggested that associations between gestational diabetes and childhood BMI
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are largely explained by maternal prepregnancy BMI, we constructed this separate
maternal prepregnancy BMI model (12). Correlation coefficients for correlation between
maternal glucose and insulin concentrations and prepregnancy BMI were 0.16 and 0.20
for maternal glucose and insulin concentrations, respectively. For associations that
persisted after adjustment for maternal prepregnancy BMI, we further explored whether
these associations were mediated by gestational weight gain, birthweight, infant
breastfeeding, or childhood BMI by adding these variables separately to the maternal
BMI model. We tested for interactions of maternal glucose and insulin with maternal
BMI, maternal ethnicity, and child’s sex, but none was significant and no further stratified
analyses were performed (27-29). We performed the following sensitivity analyses: (1)
we excluded women with a diagnosis of gestational diabetes (n=34) because we were
interested in the associations of maternal glucose and insulin concentrations within a
nondiabetic population; (2) we repeated the analyses excluding children born preterm,
small for gestational age at birth, or large for gestational age at birth to explore whether
these adverse birth outcomes explained potential associations. Not normally distributed
exposure and outcome measures were log transformed. To enable comparison of effect
estimates, we constructed SDS of exposures and outcomes. To reduce selection bias
because of missing data, multiple imputations of covariates (pooled results of five
imputed data sets) were performed (30). We applied Bonferroni correction to take
multiple testing into account. As outcomes were strongly correlated, we divided the a of
0.05 by four categories (fat measures, blood pressure, lipid concentrations, and glucose/
insulin concentrations), resulting in P<0.013. All analyses were performed using SPSS
Statistics version 24.0 for Windows (IBM Corp., Armonk, New York).

RESULTS

Characteristics of study participants

Table 2.1.1 shows the population characteristics. In early pregnancy, the mean maternal
glucose concentration was 4.4 mmol/L (SD 0.9) and the median insulin concentration
was 114.0 pmol/L (95% range: 24.1-491.8). Nonresponse analyses showed that mothers
of children included in the analyses compared with mothers lost to follow-up were, on
average, older, more frequently European, and more highly educated and that they had a
higher prepregnancy weight and had children with a higher birthweight. No differences
in early-pregnancy glucose and insulin concentrations were present (Supplementary
Table 2.1.1).
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TABLE 2.1.1. Characteristics for the study population

Total group (n=3,737)

Maternal Characteristics
Age at enrolment, mean (SD), years
Height, mean (SD), cm
Prepregnancy weight, median (95% range), kg
Prepregnancy BMI, median (95% range), kg/m?
Ethnicity, n (%)
Dutch
European
Cape Verdean
Dutch Antillean
Moroccan
Surinamese
Turkish
Education, n high (%)
Parity, No. nulliparous (%)
Smoking during pregnancy, n yes (%)
Gestational weight gain, mean (SD), kg

Daily energy intake, mean (SD), kJ

Gestational age at intake, median (95% range), weeks

Glucose concentration, mean (SD), mmol/I

Insulin concentration, median (95% range), pmol/I
Gestational diabetes, n (%)

Infant characteristics

Sex, n female (%)

Gestational age at birth, median (95% range), weeks
Birthweight, mean (SD), grams

Small for gestational age, n (%)

Large for gestational age, n (%)

Preterm birth, n (%)

Ever breastfeeding, n yes (%)

Childhood Characteristics

Age, mean (SD), years

Height, mean (SD), cm

Weight, median (95% range), kg

BMI, median (95% range), kg/m?

Fat

30.7 (4.7)
168.2 (7.4)
65.0 (50.3 t0 90.0)

22.6(18.8t031.9)

2193 (58.7)

299 (8.0)

153 (4.1)

66 (1.8)

169 (4.5)
272(7.3)
218(5.8)

1855 (49.6)

2230 (59.7)
853(22.8)
15.1(5.7)

8581 (2294)
13.2(10.5t0 17.1)
4.4(0.9)

114.0 (24.1 t0 491.8)
34(0.9)

1894 (50.7)
40.3(37.14t042.14)
3437 (550)

373(10)

373(10)

155 (4)

2878 (77)

9.8(0.4)
141.6 (6.7)
33.8(26.4t049.7)

16.9 (14410 23.3)
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TABLE 2.1.1. Continued

Total group (n=3,737)

Total fat mass, median (95% range) 8417 (4905 to 19116)
Android/gynoid fat mass ratio, median (95% range) 0.24 (0.16 to 0.44)
Subcutaneous fat mass, median (95% range), g 1294 (642 to 4271)
Visceral fat mass, median (95% range), g 369 (187 to 853)

Blood pressure
Systolic, mean (SD), mmHg 103.1(7.9)
Diastolic, mean (SD), mmHg 58.5 (6.4)

Lipid concentrations

Total cholesterol, mean (SD), mmol/I 4.31(0.66)
High-density lipoprotein-cholesterol, mean (SD), mmol/I 1.48 (0.34)
Triglycerides, median (95% range), mmol/I 0.98 (0.47 to 2.28)
Glucose, mean (SD), mmol/I 5.20(0.94)
Insulin, median (95% range), pmol/I 174.60 (45.87 to 512.40)
Overweight/obese, n (%) 643 (17.2)
Clustering of cardio-metabolic risk factors, n (%) 261(7)

Childhood cardio-metabolic risk factors

Figure 2.1.2 shows that, in the confounder model, 1-SDS higher maternal early-
pregnancy glucose and insulin concentrations were associated with an increased
risk of childhood overweight (odds ratio (OR) 1.14, 95% Confidence Interval (Cl): 1.04
to 1.24 and OR 1.20, 95% CI: 1.10 to 1.32 per SDS increase in maternal glucose and
insulin concentrations, respectively). A 1-SDS higher maternal early-pregnancy insulin
concentration, but not glucose concentration, was associated with clustering of cardio-
metabolic risk factors in childhood (OR 1.20, 95% Cl: 1.04 to 1.38 per SDS increase in
maternal insulin concentration). All of these associations attenuated to nonsignificance
after adjustment for maternal prepregnancy BMI. Table 2.1.2 shows the associations
of maternal glucose and insulin concentrations with each of the childhood cardio-
metabolic risk factors separately. In the confounder model, a 1-SDS higher maternal
glucose concentration was associated with lower HDL cholesterol (-0.04 SDS, 95% Cl:
—0.08 to —0.01 per SDS increase in glucose concentration). A 1-SDS higher maternal
insulin concentration was associated with higher childhood BMI (0.05 SDS, 95% Cl:
0.02 to 0.08 per SDS increase in insulin concentration) and systolic blood pressure (0.04
SDS, 95% Cl: 0.01 to 0.07 per SDS increase in insulin concentration). These associations
attenuated to nonsignificance after adjustment for maternal prepregnancy BMI. A 1-
SDS higher maternal early-pregnancy glucose concentration was associated with higher
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glucose concentration in childhood (0.08 SDS, 95% Cl: 0.04 to 0.11 per SDS increase in
maternal glucose concentration), whereas a 1-SDS higher maternal early-pregnancy
insulin concentration was associated with higher childhood insulin concentration
(0.07 SDS, 95% Cl: 0.03 to 0.10 per SDS increase in maternal insulin concentration). The
association of maternal glucose concentration with childhood glucose concentration
was not affected by additional adjustment for maternal prepregnancy BMI, whereas the
association of maternal early-pregnancy insulin concentration with childhood insulin
concentration only slightly attenuated after adjustment for maternal prepregnancy BMI.
Further adjustment for gestational weight gain, birthweight, infant breastfeeding, and
childhood BMI did not materially affect the associations (Supplementary Table S2.1.2).

Risk of childhood Risk of childhood clustering of
overweight cardio-metabolic risk factors

o

Hi

ik
Hp—
@
i
i
—@—
el

of cardio-metabolic risk factors (95%Cl)

Black triangle: Basic model®
Black circle: Confounding model®
Black square: Maternal BMI model®

0,2

Maternal glucose ~ Maternal insulin Maternal glucose ~ Maternal insulin
concentrations (SD) concentrations (SD) concentrations (SD) concentrations (SD)

Odds Ratio for the risk of childhood overwegiht and clustering

FIGURE 2.1.2. Associations of maternal early-pregnancy glucose and insulin concentrations and childhood risks of overweight
and clustering of cardio-metabolic risk factors.

Values represent odds ratios (95% confidence interval) from logistic regression models that reflect the risks of childhood overweight
for SDS change in maternal glucose and insulin concentrations.

Basic model includes gestational age at enrolment, child’s age and sex at follow up measurements

bConfounding model includes the basic model additionally adjusted for ethnicity, maternal educational level

‘Maternal BMI model includes the confounder model additionally adjusted for maternal prepregnancy BMI
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Childhood general and abdominal fat

Table 2.1.3 shows that in the confounder model, a 1-SDS higher maternal early-
pregnancy insulin concentration, but not glucose concentration, was associated with
higher childhood total fat mass index (0.06 SDS, 95% Cl: 0.03 to 0.09 per SDS increase in
insulin concentration), android/gynoid fat mass ratio (0.05 SDS, 95% Cl: 0.02 to 0.08 per
SDS increase in insulin concentration), and subcutaneous fat mass index (0.07 SDS, 95%
Cl: 0.03 to 0.11 per SDS increase in insulin concentration). All of these associations of
maternal insulin concentration with childhood total fat mass index, android/gynoid fat
mass ratio, and abdominal subcutaneous fat mass index attenuated to nonsignificance
after adjustment for maternal prepregnancy BMI. No associations of maternal glucose
or insulin concentrations with childhood visceral fat mass index were present.

TABLE 2.1.3. Associations of maternal early-pregnancy glucose and insulin concentrations with childhood general and
abdominal fat

Total fat mass Android/gynoid Subcutaneous Visceral
Index fat mass ratio fat mass index fat mass index
(SDS) (SDS) (SDS) (SDS)

Model (n=3684) (n=3691) (n=1919)¢ (n=1919)¢

Maternal glucose concentrations (SDS)

Basic model® 0.05 0.04 0.04 -0.01

(0.02 to 0.08)* (0.00 to 0.07) (-0.01 to 0.08) (-0.05 to 0.04)
Confounding model®  0.03 0.02 0.03 -0.01

(0.00 to 0.06) (-0.01 to 0.05) (-0.02 to 0.07) (-0.06 to 0.03)
Maternal BMI model©  N.A. N.A. N.A. N.A.

Maternal insulin concentrations (SDS)

Basic model® 0.11 0.09 0.1 0.03

(0.08 to 0.14)* (0.06 to 0.12)* (0.06 to 0.15)* (-0.01 to 0.08)
Confounding model®  0.06 0.05 0.07 0.02

(0.03 to 0.09)* (0.02 to 0.08)* (0.02t0 0.11)* (-0.02 t0 0.07)
Maternal BMI model©  0.01 0.01 0.02 N.A.

(-0.02 to 0.04) (-0.02 to 0.04) (-0.02 to 0.06)

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in childhood
outcomes in SDS per SDS change in maternal glucose and insulin concentrations. Estimates are based on multiple imputed data.
SDS: standard deviation score, N.A.: not applicable

9Basic model includes gestational age at enrolment, child’s age and sex at follow up measurements

Confounding model includes the basic model additionally adjusted for ethnicity, maternal educational level

‘Maternal BMI model includes the confounder model additionally adjusted for maternal prepregnancy BMI

4Magnetic resonance imaging follow up measurements were performed in a subgroup of children

*p-value<0.013 (Bonferroni corrected p-value for multiple testing)
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Sensitivity analyses

No differences in findings were present when mothers with gestational diabetes were
excluded from the analyses (data not shown). We observed largely similar results when
children with adverse birth outcomes were excluded from the analyses (Supplementary
Tables S2.1.3-S2.1.6).

DISCUSSION

In this prospective cohort study, we observed that higher maternal early-pregnancy
glucose and insulin concentrations were associated with higher childhood glucose
and insulin concentrations at the age of 10 years. The associations of maternal early-
pregnancy glucose and insulin concentrations with other childhood cardio-metabolic
risk factors and detailed measurements of general and abdominal fat were explained by
maternal prepregnancy BMI.

Interpretation of main findings

A high number of pregnancies are complicated by gestational diabetes. Next to an
increased risk of maternal complications, intrauterine exposure to gestational diabetes
is associated with adverse cardio-metabolic outcomes in the offspring (4). Previous
studies have already reported associations between higher late-pregnancy maternal
glucose concentrations already below the clinical threshold of gestational diabetes with
offspring cardio-metabolic risk factors (6, 31, 32). A study among 970 Chinese mother-
child pairs reported that third-trimester maternal fasting glucose concentrations were
associated with a higher risk for obesity, higher systolic blood pressure, and abnormal
glucose tolerance at the age of 7 years, independent of maternal prepregnancy BMI
(6). A cohort study in the United Kingdom including 2,563 women and their offspring
showed that, independent of maternal prepregnancy BMI, glycosuria in midpregnancy
was associated with higher offspring BMI and fasting insulin concentrations but not
with blood pressure and lipid concentrations (31). It is likely that women who develop
gestational diabetes or hyperglycemia later in pregnancy already have a suboptimal
glucose metabolism in early pregnancy, a critical period for placental and fetal cardio-
metabolic development (9, 33). Suboptimal maternal glucose and insulin concentrations
in early pregnancy may adversely affect placental development, predisposing to
alterations in fetal nutrient supply, growth, and development (34). In addition,
suboptimal maternal early-pregnancy glucose concentrations may have direct adverse
influences on fetal cardio-metabolic development (9).
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In the current study, we observed that higher maternal glucose and insulin
concentrations in early pregnancy were associated with higher childhood risks of
overweight and clustering of cardio-metabolic risk factors. However, these associations
attenuated after adjustment for maternal prepregnancy BMI. These findings suggest
that maternal prepregnancy BMI, a known risk factor for insulin resistance in pregnancy
and cardio-metabolic risk factors in childhood, explains the associations of maternal
early-pregnancy glucose and insulin concentrations with childhood overweight and
cardio-metabolic risk factors (9). When we further explored the associations of maternal
early-pregnancy glucose and insulin concentrations with individual cardio-metabolic
risk factors, we observed that higher maternal glucose and insulin concentrations were
associated with higher offspring glucose and insulin concentrations, respectively. These
associations were independent of maternal prepregnancy BMI, gestational weight
gain, birthweight, infant breastfeeding, and childhood BMI. Findings were also similar
when we excluded children with adverse birth outcomes from the analyses. Thus,
these factors do not seem to explain the associations of maternal glucose and insulin
concentrations with childhood glucose metabolism. This suggests that at least part of
the association may be due to an intrauterine effect of maternal glucose and insulin
concentrations on offspring glucose metabolism. Similar to previous studies performed
later in pregnancy using fasting glucose samples, we did not find an association of
maternal early-pregnancy glucose and insulin concentrations with childhood BMI,
blood pressure, and lipid concentrations, independent of maternal prepregnancy BMI
(31).Thus, our results suggest that maternal glucose and insulin concentrations, as soon
as early pregnancy, are related to higher childhood glucose and insulin concentrations,
irrespective of maternal, birth, and childhood characteristics, but not to other cardio-
metabolic outcomes. Whether maternal factors other than impaired glucose metabolism
as a consequence of higher maternal BMI, such as altered maternal hormone status,
play a role in the association of maternal prepregnancy BMI with childhood BMI, blood
pressure, and lipids should be further studied.

Animal and mechanistic studies proposed that offspring fat accumulation and adverse
fat distribution might be involved in the associations of maternal hyperglycemia with
offspring cardio-metabolic risk factors. Observational studies have confirmed this
hypothesis and reported associations of maternal fasting glucose concentrations in
pregnancy with adverse offspring body fat composition, measured by sum of skinfolds
and waist circumference (6, 7, 31, 35). However, these measures are suboptimal, as
waist circumference does not distinguish subcutaneous from visceral fat, whereas
visceral abdominal fat is much more closely related to risk of cardio-metabolic disease
in later life (14). In the present study, we observed that higher maternal early-pregnancy
insulin concentrations but not glucose concentrations were associated with childhood
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total body fat mass, android/gynoid fat mass ratio, and subcutaneous abdominal fat
mass. In line with the associations of maternal glucose and insulin concentrations
with childhood BMI, blood pressure, and lipids, all associations of maternal glucose
and insulin concentrations with detailed measurements of childhood general and
abdominal fat in the present study were fully explained by maternal prepregnancy
BMI. Contrary to our hypothesis, no specific associations with childhood visceral fat
mass were present. It might be that associations with childhood visceral fat are more
apparent among higher risk populations or at older ages. Further studies are needed to
explore the detailed role of a suboptimal offspring body fat distribution in response to
impaired maternal glucose metabolism during pregnancy within different populations
and using advanced imaging techniques. Based on our results, it seems that maternal
early-pregnancy glucose and insulin concentrations are associated with childhood
subcutaneous fat accumulation, but these associations are explained by maternal
prepregnancy BMI.

Within this study, we only observed independent associations of maternal early-
pregnancy glucose and insulin concentrations with childhood glucose and insulin
concentrations. These associations provide insight into potential underlying
mechanisms, and they may be explained through several pathways. First, shared
genetic factors are expected to have a contribution in the association between maternal
glucose and insulin concentrations with offspring glucose and insulin concentrations
(36). Second, higher maternal early-pregnancy glucose concentrations lead to fetal
hyperinsulinemia, whereas higher maternal early-pregnancy insulin concentrations
are involved in protein, lipolysis, and early placental development. Together, this
could cause alternations in fetal nutrient supply, affecting fetal pancreatic beta-cell
development and increasing fetal insulin secretion. These irreversible alterations may
subsequently lead to increased glucose and insulin concentrations in childhood (9, 37,
38). Furthermore, higher maternal glucose concentrations may also be involved in gene
expression through DNA methylation, leading to altered insulin secretion in the offspring
(39). Further studies are needed to disentangle the complex mechanisms underlying
the association of maternal glucose and insulin concentrations with childhood glucose
metabolism.

The observed effect estimates for the associations of maternal early-pregnancy glucose
and insulin concentrations with childhood glucose and insulin concentrations were
relatively small but they may be important on a population level. Previous studies have
shown that childhood glucose and insulin concentrations tend to track into adulthood.
A study among 1,766 children showed that children with higher fasting glucose
concentrations at the age of 10 years had a higher risk of developing type 2 diabetes
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in adolescence (6). Similarly, a study among 1,723 children reported that children with
higher fasting glucose concentrations within the normal range had a higher risk of
prediabetes and type 2 diabetes in adulthood (7). A study among 4,857 American Indian
children without diabetes showed that children with higher glucose concentrations
after a glucose tolerance test had a higher risk of premature death, but this effect was
not independent of concurrent childhood BMI (40). Together, these findings suggest
that even subclinical differences in childhood glucose and insulin concentrations may
be related to the development of type 2 diabetes in later life (41). Maternal prepregnancy
BMI seems to explain the associations of maternal glucose and insulin concentrations
with other childhood cardio-metabolic risk factors and childhood body fat development.
This suggests that preventive strategies, aimed at improving offspring cardio-metabolic
health, might be more effective when focusing on optimizing maternal prepregnancy
BMI than on optimizing maternal glucose concentrations from early pregnancy onward.

Methodological considerations

Strengths of this study are the prospective design, large sample size, and the use of
detailed fat measures obtained through MRI. Although only 61% of children from
mothers with information on glucose and insulin concentrations in pregnancy
participated in follow-up measurements, we do not expect that nonresponse affected
our effect estimates, as maternal insulin and glucose concentrations did not differ
between these groups. The generalizability of our results may be affected by a selection
toward a relatively healthy, high-educated study population. We obtained nonfasting
glucose and insulin concentrations, sampled on nonfixed times throughout the day.
This may have led to nondifferential misclassification, causing an underestimation of
our associations. Although we simultaneously measured insulin concentrations to
substantiate our findings, random glucose concentrations cannot directly assess insulin
resistance. However, random glucose concentrations are useful for identifying women
at risk for gestational diabetes and they are used in clinical practice as a screening
method in early pregnancy (42, 43). In addition, we measured maternal glucose and
insulin concentrations once during early pregnancy. Impaired glucose tolerance in early
pregnancy has been suggested to persist throughout pregnancy (33). Further studies
are needed with multiple, more detailed maternal glucose measurements, including
fasting glucose concentrations and detailed postprandial glucose measurements
throughout pregnancy. These studies also need to use more advanced statistical
methods to provide further insight into critical periods for potential adverse effects of
impaired maternal glucose metabolism on offspring glucose metabolism. We did not
have information available on clinical diagnosis of type 2 diabetes in the offspring.
However, we expect the percentage of childhood type 2 diabetes according to clinical
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diagnosis within our cohort to be low, as the average age of the children in our cohort
is 9.8 years, whereas the onset of type 2 diabetes mostly occurs at later childhood
ages (44). Further studies are needed to assess whether maternal early-pregnancy
glucose and insulin concentrations are also associated with the risk of type 2 diabetes
in the offspring during adolescence. Finally, although we had detailed information on
maternal and childhood sociodemographic and lifestyle factors available, because
of the observational study design, residual confounding by, for example, childhood
dietary factors and physical activity may have influenced our results.

CONCLUSIONS

Maternal early-pregnancy random glucose and insulin concentrations were associated
with higher childhood glucose and insulin concentrations, independent of maternal
and childhood characteristics. When taking maternal prepregnancy BMI into account,
no associations of maternal glucose and insulin concentrations with other childhood
cardio-metabolic risk factors were present.
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SUPPLEMENTARY MATERIAL

Supplementary Methods 52.1.1: Log-log regression analyses

For our fat measures, we created index variables, which were made independent of
height. We did this by dividing our fat measurements by the optimal adjustment for
height. The optimal adjustment was determined using log-log regression analyses (1).
Total fat mass, subcutaneous fat mass, visceral fat mass and height were log-transformed
using natural logs. We performed linear regression analyses with log-fat measures as
the dependent variable and log- height as the independent variable. The regression
slope corresponds with the power by which height should be raised. This resulted
in the following index values of the fat measures: total fat mass divided by height*,
subcutaneous fat mass divided by height* and visceral fat mass divided by height®.

1. Wells JC, Cole TJ, steam As: Adjustment of fat-free mass and fat mass for height in children
aged 8Yy. Int J Obes Relat Metab Disord 2002;26:947-952
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SUPPLEMENTARY TABLE $2.1.1. Non-response analysis for loss to follow-up at the age of 10 years (n=6,117)

Follow up at 10

No follow up at 10

years years
(n=3,737) (n=2,380) P-value*

Maternal Characteristics
Age at enrolment, mean (SD), years 30.7 (4.7) 28.3(5.2) <0.01
Height, mean (SD), cm 168.2 (7.4) 166.5 (7.3) <0.01
Pre-pregnancy weight, median (95% range), kg 65.0 (50.3 t0 90.0) 63 (50.0 to 92.0) <0.01
Pre-pregnancy BMI, median (95% range), kg/m? 22.6(18.8t031.9) 22.6(18.6t0 32.8) 0.64
Gestational weight gain, mean (SD), kg 15.1(5.7) 15.1(6.3) 0.82
Gestational age at intake, median (95% range), weeks 13.2(10.5t0 17.1) 13.4(10.4t0 17.4) <0.01
Parity, n nulliparous (%) 2230 (59.7) 1244 (52.3) <0.01
Ethnicity, n (%) <0.01

Dutch/European 2492 (66.7) 1088 (49.7)

Other 1191 (31.9) 1103 (46.3)
Education level, n high (%) 1855 (49.6) 695 (33.0) <0.01
Smoking during pregnancy, n yes (%) 853 (22.8) 673 (29.2) <0.01
Folic acid supplement use, n yes (%) 2363 (63.2) 1126 (47.3) <0.01
Glucose, mean (SD), mmol/I 4.40 (0.86) 4.38(0.82) 0.39
Insulin, median (95% range), pmol/I 114.0 (24.05) 11535 0.06
Gestational diabetes, n (%) 34(0.9) 28(1.2) 0.27
Daily calorie intake, mean (SD), kcal 2050 (548) 2008 (588) 0.02
Birth characteristics
Gender, n female (%) 1,894 (50.7) 1,123 (47.2) 0.01
Birthweight, mean (SD), grams 3,437 (550) 3,386 (583) <0.01
Gestational age at birth, median (95% range), weeks 40.3 (37.1to 42.1) 40.0 (36.4 to 42.0) <0.01

*Differences in subject characteristics between the groups were evaluated using unpaired t-tests for the normally distributed
continuous variables, Mann-Whitney U tests for the not-normally distributed continuous variables and chi-square tests for
proportions.
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SUPPLEMENTARY TABLE S2.1.2. Associations of maternal early-pregnancy glucose and insulin concentrations with childhood
glucose and insulin concentrations after adjustment for maternal and childhood characteristics

Model

Glucose
Concentrations
(SDS)

(n=2,589)

Insulin
Concentrations
(SDS)

(n=2,583)

Maternal glucose concentrations (SDS)

Gestational weight gain model®

Birthweight model®
Infant model*

Child BMI model¢

Maternal insulin concentrations (SDS)

Gestational weight gain model®

Birthweight model®
Infant model®

Child BMI model*

0.07 (0.03 to 0.12)*
0.08 (0.04 to 0.12)*
0.07 (0.03to 0.11)*
0.07 (0.03 to 0.11)*

0.02 (-0.02 t0 0.07)
0.03 (-0.01 t0 0.07)
0.02 (-0.02 to 0.07)
0.02 (-0.02 t0 0.07)

0.03 (-0.02 t0 0.07)
0.03 (-0.01 to 0.07)
0.03 (-0.01 to 0.06)
0.03 (-0.01 to 0.07)

0.05 (0.01 to 0.10)*
0.06 (0.02 to 0.10)*
0.06 (0.02 to 0.10)*

0.06 (0.02 to 0.09)*

*p-value<0.013 (Bonferroni corrected p-value for multiple testing)

aGestational weight gain model includes the maternal BMI model additionally adjusted for gestational weight gain
bBirthweight model includes the maternal BMI model additionally adjusted for gestational-age-adjusted birthweight
<Infant model includes maternal BMI model additionally adjusted for breastfeeding in infancy

4Child BMI model, the maternal BMI model additionally adjusted for child’s BMI during follow up measurement at 10 years
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Chapter 2.1

SUPPLEMENTARY TABLE S2.1.5. Associations of maternal early-pregnancy glucose and insulin concentrations with childhood
general and abdominal fat after exclusion of children born premature

Total fat mass Android/gynoid Subcutaneous Visceral

Index fat mass ratio fat mass index fat mass index

(SDS) (SDs) (SDS) (SDs)
Model (n=3,540) (n=3,540) (n=1,846)¢ (n=1,846)¢
Maternal glucose concentrations (SDS)
Basic model® 0.05 0.04 0.03 -0.01

(0.02 to 0.08)* (0.01 t0 0.07) (-0.01 to 0.08) (-0.06 to 0.03)
Confounding model® 0.03 0.02 0.02 -0.02

(0.00 to 0.06) (-0.01 to 0.06) (-0.02 to 0.06) (-0.06 to 0.03)
Maternal BMI model* N.A. N.A. N.A. N.A.
Maternal insulin concentrations (SDS)
Basic model® 0.11 0.09 0.10 0.03

(0.08 to 0.14)* (0.06 to 0.12)* (0.06 to 0.15)* (-0.02 t0 0.07)
Confounding model® 0.07 0.05 0.07 0.02

(0.04 to 0.10)* (0.02 to 0.08)* (0.03t0 0.11)* (-0.03 to 0.06)
Maternal BMI model* 0.02 0.01 0.02 N.A.

(-0.01 to 0.05)

(-0.02 to 0.05)

(-0.02 to 0.06)

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in childhood
outcomes in SDS per SDS change in maternal glucose and insulin concentrations. Estimates are based on multiple imputed data.

N.A.: not applicable, SDS: standard deviation score

9Basic model includes gestational age at enrolment, child’s age and sex at follow up measurements
bConfounding model includes the basic model additionally adjusted for ethnicity, maternal educational level

‘Maternal BMI model includes the confounder model additionally adjusted for maternal prepregnancy BMI

“Magnetic resonance imaging follow up measurements were performed in a subgroup of children
*p-value<0.013 (Bonferroni corrected p-value for multiple testing)
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SUPPLEMENTARY TABLE S2.1.6. Associations of maternal early-pregnancy glucose and insulin concentrations with childhood
general and abdominal fat after exclusion of children small or large for gestational age at birth

Total fat mass Android/gynoid Subcutaneous Visceral
Index fat mass ratio fat mass index fat mass index
(SDS) (SDS) (SDs) (SDS)
Model (n=2951) (n=2951) (n=1544)¢ (n=1544)¢
Maternal glucose concentrations (SDS)
Basic model® 0.04 (0.01 to 0.08) 0.04 (0.00 to 0.07) 0.04 (-0.01 to 0.09) -0.01 (-0.06 to 0.04)

Confounding model® 0.03 (-0.01 to 0.06)
Maternal BMI model* N.A.

Maternal insulin concentrations (SDS)

Basic model® 0.11(0.08 to 0.14)*
Confounding model® 0.06 (0.03 to 0.09)*

Maternal BMI model® 0.01 (-0.02 to 0.04)

0.02 (-0.01 to 0.05)

N.A.

0.10 (0.06 to 0.13)*
0.06 (0.03 to 0.10)*

0.02 (-0.01 to 0.06)

0.03 (-0.02 to 0.07)
N.A.

0.11(0.06 to 0.15)*
0.07 (0.03 t0 0.12)*

0.02 (-0.03 to 0.06)

-0.02 (-0.07 to 0.03)

-0.06 (-0.11 t0 -0.01)

0.03 (-0.02 to 0.08)
0.02 (-0.03 to 0.06)

N.A.

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in childhood

outcomes in SDS per SDS change in maternal glucose and insulin concentrations. Estimates are based on multiple imputed data.

N.A.: not applicable, SDS: standard deviation score

9Basic model includes gestational age at enrolment, child’s age and sex at follow up measurements

tConfounding model includes the basic model additionally adjusted for ethnicity, maternal educational level

“Maternal BMI model includes the confounder model additionally adjusted for maternal prepregnancy BMI

4Magnetic resonance imaging follow up measurements were performed in a subgroup of children

*p-value<0.013 (Bonferroni corrected p-value for multiple testing)
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Chapter 2.2

ABSTRACT

Background and aims: Gestational diabetes seems to be associated with offspring
non-alcoholic fatty liver disease. We hypothesized that maternal glucose concentrations
across the full range may have persistent effects on offspring liver fat accumulation.

Methods: In a multi-ethnic population-based prospective cohort study among 2,168
women and their offspring, maternal early-pregnancy glucose concentrations were
measured at a median of 13.1 weeks’ gestation (95% range 9.6 to 17.2 weeks). Liver fat
fraction was measured at 10 years by magnetic resonance imaging. Non-alcoholic fatty
liver disease was defined as liver fat fraction =5.0%. We performed analyses among all
mothers with different ethnic backgrounds and those of European ancestry only.

Results: The multi-ethnic group had a median maternal early-pregnancy glucose
concentration of 4.3 mmol/l (IQR 3.9 to 4.9) and a 2.8% (n=60) prevalence of non-
alcoholic fatty liver disease. The models adjusted for child age and sex only showed
that in the multi-ethnic group higher maternal early-pregnancy glucose concentrations
were associated with higher liver fat accumulation and higher odds of non-alcoholic
fatty liver disease, but these associations attenuated into non-significance after
adjustment for potential confounders. Among mothers of European ancestry only,
maternal early-pregnancy glucose concentrations were associated with increased odds
of non-alcoholic fatty liver disease (OR 1.95 (95% Cl: 1.32 to 2.88 after adjustment for
confounders) per 1 mmol/lincrease in maternal early-pregnancy glucose concentration).
These associations were not explained by maternal pre-pregnancy and childhood BM|,
visceral fat and metabolic markers.

Conclusions: In this study, maternal early-pregnancy glucose concentrations were only
among mothers of European ancestry associated with offspring non-alcoholic fatty liver
disease. The associations of higher maternal early-pregnancy glucose concentrations
with offspring non-alcoholic fatty liver disease may differ between ethnic groups.
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INTRODUCTION

Pre-existing diabetes and gestational diabetes are complicating up to 25% of
pregnancies (1-3). Recent studies suggest that gestational diabetes leads to impaired
offspring cardiovascular and metabolic health in childhood and adulthood (4-7). The
observed associations seem not to be restricted to the clinical diagnosis of gestational
diabetes but are also present across the full range of maternal glucose concentrations
(8,9). Previous studies suggest that gestational diabetes is also associated with offspring
markers of liver pathology (10-15). Results from animal studies suggest that offspring of
maternal pregnancy hyperglycemia are predisposed to develop liver steatosis (12-15).
In humans, a case-control study among 25 mothers showed that intrahepatocellular
lipid content, as measured by magnetic resonance spectroscopy, was increased in
neonates of mothers with both obesity and gestational diabetes compared to neonates
of mothers with both normal weight and without gestational diabetes (11). Another
study among 1,215 mother-child pairs reported that maternal pregnancy diabetes
or glycosuria was associated with an increased risk for ultrasound-diagnosed non-
alcoholic fatty liver disease at 17.8 years of age, independent of maternal pre-pregnancy
BMI (10). We have previously shown that maternal early-pregnancy glucose metabolism
is associated with childhood glucose metabolism, but not with other childhood
cardiometabolic outcomes after adjustment for maternal pre-pregnancy BMI (8). Also
liver fat accumulation is related to risk factors for cardiometabolic disease, independent
of total body fat (16, 17). We hypothesized that higher maternal glucose concentrations
across the full range in early pregnancy are associated with liver fat accumulation in the
offspring. Such associations may predispose individuals to liver and cardio-metabolic
disease in later life.

We assessed the associations of maternal early-pregnancy glucose concentrations with
offspring liver fat accumulation and non-alcoholic fatty liver disease with magnetic
resonance imaging (MRI) at 10 years of age in a multi-ethnic population-based
prospective cohort among 2,168 mothers and their children. Because both glucose
concentrations, liver fat and the associations between them may differ between ethnic
groups, we performed analyses in the full multi-ethnic group and in the group of
European ancestry only.
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METHODS

Study population

This study was embedded in the Generation R Study. This is a multi-ethnic population-
based prospective cohort from early fetal life onwards, based in Rotterdam, the
Netherlands (18). The study has been approved by the Medical Ethical Committee of
the Erasmus University Medical Center in Rotterdam (MEC 198.782/2001/31). Written
informed consent was obtained for all participants (19). All pregnant women were
enrolled between 2001 and 2005. The enrollment procedure has been described in
detail previously (20). In total, 8,879 women were enrolled during pregnancy, of whom
6,099 were enrolled in early pregnancy, had measurements of glucose concentrations
available and had singleton pregnancies. MRI-based liver fat measurements at 10 years
of age were available in a subgroup of 2,168 of their children (Figure 2.2.1). None of
these children had a history of jaundice, medication use, alcohol use, smoking, or drug
use, based on information from questionnaires at 10 years of age. Missing measurements
were mainly due to whether or not the child attended the MRI subgroup study at 10
years of age, lost to follow-up, no data on liver fat or MRl artifacts (19).

Maternal early-pregnancy glucose and insulin concentrations

Non-fasting blood samples were collected once in early pregnancy at 13.1 median
weeks’ gestation (95% range, 9.6 to 17.2), as previously described (8, 21). Briefly, venous
blood samples were collected from pregnant women. Although samples were at least 30
minutes post-meal, we had no information on the exact time interval of the post-meal
fasting duration and therefore consider all samples random. Glucose concentration
(mmol/l) is an enzymatic quantity and was measured with c702 module on the Cobas
8000 analyzer (Roche, Almere, the Netherlands). Insulin concentration (pmol/l) was
measured with electrochemiluminescence immunoassay on the Cobas e411 analyzer
(Roche). Quality control samples demonstrated intra- and inter-assay CVs of 0.9%
and 1.2% for glucose concentrations and of 1.3% and 2.5% for insulin concentrations,
respectively. Information on pre-existing diabetes was obtained from self-reported
questionnaires and on gestational diabetes from medical records after delivery (19).
Gestational diabetes was diagnosed by a community midwife or an obstetrician
according to Dutch midwifery and obstetric guidelines (19, 22). The following criteria
were used: either a random glucose level >11.0 mmol/I, a fasting glucose >7.0 mmol/I,
or a fasting glucose between 6.1 and 6.9 mmol/l with a subsequent abnormal glucose
tolerance test (22). In clinical practice and for this study sample, an abnormal glucose
tolerance test was defined as a glucose level greater than 7.8 mmol/| after glucose
intake.
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n=8,879
Mothers prenatally enrolled in the study
n=1,810
«| Excluded:
i Inclusion after 18 weeks
A4 gestation
n=7,069
Mothers prenatally enrolled before 18 weeks gestation
n=900
Excluded:
> nodataon early-pregnancy
i glucose concentrations
n=6,169
Mothers with information on early-pregnancy glucose
concentrations
n=70
> Excluded:
non-singleton live births

n=6,099
Mothers with information on early-pregnancy glucose
concentrations available and singleton live births

n=3,318

Excluded:

sl notincluded in MRI subgroup
study at 10 years of age (not

invited)
n=2,781
Mothers with information on maternal early-pregnancy glucose
concentrations and singleton children included in the MRI
subgroup study =613
N Excluded:
no data on liver fat fraction at
10 years of age available
n=2,168

Population for analyses:

mother child couples with information on maternal early-
pregnancy glucose concentrations and singleton children with liver
fat fraction at 10 years of age

FIGURE 2.2.1. Flow chart of the study participants

Liver fat at 10 years

We measured liver fat using a 3.0 Tesla MRI scanner (Discovery MR750w, GE Healthcare,
Milwaukee, Wisconsin, United States) as described previously (19, 23-25). A liver fat scan
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was performed using a single-breath-hold, 3D volume and a special 3-point proton
density weighted Dixon technique (IDEAL IQ) for generating a precise liver fat fraction
image (26). The IDEAL IQ scan is based on a carefully tuned 6-echo echo planar imaging
acquisition. The obtained fat fraction maps were analyzed by the Precision Image
Analysis (PIA) (Kirkland, Washington, United States) using the sliceOmatic (TomoVision,
Magog, Canada) software package. All extraneous structures and any image artifacts
were removed manually (27). Liver fat fraction was determined by taking four samples
of at least 4cm? from the central portion of the hepatic volume. Subsequently, the mean
signal intensities were averaged to generate an overall mean liver fat estimation. Liver
fat measured with IDEAL IQ using MRI is reproducible, highly precise and validated in
adults (28, 29). Non-alcoholic fatty liver disease was defined as liver fat >5.0% (23, 29,
30). We studied liver fat fraction across the full range and dichotomized in low, <5.0%,
and high, =5.0%, based on the clinical cutoff for non-alcoholic fatty liver disease (31).
As a sensitivity analysis, we dichotomized liver fat into low, <2.0%, and high, >2.0%,
based on the median liver fat fraction in our population and on previous work from our
group describing that liver fat accumulation above 2.0% is already associated with an
increased cardio-metabolic risk profile in children (16).

Covariates

Information was obtained by questionnaires on maternal age, parity, ethnicity, education
level, smoking, alcohol consumption, folic acid supplement use, pre-pregnancy weight,
and total daily energy intake during pregnancy (18). We categorized ethnicity into
European (Dutch n=1,258 (58.8%) and other European n=168 (7.7%)) versus Non-
European (Cape Verdean n=98 (4.6%), other African n=21 (1.0%), Dutch Antillean n=42
(2.0%), Surinamese n=172 (8.0%), American n=43 (2.0%), Asian n=48 (2.1%), Indonesian
n=75 (3.5%), Turkish n=117 (5.5%), Moroccan n=95 (4.4%), Oceanian n=4 (0.2%)). We
measured maternal height without shoes at intake and calculated pre-pregnancy BMI.
Non-fasting venous blood samples were obtained in early pregnancy, total cholesterol
(mmol/l), triglyceride (mmol/l) and high-density lipoprotein cholesterol (HDL) (mmol/l)
concentrations were analyzed. Low-density lipoprotein (LDL) (mmol/l) concentrations
were calculated using the Friedewald equation (32). Maternal dyslipidemia was defined
as having three or more out of the following four adverse factors: total cholesterol above
the seventy-fifth percentile to triglycerides above the seventy-fifth percentile to HDL
cholesterol below the twenty-fifth percentile, and LDL cholesterol above the seventy-
fifth percentile of our study population. Information on child gestational age at birth,
sex, and birthweight was obtained from medical records (19). We obtained information
on breastfeeding in infancy by questionnaire (19). Non-fasting blood samples were
collected to determine concentrations of insulin, total cholesterol, triglycerides, HDL

60



Maternal early-pregnancy glucose metabolism and childhood liver fat

cholesterol and LDL cholesterol at 6 years of age (33). At the 10 years of age follow-
up visit, we measured childhood height and weight, both without shoes and heavy
clothing, and calculated BMI and sex- and age-adjusted childhood BMI standard
deviation score (SDS) based on Dutch reference growth charts (Growth Analyzer 4.0,
Dutch Growth Research Foundation) (34). Visceral fat mass was obtained by MRI scans,
as described previously (19, 35). Physical activity and screen time were assessed with
questionnaires at 10 years of age (36). Non-fasting venous blood samples were obtained
and we measured glucose and insulin concentrations.

Statistical analysis

We conducted a non-response analysis to compare characteristics of mothers and
children with and without liver MRI scan measurements with Student’s t-tests, Mann-
Whitney tests and Chi-square tests. Second, we used linear and logistic regression
models to assess associations of maternal early-pregnancy glucose concentrations
across the full range with liver fat accumulation and with the odds of non-alcoholic fatty
liver disease. Potential covariates were first selected based on previous literature, their
association with both the exposure and the outcome or a change in the effect estimates
of >10% in the basic model as shown with the Directed Acyclic Graph (Supplementary
Figure S2.2.1), subsequently we performed a backward model selection analysis
(10, 37). The basic model was adjusted for child sex and age 10 years at follow-up
measurements. The main confounder model was additionally adjusted for maternal
ethnicity, education, and child physical activity. We further adjusted any significant
association in the main model for maternal pre-pregnancy BMI, dyslipidemia, and child
metabolic markers at 6 years, BMI at 10 years, visceral fat mass at 10 years, and glucose
concentrations at 10 years to explore whether any significant association was explained
by these covariates (3, 8, 38).

Because both glucose concentrations, liver fat and the associations between them
may differ between ethnic groups, we performed analyses in the full multi-ethnic
group and in the European ancestry only groups (Supplementary Table S2.2.1) (39).
Unfortunately, the other ethnic subgroups were too small to perform ethnic specific
analyses. As sensitivity analysis, first, we repeated all analyses using maternal early-
pregnancy insulin concentrations as exposure as another marker of maternal glucose
metabolism in early pregnancy. Maternal early-pregnancy insulin concentrations were
natural log-transformed before the SDS construction due to the skewed distribution.
Second, to assess the associations of maternal early-pregnancy glucose concentrations
with a potentially clinically relevant liver fat cutoff, we repeated the analyses using liver
fat dichotomized in low, <2.0%, and high, >2.0%, liver fat. Third, we explored whether
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our observed associations were affected by specific subgroups in our study population.
We first excluded women with the pre-existing diabetes or gestational diabetes (total
n=28) to focus specifically on a non-diabetic population. Second, we excluded women
with glucose concentrations sampled at >14 weeks’ gestation to assess the associations
of first trimester maternal glucose concentrations with liver fat accumulation at school
age (n=702); The distribution of liver fat was skewed and natural log-transformed
values were used in all linear regression analyses. Missing data in the covariates were
multiple-imputed using Markov chain Monte Carlo approach. Five imputed datasets
were created and analyzed together. All statistical analyses were performed using the
Statistical Product and Service Solutions (SPSS) Statistics version 25.0 for Windows (IBM,
Chicago, lllinois, United States).

RESULTS

Subject characteristics

The median maternal early-pregnancy glucose concentration was 4.3 mmol/l (95%
range, 3.0 to 6.4, interquartile range(IQR) 3.9 to 4.9). The median liver fat fraction was
2.0% (95% range, 1.2-5.2%, IQR 1.7 to 2.5) and the prevalence of non-alcoholic fatty liver
disease was 2.8% (n=60) in children at 10 years of age (Table 2.2.1). Mothers of children
with non-alcoholic fatty liver disease had a higher BMI, were less often from European
ancestry, had slightly higher level of educational attainment, and those children had
higher BMI and visceral fat mass compared to children without non-alcoholic fatty
liver disease in the full multi-ethnic group (Table 2.2.1). In the European ancestry only
group, mothers of children with non-alcoholic fatty liver disease had higher glucose
concentrations in early pregnancy, and those children were less active compared to
children without non-alcoholic fatty liver disease (Table 2.2.2). Mothers of the European
ancestry only group had similar glucose concentrations and had slightly higher level of
educational attainment compared to the full multi-ethnic group (Supplementary Table
$2.2.2).The correlation coefficient for the correlation between maternal early-pregnancy
glucose and maternal pre-pregnancy BMI was 0.15 (Supplementary Table S2.2.3).
Non-response analyses showed that participants without outcome measurements had
mothers with a slightly lower level of educational attainment (Supplementary Table
$2.2.4).
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TABLE 2.2.1. Maternal and child characteristics by offspring non-alcoholic fatty liver disease status - full multi-ethnic group

Total group NAFLD no NAFLD yes
n=2,168 n=2,108 n=60 p value

Maternal characteristics
Age at enrollment, years 30.8 (4.6) 30.9 (4.6) 30.1(6.0) 0.36
Gestational age at glucose/insulin measurement, 13.1(9.6t017.2) 13.1(9.6t017.2) 13.1(11.2t017.9) 0.20
weeks
Pre-pregnancy body mass index, kg/m? 22.5(18.1t035.2) 22.4(18.1to0 34.9) 249 (18.3t042.8) <0.01
Parity, nulliparous 1,317 (61.0) 1,284 (61.2) 33(55.0) 033
Ethnicity, European 1,426 (66.6) 1,401 (67.3) 25(42.4) <0.01
Education, higher 1,115 (53.6) 1,099 (54.2) 16 (29.1) <0.01
Smoking during pregnancy, continued 334(18.7) 329(19.0) 5(10.4) 0.14
Alcohol consumption, during pregnancy 622 (37.2) 609 (37.5) 13(28.3) 0.20
Folic acid supplement use, yes 1,024 (71.4) 994 (71.5) 30 (68.2) 0.64
Daily energy intake, kcal/day 2,060 (572) 2,061 (571) 2,053 (610) 0.93
Dyslipidemia 233(10.7) 226 (10.7) 7(11.7) 0.82
Glucose, mmol/I 4.4(0.8) 4.4(0.8) 4.6 (1.0) 0.12
Insulin, pmol/I 113.1(19.8 to 669.6) 112.8(19.7 t0 673.2) 171.0 (22.8 t0 672.6) 0.09
Pre-existing Diabetes 6(0.3) 5(0.3) 1(1.9) 0.04
Gestational Diabetes 22(1.1) 22(1.1) 0(0) 043
Child characteristics
Sex, female 1,113 (51.3) 1,082 (51.3) 31(51.7) 0.96
Birthweight, grams 3,447 (548) 3,475 (549) 3,347 (535) 0.15
Gestational age at birth, weeks 40.3 (36.0,42.4) 40.3 (36.0,42.4) 39.9 (34.5t042.8) 0.08
Ever breastfed, yes 1,761 (93.0) 1,721 (93.1) 40 (87.0) 0.11
Insulin at 6 years, pmol/I 113.5(18.1 t0 409.9) 113.1(17.7 to 409.8) 130.7 (34.1t0 412.5) 0.42
Total cholesterol at 6 years, mmol/| 4.2 (0.6) 4.2(0.6) 4.4(0.7) 0.09
LDL cholesterol at 6 years, mmol/I 2.4(0.6) 2.4(0.6) 24(0.6) 0.61
HDL cholesterol at 6 years, mmol/| 1.3(0.3) 1.3(0.3) 1.4(0.3) 0.49
Triglycerides at 6 years, mmol/I 1.0(0.4t0 2.4) 1.0 (0.4 to 2.4) 1.1(0.4t03.1) 0.10
Age 10 years at outcome follow-up measurements, 9.8(0.4) 9.8(0.3) 9.9 (0.5) 0.34
years
Playing sports at 10 years, hours/day 1.3(0.3t03.5) 1.3(0.3t03.5) 1.1(0.1t03.5) 0.15
Screen time at 10 years, >2 hours/day 852 (51.5) 824 (51.2) 28 (62.2) 0.15
Body mass index at 10 years, kg/m? 16.9 (14.0 to 24.3) 16.9 (14.0 to 23.9) 21.9(15.5t031.0) <0.01
Visceral fat mass at 10 years, grams 369.0 (164 to 1,005) 364.1 (163 to 948) 804.4 (242 to 1,849) <0.01
Glucose at 10 years, mmol/I 5.2(0.9) 53(0.9) 5.1(0.7) 0.34
Insulin at 10 years, pmol/I 180.8 (37.1 t0 625.7) 180,0 (36.8 t0 610,5) 208.8 (41.7 to 830.5) 0.09
Liver fat fraction at 10 years, % 2.0(1.2t05.2) 2.0(1.2t0 4.0) 6.5 (5.1t020.4) <0.01
Liver fat dichotomized, high >2.0% 1,086 (50.1) 1,026 (48.7) 60 (100) <0.01
Non-alcoholic fatty liver disease 60 (2.8) - -

Values are observed and represent numbers (valid %), means (SD), or medians (95% range).
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TABLE 2.2.2. Maternal and childhood characteristics by offspring non-alcoholic fatty liver disease status - European only group

Europeans only NAFLD no NAFLD yes
n=1,426 n=1,401 n=25 p value

Maternal characteristics
Age at enrollment, years 31.7 (4.0) 31.7 (4.0) 31.1(5.0) 0.49
Gestational age at glucose/insulin measurement, 12.8(9.6 t0 17.0) 12.9(9.610 16.8) 12.4(10.9t0 17.0) 0.62
weeks
Prepregnancy body mass index, kg/m? 22.2(18.1t034.3) 22.2(18.1t031.3) 24.3(18.1t034.2) 0.05
Parity, nulliparous 901 (63.3) 513(36.7) 10 (40.0) 0.73
Education, higher 923 (65.4) 914 (65.9) 9(36.0) <0.01
Smoking during pregnancy, continued 217(18.7) 215(18.9) 2(9.5) 0.28
Alcohol consumption, during pregnancy 414 (38.2) 407 (38.3) 7(33.3) 0.64
Folic acid supplement use, yes 662 (70.6) 648 (70.4) 14(77.8) 0.50
Daily energy intake, kcal/day 2,053 (587) 2,055 (586) 1,966 (651) 0.51
Dyslipidemia 141 (9.9) 140 (10.0) 1(4.0) 0.32
Glucose, mmol/I 441008 44(0.8) 5.0(1.2) <0.01
Insulin, pmol/I 102.1(19.2t0 518.6) 102.1 (19.1 to 440.7) 103.9 (19.8 to 846.0) 0.15
Pre-existing Diabetes 2(0.2) 2(0.2) 0(0) 0.85
Gestational Diabetes 15(1.1) 15(1.1) 0(0) 0.61
Child characteristics
Sex, female 722 (50.6) 708 (50.5) 14 (56.0) 0.59
Birthweight, grams 3,500 to 540 3,500 (540) 3,447 (521) 0.62
Gestational age at birth, weeks 40.3 (36.0to0 42.4) 40.3 (36.0to 42.1) 40.0 (37.0t0 42.6) 0.62
Ever breastfed, yes 1,195 (92.1) 1,177 (92.0) 18 (94.7) 0.66
Insulin at 6 years, pmol/I 115.1(18.5t0 394.3) 114.1 (18.3 to 394.5) 155.4 (60.3 to 398.2) 0.06
Total cholesterol at 6 years, mmol/I| 4.2 (0.6) 4.2(0.6) 4.4(0.8) 0.15
LDL cholesterol at 6 years, mmol/I| 2.3(0.6) 2.3(0.6) 25(0.7) 0.45
HDL cholesterol at 6 years, mmol/I 1.3(0.3) 1.3(0.3) 14(0.3) 0.34
Triglycerides at 6 years, mmol/I 1.0(0.4t02.3) 1.0(0.4t02.3) 0.9 (0.4t02.4) 0.60
Age 10 years at outcome follow-up measurements, 9.8(0.3) 9.8(0.3) 9.8(0.3) 0.82
years
Playing sports at 10 years, hours/day 1.4(0.4t03.5) 1.4 (04t03.5) 1.2(0.1t0 2.5) <0.01
Screen time at 10 years, =2 hours/day 552 (45.9) 538 (45.6) 14 (63.6) 0.09
Body mass index at 10 years, kg/m? 16.6 (14.0 t0 22.6) 16.6 (14.0 to 22.0) 21.3(16.2t0 28.6) <0.01
Visceral fat mass at 10 years, grams 371.7 (168 to 981) 369.9 (168 to 920) 782,1 (301 to 1,360) <0.01
Glucose at 10 years, mmol/| 5.3(1.0 53(1.0) 5.2(0.8) 0.76
Insulin at 10 years, pmol/| 172.1 (34.9t0 577,9) 171.2 (34.8t0 573.7) 212.8 (40.8 t0 826.0) 0.15
Liver fat fraction at 10 years, % 2.0(1.2to4.5) 2.0(1.2t04.0) 6.2 (5.1t014.0) <0.01
Liver fat dichotomized, high 22.0% 687 (48.2) 662 (47.3) 25 (100.0) <0.01
Non-alcoholic fatty liver disease 25(1.8) - - -

Values are observed and represent numbers (valid %), means (SD), or medians (95% range).
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Maternal early-pregnancy glucose concentrations and childhood liver fat

In the full multi-ethnic group, results from the basic models showed that higher
maternal early-pregnancy glucose concentrations were associated with higher liver
fat accumulation (difference 0.04 (95% Confidence Interval (Cl): 0.02 to 0.07) SDS per 1
mmol/lincrease in maternal early-pregnancy glucose concentration) and with increased
odds of non-alcoholic fatty liver disease (odds ratio (OR) 1.27 (95% Cl: 1.10 to 1.46) per
1 mmol/l increase in maternal early-pregnancy glucose concentration) (Table 2.2.3).
These associations attenuated into non-significance in the main confounder model. In
mother-child pairs of European ancestry only, higher maternal early-pregnancy glucose
concentrations were associated with increased odds of non-alcoholic fatty liver disease
(OR1.95 (95% Cl: 1.32 t0 2.88) per 1 mmol/lincrease in maternal early-pregnancy glucose
concentration in the main confounder model). These associations were not explained
by maternal pre-pregnancy BMI, and dyslipidemia. Also, childhood metabolic markers
at 6 years, BMI and visceral fat mass or glucose concentrations at 10 years of age, did
not explain the observed associations (Table 2.2.4). Maternal glucose concentrations
were not associated with liver fat accumulation among mother-child pairs of European
ancestry only (Table 2.2.4).

TABLE 2.2.3. Associations between maternal early-pregnancy glucose concentrations with childhood liver fat fraction and
non-alcoholic fatty liver disease in the full multi-ethnic group

Liver Fat at School Age n=2,168

Difference liver Odds ratio

fat fraction SDS NAFLD yes/no

(95% Confidence (95% Confidence
Maternal early-pregnancy glucose mmol/l Interval) p value Interval) p value
Basic model 0.04 (0.01 to 0.07) 0.12 1.26 (1.09 to 1.45) 0.11
Main confounder model 0.03 (-0.02 to 0.08) 0.27 1.20 (0.90 to 1.59) 0.21
Maternal body mass index model 0.01 (-0.04 to 0.05) 0.84 1.18(0.87 to 1.59) 0.30
Maternal dyslipidemia model 0.03 (-0.02 to 0.08) 0.29 1.25(0.93 to 1.67) 0.14
Child metabolic markers at 6 years model 0.03 (-0.02 to 0.08) 0.27 1.24 (0.93 to 1.66) 0.15
Child body mass index at 10 years model 0.01 (-0.04 to 0.06) 0.68 1.13(0.84 to 1.53) 0.42
Child visceral fat mass at 10 years model 0.02 (-0.02 to 0.06) 0.47 1.30(0.95 to 1.79) 0.1
Child glucose concentrations at 10 years model 0.03 (-0.02 to 0.08) 0.30 1.26 (0.94 to 1.69) 0.12

Values are regression coefficients (95% Cls) from linear regression models that
reflect differences in liver fat fraction in SDS per maternal early-pregnancy glucose
concentrations in mmol/I. Values are ORs (95% Cls) that reflect the risk of NAFLD per

65




Chapter 2.2

maternal early-pregnancy glucose concentrations in mmol/l. Basic model: adjusted
for child sex and age 10 years at outcome follow-up measurements. Main model: basic
model additionally adjusted for maternal ethnicity, education, child physical activity.
Maternal BMI model: main model additionally adjusted for maternal pre-pregnancy
BMI. Maternal dyslipidemia model: main model additionally adjusted for maternal
dyslipidemia in early pregnancy. Child metabolic markers at 6 years model: main model
additionally adjusted for child insulin, total cholesterol, LDL and HDL-cholesterol and
triglycerides concentrations at 6 years of age. Child BMI model: main model additionally
adjusted for child BMI at 10 years of age. Child visceral fat mass model: main model
additionally adjusted for child MRI-measured visceral fat mass at 10 years of age. Child
glucose concentrations model: main model additionally adjusted for child glucose
concentrations at 10 years of age. NAFLD was defined as “yes” when liver fat >5.0% and
as“no”when liver fat <5.0%. Abbreviations: BMI, Body Mass Index; NAFLD, non-alcoholic
fatty liver disease; SDS, standard deviation score.

TABLE 2.2.4. Associations between maternal early-pregnancy glucose concentrations with childhood liver fat fraction and
non-alcoholic fatty liver disease in the group of European ancestry only

Liver Fat at School Age

n=1,426
Difference liver fat Odds ratio NAFLD
fraction SDS yes/no
(95% Confidence (95% Confidence
Maternal early-pregnancy glucose mmol/I Interval) p value Interval) p value
Basic model 0.03 (-0.03 to 0.08) 0.38 1.93(1.31t0 2.84) <0.01
Main confounder model 0.02 (-0.04 to 0.08) 0.49 1.95(1.32t0 2.88) <0.01
Maternal body mass index model 0.00 (-0.06 to 0.06) 0.90 1.86 (1.24 t0 2.78) <0.01
Maternal dyslipidemia model 0.02 (-0.04 to 0.08) 0.49 1.92(1.30 to 2.86) <0.01
Child metabolic markers at 6 years model 0.02 (-0.04 to 0.08) 0.50 1.96 (1.31 to 2.95) <0.01
Child body mass index model 0.01 (-0.05 to 0.06) 0.78 1.66 (1.04 to 2.64) 0.03
Child visceral fat mass at 10 years model 0.00 (-0.05 to 0.06) 0.89 1.82(1.19t0 2.79) <0.01
Child glucose concentrations model 0.02 (-0.04 to 0.08) 0.50 1.95(1.32t0 2.88) <0.01

Values are regression coefficients (95% Cls) from linear regression models that
reflect differences in liver fat fraction in SDS per maternal early-pregnancy glucose
concentrations in mmol/l in mother-child pairs of European ancestry only. Values are
ORs (95% Cls) that reflect the risk of NAFLD per maternal early-pregnancy glucose
concentrations in mmol/I. Basic model: adjusted for child sex and age at outcome
follow-up measurements. Main model: basic model additionally adjusted for maternal
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education, child physical activity. Maternal BMI model: main model additionally adjusted
for maternal pre-pregnancy BMI. Maternal dyslipidemia model: main model additionally
adjusted for maternal dyslipidemia in early pregnancy. Child metabolic markers at 6
years model: main model additionally adjusted for child insulin, total cholesterol, LDL
and HDL-cholesterol and triglycerides concentrations at 6 years of age. Child BMI model:
main model additionally adjusted for child BMI at 10 years of age. Child visceral fat mass
model: main model additionally adjusted for child MRI-measured visceral fat mass at 10
years of age. Child glucose concentrations model: main model additionally adjusted for
child glucose concentrations at 10 years of age. NAFLD was defined as “yes” when liver
fat =5.0% and as “no” when liver fat <5.0%. Abbreviations: BMI, Body Mass Index; NAFLD,
non-alcoholic fatty liver disease; SDS, standard deviation score.

Sensitivity analyses

When we repeated the main analyses by using insulin concentrations we observed
largely the same patterns and tendencies as for glucose concentrations (Supplementary
Table S2.2.5). When we repeated the analyses with childhood liver fat accumulation
categorized into <2.0% versus >2% we observed odds in similar direction but smaller
as for maternal early-pregnancy glucose concentrations with non-alcoholic fatty liver
disease (Supplementary Table $2.2.6). No differences in findings were present when
mothers with pre-existing diabetes or gestational diabetes or mothers with glucose
measurements after 14 weeks gestation were excluded from the analyses in both the
full multi-ethnic group and the European ancestry only group. (Supplementary Table
§$2.2.7 and Supplementary Table S2.2.8).

DISCUSSION

In this prospective cohort study, we observed that maternal early-pregnancy glucose
concentrations were only among mothers of European ancestry associated with
offspring non-alcoholic fatty liver disease. These associations were not explained by
maternal pre-pregnancy BMI, and dyslipidemia. Also, childhood metabolic markers at
6 years, or BMI, visceral fat mass and glucose concentrations at 10 years, did not explain
the observed associations. No associations were observed in the full group.

Interpretation of main findings

Non-alcoholic fatty liver disease ranges from liver steatosis, to fibrosis, cirrhosis, and
eventually end-stage liver disease (40). In adults, non-alcoholic fatty liver disease is
associated with type 2 diabetes, cardiovascular disease, dyslipidemia, and metabolic
syndrome (16, 31, 40, 41). We previously reported that elevated liver fat is associated
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with an adverse cardiometabolic risk profile in children (16). Gestational diabetes and
hyperglycemia diagnosed in second half of pregnancy are associated with an altered
offspring body fat composition, cardiovascular and metabolic health (4-6, 38, 42).
Studies in women with gestational diabetes showed an association with offspring
markers of liver pathology (10, 11). These findings, together with observations from
animal studies, suggest that maternal gestational hyperglycemia might be related to
offspring liver fat development (12-14). More specifically, early pregnancy might be
a critical period for effects of intrauterine maternal glucose exposure on liver health,
because the embryonic development of the metabolic systems and of the placenta
already occurs in the first weeks after conception (43). Therefore, we hypothesized that
higher maternal glucose concentrations across the full range in early pregnancy are
associated with liver fat accumulation in offspring.

Inthis study, in children 10 years of age we did not observe that maternal early-pregnancy
glucose concentrations were associated with childhood liver fat accumulation and
with risk of non-alcoholic fatty liver disease. Because both glucose concentrations,
liver fat and the associations between ethnic subgroups strongly differ, we performed
analyses in the full multi-ethnic group and in the group of European ancestry only. In
the European ancestry only group, the largest ethnic subgroup, we observed an almost
2-fold increase in odds of non-alcoholic fatty liver disease, independent of maternal
pre-pregnancy BMI and dyslipidemia, childhood metabolic markers at 6 years, or BMI,
visceral fat mass and of glucose concentrations at 10 years. This may suggest that
there is also an intrauterine effect of maternal early-pregnancy glucose concentrations
on childhood liver fat accumulation through other pathways than through maternal
pre-pregnancy or child BMI, or child glucose concentrations in this subgroup. Due to
smaller sample sizes for the other individual ethnic subgroups, we could not test these
associations in each ethnic subgroup separately. We did not observe associations of
maternal early-pregnancy glucose concentrations with liver fat across the full range in
the total study sample and in the largest ethnic subgroup. The lack of association in the
total group might be due to a modifying effect of ethnicity with per ethnic subgroup
opposite directions of effect estimates. The lack of association in the largest ethnic
subgroup could be due to the moderate sample size, together with the relatively small
variability in liver fat accumulation in this population of children. Further studies are
needed to explore these associations among higher-risk populations and evaluating
liver fat accumulation in older offspring.

The underlying pathogenic mechanisms behind the abnormal metabolic risk profile
in offspring of mothers with gestational diabetes are largely unknown. Animal studies
have suggested that in utero exposure to high glucose concentrations may induce
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ectopic fat storage (12-14). For instance, mouse models of maternal insulin resistance
have shown impairment of gene expression involved in fatty acid oxidative capacity
and lipogenesis in offspring liver (14, 15, 44). The accelerated hepatic fat storage in
mouse offspring appear to persist into adulthood, suggesting a lasting impact of the
maternal intrauterine environment on pathways of hepatic lipid metabolism (15, 44).
Another speculation is that the higher insulin resistance in the offspring of mothers
with gestational diabetes is associated with higher liver fat accumulation, although
the direction of effect is not yet defined (8, 16). In mothers with gestational diabetes a
higher risk for non-alcoholic liver fat disease after pregnancy is observed, supporting
the hypothesis of a link between insulin resistance and liver fat accumulation (45).

Given the high prevalence of both obesity and impaired glucose metabolism in
preconceptional women, these may represent pivotal targets if proven causal for public
health in preventing offspring obesity and metabolic disease, like non-alcoholic fatty
liver disease (1-3). Our findings emphasize the importance of developing preventive
strategies before and in early pregnancy to improve liver and metabolic health outcomes
in children. Further studies should characterize the maternal metabolic environment in
early pregnancy to provide insights into the causality of early-life determinants of non-
alcoholic fatty liver disease taking into account ethnic background.

Methodological considerations

The population-based prospective longitudinal design of this study together with the
large sample size with data collection from early pregnancy onwards and the availability
of MRI-measured liver fat fraction at 10 years of age are major strengths of this study. The
children who underwent MRl measurements at 10 years of age constitute a subgroup
of the full Generation R Study population. This may have led to biased effect estimates
if associations were different between those included and not included in the analyses,
which seems unlikely since the non-response analysis showed hardly any differences.
The prevalence of gestational diabetes in our sample was lower than expected (1.1%
versus 2-5% in the general Dutch population (46)). likely due to the use of medical records
after delivery to obtain information on the diagnosis of gestational diabetes and to lack
of universal screening, which may have led to misclassification. The low prevalence of
gestational diabetes may also indicate a selection towards a non-diabetic population
and might affect the generalizability of our findings. Accurate diagnosis of gestational
diabetes is difficult. A fasting glucose greater than 7.0 mmol/l might also represent pre-
existing diabetes and a fasting glucose between 6.1 and 6.9 mmol/I might also represent
impaired glucose tolerance, instead of gestational diabetes. We verified information
about gestational diabetes from medical records. However, glucose testing for diagnosis
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of gestational diabetes was not yet routinely performed in our cohort study. Therefore,
we may have missed the clinical diagnosis of gestational diabetes among women with
relatively higher glucose concentrations. Our findings might be partly explained by
women with higher glucose concentrations who were not diagnosed with gestational
diabetes. Further studies are needed to replicate our findings among more higher risk
populations, including women with impaired glucose tolerance from preconception
and early pregnancy onwards and women at higher risk to develop gestational diabetes.
The small number of children with non-alcoholic fatty liver disease is likely explained by
the fact that we measured liver fat in a relatively healthy study population at a young
age, which could have limited our statistical power to detect significant associations
and may affect the generalizability of our findings. The main analyses focused on non-
alcoholic fatty liver disease were based on only 60 in the full and 25 children in the
Europeans ancestry only group with MRI-diagnosed non-alcoholic fatty liver disease.
Therefore, these results need to be interpreted carefully and need further replication.
We obtained random maternal glucose concentrations once during pregnancy at non-
fixed times throughout the day. Due to our study design, we were not able to collect
repeated fasting blood samples. As glucose concentrations throughout the day are
influenced by multiple factors such as dietary intake and exercise, this may have led to
non-differential misclassification, causing an underestimation of our associations. We
did not have information on 1 hour and 2 hour postprandial glucose concentrations
available. However, previous studies, including studies from our cohort, have shown
that random maternal gestational glucose concentrations in pregnancy are related to
the risks of gestational diabetes, adverse birth outcomes, childhood obesity, childhood
cardiac ventricular structure and function, and altered childhood glucose metabolism
(8, 21,47, 48). These associations were in the same direction as the associations shown
for maternal fasting glucose concentrations and postprandial glucose concentrations
with these adverse outcomes (37, 49). Further studies are needed using repeated
detailed maternal glucose measurements, including fasting glucose concentrations
and postprandial glucose measurements to replicate our findings. Ideally, these studies
should already measure maternal glucose metabolism prior to pregnancy to reflect
maternal glucose metabolism in the preconception period. Information on many
covariates was available, yet some residual confounding may have influenced the
results.

CONCLUSIONS

Maternal early-pregnancy glucose concentrations were only among mothers of
European ancestry associated with offspring non-alcoholic fatty liver disease. These
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associations were independent of maternal pre-pregnancy and childhood BMI, visceral
fat and metabolic markers. No associations were observed in the full multi-ethnic
group. Further studies are needed to explore the causality of the observed associations.
Optimizing maternal pre-pregnancy BMI and glucose concentrations could be starting
points for prevention strategies to improve liver health among future generations.
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Maternal early-pregnancy glucose metabolism and childhood liver fat

Covariate selection was primarily based on the Directed Acyclic Graph and subsequent
on backward model selection analysis. The final model included child sex and age 10
years at follow-up measurements, maternal ethnicity, education, and child physical
activity. We selected maternal ethnicity, education, smoking, alcohol consumption, folic
acid supplement use, and child physical activity and screen time in the model, based
on previous literature, their association with both the exposure and the outcome or
change in effect estimates of >10% in the basic model(1, 2). Thereafter, we selected
variables for the main model using backward selection and stopped when all p values
<0.20(3). Maternal age, parity, and total daily caloric intake, and breastfeeding were not
included in the main model as they did not affect the observed associations. Maternal
smoking, alcohol consumption, folic acid supplement and child screen time were
removed with backward selection from the main model having a p value >0.20(3). To
observe the added confounding effect of maternal pre-pregnancy BMl in the observed
associations we created an extra model, the maternal BMI model additionally adjusted
for maternal pre-pregnancy BMI. Previous studies have suggested that maternal pre-
pregnancy BMI largely explains the associations between gestational diabetes and
offspring outcomes(4, 5). Next to this, we assessed the possible confounding effect of
maternal dyslipidemia in an extra model, the maternal dyslipidemia model: main model
additionally adjusted for maternal dyslipidemia. As we showed in our Directed Acyclic
Graph, child metabolic markers at 6 years of age, BMI at 10 years, visceral fat mass at 10
years of age or child glucose concentrations at 10 years of age may mediate potential
associations between maternal glucose concentrations and liver fat accumulation
at school age. To explore the mediating role of child metabolic markers at 6 years of
age, BMI at 10 years, visceral fat mass at 10 years As we showed in our Directed Acyclic
Graph, child BMI at 10 years of age or child glucose concentrations at 10 years of age
may mediate potential associations between maternal glucose concentrations and liver
fat accumulation at school age. To explore the mediating role of child BMI at 10 years of
age and child glucose concentrations at 10 years of age, we additionally corrected for
these characteristics in separate models.
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SUPPLEMENTARY TABLE $2.2.1. Differences between groups of various ethnic backgrounds

Maternal ethnicity

Glucose, mmol/I

Liver fat fraction, %

Non-alcoholic fatty
liver disease

Total group (n=2,141)

European

Dutch (n=1,258)

Other European (n=168)

Non-European

Cape Verdean (n=98)
Other African (n=21)
Dutch Antillean (n=42)

Surinamese (n=172)
American (n=43)
Asian (n=48)
Indonesian (n=75)
Turkish (n=117)
Moroccan (n=95)

Oceanian (n=4)

4.44(0.8)

4.42(0.8)
4.29(0.7)

4.51(0.9)
4.40(0.7)
446 (1.1)
4.48 (0.8)
430(0.7)
4.85(1.1)
4.44.(0.9)
4.51(0.8)
4.58(0.9)
4.28(0.8)

2.00(1.2t05.2)

1.97 (1.2t0 4.5)

2.07(1.2t04.7)

222(1.2t084)
2.11(1.3t04.8)
1.81(1.3t010.9)
2.00(1.2to0 5.5)
2.06 (1.3t0 5.6)
1.87(1.3t04.4)
1.99(1.2t07.0)
2.45(1.2t0 13.8)
2.03(1.3t08.9)
1.78(1.5t03.2)

60 (2.8)

23(1.8)
2(1.2)

6(6.1)
0(0.0)
1(2.4)
6(3.5)
1(23)
0(0.0)
4(5.3)
13(11.1)
333.2)
0(0.0)

Values are observed and represent numbers (valid %), means (SD), or medians (95% range).
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Maternal early-pregnancy glucose metabolism and childhood liver fat

SUPPLEMENTARY TABLE 52.2.2. Maternal and childhood characteristics for the full multi-ethnic group and by European
ancestry only group versus other ancestry group

Total group Europeans only Other ancestry
n=2,168 n=1,426 n=715 p value

Maternal characteristics
Age at enrollment, years 30.8 (4.6) 31.7 (4.0) 29.2(5.3) <0.01
Gestational age at glucose/insulin 13.1(9.6t017.2) 12.8(9.6t0 17.0) 13.5(9.6t0 17.5) <0.01
measurement, weeks
Pre-pregnancy body mass index, kg/m? 22.5(18.1t035.2) 22.2(18.1t0 34.3) 23.4(18.0 to 36.6) <0.01
Parity, nulliparous 1,317 (61.0) 901 (63.3) 404 (57.0) 0.01
Ethnicity, European 1,426 (66.6) - - -
Education, higher 1,115 (53.6) 923 (65.4) 191 (28.5) <0.01
Smoking during pregnancy, continued 334(18.7) 217 (18.7) 110(18.2) 0.80
Alcohol consumption, during 854 (51.1) 554 (51.1) 201 (35.6) 0.31
pregnancy
Folic acid supplement use, yes 1,024 (71.4) 662 (70.6) 350 (73.4) 0.27
Daily energy intake, kcal/day 2,060 (572) 2053 (587) 2080 (540) 0.40
Glucose, mmol/I 4.4(0.8) 4.4(0.8) 4.5(0.9) 0.01
Insulin, pmol/I 113.1(19.8t0669.6) 102.1(19.2t0518.6) 142.8 (22.8 to 964.8) <0.01
Pre-existing Diabetes 6(0.3) 2(0.2) 4(0.6) 0.08
Gestational Diabetes 22(1.1) 15(1.1) 7(1.0) 0.86
Child characteristics
Sex, female 1,113 (51.3) 722 (50.6) 375(52.4) 0.43
Birthweight, grams 3,447 (548) 3,500 (540) 3349 (551) <0.01
Gestational age at birth, weeks 40.3 (36.0 to 42.4) 40.3 (36.0 to 42.4) 40.1 (35.8t0 42.4) <0.01
Ever breastfed, yes 1,761 (93.0) 1,195 (92.1) 552(95.0) 0.02
Age 10 years at outcome follow-up 9.8 (0.4) 9.8(0.3) 9.9 (0.4) <0.01
measurements, years
Playing sports at 10 years, hours/day 13(0.3t03.5) 1.4(0.4t03.5) 1.2(0.2t0 3.6) <0.01
Screen time at 10 years, >2 hours/day 852(51.5) 552 (45.9) 292 (65.9) <0.01
Body mass index at 10 years, kg/m? 16.9 (14.0to 24.3) 16.6 (14.0 to 22.6) 17.4 (13910 26.1) <0.01
Glucose at 10 years, mmol/| 5.2(0.9) 5.3(1.0) 5.2(0.9) 0.31
Insulin at 10 years, pmol/I 180.8 (37.1t0625.7) 172.1(349t0577.9) 193.4(38.2t0726.6)  <0.01
Liver fat fraction at 10 years, % 2.0(1.2t05.2) 2.0(1.2to4.5) 2.5(1.3t06.5) <0.01
Liver fat dichotomized, high =2.0% 1,086 (50.1) 687 (48.2) 383 (53.6) 0.02
Non-alcoholic fatty liver disease 60 (2.8) 25(1.8) 35(4.9) <0.01

Values are observed and represent numbers (valid %), means (SD), or medians (95% range). Differences were tested using
Student t tests and Mann-Whitney tests for normally and non-normally distributed variables, respectively, and x2 test was used
for dichotomous variables. Number of missings per covariate: maternal ethnicity, n=27 (1.2%); maternal educational level,
n=86 (4.0%); smoking during pregnancy, n=384 (17.7%); alcohol consumption, n=497 (22.9%); folic acid supplement use during
pregnancy, n=733 (33.8%); pre-existing diabetes n=254 (11.7%); gestational diabetes, n=133 (6.1%); ever breastfed, n=274 (12.6%);
screen time, n=514 (23.7%).

79



Chapter 2.2

SUPPLEMENTARY TABLE $2.2.3. Correlation coefficients between maternal glucose and insulin concentrations, childhood

liver fat fraction and non-alcoholic fatty liver disease, and body mass index of mother and child

. = o
£ o . a
o > bl =
- -— ) o ) =
T o © T € S < =
€ 3 € c [ ] = = )
28 g 5 g & = = z
© 3 ] c 9 = = c
=% s £ s: 5 5 5
Maternal glucose 1 0.53* 0.15* 0.01 0.02 0.03
Maternal insulin 0.53% 1 0.23* 0.05%* 0.04 0.07*
Maternal pre-pregnancy BMI 0.15* 0.23* 1 0.18* 0.09* 0.35*%
Child liver fat 0.01 0.05** 0.18* 1 0.28* 0.37*
Child NAFLD 0.02 0.04 0.09* 0.28* 1 0.19*%
Child BMI 0.03 0.07* 0.35* 0.37* 0.19* 1

Values are Spearman correlation coefficients."P value <0.01, P value <0.05.
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SUPPLEMENTARY TABLE $S2.2.4. Comparison of characteristics between mothers and children with and without outcome
measurements

Participants Non-participants
n=2,168 n=613 p value

Maternal characteristics

Age at enrollment, years 30.8 (4.6) 30.5(5.0) 0.15
Gestational age at glucose/insulin measurement, weeks 13.1(9.6t017.2) 13.2(9.8t0 17.6) 0.06
Pre-pregnancy body mass index, kg/m? 22.5(18.1t035.2) 22.6 (18.1t0 33.6) 0.83
Parity, nulliparous 1,317 (61.0) 367 (60.5) 0.80
Ethnicity, European 1,426 (66.6) 379 (62.6) 0.07
Education, higher 1,115 (53.6) 266 (46.0) <0.01
Smoking during pregnancy, continued 334(18.7) 92(17.8) 0.63
Alcohol consumption, during pregnancy 854 (51.1) 226 (47.0) 0.11
Folic acid supplement use, yes 1,024 (71.4) 300 (70.8) 0.81
Daily energy intake, kcal/day 2,060 (572) 2,015 (550) 0.16
Glucose, mmol/I 4.4(0.8) 4.4(0.8) 0.74
Insulin, pmol/I 113.1 (19.8 to 669.6) 116.7 (19.7 to 575.6) 0.75
Pre-existing Diabetes 6(0.3) 0(0.0) 0.19
Gestational Diabetes 22(1.1) 7(1.2) 0.78
Child characteristics

Sex, female 1,113(51.3) 294 (48.0) 0.14
Birthweight, grams 3,447 (548) 3,421 (530) 0.29
Gestational age at birth, weeks 40.3 (36.0t0 42.4) 40.3 (36.3t042.3) 0.90
Ever breastfed, yes 1,761 (93.0) 462 (93.0) 0.99

Values are observed and represent numbers (valid %). means (SD), or medians (95% range). Differences were tested using Student
t tests and Mann-Whitney tests for normally and non-normally distributed variables, respectively, and x2 test was used for
dichotomous variables. Number of missings per covariate in participants: maternal ethnicity, n=27 (1.2%); maternal educational
level, =86 (4.0%); smoking during pregnancy, n=384 (17.7%); alcohol consumption, n=497 (22.9%); folic acid supplement use
during pregnancy, n=733 (33.8%); pre-existing diabetes n=254 (11.7%); gestational diabetes, n=133 (6.1%); ever breastfed, n=274
(12.6%); screen time, n=514 (23.7%).
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Maternal early-pregnancy glucose metabolism and childhood liver fat

SUPPLEMENTARY TABLE 52.2.6. Associations between maternal early-pregnancy glucose with childhood liver fat fraction
below or above 2% liver fat

Liver Fat at School Age
n=2,168

Odds ratio Liver fat >2% yes/no

Maternal early-pregnancy glucose mmol/l (95% Confidence Interval) p value
Basic model 1.05(1.00to 1.11) 0.34
Main confounder model 1.04 (0.94 to 1.15) 0.49
Maternal body mass index model 1.00(0.90to 1.11) 0.95
Maternal dyslipidemia model 1.04 (0.94 to 1.14) 0.50
Child metabolic markers at 6 years model 1.04 (0.94 to 1.15) 0.48
Child body mass index model 1.01(0.91t0 1.12) 0.89
Child visceral fat mass at 10 years model 1.02(0.92 to 1.14) 0.69
Child glucose concentrations model 1.03 (0.92to 1.15) 0.66

Values are ORs (95% Cls) that reflect the risk of more than 2% liver fat at 10 years of age per maternal early-pregnancy glucose
concentrations in mmol/l. Basic model: adjusted for child sex and age 10 years at outcome follow-up measurements. Main model:
basic model additionally adjusted for maternal ethnicity, education, child physical activity. Maternal BMI model: main model
additionally adjusted for maternal pre-pregnancy BMI. Maternal dyslipidemia model: main model additionally adjusted for
maternal dyslipidemia in early pregnancy. Child metabolic markers at 6 years model: main model additionally adjusted for child
insulin, total-cholesterol, LDL and HDL-cholesterol and triglycerides concentrations at 6 years of age. Child BMI model: main model
additionally adjusted for child BMI at 10 years of age. Child visceral fat mass model: main model additionally adjusted for child
MRI-measured visceral fat mass at 10 years of age. Child glucose concentrations model: main model additionally adjusted for child
glucose concentrations at 10 years of age. Liver fat >2% was defined as “yes” when liver fat >2.0% and as “no” when liver fat <2.0%.
Abbreviations: BMI, Body Mass Index; SDS, standard deviation score.
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SUPPLEMENTARY TABLE 52.2.7. Sensitivity analyses on the associations between maternal early-pregnancy glucose with
childhood liver fat fraction and non-alcoholic fatty liver disease among the full multi-ethnic group

Liver Fat at School Age
Difference liver fat Odds ratio NAFLD
fraction SDS yes/no
(95% Confidence (95% Confidence
Maternal early-pregnancy glucose mmol/I Interval) p value Interval) p value
Women without pre-existing or gestational diabetes (n=1,771)
Basic model 0.04 (0.00 to 0.08) 0.15 1.20(1.02to 1.41) 0.27
Main confounder model 0.03 (-0.03 to 0.08) 0.38 1.15(0.83 to 1.60) 0.39
Maternal body mass index model 0.00 (-0.05 to 0.06) 0.91 1.09 (0.77 to 1.53) 0.63
Maternal dyslipidemia model 0.02 (-0.03 to 0.08) 0.40 1.15(0.83 to 1.60) 0.39
Child metabolic markers at 6 years model 0.03 (-0.03 to 0.08) 0.36 1.16 (0.83 to 1.62) 0.38
Child body mass index model 0.01 (-0.04 to 0.06) 0.68 1.08 (0.77 to 1.50) 0.66
Child visceral fat mass at 10 years model 0.02 (-0.03 t0 0.07) 0.37 1.21(0.85 to 1.74) 0.29
Child glucose concentrations model 0.02 (-0.03 to 0.08) 0.40 1.18 (0.85 to 1.64) 0.34
Women included before 14 weeks gestation (n=1,466)
Basic model 0.03 (0.00 to 0.06) 0.40 1.20(1.00 to 1.45) 0.32
Main confounder model 0.02 (-0.04 to 0.08) 0.48 1.23(0.85t0 1.78) 0.27
Maternal body mass index model 0.00 (-0.06 to 0.06) 0.95 1.15(0.78 to 1.69) 0.48
Maternal dyslipidemia model 0.02 (-0.04 to 0.08) 0.53 1.22(0.85t0 1.77) 0.29
Child metabolic markers at 6 years model 0.02 (-0.04 to 0.08) 0.48 1.25(0.86 to 1.81) 0.25
Child body mass index model 0.01 (-0.05 to 0.06) 0.74 1.12(0.78 to 1.63) 0.54
Child visceral fat mass at 10 years model 0.01 (-0.05 to 0.06) 0.78 1.22(0.82t0 1.81) 0.34
Child glucose concentrations model 0.02 (-0.04 to 0.08) 0.50 1.25(0.86 to 1.81) 0.24

Values are regression coefficients (95% Cls) from linear regression models that reflect differences in liver fat fraction in SDS per
maternal early-pregnancy glucose concentrations in mmol/I. Values are ORs (95% Cls) that reflect the risk of NAFLD at 10 years
of age per maternal early-pregnancy glucose in mmol/I. Basic model: adjusted for child sex and age 10 years at outcome follow-
up measurements. Main model: basic model additionally adjusted for maternal ethnicity, education, child physical activity.
Maternal BMI model: main model additionally adjusted for maternal pre-pregnancy BMI. Maternal dyslipidemia model: main
model additionally adjusted for maternal dyslipidemia in early pregnancy. Child metabolic markers at 6 years model: main model
additionally adjusted for child insulin, total-cholesterol, LDL and HDL-cholesterol and triglycerides concentrations at 6 years of age.
Child BMI model: main model additionally adjusted for child BMI at 10 years of age. Child visceral fat mass model: main model
additionally adjusted for child MRI-measured visceral fat mass at 10 years of age. Child glucose concentrations model: main model
additionally adjusted for child glucose concentrations at 10 years of age. NAFLD was defined as “yes” when liver fat 25.0% and as
“no” when liver fat <5.0%. Abbreviations: BMI, Body Mass Index; NAFLD, non-alcoholic fatty liver disease; SDS, standard deviation
score.
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SUPPLEMENTARY TABLE $2.2.8. Sensitivity analyses on the associations between maternal early-pregnancy glucose with
childhood liver fat fraction and non-alcoholic fatty liver disease among the European ancestry only group

Liver Fat at School Age

Difference liver fat 0Odds ratio NAFLD
fraction SDS yes/no
(95% Confidence (95% Confidence
Maternal early-pregnancy glucose mmol/l Interval) p value Interval) p value

Women without pre-existing or gestational diabetes (n=1,184)

Basic model 0.03 (-0.03 t0 0.10) 0.29 1.95(1.29t0 2.97) <0.01
Main confounder model 0.03 (-0.03 to 0.09) 0.31 1.99 (1.30 to 3.05) <0.01
Maternal body mass index model 0.01 (-0.05 to0 0.07) 0.69 1.96 (1.27 to 3.01) <0.01
Maternal dyslipidemia model 0.03 (-0.03 to 0.09) 0.36 1.98 (1.29 to 3.03) <0.01
Child metabolic markers at 6 years model 0.03 (-0.03 to0 0.09) 0.34 2.02(1.30t03.12) <0.01
Child body mass index model 0.02 (-0.04 t0 0.07) 0.62 1.67 (1.02t0 2.72) 0.04
Child visceral fat mass at 10 years model 0.02 (-0.04 to 0.08) 0.51 1.91(1.21 to 3.01) <0.01
Child glucose concentrations model 0.03 (-0.03 to 0.09) 0.36 2.00(1.30to 3.07) <0.01

Women included before 14 weeks gestation (n=1,037)

Basic model 0.01 (-0.06 to 0.08) 0.76 1.81(1.18t0 2.77) <0.01
Main confounder model 0.01 (-0.06 t0 0.07) 0.82 1.80(1.17 t0 2.76) <0.01
Maternal body mass index model -0.01 (-0.08 to 0.05) 0.69 1.72(1.10 to 2.69) 0.02
Maternal dyslipidemia model 0.01 (-0.06 to 0.07) 0.85 1.86 (1.20 to 2.89) <0.01
Child metabolic markers at 6 years model 0.01 (-0.06 to 0.07) 0.86 1.88(1.20 to 2.95) <0.01
Child body mass index model -0.01 (-0.07 to 0.06) 0.87 1.58 (0.95 to 2.62) 0.08
Child visceral fat mass at 10 years model -0.01 (-0.07 to 0.05) 0.71 1.70 (1.07 to 2.68) 0.03
Child glucose concentrations model 0.01 (-0.06 to 0.07) 0.86 1.82(1.18 t0 2.81) <0.01

Values are regression coefficients (95% Cls) from linear regression models that reflect differences in liver fat fraction in SDS per
maternal early-pregnancy glucose concentrations in mmol/l in mother-child pairs of European ancestry only. Values are ORs (95%
Cls) that reflect the risk of NAFLD per maternal early-pregnancy glucose concentrations in mmol/I. Basic model: adjusted for child
sex and age at outcome follow-up measurements. Main model: basic model additionally adjusted for maternal education, child
physical activity. Maternal BMI model: main model additionally adjusted for maternal pre-pregnancy BMI. Maternal dyslipidemia
model: main model additionally adjusted for maternal dyslipidemia in early pregnancy. Child metabolic markers at 6 years model:
main model additionally adjusted for child insulin, total-cholesterol, LDL and HDL-cholesterol and triglycerides concentrations at 6
years of age. Child BMI model: main model additionally adjusted for child BMI at 10 years of age. Child visceral fat mass model: main
model additionally adjusted for child MRI-measured visceral fat mass at 10 years of age. Child glucose concentrations model: main
model additionally adjusted for child glucose concentrations at 10 years of age. NAFLD was defined as “yes” when liver fat =5.0%
and as “no” when liver fat <5.0%. Abbreviations: BMI, Body Mass Index; NAFLD, non-alcoholic fatty liver disease; SDS, standard
deviation score.
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ABSTRACT

Backgroud and aims: Gestational diabetes mellitus has been associated with offspring
cardiac congenital malformations, ventricular hypertrophy, and diastolic dysfunction
in large observational cohort studies and experimental animal models. We assessed
the associations of maternal random glucose concentrations across the full range with
childhood cardiac ventricular structure and function.

Methods: In a population-based prospective cohort among 1,959 women and their
offspring, maternal random glucose concentrations were measured at a median 13.1
weeks' gestation (95% range 10.5-16.8 weeks). We obtained offspring cardiac outcomes,
relative to body size, through cardiac MRl at 10 years.

Results: The mean maternal random glucose concentration was 4.4 mmol/L (SD 0.8).
The highest quintile of maternal glucose concentrations, compared with the lowest
quintile, was associated with a lower childhood left ventricular mass (-0.19 SD score
(SDS), 95% Cl -0.31 to -0.07) and left ventricular end-diastolic volume (-0.17 SDS, 95%
-0.28 to -0.05). Also, higher maternal glucose concentrations across the full range
per 1 mmol/L increase were associated with a lower childhood left ventricular mass
and left ventricular end-diastolic volume (P values <0.05). Adjustment for maternal
prepregnancy BMI, gestational age, and weight at birth or childhood BMI and blood
pressure did not influence the effect estimates. Maternal glucose concentrations were
not significantly associated with childhood right ventricular end-diastolic volume or left
and right ventricular ejection fraction.

Conclusions: Higher maternal random glucose concentrations in the first half of
pregnancy are associated with alower childhood left ventricular mass and left ventricular
end-diastolic volume, with the strongest associations for childhood left ventricular mass.
These associations were not explained by maternal, birth, or childhood characteristics.
Further studies are needed to replicate these findings using repeated maternal glucose
measurements throughout pregnancy and offspring cardiac outcomes throughout
childhood and adulthood.
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INTRODUCTION

Diabetes in pregnancy is an important risk factor for congenital heart disease (1).
Children exposed to both maternal pregestational and gestational diabetes mellitus
have increased risks of defects in cardiogenesis, including septal defects and
hypoplastic left heart syndrome (2). Several studies have reported that pregestational
and gestational diabetes mellitus are also associated with subclinical cardiac changes in
fetal and infant life, including a higher ventricular mass and lower ventricular diastolic
function (3-5). Studies among pregnant women without diabetes observed that
offspring exposed to higher gestational glucose concentrations, but below diagnostic
thresholds of gestational diabetes mellitus, had an increased risk of cardiac structural
defects (6, 7). These observations, together with findings from studies among diabetic
and nondiabetic animals, suggest that maternal hyperglycemia may have a direct effect
on fetal cardiac development (8-10). The human heart is the first functional organ to
develop, and development already starts in the early embryonic stage. Already from
early pregnancy onward, higher maternal glucose concentrationsmay influence growth
and proliferation of fetal cardiomyocytes and subsequently affect myocardial structure
and function (5, 10-13). Thus far, it remains unknown whether these cardiac alterations
in early life, in response to higher maternal gestational glucose concentrations, also
have consequences for offspring cardiac development in later life. We hypothesized that
higher maternal glucose concentrations from early pregnancy onward are associated
with persistent offspring cardiac adaptations, including altered left and right ventricular
dimensions and a lower ventricular function in childhood. We especially expected the
right ventricle, as the dominant ventricle in fetal life, to be affected. We examined,
in a population-based prospective cohort study among 1,959 mothers and their
children, the associations of maternal random glucose concentrations in the first half
of pregnancy with childhood left and right ventricular structure and function measured
by cardiac MRI at 10 years.

METHODS

Study design and study sample

This study was embedded in the Generation R Study, a population-based prospective
cohort study in Rotterdam, the Netherlands (14). Approval was obtained from the
local Medical Ethical Committee (Erasmus University Medical Center, Rotterdam, the
Netherlands). Written consent was obtained from participants’ parents. The study
enrolled 7,145 pregnantwomen,18 weeks’ gestation, of whom 6,099 had singleton
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pregnancies and glucose measurements available, of which 3,811 had offspring
with follow-up visits at 10 years (Supplementary Figure S2.3.1). As a result of later
implementation of MRI scanswithin follow-up visits, a subgroup of 2,294 children was
scanned, of which 1,965 had good-quality cardiac MRl measurements. After exclusion
of children with cardiac abnormalities in their medical history (n=6), our population for
analysis consisted of 1,959 mothers and children.

Maternal random glucose and insulin concentrations

Nonfasting random venous blood samples were collected once at 13.1 weeks’ gestation
(95% range 10.5 to 16.8) by research nurses and briefly stored at room temperature
and subsequent temporarily stored on ice. Blood samples were obtained after at
least 30 min of fasting, because of which we considered the samples as random
nonfasting samples. Blood was collected in EDTA tubes, and processing was aimed
to finish within a maximum of 3 h after sampling. Glucose (mmol/L) was measured
with ¢702 module on the Cobas 8000 analyzer. Insulin (pmol/L) was measured with
electrochemiluminescence immunoassay on the Cobas e411 analyzer. We considered
maternal glucose concentrations as our main exposure. As a secondary exposure, we
used maternalinsulin concentrations as another marker of maternal glucose metabolism
and for its potential additional effect on offspring cardiac development through other
alterations in maternal metabolism as a consequence of insulin insensitivity and altered
placental development (15, 16).

Cardiac measurements

At 10 years, we performed childhood cardiac MRI using a wide-bore GE Discovery
MR 750 3T scanner (General Electric, Milwaukee, Ml) (17). We included left ventricular
mass, left and right ventricular end-diastolic volume, and left and right ventricular
ejection fraction as outcomes, based on our hypothesis that higher maternal glucose
concentrations directly affect embryonic and fetal cardiomyocyte development and
proliferation leading to alterations in right and left ventricular structure and function in
later life (9). Histograms of outcomes are shown in Supplementary Materials 1. Because
cardiac outcomes are strongly dependent on childhood size, we corrected all cardiac
outcomes measures for body surface area (BSA), leading to normally distributed BSA-
corrected outcomes (18). To further enable comparison of effect sizes for associations
of maternal glucose metabolism with childhood left and right ventricular outcomes, we
constructed SDscores (SDS) of outcomes (details in Supplementary Materials $2.3.1).
As a secondary outcome and as a potential mediator, we measured childhood blood
pressure at 10 years.
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Covariates

Information on maternal age, ethnicity, educational level, parity, prepregnancy weight,
folic acid supplement use, alcohol consumption, smoking, total caloric intake, nausea
and vomiting, and diagnosis of type 1 or 2 diabetes before pregnancy was obtained
through participants’ questionnaires (14). Maternal height was measured at intake
without shoes. BMI was calculated. Information on diagnosis of gestational diabetes
mellitus, gestational hypertensive disorders, and the child’s sex, gestational age, and
weight at birth was obtained from medical records (14). Gestational diabetes mellitus
was diagnosed by a community midwife or an obstetrician according to Dutch
midwifery and obstetric guidelines using the following criteria: a random glucose level
>11.0 mmol/L, a fasting glucose =7.0 mmol/L, or a fasting glucose between 6.1 and 6.9
mmol/L with a subsequent abnormal glucose tolerance test result. In clinical practice
and for this study sample, an abnormal glucose tolerance test result was defined as
1-h postprandial glucose concentration .7.8 mmol/L after an oral glucose load of 75 g.
Screening for gestational diabetes mellitus was conducted in women with one or more
of the following risk factors according to Dutch midwifery and obstetric guidelines:
gestational diabetes mellitus in a previous pregnancy, BMI >30 kg/m?at the first prenatal
visit, macrosomia or large-for-gestational-age newborn in a previous pregnancy, first-
degree relative with diabetes, high-risk ethnicities, unexplained intrauterine death in a
previous pregnancy, or polycystic ovarian syndrome. We further refer to pregestational
and gestational diabetes mellitus as (pre)gestational diabetes mellitus. At 10 years, we
measured the child’s BMI (14). This measurement preceded the cardiac MRl by a median
of 1.1 month (95% range 0.0 to 2.2).

Statistical analyses

First, we performed a nonresponse analysis to compare characteristics of mothers
and children with cardiac MRl measurements to those without. Second, we assessed
associations of maternal random glucose concentrations with childhood cardiac
outcomes. Based on previous studies showing linear associations of higher maternal
glucose concentrations with perinatal complications, childhood BMI, and glucose
metabolism, we hypothesized a linear tendency for associations of maternal glucose
concentrations with offspring cardiac outcomes (19-22). We first categorized maternal
glucose concentrations into quintiles, based on the distribution of maternal glucose
concentrations, to assess whether associations were restricted to women with relatively
high glucose concentrations and to explore linearity. We plotted unadjusted means of
childhood cardiac outcomes per maternal glucose concentration quintile and examined
the associations of the higher maternal glucose concentrations quintiles with childhood
cardiac outcomes, compared with the lowest quintile, using multiple linear regression
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models. Next, we assessed the associations of maternal glucose concentrations
continuously per T mmol/L increase with childhood cardiac outcomes to explore the
continuous associations across the full range of maternal glucose concentrations,
which is not fully captured by the quintile analyses. We assessed linearity by visualizing
the data by categorizing maternal glucose concentrations into deciles and by testing
for quadratic terms for maternal glucose concentrations within our models. We also
estimated cubic spline models, with additional boundary knots at the 5th and 95th
percentile, and assessed whether this significantly improved model fit. These analyses
showed the linear model was the best fit for the data. Linear regression model
assumptions were fulfilled. We constructed five different models, based on a directed
acyclic graph analysis (Supplementary Materials $2.3.2): 1. basic model adjusted for
gestational age at blood sampling, child’s age and sex, and time difference between
the BSA and MRI measurement; 2. confounder model, as main model: basic model
additionally adjusted for maternal ethnicity, educational level, folic acid supplement
use, alcohol consumption, smoking, and gestational hypertensive disorders; 3. maternal
BMI model: confounder model additionally adjusted for maternal prepregnancy BMI; 4.
birth model: maternal BMI model additionally adjusted for the child’s gestational age
and weight at birth; and 5. child model: birth model additionally adjusted for childhood
concurrent BMI and blood pressure. We tested statistical interaction terms for maternal
prepregnancy BMI, fetal sex, and child’s concurrent BMI, but none were significant.
Additionally, we repeated all analyses using maternal random insulin concentrations as
exposure. To enable comparison of effect sizes for the associations of different measures
of maternal glucose metabolism with childhood cardiac outcomes, these analyses were
performed using maternal random glucose and insulin concentrations in SDS. We log-
transformed maternal insulin concentrations before the construction of the SDS giveniits
skewed distribution. To assess robustness of findings, we performed several sensitivity
analyses: 1) excluding women with (pre)gestational diabetes mellitus to assess the
associations of maternal glucose concentrations within a population without diabetes;
2) excluding women with the diagnosis of gestational hypertensive disorders; and 3)
excluding women with glucose concentrations sampled at >14 weeks’ gestation to
assess the associations of first trimester maternal glucose concentrations with offspring
cardiac development. Multiple imputations of covariates (pooled results of five imputed
data sets) were performed. All analyses were performed using SPSS 24.0 for Windows
software (IBM, Armonk, NY), except for spline analyses, which were conducted in R 3.6.3
software with the splines package.
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RESULTS

Subject characteristics

Table 2.3.1 reports that the mean maternal random glucose concentration was 4.4
mmol/L (SD 0.8). The glucose concentration in 0.3% of women was >=7.8 mmol/L.
Population characteristics according to quintiles of maternal glucose concentrations are
provided in Supplementary Table $2.3.1. Nonresponse analysis showed that mothers
of children with cardiac MRI measurements at 10 years, compared with those without,
had slightly higher glucose concentrations (Supplementary Table S2.3.2).

Maternal glycemia and childhood cardiac function and structure

Figure 2.3.1 shows that the unadjusted means of childhood left ventricular mass and
that the left and right ventricular end-diastolic volumes were lowest in the highest
maternal glucose concentrations quintile. In the confounder models, compared with
children from mothers with glucose concentrations in the lowest quintile, children from
mothers with glucose concentrations in the highest quintile had a lower left ventricular
mass (20.19 SDS, 95% Cl 20.31 to 20.07) and a lower left ventricular end-diastolic
volume (20.17 SDS, 95% Cl 20.28 to 20.05). A similar nonsignificant tendency was
present for childhood right ventricular end-diastolic volume. No consistent associations
of maternal glucose concentrations quintiles with left and right ventricular ejection
fraction were present. In the basic models, higher maternal glucose concentrations
across the full range were associated with a lower childhood left ventricular mass, left
ventricular end-diastolic volume, and right ventricular end-diastolic volume (all P values
<0.05) (Table 2.3.2). In the confounder models, higher maternal glucose concentrations
were associated with a lower childhood left ventricular mass and lower left ventricular
end-diastolic volume only (20.06 SDS (95% CI 20.10 to 20.01) and 20.04 SDS (95% Cl
20.09 to 0.00), per 1 mmol/L increase in maternal glucose concentration, respectively).
Adjustment for maternal prepregnancy BMI and child’s gestational age and weight at
birth and childhood BMI and blood pressure did not materially change these effect
estimates. There was a nonsignificant tendency for an association of higher maternal
glucose concentrations with a lower childhood right ventricular ejection fraction. Higher
maternal glucose concentrations were not associated with childhood blood pressure,
which we considered as a potential mediator of the associations of maternal glucose
concentrations with childhood cardiac outcomes (Supplementary Table S2.3.3).
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TABLE 2.3.1. Characteristics of the study population

Total group (n=1959)

Maternal Characteristics
Age at enrolment, mean (SD), years

Gestational age at intake, median (95%), weeks

Prepregnancy body mass index, median (95%), kg/m?

Gestational weight gain, mean (SD), kg
Parity, n nulliparous (%)
Ethnicity, n Dutch or European (%)*
Education level, n high (%)
Income, n high (%)
Smoking during pregnancy, n yes (%)
Alcohol consumption during pregnancy, n yes (%)
Folic acid supplement use, n yes (%)
Glucose, mean (SD), mmol/I
First quintile, mean (SD), mmol/I
Second quintile, mean (SD), mmol/I
Third quintile, mean (SD), mmol/I
Fourth quintile, mean (SD), mmol/I
Fifth quintile, mean (SD), mmol/I
Insulin, median (95%), pmol/I
First quintile, median (95% range), pmol/I
Second quintile, median (95% range), pmol/I
Third quintile, median (95% range), pmol/I
Fourth quintile, median (95% range), pmol/I
Fifth quintile, median (95% range), pmol/I
(Pre)Gestational diabetes, n (%)
Gestational hypertensive disorders, n (%)
Birth characteristics
Sex, n female (%)
Birthweight, mean (SD), grams
Gestational age at birth, median (95%), weeks
Child Characteristics at 10 years
Age, mean (SD), years
Height, mean (SD), cm
Weight, median (95% range), kg
Body mass index, median (95%), kg/m?

Body surface area, median (95%), m?

30.9 (4.6)
13.1(10.5t0 16.8)
22.5(18.7t0 31.6)

15.1(5.8)

1190 (60.7)
1306 (66.7)
1011 (51.6)
1374 (70.1)
418(21.3)
1063 (54.3)
1262 (64.4)
4.4(0.8)

3.4(04)

4(0.1)
4.3(0.1)
4.8(0.1)

5.7 (0.6)

113.0 (24.4 t0 502.8)
31.8(16.4 to 44.4)
64.4 (47.8 to 82.9)

113.1(86.7 to 145.0)

195.9(152.0 to 251.4)
373.1(266.9 to 887.6)
11(0.6)
131(6.7)

1028 (52.5)
3448 (546)
403 (37.1t0 42.1)

9.9(9.5t0 11.6)
141.6 (6.7)
33.8(26.4t0 48.8)
16.9 (14.4t0 22.9)
1.1(1.0to 1.4)
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TABLE 2.3.1. Continued

Total group (n=1959)

Blood pressure
Systolic, mean (SD), mmHg 103.1(7.9)
Diastolic, mean (SD), mmHg 58.5 (6.4)

Cardiac MRl measures

Left ventricular mass, median (95%), gram 47.5 (34.5 10 67.9)
Left ventricular end-diastolic-volume, median (95%), ml 98.7 (73.7 t0 132.7)
Left ventricular ejection fraction, mean (SD), % 58.4 (4.6)
Right ventricular end-diastolic-volume, median (95%), ml 98.2 (71.3to 134.8)
Right ventricular ejection fraction, mean (SD), % 58.2(4.9)

For normal distributed data, the mean with standard deviation is stated. For non-normally distributed data, the median with 95%
range is stated. SD: Standard Deviation

Number of missings per covariate: maternal ethnicity n=24 (1.2%), maternal educational level n=82 (4.2%), folic acid supplement
use during pregnancy n=432 (22.1%), alcohol consumption n=216 (11.0%), smoking during pregnancy n=197 (10.1%), gestational
hypertensive disorders n=33 (1.7%).

*Maternal ethnicities within our the study population included Dutch n=1148 (58.6%), European n=158 (8.1%), Surinamese n=154
(7.9%), Turkish n=102 (5.2%), Moroccan n=85 (4.3%), Cape Verdian n=84 (4.3%), Indonesian n=70 (3.6%), Asian n=41 (2.1%), Dutch
Antilles n=35 (1.8%), American n=24 (1.2%) and other ethnicities (all <1% per ethnicity)

Additional analyses

Higher maternal insulin concentrations were associated with lower childhood left and
right ventricular end-diastolic volume (all P values <0.05), but not with left ventricular
mass and left and right ventricular ejection fraction (Supplementary Table S2.3.4).
Strength of these associations was comparable to maternal glucose concentrations.
Excluding mothers with (pre)gestational diabetes mellitus or gestational hypertensive
disorders had no effect on the associations (Supplementary Table S2.3.5). When
we repeated the analyses among women with glucose concentrations <14 weeks’
gestation available, effect estimates for the association with childhood left ventricular
mass were similar but borderline significant, effect estimates for the associations with
childhood left ventricular end-diastolic volume were in similar direction but attenuated
toward nonsignificant, and the effect estimates for the association with childhood
right ventricular ejection fraction was in similar direction and slightly stronger
(Supplementary Table S2.3.5).
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Black circles represent regression coefficients (95% confidence interval) from linear
regression models that reflect differences in childhood cardiac outcomes in Standard
Deviation Score (SDS) for maternal glucose concentrations in quintiles compared to
the lowest quintile (left y-axis). Regression models were adjusted for gestational age at
enrolment, child’s age and sex at follow up measurements and time difference between
measurement of child’s BSA and cardiac MRI, maternal ethnicity, educational level, folic
acid supplement use during pregnancy, alcohol consumption and smoking during
pregnancy, gestational hypertensive disorders. Bars represent the unadjusted means of
Body Surface Area-corrected Standard Deviation Scores of childhood cardiac outcomes
(right y-axis). Mean (SD) per quintile of maternal glucose concentrations in mmol/l are
3.4 (0.4) for quintile 1, 4.0 (0.1) for quintile 2, 4.3 (0.1) for quintile 3, 4.8 (0.1) for quintile
4 and 5.7 (0.6) for quintile 5. Median (95% range) per quintile of maternal glucose
concentrations in mmol/I are 3.6 (2.6 to 3.8) for quintile 1, 4.0 (3.9 to 4.1) for quintile 2,
4.3 (4.2to 4.5) for quintile 3, 4.8 (4.6 to 5.0) for quintile 4 and 5.5 (5.1 to 6.8) for quintile 5.

DISCUSSION

In a population without diabetes, higher maternal random glucose concentrations
in the first half of pregnancy, especially maternal glucose concentrations within the
highest quintile, were associated with a lower childhood left ventricular mass and left
ventricular end-diastolic volume. The strongest association was present for childhood
left ventricular mass. These associations were not explained by maternal, birth, and
childhood characteristics.

Interpretation of main findings

Maternal hyperglycemia during pregnancy seems associated with an altered fetal
cardiac development. (Pre)gestational diabetes mellitus is associated with congenital
heart defects and with alterations in fetal cardiac structure and function within the
normal range of cardiac development (1-7, 12, 23). Studies among women with diabetes
measuring fetal ventricular mass, ventricular filling velocities (early [E]-to-late [A] ratio),
and isovolumetric relaxation time, showed a higher left ventricular mass and lower left
and right ventricular diastolic function in fetuses of mothers with poor glycemic control
compared with mothers with good glycemic control (3, 23). Studies among newborns
of mothers with diabetes showed similar results (4, 24). One small study suggested that
pathologic ventricular hypertrophy in newborns of mothers with diabetes normalized
within the first 6 months of life (25). Associations may not be limited to populations with
diabetes only. A study showed that in 277 pregnant women without diabetes, offspring
exposed to higher random glucose concentrations in midpregnancy had a higher
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risk of tetralogy of Fallot but not of transposition of the great arteries (7). Similarly, a
study among 19,171 pregnant women without diabetes showed that higher maternal
glucose concentrations and higher postprandial glucose concentrations after an oral
glucose tolerance test were associated with increased risks of any offspring congenital
heart defect (6).

These findings, together with those from animal studies, suggest that maternal
gestational glucose concentrations are an important factor influencing cardiogenesis
(11). 1t is likely that women who develop gestational diabetes mellitus or hyperglycemia
later in pregnancy already have a suboptimal glucose metabolism in the first half of
pregnancy (26). Asembryonic and fetal cardiac development starts in the 1st weeks after
conception, this may be a critical period for potential adverse effects of a suboptimal
maternal glucose metabolism on embryonic and fetal cardiac development (11). We
observed that higher maternal random glucose concentrations, especially those within
the highest quintile, were associated with a lower childhood left ventricular mass
and left ventricular end-diastolic volume. These findings were already observed in a
population of relatively lean women with random glucose concentrations largely within
the normal range.

The association of higher maternal glucose concentrations with a lower childhood
left ventricular end-diastolic volume is in line with studies among populations with
diabetes focused on fetal cardiac adaptations. Ventricular end-diastolic volume defines
the ventricular ability to fill during the diastolic phase. Filling during the diastolic phase
could be affected by increased stiffness and decreased relaxation of the ventricles
caused by structural changes in the myocardium (27, 28). Animal studies have shown
a decreased number of cardiomyocytes and transient hypertrophy after exposure to
higher maternal glucose concentrations. Ventricular end-diastolic volume is one of the
main determinants of stroke volume, and to maintain an adequate stroke volume, a
lower ventricular end-diastolic volume may need to be compensated in the systolic
phase, leading to an altered systolic function in the long-term (29). Nonsignificant
tendencies were found for associations of higher maternal glucose concentrations with
lower childhood ventricular ejection fraction, a measure of ventricular systolic function.
Associations with ejection fraction may become more apparent at older ages. Thus, our
findings suggest that higher maternal random glucose concentrations, already within
the normal range, are associated with childhood ventricular diastolic function and
filling capacity.

In contrast to findings of studies in fetal and infant life, we observed that higher maternal
random glucose concentrations, especially those within the highest quintile, were
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associated with a lower childhood left ventricular mass. Effect estimates were consistent
among all sensitivity analyses, but became borderline significant among women
with first trimester glucose concentrations available. This is most likely due to smaller
sample size. These findings are in line with observations in experimental animal models
which show that the influence of maternal glycemia on cardiac development may be
different in childhood and adulthood than in fetal life and infancy (8, 10). Higher fetal
glucose and insulin concentrations, in response to maternal glycemia, may decrease
the number of cardiomyocytes but simultaneously accelerate individual cardiomyocyte
growth (8-10). This may result in ventricular hypertrophy in fetal and early postnatal life,
due to accelerated growth of individual cardiomyocytes, but a decreased ventricular
mass in later life resulting from the reduction in cardiomyocyte number (10). When our
results are compared with those from previous studies, differences in study design and
populations should be considered, because most previous studies were conducted
in pregnant women with diabetes and focused on offspring left ventricular mass
during fetal and early postnatal life (3, 4). Thus, our study shows for the first time that
in a population without diabetes, higher maternal glucose concentrations within the
normal range are associated with a lower childhood left ventricular mass.

Contrary to our prior hypothesis that the right ventricle might be more affected by
intrauterine exposure to higher maternal glucose concentrations, we mainly observed
associations with offspring left cardiac outcomes. We observed a tendency for
associations of higher maternal glucose concentrations with a lower childhood right
ventricular ejection fraction, which were slightly stronger in the sensitivity analysis with
maternal glucose concentrations <14 weeks' gestation available. This could suggest
that maternal glucose metabolism impacts embryonic right ventricular development.
During fetal transition to extrauterine life, major adaptationsin the cardiovascular system
occur, and the afterload for the left ventricle increases strongly compared with the right
ventricle. As a result of the higher workload of the left ventricle during postnatal life,
alterations in the left ventricle in response to a suboptimal maternal glucose metabolism
may be more pronounced in childhood. We observed the strongest association with
childhood left ventricular mass. Similarly, the associations of higher maternal glucose
concentrations might be stronger with offspring right ventricular mass than with right
ventricular end-diastolic volume or ejection fraction. At 10 years, right ventricular mass
cannot be measured accurately with MRI because the right ventricular wall is too thin
and is prone to measurement error (29). Studies among offspring at older ages should
evaluate whether maternal glycemia is associated with right ventricular mass and
should compare the strength of associations of maternal glycemia with right and left
ventricular outcomes. Furthermore, studies using detailed measurements of embryonic
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and fetal cardiac development, including advanced ultrasound techniques, can be used
to provide insight into critical periods of maternal glucose metabolism on right and left
embryonic and fetal cardiac development.

We used maternal insulin concentrations as an additional measure of maternal glucose
metabolism. We observed that higher maternal insulin concentrations were also
associated with a lower childhood left ventricular end-diastolic volume, with a similar
strength as maternal glucose concentrations but not with childhood left ventricular
mass. Higher maternal insulin concentrations were also associated with lower childhood
right ventricular end-diastolic volume. On the basis of experimental animal models, it
seems that primarily maternal glucose concentrations would directly affect embryonic
and fetal cardiomyocyte development (3). Maternal insulin does not cross the placenta
but does affect maternal metabolism and placental development, which may also
indirectly influence offspring cardiac development through, for example, alterations in
fetal-placental blood flow patterns (15, 16). Experimental studies need to distinguish
whether maternal insulin concentrations have a potential indirect effect, in addition
to the effect of maternal glucose concentrations, on embryonic and fetal cardiac
development.

Effect estimates for the associations of maternal random glucose concentrations with
a lower childhood left ventricular mass and left ventricular end-diastolic volume were
small but important from a cardiovascular developmental perspective. Our findings
add to evidence suggesting that maternal glucose metabolism during pregnancy
may directly affect offspring cardiac development, because associations were not
explained by maternal, birth, or childhood characteristics. Few studies have focused
on how childhood cardiac development relates to adult cardiac structure and function
and cardiovascular morbidity. Our findings are in line with previous studies showing
associations of fetal growth restriction and small-size-for-gestational age at birth with
lower childhood left ventricular mass and left ventricular end-diastolic volume (17,
30). Fetal growth restriction and small-size-for-gestational-age at birth are risk factors
for cardiovascular diseases in adulthood, which may suggest that these childhood
cardiac alterations may be related to adverse cardiac health outcomes in later life (31,
32). Left ventricular mass tracks throughout childhood into adulthood, but whether
left ventricular end-diastolic volume tracks into adulthood remains unknown (33, 34).
Studies among adult populations have shown that increased left ventricular mass
is associated with a higher risk of cardiovascular morbidity, but whether a lower left
ventricular mass is related to cardiovascular diseases is unclear (35). Among adult
populations, both an increased and a reduced left ventricular end-diastolic volume are
associated with a higher risk of cardiovascular morbidity, even with preserved ejection

103




Chapter2.3

fraction, but these associations have not been assessed from childhood onward (36,
37). Further studies need to replicate our findings and assess the longterm implications
for offspring cardiac development. Intervention studies are needed to obtain further
insight into the causality of these observed associations and the possibilities to
improve offspring cardiovascular health by optimizing maternal glucose status during
pregnancy.

Methodological considerations

We had a prospective design with data collection from early pregnancy onward,
including detailed measurements of childhood cardiac development using cardiac MRI
scans. The number of cases of (pre)gestational diabetes mellitus and offspring cardiac
abnormalities was relatively low. Women with pregestational diabetes mellitus may
have been reluctant to participate, and children with cardiac abnormalities could be
lost to follow-up, which may have led to selection bias. However, because we aimed
to assess associations of maternal glycemia with offspring cardiac alterations within
the normal range, it is unlikely that this biased results. We obtained information on
the diagnosis of gestational diabetes mellitus from medical records. Glucose testing
for the diagnosis of gestational diabetes mellitus was not performed in all women for
study purposes, which may have led to misclassification. The nonresponse analysis,
low number of cases, and relatively lean population suggests a selection to a relatively
healthy population, which may affect the generalizability of our findings. Studies
among higher-risk populations, such as women with obesity or with a suboptimal
glucose metabolism, need to replicate findings. We obtained random maternal glucose
concentrations once during pregnancy at nonfixed times throughout the day. Owing to
our study design, we were not able to collect repeated fasting blood samples. Glucose
concentrations throughout the day are influenced by multiple factors, such as dietary
intake and exercise, and although blood samples were stored on ice for a maximum of
3 h, blood glucose concentrations may decline in EDTA tubes. These factors may have
led to nondifferential misclassification, causing an underestimation of our associations.
However, previous studies, including studies from our cohort, showed that random
maternal gestational glucose concentrations are related to the risks of gestational
diabetes mellitus, adverse birth outcomes, childhood obesity, and altered glucose
metabolism (22, 38-40). These associations were in a similar direction as those for
maternal fasting and postprandial glucose concentrations with these adverse outcomes
(19, 20). Timing of sampling of maternal glucose concentrations in our study is relatively
broad, but <18 weeks’ gestation, covering the first half of pregnancy. This classification
was aligned with the logistics of the study. Further studies need to replicate our findings
using repeated maternal fasting and postprandial glucose measurements. These
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studies should already measure glucose before pregnancy, because maternal glycemia
in the first half of pregnancy is likely to reflect maternal glucose before conception,
and repeatedly throughout pregnancy from the first trimester onward, to identify
critical periods of maternal glycemia for offspring cardiac development. Information on
multiple maternal and childhood characteristics was available, but residual confounding
may have influenced results.

CONCLUSION

Higher maternal random glucose concentrations in the first half of pregnancy, already
within the normal range, were associated with a lower childhood left ventricular mass
and lower left ventricular end-diastolic volume at 10 years. The strongest association
was present for childhood left ventricular mass. Maternal, birth, and childhood
characteristics did not explain these associations. Further studies are needed to replicate
our findings and to assess the long-term associations of maternal glucose metabolism
with offspring cardiac.

105

2.3




Chapter2.3

REFERENCES

106

Oyen N, Diaz LJ, Leirgul E, Boyd HA, Priest J, Mathiesen ER, et al. Prepregnancy Diabetes
and Offspring Risk of Congenital Heart Disease: A Nationwide Cohort Study. Circulation.
2016;133(23):2243-53.

Hoang TT, Marengo LK, Mitchell LE, Canfield MA, Agopian AJ. Original Findings and Updated
Meta-Analysis for the Association Between Maternal Diabetes and Risk for Congenital Heart
Disease Phenotypes. Am J Epidemiol. 2017;186(1):118-28.

Turan S, Turan OM, Miller J, Harman C, Reece EA, Baschat AA. Decreased fetal cardiac
performance in the first trimester correlates with hyperglycemia in pregestational maternal
diabetes. Ultrasound Obstet Gynecol. 2011;38(3):325-31.

Zablah JE, Gruber D, Stoffels G, Cabezas EG, Hayes DA. Subclinical Decrease in Myocardial
Function in Asymptomatic Infants of Diabetic Mothers: A Tissue Doppler Study. Pediatr
Cardiol. 2017;38(4):801-6.

Asoglu MR, Gabbay-Benziv R, Turan OM, Turan S. Exposure of the developing heart to diabetic
environment and early cardiac assessment: A review. Echocardiography. 2018;35(2):244-57.
Helle EIT, Biegley P, Knowles JW, Leader JB, Pendergrass S, Yang W, et al. First Trimester Plasma
Glucose Values in Women without Diabetes are Associated with Risk for Congenital Heart
Disease in Offspring. J Pediatr. 2018;195:275-8.

Priest JR, Yang W, Reaven G, Knowles JW, Shaw GM. Maternal Midpregnancy Glucose Levels
and Risk of Congenital Heart Disease in Offspring. JAMA Pediatr. 2015;169(12):1112-6.
Fernandez-Twinn DS, Blackmore HL, Siggens L, Giussani DA, Cross CM, Foo R, et al. The
programming of cardiac hypertrophy in the offspring by maternal obesity is associated with
hyperinsulinemia, AKT, ERK, and mTOR activation. Endocrinology. 2012;153(12):5961-71.
Gordon EE, Reinking BE, Hu S, Yao J, Kua KL, Younes AK, et al. Maternal Hyperglycemia
Directly and Rapidly Induces Cardiac Septal Overgrowth in Fetal Rats. J Diabetes Res.
2015;2015:479565.

Han SS,Wang G, JinY,MaZL, JiaWJ,WuX, etal.Investigating the Mechanism of Hyperglycemia-
Induced Fetal Cardiac Hypertrophy. PLoS One. 2015;10(9):e0139141.

Basu M, Garg V. Maternal hyperglycemia and fetal cardiac development: Clinical impact and
underlying mechanisms. Birth Defects Res. 2018;110(20):1504-16.

Dervisoglu P, Kosecik M, Kumbasar S. Effects of gestational and pregestational diabetes
mellitus on the foetal heart: a cross-sectional study. J Obstet Gynaecol. 2018;38(3):408-12.
El-Ganzoury MM, El-Masry SA, El-Farrash RA, Anwar M, Abd Ellatife RZ. Infants of diabetic
mothers: echocardiographic measurements and cord blood IGF-I and IGFBP-1. Pediatr
Diabetes. 2012;13(2):189-96.

Kooijman MN, Kruithof CJ, van Duijn CM, Duijts L, Franco OH, van IMH, et al. The Generation
R Study: design and cohort update 2017. Eur J Epidemiol. 2016;31(12):1243-64.

Nelson SM, Matthews P, Poston L. Maternal metabolism and obesity: modifiable determinants
of pregnancy outcome. Hum Reprod Update. 2010;16(3):255-75.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Maternal early-pregnancy glucose metabolism and childhood cardiac outcomes

Catalano PM, Shankar K. Obesity and pregnancy: mechanisms of short term and long term
adverse consequences for mother and child. Bmj. 2017;356:j1.

Toemen L, Gaillard R, Roest AA, van der Geest RJ, Steegers EA, van der Lugt A, et al. Fetal
and infant growth patterns and left and right ventricular measures in childhood assessed by
cardiac MRI. Eur J Prev Cardiol. 2020;27(1):63-74.

Dai S, Harrist RB, Rosenthal GL, Labarthe DR. Effects of body size and body fatness on left
ventricular mass in children and adolescents: Project HeartBeat! Am J Prev Med. 2009;37(1
Suppl):S97-104.

Farrar D, Simmonds M, Bryant M, Sheldon TA, Tuffnell D, Golder S, et al. Hyperglycaemia and
risk of adverse perinatal outcomes: systematic review and meta-analysis. Bmj.2016;354:i4694.
Scholtens DM, Kuang A, Lowe LP, Hamilton J, Lawrence JM, Lebenthal Y, et al. Hyperglycemia
and Adverse Pregnancy Outcome Follow-Up Study (HAPO FUS): Maternal Glycemia and
Childhood Glucose Metabolism. Diabetes Care. 2019.

Lowe WL, Jr., Lowe LP, Kuang A, Catalano PM, Nodzenski M, Talbot O, et al. Maternal glucose
levels during pregnancy and childhood adiposity in the Hyperglycemia and Adverse
Pregnancy Outcome Follow-up Study. Diabetologia. 2019;62(4):598-610.

Geurtsen ML, van Soest EEL, Voerman E, Steegers EAP, Jaddoe VWV, Gaillard R. High maternal
early-pregnancy blood glucose levels are associated with altered fetal growth and increased
risk of adverse birth outcomes. Diabetologia. 2019;62(10):1880-90.

Miranda JO, Cerqueira RJ, Ramalho C, Areias JC, Henriques-Coelho T. Fetal Cardiac Function
in Maternal Diabetes: A Conventional and Speckle-Tracking Echocardiographic Study. J Am
Soc Echocardiogr. 2018;31(3):333-41.

Kozak-Barany A, Jokinen E, Kero P, Tuominen J, Ronnemaa T, Valimaki I. Impaired left
ventricular diastolic function in newborn infants of mothers with pregestational or
gestational diabetes with good glycemic control. Early Hum Dev. 2004;77(1-2):13-22.

Ullmo S, Vial Y, Di Bernardo S, Roth-Kleiner M, Mivelaz Y, Sekarski N, et al. Pathologic
ventricular hypertrophy in the offspring of diabetic mothers: a retrospective study. Eur Heart
J.2007;28(11):1319-25.

Sesmilo G, Prats P, Garcia S, Rodriguez |, Rodriguez-Melcon A, Berges |, et al. First-trimester
fasting glycemia as a predictor of gestational diabetes (GDM) and adverse pregnancy
outcomes. Acta Diabetol. 2020.

Zile MR, Baicu CF, Gaasch WH. Diastolic heart failure--abnormalities in active relaxation and
passive stiffness of the left ventricle. N Engl J Med. 2004;350(19):1953-9.

Anderson RB, E.; Rigby, M.; Redington, A.; Penny, D; Wernovsky, G. Paediatric Cardiology.
Philadelphia: Churchill Livingstone 2009.

Mooij CF, de Wit CJ, Graham DA, Powell AJ, Geva T. Reproducibility of MRl measurements
of right ventricular size and function in patients with normal and dilated ventricles. J Magn
Reson Imaging. 2008;28(1):67-73.

Crispi F, Bijnens B, Figueras F, Bartrons J, Eixarch E, Le Noble F, et al. Fetal growth restriction
results in remodeled and less efficient hearts in children. Circulation. 2010;121(22):2427-36.

107




Chapter2.3

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

108

Crispi F, Miranda J, Gratacos E. Long-term cardiovascular consequences of fetal growth
restriction: biology, clinical implications, and opportunities for prevention of adult disease.
Am J Obstet Gynecol. 2018;218(25):5869-S79.

Barker DJ, Osmond C, Golding J, Kuh D, Wadsworth ME. Growth in utero, blood pressure in
childhood and adult life, and mortality from cardiovascular disease. Bmj. 1989;298(6673):564-
7.

Janz KF, Dawson JD, Mahoney LT. Predicting heart growth during puberty: The Muscatine
Study. Pediatrics. 2000;105(5):E63.

Urbina EM, Gidding SS, Bao W, Pickoff AS, Berdusis K, Berenson GS. Effect of body size,
ponderosity, and blood pressure on left ventricular growth in children and young adults in
the Bogalusa Heart Study. Circulation. 1995;91(9):2400-6.

Bluemke DA, Kronmal RA, Lima JA, Liu K, Olson J, Burke GL, et al. The relationship of left
ventricular mass and geometry to incident cardiovascular events: the MESA (Multi-Ethnic
Study of Atherosclerosis) study. J Am Coll Cardiol. 2008;52(25):2148-55.

Verma A, Pfeffer MA, Skali H, Rouleau J, Maggioni A, McMurray JJ, et al. Incremental
value of echocardiographic assessment beyond clinical evaluation for prediction of
death and development of heart failure after high-risk myocardial infarction. Am Heart J.
2011;161(6):1156-62.

NambiarL, Li A,Howard A, LeWinter M, Meyer M. Left ventricular end-diastolic volume predicts
exercise capacity in patients with a normal ejection fraction. Clin Cardiol. 2018;41(5):628-33.
Meek CL, Murphy HR, Simmons D. Random plasma glucose in early pregnancy is a
better predictor of gestational diabetes diagnosis than maternal obesity. Diabetologia.
2016;59(3):445-52.

Clausen T, Burski TK, Oyen N, Godang K, Bollerslev J, Henriksen T. Maternal anthropometric
and metabolic factors in the first half of pregnancy and risk of neonatal macrosomia in term
pregnancies. A prospective study. Eur J Endocrinol. 2005;153(6):887-94.

Wahab RJ, Voerman E, Jansen PW, Oei EHG, Steegers EAP, Jaddoe VWV, et al. Maternal
Glucose Concentrations in Early Pregnancy and Cardiometabolic Risk Factors in Childhood.
Obesity (Silver Spring). 2020;28(5):985-93.

LopezL, Colan SD, Frommelt PC, Ensing GJ, Kendall K, Younoszai AK, et al. Recommendations
for quantification methods during the performance of a pediatric echocardiogram: a report
from the Pediatric Measurements Writing Group of the American Society of Echocardiography
Pediatric and Congenital Heart Disease Council. ] Am Soc Echocardiogr. 2010;23(5):465-95;
quiz 576-7.



Maternal early-pregnancy glucose metabolism and childhood cardiac outcomes

SUPPLEMENTARY MATERIAL

n=6,099

Mothers enrolled during pregnancy with information on early-
pregnancy random glucose concentrations available and singleton
live births

\ 4

v

n=3,811
Children participated in follow up measurements at 10 years

A4

n=2,288

Excluded:

No participation in follow up
at 10 years

n=2,294
Children participated in cardiac MRI measurement

n=1,517

Excluded:

No participation cardiac MRI
measurement at 10 years

n=1,965
Children had good quality MRI measurements

n=329

Excluded:

Poor quality MRI
measurements

n=1,959

Population for analyses:

Mother-singleton child couples with information available on
maternal early-pregnancy random glucose concentrations and
childhood cardiac outcomes

Cardiac MRI measures at 10 years of age n=1,959

SUPPLEMENTARY FIGURE 52.3.1. Flow chart of the study participants
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n=6

Excluded:

Cardiac abnormality in
medical history
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Supplementary Materials $2.3.1. Childhood cardiac MRI measurements and
correction for body surface area

The histograms of the absolute cardiac outcomes are shown below. Childhood left and
right ventricular ejection fraction had a normal distribution, and left ventricular mass
and left and right end-diastolic volume showed a more skewed distribution, as shown
in the histograms below. As childhood cardiac outcomes are strongly dependent on
childhood size, we corrected all childhood cardiac outcomes for body surface area (BSA)
(1). We used Generalized Additive Models for Location, Size and Shape (GAMLSS) in R,
version 3.2.0 (R Core Team, Vienna, Austria) (2). These models enable flexible modelling,
taking into account the distribution of the outcome variable(3). Worm plots and Akaike
Information Criterion were used in sensitivity analyses to obtain the best model fit.
Weight and length were measured at the research center. BSA was computed using the
Haycock formula (BSA (m2) =0.024265 X weight (kg)0.5378 x height (cm)0.396.To enable
comparison of our effect sizes for associations of maternal glucose metabolism with
childhood left and right ventricular structural and functional measures, we constructed
childhood BSA-adjusted cardiac outcomes Standard Deviation Scores (SDS). This led to
normally distributed childhood BSA adjusted cardiac outcomes SDS as shown in the
histograms.
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Distribution of uncorrected childhood cardiac outcomes in their original unit and BSA-
corrected childhood cardiac outcomes in SDS
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Supplementary Materials 52.3.2. Model selection based on a Directed Acyclic
Graph representing the confounding and mediating pathways between
maternal glucose concentrations in early-pregnancy and childhood cardiac
outcomes

We selected maternal ethnicity, educational level, folic acid supplement use,
alcohol consumption, smoking status and gestational hypertensive disorders in the
model, based on their association with exposures and outcomes or change in effect
estimates of >10% in our study sample (4-7). Maternal nausea and vomiting, and total
caloric intake were not included in the confounder model as they did not affect the
observed associations. Higher maternal glucose concentrations during pregnancy
are an important risk factor for the risks of preterm birth and delivering a high or low
birthweight infant (8-10). Multiple studies have shown that higher maternal glucose
concentrations during pregnancy are associated with offspring BMIl and blood pressure
(11-13). In turn, these adverse birth outcomes and childhood characteristics are
associated with childhood cardiac function and structure (14-17). As we showed in
our DAG, gestational age and weight at birth and childhood BMI and blood pressure
may mediate potential associations between maternal glucose concentrations and
childhood cardiac outcomes. To explore the mediating role of birth characteristics and
child’s concurrent BMI and blood pressure, we additionally corrected for these birth and
child characteristics in separate models.
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SUPPLEMENTARY TABLE S2.3.1. Baseline characteristics according to quintiles of maternal early-pregnancy random glucose

concentrations

Glucose concentrations

Quintile 1 (n=433)

Glucose concentrations

Quintile 2 (n=327)

Maternal Characteristics
Age at enrolment, mean (SD), years

Gestational age at intake, median (95%), weeks

Prepregnancy body mass index, median (95%), kg/m?

Gestational weight gain, mean (SD), kg
Parity, n nulliparous (%)
Ethnicity, n Dutch or European (%)
Education level, n high (%)
Income, n high (%)
Smoking during pregnancy, n yes (%)
Alcohol consumption during pregnancy, n yes (%)
Folic acid supplement use, n yes (%)
Glucose, mean (SD), mmol/I
Insulin, median (95%), pmol/I
Pre(gestational) diabetes, n (%)
Gestational hypertensive disorders, n (%)
Birth characteristics
Sex, n female (%)
Birthweight, mean (SD), grams
Gestational age at birth, median (95%), weeks
Child Characteristics at 10 years
Age, mean (SD), years
Body mass index, median (95%), kg/m?
Body surface area, median (95%), m?
Blood pressure

Systolic, mean (SD), mmHg

Diastolic, mean (SD), mmHg
Cardiac MRI measures

Left ventricular mass, median (95%), gram

Left ventricular end-diastolic volume, median (95%), ml

Left ventricular ejection fraction, mean (SD), %

304 (4.7)
13.2(10.7 to 16.9)
21.9(18.5 t0 28.6)

15.5(5.0)

273 (63.2)

298 (69.5)

229 (52.9)

258 (68.1)

99 (22.9)

254 (65.3)
280 (84.1)
3.4(04)

65.3 (20.0 to 264.2)
2(0.5)

24(5.7)

227 (52.4)
3420 (554)

40.3(37.5t042.1)

10.3(0.7)
10.3(0.7)

1.1(1.0to 1.4)

102.8(7.7)

57.9 (6.4)

47.9(35.0t0 71.1)
100.3 (74.5to 133.9)

58.8 (4.6)

309 4.7)
13.4(10.9t0 16.9)
223 (18.5t030.2)

15.4 (6.0)

207 (63.5)

219 (67.6)

170 (52.0)

187 (63.6)

66 (20.2)

174 (61.5)
198 (81.1)
4(0.1)
63.1(21.9 to 303.5)
0(0.0)

16 (5.0)

162 (49.5)
3417 (552)

40.3 (36.6 t0 42.0)

10.2(0.7)
10.2(0.7)

1.2(1.0to 1.4)

102.7 (7.9)

58.2 (6.4)

48.2 (33.9t0 67.9)
99.1(72.1 to 134.0)

58.4(4.8)

Right ventricular end-diastolic volume, median (95%), ml 100.4 (70.4 to 138.4) 99.0 (70.4 to 138.4)

Right ventricular ejection fraction, mean (SD), % 58.7 (5.0) 58.0 (4.9)
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Glucose concentrations
Quintile 5 (n=378)

Glucose concentrations
Quintile 4 (n=389)

Glucose concentrations
Quintile 3 (n=432)

31.0 (4.7)
13.0(10.2t0 16.9)
22.4(18.7t031.7)

14.8 (5.4)

247 (57.8)

279 (65.6)

202 (46.8)

234 (61.9)

100 (23.10

230 (60.5)

267 (82.4)

43(0.1)

86.8 (22.8 t0 333.8)
0(0.0)

32(7.5)

234 (54.2)
3422 (542)

40.1(37.1t042.0)

10.1(0.6)
10.1(0.6)

1.1(1.0to 1.4)

1033 (8.1)

59.0(6.5)

47.2 (36.3t067.9)
98.6 (75.1to 133.1)
58.2(4.4)

97.8 (71.8 to 134.4)

58.1(4.8)

31.2(44)
12.8(9.9to 16.4)
22.8(18.7t032.1)
15.2(6.2)
235(60.7)
273(70.7)
209 (53.7)
223(67.2)
84 (21.6)
211(61.2)
271(87.1)
4.8(0.1)
148.4 (38.3t0441.2)
2(0.5)

27 (7.1)

202 (51.9)
3510(534)

40.3(37.7t042.1)

10.1(0.6)
10.1(0.6)

1.1(1.0to 1.4)

103.4 (8.0)

58.5(6.1)

48.1 (344 10 66.9)
97.9 (74.5 to0 130.1)
583 (4.7)
97.2(72.1 to 134.0)

58.0 (5.1)

31.2(44)
13.3(10.6 t0 16.7)
23.5(18.9t035.3)

14.5 (6.4)

228 (60.6)

237 (62.7)

200 (52.9)

207 (63.1)

69 (18.3)

194 (56.1)

246 (78.1)

5.7 (0.6)

294.5 (83.6 to 821.3)
7(1.9)

32(8.6)

203 (53.7)
3471 (545)

40.2(37.3t042.1)

10.1(0.6)
10.1(0.6)

1.1(1.0to 1.5)

103.2(7.5)

59.0 (6.4)

46.3 (33.3 t0 66.9)
97.1(72.6 t0 130.9)
58.4 (4.5)
97.5(70.5 t0 132.8)

58.2(4.7)
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SUPPLEMENTARY TABLE 5S2.3.2. Non-response analysis for children with and without cardiac MRI follow up at 10 years of age

Follow up at 10 years No follow up at 10
(n=1959) years (n=4140) P-value*

Maternal Characteristics

Age at enrolment, mean (SD), years 30.9 (4.6) 29.2(5.2) 0.00
Gestational age at intake, median (95%), weeks 13.1(10.5t0 16.8) 13.4(10.5t0 17.4) 0.00
Prepregnancy BMI, median (95%), kg/m? 22.5(18.7t0 31.6) 22.6(18.7 t0 32.6) 0.72
Gestational weight gain, mean (SD), kg 15.1(5.8) 15.1(5.8) 0.95
Parity, No. nulliparous (%) 1191 (61.1) 2278 (55.5) 0.00
Ethnicity, no. Dutch or European (%) 1306 (67.5) 2259 (57.6) 0.00
Education level, n high (%) 1011 (53.8) 1534 (40.5) 0.00
Income, n high (%) 1374 (70.1) 2097 (50.7) 0.00
Smoking during pregnancy, n yes (%) 418 (23.7) 1102 (30.1) 0.00
Alcohol consumption during pregnancy, n yes (%) 1063 (61.0) 1826 (50.6) 0.00
Folic acid supplement use, n yes (%) 1262 (82.6) 2217 (70.8) 0.00
Glucose, mean (SD), mmol/I 4.4(0.8) 4.4(0.8) 0.04
Insulin, median (95%), pmol/I 113.0 (24.4 t0 502.8) 115.9 (24.9 to 555.3) 0.17
Pregestational diabetes, n (%) 11 (0.6) 74(1.9) 0.24
Gestational hypertensive disorders 131 (6.8) 296 (7.1) 0.42
Child Characteristics

Sex, n female (%) 1028 (52.5) 1985 (47.9) 0.00
Birthweight, mean (SD), grams 3448 (546) 3402 (571) 0.00
Gestational age at birth, median (95%), weeks 40.3 (37.1t0 42.1) 40.1 (36.7 to 42.0) 0.00

For normal distributed data, the mean with standard deviation is stated. For non-normally distributed data, the median with 95%
range is stated.

*Differences in subject characteristics between the groups were evaluated using unpaired t-tests for the parametric continuous
variables, Mann-Whitney U tests for the non-parametric continuous variables and chi square tests for proportions.
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Chapter2.3

SUPPLEMENTARY TABLE $2.3.4. Maternal early-pregnancy random glucose concentrations with childhood blood pressure at
10 years of age

Childhood systolic Childhood diastolic
blood pressure (SDS) p-value blood pressure (SDS) p-value

Maternal glucose (SDS)

Basic model® 0.02 (-0.03 to 0.07) 0.44 0.06 (0.00t0 0.11) 0.04
Confounder model® 0.01 (-0.04 to 0.06) 0.74 0.05(-0.01 t0 0.10) 0.09
Maternal BMI model® -0.01 (-0.06 to 0.04) 0.70 0.04 (-0.02 to 0.09) 0.16
Birth model* -0.01 (-0.06 to 0.04) 0.70 0.04 (-0.01 t0 0.09 0.14
Child model® -0.01 (-0.06 to 0.04) 0.78 0.04 (-0.01 t0 0.10) 0.13

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in childhood
blood pressure in SDS per SDS increase in maternal glucose and insulin concentrations. Insulin concentrations were log transformed.
SDS: standard deviation score, BMI: Body Mass Index

2Basic model includes gestational age at enrolment, child’s age and sex at follow up measurements and time difference between
measurement of child’s body surface area and cardiac MRI

bConfounder model is the basic model adjusted for gestational age at enrolment, child’s age and sex at follow up measurements
and time difference between measurement of child’s body surface area and cardiac MRI, maternal ethnicity, maternal educational
level, folic acid supplement use during pregnancy, alcohol consumption and smoking during pregnancy, gestational hypertensive
disorders

‘Maternal BMI model is the confounder model additionally adjusted for maternal prepregnancy body mass index

Birth model is the maternal BMI model additionally adjusted for gestational age and weight at birth

¢Child model includes the birth BMI model additionally adjusted for child’s body mass index at 10 years of age
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Chapter 3.1

ABSTRACT

Purpose: Maternal hyperglycemia is associated with adverse birth outcomes. Maternal
dietary glycemic index and load influence postprandial glucose concentrations. We
examined the associations of maternal early pregnancy dietary glycemic index and load
with fetal growth and risks of adverse birth outcomes.

Methods: In a population-based cohort study of 3,471 pregnant Dutch women, we
assessed dietary glycemic index and load using a food frequency questionnaire at
median 13.4 (95% range 10.6 to 21.2) weeks gestation. We measured fetal growth in
mid- and late-pregnancy by ultrasound and obtained birth outcomes from medical
records.

Results: Mean maternal early pregnancy dietary glycemic index and load were 57.7
(SD 3.3, 95% range 52.8 to 63.5) and 155 (SD 47, 95% range 87 to 243), respectively.
Maternal early pregnancy dietary glycemic index was not associated with fetal growth
parameters. A higher maternal early pregnancy dietary glycemic load was associated
with a higher fetal abdominal circumference and estimated fetal weight in late-
pregnancy (p values <0.05), but not with mid-pregnancy or birth growth characteristics.
A higher maternal early pregnancy dietary glycemic index was associated with a lower
risk of a large-for-gestational-age newborn (p value <0.05). Maternal early pregnancy
glycemic index and load were not associated with other adverse birth outcomes.

Conclusion: Among pregnant women without an impaired glucose metabolism, a
higher early pregnancy dietary glycemic load was associated with higher late-pregnancy
fetal abdominal circumference and estimated fetal weight. No consistent associations
of maternal dietary glycemic index and load with growth parameters in mid-pregnancy
and at birth were present. A higher glycemic index was associated with a lower risk of a
large-for-gestational-age newborn.
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INTRODUCTION

Maternal hyperglycemia during pregnancy is a well-known risk factor for adverse
birth outcomes, such as macrosomia and neonatal hypoglycemia (1). Accumulating
evidence suggests that early pregnancy is a critical period for the adverse effects of high
maternal glucose concentrations on embryonic and placental development (2, 3). High
maternal glucose concentrations from early pregnancy onwards may cause alterations
in embryonic and placental development, and lead to an increased transfer of glucose
to the developing fetus, predisposing to increased fetal growth and fat deposition and
alterations in fetal metabolism. These fetal adaptations may, subsequently, predispose
to increased risks of adverse birth outcomes (1).

During pregnancy, most transfer of glucose across the placenta occurs in the
postprandial state. These postprandial glucose concentrations are mainly determined
by maternal dietary carbohydrate intake (4). The dietary glycemic index and glycemic
load are measures that can be used to qualify and quantify the maternal postprandial
glycemic response to the maternal dietary carbohydrate intake. These measures
influence postprandial glucose available for maternal energy, storage, and transfer to
the fetus (5, 6). Intervention studies suggested that a low-glycemic index diet during
the second half of pregnancy may reduce birthweight and infant adiposity in women
with gestational diabetes or an impaired glucose metabolism (7, 8). No increased risks
of delivering a small-for-gestational-age infant were observed in these intervention
studies. However, an observational study among pregnant women not at risk of an
impaired glucose metabolism reported that a lower.

Maternal dietary glycemic index in the second half of pregnancy was associated with
anincreased risk of delivering a small-for-gestational-age infant (9). In pregnant women
without an impaired glucose metabolism, not much is known about the effects of
maternal dietary glycemic index and load during early pregnancy on directly measured
fetal growth throughout pregnancy and the risks of adverse birth outcomes. We
hypothesized that a lower maternal dietary glycemic index and load in early pregnancy
might reduce the risks of fetal overgrowth and macrosomia, but might also lead to
increased risks of fetal undergrowth and low birthweight, especially among a general,
healthy population.

Therefore, in a population-based prospective cohort study among 3,471 pregnant
women without an impaired glucose metabolism, we examined the associations of
maternal early pregnancy dietary glycemic index and load within a low-to-normal
range with fetal growth throughout pregnancy and the risks of adverse birth outcomes.
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METHODS

Study design and study sample

This study was embedded in the Generation R study, a population-based prospective
birth cohort study in Rotterdam, The Netherlands. Details of the study have been
described previously (10). Written informed consent was obtained from all women at
enrollment between April 2002 and January 2006. The response rate at baseline was
61%, which was calculated by dividing the number of participating live born children by
the total number of live born children born in the study area during the inclusion period.
The study was approved by the Medical Ethical Committee of Erasmus MC University
Medical Center in Rotterdam, The Netherlands (MEC 198.782/2001/31). In total, 4,544
Dutch women were enrolled during pregnancy. During early pregnancy, information
on dietary intake was available in 3,558 Dutch women. After exclusion of women with
pre-gestational diabetes and non-singleton live births, the final study sample consisted
of 3,471 pregnant women and their newborns (Supplementary Figure S3.1.1).

Maternal dietary glycemicindex and load

We obtained information on maternal dietary intake during early pregnancy at a
median of 12.9 weeks gestation (95% range 10.4 to 16.8) by a semi-quantitative 293-
item Food Frequency Questionnaire (FFQ) (11). The FFQ was validated against three
24-h dietary recalls in 71 pregnant women with Dutch ethnicity living in Rotterdam.
Intra-class correlation coefficients for macronutrient intakes ranged from 0.50 to 0.70
and were 0.54 for carbohydrate intake (12). The average energy intake and carbohydrate
intake was calculated using the Dutch Food Composition Table 2006 (13). Next, we
calculated the maternal early pregnancy dietary glycemic index and load. The dietary
glycemic index provides information on the quality of the glycemic response to a
carbohydrate containing food product and is more often used in intervention studies
and clinical settings (14, 15). The dietary glycemic load additionally takes the amount
of carbohydrate intake into account and, therefore, provides additional information on
maternal postprandial glucose concentrations, but this measure may be more prone to
measurement errors (5, 6, 16). In line with previous observational studies, we calculated
both maternal dietary glycemicindex and load for the current study (17-19). To calculate
maternal early pregnancy dietary glycemic index and load, glycemic index values
were assigned to each individual food item in the FFQ. Glycemic index values were
obtained from the glycemic index database on the Dutch diet published by the Medical
Research Council Human Nutrition Research (MRC HNR), Cambridge, United Kingdom,
using glucose as a reference (glycemic index for glucose equal to 100) (20). Using this
database, we obtained direct matches for 84.3% of the food items. For the food items
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that could not directly be matched in the database, glycemic index values for similar
food items were obtained from proxies (87.8%) or from glycemic index databases of
MRC HNR for other countries (9.8%). If no equivalent food item was available for a food
item, an arbitrary value of 70 was assigned according to the procedure developed by
the MRC HNR (2.4%) (18, 20).

The mean maternal dietary glycemic index per day was calculated by summing the
product of the carbohydrate intake of each food item with its glycemic index, which was
divided by the total amount of carbohydrates consumed per day. The mean maternal
dietary glycemic load was calculated by summing the product of the carbohydrate
intake of each food item with the glycemic index of that specific food item. We
constructed quartiles and standard deviation scores of maternal dietary glycemic index
and glycemic load.

Intervention studies stimulate a low-glycemicindex diet by recommending an exchange
of high-glycemic index products for low-glycemic index products, which results in a low
mean dietary glycemic index (19, 21). In line with these studies, we aimed to explore
the effects of a low-glycemic index diet on fetal growth and birth characteristics and
the risk of adverse birth outcomes as a secondary analysis. We categorized the mean
maternal dietary glycemic index per day into a low, normal, and high-glycemic index
diet, using similar cut-offs as used for individual food products (low-glycemic index diet
(<55), a normal-glycemic index diet (56 to 69), and a high-glycemic index diet (=70)).
We consider this approach in line with intervention studies who recommend a low-
glycemic index diet through eating low-glycemic index food products (19, 21).

Fetal growth and adverse birth outcomes

We performed fetal ultrasound examinations to assess fetal growth during mid- and
late-pregnancy at a median gestational age of 20.5 (95% range 19.0 to 22.6) and 30.4
(95% range 28.9 to 32.2) weeks, respectively. Gestational age was established during
early pregnancy based on crown-rump length. During mid- and late-pregnancy, we
measured femur length, abdominal circumference, and head circumference to the
nearest millimeter using standardized ultrasound procedures (22). Head circumference,
abdominal circumference, and femur length were used to estimate fetal weight by using
the Hadlock equation (23). Longitudinal growth curves and gestational-age-adjusted
standard deviation scores (SDS) were constructed for all fetal growth measurements
(24). These gestational-age-adjusted SDS were based on reference growth curves from
the whole study population, and represent the equivalent of z scores.
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We obtained data on gestational age, weight, length, and head circumference at birth
from medical records. Because head circumference and length were not routinely
measured at birth, fewer measurements were available (n=1,942 for head circumference
and n=2,323 for length at birth). Gestational-age-adjusted SDS for birthweight, length,
and head circumference were constructed using North European growth standards
(25). Based on international guidelines, we defined small-for-gestational-age and large-
for-gestational-age at birth as the lowest and the highest ten percentiles of gestational-
age-adjusted birthweight within our study population, respectively (19, 26). Preterm
birth was defined as a gestational age at birth<37 weeks (25). Information on caesarian
delivery was obtained from medical records.

Covariates

Information on maternal age, educational level (primary education finished, secondary
education finished, and higher education finished), parity (nulliparous and multiparous),
folic acid supplement use (yes/no), and daily nausea for past three months (yes/
no) and daily vomiting for past 3 months (yes/no) was collected by questionnaire at
enrollment. We measured maternal height at enrollment and obtained information on
maternal pre-pregnancy weight through questionnaire and calculated pre-pregnancy
body mass index (BMI) (10). Information on maternal smoking (yes/no) and alcohol
consumption (yes/no) was assessed by repeated questionnaires throughout pregnancy
(10). Information on gestational diabetes was obtained through medical records.

Statistical analyses

First, we performed a non-response analysis comparing Dutch women with and
without information available on early pregnancy dietary glycemic index and load. We
further compared population characteristics according to maternal dietary glycemic
index quartiles using Chi-square tests for categorical variables and one-way ANOVA
for continuous variables. Second, we examined the associations of maternal early
pregnancy dietary glycemic index and load with fetal growth patterns from mid-
pregnancy onwards using unbalanced repeated measurement regression models. We
included maternal early pregnancy dietary glycemic index and load quartiles in these
models as intercept and as interaction term with gestational age to estimate fetal
growth rates over time. To further assess the associations of maternal dietary glycemic
index and load with fetal growth characteristics in each pregnancy period in detail, we
examined the associations of maternal early pregnancy dietary glycemic index and
load in quartiles and per SDS change with each fetal growth characteristics in each
pregnancy period and at birth using linear regression models. In the analyses with
maternal early pregnancy dietary glycemic index and load in quartiles, we assessed
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whether associations were restricted to women with a relatively low or high dietary
glycemic index and load and explored whether there was a linear tendency present. We
used quartiles based on variability between the categories of maternal dietary glycemic
index and load and to maintain statistical power. Next, we assessed the associations
of maternal early pregnancy dietary glycemic index and load continuously per 1-SDS
increase with fetal growth characteristics in each pregnancy period and at birth to
explore the continuous associations across the low-to-normal range of maternal early
pregnancy dietary glycemic index and load, which is not fully captured by the quartile
analyses. First, we only adjusted for gestational age at study enrollment. Subsequently,
we additionally adjusted these models for maternal age, parity, educational level, pre-
pregnancy BMI, early pregnancy total daily energy intake, smoking during pregnancy,
alcohol use during pregnancy, daily nausea, and vomiting during early pregnancy and
fetal sex, as nutritional exposures are prone to confounding by other maternal socio-
demographic and lifestyle characteristics. Variables were selected based on literature
and included in the final model when the covariate caused a > 10% change in the effect
estimate (27-29). We did not adjust for gestational weight gain, as fetal growth is a
major component of gestational weight gain and additional adjustment of gestational
weight gain would thus lead to over adjustment. Finally, we assessed the associations
of maternal early pregnancy dietary glycemic index and load in quartiles and per SDS
change with the risks of adverse birth outcomes using logistic regression models
with similar adjustment. To assess whether the effects were different for mothers with
a different pre-pregnancy BMI and/or child’s sex, we tested for interactions between
maternal dietary glycemic index and load and maternal pre-pregnancy BMI and child’s
sex in the models described above, but none were significant (30, 31).

We performed several sensitivity analyses: (1) asasecondary analysis, we further explored
the associations of a low-glycemic index diet as compared to a normal-glycemic index
diet, according to our predefined categories, with fetal growth and the risks of adverse
birth outcomes; (2) as we were interested in the effects of maternal dietary glycemic
index and load among low-risk pregnant women, we repeated the analyses excluding
women with gestational diabetes, excluding women with overweight or obesity and
excluding women aged>35 years, respectively (15, 32).

To reduce selection bias due to missing data, multiple imputations of covariates (pooled
results of five imputed datasets) were be performed (33). The repeated measurement
analyses were performed using the Statistical Analysis System version 9.4 (SAS Institute,
Cary, NC, USA). All other analyses were performed using the Statistical Package of Social
Sciences version 24.0 for Windows (SPSS Inc., Chicago, IL, USA).
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RESULTS

Subject characteristics

Mean maternal dietary glycemic index and load were 57.7 (SD 3.3, 95% range 52.8 to
63.5) and 155 (SD 47, 95% range 87 to 243), respectively (Table 3.1.1). 705 (20.3%)
women consumed a low-glycemic index diet (mean dietary glycemicindex per day < 55)
and no women consumed a high-glycemic index diet (mean glycemic index per
day = 70). Women within the higher dietary glycemic index quartiles were more likely to
be younger, multiparous, lower educated, had a higher pre-pregnancy BMI, higher total
energy intake, and smoked more often during pregnancy. Fetal growth characteristics
according to maternal dietary glycemic index quartiles are given in Supplementary
Table S3.1.1. The non-response analysis showed that women with information on
dietary intake were more likely to be multiparous and higher educated compared to
women without these data (Supplementary Table $3.1.2).

Maternal dietary glycemicindex and load and fetal growth

Figure 3.1.1 shows fetal head circumference, length, and weight growth patterns from
mid-pregnancy onwards for quartiles of maternal dietary glycemic index and load.
As compared to the lowest quartile of maternal dietary glycemic index, the highest
quartile of maternal dietary glycemic index tended to be associated with lower fetal
head circumference, length, and weight growth rates from late-pregnancy onwards,
but only for fetal length, the p value for interaction of maternal dietary glycemic
index quartiles with gestational age was significant (p value<0.05). No consistent
associations of maternal dietary glycemic load quartiles with fetal growth patterns were
present (regression coefficients for gestational age-independent and gestational age-
dependent effects in Supplementary Table $3.1.3).

Maternal dietary glycemic index within a low-to-normal range was not associated with
fetal growth characteristics in each pregnancy period or at birth in the basic or adjusted
models (Table 3.1.2). In contrast, higher maternal dietary glycemic load within a low-
to-normal range was associated with a higher fetal abdominal circumference and fetal
estimated weight in late-pregnancy, with stronger associations after adjustment for
maternal socio-demographic and lifestyle factors (differences in late-pregnancy fetal
abdominal circumference and estimated fetal weight SDS 0.08 (95% Cl 0.02 to 0.15),
0.07 (95% Cl 0.00 to 0.14) per SDS increase in glycemic load, respectively]. However,
no associations of maternal dietary glycemic load with fetal growth characteristics
in mid-pregnancy or at birth were present. Supplementary Table $3.1.4 and S3.1.5
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show that when we analyzed associations of maternal dietary glycemic index and load
in quartiles with fetal growth characteristics in each pregnancy period, similar findings
were present.

Differences in fetal growth rates for the upper three maternal dietary glycemic index
quartiles (Figure 3.1.1a, 3.1.1b, 3.1.1¢) and the upper three maternal dietary glycemic
load quartiles (Figure 3.1.1d, 3.1.1¢, 3.1.1f), as compared to the lowest maternal dietary
glycemic index and load quartile, respectively. Circles represent the second quartile,
triangles the third quartile and squares the fourth quartile of maternal dietary glycemic
index and load, respectively. Results are based on repeated measurement regression
models and reflect the differences in gestational-age-adjusted SDS scores of fetal
head circumference, length and weight growth for the three highest maternal dietary
glycemic index and load quartiles compared the lowest maternal dietary glycemic
index and load quartile (reference group represented as zero line). The models were
adjusted for gestational age at intake, maternal age, parity, pre-pregnancy BMI, maternal
education, smoking during pregnancy, alcohol use during pregnancy, nausea during
early-pregnancy, vomiting during early-pregnancy, early-pregnancy total daily energy
intake, and fetal sex. We only observed a significant interaction for maternal dietary
glycemic index quartiles with gestational age for fetal length. Regression coefficients
for gestational age-independent and gestational age-dependent effects are given in
Supplementary Table S3.1.3.

Maternal dietary glycemicindex and load and the risk of adverse birth outcomes

Higher maternal dietary glycemic index within a low-to-normal range was not
associated with the risks of preterm birth, delivering a small-for-gestational-age infant
or caesarian delivery (Table 3.1.3). Higher maternal dietary glycemic index within
a low-to-normal range was associated with a lower risk of delivering a large-for-
gestational-age newborn in the basic model, which was not explained by adjustment
for maternal socio-demographic or lifestyle factors (Odds ratio for the risk of a large-
for-gestational-age newborn in the adjusted model: 0.86 (95% Cl 0.76 to 0.98) per SDS
increase in dietary glycemic index). No associations of maternal dietary glycemic load
within a low-to-normal range with adverse birth outcomes were present in the basic
or adjusted models. When we analyzed maternal dietary glycemic index and load in
quartiles, similar findings were present (Supplementary Table $3.1.6 and S3.1.7).
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TABLE 3.1.2. Associations of maternal early-pregnancy dietary glycemic index and load with

characteristics®

fetal growth and birth

Difference in head

circumference SDS

Difference in abdominal

circumference SDS

Difference in length

Difference in weight

(95% CI) (95% CI) SDS (95% Cl) SDS (95% Cl)
Maternal early-pregnancy glycemic index (SDS)
Mid-pregnancy
n=3351 n=3354 n=3352 n=3336

Basic model® -0.02 (-0.06 to 0.02)

Adjusted model® -0.01 (-0.05 to 0.02)
n=3365

Basic model® -0.03 (-0.06 to 0.01)

Adjusted model® -0.02 (-0.05 to 0.02)
n=1942

Basic model® -0.03 (-0.08 t0 0.02)

Adjusted model® -0.02 (-0.07 to 0.03)

Difference in head
circumference SDS (95% Cl)

Maternal early-pregnancy glycemic load (SDS)

n=3351

Basic model® 0.01 (-0.02 to 0.05)

Adjusted model® 0.01 (-0.06 to 0.08)
n=3365

Basic model® 0.00 (-0.03 to 0.04)

Adjusted model® -0.02 (-0.09 to 0.05)
n=1942

Basic model® 0.01 (-0.04 to 0.06)

Adjusted model® 0.04 (-0.06 to 0.14)

-0.01 (-0.04 to 0.02)

0.00 (-0.04 to 0.03)

0.02 (-0.01 to 0.06)

0.02 (-0.02 to 0.05)

Late-pregnancy

n=3391
0.01 (-0.03 to 0.04)
0.02 (-0.02 to 0.05)

Birth

n.a.
n.a.

Difference in abdominal
circumference SDS (95% Cl)

n=3400
-0.02 (-0.05 to 0.02)

0.00 (-0.04 to 0.03)

n=2323
-0.02 (-0.07 to 0.02)
-0.01 (-0.06 to 0.04)

Difference in length
SDS (95% Cl)

Mid-pregnancy

n=3354
0.01 (-0.02 to 0.05)

0.03 (-0.04 t0 0.10)

n=3352
0.02 (-0.01 to 0.05)

0.06 (-0.01t0 0.12)

Late-pregnancy

n=3391
0.03 (0.00 to 0.07)
0.08 (0.01 to 0.15)*

Birth

n.a.

n.a.

n=3400
0.01 (-0.03 to 0.04)

0.00 (-0.07 to 0.07)

n=2323
0.02 (-0.03 to 0.06)

0.00 (-0.09 to 0.09)

0.01 (-0.03 to 0.04)

0.01 (-0.03 to 0.04)

n=3387
0.00 (-0.03 to 0.04)

0.01 (-0.02 to 0.05)

n=3456
-0.03 (-0.06 to 0.00)
-0.02 (-0.06 to 0.01)

Difference in weight
SDS (95% Cl)

n=3336
0.02 (-0.01 to 0.05)

0.06 (-0.01t0 0.12)

n=3387
0.03 (0.00 to 0.07)

0.07 (0.00 to 0.14)

n=3456
0.02 (-0.02 to 0.05)

-0.01 (-0.07 to 0.06)

n.a.: not available *P-value<0.05

“Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in standard
deviation score of fetal growth and birth characteristics per one increase in standard deviation of maternal dietary glycemic index

and load intake during early-pregnancy.

bBasic models were adjusted for gestational age at study enrolment
‘Adjusted models were the basic models additionally adjusted for maternal age, parity, educational level, prepregnancy BMI, early-

pregnancy total daily energy intake, smoking during pregnancy, alcohol use during pregnancy, daily nausea and vomiting during

early-pregnancy and fetal sex
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TABLE 3.1.3. Associations of maternal early-pregnancy dietary glycemic index and load with the risks of adverse birth
outcomes®

Small-for-gestational Large-for-gestational

Preterm birth age at birth age at birth Caesarian delivery
OR (95% CI) OR (95% CI) OR (95% Cl) OR (95% CI)
(Ncases=162) (Ncases =345) (Ncases =345) (Ncases =410)

Maternal early-pregnancy glycemic index (SDS)

Basic model® 1.13(0.97 to0 1.32) 1.04 (0.93 t0 1.16) 0.86 (0.77 to 0.96)* 0.93 (0.84 to 1.04)
Adjusted model* 1.12(0.95to 1.32) 1.01(0.90to 1.14) 0.86 (0.76 to 0.97)* 0.98 (0.89to 1.11)
Maternal early-pregnancy glycemic load (SDS)

Basic model® 1.01(0.86t0 1.18) 1.03(0.92t0 1.15) 0.94 (0.84 to 1.05) 0.93 (0.84 to 1.03)
Adjusted model* 1.26 (0.92to 1.71) 0.97 (0.78 to 1.21) 0.80 (0.64 to 1.02) 1.01(0.82to 1.25)

*P-value<0.05.

9Values are odds ratios (95% Confidence Interval) obtained from logistic regression analysis reflecting the differences in odds of
adverse birth outcomes per standard deviation change of maternal dietary glycemic index and glycemic load intake during early-
pregnancy.

Basic models were adjusted for gestational age at study enrolment

“Adjusted models were the basic models additionally adjusted for maternal age, parity, educational level, prepregnancy BMI, early-
pregnancy total daily energy intake, smoking during pregnancy, alcohol use during pregnancy, daily nausea and vomiting during
early-pregnancy and fetal sex

Sensitivity analyses

In a secondary analysis, no associations of a maternal low-glycemic index diet, based on
comparison to individual food product classifications, as compared to a normal-glycemic
index diet with fetal growth characteristics or the risks of adverse birth outcomes were
present (results not shown). When we excluded women with gestational diabetes, we
observed similar results (results not shown). When we repeated the analyses among
normal weight women or women aged <35 years, we observed largely similar effect
estimates (Supplementary Tables S3.1.8 and $3.1.9).

DISCUSSION

Among pregnant women without an impaired glucose metabolism, we observed that
maternal early pregnancy dietary glycemic index across was not associated with fetal
growth parameters, whereas a higher maternal early pregnancy dietary glycemic load
was associated with a higher fetal abdominal circumference and estimated fetal weight
in late-pregnancy only. A higher glycemic index, but not load, was associated with a
lower risk of a large-for-gestational-age newborn.
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Interpretation of main findings

There isincreasing interest in targeting maternal dietary glycemicindex and load during
pregnancy as a lifestyle intervention to improve pregnancy and birth outcomes. Small
interventions studies among pregnant women with gestational diabetes, impaired
glucose tolerance or obesity, have already shown that a lower glycemic index diet from
the second half of pregnancy onwards improves maternal glucose concentrations and
lowers the risk of delivering a large-for-gestational-age newborn (19, 34). With dietary
interventions, these studies achieved a median maternal dietary glycemic index around
50 or lower in their intervention groups and compared these effects to a normal or
high maternal dietary glycemic index. Far less is known about the effects of maternal
dietary glycemic index and load on birth outcomes among populations not at risk for
an impaired glucose metabolism.

A few previous studies focused on the associations of maternal dietary glycemic index
and load with birth characteristics and the risks of adverse birth outcomes among
general, healthy populations, but no studies focused on directly measured fetal growth
characteristics (9, 17, 18, 30). These studies differed strongly with regards to the methods
used to calculate maternal dietary glycemic index and load, the timing of the dietary
assessments, studied populations, and adjustment for maternal socio-demographic
and lifestyle characteristics. An observational study among 47,003 Danish pregnant
women reported that a higher maternal dietary glycemic load, but not index, in mid-
pregnancy was associated with a higher birthweight and an increased risk of delivering
a large-for-gestational-age newborn (30). A study among 1,082 multi-ethnic non-
diabetic pregnant women from USA showed that the lowest quintile of maternal mid-
pregnancy dietary glycemicindex, but not load, was associated with a lower birthweight
and an increased risk of delivering a small-for-gestational-age infant. Using white bread
instead of glucose as a reference, the glycemic index in this study varied <71 for the
lowest quintile to> 85 for the highest quintile. No associations of the highest quintile
of maternal mid-pregnancy dietary glycemic index or load with a higher birthweight
and increased risk of delivering a large-for gestational-age-infant were observed (9).
Contrarily, a study among 842 low-risk Irish pregnant women reported no associations
of maternal dietary glycemic index and load in early pregnancy continuously with
birthweight or adverse birth outcomes, after adjusting for maternal age, pre-pregnancy
BMI, and parity and considering multiple testing (17). Similarly, a study among 906
low-risk pregnant women from the UK showed no associations of maternal early or
late-pregnancy dietary glycemic index and load continuously with fat and lean mass
at birth (18). The mean and variability of the glycemic index in these two studies were
comparable to ours.
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In line with these previous studies focused on maternal early pregnancy dietary
glycemicindex and load, we observed that women within our study consumed diet with
a relatively low mean dietary glycemic index. No consistent associations of maternal
early pregnancy dietary glycemic index and load across the low-to-normal range with
birthweight and the risks of adverse birth outcomes were observed. We did observe that
a higher maternal early pregnancy dietary glycemic load, especially within the highest
quartile, was associated with a higher late-pregnancy fetal abdominal circumference
and estimated fetal weight, but findings were not consistent across pregnancy and may
reflect a chance finding. However, fetal fat development mainly occurs in late-pregnancy
and abdominal circumference is an important indicator of fetal fat deposition (35). This
could suggest that a higher maternal early pregnancy dietary glycemic load may rather
affect fetal body composition than growth, which is also suggested by the previous
studies conducted in infants (36, 37).

Contrary to our prior hypothesis, we observed that a higher maternal early pregnancy
dietary glycemic index within a low-to-normal range was associated with lower fetal
length growth rates from late-pregnancy onwards and with a lower risk of delivering
a large-for-gestational-age newborn only. These association were not explained by
maternal socio-demographic and lifestyle characteristics. It could reflect a chance
finding. Our study population is a relatively healthy population not at high risk of an
impaired glucose tolerance. We only included Dutch women without pre-gestational
diabetes and we observed largely similar results for women with a normal weight,
younger than 35 years old, and without gestational diabetes. Possibly, the range of
maternal dietary glycemic index within our population reflects a relatively healthy range
for women at a low risk of an impaired glucose metabolism in early pregnancy. Maternal
dietary glycemic index within this range may be not related to increased risks of fetal
undergrowth or overgrowth. The timing of dietary glycemic index assessment in early
pregnancy may also be important. Maternal insulin sensitivity is much higher in early
pregnancy as compared to mid- and late-pregnancy, which leads to smaller fluctuations
in postprandial glycemic responses to carbohydrate containing foods in early pregnancy
(5). Potential adverse effects of a higher maternal dietary glycemic index on fetal growth
and the risk of macrosomia may be more pronounced in the second half of pregnancy,
when pregnant women are physiologically more insulin resistant and the postprandial
glycemic response shows larger fluctuations. Finally, postprandial peaks in maternal
glucose concentrations and subsequent peak increases in fetal glucose concentrations
may rather have an effect on fetal body composition and fetal metabolism than on
skeletal growth, by affecting fetal development of adipocytes and the cardio-metabolic
system (18, 36, 37). This hypothesis is supported by the associations which we observed
of a higher maternal early pregnancy glycemic load with fetal abdominal circumference
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and estimated fetal weight in late-pregnancy when fetal fat accumulation occurs.
Further studies using multiple assessments of dietary intake throughout pregnancy are
needed to examine the detailed associations of maternal dietary glycemic index and
load with both fetal and neonatal growth and body composition.

Importantly, in a secondary analysis, we observed no increased risks of preterm birth,
small-for-gestational-age at birth, or caesarian delivery, as complication of abnormal
fetal growth, among women consuming a low-glycemic index diet, as compared to
women consuming a normal-glycemic index diet. The mean dietary glycemic index
of women consuming a low-glycemic index diet within our study was largely similar
to the mean dietary glycemic index reported in intervention studies stimulating a
low-glycemic index diet through advising low-glycemic index food products (19, 21).
This suggests that even among pregnant populations without an impaired glucose
metabolism, a diet with lower glycemic index products in early pregnancy does not
appear to be associated with fetal growth restriction and related adverse birth outcomes.
These findings are important from a public health perspective, as there is an increasing
interest in stimulating a diet with low-glycemic index products during pregnancy to
improve birth and childhood outcomes. Our findings suggest that adhering to a diet
with low-glycemic index products may be a safe intervention during pregnancy without
adverse effects on fetal growth and birth outcomes in women without an impaired
glucose metabolism. The beneficial effects of a lower dietary glycemic index and load
within general, healthy populations on fetal growth and birth outcomes remain to be
determined.

Strengths and limitations

Strengths of this study were the prospective study design, large sample size, and
repeatedly measured fetal growth data from mid-pregnancy onwards available.
Limitations of this study should also be taken into account when interpreting results.
First, the response rate at baseline for participating in the Generation R study cohort
was 61%. The non-response would have led to biased effect estimates if the associations
were different between those included and not included in the analyses. However, this
seems unlikely because biased estimates in large cohort studies often arise from loss
to follow-up rather than from non-response at baseline (38). Second, we did not have
information on previous gestational diabetes or polycystic ovarian syndrome, which are
also associated with an increased risk of an impaired glucose metabolism. Although
we expect the number of cases of previous gestational diabetes and polycystic ovarian
syndrome to be low, as we had a relatively healthy population, this may have affected
our results. Further studies excluding these women should replicate our findings. The
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selection towards a relatively healthy Dutch population may affect the generalizability
of our findings and might have led to reduced statistical power. Most women had a
dietary glycemic index and load within the normal range and the number of adverse
birth outcomes was also relatively low. Further studies are needed among multi-
ethnic populations with a more diverse dietary intake to replicate our findings. Third,
even though the FFQ is widely used for dietary assessment in observational studies,
measurement of food intake by an FFQ may be affected by measurement error, recall
bias, and reporting bias. Subsequent calculation of the dietary glycemic index and
load from the FFQ may further be affected by uncertainty induced by preparation of
foods, mixed dishes, variations of food products of time, or unavailability of specific
food products (20). Fourth, we obtained information on maternal dietary intake only
once during pregnancy. Further studies from preconception onwards are needed using
repeated assessments of maternal dietary intake prior and throughout pregnancy to
obtain further insight into critical periods for the influence of maternal dietary glycemic
quality and quantity on embryonic and fetal development and adverse birth outcomes.
Finally, although were able to adjust for multiple confounding factors, there might still
be residual confounding as in any observational study.

CONCLUSION

Among pregnant women without an impaired glucose metabolism, a higher maternal
early pregnancy dietary glycemic load was associated with a higher fetal abdominal
circumference and estimated fetal weight in late-pregnancy. Maternal dietary glycemic
index and load were not consistently associated with fetal growth parameters in mid-
pregnancy and at birth. A higher glycemic index was associated with a lower risk of a
large-for-gestational-age newborn. Further studies with a larger variability in maternal
dietary glycemicindex and load among multi-ethnic low-risk populations are needed to
assess whether a lower glycemic index diet is a feasible lifestyle intervention to improve
fetal growth and birth outcomes.
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SUPPLEMENTARY MATERIAL

n=4,544
Pregnant women of Dutch ethnicity enrolled
during pregnancy

n=986

Excluded:

No information or non-reliable
information available on dietary intake in
N early-pregnancy

n=3,558

Mothers with information available on dietary
intake n=87

Excluded:

Multiple pregnancy n=53
Induced abortion
Intrauterine fetal death
Loss to follow up
Pregestational diabetes

3%33
N W = 00

n=3,471

Population for analysis:

Dutch mothers with singleton live births with
information available on dietary intake and fetal
growth and/or birth outcomes.

Fetal growth characteristics

Mid-pregnancy n=3,373
Late-pregnancy n=3,404
Birth characteristics n=3,471

SUPPLEMENTARY FIGURE S3.1.1. Flow chart of the study population

145



Chapter 3.1

S1531-VAONVY Aq pauIpiqo aiam sanjpA-d,

6€0 (652) 8791 (692) 0€91 (852) L9l (6¥72) 991 (657) €€91 6(as) uesw ‘1yBiom |e3ey pajewys3
LT0 (€) LS (€) LS (€) LS (€) 8 (€) LS wuw ‘(gs) ueaw ‘ybus| Inwa4
670 (£1) S92 (£1) s9¢ (91) s9 (91) 99z (91) s9t Wi “(@s) uesw ‘dus.ajwndlid [eulwopqy
oLo (z1) S8t (€1) s8C (z1)98T (zL) L8T (z1)98T ww ‘(gs) uesw ‘9duaJajwndid peay
[4%0] (L) vog (0'1) ¥'og (0'1) s0€ (0'L) s0€ (0'1)v'og (@s) uedw ‘qudaWRINSEAW PUNOSEJ}|N Je dbe [euonelsan

K>ueubaid-ayeq
SE€0 (98) €8¢ (¥8) 8£€ (#8) 92€ (€6) 18€ (£8) 6L€ 6(@s) ueaw WyB1am [e13) pajewnns3
340 (€) v “(e)eg (€) €€ (€) €€ (€) €€ ww ‘(gs) ueaw ‘Ybus| Inwa4
[440] (1) 851 (1) 951 (€1) £SL (S1) £SL (1) £SL Wi “(gs) ueaw ‘dUaIa4wndIId [eulwopqy
950 (€1)081L (€L)6L1L (L) 6Ll (1) 08l (rL)6L1 ww ‘(gs) uesw ‘95uaJajwndid peay
€10 (L'1) Loz (0'1) 907 (I'1)9oz (1I'1)90z (1'1)90t (@) ueaw quawainsea punoses)n je d6e [euoneIsID

foueubaid-piy

2n|eA-d ¥ 9|n4enb € ansenb Z3mienb L 3pienb dnoub jeyop

xapul d1wadk|n

xapul d1wadk|n

xapul d1wadk|n

xapul J1wadk|n

s9|114enb xapul 21WadA|6 A1e3aip [eulalew o) buipiodde sosualdeIeyd YImoib (2194 *L°L°€S 119V AYYINIWIT1ddNS

146



Maternal dietary glycemic index and fetal growth

SUPPLEMENTARY TABLE $3.1.2. Non-response analysis for women with a singleton live birth and information dietary intake
during early-pregnancy, compared to women with a singleton live birth without data on dietary intake during early-pregnancy

Women with information Women without
on dietary glycemic information on dietary
index (n=3,471) glycemic index (n=924) P-value®

Maternal characteristics
Maternal age at enrolment, mean (SD), years 31.4(4.4) 31.7(5.2) 0.09
Parity, n nulliparous (%) 2,076 (59.9) 379 (46.1) <0.01
Pre-pregnancy BMI group, n (%) 0.08

Underweight 25(5.7) 25(5.8)

Normal weight 306 (70.2) 305 (71.1)

Overweight 72(16.5) 70(16.3)

Obese 33(7.6) 29 (6.8)
Gestational weight gain, mean (SD), g/week 10.8 (4.4) 11.2(4.8) 0.08
Education, n high (%) 2,026 (59.1) 464 (52.5) <0.01
Folic acid supplement use, n yes (%) 2,532 (72.9) 342 (82.0) <0.01
Alcohol use during pregnancy, yes (%) 2,117 (66.3) 275 (58.8) <0.01
Smoking during pregnancy, n (%) 833 (26.9) 213 (26.1) 0.19
Nausea during early-pregnancy, n (%) 880 (27.7) 141 (30.7) 0.23
Vomiting during early-pregnancy, n (%) 145 (4.6) 37 (8.1) <0.01
Gestational diabetes, n (%) 31(0.9) 13(1.5) 0.12
Child characteristics
Sex, n (%) male 1,753 (50.5) 493 (51.5) 0.58
Gestational age at birth, median (95%) 40.3 (37.0,42.1) 40.0 (36.7,42.0) <0.01
Birthweight, mean (SD), g 3,489 (554) 3445 (593) 0.04

BMI: body mass index.
aP-values were obtained by independent t-test or Mann-Whitney U-test for continuous variables and chi-square tests for categorical
variables.
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SUPPLEMENTARY TABLE $3.1.6. Associations of maternal dietary glycemic index in quartiles with the risk of adverse birth outcomes®

Maternal dietary glycemic index and fetal growth

Maternal dietary
glycemicindex

Preterm birth
OR (95% CI)
(Ncases=162)

Small-for-gestational

age at birth
OR (95% CI)
(Ncases =345)

Large-for-gestational

age at birth
OR (95% CI)
(Ncases =345)

Caesarian section
OR (95% CI)
(Ncases =410)

Basic model®
Quartile 1
Quartile 2
Quartile 3
Quartile 4
Adjusted model*
Quartile 1
Quartile 2
Quartile 3

Quartile 4

Ref.
0.78 (0.49 to 1.23)
0.68 (0.43 to 1.10)
1.30(0.87 to 1.97)

Ref.
0.76 (0.48 to 1.21)
0.68 (0.42t0 1.11)

1.28 (0.83 to 1.98)

Ref.
0.96 (0.70 to 1.33)
1.03 (0.75 to 1.41)
1.07 (0.79 to 1.47)

Ref.
0.95(0.69 to 1.32)
1.03(0.74to 1.42)

1.01(0.73t0 1.41)

Ref.
0.79 (0.58 to 1.07)
0.83 (0.62to 1.12)
0.60 (0.43 to 0.83)*

Ref.
0.77 (0.57 to 1.06)
0.81(0.60to 1.11)

0.60 (0.43 to 0.84)*

Ref
0.83(0.62t0 1.11)
0.78 (0.58 to 1.04)
0.84(0.63 to0 1.12)

Ref.
0.86 (0.64 to 1.15)
0.85 (0.63 to 1.15)

1.00 (0.74 to 1.135)

*P<0.05.

aValues are odds ratios (95% Confidence Interval) obtained from logistic regression analysis reflecting the differences in odds of
adverse birth outcomes per quartile of maternal dietary glycemic index during early-pregnancy as compared to the lowest quartile
Basic models were adjusted for gestational age at study enrolment

“Adjusted models were the basic models additionally adjusted for maternal age, parity, educational level, prepregnancy BMI, early-
pregnancy total daily energy intake, smoking during pregnancy, alcohol use during pregnancy, daily nausea and vomiting during
early-pregnancy and fetal sex

SUPPLEMENTARY TABLE $3.1.7. Associations of maternal dietary glycemic load in quartiles with the risk of adverse birth outcomes®

Maternal dietary
glycemic load

Preterm birth
OR (95% CI)
(Ncases=162)

Small-for-gestational

age at birth
OR (95% CI)
(Ncases =345)

Large-for-gestational

age at birth
OR (95% ClI)
(Ncases =345)

Caesarian section
OR (95% CI)
(Ncases =410)

Basic model®
Quartile 1
Quartile 2
Quartile 3
Quartile 4
Adjusted model*
Quartile 1
Quartile 2
Quartile 3

Quartile 4

Ref.
0.71(0.45t0 1.13)
0.98 (0.63 to 1.50)
0.96 (0.62 to 1.48)

Ref.
0.88 (0.52 to 1.48)
1.34(0.75 t0 2.39)
1.55(0.73t0 3.33)

Ref.
0.79 (0.58 to 1.09)
0.89 (0.65 to 1.22)
1.01(0.75t0 1.38)

Ref.
0.80 (0.56 to 1.16)
0.82 (0.54 to 1.25)

0.85 (0.49 to 1.46)

Ref.
1.10(0.81 to 1.50)
0.88 (0.63 to 1.21)
0.99 (0.72 to 1.35)

Ref.
1.00 (0.70 to 1.42)
0.80 (0.52 to 1.23)

0.90 (0.52 to 1.57)

Ref.
0.85(0.64 to 1.13)
0.74 (0.55 t0 0.99)
0.80 (0.60 to 1.07)

Ref.
0.87 (0.62 to 1.20)
0.76 (0.51t0 1.12)
0.90 (0.53 to 1.50)

*P<0.05.

%Values are odds ratios (95% Confidence Interval) obtained from logistic regression analysis reflecting the differences in odds of
adverse birth outcomes per quartile of maternal dietary glycemic load during early-pregnancy as compared to the lowest quartile
Basic models were adjusted for gestational age at study enrolment

“Adjusted models were the basic models additionally adjusted for maternal age, parity, educational level, prepregnancy BMI, early-
pregnancy total daily energy intake, smoking during pregnancy, alcohol use during pregnancy, daily nausea and vomiting during
early-pregnancy and fetal sex
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Chapter 3.1

SUPPLEMENTARY TABLE $3.1.8. Associations of maternal dietary glycemic index and load in women with a BMI <25 kg/m?with fetal and birth parameters

Difference in abdominal
circumference SDS (95% Cl)

Difference in head
circumference SDS (95% Cl)

Difference in length
SDS (95% CI)

Difference in weight
SDS (95% CI)

Maternal early-pregnancy glycemic index (SDS)

Basic model®

Adjusted model®

Basic model®

Adjusted model®

Basic model®

Adjusted model®

n=2,533
-0.01 (-0.05 to 0.03)

-0.01 (-0.05 to 0.04)

n=2,535
-0.02 (-0.06 to 0.02)

-0.01 (-0.05 t0 0.03)

n=1,479
-0.01 (-0.07 to 0.05)

-0.00 (-0.06 to 0.07)

Maternal early-pregnancy glycemic load (SDS)

Basic model®

Adjusted model®

Basic model®

Adjusted model®

Basic model®

Adjusted model®

n=2,533
0.03 (-0.01 to 0.08)

0.04 (-0.04 t0 0.12)

n=2,535
0.02 (-0.03 to 0.06)

0.01 (-0.07 to 0.09)

n=1,479
0.03 (-0.03 to 0.09)

0.09 (-0.03 t0 0.21)

Mid-pregnancy
n=2,538
0.00 (-0.04 to 0.04)
0.01 (-0.03 to 0.05)
Late-pregnancy
n=2,559
0.00 (-0.04 to 0.04)
0.02 (-0.02 to 0.06)

Birth

n.a.

n.a.

Mid-pregnancy
n=2,538
0.03 (-0.01 t0 0.07)
0.06 (-0.02t0 0.13)
Late-pregnancy
n=2,559
0.05(0.01 to 0.08)*
0.11(0.03 to 0.19)*

Birth

n.a.

n.a.

n=2,539
0.02 (-0.01 to 0.06)

0.02 (-0.02 to 0.05)

n=2,563
-0.01 (-0.05 to0 0.03)

0.01 (-0.03 to 0.05)

n=1,757
0.00 (-0.06 to 0.05)

0.02 (-0.04 t0 0.07)

n=2,539
0.03 (-0.01 to 0.07)

0.09 (0.02 to 0.17)*

n=2,563
0.01 (-0.03 to 0.05)

0.03 (-0.05 to 0.10)

n=1,757
0.04 (-0.02 to 0.09)

0.03 (-0.08 to 0.14)

n=2,528
0.02 (-0.02 to 0.06)

0.02 (-0.02 to 0.06)

n=2,555
0.00 (-0.04 to 0.04)

0.02 (-0.02 t0 0.07)

n=2,605
-0.01 (-0.06 to 0.03)

-0.01 (-0.05 to0 0.03)

n=2,528
0.04 (-0.01 to 0.08)

0.09 (0.02 t0 0.17)*

n=2,555
0.04 (0.00 to 0.08)*

0.10(0.02 to 0.18)*

n=2,605
0.02 (-0.02 to 0.06)

0.03 (-0.05t00.11)

n.a.: not available
*P<0.05

“Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in standard deviation score of
fetal growth and birth characteristics per one increase in standard deviation of maternal dietary glycemic index and load intake during early-pregnancy
bBasic models were adjusted for gestational age at study enrolment

“Adjusted models were the basic models additionally adjusted for maternal age, parity, educational level, prepregnancy BMI, early-pregnancy total daily

energy intake, smoking during pregnancy, alcohol use during pregnancy, daily nausea and vomiting during early-pregnancy and fetal sex
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Maternal dietary glycemic index and fetal growth

SUPPLEMENTARY TABLE $3.1.9. Associations of maternal dietary glycemic index and load in women aged <35 years with fetal and birth parameters

Difference in head

Difference in abdominal

Difference in length

Difference in weight

circumference SDS (95% Cl) circumference SDS (95% ClI) SDS (95% ClI) SDS (95% CI)
Maternal early-pregnancy glycemic index (SDS)
Mid-pregnancy
n=2,751 n=2,754 n=2,750 n=2,738

Basic model®

Adjusted model*

Basic model®

Adjusted model®

Basic model®

Adjusted model*

-0.02 (-0.06 to 0.02)

0.00 (-0.04 to 0.04)

n=2,748
-0.03 (-0.06 to 0.01)

0.00 (-0.04 to 0.03)

n=1,575
-0.02 (-0.07 to 0.04)

-0.01 (-0.07 to 0.05)

Maternal early-pregnancy glycemic load (SDS)

Basic model®

Adjusted model*

Basic model®

Adjusted model*

Basic model®

Adjusted model®

n=2,751
0.01 (-0.03 to 0.05)

0.02 (-0.06 to 0.10)

n=2,748
0.00 (-0.04 to 0.03)

0.00 (-0.07 t0 0.07)

n=1,575
0.02 (-0.04 to 0.07)

0.07 (-0.05 t0 0.18)

0.01 (-0.05 to 0.02)
0.00 (-0.04 to 0.04)
Late-pregnancy
n=2,771
0.01 (-0.03 to 0.05)
0.03 (-0.01 to 0.07)

Birth

n.a.

n.a.

Mid-pregnancy
n=2,754
0.01(-0.02 to 0.05)
0.03 (-0.05 t0 0.10)
Late-pregnancy
n=2,771
0.03 (0.01 to 0.06)*
0.10(0.03 to 0.18)*

Birth

n.a.

n.a.

0.02 (-0.02 to 0.06)

0.02 (-0.02 to 0.06)

n=2,781
-0.02 (-0.06 to 0.02)

-0.01 (-0.04 to 0.03)

n=1,903
-0.03 (-0.08 to 0.03)

0.00 (-0.06 to 0.05)

n=2,750
0.01 (-0.03 to 0.05)

0.07 (-0.01 t0 0.14)

n=2,781
0.00 (-0.04 to 0.04)

0.02 (-0.05 to 0.09)

n=1,903
0.00 (-0.05 to 0.06)

-0.01(-0.11 t0 0.10)

0.00 (-0.04 to 0.04)

0.01(-0.03 to 0.05)

n=2,769
0.00 (-0.04 to 0.04)

0.02 (-0.02 to 0.06)

n=2,824
0.00 (-0.04 to 0.04)

0.00 (-0.04 to 0.04)

n=2,738
0.02 (-0.02 to 0.05)

0.06 (-0.01 t0 0.14)

n=2,769
0.02 (-0.02 to 0.06)

0.10(0.02 to 0.17)*

n=2,824
0.01 (-0.03 to 0.05)

0.02 (-0.05 t0 0.10)

n.a.:not available *P<0.05

“Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in standard deviation score of

fetal growth and birth characteristics per one increase in standard deviation of maternal dietary glycemic index and load intake during early-pregnancy

Basic models were adjusted for gestational age at study enrolment

Adjusted models were the basic models additionally adjusted for maternal age, parity, educational level, prepregnancy BMI, early-pregnancy total daily

energy intake, smoking during pregnancy, alcohol use during pregnancy, daily nausea and vomiting during early-pregnancy and fetal sex
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Chapter3.2

ABSTRACT

Background and aims: Maternal hyperglycemia during pregnancy is an important
risk factor for childhood adiposity. Maternal dietary glycemic index during pregnancy
directly influences maternal and fetal glucose concentrations. We examined the
associations of maternal early-pregnancy dietary glycemic index with offspring general,
abdominal and ectopic fat accumulation among normal weight and overweight or
obese pregnant women and their offspring.

Methods: In a population-based cohort study among 2488 Dutch pregnant women
and their children, we assessed maternal dietary glycemic index by food frequency
questionnaire at median 13.4 (95% range 10.7 to 21.1) weeks gestation. Dietary glycemic
index was used continuously and categorized into low (<55), normal (56-69) and high
(=70) glycemicindex diet. We measured offspring BMI, total fat mass and android/gynoid
fat mass ratio by DXA, and visceral fat mass and liver fat fraction by MRI at 10 years.

Results: No associations of maternal early-pregnancy dietary glycemic index with
offspring adiposity were present among women with a normal weight and their children.
Among women with overweight or obesity and their children, 1-Standard Deviation
Score (SDS) increase in maternal early-pregnancy dietary glycemic index was associated
with higher childhood BMI (0.10 SDS, 95% Confidence Interval (Cl) 0.01 to 0.19), total fat
mass index (0.13 SDS, 95% Cl 0.05 to 0.22), visceral fat mass index (0.19 SDS, 95% C| 0.07
to 0.32) and tended to be associated with a higher android/gynoid fat mass ratio (0.09
SDS, 95% C1-0.01 to 0.19) and higher risk of childhood overweight (Odds Ratio (OR) 1.20,
95% C1 0.97 to 1.48). Women with overweight or obesity consuming an early-pregnancy
low-glycemic index diet, as compared to an early-pregnancy normal-glycemic index
diet, had children with lower BMI, total fat mass index, visceral fat mass index and
android/gynoid fat mass ratio at 10 years (p-values<0.05). No women consumed a
high-glycemic index diet. No associations were explained by maternal socio-economic,
lifestyle and dietary characteristics, birth or childhood characteristics. No associations
with liver fat fraction were present.

Conclusions: In women with overweight or obesity and their children, a higher
maternal early-pregnancy dietary glycemic index is associated with childhood general,
abdominal and visceral fat accumulation, but not with liver fat. Intervention studies
among overweight and obese pregnant women may need to target the dietary glycemic
index to prevent childhood adiposity.
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Maternal dietary glycemicindex and childhood adiposity

INTRODUCTION

Childhood overweight and obesity are major public health problems and associated
with cardio-metabolic morbidity and premature mortality (1, 2) Childhood BMI is
most commonly used as a measure to assess the risk of adverse cardio-metabolic
health outcomes. However, ectopic fat accumulation, especially visceral fat and liver
fat accumulation, are even more closely related to the development of an
impaired glucose metabolism, low-grade systemic inflammation and dyslipidemia and
subsequent cardio-metabolic diseases (3, 4).

Accumulating evidence suggests that fetal life is a critical period for establishing the
risk of obesity and ectopic fat accumulation in later life (5, 6) Maternal nutrition is an
important factor for fetal development as it directly influences fetal nutrient supply (7)
The maternal dietary glycemic index and load influence maternal postprandial glucose
concentrations, which is a main nutritional determinant of fetal growth, adipocyte
development and metabolism (5, 6, 8). A maternal diet with a high glycemic index
and load may increase glucose transfer to the fetus, adversely affecting fetal growth
and body composition (9, 10). These effects may be even stronger among overweight
or obese pregnant women, who are more likely to have an unhealthy diet and a
suboptimal glucose metabolism (5). Animal studies have already shown that a maternal
low-glycemic index diet during pregnancy reduces offspring weight and visceral and
liver fat accumulation, but associations among humans are not known (11, 12). An
observational study among 906 pregnant women and their offspring showed that a
higher maternal dietary glycemic index during early-pregnancy, but not during late-
pregnancy, was associated with a higher childhood total body fat mass (13).

We hypothesized that a higher maternal early-pregnancy dietary glycemic index and
load, especially among women with overweight or obesity, may be modifiable risk
factors for the development of obesity and ectopic fat accumulation in the offspring.
Therefore, in a population-based prospective cohort study among 2488 pregnant
women and their children, we examined the associations of maternal early-pregnancy
dietary glycemic index and load with childhood BM, total fat mass, android/gynoid fat
mass ratio, visceral fat mass, liver fat and the risk of overweight at 10 years. We examined
these associations among women with a normal weight and women with overweight
or obesity and their offspring separately.
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METHODS

Study design and study sample

This study was embedded in the Generation R study, a population based prospective
birth cohort study in Rotterdam, the Netherlands (14). Written informed consent
was obtained from all women. The study was approved by the local Medical Ethical
Committee (MEC 198.782/2001/31). In total, 4096 Dutch women were enrolled during
pregnancy of which 3558 women had information on dietary intake available. We
excluded women with pregestational diabetes (n=7) and non-singleton live births
(n=80). Of the remaining 3471 women and their offspring, 2488 participated in follow up
measurements at 10 years (Supplementary Figure $3.2.1). Due to laterimplementation
of MRI scans within follow-up visits, we only had measurements of visceral fat or liver
fat fraction available within a subgroup of 1397 children.

Maternal dietary glycemicindex and load

We obtained information on maternal dietary intake during early-pregnancy at a
median of 13.4 weeks gestation (95% range 9.9 to 22.6) by a semi-quantitative 293-
item Food Frequency Questionnaire (FFQ) (14). The FFQ was validated against three 24-h
dietary recalls and biomarkers from blood samples in 80 pregnant women with Dutch
ethnicity living in Rotterdam, the Netherlands, which is directly comparable to our study
population.Energy-adjusted intra-class correlation coefficients for macronutrientintakes
ranged from 0.41 to 0.88 and was 0.60 for carbohydrate intake (15). The average energy
intake and carbohydrate intake was calculated using the Dutch Food Composition
Table 2006 (16). To calculate maternal early-pregnancy dietary glycemic index and load,
we assigned glycemic index values to each individual food item in the FFQ. We obtained
glycemic index values from the glycemic index database on the Dutch diet published
by the Medical Research Council Human Nutrition Research (MRC HNR), Cambridge,
United Kingdom, using glucose as reference (glycemic index for glucose equal to 100).
We calculated the mean glycemic index and load per day (17). We considered the
dietary glycemic index as our main exposure, as the dietary glycemic index provides
information on the quality of the glycemic response to a carbohydrate containing
food product and is more often used in intervention studies and clinical settings (9,
18). We included dietary glycemic load as a secondary exposure, as this measure takes
the amount of carbohydrate intake into account and therefore provides additional
information on maternal postprandial glucose concentrations, but this measure may be
more prone to measurement error (19-21). We constructed standard deviation scores to
analyze maternal early-pregnancy dietary glycemic index and glycemic load across the
full range.
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In line with previous intervention studies, we also categorized the mean maternal early-
pregnancy dietary glycemic index per day into a low-, normal-, and high-glycemic index
diet, using similar cut-offs as used for individual food products (low-glycemic index diet
(£55), a normal-glycemic index diet (56-69) and a high-glycemic index diet (=70)) (22,
23).

Childhood general, abdominal and ectopic fat

At the age of 10 years, we measured height and weight without shoes and heavy
clothing and calculated Body Mass Index (BMI) (kg/m?). Childhood BMI sex-and-age-
adjusted standard (SDS) were constructed based on Dutch reference growth charts
(Growth Analyzer 4.0, Dutch Growth Research Foundation) (24). We defined childhood
overweight or obesity by categorizing childhood weight status according to the
International Obesity Task Force cut-offs (25). Overweight and obesity were combined
into one category and under- and normal weight were combined into one category. We
measured total, android and gynoid body fat mass by Dual-Energy X-ray absorptiometry
(DXA) (iDXA; General Electrics—Lunar, 2008, Madison, WI) and calculated android/gynoid
fat mass ratio (26). Visceral fat and liver fat fraction were obtained from MRI scans as
described previously (27). Childhood body fat mass is strongly influenced by height of
the child (28). To enable assessment of the associations of maternal early-pregnancy
dietary glycemic index and load with childhood adiposity outcomes independent of
childhood size, we estimated the optimal adjustment for childhood height using log-
log regressions (details in Supplementary Methods 3.2.1) (28, 29). We calculated total
fat mass index (total fat mass/height?) and visceral fat mass index (visceral fat mass/
height3).

Covariates

Information on maternal age, educational level, parity, folic acid supplement use,
prepregnancy weight and diagnosis of pre-gestational diabetes were obtained through
questionnaireatenrolment.Information on smoking, alcohol consumption,vomitingand
maximum weight during pregnancy was obtained through questionnaires throughout
pregnancy. Information on maternal dietary energy, fiber, fat and protein intake during
pregnancy was obtained with the FFQ. As a proxy measurement of maternal overall diet
quality, the Dietary Approaches to Stop Hypertension (DASH) diet score was derived
from the FFQ (30-32). The score is composed of 8 food components, based mainly on
the Fung method with a scoring system based on quintile rankings and included the
intake of total grains, vegetables, fruits, non-full-fat dairy products, and nuts/seeds/
legumes and the intake of red and processed meats, sugar-sweetened beverages/
sweets/added sugars and sodium. A lower maternal DASH diet score characterizes a
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lower overall dietary quality (32). We measured maternal height at enrolment and
calculated prepregnancy body mass index (BMI) (14). Information on gestational
diabetes, child's gestational age and weight at birth and sex were obtained from
medical records. Information on breastfeeding and the timing of introduction to solid
foods was assessed by questionnaires during infancy, and the average time watching
television was assessed by a questionnaire at 10 years of age (14).

Statistical analyses

First, we performed a non-response analysis to compare characteristics of women with
and without offspring follow-up measurements available. Second, we examined the
associations of maternal early-pregnancy dietary glycemic index SDS and maternal
dietary glycemic index categories with childhood BMI, total fat mass index, android/
gynoid fat mass ratio, visceral fat mass index, liver fat fraction and the risk of obesity
using linear and logistic regression models. We constructed five different models,
based on a Directed Acyclic Graph (DAG) analysis to identify which factors may act as
confounders or potential mediators in these associations (Supplementary Methods
$3.2.2): 1) the basic model, adjusted for gestational age at intake, fetal sex and child's age
at follow up visit; 2) the confounder model (main model), the basic model additionally
adjusted for potential confounders. We only included maternal age, parity, educational
level, prepregnancy BMI, smoking during pregnancy, vomiting during pregnancy, and
daily total energy intake during pregnancy to the confounder model based on their
association with the exposure and outcome of interest and a >10% change of the effect
estimate after adding these covariates to the basic model (33-35). Based on these criteria,
alcohol consumption and folic acid supplementation were not selected for inclusion
in the confounder model,; 3) the birth model, the confounder model additionally
adjusted for gestational-age-and-sex-adjusted birthweight; 4) the child model, the
birth model additionally adjusted for infant breastfeeding, solid food introduction and
television watching at 10 years; 5) the maternal diet model, the confounder model
additionally adjusted for gestational weight gain and maternal fiber, protein and fat
intake during pregnancy to assess the effects of other important maternal dietary
factors strongly related to the glycemic index and overall diet quality on the observed
associations. Based on our hypothesis that effects may be stronger among women with
overweight or obesity, we performed all analyses in the total population and stratified
for mothers with a prepregnancy BMI<25 kg/m? and BMI=25 kg/m?2 We also formally
tested for interactions of maternal prepregnancy BMI continuously with maternal early-
pregnancy dietary glycemic index continuously for all childhood outcomes. We added
the interaction term of maternal prepregnancy BMI with maternal early-pregnancy
dietary glycemic index to linear regression models including maternal prepregnancy
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BMI, early-pregnancy dietary glycemic index and gestational age at intake, fetal sex, and
child's age at follow up visit. Significant interactions of maternal prepregnancy BMI with
maternal early-pregnancy dietary glycemic index were present for childhood total fat
mas index (p=0.00) and childhood visceral fat mass index (p=0.02), but not for childhood
BMI (p=0.20), childhood android/gynoid fat mass ratio (p=0.17) and childhood liver
fat (p=0.86). We performed four sensitivity analyses to assess the robustness of our
findings: 1) we repeated the analyses using maternal early-pregnancy dietary glycemic
index in quartiles to further explore whether associations were stronger for women
consuming a higher dietary glycemic index within our study population; 2) we repeated
the analyses using maternal early-pregnancy dietary glycemic load as an exposure to
assess the potential additional effect of quantity of maternal dietary carbohydrate
intake; 3) we repeated the analyses additionally adjusting for the maternal DASH diet
score to assess the potential effect of overall maternal diet quality on the associations;
4) we repeated the analyses excluding mothers with gestational diabetes, as we were
interested in the effects of maternal early-pregnancy dietary glycemic index among
a non-diabetic population. To reduce selection bias due to missing data, multiple
imputations of covariates (pooled results of 5 imputed datasets) were performed (36).
The analyses were performed using the Statistical Package of Social Sciences version
24.0 for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS

Subject characteristics

Table 3.2.1 shows that the overall mean maternal early-pregnancy dietary glycemic
index was 57.6 (SD 3.3) and was comparable for women with a normal weight and
women with overweight or obesity. Within our population, 20.9% women a low-
glycemic index diet, 79.1% women consumed a normal-glycemic index diet and no
women consumed a high-glycemic index diet based on comparison to individual food
products classifications. Non-response analyses showed that women with and without
offspring participating in follow-up measurements had a similar early-pregnancy
dietary glycemic index and prepregnancy BMI (Supplementary Table S3.2.1).
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Maternal early-pregnancy dietary glycemicindex and childhood general,
abdominal and ectopic fat accumulation

Table 3.2.2 shows that among the total population and among normal weight women
and their children, maternal early-pregnancy dietary glycemic index was not associated
with childhood BMI, total body fat or ectopic fat accumulation. Women with overweight
or obesity and their children, a higher maternal early-pregnancy dietary glycemic
index was associated with a higher childhood BMI, total fat mass index and visceral
fat mass index and tended to be associated with a higher childhood android/gynoid
fat mass ratio in the confounder model (differences: 0.10 SDS (95% confidence interval
(CI) 0.01 to 0.18), 0.13 SDS (95% Cl 0.05 to 0.22), 0.19 SDS (95% Cl 0.07 to 0.32) and
0.09 SDS (95% Cl -0.01 to 0.19) per SDS increase in maternal dietary glycemic index,
respectively). Additional adjustment for gestational-age-and-sex-adjusted birthweight,
child characteristics and additional maternal dietary characteristics did not explain
these associations. No associations with liver fat fraction were present. Women with
overweight or obesity, a higher maternal early-pregnancy dietary glycemic index also
tended to be associated with a higher risk of childhood overweight, but the association
was not significant (Odds Ratio (OR) 1.20,95% C10.97 to 1.48 per SDS increase in maternal
dietary glycemic index) (Table 3.2.3). Maternal early-pregnancy dietary glycemic index
was not associated with the risk of childhood overweight in the total population or
among normal weight women.

Figure 3.2.1 shows the associations of maternal dietary glycemic index categorized into
low and normal-glycemic index diet according to individual food products classification
with childhood general, abdominal and ectopic fat. Among the total population and
among normal weighted women and their children, a maternal low-glycemic index
diet, as compared to a normal-glycemic index diet, was not associated with childhood
BMI, total body fat or ectopic fat. Among women with overweight or obesity and their
children, a maternal low-glycemic index diet during pregnancy, as compared to a
maternal normal-glycemic index diet, was associated with a lower childhood BMI (—0.35
SDS, 95% ClI-0.58 to —0.13), total fat mass index (—0.35 SDS, 95% C1 0.58 to 0.13), android/
gynoid fat mass ratio (—0.26 SDS, 95% Cl -0.52 to 0.00), visceral fat mass index (-0.50
SDS, 95% Cl -0.84 to —0.17) and tended to be associated with a lower risk of childhood
overweight (OR 0.57, 95% ClI 0.31 to 1,05). No associations with liver fat fraction were
present.
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TABLE 3.2.2. Associations of maternal early-pregnancy dietary glycemic index with childhood general, abdominal and ectopic

fat accumulation

Effect estimates for childhood outcome per SDS increase in maternal early-pregnancy

glycemic index

Basic model®
Confounder model®
Birth model®
Child model?

Maternal diet model®

Basic model®
Confounder model®
Birth model®
Child model?

Maternal diet model®

Basic model®
Confounder model®
Birth model®
Child model?

Maternal diet model®

Basic model®
Confounder model®
Birth model®
Child model?

Maternal diet model®

Basic model®
Confounder model®

Birth model®

Total group Women with BMI<25 kg/m> Women with BMI=25kg/m?
Difference in BMI SDS (95% Cl)
n=2483 n=1920 n=563

0.05 (0.01 to 0.09)**
0.02(-0.01 to 0.06)
0.02 (-0.02 to 0.06)
0.02 (-0.02 to 0.05)
0.01(-0.03 to 0.05)

0.02 (-0.02 to 0.06)
0.00 (-0.04 to 0.04)
0.00 (-0.04 to 0.04)
-0.01 (-0.05 to 0.03)

-0.03 (-0.07 to 0.02)

0.10 (0.01 to 0.19)*
0.10 (0.0 to 0.18)*
0.10(0.01 to 0.18)*
0.11(0.02 to 0.19)*

0.11(0.02to 0.21)*

Difference in total fat mass index SDS (95% Cl)

n=2455
0.07 (0.03 to 0.11)**
0.04 (0.00 to 0.07)
0.04 (0.00 to 0.07)
0.03 (-0.01 t0 0.07)

0.01 (-0.03 to 0.05)

n=1898
0.03 (-0.01 t0 0.07)
0.01 (-0.03 to 0.05)
0.01 (-0.03 to 0.05)
0.00 (-0.04 to 0.04)

-0.03 (-0.07 t0 0.02)

n=557
0.15 (0.06 to 0.24)**
0.13 (0.05 to 0.22)**
0.13(0.05 to 0.22)**
0.14 (0.05 to 0.22)**

0.13(0.03 to 0.23)*

Difference in android/gynoid ratio SDS (95% ClI)

n=2458
0.04 (0.00 to 0.08)*
0.01 (-0.03 to 0.05)
0.01 (-0.03 to 0.05)
0.01 (-0.04 to 0.04)
-0.02 (-0.07 t0 0.02)

n=1901
0.01 (-0.03 to 0.05)
-0.01 (-0.06 to 0.03)
-0.01 (-0.06 to 0.03)
-0.02 (-0.07 to 0.02)

-0.06 (-0.11 to -0.01)

n=557
0.11(0.00to 0.21)
0.09 (-0.01 t0 0.19)
0.09 (-0.01 to 0.19)
0.09 (-0.01 t0 0.19)

0.09 (-0.03 to 0.20)

Difference visceral fat mass index SDS (95% CI)

n=1246
0.08 (0.02 to 0.13)**
0.04 (-0.01t0 0.10)
0.04 (-0.01t0 0.10)
0.04 (-0.02 to 0.09)
0.02 (-0.04 to 0.08)

n=956
0.02 (-0.05 to 0.08)
0.00 (-0.07 to 0.06)
0.00 (-0.07 to 0.06)
-0.01 (-0.07 to 0.05)
-0.02 (-0.10 to 0.05)

n=290
0.23(0.10 to 0.36)**
0.19 (0.07 to 0.32)**
0.19 (0.07 to 0.32)**
0.19 (0.07 to 0.32)**
0.17 (0.03 to 0.31)**

Difference in liver fat fraction SDS (95% Cl)

n=1395
0.00 (-0.05 to 0.06)
-0.03 (-0.08 to 0.03)
-0.02 (-0.08 to 0.03)

n=1074
0.00 (-0.06 to 0.05)
-0.01 (-0.07 to 0.05)
-0.01 (-0.07 to 0.05)

n=321
0.00 (-0.14 t0 0.13)
-0.05 (-0.18 to 0.08)
-0.05 (-0.18 t0 0.08)
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TABLE 3.2.2. Continued
Effect estimates for childhood outcome per SDS increase in maternal early-pregnancy
glycemic index
Total group Women with BMI<25 kg/m?> Women with BMI=25kg/m?
Child model? -0.03 (-0.08 to 0.03) -0.02 (-0.08 to 0.04) -0.05 (-0.19 to 0.08)

Maternal diet model® -0.06 (-0.12 to 0.00) -0.05 (-0.12 t0 0.02) -0.07 (-0.22 to 0.08)

*P<0.05 **P<0.01. SDS: standard deviation scores

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in standard
deviation score of childhood adiposity outcomes per SDS increase in maternal early-pregnancy dietary glycemic index. One SDS
maternal early-pregnancy dietary glycemic index corresponds to an increase of glycemic index of 3.5. P-values for interaction terms
maternal prepregnancy BMI*maternal dietary glycemic index for each individual childhood adiposity outcome were 0.11 for BMI,
0.00 for total fat mass index, 0.08 for android/gynoid fat mass ratio, 0.00 for visceral fat mass index and 0.89 for liver fat fraction.
9Basic models were adjusted for gestational age at intake, fetal sex and child’s age at follow up

tConfounder models were the basic models additionally adjusted for maternal age, maternal educational level, maternal
prepregnancy BMI, smoking during pregnancy, vomiting during early-pregnancy, daily total energy intake

Birth models were the confounder models additionally adjusted for gestational-age-and-sex adjusted birthweight

4Child models were the birth models, additionally adjusted for infant breastfeeding, introduction of solid foods and average
television watching time

¢Maternal diet models were the confounder models additionally adjusted for gestational weight gain and maternal fiber, fat and
protein intake

TABLE 3.2.3. Associations of maternal early-pregnancy dietary glycemic index with risk of childhood overweight

0Odds Ratio for risk of childhood overweight per SDS increase in maternal
early-pregnancy glycemic index

Total group Women with BMI<25 kg/m?> Women with BMI=25kg/m?

Basic model®
Confounder model®
Birth model*
Child model?

Maternal diet model®

1.12(0.99 to 1.26)
1.05(0.92 to 1.20)
1.06 (0.92to 1.21)
1.04(0.91 to 1.20)
0.98 (0.85to0 1.14)

1.00(0.85to 1.19)
0.94(0.79t0 1.12)
0.94(0.79t0 1.12)
0.92 (0.76 to 1.10)
0.84 (0.68 to 1.03)

1.21(0.99 to 1.48)
1.20 (0.97 to 1.48)
1.21(0.98 to 1.49)
1.24(0.99 to 1.54)
1.19(0.94 to 1.49)

SDS: standard deviation scores

Values represent odds ratios (95% confidence interval) from logistic regression models that reflect differences in standard
deviation score of risk of childhood overweight per SDS in maternal early-pregnancy dietary glycemic index. One SDS maternal
early-pregnancy dietary glycemic index corresponds to an increase of glycemic index of 3.5. p-value for interaction term maternal
prepregnancy weight status*maternal dietary glycemic index was 0.19.

9Basic models were adjusted for gestational age at intake, fetal sex and child’s age at follow up

®Confounder models were the basic models additionally adjusted for maternal age, maternal educational level, maternal
prepregnancy BMI, smoking during pregnancy, vomiting during early-pregnancy, daily total energy intake

“Birth models were the confounder models additionally adjusted for gestational-age-and-sex adjusted birthweight

AChild models were the birth models, additionally adjusted for infant breastfeeding, introduction of solid foods and average
television watching time

¢Maternal diet models were the confounder models additionally adjusted for gestational weight gain and maternal fiber, fat and
protein intake
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normal-glycemic index diet with childhood adiposity outcomes
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Cut offs foralow-, and normal-glycemic index diet are based on comparison to individual
food products classifications (<55 and 56-69 for a low-, and normal-glycemic index
diet, respectively). No women within our population consumed a high-glycemic index
diet (=70). Ncases represents the number of women who consumed a low-glycemic
index diet within the specified group. Values represent regression coefficients and
odds ratios (ORs) (95% Confidence Intervals) from linear and logistic regression models
respectively, that reflect differences in standard deviation scores for childhood adiposity
outcomes and differences in risk for childhood overweight for a maternal low-glycemic
index diet as compared to a normal-glycemic index diet. Associations were adjusted for
maternal age, maternal educational level, maternal prepregnancy BMI, smoking during
pregnancy, vomiting during early-pregnancy and daily total energy intake.

Sensitivity analyses

When repeating analyses using the maternal early-pregnancy dietary glycemic index
in quartiles, associations of the highest quartile with childhood general, abdominal
and ectopic fat accumulation as compared to the lowest quartile, were similar as
for the analyses using the maternal early-pregnancy dietary glycemic continuously
(Supplementary Table S3.2.2). Among the total population, a higher maternal early-
pregnancyglycemicload wasassociated withahigherchildtotal fatmass,whereasamong
normal weight women and their children no associations were present. Among women
with overweight or obesity, a higher maternal early-pregnancy dietary glycemic load
was associated with a higher childhood BMI, total fat mass index, visceral fat mass index,
and higher risk of childhood overweight in the confounder models (Supplementary
Tables S3.2.3 and $3.2.4). After adjustment for the maternal DASH diet score, effects
estimates were similar to those observed after adjustment for maternal dietary
characteristics (Supplementary Table S3.2.5). Excluding women with gestational
diabetes from the analyses did not change our findings (Supplementary Table $3.2.6).

DISCUSSION

Among women with overweight or obesity and their children, a higher maternal early-
pregnancy dietary glycemic index was associated with higher childhood BMI, total body
fat, abdominal fat and visceral fat accumulation, but not with liver fat accumulation.
These associations were not explained by maternal socio-demographic, lifestyle and
other dietary characteristics, birth or child characteristics. In normal weight women,
no associations of maternal early-pregnancy dietary glycemic index with childhood
general, abdominal or ectopic fat accumulation were present.
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Interpretation of main findings

The maternal dietary glycemic index during pregnancy is receiving increasing
interest as a potential modifiable target to improve birth outcomes and reduce the
risk of offspring obesity (37). The dietary glycemic index during pregnancy directly
influences maternal postprandial glucose concentrations. Postprandial peaks in
maternal glucose concentrations and subsequent peak increases in fetal glucose and
insulin concentrations could irreversibly affect offspring adiposity development by
altering fetal growth, development of adipocytes and metabolism (6, 8). Intervention
studies have already shown that stimulating a low-glycemic index diet during
pregnancy in women at increased risk of an impaired glucose metabolism may reduce
the risk of macrosomia and adiposity in infant offspring (38, 39). The long-term effects of
a higher maternal dietary glycemic index during pregnancy on offspring adiposity and
ectopic fat accumulation are not well-known. A study among 842 Irish mother—child
pairs observed no association of maternal dietary glycemic index assessed between
12 and 16 weeks gestation with offspring BMI or waist circumference at 5 years after
adjustment for maternal prepregnancy BMI (40). The mean dietary glycemic index was
58.9 within this study population. Contrarily, a study among 906 mother—child pairs in
the United Kingdom reported that a higher maternal dietary glycemic index and load
in early-pregnancy, but not late-pregnancy, were associated with a higher offspring
total body fat measured by DXA at 4 and 6 years of age after adjustment for maternal
prepregnancy BML. This study reported a mean dietary glycemic index of 59.6 in early-
pregnancy and 58.9 in late-pregnancy. No differences in associations among women
with a normal weight and women with overweight or obesity and their offspring were
present (13). Animal studies showed that a maternal high-glycemic index diet during
pregnancy was associated with higher offspring visceral fat mass and a transient higher
liver fat, which normalized in adolescence (11, 41).

Partly in line with these previous studies, we observed that among women with
overweight or obesity and their children, a higher maternal early-pregnancy dietary
glycemic index across the full range was associated with a higher childhood BMI and
total body fat. In addition, we showed that a higher maternal early-pregnancy dietary
glycemic index was associated with higher childhood abdominal and visceral fat
accumulation. In line with previous human studies, we observed that women within
our study consumed a diet with a relatively low mean dietary glycemic index of 57.7.
Associations for maternal dietary glycemic load were in similar direction, which suggests
that the observed associations of maternal early-pregnancy dietary glycemic index with
childhood adiposity are not fully explained by the amount of carbohydrate intake. The
associations for maternal dietary glycemic load were slightly weaker, possibly due to
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more measurement error and confounding in assessment of the dietary glycemic load
than dietary glycemic index or a small effect of the amount of carbohydrate intake (42).
As compared to a maternal normal-glycemic index diet, a maternal low-glycemic index
diet was associated with lower childhood BMI, total fat mass, android/gynoid fat mass
and visceral fat accumulation. We observed no associations with childhood liver fat
accumulation, what could be explained by our relatively healthy population, but also, as
suggested by an animal study, the effects on liver fat fraction may be more pronounced
in infancy (11). Associations were only present among women with prepregnancy
overweight or obesity and their children. Additional adjustment for prepregnancy BMI
did not affect the observed associations within this group of women and their offspring.
This is in line with intervention studies mainly reporting beneficial effects of a low-
glycemicindex diet during pregnancy on pregnancy outcomes among women at risk of
an impaired glucose metabolism (22). Overall, our findings suggest that among women
with prepregnancy overweight or obesity and their children, a higher maternal early-
pregnancy dietary glycemic index is associated with higher childhood higher general,
abdominal and visceral fat accumulation at 10 years, but not with liver fat accumulation.
No associations are present among normal weight women and their offspring.

The mechanisms underlying the observed associations are not well known. Our
findings were not explained by maternal socio-economic, lifestyle, birth or childhood
characteristics. Additional adjustment for other maternal macronutrients did not explain
the associations, nor did additional adjustment for overall dietary quality by additionally
adjusting for the maternal DASH diet score (43). This suggests that observed associations
are less likely to only reflect effects of an overall unhealthy lifestyle and diet among
women with overweight or obesity, but that a higher maternal early-pregnancy dietary
glycemic index may have a direct effect on offspring adipose tissue development. A
maternal diet during pregnancy with a higher glycemic index and subsequent peaks
in postprandial glucose concentrations increase glucose transfer to the developing
embryo or fetus. Women with overweight or obesity have a more pronounced insulin
resistance during pregnancy, causing larger fluctuations in postprandial glucose
concentrations and higher glucose transfer to the developing embryo or fetus (5, 6,
44). Higher embryonic and fetal glucose concentrations accelerate embryonic and fetal
growth and may alter development of adipocytes, pancreatic endocrine and hepatic
metabolic function (6, 8, 45). These alterations may not only directly increase fetal
adipose tissue accumulation, but could also cause fat accumulation in postnatal life due
to irreversible changes in fatty acid oxidation, lipogenesis, and lipoprotein export (46,
47). Experimental studies need to identify mechanisms underlying the associations of
maternal early-pregnancy dietary glycemic index on offspring adiposity development.
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The observed associations of maternal early-pregnancy dietary glycemic index with
childhood adiposity outcomes among women with overweight or obesity and their
children were relatively small, but important from a public health perspective. It is
well-known that childhood adiposity tracks into adulthood (48-52). We observed
the strongest effect of the maternal early-pregnancy dietary glycemic index with
childhood visceral fat accumulation. Visceral fat accumulation is known to cause
systemic inflammation and is strongly linked to an impaired glucose metabolism and
an adverse lipid profile (48). In adulthood, visceral fat accumulation strongly increases
the risk of type 2 diabetes, cardiovascular disease and premature mortality, even
irrespective of general fat mass (3, 52). Maternal prepregnancy overweight and obesity
are associated with increased offspring risks of obesity and ectopic fat accumulation
(3, 4, 6). Especially in this high risk group, insight into modifiable lifestyle factors from
preconception onwards is needed to develop interventions to improve offspring
adiposity outcomes and related cardio-metabolic health. Intervention studies among
women with overweight or obesity should reveal whether stimulating a low-glycemic
index diet already from preconception or early-pregnancy reduces the risk of childhood
obesity and increased general, abdominal and visceral fat in the offspring.

Methodological considerations

Strengths of this study are the prospective design, large sample size, and the use of
detailed measures of childhood adiposity obtained with DXA and MRI. 72% of children
from Dutch mothers with early-pregnancy dietary glycemic index available participated
in follow-up measurements. As we observed no differences in early-pregnancy dietary
glycemic index and prepregnancy BMI between mothers with and without offspring
participating in follow up measurements, we consider bias due to loss the follow-up
unlikely. The selection towards a relatively healthy Dutch population with a relatively
low mean dietary glycemic index may affect the generalizability of our findings. Further
studies are needed to replicate our findings among multi-ethnic populations with a
more diverse dietary intake. Even though the FFQ is a validated questionnaire widely
used for dietary assessment in observational studies, measurement of food intake by
a FFQ may be affected by over- or underreporting of dietary intake during pregnancy.
Although the mean dietary glycemic index s in line with previous studies, this limitation
of the FFQ may explain the relatively low mean dietary glycemic index within our study
populationandleadtoanunderestimation of results (13,40). However, a study performed
within a study population directly comparable to our study population validate the FFQ
using three 24-h dietary recalls and biomarkers from blood samples and showed only a
slight underestimation of carbohydrate intake. Calculation of the dietary glycemic index
from the FFQ may further be affected by uncertainty induced by preparation of foods,
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mixed dishes, variations of food products over time or unavailability of specific food
products (17). Further studies using different methods to assess the dietary glycemic
index in low and high-risk pregnant populations are needed to replicate our results. We
adjusted our analyses for multiple confounding factors, but residual confounding may
still be present.

CONCLUSIONS

Among women with overweight or obesity and their children, a higher maternal early-
pregnancy dietary glycemic index was associated with a higher childhood BMI, general
and abdominal fat accumulation and visceral fat accumulation, but not with liver fat
accumulation. Intervention studies among overweight and obese pregnant women
may need to target the dietary glycemic index to prevent childhood adiposity.
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SUPPLEMENTARY MATERIAL

Supplementary Methods S3.2.1.Log-log regression analyses

For our fat measures, we created index variables, which were made independent of
height. We did this by dividing our fat measurements by the optimal adjustment for
height. The optimal adjustment was determined using log-log regression analyses (1)
Total fat mass, visceral fat mass and height were log-transformed using natural logs. We
performed linear regression analyses with log-fat measures as the dependent variable
and log- height as the independent variable. The regression slope corresponds with the
power by which height should be raised. This resulted in the following index values
of the fat measures: total fat mass divided by height* and visceral fat mass divided by
height®.

1. Wells JC, Cole TJ, steam As: Adjustment of fat-free mass and fat mass for height in children
aged 8Yy. Int J Obes Relat Metab Disord 2002;26:947-952

177




Chapter 3.2

Aysodipe pooypiyn

i

4

.f..v

sisjeue ydeio J1>Ady pa1>a:1a 7'z €S SGOHLIW AYYLNIWI1ddNS

peo|/xapul J1wadk|b Aeyaip Aaueubsid-Apes [Buisigpy

X35 2194

4

Buipsapses.q e

alfisa) pooypiyD

<Y
wbiem yuig
\ﬂ\
7 Y

«

uieb yybiam [euonelssg

S8]8qRIp [BUONEISES

g Aoueubaidaid jeuwisiepy

abe [eusaey|

axejul ABiaua [elo)

snyejs Gupjows

a|k1se)ijnaip (Aoueubsidaid) _wEm_ms_\\.

uondwnsuod [oYoIN

pioYy 2104

10108} 2IydeiboWap-0I20S |[BUISle)|

Aoueubaid Buunp Bumiwop,
|9A3] [BUOREINPT

@

178



Maternal dietary glycemicindex and childhood adiposity

n=4,096
Pregnant women of Dutch ethnicity enrolled
during pregnancy

n=538

Excluded:

No information or non-reliable
information available on dietary intake in
early-pregnancy

\ 4

n=3,558
Mothers with information available on dietary
intake

n=87

Excluded:

Multiple pregnancy n=5

Induced abortion n=8

Intrauterine fetal death n=16
n=3
n=7

A 4

Loss to follow up
Pregestational diabetes

n=3,471
Mothers with information available on dietary
intake and singleton live births

n=983
Excluded:
Children without follow up measurement

\ 4

at 10 years

n=2,488

Population for analysis:

Singleton live-births with information on
maternal early pregnancy dietary glycemic index
and at least one childhood adiposity outcome

BMI n=2,483
Total fat mass index n=2,458
Android/gynoid fat mass ratio n=2,458
Visceral fat mass index n=1,246
Liver fat fraction n=1,397

SUPPLEMENTARY FIGURE $3.2.1. Flow chart of the study participants
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SUPPLEMENTARY TABLE $3.2.1. Non-response analysis for Dutch women with information on dietary glycemic index available
and singleton livebirths and their offspring with and without participation in follow up measurements at 10 years

Participation in No participation in
offspring follow up offspring follow up
measurementsat 10 measurements at 10
years (n=2,488) years (n=983) p-value

Maternal characteristics

Maternal age at enrolment, mean (SD), years 31.8(4.1) 30.3(4.8) 0.00
Gestational age at enrolment, median (95% range), weeks 13.4 (9.9 t0 22.6) 13.4 (9.7 to 24.0) 0.85
Parity, n nulliparous (%) 1,549 (62.3) 532(54.0) 0.00
Pre-pregnancy BMI, median (95% range) 22.3(18.4t033.3) 22.2 (18.0to 34.1) 0.72
Gestational weight gain, mean (SD), kg/week 0.35(0.14) 0.36 (0.15) 0.04
Education, n high (%) 1,566 (62.9) 461 (47.2) 0.00
Glycemic index, mean (SD) 57.7 (3.5) 58.0(3.2) 0.40
Glycemic load, mean (SD) 154.0 (46.1) 156.1 (48.4) 0.24
Low glycemic index, n (%) 522(20.9) 183 (26.0) 0.10
Carbohydrate intake, mean (SD), g/d 266 (74) 269 (78) 0.20
Protein intake, mean (SD), g/d 79(19) 78 (20) 0.10
Fat intake, mean (SD), g/d 87 (24) 86 (25) 0.05
Fiber intake, mean (SD), g/d 24(7) 23(7) 0.23
Total energy intake, mean (SD), kcal/d 2145 (500) 2,145 (538) 0.05
Folic acid supplement use, n yes (%) 1,865 (75.0) 672 (83.1) 0.00
Alcohol use during pregnancy, n yes (%) 1,577 (63.4) 540 (25.5) 0.00
Smoking during pregnancy, n yes (%) 510 (20.5) 324 (34.9) 0.00
Vomiting during early-pregnancy, n yes (%) 93 (3.7) 52(5.7) 0.05
Gestational diabetes, n (%) 20(0.8) 12(1.3) 0.24
Birth/infant characteristics

Sex, n female (%) 1,255 (50.4) 468 (47.3) 0.09
Gestational age at birth, median (95% range), weeks 40.3 (36.0 to 42.4) 40.1 (353t042.3) 0.00
Birthweight, mean (SD), g 3498 (537) 3,465 (596) 0.00
Ever breastfed, yes (%) 2006 (80.6) 587 (85.7) 0.00
Introduction of solid foods before 6 months, yes (%) 1633 (65.6) 444 (87.2) 0.75

BMI: body mass index. P-values were obtained by independent t-test or Mann-Whitney U-test for continuous variables and chi-
square tests for categorical variables.

180



Maternal dietary glycemicindex and childhood adiposity

SUPPLEMENTARY TABLE $3.2.2. Associations of maternal early-pregnancy dietary glycemic index in quartiles with childhood general, abdominal and

ectopic fat accumulation

Effect estimates for childhood outcome for maternal early-pregnancy glycemic index in quartiles

Total group Women with BMI<25 kg/m? Women with BMI=25kg/m?

Difference in BMI SDS (95% Cl)

2,483 1,920 563
First quartile (n=621) Reference Reference Reference
Second quartile (n=621) 0.08 (-0.02 t0 0.18) -0.01(-0.12t0 0.10) 0.41 (0.16 to 0.66)*
Third quartile (h=619) 0.08 (-0.03t0 0.18) 0.05 (-0.06 to 0.16) 0.19 (-0.07 to 0.44)
Fourth quartile (n=622) 0.06 (-0.05 to 0.16) -0.02 (-0.13 to0 0.10) 0.31 (0.06 to 0.57)*

Difference in total fat mass index SDS (95% Cl)

2,455 1,898 557
First quartile (n=611) Reference Reference Reference
Second quartile (n=618) 0.13 (0.03 to 0.24)* 0.07 (-0.05 t0 0.18) 0.42(0.17 t0 0.67)*
Third quartile (n=611) 0.07 (-0.04t0 0.17) 0.04 (-0.08 to 0.15) 0.22 (-0.04 to 0.47)
Fourth quartile (n=615) 0.10(-0.01 t0 0.21) 0.02 (-0.10 to 0.14) 0.40 (0.15 to 0.66)*

Difference in android/gynoid ratio SDS (95% CI)

2,458 1,901 557
First quartile (n=611) Reference Reference Reference
Second quartile (n=619) 0.07 (-0.04 t0 0.19) 0.02 (-0.10t0 0.14) 0.30(0.02 to 0.58)*
Third quartile (n=613) 0.00(-0.11t0 0.12) -0.04 (-0.16 to 0.08) 0.17 (-0.12 to 0.45)
Fourth quartile (n=615) 0.01(-0.11t0 0.12) -0.05 (-0.17 to 0.08) 0.22 (-0.07 to 0.52)

Difference visceral fat mass index SDS (95% Cl)

1,246 956 290
First quartile (n=307) Reference Reference Reference
Second quartile (n=313) 0.18 (0.02 to 0.33)* 0.09 (-0.09 to 0.26) 0.56 (0.19 to 0.92)*
Third quartile (n=321) 0.09 (-0.7 to 0.25) 0.05 (-0.12 to 0.22) 0.32(-0.04 to 0.69)
Fourth quartile (n=305) 0.10 (-0.07 to 0.26) -0.06 (-0.24 t0 0.12) 0.65 (0.28 to 1.02)*

Difference in liver fat fraction SDS (95% Cl)

1,395 1,074 321
First quartile (n=351) Reference Reference Reference
Second quartile (n=347) -0.02(-0.17 t0 0.13) -0.01(-0.17 t0 0.16) -0.05 (-0.43 to 0.34)
Third quartile (n=355) -0.09 (-0.24 t0 0.07) -0.06 (-0.23 to 0.10) -0.15 (-0.54 to 0.23)
Fourth quartile (n=344) -0.05(-0.21t0 0.11) 0.01(-0.16t0 0.18) -0.23 (-0.62 t0 0.16)

*P<0.05 SDS: standard deviation scores. Values represent regression coefficients (95% confidence interval) from linear regression models that reflect
differences in standard deviation score of childhood adiposity outcomes for the upper three maternal dietary glycemic index quartiles as compared to
the lowest quartile.

9Basic models were adjusted for gestational age at intake, fetal sex and child’s age at follow up

bConfounder models were the basic models additionally adjusted for maternal age, maternal educational level, maternal prepregnancy BMI, smoking
during pregnancy, vomiting during early-pregnancy, daily total energy intake

<Birth models were the confounder models additionally adjusted for gestational-age-and-sex adjusted birthweight

4Child models were the birth models, additionally adjusted for infant breastfeeding, introduction of solid foods and average television watching time

eMaternal diet models were the confounder models additionally adjusted for gestational weight gain and maternal fiber, fat and protein intake
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SUPPLEMENTARY TABLE $3.2.3. Associations of maternal early-pregnancy dietary glycemic load with childhood general,
abdominal and ectopic fat accumulation

Effect estimates for childhood outcome per SDS increase in maternal early-pregnancy
glycemic load

Women with BMI=25kg/
Total group Women with BMI<25 kg/m? m?

Difference in BMI SDS (95% Cl)

Basic model®
Confounder model®
Birth model*
Child model?

Maternal diet model®

Basic model®
Confounder model®
Birth model®
Child model?

Maternal diet model®

Basic model®
Confounder model®
Birth model*
Child model?

Maternal diet model®

Basic model®
Confounder model®
Birth model®
Child model?

Maternal diet model®

Basic model®
Confounder model®

Birth model*

2,483
-0.01 (-0.04 to 0.03)
0.09 (0.02 to 0.15)
0.08 (0.02 to 0.15)
0.08 (0.01 t0 0.15)
0.05(-0.14 to 0.24)

Difference in total fat mass index SDS (95% Cl)

2,455
-0.01 (-0.05 to 0.03)
0.08 (0.01 to 0.15)*
0.08 (0.01 to 0.15)*
0.07 (0.01 to 0.14)*

0.07 (-0.12 to 0.26)*

1,920
0.00 (-0.04 to 0.04)
0.07 (0.00 to 0.15)
0.07 (0.00 to 0.14)
0.06 (-0.01t0 0.13)
-0.09(-0.30t00.12)

1,898
-0.01 (-0.05 to 0.03)
0.06 (-0.02 t0 0.13)
0.06 (-0.02 t0 0.13)
0.05(-0.03t0 0.12)

-0.08 (-0.30 t0 0.13)

563
0.02 (-0.07 t0 0.10)
0.12(-0.04 t0 0.28)
0.13(-0.03 t0 0.28)
0.15(-0.01 to 0.30)
0.51(0.03 to 0.98)

557
0.04 (-0.04t0 0.13)
0.16 (0.00 to 0.32)
0.15(0.00 to 0.33)
0.17 (0.01 to 0.34)*

0.61(0.13 to 1.08)*

Difference in android/gynoid ratio SDS (95% ClI)

2,458
0.00 (-0.04 to 0.04)
0.04 (-0.04t0 0.11)
0.03(-0.04t0 0.11)
0.03 (-0.04t0 0.11)

-0.09(-0.30t0 0.11)

1,901
-0.01 (-0.05 to 0.04)
0.02 (-0.06 to 0.10)
0.02 (-0.06 t0 0.11)
0.01(-0.07 to 0.10)

-0.22 (-0.46 t0 0.01)

557
0.03 (-0.07 t0 0.12)
0.09 (-0.09 to 0.28)
0.09 (-0.09 to 0.28)
0.10 (-0.09 to 0.28)

0.35(0.19 t0 0.90)

Difference visceral fat mass index SDS (95% Cl)

1,246
-0.03 (-0.09 to 0.02)
0.10(-0.01 t0 0.20)
0.09 (-0.01 to 0.20)
0.08 (-0.03t0 0.18)

0.01(-0.27 t0 0.30)

1,395
0.00 (-0.06 to 0.05)
0.04 (-0.06 to 0.14)
0.03 (-0.07 to 0.14)

956
-0.03 (-0.09 to 0.03)
0.04 (-0.07 t0 0.16)
0.04 (-0.07 to 0.16)
0.02(-0.09 to 0.14)

-0.15 (-0.47 t0 0.17)

Difference in liver fat fraction SDS (95% ClI)

1,074
-0.01 (-0.07 to 0.05)
0.05 (-0.06 to 0.16)
0.05 (-0.06 to 0.16)

290
-0.01(-0.13t0 0.12)
0.30 (0.06 to 0.54)*
0.30 (0.05 to 0.54)*
0.30 (0.05 to 0.55)*

0.67 (-0.01 to 1.34)

321
0.07 (-0.04 t0 0.19)
0.02 (-0.24t0 0.27)
0.01(-0.25 t0 0.26)
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SUPPLEMENTARY TABLE $3.2.3. Continued

Effect estimates for childhood outcome per SDS increase in maternal early-pregnancy
glycemic load

Women with BMI=25kg/
Total group Women with BMI<25 kg/m? m?
Child model? 0.03 (-0.08 t0 0.13) 0.04 (-0.07 to0 0.15) -0.01 (-0.26 to 0.25)
Maternal diet model® 0.32 (-0.59 to -0.04) -0.22(-0.52 t0 0.08) -0.67 (-1.37 t0 0.03)

*P<0.05 SDS: standard deviation scores. Values represent regression coefficients (95% confidence interval) from linear regression
models that reflect differences in standard deviation score of childhood adiposity outcomes per SDS increase in maternal early-
pregnancy dietary glycemic load.

9Basic models were adjusted for gestational age at intake, fetal sex and child’s age at follow up

tConfounder models were the basic models additionally adjusted for maternal age, maternal educational level, maternal
prepregnancy BMI, smoking during pregnancy, vomiting during early-pregnancy, daily total energy intake

“Birth models were the confounder models additionally adjusted for gestational-age-and-sex adjusted birthweight

4Child models were the birth models, additionally adjusted for infant breastfeeding, introduction of solid foods and average
television watching time

¢Maternal diet models were the confounder models additionally adjusted for gestational weight gain and maternal fiber, fat and
protein intake

SUPPLEMENTARY TABLE $3.2.4. Associations of maternal early-pregnancy dietary glycemic load with risk of childhood
overweight

Effect estimates for risk of childhood overweight per SDS increase in maternal early-
pregnancy glycemic load

Total group Women with BMI<25 kg/m? Women with BMI>=25kg/m?
Basic model® 1.03(0.91t0 1.17) 0.98 (0.82t0 1.17) 1.17 (0.97 to 1.41)
Confounder model® 1.25(0.98 to 1.60) 1.09(0.78 to 1.52) 1.47 (1.00t0 2.17)
Birth model* 1.25(0.98 to 1.60) 1.08 (0.77 to 1.51) 1.49 (1.01 to 2.20)*
Child model? 1.24(1.10 to 1.86)* 1.05 (0.75 to 1.47) 1.56 (1.05 to 2.32)*
Maternal diet model® 1.05(0.53 to0 2.10) 0.60 (0.23 to 1.54) 2.01(0.67 to 6.05)

*P<0.05 SDS: standard deviation scores. Values represent odds ratios (95% confidence interval) from logistic regression models
that reflect differences in standard deviation score of childhood risk of overweight per SDS in maternal early-pregnancy dietary
glycemic load.

aBasic models were adjusted for gestational age at intake, fetal sex and child’s age at follow up

bConfounder models were the basic models additionally adjusted for maternal age, maternal educational level, maternal
prepregnancy BMI, smoking during pregnancy, vomiting during early-pregnancy, daily total energy intake

<Birth models were the confounder models additionally adjusted for gestational-age-and-sex adjusted birthweight

4Child models were the birth models, additionally adjusted for infant breastfeeding, introduction of solid foods and average
television watching time

¢Maternal diet models were the confounder models additionally adjusted for gestational weight gain and maternal fiber, fat and
protein intake
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SUPPLEMENTARY TABLE S$3.2.5. Associations of maternal early-pregnancy dietary glycemic index with childhood general,
abdominal and ectopic fat accumulation after adjustment for maternal DASH diet score

Effect estimates for childhood outcome per SDS increase in maternal early-
pregnancy glycemic load

Total group Women with BMI<25 kg/m*>  Women with BMI=25kg/m?

Difference in BMI SDS (95% Cl)
2483 1920 563

Confounder model 0.04 (0.00 to 0.08) 0.01 (-0.04 to 0.05) 0.12(0.02to 0.21)*
additionally adjusted for
maternal DASH diet score?

Difference in total fat mass index SDS (95% Cl)
2455 1898 557

Confounder model 0.03 (-0.01 t0 0.01) -0.01 (-0.05 to 0.04) 0.13 (0.03 to 0.23)*
additionally adjusted for
maternal DASH diet score®

Difference in android/gynoid ratio SDS (95% CI)
2458 1901 557

Confounder model -0.01 (-0.05 to 0.04) -0.04 (-0.09 to 0.01) 0.08 (-0.03 t0 0.19)
additionally adjusted for
maternal DASH diet score?

Difference visceral fat mass index SDS (95% Cl)
1246 956 290

Confounder model 0.04 (-0.02 t0 0.10) 0.00 (-0.08 to 0.07) 0.17 (0.03 to 0.31)*
additionally adjusted for
maternal DASH diet score®

Difference in liver fat fraction SDS (95% Cl)
1395 1074 321

Confounder model -0.03 (-0.09 to 0.03) -0.02 (-0.09 to 0.05) -0.05 (-0.19 to 0.09)
additionally adjusted for
maternal DASH diet score?

*P<0.05 SDS: standard deviation scores. Cl is confidence interval. DASH: Dietary Approaches to Stop Hypertension

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in standard
deviation score of childhood adiposity outcomes per SDS increase in maternal early-pregnancy dietary glycemic index adjusted
according to confounder models with additional adjustment for maternal DASH diet score

aConfounder models were adjusted for gestational age at intake, fetal sex and child’s age at follow up, maternal age, maternal
educational level, maternal prepregnancy BMI, smoking during pregnancy, vomiting during early-pregnancy, daily total energy
intake

184



Maternal dietary glycemicindex and childhood adiposity

SUPPLEMENTARY TABLE $3.2.6. Associations of maternal early-pregnancy dietary glycemic index with childhood general,
abdominal and ectopic fat accumulation among women without gestational diabetes

Effect estimates for childhood outcome per SDS increase in maternal early-pregnancy
glycemic index excluding women with gestational diabetes

Total group Women with BMI<25 kg/m? Women with BMI=25kg/m?

Difference in BMI SDS (95% Cl)
n=2463 n=1911 n=552
Confounder model® 0.02 (-0.02 to 0.06) 0.00 (-0.04 to 0.05) 0.08 (-0.02 t0 0.17)
Difference in total fat mass index SDS (95% Cl)
n=2435 n=1889 n=546
Confounder model® 0.03 (-0.01 t0 0.07) 0.00 (-0.04 to 0.05) 0.13 (0.04 to 0.23)**
Difference in android/gynoid ratio SDS (95% ClI)
n=2438 n=1892 n=546
Confounder model® 0.01 (-0.03 to 0.05) -0.01 (-0.06 to 0.03) 0.08 (-0.03 t0 0.18)
Difference visceral fat mass index SDS (95% Cl)
n=1241 n=954 n=287
Confounder model® 0.06 (0.00 to 0.12) 0.01 (-0.06 to 0.08) 0.22 (0.09 to 0.35)**
Difference in liver fat fraction SDS (95% CI)
n=1392 n=1074 n=318

Confounder model® -0.03 (-0.08 to 0.03) 0.00 (-0.07 to 0.07) -0.03 (-0.18t0 0.11)

*P<0.05 **P<0.01 SDS: standard deviation scores. Cl is confidence interval

aConfounder models were the basic models additionally adjusted for maternal age, maternal educational level, maternal
prepregnancy BMI, smoking during pregnancy, vomiting during early-pregnancy, daily total energy intake*P<0.05 **P<0.01 SDS:
standard deviation scores. Cl is confidence interval

aConfounder models were the basic models additionally adjusted for maternal age, maternal educational level, maternal
prepregnancy BMI, smoking during pregnancy, vomiting during early-pregnancy, daily total energy intake

185







3.3

Maternal plasma
polyunsaturated fatty acids and
childhood liver fat accumulation

Rama J. Wahab
Vincent W.V. Jaddoe
Angelo G. Mezzoiuso
Romy Gaillard

Submitted



Chapter3.3

ABSTRACT

Background: Maternal polyunsaturated fatty acids (PUFA) concentrations in pregnancy
are essential for fetal lipid metabolism and adipocyte differentiation. Whether
suboptimal maternal gestational PUFA concentrations adversely affect offspring liver
fat development is unknown.

Objective: We examined the associations of maternal n-3 and n-6 PUFA concentrations
in pregnancy with childhood liver fat accumulation.

Design:Inapopulation-based prospective cohortstudyamong 2,424 mother-child pairs,
we measured maternal total and individual n-3 and n-6 PUFA plasma concentrations at
mean gestational age (SD) of 20.6 (1.1) weeks. Childhood liver fat fraction was obtained
by MRI at 10 years. Non-alcoholic fatty liver disease was a liver fat fraction =5.0%.

Results: We observed that 1-Standard deviation (SD) higher maternal n-3 PUFA
concentrations, especially DHA, was associated with a lower childhood liver fat fraction
(-0.07 SD-score (95% Cl -0.11 to -0.02) for both total n-3 PUFA and DHA concentrations).
Of n-6 PUFAs, 1-SD higher maternal DGLA concentrations was associated with a higher
childhood liver fat fraction (0.06 SD-score (95% Cl 0.02 to 0.10)). Associations were not
explained by maternal or childhood socio-demographic and lifestyle characteristics.
Associations were stronger among boys and less consistent among girls. Among boys,
higher maternal total n-3 PUFA concentrations were associated with a lower risk of
childhood non-alcohol fatty liver disease (Odds Ratio 0.42 (95% Cl 0.25 to 0.70)).

Conclusions: Maternal lower n-3 PUFA and higher n-6 PUFA concentrations in
pregnancy are associated with offspring liver fat accumulation in childhood. Optimizing
maternal PUFA concentrations during pregnancy may be a target for preventing liver fat
accumulation in their offspring.
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INTRODUCTION

Liver steatosis is the most common cause of chronic liver disease in childhood (1).
Children with liver steatosis have a strongly increased risk of cardio-metabolic disease in
later life, such as type 2 diabetes and end-stage liver disease in adulthood (1, 2). A higher
amount of liver fat is even related to an adverse cardio-metabolic risk profile already in
childhood (3, 4). It has been suggested that fetal life is a critical period for developing
liver steatosis later in life (1, 5, 6). In the same cohort as the current study, we have
previously shown that children with fetal growth restriction followed by infant catch
up growth have an increased liver fat fraction (7). More specifically, the maternal diet
during pregnancy and subsequent fetal nutrient availability could contribute to fetal
liver adipose tissue deposits (1, 8, 9). Maternal dietary intake of poly-unsaturated fatty
acids (PUFA) is essential for fetal growth and adipose tissue development, as the fetus
fully depends on maternal PUFA concentrations (10, 11). Animal studies have shown
that higher maternal omega-3 (n-3) PUFA concentrations may inhibit offspring liver
fat storage, while higher maternal omega-6 (n-6) PUFA concentrations could stimulate
offspring hepatic adipocyte differentiation (12-16). Human studies have suggested
that suboptimal maternal PUFA concentrations during pregnancy may be related to
development of childhood adiposity (17-19). However, the effects of maternal PUFA
concentrations during pregnancy on childhood liver fat development remain unknown.
As childhood liver steatosis is an emerging public health problem, identification of
modifiable early-life risk factors is important for strategies which aim to prevent liver fat
accumulation and associated cardio-metabolic risk from childhood onwards.

We hypothesized that lower maternal n-3 PUFA concentrations and higher n-6 PUFA
concentrations during pregnancy lead to increased childhood liver fat accumulation,
predisposing offspring to risks of adverse cardio-metabolic outcomes later in life.
Therefore, in a population-based prospective cohort among 2,424 mothers and their
children we examined the associations of maternal n-3 and n-6 PUFA concentrations
during pregnancy with childhood liver fat accumulation and the risk of non-alcohol
fatty liver disease (NAFLD) at the age of 10years.

METHODS

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from fetal life onwards in Rotterdam, the Netherlands (20). Written
informed consent was obtained from all women. The study has been approved by the
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Medical Ethical Committee of the Erasmus MC, University Medical Center in Rotterdam
(MEC 198.782/2001/31). In total, 8,879 women were enrolled during pregnancy, of
whom 6,997 had information on PUFA concentrations in pregnancy available. We
excluded twin pregnancies (n=73). Of these women, 4,140 children participated in
follow up measurements at ten years of age (Supplementary Figure S3.3.1). Due to
later implementation of MRI scans within follow-up visits, we only had measurements
in a subgroup of our population for liver fat fraction (n=2,424). Missing measurements
were mainly due to whether the child attended the MRI subgroup, loss to follow up, no
data on liver fat or MRl artifacts (20).

Maternal PUFA concentrations

Maternal venous samples were drawn at a mean gestational age (SD) of 20.6 (1.1)
weeks). To analyze PUFA concentrations, EDTA plasma samples were selected and
transported to the Division of Metabolic Diseases and Nutritional Medicine, Dr. von
Hauner Children’s Hospital, University of Munich Medical Center. After being thawed,
the analysis of plasma glycerophospholipid PUFAs composition was performed by
a sensitive and precise high-throughput method, suitable in large epidemiological
studies (21). PUFA concentrations were expressed as a proportion of total fatty acids
present in the chromatogram (weight percentage, wt%) (22, 23). Based on findings from
previous studies, we selected maternal PUFAs for our analyses, which previously have
been shown to be associated with an increased risk of cardiovascular and metabolic
outcomes in adults and maternal and fetal pregnancy outcomes (24-28). Total n-3
PUFA concentrations included o-linolenic acid (ALA, C18:3n-3), eicosapentaenoic
acid (EPA, C20:5n-3), docosapentaenoic acid (DPA, C22:5n-3), docosahexaenoic acid
(DHA, C22:6n-3). Total n-6 PUFA concentrations included linoleic acid (LA, C18:2n-6),
y-linolenic acid (GLA, C18:3n-6), eicosadienoic acid (EDA, C20:2n-6), dihomo-gamma-
linolenic acid (DGLA, C20:3n6), arachidonic acid (AA, C20:4n-6), docosatetraenoic acid
(DTA, C22:4n-6). The n-6/n-3 ratio was calculated as the sum of all n-6 PUFA divided by
the sum of all n-3 PUFA.

Childhood liver fat

At 10 years of age, we measured child’s liver fat fraction obtained from MRI scans as
described in detail previously (29). All children underwent imaging using a 3.0-T MRI
scanner (Discovery MR750w; GE Healthcare). The liver fat scan was performed using a
single-breath-hold, 3D volume and a special 3-point proton density weighted Dixon
technique (IDEAL IQ) for generating a precise liver fat fraction image (30). The IDEAL
IQ scan is based on a carefully tuned 6-echo echo planar imaging acquisition. The
obtained fat-fraction maps were analyzed by the Precision Image Analysis (PIA, Kirkland,
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Washington, United States) using the sliceOmatic (TomoVision, Magog, Canada)
software package. Liver fat fraction was determined by taking four samples of at least
4 ¢cm? from the central portion of the hepatic volume. Subsequently, the mean signal
intensities were averaged to generate an overall mean liver fat estimation. NAFLD was
defined as liver fat fraction =5.0% (31, 32).

Covariates

Information on maternal age, educational level and ethnicity was obtained at the
enrolment (20). We measured maternal height and obtained information about maternal
pre-pregnancy weight by questionnaire to calculate prepregnancy body mass index
(BMI). We measured systolic blood pressure at study enrolment (20). Information on
maternal smoking and folic acid supplement use was assessed by questionnaires during
pregnancy. We used a food frequency questionnaire to assess maternal caloric intake
during pregnancy (33, 34). Weight gain up to 30 weeks of gestation was calculated as
the difference between maternal weight measured at a median (95% range) gestational
age of 30.2 (28.4 to 32.6) and self-reported weight before pregnancy. Information about
pregnancy complications, sex, gestational age and weight at birth was obtained from
medical records (20). Information about breastfeeding, timing of introduction of solid
foods and average TV watching time was obtained by questionnaires in infancy and
childhood (20).

Statistical analysis

First, we performed a non-response analysis to compare characteristics of mothers
and children with and without childhood liver fat measurements available using
Student’s t-tests, Mann-Whitney tests and Chi-square tests. Second, we examined the
associations of maternal total and individual n-3 and n-6 PUFA concentrations during
pregnancy with childhood liver fat fraction and the risk of NAFLD using linear and
logistic regression models, respectively. Because of its skewed distribution, liver fat
fraction was log-transformed. To enable comparison of effect estimates, we constructed
standard deviation scores (SDS) for maternal PUFA concentrations and childhood liver
fat fraction. We assessed associations in different models, constructed based on a
Directed Acyclic Graph (DAG) analysis to identify which factors may act as confounders
or potential mediators (Supplementary Methods S3.3.1): 1) a basic model including
gestational age at maternal blood sampling and child’s sex age at liver fat measurement;
2) a maternal model, which is the basic model additionally adjusted for maternal age,
educational level, ethnicity, parity, pre-pregnancy body mass index, smoking, folic acid
supplement use and daily caloric intake during pregnancy, systolic blood pressure
at study enrolment, gestational weight gain up to 30 weeks of gestation, gestational
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hypertensive disorders and gestational diabetes, based on their associations with the
exposures and outcomes in literature. 3) a child model, which is the maternal model
additionally adjusted for child characteristics, including the gestational-age-and-
sex-adjusted birthweight, breastfeeding, timing of introduction of solid foods and
average TV watching time (24, 35). Because of the statistically significant interaction
of child’s sex with maternal n-3 PUFA concentrations and the n-6/n-3 PUFA ratio for
the associations with childhood liver fat fraction, we performed analyses for the total
group and stratified by offspring sex. Finally, to examine whether potential associations
of maternal PUFA status during pregnancy with childhood liver fat accumulation were
present independent of the child’s BMI, we used conditional regression analyses.
We regressed childhood liver fat fraction on BMI to create standardized residuals for
liver fat independent of child’s BMI and examined the associations of maternal PUFA
concentrations with these standardized residuals as outcomes using linear regression
models (36). These analyses enable further exploration whether potential associations
with childhood liver fat reflect an excess liver fat accumulation or rather represent an
overall higher BMI in general. To reduce selection bias due to missing data, multiple
imputations of covariates (pooled results of 5 imputed datasets) were performed (37).
All analyses are performed using the Statistical Package of Social Sciences version 24.0
for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS

Subject characteristics

Table 3.3.1 shows maternal and childhood characteristics. Of all participating children,
63 (3%) had NAFLD. The mean (SD) maternal n-3 and n-6 PUFA concentrations in
pregnancy were 109.1 (27.4) mg/L and 607.2 (88.8) mg/L, respectively (Table 3.3.2).
Characteristics were largely similar among boys and girls (Supplementary Table
$3.3.1). Non-response analyses showed that compared to mothers without offspring
liver fat measurements available, those with offspring liver fat measurements available
had slightly higher total n-3 PUFA, but lower total n-6 PUFA concentrations and had
offspring with a higher birthweight (Supplementary Tables $S3.3.2 and S3.3.3).
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TABLE 3.3.1. Characteristics for mothers and their children

Maternal polyunsaturated fatty acids and childhood liver fat

Total group (n=2,424)

Maternal Characteristics

Age, mean (SD), years
Gestational age at enrolment, median (95% range), weeks
Gestational age at blood sampling, mean (SD), weeks
Ethnicity, n European (%)
Education, n higher education (%)
Parity, n nulliparous (%)
Pre-pregnancy BMI, median (95% range), kg/m?
Gestational weight gain, mean (SD) kg
Smoking during pregnancy, n no (%)
Folic acid supplement use, n yes (%)
Maternal dietary energy intake, mean (SD), kcal/day
Early-pregnancy systolic blood pressure, mean (SD), mmHg
Pregnancy complications,

Gestational diabetes, n. yes (%)

Gestational hypertensive disorder, n yes (%)
Birth and infant characteristics
Sex, n girls (%)
Birthweight, mean (SD), g
Gestational age at birth, median (95% range), weeks
Ever breastfed, n yes (%)
Introduction of solid food after 6 months, n yes (%)
Child Characteristics at 10 years
Age, mean (SD), years
Average TV watching time, n < 2 hours/day (%)
Body mass index, median (95% range), kg/m?
Total fat mass, median (95% range), g
Liver fat fraction, median (95% range), (%)

Non-alcohol fatty liver disease, n yes (%)

309 (4.7)
13.5(9.8t022.1)
20.6 (1.1)
1,571 (66)
1,206 (52)
1,442 (60)
22.5(18.0,35.1)
0.34(0.16)
1,659 (77)
1,507 (80)
2,075 (540)
116 (12)

18(1)
143 (6)

1,217 (50)
3,454 (540)
40.1 (35.9,42.4)
1,943 (94)
199 (11)

9.8(0.3)

1,371 (71)
17.5(14.0to0 24.3)
8,438 (4,474 to 21,535)
2.0(1.2t05.2)

63(3)

Values represent mean (SD), median (95% range) or number of participants (valid %).
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TABLE 3.3.2. Maternal poly-unsaturated fatty acid concentrations in pregnancy

Absolute concentrations Percentage by weight of total sum of fatty acids

(mg/L) (%)
Total PUFA concentrations 716.4 (98.4) 43.7 (1.9)
Total n-3 PUFA concentrations 109.1 (27.4) 6.7 (1.5)
ALA 53(1.8) 0.3(0.1)
EPA 9.3 (5.6) 0.6(0.3)
DPA 12.5(4.2) 0.8(0.2)
DHA 80.5(20.4) 49(1.1)
Total n-6 PUFA concentrations 607.2 (88.8) 37.1(2.4)
LA 3624 (63.1) 22.2(2.8)
GLA 1.5(0.7) 0.1(0.0)
EDA 8.5(1.9) 0.5(0.1)
DGLA 61.7 (16.3) 3.7(0.7)
AA 158.3(32.4) 9.7 (1.5)
DTA 7.0 (2.1) 0.4 (0.1)
Total n-6/n-3 ratio 5.9(1.6) NA

PUFA: poly-unsaturated fatty acids, ALA: a-linolenic acid, EPA: eicosapentaenoic acid, DPA: docosapentaenoic acid, DHA:
docosahexaenoic acid, LA: linoleic acid, GLA: y-linolenic acid, EDA: eicosadienoic acid, DGLA: dihomo-gamma-linolenic acid, AA:
arachidonic acid, DTA: docosatetraenoic acid. Values represent mean (SD)

Maternal n-3 PUFA concentrations and childhood liver fat

Table 3.3.3 shows that after adjustment for maternal factors, 1-Standard deviation (SD)
higher maternal total n-3 PUFA concentrations and especially docosahexaenoic acid
(DHA) concentrations were associated with a -0.07 SDS (95% CI -0.11 to -0.02) lower
childhood liver fat fraction. Additional adjustment for child characteristics did not
affect the effect estimates. Results from the conditional analyses suggested that the
associations of maternal total n-3 PUFA and DHA concentrations with childhood liver
fat fraction were independent of childhood BMI (Supplementary Table S3.3.4). Higher
maternal n-3 PUFA concentrations were not associated with the risk of childhood NAFLD
(Figure 3.3.1).

Analyses stratified by sex showed that the observed associations were only present in
boys, but not among girls (Supplementary Table S$3.3.5). Among boys, also higher
maternal EPA concentrations were associated with a lower childhood liver fat fraction
(p<0.05). One SD higher maternal total n-3 PUFA concentrations was associated
with a lower risk of NAFLD among boys only (Odds Ratio 0.42 (95% Cl 0.25 to 0.70))
(Supplementary Figure S3.3.2).
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2,00

H

1,00

—
H

0,50

Risk of childhood NAFLD
Odds Ratio (95% confidence interval)

0,25

FIGURE 3.3.1. Associations of maternal n-3 and n-6 poly-unsaturated fatty acid concentrations with the risk of childhood non-
alcohol fatty liver disease

PUFA: poly-unsaturated fatty acids SDS: standard deviation score. Values represent odds ratios (95% confidence interval) from
logistic regression models that reflect the risks of childhood non-alcohol fatty live disease per SD increase in maternal PUFA
concentrations adjusted for adjusted for gestational age at maternal blood sampling, child’s age and sex and maternal age,
educational level, ethnicity, parity, pre-pregnancy body mass index, blood pressure at enrolment, smoking, folic acid supplement
use and total caloric intake during pregnancy, gestational weight gain up to 30 weeks of gestation, and pregnancy complications.
Estimates are based on multiple imputed data.

Maternal n-6 PUFA concentrations and childhood liver fat

Table 3.3.3 shows that of all n-6 PUFAs, only 1-SD higher maternal n-6 PUFA dihomo-
gamma-linolenic acid (DGLA) concentrations were associated with a 0.06 SDS (95% Cl
0.02 to 0.10) higher liver fat fraction in the maternal model. Additional adjustment for
child characteristics did not affect the effect estimate. The associations of maternal DGLA
concentrations with childhood liver fat fraction were independent of childhood BMI
(Supplementary Table S3.3.4). Higher maternal total n-6 PUFA concentrations were
not associated with the risk of childhood NAFLD (Figure 3.3.1). Sex stratified analyses
showed that the observed associations were similar for boys and girls (Supplementary
Table $3.3.5, Figure S3.3.2).
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Maternal n-6/n-3 PUFA ratio and childhood liver fat

One SD higher maternal n-6/n-3 PUFA ratio was associated with 0.06 SDS (95% CI 0.02 to
0.11) higher childhood liver fat fraction, but not with the risk of childhood NAFLD (Figure
3.3.1). Additional adjustment for child characteristics did not affect the effect estimate
(Supplementary Table $S3.3.6). The associations of maternal n-6/n-3 PUFA ratio with
childhood liver fat fraction were also independent of childhood BMI (Supplementary
Table $3.3.4).

Sex stratified analyses showed that the observed associations were only present in boys
and not among girls (Supplementary Table S3.3.6).

DISCUSSION

Lower maternal n-3 PUFA and higher maternal n-6 PUFA concentrations during
pregnancy were associated with increased childhood liver fat accumulation, especially
among boys. The strongest effects were present for DHA and DGLA. Higher maternal
total n-3 PUFA concentrations during pregnancy were associated with a lower risk of
childhood NAFLD among boys, but not among girls.

Interpretation of main findings

Maternal n-3 PUFA concentrations are important for fetal growth and development and
may reduce the risk of preterm birth and low birthweight (38, 39). Besides improving
birth outcomes, optimizing maternal PUFA status during pregnancy, characterized by
increasing maternal n-3 PUFA and lowering maternal n-6 PUFA concentrations, may also
have a beneficial effect on offspring adiposity development (40). In a previous study
from our cohort, we observed that higher maternal n-3 PUFA concentrations and lower
maternal n-6 PUFA concentrations were associated with a lower childhood total body
fat mass and android/gynoid fat mass ratio at six years of age (19). Rodent studies have
suggested that higher maternal n-3 PUFA concentrations during pregnancy may reduce
hepatic fat storage in offspring, through the effects on lipid metabolism and lipid gene
expression in the liver (14, 15,41-43). On the other hand, higher n-6 PUFA concentrations
could stimulate hepatic adipocyte differentiation, leading to liver fat accumulation
(14, 16). Previous meta-analyses in non-pregnant populations suggested that higher
n-3 PUFA concentrations could reduce liver fat in both children and adults (44, 45).
Based on these studies, we hypothesized for the current study that lower maternal n-3
PUFA concentrations and higher n-6 PUFA concentrations during pregnancy increases
offspring liver fat development.
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We observed that lower maternal n-3 PUFA and higher n-6 PUFA concentrations
during pregnancy were associated with increased childhood liver fat accumulation.
The strongest effects were present for the individual n-3 PUFA DHA and the individual
n-6 PUFA DGLA. This is largely in line with findings from previous studies that showed
that mainly maternal DHA and DGLA concentrations are associated with offspring
general and abdominal fat accumulation (19, 46-48). When stratifying on sex, the
associations of maternal n-3 PUFA concentrations in pregnancy with a childhood
liver fat accumulation and the risk of NAFLD were only present among boys, while
we observed no sex-dependent differences for associations of maternal n-6 PUFAs.
Differences of associations between boys and girls could be due to the differences in n-3
PUFA metabolism between boys and girls or to differences in effects on gene expression
between boys and girls (49, 50). Mechanistic studies, including animal studies, should
identify the pathways underlying the sex-specific differences of the associations of
maternal PUFA concentrations with offspring liver fat accumulation.

Maternal and childhood socio-demographic and lifestyle characteristics did not
explain our observed associations, substantiating the hypothesis that maternal
PUFA concentrations during pregnancy may have a direct effect on offspring liver fat
development. Associations were also independent of childhood BMI. These findings
suggest that associations are likely to not just reflect a higher overall fat, but that these
children exposed to suboptimal maternal PUFA concentrations during pregnancy have
excess liver fat development. This is important, as liver steatosis is highly indicative for
an adverse cardio-metabolic health, even in children with a normal BMI (3).

The mechanisms underlying the associations of suboptimal maternal PUFA
concentrations with increased childhood liver fat accumulation remain largely unclear.
Higher maternal n-6 PUFA and subsequent higher fetal n-6 PUFA concentrations can
promote fetal adipocyte differentiation through peroxisome proliferator-activated
receptor activation, stimulating triglyceride storage and inflammatory processes (16,
51, 52). This is crucial for liver fat development, as hepatic fat content mainly consists of
triglyceride storage (53). Onthe otherhand, increase in maternal n-3 PUFA concentrations
inhibits fetal adipocyte differentiation and lipid storage, decreasing adipose tissue
deposition (51, 52, 54). We observed the strongest associations for maternal DHA with
childhood liver fat accumulation. DHA can reduce triglyceride concentrations and
lipoprotein lipase activity, which are highly involved in liver fat storage (15, 55). Besides,
misbalances in maternal PUFA concentrations could cause DNA methylation patterns
that determine expression of lipogenic genes in the liver (41, 56).
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The observed associations of maternal PUFA concentrations with childhood liver fat
accumulation were relatively small, but are important from a public health perspective.
Adequate maternal PUFA intake, mainly focused on increasing DHA, during pregnancy
hasalready been atarget of interest due toits beneficial effects on birth outcomes (38, 39).
Our study underlines the importance of optimization of maternal PUFA concentrations
during pregnancy, not only for birth outcomes, but also for long-term offspring liver
outcomes. As DHA can easily be supplemented in the maternal diet, our findings may
offer an important target during pregnancy for the early prevention of childhood liver
steatosis (43, 57). Further studies need to be conducted to assess whether adequate
maternal PUFA intake during pregnancy could reduce offspring liver accumulation, risk
of NALFD and subsequent offspring cardio-metabolic risk.

Methodological considerations

Strengths of this study are the prospective design, large sample size, and the use of
detailed measures of childhood liver fat obtained with MRI. The children who underwent
MRI measurements at 10 years consisted of a random subgroup of the Generation R
Study. We observed that mothers of children that were included had higher total n-3
and lower n-6 PUFA concentrations in comparison to those not participating in follow
up measurements, which may have led to selection bias and an underestimation of
results. Maternal PUFA concentrations were measured only once in mid-pregnancy. It
is known that PUFA concentrations measured in plasma may reflect a period of dietary
intake of approximately two weeks (58). Further studies using repeatedly measured
maternal PUFA concentrations throughout pregnancy should evaluate critical periods
for maternal PUFA concentrations to affect fetal fat development. Although we were
able to adjust our analyses for multiple confounding factors, residual confounding due
to for example childhood nutritional intake may be present.

CONCLUSIONS

Lower maternal n-3 PUFA concentrations and higher n-6 PUFA concentrations in
pregnancy are associated with higher childhood liver fat accumulation, especially
among boys. Optimization of maternal PUFA concentrations during pregnancy could
be a potential target to reduce the risk of childhood liver steatosis.
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SUPPLEMENTARY MATERIAL

n= 8,879
Mothers enrolled during pregnancy
n=1,882
- Excluded:
“| No information available on
1\ PUFA concentrations
n=6,997
Mothers enrolled during pregnancy with information on PUFA
concentrations available.
n=74
R Excluded:
Loss to follow up (n=1)
v Twin pregnancies (n=73)
n=6,923
Mothers enrolled during pregnancy with information on PUFA
concentrations available and singleton live births n=4,140
Excluded:
| Children without follow up MRI
measurement at 10 years due
v to invitation of a random
n=2,623 subgroup

Mothers with information on PUFA concentrations and singleton
children included in MRI subgroup study

n=199

Excluded:

Children without MRI data on
liver fat fraction available

\ 4

n=2,424

Population for analyses:

Singleton live-births with information on maternal PUFA
concentrations during pregnancy and childhood liver fat fraction
available

FIGURE $3.3.1. Flow chart of the study participants
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SUPPLEMENTARY TABLE $3.3.1. Population characteristics for boys and girls separately

Boys Girls
(n=1,207) (n=1,217)
Maternal Characteristics
Age, mean (SD), years 31.0 (4.8) 30.8 (4.7)

Gestational age at enrolment, median (95% range), weeks
Gestational age at blood sampling, mean (SD), weeks
Ethnicity, n European (%)
Education, n higher education (%)
Parity, n nulliparous (%)
Pre-pregnancy BMI, median (95% range), kg/m?
Gestational weight gain, mean (SD) kg
Smoking during pregnancy, n no (%)
Folic acid supplement use, n yes (%)
Maternal dietary energy intake, mean (SD), kcal/day
Early-pregnancy systolic blood pressure, mean (SD), mmHg
Pregnancy complications,

Gestational diabetes, n. yes (%)

Gestational hypertensive disorder, n yes (%)
Birth and infant characteristics
Birthweight, mean (SD), g
Gestational age at birth, median (95% range), weeks
Ever breastfed, n yes (%)
Introduction of solid food after 6 months, n yes (%)
Child Characteristics at 10 years
Age, mean (SD), years
Average TV watching time, n < 2 hours/day (%)
Body mass index, median (95% range), kg/m?
Liver fat fraction, median (95% range), (%)

Non-alcohol fatty liver disease, n yes (%)

14.4 (9.7 t0 22.1)
20.7 (1.1)
779 (65)
607 (53)
692 (58)
22.5(18.0to 35.5)
0.34(0.15)
822 (77)
735 (80)
2079 (525)
116 (12)

8(1)
71(6)

3536 (551)
40.3 (36.0 to 42.4)
944 (94)

98 (11)

9.8 (0.4)
672 (69)
16.8 (14.0 to 23.9)
2.0(1.20t0 5.19)
31(3)

13.5(10.0t0 22.1)
206 (1.1)
792 (66)
599 (51)

750 (62)
22.6(18.2 0 35.0)
0.34(0.16)
835 (25)

772 (81)
2071 (54)
116 (12)

10(1)
72 (6)

3373 (545)
40.1 (35.7 to 42.1)
999 (94)

101 (11)

9.8(0.3)

699 (72)
17.1(14.0 to 24.5)
2.01(1.27 to 5.20)

32(3)

Values represent mean (Standard Deviation), median (95% range) or number of participants (valid %).
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SUPPLEMENTARY TABLE $3.3.2. Comparison of characteristics mothers and children with and without childhood liver fat

outcomes at ten years

Participation in

No participation

follow-up MRI in follow-up MRI
measurements measurements

Characteristics (n=2,424) (n=4,499) P-value
Maternal Characteristics
Age, mean (SD), years 30.9 (4.7) 29.1(5.4) 0.00
Gestational age at enrolment, median (95% range), weeks 13.5(9.8t022.1) 14.2 (9.8t023.2) 0.00
Ethnicity, n European (%) 1,571 (66) 2,242 (50) 0.00
Education, n higher education (%) 1,206 (52) 1,495 (37) 0.00
Parity, n nulliparous (%) 1,442 (60) 2,402 (54) 0.00
Pre-pregnancy BMI, median (95% range), kg/m? 22.5(18.0,35.1) 22.7(17.9t0 35.1) 0.20
Gestational weight gain, mean (SD) kg 0.34(0.16) 0.34(0.16) 0.67
Smoking during pregnancy, n no (%) 1,659 (77) 2,767 (70) 0.00
Folic acid supplement use, n yes (%) 1,507 (80) 2,198 (67) 0.00
Maternal dietary energy intake, mean (SD), kcal/day 2,075 (540) 2,020 (583) 0.00
Early-pregnancy systolic blood pressure, mean (SD), mmHg 116 (12) 115(12) 0.02
Pregnancy complications,

Gestational diabetes, n. yes (%) 18 (1) 52(1) 0.09

Gestational hypertensive disorder, n yes 143 (6) 262 (6) 0.99
Birth and infant characteristics
Sex, n girl (%) 1,217 (50) 2,210 (49) 0.39
Birthweight, mean (SD), g 3,454 (540) 3,340 (564) 0.00
Gestational age at birth, median (95% range), weeks 40.1(35.9,42.4) 40.1 (35.4t0 42.3) 0.00
Ever breastfed, n yes (%) 1,943 (94) 2,621 (91) 0.00
Introduction of solid food after 6 months, n yes (%) 199 (11) 194 (10) 0.27

Values represent mean (Standard Deviation), median (95% range) or number of subjects valid (%).
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SUPPLEMENTARY TABLE $3.3.3. Comparison of maternal poly-unsaturated fatty acid concentrations in mothers with and
without childhood liver fat outcomes at ten years

Participation in follow-  No participation in follow-

up MRI measurements up MRI measurements

Maternal PUFAs concentrations (n=2,424) (n=4,499) P-value
Total PUFA concentrations

Absolute concentrations, mg/L 716.4 (98.4) 702.0 (98.7) 0.00
Percentage by weight of total sum of fatty acids 43.7(1.9) 44.9 (2.0) 0.01
Total n-3 PUFA

Absolute concentrations, mg/L 109.1 (27.4) 100.3 (26.8) 0.00
Percentage by weight of total sum of fatty acids 6.7 (1.5) 6.3(1.4) 0.00
ALA

Absolute concentrations, mg/L 53(1.8) 49(1.9 0.00
Percentage by weight of total sum of fatty acids 0.3(0.1) 0.30(0.1) 0.00
EPA

Absolute concentrations, mg/L 9.3(5.6) 8.0(5.1) 0.00
Percentage by weight of total sum of fatty acids 0.6 (0.3) 0.5(0.3) 0.00
DPA

Absolute concentrations, mg/L 12.5(4.2) 11.6 (4.3) 0.00
Percentage by weight of total sum of fatty acids 0.8(0.2) 0.7(0.2) 0.00
DHA

Absolute concentrations, mg/L 80.5(20.3) 74.3(19.9) 0.00
Percentage by weight of total sum of fatty acids 49(1.1) 4.6(1.1) 0.00
Total n-6 PUFA

Absolute concentrations, mg/L 607.2 (88.8) 601.7 (89.5) 0.01
Percentage by weight of total sum of fatty acids 37.1(2.4) 37.6(2.6) 0.00
LA

Absolute concentrations, mg/L 362.4(63.1) 361.0 (62.7) 0.39
Percentage by weight of total sum of fatty acids 22.1(2.8) 22.6(2.9) 0.00
GLA

Absolute concentrations, mg/L 1.5(0.7) 1.5(0.7) 0.51
Percentage by weight of total sum of fatty acids 0.1 (0.0) 0.1 (0.0) 0.00
EDA

Absolute concentrations, mg/L 8.5(1.9) 8.5(1.9) 0.48
Percentage by weight of total sum of fatty acids 0.5(0.1) 0.53(0.1) 0.00
DGLA

Absolute concentrations, mg/L 61.7 (16.3) 58.8(17.0) 0.00
Percentage by weight of total sum of fatty acids 3.7(0.7) 3.7(0.8) 0.04
AA

Absolute concentrations, mg/L 158.3(32.4) 155.8 (33.0) 0.00

210



Maternal polyunsaturated fatty acids and childhood liver fat

SUPPLEMENTARY TABLE $3.3.3. Continued

Participation in follow-  No participation in follow-

up MRl measurements up MRl measurements
Maternal PUFAs concentrations (n=2,424) (n=4,499) P-value
Percentage by weight of total sum of fatty acids 9.7 (1.5) 9.7 (1.6) 0.07
DTA
Absolute concentrations, mg/L 7.0(2.1) 7.0(23) 0.38
Percentage by weight of total sum of fatty acids 0.42(0.11) 0.44(0.12) 0.00
Total n-6/n-3 PUFAs ratio
Absolute concentrations, mg/L 5.9(1.6) 6.4(1.8) 0.00

Percentage by weight of total sum of fatty acids - - -

PUFA: poly-unsaturated fatty acids, ALA: a-linolenic acid, EPA: eicosapentaenoic acid, DPA: docosapentaenoic acid, DHA:
docosahexaenoic acid, LA: linoleic acid, GLA: y-linolenic acid, EDA: eicosadienoic acid, DGLA: dihomo-gamma-linolenic acid, AA:
arachidonic acid, DTA: docosatetraenoic acid.
Values represent mean (Standard Deviation).

SUPPLEMENTARY TABLE $3.3.4. Associations of maternal n-3 and n-6 poly-unsaturated fatty acid concentrations with
childhood liver fat accumulation at ten years conditional for childhood BMI

Differences in childhood liver fat fraction (95% confidence
interval) in SDS (n=2,424)

Total n-3 PUFA concentrations (SDS) -0.07 (-0.11 to -0.02)**
ALA 0.01 (-0.04 to 0.05)
EPA -0.03 (-0.07 to 0.01)
DPA -0.04 (-0.08 to 0.00)
DHA -0.07 (-0.11 to -0.03)**
Total n-6 PUFA concentrations (SDS) -0.01 (-0.05 to 0.04)
LA -0.01 (-0.05 to 0.04)
GLA 0.03 (-0.01 to0 0.07)
EDA 0.02 (-0.02 to 0.06)
DGLA 0.06 (0.02to 0.11)**
AA -0.04 (-0.08 to 0.01)
DTA 0.02 (-0.02 to0 0.07)
n-3/n-6 ratio 0.06 (0.02to0 0.11)**

PUFA: poly-unsaturated fatty acids, ALA: a-linolenic acid, EPA: eicosapentaenoic acid, DPA: docosapentaenoic acid, DHA:
docosahexaenoic acid, LA: linoleic acid, GLA: y-linolenic acid, EDA: eicosadienoic acid, DGLA: dihomo-gamma-linolenic acid, AA:
arachidonic acid, DTA: docosatetraenoic acid.

Values represent regression coefficients (95% confidence interval) from conditional linear regression models that reflect the
difference standard residual change of childhood outcomes conditional on BMI per SDS change in maternal PUFA concentrations
adjusted for gestational age at maternal blood sampling, child’s age and sex, maternal age, educational level, ethnicity, parity,
pre-pregnancy body mass index, blood pressure at enrolment, smoking, folic acid supplement use and total caloric intake during
pregnancy, gestational weight gain up to 30 weeks of gestation, and pregnancy complications. Estimates are based on multiple
imputed data. **p<0.01.
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SUPPLEMENTARY TABLE $3.3.5. Associations of maternal n-3 poly-unsaturated fatty acid concentrations with childhood liver
fat accumulation at ten years among boys and girls separately

Differences in childhood fat outcomes (95% confidence interval) in SDS

Maternal n-3 PUFA concentrations Boys Girls

(SDS)

(n=1,207)

(n=1,217)

Total n-3 PUFAs
Basic model'
Maternal model?
Child model®
ALA

Basic model’
Maternal model?
Child model®
EPA

Basic model’
Maternal model?
Child model®
DPA

Basic model’
Maternal model?
Child model®
DHA

Basic model’
Maternal model?

Child model®

-0.15 (-0.21 to -0.09)**
-0.11 (-0.18 to -0.05)**

-0.11 (-0.17 to -0.05)**

-0.03 (-0.09 to 0.03)
0.00 (-0.06 to 0.06)
NA

-0.10 (-0.16 to -0.04)**
-0.06 (-0.12 to 0.00)*

-0.06 (-0.12 to 0.00)*

-0.08 (-0.14 to -0.02)**
-0.04 (-0.10 t0 0.02)
NA

-0.15 (-0.20 to -0.09)**
-0.11 (-0.17 to -0.05)**

-0.11 (-0.17 to -0.05)**

-0.06 (-0.12 to -0.01)*
-0.03 (-0.08 to 0.03)

-0.03 (-0.08 to 0.03)

-0.05(-0.10t0 0.01)
0.01 (-0.05 to 0.06)
NA

-0.04 (-0.09 to 0.01)
-0.01 (-0.07 to 0.04)

-0.02 (-0.07 to 0.04)

-0.05 (-0.11 t0 0.01)
-0.02 (-0.08 to 0.04)
NA

-0.06 (-0.11 to 0.00)*
-0.03 (-0.08 t0 0.03)

-0.03 (-0.08 to 0.03)

PUFA: poly-unsaturated fatty acids, ALA: a-linolenic acid, EPA: eicosapentaenoic acid, DPA: docosapentaenoic acid, DHA:
docosahexaenoic acid

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in childhood
outcomes in SDS per SDS change in maternal PUFA concentrations. Estimates are based on multipleimputed data. *p<0.05 **p<0.01
'Basic model includes gestational age at maternal blood sampling and child’s age.

?Maternal model includes the basic model adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy body mass
index, blood pressure at enrolment, smoking, folic acid supplement use and total caloric intake during pregnancy, gestational
weight gain up to 30 weeks of gestation, and pregnancy complications.

3Child model is the maternal model additionally adjusted for gestational-age-and-sex-adjusted birthweight, breastfeeding, timing
of introduction of solid foods and average TV watching time.
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SUPPLEMENTARY FIGURE $3.3.2. Associations of maternal n-3 and n-6 poly-unsaturated fatty acid concentrations with the risk
of childhood non-alcohol fatty liver disease among boys and girls separately

PUFA: poly-unsaturated fatty acids Values represent odds ratios (95% confidence interval) from logistic regression models that
reflect the risks of childhood non-alcohol fatty live disease per SD increase in maternal PUFA concentrations adjusted for adjusted
for gestational age at maternal blood sampling, child’s age and sex and maternal age, educational level, ethnicity, parity, pre-
pregnancy body mass index, blood pressure at enrolment, smoking, folic acid supplement use and total caloric intake during
pregnancy, gestational weight gain up to 30 weeks of gestation, and pregnancy complications. Estimates are based on multiple
imputed data. SDS is standard deviation score.
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SUPPLEMENTARY TABLE $3.3.5. Associations of maternal n-6 poly-unsaturated fatty acid concentrations with childhood liver

fat accumulation at ten years among boys and girls separately

Total n-6 PUFA concentrations (SDS)

Differences in childhood fat outcomes (95% confidence interval) in SDS

Boys
(n=1,207)

Girls
(n=1,217)

Basic model’
Maternal model?
Child model®

LA

Basic model’
Maternal model?
Child model®
GLA

Basic model’
Maternal model?
Child model®
EDA

Basic model’
Maternal model?
Child model®
DGLA

Basic model’
Maternal model?
Child model®
AA

Basic model’
Maternal model?
Child model®
DTA

Basic model’
Maternal model?

Child model®

0.08 (0.03t0 0.14)
0.03 (-0.03 t0 0.10)
NA

0.04 (-0.02 to 0.09)
0.03 (-0.04 to 0.09)
NA

0.04 (0.01 to0 0.07)
0.03 (-0.03 to 0.09)
NA

0.03 (-0.03 to 0.09)
0.02 (-0.04 to 0.08)
NA

0.08 (0.02 to 0.14)**
0.06 (0.00 to 0.12)*
NA

0.02 (-0.04 to 0.07)
-0.04 (-0.10 t0 0.02)
NA

0.08 (0.02 to 0.14)*
0.04 (-0.02 to 0.10)
NA

0.05(-0.01t0 0.11)
-0.01 (-0.08 to 0.05)
NA

0.00 (-0.06 to 0.05)
-0.01 (-0.07 to 0.05)
NA

0.04 (-0.02 to 0.09)
0.03 (-0.03 to 0.09)
NA

0.00 (-0.06 to 0.06)
0.00 (-0.05 to 0.06)

NA

0.08 (0.02 to 0.13)**
0.05(-0.01t0 0.11)
NA

0.03 (-0.02 to 0.09)
-0.03 (-0.09 to 0.03)
NA

0.06 (0.00t0 0.11)
0.02 (-0.04 to 0.08)
NA

PUFA: poly-unsaturated fatty acids, ALA: a-linolenic acid, EPA: eicosapentaenoic acid, DPA: docosapentaenoic acid, DHA:
docosahexaenoic acid

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in childhood
outcomes in SDS per SDS change in maternal PUFA concentrations. Estimates are based on multipleimputed data. *p<0.05 **p<0.01
'Basic model includes gestational age at maternal blood sampling and child’s age.

2Maternal model includes the basic model adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy body mass
index, blood pressure at enrolment, smoking, folic acid supplement use and total caloric intake during pregnancy, gestational
weight gain up to 30 weeks of gestation, and pregnancy complications.

3Child model is the maternal model additionally adjusted for gestational-age-and-sex-adjusted birthweight, breastfeeding, timing
of introduction of solid foods and average TV watching time.
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SUPPLEMENTARY TABLE $3.3.6. Associations of maternal n-6/n-3 poly-unsaturated fatty acid ratio with childhood liver fat
accumulation at ten years

Differences in childhood liver fat fraction (95% confidence interval) in SDS

Maternal n-6/n-3 PUFA (SDS) Total group (n=2,424) Boys (n=1,207) Girls (n=1,217)

Basic model’ 0.11(0.07 to 0.15)** 0.15(0.09 to 0.21)** 0.07 (0.01 to 0.13)*
Maternal model? 0.06 (0.02 to 0.11)** 0.12 (0.05 to 0.18)** 0.02 (-0.04 to 0.08)
Child model® 0.06 (0.02 to 0.11)** 0.11(0.05 to 0.18)** 0.02 (-0.04 to 0.08)

PUFA: poly-unsaturated fatty acids

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in childhood
outcomes in SDS per SDS change in maternal PUFA concentrations. Estimates are based on multiple imputed data. SDS is standard
deviation score. *p<0.05 **p<0.01

" Basic model includes gestational age at maternal blood sampling, child’s age and sex.

2 Maternal model includes the basic model adjusted for maternal age, educational level, ethnicity, parity, pre-pregnancy body mass
index, blood pressure at enrolment, smoking, folic acid supplement use and total caloric intake during pregnancy, gestational
weight gain up to 30 weeks of gestation, and pregnancy complications.

3Child model is the maternal model additionally adjusted for gestational-age-and-sex-adjusted birthweight, breastfeeding, timing
of introduction of solid foods and average TV watching time.
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Chapter 4.1

ABSTRACT

Context: Maternal prepregnancy BMI has a strong influence on gestational metabolism,
but detailed metabolic alterations are unknown.

Objective: First, to examine the associations of maternal prepregnancy BMI with
maternal early-pregnancy metabolite alterations. Second, to identify an early-
pregnancy metabolite profile associated with birthweight in women with a higher
prepregnancy BMI that improved prediction of birthweight compared to glucose and
lipid concentrations.

Design, setting and participants: Prepregnancy BMI was obtained in a subgroup of
682 Dutch pregnant women from the Generation R prospective cohort study.

Main outcome measures: Maternal non-fasting targeted amino acid, non-esterified
fatty acid, phospholipid and carnitine concentrations measured in blood serum at mean
gestational age of 12.8 weeks. Birthweight, obtained from medical records.

Results: A higher prepregnancy BMI was associated with 72 altered amino acid, non-
esterified fatty acid, phospholipid and carnitine concentrations and 6 metabolite ratios
reflecting Krebs cycle, inflammatory, oxidative stress and lipid metabolic processes
(p-values<0.05). Using penalized regression models, a metabolite profile was selected
including 15 metabolites and 4 metabolite ratios, based on its association with
birthweight in addition to prepregnancy BMI. The adjusted R?of birthweight was 6.1%
for prepregnancy BMl alone, 6.2% after addition of glucose and lipid concentrations and
12.9% after addition of the metabolite profile.

Conclusions: A higher maternal prepregnancy BMI was associated with altered maternal
early-pregnancy amino acids, non-esterified fatty acids, phospholipids and carnitines.
Using these metabolites, we identified a maternal metabolite profile which improved
prediction of birthweight in women with a higher prepregnancy BMI compared to
glucose and lipid concentrations.
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INTRODUCTION

Overweight or obesity in women prior and during pregnancy is a major risk factor for
birth complications, including delivering a large-for-gestational-age newborn (1, 2).
These associations of a higher maternal prepregnancy BMI with a higher birthweight are
not confined to the extremes, but are already present across the full ranges of maternal
prepregnancy BMI and birthweight (3). Although the association of a higher maternal
prepregnancy BMI with a higher birthweight is well known, the underlying mechanisms
are not understood.

Maternal prepregnancy BMI has a strong influence on maternal metabolism during
pregnancy, leading to an increased and suboptimal composition of fetal nutrient supply
(1,2). It has been proposed that these alterations in fetal nutrient supply cause increased
fetal growth and stimulate adiposity development, leading to a higher birthweight (1, 2).
Higher maternal glucose and lipid concentrations during pregnancy have already been
shown to be important factors leading to increased fetal growth, but only partly explain
the associations of a higher maternal prepregnancy BMI with a higher birthweight (4).
Metabolomics techniques offer the opportunity to obtain a detailed characterization
of maternal metabolism during pregnancy and may enable identification of novel
metabolic pathways in the associations of a higher maternal prepregnancy BMI with
macrosomia (5). Recent studies already reported that a higher maternal BMI during
pregnancy was associated with altered maternal metabolite concentrations throughout
pregnancy, in particular with alterations in branched chain amino acids (BCAA) and
non-esterified fatty acid (NEFA) serum concentrations (6-9). Other studies observed
associations of altered maternal amino acids (AA), phospholipids (PL) and carnitines
(Carn) serum concentrations in the second half of pregnancy with higher birthweight
(10, 11). A previous study among 400 pregnant women showed that altered maternal
acylcarnitine, lipid, carbohydrate and organic acid related metabolites associated
with a higher maternal BMI in second half of pregnancy could improve prediction
of birthweight and fat mass in the newborn (12). Identifying detailed maternal
early-pregnancy metabolic profiles involved in the association of a higher maternal
prepregnancy BMI with higher offspring birthweight may provide more insight into
the mechanisms underlying this well-known association and offer novel biomarkers
for early identification of pregnant women at increased risk of delivering a large-for-
gestational-age newborn.

Therefore, in a subgroup of 682 Dutch women participating in a population-based
prospective cohort study from early-pregnancy onwards, we first examined the
associations of maternal prepregnancy BMI across the full range with maternal non-
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fasting early-pregnancy serum concentrations of amino acids (AA), non-esterified
fatty acids (NEFA), phospholipids (PL) and carnitines (Carn). Second, we explored the
predictive value of identified maternal early-pregnancy metabolites alterations on
offspring birthweight in addition to maternal glucose and lipid concentrations.

METHODS

Study Design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from fetal life until adulthood in Rotterdam, the Netherlands (13). Study
approval was obtained by the Medical Ethical Committee of the Erasmus Medical
Center, University Medical Center, Rotterdam (MEC 198.782/2001/31). Written informed
consent was obtained from all women participating in the study. In total 8,879
women were enrolled during pregnancy in the Generation R Study. Metabolomics
data were available in a preselected subsample of 1041 Dutch mother-child pairs, of
whom 814 had early-pregnancy metabolomics data available (13). This subsample is a
random group of mothers and their children of Dutch ethnicity selected for additional
measurements within the Generation R study, already at the start of our cohort study
(14). Dutch ethnicity of participants in this samples was defined as having both parents
born in the Netherlands, according the classification of Statistics Netherlands (15).
Prepregnancy BMI was available in 690 of these women. After exclusion fetal deaths
(n=7) and women without data on offspring birthweight available (n=1), our population
for analyses consisted of 682 women (Supplementary Figure S4.1.1).

Maternal prepregnancy BMI

Information on maternal prepregnancy weight was obtained through questionnaires at
enrolment (17). Atenrolment, height was obtained at research center without shoes, and
prepregnancy BMI was calculated (correlation coefficient with BMI based on measured
weight at enrolment 0.96). For analyses, we used prepregnancy BMI continuously and
categorized into four categories: underweight (<18.5 kg/m?), normal weight (18.5-24.9
kg/m?), overweight (>25 kg/m?), and obesity (=30 kg/m?). To increase statistical power,
we combined underweight (n=18) with normal weight (n=482) into one category and
overweight (n=132) with obesity (n=50) into one category.

Maternal serum metabolite measurement

Maternal early-pregnancy non-fasting random venous blood samples were collected
at study enrolment at a mean (standard deviation (SD)) gestational age of 12.8 (1.7)

222



Maternal BMI, metabolic profiling and the prediction of birthweight

weeks by research nurses at one of the dedicated research centers (18). A targeted
metabolomics analysis was performed at LMU Munich to determine the serum
concentrations (mmol/L) of AA, NEFA, PL, including diacyl-phosphatidylcholines (PC.
aa), acyl-alkyl-phosphatidylcholines (PC.ae), acyl-lysophosphatidylcholines (Lyso.
PC.a), alkyl-lysophosphatidylcholines (Lyso.PC.e) and sphingomyelines (SM), and Carn
including free carnitine (Free Carn) and acyl-carnitines (Carn.a), as described previously
(14). IUPAC-IUB Nomenclature was used for notation of AA (15). The following notation
was used for NEFA, PL and Carn.a: X:Y, where X denotes the length of the carbon
chain, and Y the number of double bonds. The ‘a’ denotes an acyl chain bound to the
backbone of an ester bond (‘acyl-) and the ‘e’ represents an ether bond (‘alkyl-'). To
assess the precision of the measurements, six quality control (QC) samples per batch
were consistently measured between study samples. After exclusion of outliers, the
coefficients of variation (CV; SD/mean) for each batch (intra-batch) and for all batches
(inter-batch) of the QC samples were calculated for each metabolite. In line with previous
studies, for each metabolite we excluded batches with an intra-batch CV higher than
25% (6-8, 19). Data on complete metabolites were excluded for metabolites with inter-
batch CV higher than 35% or if less than 50% of the batches passed the QC (i.e. had
an intra-batch CV lower than 25%). To correct for batch effects, the participant data at
each time point were median corrected by dividing the metabolite concentration by
the ratio of the intra-batch median and the inter-batch median of the QC samples (7).
Metabolites and participants with more than 50% of missing values were excluded.
Missing metabolite values of the remaining metabolites and participants were imputed
using the Random Forest algorithm (R package missfForest) (7, 20, 21).

Individual metabolites were clustered in general metabolite groups, based on chemical
structure (AA, NEFA, PC.aa, PC.ae, Lyso.PC.a, Lyso.PC.e, SM, Free Carn and Carn.a) (22). As
we expected fetal growth to by mainly affected by Krebs cycle, inflammation, oxidative
stress and glucose and lipid metabolic processes due to a higher maternal prepregnancy
BMI, we computed the following ratios: AA ratios Asn/Asp and GIn/Glu as indicators
for anaplerosis or replenishing of Krebs cycle metabolites; NEFA.18:1/NEFA.18:0 and
NEFA.16:1/NEFA/16:0 ratios as markers of stearoyl-CoA desaturase-1 activity which is
associated withincreased fataccumulation and reduced fatty acid oxidation; *PC.aa/~PC.
ae, reflecting oxidative stress XLyso.PC.a/>PC.aa, as a lipid biomarker of inflammation;
lyso.PC.a.C16:0+lyso.PC.a.C18:0)/2PC.aa as a proinflammatory biomarker; (lyso.
PC.a.C18:1+lyso.PC.a.C18:2)/XPC.aa as an anti-inflammatory biomarker, Carn.a ratios
(Carn.a.C:16:0/free carnitine (Carn) and Carn.a.C2:0/Carn.a.C16:0) as markers of carnitine
palmitoyl transferase-1 activity (CPT1) and fatty acid B-oxidation, respectively and Val/
PC.ae.C:32.2 as a marker of insulin resistance (13, 23-28). To correct for right skewedness,
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individual metabolite concentrations and metabolite ratios were square root
transformed or log transformed. To enable comparison of the effect estimates, standard
deviation scores (SDS) were calculated for individual metabolite concentrations.

Birthweight

Information about offspring sex, gestational age and weight at birth was obtained from
medical records (13). Gestational-age-and-sex-adjusted SDS for weight at birth were
constructed using North European growth standards as the reference growth curve
and represent the equivalent of z-scores (29). A large-for-gestational-age newborn
(LGA) was defined as the highest ten percentiles of gestational age- and sex-adjusted
birthweight in the study cohort.

Covariates

Information on maternal age, educational level, parity, folic acid supplementation
and smoking and alcohol consumption during pregnancy were obtained through
questionnaires (13). Information on maternal daily dietary energy intake during
pregnancy was obtained with a Food Frequency Questionnaire (30). Systolic blood
pressure was measured at the research center prior to venous blood sampling at study
enrolment (31). Triglycerides, High Density Lipoprotein-cholesterol (HDL-cholesterol)
and glucose concentrations were analyzed in the same venous blood samples as used
for metabolomics analyses (18). To enable comparison of effect estimates, standard
deviation scores (SDS) were calculated for triglycerides, HDL-cholesterol and glucose, of
which triglycerides was first log-transformed because of non-normality.

Statistical analysis

First, we performed a non-response analysis comparing characteristics of women with
metabolomics data and information on prepregnancy BMI available to women with
metabolomics data available but without information on prepregnancy BMI. Second,
we assessed population characteristics according to maternal prepregnancy weight
status. Third, we assessed the associations of maternal prepregnancy BMI across the full
range and in clinical categories with maternal early-pregnancy individual metabolite
concentrations, metabolite ratios and metabolite groups. Analyses were adjusted for
gestational age at blood sampling, maternal age, educational level, parity, smoking,
alcohol use, folic acid supplementation, total dietary energy intake, early-pregnancy
systolic blood pressure and fetal sex. Confounder selection was based on a Directed
Acyclic Graph (DAG) and association with exposure and outcomes in existing literature
(DAG shown in Supplementary Figure 4.1.2). Fourth, we used a penalized regression
method (lasso regression) to select, from the identified altered maternal early-pregnancy
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metabolites, a combination of metabolites that were jointly associated with birthweight
in addition to maternal prepregnancy BMI. Lasso regression is a highly useful method
for developing a model with a high number of predictors which are highly correlated,
such as our metabolite data (32). We used maternal prepregnancy BMI and birthweight
as continuous exposure and outcome respectively, because of the continuous
associations reported in previous studies and to maintain statistical power (7, 10-12).
A 10-fold cross-validation was performed and the penalty parameter value yielding the
smallest prediction error was used. Selection of maternal early-pregnancy metabolites
was done in regression models including maternal prepregnancy BMI across the full
range and all selected confounders, which could not be penalized. We compared the
predictive performance for offspring birthweight of three linear regression models: 1)
including only maternal prepregnancy BMI and confounders (BMI model); 2) including
maternal prepregnancy BMI, confounders, maternal triglycerides, HDL-cholesterol and
glucose concentrations (conventional biomarker model) and 3) including maternal
prepregnancy BMI, confounders, and the set of selected maternal early-pregnancy
metabolites associated with birthweight (metabolite model). Predictive performance
per model was assessed by explained variance expressed as the adjusted R? obtained
from the three linear regression models. We also assessed the explained variance
of the model including maternal prepregnancy BMI, conventional biomarkers and
selected maternal early-pregnancy metabolites. As an additional analysis, we assessed
whether the maternal early-pregnancy metabolite profile selected on birthweight
continuously could aid in the prediction of the risk of LGA at birth. We obtained the
Area Under the Receiving Operator Curve (AUC)) with predicted probabilities obtained
from logistic regression models for the risk of LGA at birth, for the maternal BMI model,
conventional maternal biomarker model and the maternal early-pregnancy metabolite
model. Nominal and Benjamini-Hochberg false discovery rate (FDR) corrected p-values
were obtained from regression models (33). Because of the explorative purpose of
the study, we maintained a p-value<0.05 in the analyses of maternal prepregnancy
BMI with maternal early-pregnancy metabolites as a threshold for metabolites to be
included in the penalized regression model. Missing values of covariates were imputed
using Multiple Imputation, and we used pooled results from five imputed datasets. The
analyses were performed using the Statistical Package for the Social Sciences version
24.0 (IBM Corp, Armonk, New York, USA) and R version 3.3.4 (R Foundation for Statistical
Computing).
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RESULTS

Subject characteristics

Table 4.1.1 shows that the median (95% range) maternal prepregnancy BMI was 22.6
(18.5 to 33.3) kg/m> Mean (SD) birthweight was 3538 (511) grams. Birthweight was
slightly lower among normal weight pregnant women as compared to overweight
or obese pregnant women. Non-response analyses showed that women with
metabolomics data and information on preprepregnancy BMI available had a similar
offspring birthweight as compared those without information on prepregnancy BMI

available (Supplementary Table S4.1.1).

TABLE 4.1.1. Population characteristics

Prepregnancy Prepregnancy
underweight or overweight or
Total group normal weight obesity
(n=682) (n=500) (n=182)
Maternal characteristics
Maternal age at enrolment, mean (SD), years 31.4(4.2) 314 (4.2) 31.4 (4.0)
Gestational age at enrolment, mean (SD), weeks 13.1(1.7) 13.3(1.7) 12.8(1.7)
Pre-pregnancy BMI, median (95% range) 22.6 (18410 33.3) 21.6(18.3t024.7) 27.7 (25.1t0 37.4)
Parity, n nulliparous (%) 418(61) 317 (63) 101 (55)
Education, n high (%) 436 (64) 348 (70) 88 (49)
Folic acid supplement use, n yes (%) 546 (91) 402 (92) 144 (90)
Alcohol use during pregnancy, n yes (%) 442 (69) 336 (72) 106 (61)
Smoking during pregnancy, n yes (%) 154 (24) 111 (24) 43(25)
Total energy intake, mean (SD), kcal/d 2125 (490) 2147 (489) 2046 (491)

Systolic blood pressure, median (95% range), mmHg

Glucose concentrations, mean (SD), mmol/L

Triglycerides median (95% range), mmol/L

118 (97 to 146)
4.4(0.8)
1.2(0.7 t0 2.6)

116 (95 to 139)
4.3(0.8)
1.3 (0.6 to 2.4)

124 (104 to 156)
4.6(0.9)
1.4 (0.8 to 2.6)

HDL-cholesterol, mean (SD), mmol/L 1.8(0.3) 1.8(0.3) 1.7 (0.3)
Birth characteristics

Sex, n female (%) 315 (46) 226 (45) 89 (49)
Gestational age at birth, median (95% range), weeks 40.3 (36.6 t0 42.4) 40.3 (36.6 t0 42.4) 40.4 (36.7 to 42.4)
Birthweight, mean (SD), g 3538(511) 3523 (491) 3578 (560)
Large-for-gestational-age newborn, n (%) 69 (10) 45 (9) 23(13)

Values represent mean (SD), median (95% range) or number of participants (valid %).
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Maternal prepregnancy BMI and early-pregnancy metabolite concentrations

Of the overall metabolite groups, a higher maternal prepregnancy BMI was associated
with higher NEFA and SM concentrations only, which remained after multiple testing
correction (16). A higher maternal prepregnancy BMI was associated with alterations of
72individual early-pregnancy AA, NEFA, PC.aa, PC.ae, lyso.PC.a, SMand Carn.a metabolite
concentrations (all p-values<0.05), but not with alterations in lyso.PC.e and free
carnitine metabolite concentrations (Figure 4.1.1a). After multiple testing correction,
43 associations of maternal prepregnancy BMI with individual metabolites from the
AA, NEFA, PC.aa, lyso.PC.a, SM and Carn.a groups remained significant (FDR-corrected
p-values<0.05). The strongest associations were present for SM.a.C34:2, SM.a.C36:2, and
SM.a.C36:3 (difference in maternal metabolite concentrations for SM.a.C34:2 0.08, 95%
Cl 0.06 to 0.10 SDS, for SM.a.C36:2 0.09, 95% Cl 0.06 to 0.11 and for SM.a.C36:3 0.08,
95% Cl 0.06 to 0.10 SDS per kg/m?increase in maternal prepregnancy BMI). A higher
maternal prepregnancy BMI was associated with higher NEFA 16:1/16:0, NEFA 18:1/18:0
and XPC.aa/XPC.ae ratios, and lower Asn/Asp, GIn/Glu and lyso.PC.a.C:18.1+C:18.2/
>PC.aa ratios (p-values<0.05), all remaining significant after multiple testing correction
(FDR-corrected p-values<0.05) (Table 4.1.2).

Partly in line with the associations of maternal prepregnancy BMI across the full range,
46 maternal early-pregnancy AA, NEFA, PC.aa, PC.ae, lyso.PC.a, SM and Carn.a metabolite
concentrations were higher in overweight and obese pregnant women, as compared to
normal weight pregnant women (p-values<0.05) (Figure 4.1.1b). After multiple testing
correction, the associations of maternal prepregnancy BMI with 20 individual AA,
PC.aa, lyso.PC.a and SM metabolite concentrations remained significant (FDR-corrected
p-values<0.05). women with overweight or obesity had higher NEFA 16:1/16:0, NEFA
18:1/18:0 and XPC.aa/3PC.ae ratios, but lower Asn/Asp, lyso.PC.a.C:18/PC.aa ratios
as compared to normal weight women, remaining significant after multiple testing
correction (FDR-corrected p-values<0.05) (Table 4.1.2). Effect estimates for associations
of maternal prepregnancy BMI continuously and in categories with all individual
maternal early-pregnancy metabolite concentrations are shown in Supplementary
Figure S4.1.3 and Table S4.1.3.
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FIGURE 4.1.1A. Associations of maternal prepregnancy BMI with maternal early-pregnancy metabolites
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FIGURE 4.1.1B. Significant associations of maternal prepregnancy overweight or obesity with maternal early-pregnancy
metabolites.

Abbreviations: AA amino acid, NEFA non-esterified fatty acid, PC.aa diacyl-phosphatidylcholines, PC.ae acyl-alkyl-
phosphatidylcholines, Lyso.PC.a acyl-lysophosphatidylcholines, SM sphingomyelines Carn.a acylcarnitines. Regression coefficients
were obtained from linear regression models that reflect the difference in maternal early-pregnancy metabolite concentrations
in SDS per kg/m? increase in maternal prepregnancy BMI (Figure 4.1.1a) and difference in maternal early-pregnancy metabolite
concentrations in SDS for women with overweight or obesity as compared to normal weight women (Figure 4.1.1b) of associations
with false discovery rate corrected p-values<0.05. Models were adjusted for gestational age at blood sampling, age, educational
level, parity, smoking, alcohol consumption, folic acid supplementation, daily total energy intake, systolic blood pressure and fetal
sex.
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Maternal prepregnancy BMI, early-pregnancy metabolites and birthweight

A higher maternal prepregnancy BMI was significantly associated with a higher
birthweight (0.03,95% CI 0.01 to 0.05 SDS per kg/m?increase in maternal prepregnancy
BMI) (Table 4.1.3). Based on their joint association with birthweight, a combination
of 15 individual maternal early-pregnancy metabolites and 4 metabolite ratios were
selected using lasso regression models retaining maternal prepregnancy BMI in the
model (Table 4.1.3). Adding these selected individual maternal early-pregnancy
metabolites and metabolite ratios to the model resulted in a higher effect estimate for
the association of maternal prepregnancy BMI with birthweight (0.05, 95% Cl 0.03 to
0.07 SDS per kg/m?increase in maternal prepregnancy BMI). The explained variance
of the model for offspring birthweight including maternal prepregnancy BMI and the
individual maternal early-pregnancy metabolites and metabolites ratios was 12.9% (SD
of the residuals 0.90), which was higher than the explained variance of the model only
including maternal prepregnancy BMI (6.1%, SD of the residuals 0.93) and the model
including maternal prepregnancy BMI and conventional maternal biomarkers (6.2%, SD
of the residuals 0.93). For presentation purposes, the predicted values versus observed
values for all models are shown in Supplementary Figure S4.1.3 and show more
accurate predictions of the model including maternal early-pregnancy metabolites and
metabolite ratios as compared to the model only including maternal prepregnancy
BMI and the model including maternal prepregnancy BMI and conventional maternal
biomarkers. Amodelincluding maternal preprepregnancy BMI, conventional biomarkers
and the maternal early-pregnancy metabolites and metabolite ratios had an explained
variance of 13.0%.

Predictive performance for therisk of LGA at birthimproved after addition of the maternal
early-pregnancy metabolite profile (AUC: 0.76, 95% Cl 0.70 to 0.82), when compared to
the performance of models only including maternal prepregnancy BMI (AUC: 0.67, 95%
Cl 0.61 to 0.73) and the model including maternal prepregnancy BMI and conventional
maternal biomarkers (AUC: 0.69, 95% Cl 0.62 to 0.76) (Supplementary Table S4.1.4).
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TABLE 4.1.3. Selected models for the prediction of birthweight

Difference in

Included in the birthweight (SDS) Standard deviation
Models model (95% Cl) Adjusted R? of the residuals
BMI model® Prepregnancy BMI 0.03 (0.00 to 0.05) 6.1% 0.93
Biomarker model® Prepregnancy BMI 0.02 (0.00 to 0.04) 6.2% 0.93
Glucose 0.06 (-0.01 to 0.14)
Triglycerides 0.01 (-0.07 to 0.05)
HDL-cholesterol -0.03 (-0.11 to 0.05)
Metabolite model® Prepregnancy BMI 0.05 (0.03 to 0.07) 12.9% 0.90
Gln 0.03 (-0.05 t0 0.13)
Lys -0.04 (-0.12t0 0.04)
NEFA.18:2 0.08 (-0.04 t0 0.19)
NEFA.20:3 0.06 (-0.06 to0 0.18)
NEFA.22:3 -0.15 (-0.26 to -0.05)
PC.aa.C30:0 0.05 (-0.04 t0 0.15)
PC.aa.C38:3 0.14 (0.00 to 0.27)
PC.ae.C34:4 -0.14 (-0.24 t0 -0.05)

lyso.PC.a.C16:1

-0.23(-0.33t0-0.12)

lyso.PC.a.C20:4 0.04 (-0.07 t0 0.14)
SM.a.C36:1 -0.05 (-0.22t0 0.12)
SM.a.C36:2 -0.15 (-0.34 to 0.04)
SM.a.C40:2 0.13 (0.01 to 0.25)
SM.a.C42:4 0.12(-0.01 to 0.26)

Carn.a.C10:1 -0.09 (-0.18 to 0.00)

Asn/Asp ratio
GIn/Glu ratio
NEFA.16:1/16:0 ratio

>PC.aa/xXPC.ae ratio

0.03(-0.05t00.11)
0.03 (-0.06 t0 0.12)
-0.06 (-0.13 t0 0.01)
-0.01(-0.10 t0 0.07)

Values represent regression coefficients (95% confidence interval) and adjusted R? obtained from linear regression models

9BMI model includes maternal prepregnancy BMI, gestational age at blood sampling, age, educational level, parity, smoking,
alcohol consumption, folic acid supplementation, daily total energy intake, systolic blood pressure and fetal sex

®Biomarker model includes the BMI model with additional adjustment for maternal glucose, triglycideride and HDL-cholesterol
concentrations

‘Metabolite model includes the BMI model with additional adjustment for selected maternal early-pregnancy metabolites
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DISCUSSION

A higher maternal prepregnancy BMI was associated with alterations in individual
maternal early-pregnancy metabolite concentrations from the AA, NEFA, PC.aa, PC.ae,
lyso.PC.a, SM and Carn.a groups and alterations in metabolite ratios marking processes
of the Krebs cycle, inflammation, oxidative stress and lipid metabolism. Using these
altered maternal early-pregnancy metabolites and metabolite ratios, we identified
an early-pregnancy maternal metabolite profile consisting of 15 metabolites and
4 metabolite ratios, which was associated with a higher birthweight in addition to
maternal prepregnancy BMI. Use of this identified maternal metabolite profile together
with maternal prepregnancy BMI resulted in a better prediction of birthweight than
a model with maternal prepregnancy BMI alone or maternal prepregnancy BMI and
maternal early-pregnancy glucose and lipid concentrations.

Interpretation of main findings

Overweight and obesity are well-known to be associated with major alterations in
metabolism, especially glucose and lipid metabolism. However, detailed underlying
metabolic processes in these associations remain to be elucidated (9). Previous studies
among non-pregnant populations suggested mainly associations of a higher BMI with
higher NEFA and BCAA concentrations, but also reported less consistent associations
with alterations in other AA and PL (9). Among pregnant populations, only a few studies
have assessed the associations of maternal BMI with detailed metabolite profiles in
pregnancy and these studies showed inconsistent results (6, 7, 12). A study from the
United States among 167 pregnant women using a targeted metabolomics approach
observed that a higher maternal prepregnancy BMI was associated with alterations in
second trimester maternal AA, first and second trimester NEFAs, first and third trimester
PL, but not with Carn.a throughout pregnancy (6). A multinational study among 400
pregnant women observed a cross-sectional association of a higher maternal BMI at 28
weeks gestation with altered AA, Carn.a, carbohydrates and fatty acids concentrations
using a targeted and non-targeted metabolomics approach (12). A Spanish study
among 200 pregnant women reported associations of a higher prepregnancy BMI with
mainly higher maternal BCAA concentrations at delivery and less strong associations
with alterations in maternal NEFA.22:4, PC.aa.C38:4, SM.C32:2, SM.C34.2 and Carn.a.C4:0
concentrations (7).

Largely in line with previous studies, we observed that a higher maternal prepregnancy
BMI was associated with alterations in maternal early-pregnancy AA, NEFA, PL, including
PC.aa, PC.ae, lyso.PC.a, lyso.PC.e and SM, and Carn.a concentrations. We observed the
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strongest associations for higher SM.a.36:2, SM.a.C34:2, SM.a.C36:3, and SM.a.C32:2
concentrations, which may be involved in the development of insulin resistance (34).
In contrast to these previous studies among non-pregnant and pregnant populations,
we did not find associations of a higher maternal prepregnancy BMI with higher
concentrations of the BCAA, Valin, Leucin and Isoleucin. These metabolites are markers
of insulin resistance (34). The lack of associations in the current study with BCAA could
be due to our relatively healthy population, with low mean glucose concentrations.
It could also be due to our non-fasting samples and the timing in early-pregnancy, as
insulin resistance may be more pronounced in the fasting state and later in pregnancy
(6, 35).In line with previous studies, we focused on metabolite ratios that are markers for
processes in the Krebs cycle, inflammation, oxidative stress, lipid metabolism and insulin
resistance (7, 13, 23-28). We observed associations of a higher maternal prepregnancy
BMI with metabolite ratios reflecting reduced anaplerosis or replenishing of the Krebs
cycle metabolites, stearoyl-CoA desaturase-1 activity, anti-inflammatory biomarkers
and oxidative stress. Thus, our results suggest that a maternal higher prepregnancy
BMI is associated with alterations in maternal early-pregnancy AA, NEFA, PC.aa,
PC.ae, lyso.PC.a, SM and Carn.a metabolite concentrations, with the strongest effect
on SM metabolites, and with metabolite ratios marking processes in the Krebs cycle,
inflammation, oxidative stress and lipid metabolism.

Hyperglycemiaand dyslipidemia during pregnancyinresponsetoahigherprepregnancy
BMI only partly explain the associations of a higher maternal prepregnancy BMI with
a higher birthweight (1, 2, 4). The role of altered metabolites during early-pregnancy
in the associations of a higher maternal prepregnancy BMI with a higher birthweight
is largely unknown. Recently, a study among 400 pregnant women used targeted and
non-targeted metabolomics approaches to obtain fasting and 1 hour metabolites (12).
This study showed associations of a higher maternal BMI in second half of pregnancy
with alterations in AA, NEFA, carnitines and sugars/alcohols metabolite concentrations.
These metabolites improved the prediction of birthweight by increasing the explained
variance for birthweight from 4.4 to 6.5% after addition of maternal fasting metabolites
to a model with maternal prepregnancy BMI and from 7.1 to 9.2% after addition of 1
hour metabolites. A study among 8,212 women obtained nuclear magnetic resonance-
derived metabolite concentrations in mid-pregnancy (36). They observed that
addition of 66 metabolites, including AA, fatty acids, phospholipids, apolipoproteins,
cholesterol and very low density lipoprotein, to a risk factor model with maternal age,
pregnancy BMI, ethnicity and parity, improved prediction of large-for-gestational-age
newborns. The AUC was 0.71 (95% Cl 0.66 to 0.75) for the risk factor model alone and
increased to 0.75 (95% ClI 0.70 to 0.79) after addition of the 66 metabolites. Largely
in line with the metabolites identified in these previous studies, we observed that a

234



Maternal BMI, metabolic profiling and the prediction of birthweight

maternal early-pregnancy metabolite profile including altered AA, NEFA and Carn.a
and PL concentrations and metabolite ratios marking processes in the Krebs cycle,
inflammation and lipid metabolism was associated with a higher birthweight in
addition to maternal prepregnancy BMI. The explained variation improved from 6.1%
for the model only including maternal prepregnancy BMI and confounders to 12.9%
for the model additionally including the maternal early-pregnancy metabolite profile.

Maternal metabolic disturbances, due to a higher maternal prepregnancy BMI, can
affect fetal growth and development directly through altering fetal exposure to an
adverse maternal metabolite profile, but also by affecting placental development and
leading to an altered regulation of maternal nutrient transfer to the fetus (1, 37). In the
identified maternal metabolite profile, we observed an effect of AA, Glutamin and Lysin,
which are important for protein synthesis, essential for fetal growth (19, 38, 39). The
highest number of metabolites selected in the maternal early-pregnancy metabolite
profile were from the NEFA and PL groups, which underlines the importance of lipid
metabolism in affected fetal growth in women with a higher prepregnancy BMI. Animal
studies and studies among women with gestational diabetes have suggested that
increased NEFA are transported to the fetus leading to increased fetal growth and
adiposity development (40, 41). Higher maternal NEFA metabolite concentrations may
also have an effect on placental development, increasing transfer of triglycerides to the
fetus, altering fetal lipid metabolism and adipose tissue development (42). Increase
of maternal PL, especially SM, is a normal physiological process during pregnancy to
preserve fetal nutrient supply, but the fetus does not depend on maternal PL (19).
While SM inhibits cholesterol absorption, excess increase in maternal SM can cause
increased insulin resistance leading to higher maternal and fetal glucose concentrations
and subsequent accelerated fetal growth (34). Metabolite ratios selected in the
maternal early-pregnancy metabolite profile were markers of reduced anaplerosis and
replenishing processes of metabolites in the Krebs cycle, and altered lipid metabolism
and oxidative stress. These processes are well known to be influenced by a higher BMI
and also affect placental development and fetal growth (43). Thus, our findings suggest
that an altered maternal early-pregnancy metabolite profile seems to be involved in
pathways underlying the associations of a higher maternal prepregnancy BMI with a
higher birthweight. Further studies among larger multi-ethnic populations with higher
variability in metabolite concentrations and birthweight are needed to replicate our
findings.

The identification of a maternal early-pregnancy metabolite profile that relates to
the associations of a higher maternal prepregnancy BMI with a higher birthweight
is important from an etiological and public health perspective. Our findings may
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contribute to the understanding of mechanisms underlying the associations of a
higher maternal prepregnancy BMI with a higher birthweight. Associations for maternal
prepregnancy overweight or obesity with maternal early-pregnancy metabolites and
metabolite ratios were largely similar as for maternal prepregnancy BMI across the full
range. These findings suggest that effects of a higher maternal prepregnancy BMI on
early-pregnancy metabolites are not limited to thresholds of disease, but are already
present within a healthy range. Importantly, the identified maternal early-pregnancy
metabolite profile improved prediction of birthweight in addition to maternal
prepregnancy BMl and had a better predictive performance than conventional maternal
biomarkersincluding glucose and lipid concentrations. Although the variance explained
of birthweight strongly improved after addition of the maternal metabolite profile to
the model, the overall variance explained remained relatively low and this prediction
model cannot be directly translated into clinical practice. However, we consider this
identified maternal early-pregnancy metabolite profile important as it provides novel
insight into potential novel markers for more accurate prediction of birthweight after
replication and validation. Further studies are needed focused on the development
of more advanced prediction models and identification of novel markers before and
during pregnancy to further improve the prediction of birthweight. After replication
of our findings and incorporation in more advanced prediction models, determination
of the maternal metabolite profile in early-pregnancy may enable more accurate
identification of women with a higher prepregnancy BMI at increased risk of delivering
a large-for-gestational age newborn and provide novel targets for interventions.

Methodological considerations

We obtained metabolomics data in a subgroup of our multi-ethnic cohort, which
consists of Dutch participants only (13). Ethnicity is likely to have a major influence
on the metabolome, via both genetic and environmental factors (44). By performing
our study within an ethnic homogenous population, we reduced the risks of potential
residual confounding or effect modification by ethnicity. This is especially important
since little is known about the influence of maternal prepregnancy BMI on early-
pregnancy metabolite adaptations. However, our selected study population may affect
the generalizability of our findings. Further studies are needed to replicate our findings
among multi-ethnic populations and to explore whether ethnic-specific effects are
present. As we used self-reported prepregnancy weight, misclassification bias may be
an issue. However, we observed a high correlation between self-reported prepregnancy
weight and early-pregnancy weight measured at enrollment at the research center.
We used non-fasting blood samples for metabolomics analyses and as a consequence
dietary intake may have influenced the metabolomics data. Although metabolomics
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research is generally performed using fasting samples, a large cohort study among 6,671
adults observed a better biological reproducibility of non-fasting samples compared
to fasting samples and suggested that non-fasting samples may be more useful for
the prediction of subsequent disease, as the human physical state is non-fasting the
majority of the day (45). We used a targeted metabolomics approach, allowing us to
optimize the quantification of the metabolites of interest, but relevant biological
pathways might be missed. Further studies using both untargeted and targeted
metabolomics in fasting and non-fasting serum samples are needed to replicate our
findings and to identify further novel pathways. Finally, we adjusted our analyses for
many potential confounders. However, due to the observational nature of the study,
residual confounding cannot be excluded.

CONCLUSIONS

A higher maternal prepregnancy BMI is associated with alterations in maternal early-
pregnancy AA, NEFA, PC.aa, PC.ae, lyso.PC.a, SM and Carn.a metabolite concentrations.
Using these altered metabolites, we identified a maternal early-pregnancy metabolite
profile, which improves the prediction of birthweight in addition to maternal
prepregnancy BMI and has a better performance for the prediction of birthweight than
conventional maternal biomarkers. These findings are important from an etiological
perspective and may enable early identification of pregnant women at increased risk of
delivering a large-for-gestational-age newborn after further replication.
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SUPPLEMENTARY FILE

n=814
Dutch women enrolled during pregnancy with early-

pregnancy metabolomics data available
n=124
Excluded:
Women without prepregnancy BMI
available
n=690
Dutch women enrolled during pregnancy with information on
early-pregnancy metabolomics data and prepregancy BMI
available
n=8
Excluded:
Twin pregnancies n=7
Fetal deaths n=0
No birth data available n=1
n=682

Population for analyses:

Dutch women enrolled during pregnancy with prepregnancy
BMI and early-pregnancy metabolomics data available with
singleton live births

Cases of large-for-gestational-age newborns
n=69

SUPPLEMENTARY FIGURE $4.1.1. Flow chart of study participants
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0.75-

SM.2.C36:2
g‘ SM.aC322
9 050- SM.aC34:2
2 PC.22.C38:3 S e eena
5 . . : SM.a.C42:3
= Asp lyso.PC.a.C16:1 L
£ PGea it T SM.2.C42:2, SM.e C36:2
o PC.aa.C36:4,,PC.aa.C40:4 lyso.PC.a.C20:3 SM.a C42 4ksm a.car:1
§ oo, 0N NEFAZ24 $PCaaC363 PCaeCd = SMaCéas~—_ SMaCAD2-SMaC35 1
2 A, Lys \Q; aa.C44:128PC.3a.C406 { lyso.PC.a.C20:4 SM.a.C43:28 SM.a.C42:1 Carpa.c8
3 sl e PCEaC341 PCgeC383 . SM.2.C43:1 SM.2.C32:1 Cam.2G18:1
2 t TFMO : 3 * + SMacC#i-295Macis? 1
E i ]
c (] ] ] 1 . . Il
@ 0.00- 3 3 i - . 1 .
3 ' v ! : T | i
5 | ' ) 1 -
2 ¢ I T X | :
[s] . .
it i lyso.PC.aC18:2
Trp
-0.25-
@ @ g
= ©
< i & ® g g = 5 c
] 8] ] a a %] 31 @
< o o 2 2 @ O
- - E
w

SUPPLEMENTARY FIGURE $4.1.3B. Associations of maternal prepregnancy overweight or obesity with maternal early-
pregnancy metabolites

Abbreviations: AA amino acid, NEFA non-esterified fatty acid, PC.aa diacyl-phosphatidylcholines, PC.ae acyl-alkyl-
phosphatidylcholines, Lyso.PC.a acyl-lysophosphatidylcholines, Lyso.PC.e alkyl-lysophosphatidylcholines, SM sphingomyelines
Carn.a acylcarnitines. Regression coefficients were obtained from linear regression models that reflect the difference in maternal
early-pregnancy metabolite concentrations in SDS per kg/m? increase in maternal prepregnancy BMI (Figure 4.1.1a) and difference
in maternal early-pregnancy metabolite concentrations in SDS for women with overweight or obesity as compared to normal
weight women (Figure 4.1.1b). Metabolite concentrations significantly associated with prepregnancy BMI and overweight or
obesity (False discovery rate-adjusted p<0.05) are labeled by name of the metabolite. Models were adjusted for gestational age at

blood sampling, age, educational level, parity, smoking, alcohol consumption, folic acid supplementation, daily total energy intake,
systolic blood pressure and fetal sex.
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SUPPLEMENTARY TABLE S4.1.1. Non-response analyses for women with metabolomics data available with and without
information on prepregnancy BMI

Women with Women with metabolomics

metabolomics data data available without

and information on information on

prepregnancy BMI prepregnancy BMI

available (n=690) (n=124) p-value*

Maternal characteristics
Maternal age at enrolment, mean (SD), years 314 (4.2) 31.4(3.5) 0.99
Gestational age at blood sampling, mean 13.2(1.7) 13.0(1.7) 0.01
(SD), weeks
Parity, n nulliparous (%) 423 (61) 72 (58) 0.50
Education, n high (%) 440 (64) 69 (14) 0.15
Folic acid supplement use, n yes (%) 552 (91) 54 (92) 0.84
Alcohol use during pregnancy, n yes (%) 449 (69) 58 (68) 0.92
Smoking during pregnancy, n yes (%) 157 (24) 25(29) 0.34
Total energy intake, mean (SD), kcal/d 2129 (490) 2138 (508) 0.86
Systolic blood pressure, median (95% 118 (97 to 146) 117 (101 to 151) 0.37
range), mmHg
Birth characteristics
Sex, n female (%) 318 (46) 55 (44) 0.72
Gestational age at birth, median (95% 40.3 (36.0t0 42.4) 40.2 (33.6t0 42.5) 0.79
range), weeks
Birthweight, mean (SD), g 3524 (528) 3545 (529) 0.68

4.1

*p-values were obtained using t-test or Mann-Whitney U tests for continuous variables and chi-square tests for categorical variables

243



Chapter 4.1

LESO £L0€0 (880°0'6£°0-) 960°0- dUaI343y S¥0°0 8000 (800°0-'150°0-) 620°0- 2')d'0sA7 pajeinjesun-A|od
LESO LLEOD (££T°0'880°0-) ¥60°0 dUaldjoY LL0 0€90 (910°0:£20°0-) S00°0- 2')d'05A7 pajeinjesun-ouoy
vZeo 800 (S¥€°0'8L0°0-) €91°0 dUaiajay o910 6500 (€¥0°0°L00°0-) LZO'0 e'Dd'0sA7 pajeinies
LESO 8SC0 (982°0°££0°0-) SOL'0 duai34ay 7590 €150 (620°0*710°0-) 000 (e'2d'0sA7) saunjoydjApneydsoydosA|-|Aoy
LESO cLeo (¥82°0°160°0-) 9600 dUdl2joY 1S90 Eladll (LEO0'710'0-) 6000 9e'Dd pajeiniesun-Ajod
(9740 wso (9%°0'SZ1°0-) 1900 dUaiajay 60 L6£°0 (610°0'520°0-) £00°0- 9€'Dd pajeinjesun-ouow
1241Y I?eE0 (€£2°0°960°0-) 6800 duaidjay 1590 ¥S¥'0 (€0°0°710°0-) 8000 98 Dd pajelnies
LESO L1E0 (z82°0°160°0-) $60°0 dUaldjoy 590 6670 (€0°0'S10°0-) 8000 (2e'Dd) sautjoyd|Aprreydsoyd-|Axe-|Aoy
8510 200 (¥6€°0°820°0) LLT'O 9dUa1243Y 9€L0 L¥0'0 (S%¥0°0°L00°0) £20°0 ee')d pajeiniesun-Ajod
€00 w00 (€££°0°£00°0) 61°0 2dUa19joy 8LE0 ¥SL°0 (8€0°0°900°0-) 9100 ee’dd pajeinjesun-ouon
S¥80 S/90 (€2T0'S¥1'0-) 6£0°0 oUa13joYy 8060 0€8°0 (20'0'720°0-) T00'0- ee’dd pajeinies
8510 200 (¥6€°0°820°0) LLT'O 9ouaia4ay LSL'0 0500 (¥%0°0°0) 2200 (eeDd) sautjoydjApireydsoyd-jAelq
LESO SCE0 (182°0'€60°0-) ¥60°0 2dUd19)oy 8900 9100 (50°0'500°0) £Z0'0 V43N pajeinjesun-Ajod
S¥Co ¢S00 (L££0°100°0-) S81°0 dUaiojaYy £00°0 L00'0 (90°0°910°0) 8€0°0 V43N paleinjesun-ouo
LESO 620 (£87°0:£80°0-) L'0 2UdI3JoY 14Y40] 800 (¢0°0°€00°0-) 200 V43N pajeinies
L¥70 LSL0 (€2€°0'S0°0-) LEL'O 2dU219)oY S¥0°0 6000 (250°0:£00°0) 620°0 (¥43N) sp1oe Ay3ey paylia)sa-uoN
€€°0 0600 (8%7€°0'520°0-) 7910 2dud13joy 7590 050 (€0°0'S10°0-) 8000 VYV |Bl3USssa-UON
€€9°0 [44404] (Z9T°011°0-) 9200 oUdI2JoY 9050 S0€0 (r€0°0-L10°0-) ZTLO0 VYV |eljuass3
G860 6t6'0 (61°0°8£1°0-) 9000 dU213JoY 660 0660 (¢20°0'720°0-) 0 YV dliewoly
660 2660 (981°0‘¥81°0-) LOO0 2dudiajoy £68°0 19£°0 (920°0'610°0-) €000 VV uleyd-paydueig
VA 440l SSlL0 (ZZ€0°150°0-) SEL°0 dUdI3joy L9'0 88€0 (€0'0'TL007) LO'O (VV) spie oulwy
anjea-d anjea-d (1D %S6) (sas) (1D %S6) (sas) anjea-d anjea-d (1> %S6) dnoub ajjoqeiaw A>ueubaid-Ape3
paisnipe dnoub ayjoqelsw dnoJb ayjoqelaw paisnipe (sas) dnoab axjoqeaw
¥a4d ui auasayiq ul aduaiayia -4a4 ul aduaiayia

£fy1saqo 10 ybramiano Arueubaisdaid

y6ram
Jewuou A>ueubaidaid

(;w/By) |Wg Aoueubaidaig

sdnoub ay1joqeaw Aoueubaid-Ales [eusaiew yum |iNg Aoueubaidaid [eusslew jo suoneossy ‘g 1 yS 119V AdYINIWI1ddNS

244



Maternal BMI, metabolic profiling and the prediction of birthweight

.
<

'Xas |33y pub ainssaid poojq 21103sAs ‘axpviul Abiaua |30} AjIbp ‘UonLIUdWIddNS

pI2D 21104 ‘uonduinsuod joyodp ‘buyows ‘Aipd 1aA3) [puonpINpa ‘abp ‘buljdwips poojq b abp puoIIPSab 104 PaIsnIpp a1am S|aPOJ “UWOM Jyblam [puiiou 0} paipduiod sp A11saqo 10 Jybiamiano
Y3IM UBWIOM J0J pUD [Ng Ul 3sbaidul /by Jad SgS ul suoipsjuasuod dnoib ayjogplaw Aoupubaid-A1ipa [puIaIDW Ul 22UJ3LIP 3Y3 193] 1DY] S|9POW UOISSa1bal Ipaul| Wolj san|pA-d pa}Ialiod
3101 K13A0251p as|bj pup sanjpA-d buipuodsaliod pup (JbAIdIUI IUIPYUOD 9%66) SIUAIDLYIO0D UOISSalbal Juasaidal san|pA sauuipd| Ao b uip) sauljpAwobulyds s ‘sauljoysjApnoydsoydosA|-|Ayp
'Dd°05A7 ‘sautjoysApnipydsoydosA|-|fop b4 0sAT ‘sauljoysjApnpydsoyd-|fyp-1Ao0 apDd ‘sauljoydjApipydsoyd-jAopip b ‘pIdL ANy payld)sa-uou Y{IN ‘PI2D OUIWD WY SUOLDIAIQQY

S¥8°0 6/9°0 (£TT0'8171°0-) 00 0UdI4oY 6¥T°0 9010 (L¥0°0'700°0-) 810°0 e'ue) uleyd-abie
L¥¥'0 €910 (2€'0750°0-) €EEL°0 EREIETEN] 2000 0000 (#90°0°20°0) T¥0°0 eule) uteys-wnipay
5860 7160 (961°0'S£1°0-) LO'O dUaI1ajoy LOE0 LELO (6€0°0'500°0-) £100 eruied uteyd-jjews
S¥8°0 1690 (¥ZT0'8L°0-) 8€0°0 EECEIETER] LELO 9€00 (9%0°0'200°0) ¥20°0 (e'useD) sauniuied-|Aoy
G860 6680 (L£1°0'561°0-) TLO0- EREETEN] 98€°0 oLzo (9€0°0'800°0-) 10°0 aunuied 99y
€000 0000 (S¥5°0°181°0) €9€°0 duaiajoy 0000 0000 (£0°0°£20°0) 8700 WS paieiniesun-Ajog
€10 00 (€2¥'0'€S0°0) 8ET'0 0UdI4oY €00 S00°0 (#50°07L0°0) TEO'0 NS pajeinjesun-ouop
S¥8°0 0290 (YET0'6€1°0-) L¥0'0 ERCEIETER] 89¢€0 0610 (££0°0°£00°0-) S10°0 NS pa3jeinies
100 1000 (£6¥°0'€10) ELE0 EREIETEN 2000 0000 (#90°0°20°0) 200 (WS) sautpAwobuiyds
LESO €870 (987°0°€80°0-) LOL'O oUdI2JoY 9050 £L0€°0 (r€0°0-L10°0-) 2LO0 9Dd'0sAT pajeinjesun-ouopy
S86°0 §S6°0 (1L61°0°181°0-) S00°0 ERCCIETER] 8060 €580 (20°0'720°0-) T00"0- 9'Dd'0sA7 pajeinies
G860 9980 (20T'0'£1°0-) 910°0 EREIETEN] 1860 7560 (220°0*€20'0-) LOO0- (°2d'0547) sautjoyd|ApneydsoydosA|-|Ay|y
anjea-d anjea-d (1D %S6) (sAs) (1D %S6) (sAs) anjea-d anjea-d (1D %56) dnoub ayjoqeraw A>ueubasd-Ajieg
paisnfpe dnoib ajjoqeraw dnouab ayjoqeraw paisnfpe (sas) dnoub a3ijoqezaw
4a4 ul aduaiayig ul asuasayiqg -4a4d ul aduasayia

£y1s9qo 10 Jybramiano A>ueubasdaid

wybram
Jewuou A>ueubaidaid

(;w/63) WG A>ueubaidaigd

PaNURUOD *T°L'yS 319VL AVINIWI1ddNS

245



£08°0 6.¥°0 (SST°0 030T1°0-) 8900 9dualdjay LLED LLEO (S€0°001 L10°0-) TLO'0 [eA

£98°0 0850 (¢vT'0 015€1°0-) €500 dUaI343Y 0St'0 0st'0 (€00 03 710°0-) 600°0 AL
8¢0°0 000 (08%°0 03 ¥11°0) 620 duaidjoy L00'0 100’0 (90'003910°0) 8€0°0 JyL
6160 4550 (10 01891°0-) €200 dUaiajay 1434Y 14444 (7100 03 €€0°0-) LO0- 19S
§SS0 0sL0 (6¥0°0 03 TTE0-) LEL'O- duUai4ay L1110 L1110 (S00°0 03 L0°0-) 810°0- dig
970 €00 (00%°0 ©3910°0) 80Z'0 duaidjoy 08¢0 08¢0 (9€0°0 01 L0'0-) €100 0ld
L8E0 €200 (L9E€'0 03510°0-) €£1°0 dUaiajay 1800 1800 (#0°0 03 €00°0-) LZO0 °yd
§SS0 LS1°0 (0Z€'0 01 150°0) ¥EL'O duaiajay 920’0 9200 (8%70°0 03 £00°0) 9200 wo
8.0 6170 (ZLL'0 030£T°07) 6£0°0- duaidjoy SLT0 SLT0 (0L0°0039£0°0-) £10°0- BN
6LL0 €L00 (£2¥°0 03050°0) 6€T0 dUaiajay 0000 0000 (590°0 03 20°0) €00 sk
S6°0 880 (€0T°0 035£1°0) 100 duaiajay 0050 0050 (LEO'0 01 510°0-) 8000 na7
8€8'0 9150 (€ST'0 03 /£Z1°0-) €900 duaiajoy LLS0 LLS0 (LEO'0 03 510°0-) 8000
1880 1690 (8%71°0 03¥2C°0-) 8€0°0- U124y 010 £0L°0 (#00°0 03 L¥70°0-) 610°0- SIH
L8E0 ¥£0°0 (29€°0 01 £10°0-) €£1°0 duaiajay €cLro €CcLo (L¥0°0 03 500°0-) 8L0°0 Ao
L1°0 1200 (ZL¥'0 03 7€0°0) €2T0 aduaiajoy 2000 2000 (850001 €10°0) SE0°0 nos
8560 0160 (S0T°0 01€¢81°0-) LLOO dUai2joY 7500 500 (003 £¥0'0-) £20°0- upp
S€6'0 €580 (691°0 013507°0-) 81L0°0- duUaiajay €90 €90 (£10°0 03 820°0-) 900°0- o
2000 0000 (6¥75°0 03981°0) 89€'0 dUaid4ay 0000 0000 (£80°0 03 £70°0) S90°0 dsy
LLL0 87€0 (760°0 01 €82°0-) ¥60°0- duaiajoy LL10 LL10 (£00°0036£0°0-) 9100~ usy
£90°0 5000 (rS¥°0 03 280°0) 8970 dUaiajay L000 L00'0 (190°001910°0) 8€0°0 By
Lo 1100 (82#°0 03 550°0) THT'0 duaidjay £70°0 €700 (9%0°0 03 L00'0) #20°0 ey
anjea-d anjea-d (1D %S6) (sas) (1D %56) (Sas) anjea-d anjea-d (12 %S6) ayjoqels iy
paisnfpe uoIjeIIUIDUOD d}IjogeIdW uoneIUIdUOD djoqeidw paisnfpe  pajsnfpe (1D %S6) (Sas) uonesua>uod
a4 |eusajew uj aduaia)iq Jeusajew ug adua1341q ¥ai a4 aj1joqejaw ul duUIRYIA
£fy1saqo 10 yybramiano Aoueubaidaid 1y61am [ewiou A>ueubaidaid (;w/63) |ng A>ueubaidaid

Chapter 4.1

sa)joqelaw Aoueubaid-Ajies [eusalew yum Ng Aoueubaidaid [eusslew Jo suoneidosse o) $a1ewysa 19943 *€'L'yS 319YL AYYINIWI1ddNS

246



.
<

Maternal BMI, metabolic profiling and the prediction of birthweight

£98°0 €190 (£LET'0 01 0¥L°0-) 6¥0°0 dua12joY €200 €200 (61700 01 #00°0) 9200 €CTV4IN
110 [4330) (€60°0 039/Z°0-) L60°0- duaidjoy 8860 8860 (2200 01 220°0-) 000°0 S'0TV4IN
6TL0 95€°0 (€£T°0 01860°0-) £80°0 U124y 8€0°0 8€0°0 (9%0°0 01 L00'0) ¥20°0 A AZEN
£6S°0 7810 (Lz€'0 03790°0-) 0€1L°0 adualajay 8000 8000 (#50°0 03 800°0) LEO'0 €0TV4IN
£98°0 790 (£ET'0 01 1¥1°0-) 8700 dualdjoY LS00 LS00 (S¥0°0 03 000°0) €200 COTV4IN
0060 8¥/L0 (0zZ'0 01851°0-) LEOO U124y ¥£0°0 200 (€70°0 01 200°0-) LZO'0 L'0C'V43IN
0060 veL0 (651°0 0392T°0-) ¥€0°0- duaiajoy 1690 1690 (820°0 03 810°0-) S00°0 L'6L'V43IN
6160 S6£°0 (€91°0 03 €17°0-) SO0~ dualdjoY 7590 7590 (820003 £10°0-) SO0°0 €8LV4IN
S€6'0 7580 (£0T°0 01 1£1°0-) 8100 dualdjey yA4N(] yA4N] (6€0°0 01900°0-) LO'0 T8LV4IN
8520 76€°0 (0£Z°0 ©3901°0-) 7800 duaiajoy £200 £200 (8%70°0 03 £00°0) STO'0 L'8LV43IN
£08°0 9810 (€21°0 0385T°0-) 890°0- dualdjoy €9€°0 €9€°0 (210003 £€0°0) LLO'0- 0'8L'V4IN
6CL°0 6S€0 (LOL'0 0308Z°0-) 680°0- U224y 1990 1990 (820°0 01810°0-) S00°0 TLLUVAAN
.60 7960 (£61°0 01881°0-) ¥00'0 aduaiajoy 80C°0 80C°0 (8€0°0 03800°0-) SLO0 L'ZL'V43N
8€8°0 1150 (821°0 0385T°0-) S90°0- U124y L¥8'0 180 (1200 03 520°0-) 200°0- 0'£1'V4IN
£98°0 €650 (8€1°0 03 €¥T'0-) TSO'0- duaidjey St10 94XY (070°0 01900°0-) £LO'0 T9L'V4IN
L6550 w610 (LLE'0 01790707 T L0 U124y 2000 7000 (£50°001210°0) S€0°0 L'9L'V43IN
0060 9/0 (zzT’0 01651°0-) LEOO duaidjoy 9¢Co 9¢Co (££0°003600°0-) ¥10°0 09L'V43N
G950 0410 (£50°0 039Z€°0-) ¥EL'O- duaidjoy 8LT0 8LT0 (6000 03 ££0°0) ¥710°0- 0'SL'V4IN
8560 1260 (1810 0100Z°0-) 0L0O0- U124y ¥0C'0 ¥0C'0 (8€0°0 021800°0-) SLO'0 L'y L'V4IN
8790 [4 4404 (££0°0 03 %0€°0) #LLO- adualajay €890 €890 (910°0 03 620°0-) 900°0- 0vL'V43IN
£08°0 4140} (857°0 03 171°0-) 890°0 dualdjoY LL00 LL00 (250°0 03 £00°0) 620°0 sk
anjea-d anjea-d (1D %S6) (sas) (1> %S6) (sas) anjea-d anjea-d (1> %S6) ayjoqeIdsy
paisnfpe uoljeIUIDUOD d}IjogeIaw uolesudUOd d3ljoqedaw paisnfpe  pajsnfpe (1D %S6) (Sas) uonesyua>uod
a4 |eusajew ug duaidyiq Jeusajew ug duIRYIQ ¥ai a4 aj1joqejaw uj dUIRYIA
fyisaqo 10 3ybramiano Aoueubaidaid 1y619Mm [ewiou Aoueubaidaid (;w/6) |1ng A>ueubaidaid

panuRuod *¢'1ys 319YL AYVLNIWITddNS

247



Chapter 4.1

G550 8510 (2500 01 LZ€'0-) SEL'O- U242y SLS°0 SLS°0 (910°0 03 620°0-) 900°0- §'07D®Dd0sA|
€600 8000 (62%°0 03990°0) L¥T0 duaiajoy ¥¢00 200 (£¥0°0 03 €£00°0) STO'0 ¥'07DeDd0sA|
S¥0'0 €000 (L0 01660°0) 98C°0 dUa12joY LL00 1100 (500 01 £00°0) 620°0 €072 Dd0sA|
6€9°0 €CT0 (2£0°0 0160€°0-)6L1°0- duaidjey 8000 8000 (800°0- 03 £50°0-) LEO0- €'81D°eDd0sA|
TS0 0€L0 (2¥0°0 018Z€°0-) EVLO- dualdjoy 1000 1000 (S10°0- 01650°0-) LEOO- 7’810 Dd0sA|
£98°0 9090 (6€T°0 016£1°0-) 0500 dUa12joY SLEOD SLEOD (L10°0 03 #€0°0-) TLOO- 1'81D'e'Dd0sA|
110 LEEO (18T°0 01 560°0-) £60°0 dualdjoy 80%°0 80%°0 (¢2€0'001€10°0-) LO'O 0'812€"Dd0sA|
1000 0000 (L£S0 01£0T°0) 68€°0 dualdjoy 0000 0000 (€£0°0010£0°0) LSOO 1'91'e'Dd0sA|
L8€0 S/00 (L9€'0 03 £10°0) TLL'O duaiajoy LEOO LE00 (9%0°0 03 L00'0) #7200 091D Dd0sA|
18€°0 /00 (SSE€'0 0351007 0£1L°0 duaidjoY SELO SEL0 (6€0°0 01 500°0-) £LO'O 071D Dd0sA|
8S/°0 L6€0 (#7010 01 €97°0-) 6£0°0- dualdjay 1680 1580 (#20°0 01 70°0-) 000 [4°T4 ZE|\
060 8S/°0 (851°0 03 £1T°0-) 620°0- duaidjoy L1190 L19°0 (820°0 03 £10°0-) 900°0 L'9C'V43IN
9580 LSS0 (L¥T'0 010€1°0-) 9500 dualdjoY el o0 (LEO0 01 7710°0-) 600°0 0'9C'V4IN
£08°0 090 (6110 01 €97°0-) TLO0O- duaidjey ¥/6'0 .60 (€20°001€20°0-) 0 SYTV4IN
8560 8060 (S61°0 03 €£1°0-) LLOO duaiajoy ¢Leo cLeo (5€0°003010°0-) ZLO0 V'vYTV4IN
1880 7990 (¥€T'0 016¥1°0-) €¥0°0 dualdjoY [4340} (4340} (€00 03 710°0-) 600°0 CTYTV4IN
6160 9180 (€£1°0 0302T'0-) €20°0- U224y S68°0 S68°0 (220°0 01 520°0-) 200°0- L'vTV43IN
9580 €950 (LEL'0 03 S¥T0-) LS00~ duaiajoy €9€°0 €9€°0 (ZL0°0 01 €€0°07) LLOO- 0'vC'V43N
LLL0 8¢€0 (€600 036£2°0-) £60°0- U124y £¥6°0 £V6'0 (€20°001 120°0-) LOO'0 9'CT'V4IN
w60 §98°0 (S£1°0 0380T°0-) £1L00- dualdjey 98¢0 98¢0 (E€0°001€10°0-) 0LO'0 STTV4IN
5950 0/1°0 (SL€'001 950°0-) 0E1L°0 dualdjoy S00°0 S00°0 (#50°001010°0) ZE0'0 444 ZELN
anjea-d anjea-d (1D %S6) (sas) (1D %56) (5as) anjea-d anjea-d (12 %S6) ayjoqelsy
paisnipe uojjesjuaduod ajijogedw uoneIuadU0d 3}ijoqeiaw paisnipe paisnipe (1D %S6) (S@s) uonesyuadruod
¥ad Jeusajew uj dUAIRYIA Jeusajew uj duIRYIA ¥ad ¥ad ?1ljogeiaw ul dUBYIA

£fy1saqo 10 yybramiano Aoueubaidaid

1yb61am jewiou A>ueubaidaid

(;w/By) g Aoueubaadaig

248

panunuod *¢'1yS 319YL AYYINIWITddNS



Maternal BMI, metabolic profiling and the prediction of birthweight

.
<

0060 SvL0 (SLZ'0 03 ¥SL°0-) LEOO ERNEVETE] £0L°0 L0L'0 (9200 03810°0-) 000 §9gDeRDd
8600 6000 (0£4°0 ©3290°0) 9¥T'0 ERUCIEIEY €000 €000 (950°003210°0) ¥£0'0 y'9gdeedd
6600 0L00 (0£4°0 ©3090°0) S¥T'0 Uy 9000 9000 (€500 03 600°0) LEOO €9¢>eeDd
8560 0£6'0 (¥61°0 03 ££1°0-) 8000 EPUEYCIE 10S°0 1050 (5100 03 £0°0-) 800°0- z9gdeRDd
£080 UY0 (9570 03811°0-) 690°0 ERUCTEIEY €190 €190 (£10°0 03 820°0-) 900°0- L'9gD>eeDd
1980 7190 (E4T°0 0} £¥1°0-) 0500 U242y LEVO LEV'O (2€0°0 03 +710°0-) 600°0 0'9eDeeDd
¥9°0 0€Z°0 (0£0°0 03 €67°0-) LLLO- aduaiajay 980°0 980°0 (€00°0 03 L¥0°0-) 610°0- Svedeedd
1650 9610 (90€°0 03 €90°0-) ZTL'0 ERUCTEIEY SSL0 SSL0 (8€0°0 03900°0-) 9100 y'vedeedd
8880 LLLO (TTT0 03TSL°0-) SE0°0 ERUCIEIEN 8€L°0 8€L'0 (920°0 03 810°0-) ¥00°0 €'yedeedd
6240 ¥SE0 (692°0 ©3960°0-) 980°0 U242y STH0 STH0 (LEO'0 ©3 €10°0-) 600°0 Tredeedd
18E°0 8L0°0 (95€°0 03610°0-) 8910 ERUCTEIEY 00Z°0 00Z°0 (£€0°0 03 800°0-) 5100 L'beD>eRDd
1590 8570 (00€°0 ©3080°0-) OLL0 ERUCIEIEY S87°0 S87°0 (5€0°003010°0-) TLO'0 €zedeeDd
£08°0 6.%°0 (6L1°0 03557°0-) 890°0- aduai3jay vvT0 20 (600°0 03 9£0°0-) €10°0- zzedeedd
18€°0 7800 (€5€°0 03 120°0-) 991°0 aduaiajay 8€L0 8EL'0 (6€0°0 03 500°0-) £LO'0 L'zedeedd
1980 ¥09°0 (6£7°0 036£1°0-) 0500 ERUCIEIEY L16'0 L16'0 (¥20°0 03 LZ0°0-) L00'0 0ze>eRDd
L¥8°0 0€5°0 (€57°0 030€L°0-) L9O0 Uy EVE0 EVED (#€0°003210°0-) LLO'O €0€>eeDd
189°0 v£T0 (¢80°0 03 L67°0-) YOL'0- aduaiajay £00°0 £00°0 (600°0- 03 £50°0-) LEO'O- 0'0€>eeDd
€040 2620 (1620 ©03880°0-) ZOL'0 ERUCIEIEY €220 €2T0 (£€0°0 03 600°0) #L0'0 1’819 Dd0sA|
9580 7950 (SEL°0 038YT'0-) £L50°0- aduaiajay SSH0 SSH0 (#10°0 03 Z£0°0-) 600°0- 0'81D9°Dd0sA|
1260 1S6°0 (L0Z'0 03681°0-) 900°0 EPUEICIE 0590 0590 (620°0 ©3810°0-) S00°0 0'91D9Dd0sA|
§S60 9680 (#£1°0 03661°0-) ZLO0- ERUCTEIEY €0v°0 €0v°0 (€10°0 03 ZE0'07) LO0- 97D Dd0sA|
anjea-d anjea-d (1D %S6) (sas) (1> %s6) (sas) anjea-d anjea-d (1> %S6) ayjoqeIdsy
paisnipe uoljeljuaduod ajijoqelaw uoijei3uadU0d d}ijoqeiaw paisnipe paisnfpe (1D %S6) (SAs) uoneyuaduod
ya4 Jeusajew ui adUIRYIQ Jeulajew ul duRYIQ yaid ya4d ajljogeiaw ul duIBPIQ

fyisaqo 10 3ybramiano Aoueubaidaid

1y619Mm [ewiou Aoueubaidaid

(;w/By) g Aoueubaadaig

panuRuod *¢'1ys 319YL AYVLNIWITddNS

249



7€6'0 8€8°0 (01LZ'0 010£1°0-) 0200 9dualdjay €L¥°0 €L¥°0 (#710°0 03 LE0'0-) 800°0- L'zed=edd

60 cLLO (070 01 €91°0-) 8200 duaiajoy £590 £590 (810°0 03 820°0-) S00°0- 0zed®eDd
£590 ¥ST0 (8£0°0 03¥62°0-) 80L°0- dUa12joY 0’0 oo (L00°0- 03 S¥0°0-) £20°0- 0°0€>9eDd
6L£0 7900 (99€°0 01800°0-) 6£1°0 duaidjey [4°2N0) QL0 (6€0°0 01900°0-) 9L0°0 Cl'vyDeedd
Y80 €50 (S¥T'0 01/£Z1°0-) 6500 U124y 6180 6180 (S20°0 01 20°0-) €000 9'evDeedd
€S20 98€°0 (5010 03 €£7°0-) ¥80°0- dUa12joY SS0°0 §S0°0 (000°0 01 S%70°0-) TZTO'0- STy Dd
6890 €870 (¥6T°0 03980°0-) ¥OL°0 dualdjoy 3740} 374} (£€0°001600°0-) ¥1L0°0 0'zyDeedd
LLEO 7s00 (€£€°0 01700°0-) 981°0 U124y 6L0°0 6L0°0 (€¥0°0 01 T00°0-) 200 9'0vDeedd
1880 1S90 (¥€T0 01 9¥1°0-) #1700 duaiajoy LL¥0 LL7'0 (€L0°0 03 2€00) LOO- S'0vDeeDd
0L1°0 0200 (S0¥°0 03 S€0°0) 0ZT'0 duaidjoY 6010 6010 (L¥0°0 01 00°0-) 8L0°0 'ovDeedd
1860 9/6'0 (8810 01¥61°0-) €000~ U124y 0980 0980 (1200 01 520°0-) 200°0- €0vDeedd
LLE0 €500 (000 03 6££°0-) 88L°0- duaidjoy cL00 cL00 (000 03 5¥0°0-) LZ00- 'ovDeeDd
8560 8160 (¥81°0 03%0Z°0-) 0L0°0- dualdjoY 6080 6080 (20'0 03 920°0-) £00°0- L'0vDeedd
8560 €60 (00Z°0 01%81°0-) 800°0 duaidjey 0.0 0.0 (820°001610°0-) S00°0 0'0vD>eedd
£08°0 9/¥'0 (€ST°0 01811°0-) 8900 duaiajoy 0870 08%7'0 (€00 03 710°0-) 8000 9'8eD'eeDd
0940 or0 (L£Z'0 ©3601°0-) L8OO dualdjoY 0690 0690 (£20°001810°0-) S00°0 §'8edeedd
1200 1000 (6870 01 £T1°0) 90€°0 duaidjey 2000 2000 (8500 01 710°0) 9€0°0 ¥'8edeedd
L00'0 0000 (265°0 032TT0) LOV0 duaiajoy 0000 0000 (£0°0 03 520°0) 8700 £'8eD'eRDd
£6S°0 0610 (SLE0 01€90°0-) 9Z1L0 U124y 0€L0 0€L'0 (¥0°0 03 S00°0-) 8100 'gedeeDd
67L°0 €9€0 (8£7°0 01 101°0-) 880°0 dualdjey S/10 SL10 (8€0°0 01 £00°0-) 9L0°0 0'8edeedd
1560 8880 (L£1'001861°0-) €L0°0- U124y 1890 189°0 (£10°0 01 £20°0-) S00°0- 9'9edeeDd
anjea-d anjea-d (1D %S6) (sas) (1D %56) (5as) anjea-d anjea-d (12 %S6) ayjoqelsy
paisnipe uojjesjuaduod ajijogedw uoneIuadU0d 3}ijoqeiaw paisnipe paisnipe (1D %S6) (S@s) uonesyuadruod
a4 |eusajew ug ad>uaiayiq Jeusajew ug ad>ua131q ¥ai ua4 aj1joqelaw ul dUIRYIA
£fy1saqo 10 yybramiano Aoueubaidaid 1yb61am jewiou A>ueubaidaid (;w/63) |ng A>ueubaidaid

Chapter 4.1

panunuod *¢'1yS 319YL AYYINIWITddNS

250



Maternal BMI, metabolic profiling and the prediction of birthweight

.
<

0060 ovL0 (¥SL'0 03 817°0-) ZEO0- aduaiajay 6880 688°0 (120°0 03 ¥20°0-) 200°0- TopDPeDd
6160 88£°0 (191'0 03 Z1T°0-) 920°0- ERUCIEIEY 4740] [4340) (¥10°0 03 LEO'0-) 600°0- L'0vD2edd
£08°0 890 (852°003811°0-) 000 U2y L9€°0 L9€°0 (€€0003210°0-) LOO 0'0¥D9eDd
£08°0 ¥9v°0 (L5700 /11°0) 0200 EPUEYCIE vzLo ¥Z1'0 (#0°0 03 500°0-) 8100 9'8€)90'Dd
€90 LLz0 (80€°003890°0-) 0ZL'0 ERUCTEIEY LLO0 L£0°0 (£0°0 03 200°0-) LZ0'0 §'8€>2eDd
6£9°0 [444) (POE0 0} LLO'0) £LLO aduaiajay €0€°0 €0€°0 (5€0°003 L10°0-) ZTLO'0 7’8390 Dd
L8E°0 LL00 (£5§£0031810°0-) 0£1°0 aduaiajay 991'0 991'0 (6£0°0 03 £00°0-) 9100 €8€9eDd
188°0 6v9°0 (#1°0 03 LET'0) ¥+0°0- ERUCTEIEY 8TH0 8TH0 (€10°0 03 Z£0°0-) 600°0- '8eDPed
9€L0 0LE0 (892°003001°0-) ¥80°0 aduaiajay L6L°0 1610 (5200 03610°0-) £00°0 0'8€D9e'Dd
€0L°0 9670 (£87°003 £80°0) 0010 aduaiajay S0L0 S0L'0 (1¥0°0 03 %00°0-) 610°0 §9£>9eDd
18E°0 €£0°0 (¥S€001910°0) 6910 ERUCTEIEY S¥0°0 Sv0°0 (§%0°0 03 L0O'0) €200 ¥'9€390'2d
7880 1690 (§TT°0031051°07) LEOO Uy €€L0 €€L0 (6L0°0 03 920°0-) ¥00°0- €'9€D9eDd
1980 8650 (TeL'0 0362707 670°0- aduai3jay [F4N0) L0 (S00°0 03 8£0°0-) 910°0- T9eD9eDd
£98°0 7850 (6£T°0 03 €1°0-) TS0°0 aduaiajay €99°0 €99°0 (8100 03 820°0-) S00°0- 1'9€>9eDd
8560 976'0 (861°003081°0-) 600°0 ERUCIEIEY €550 €550 (910°0 03 £0°0-) L00'0- 0'9€J79eDd
1650 ¥61°0 (€90°0 03 TLE0-) ¥TL0- aduaiajay 950'0 950'0 (00070 03 #+0°0-) 2T0'0- y'yedPeDd
6/£0 190°0 (8000 03 £9€°0-) 8£1°0- aduaiajay v10'0 ¥10'0 (900°0- 03 50°0-) 820°0- €v€>2eDd
1590 0920 (6£0°0 03 T6T°0-) LOL'0- ERUCIEIEY ¥200 ¥20'0 (€00°0- 03 8%0°0-) 920°0~ TredPedd
€60 [43:10 (902°003991°0-) 0200 aduaiajay 6LL°0 6LL°0 (6L0°0 ©3920°0-) €£00°0- L'¥€D>9eDd
€51°0 78€0 (S0L'0 035/7°0-) §80°0- EPUEICIE ¥0L'0 ¥0L'0 (#00°0 03 Z¥0°0-) 610°0- 0'vEDPeDd
v26'0 6560 (081°0 ©3061°0-) S00°0- ERUCTEIEY L9T'0 1970 (6000 03 S£0°0-) £10°0- TredPed
anjea-d anjea-d (1D %S6) (sas) (1> %S6) (sas) anjea-d anjea-d (1> %S6) ayjoqeIdsy
paisnipe uoljeljuaduod ajijoqelaw uoijei3uadU0d d}ijoqeiaw paisnipe paisnfpe (1D %S6) (SAs) uoneyuaduod
ya4 Jeusajew ui adUIRYIQ Jeulajew ul duRYIQ yaid ya4d ajljogeiaw ul duIBPIQ

fyisaqo 10 3ybramiano Aoueubaidaid

1y619Mm [ewiou Aoueubaidaid

(;w/By) g Aoueubaadaig

panuRuod *¢'1ys 319YL AYVLNIWITddNS

251



L¥0°0 €000 (L£¥°0 01960°0) ¥8C°0 9dualdjay 0000 0000 (#90°0 01 610°0) Z¥0°0 L'LED®NS

¢000 0000 (L¥S°0 03 #81°0) S9£°0 aduaiajoy 0000 0000 (16070 03 8%0°0) 0£0°0 E€9EDTNS
0000 0000 (z89°00381€°0) 0050 dUa12joY 0000 0000 (6600 01950°0) ££0°0 C9ED®INS
0000 0000 (S09°0 01 9€Z°0) LTY0O U242y 0000 0000 (1800 03 L£E0'0) 6500 L'9ED®'NS
6L£0 6500 (#9€°0 01900°0-) 6£1°0 U124y €00 €00 (9%0°0 01 200°0) ¥20°0 L'SED®NS
860 2860 (Z61°001961°0-) TOO0- dUai2joy 14540 1454Y] (€€0°003¥10°0-) 0L0°0 0'SED®INS
0000 0000 (S€9°0 03 5£T°0) SS¥°0 dualdjoy 0000 0000 (#6070 03 LS0°0) 200 TYEDCINS
Y90 6£C0 (862001 %£0°0-) TLL'O U124y 8810 8810 (£€0°0 02 £00°0-) SLO'0 L'7E€D®'NS
9980 85950 (0¥Z°0 01 0€1°0-) SS0°0 duai2joy S9t'0 S97°0 (0€0°0 03 #10°0-) 8000 L'€ED NS
0000 0000 (899°0 03 ¥0€°0) 9870 dualdjoY 0000 0000 (160°0 03 8¥0°0) 0£0°0 TTEDCINS
S9r'0 0LL0 (9€€°0017€0°0-) LSL'O U124y 0500 0S0°0 (#¥70°0 03 000°0) 2200 L'ZED®NS
LLL0 61€0 (€87°0 03 T60°0-) 960°0 duaidjoy 7900 900 (#70°0 03 L000-) 1200 L'0ED NS
110 LZ€0 (¥87°0 03 £60°0-) 960°0 dualdjoY 06t°0 06t°0 (LEO'0 01 510°0-) 8000 9'TyDPeDd
£L59°0 0ST0 (L0€'0018£0°0-) LLLO U124y S9€°0 S9€°0 (€€0°001210°0-) LLO'O S'TyDeedd
£08°0 €9¥°0 (S97°0018L1°0-) €££0°0 duaidjoy 9960 9960 (€20°0 03 #20°0-) 000°0 V'ZvyDerDd
S6°0 LL8°0 (2£1°003207°0-) SLO°0- dualdjoY €€T0 €€T0 (600°0 03 9€0°0-) ¥710°0- €TyD9eDd
6£9°0 8LC0 (90€°0010£0°0-) 8LL'O U224y ¥79°0 Y290 (820°0 01 £10°0-) 900°0 L'Z¥D9eDd
6160 8080 (#91°'00301T°0-) £20°0- duaiajoy 0S80 0580 (020°0 03 520°0-) TO0'0- 9'0¥D°eDd
9580 ¢SS0 (9¥T°001 LEL'0-) LSOO U124y 13244 13244 (Z€0°003¥710°0-) 600°0 S§'0vD9eDd
Y90 6€C0 (£0€°0039£0°0-) SLL'O dualdjey £59'0 £59'0 (820°0 01810°0-) S00°0 ¥'0vD>'9eDd
188°0 7890 (z€T°001251°0-) O¥0°0 U124y £08°0 £08°0 (020°0 01 920°0-) £00°0- €0vD9eDd
anjea-d anjea-d (1D %S6) (sas) (1D %S6) (sas) anjea-d anjea-d (12 %S6) ayjoqea
paisnipe uojjesjuaduod ajijogedw uoneIuadU0d 3}ijoqeiaw paisnipe paisnipe (1D %S6) (S@s) uonesyuadruod
a4 |eusajew ug ad>uaiayiq Jeusajew ug ad>ua131q ¥ai ua4 aj1joqelaw ul dUIRYIA
£fy1saqo 10 yybramiano Aoueubaidaid 1yb61am jewiou A>ueubaidaid (;w/63) |ng A>ueubaidaid

Chapter 4.1

panunuod *¢'1yS 319YL AYYINIWITddNS

252



.
<

Maternal BMI, metabolic profiling and the prediction of birthweight

1880 6990 (€T001871°0-) LVO'O dua12joY 0¢00 0¢00 (61700 01 #00°0) LZO0 ooL>eue)y
1880 LL90 (9%1°0 03 5TT'0-) 6£0°0- duaidjoy 8LE0 8LE0 (¥€0°001 L100-) TLO0 uled
G950 LZL0 (¥Z€001£50°0-) €EEL°0 U124y 9%0'0 9%0'0 (9%0°0 01 000°0) €200 S'O¥D®'NS
£08°0 L8170 (0Z1°0 03 #ST'0-) £90°0- adualajay 9670 9670 (SL0°0 03 £0°0-) 800°0~ €'8EDI'NS
€800 9000 (E¥°0 03 €£0°0) 8ST'0 dualdjoY 0000 0000 (£90°0 03 £20°0) S¥0°0 TIEDINS
6L£0 7900 (£9€°001600°0-) 6£1°0 U124y G800 G800 (€70°0 01 €00°0-) 0200 9Y¥DeINS
95¥'0 S0L'0 (FEE'0 0} LEOOY) LSL'O duaiajoy 8000 8000 (250°0 03 800°0) 0£0°0 CEYDRINS
G550 LSL°0 (£1€00316¥0°0-) ¥EL'O dualdjoY £20°0 £T0°0 (£¥0°0 03 £00°0) 5200 L'EPD®NS
6CL°0 8¥€0 (S£T°0 01 £60°0-) 6800 uid4aY S0€°0 S0€°0 (¥€0°001 L 1L0'0-) TLO'0 9TYDeINS
6LL0 €100 (91%°0 03 6%0°0) TET'0 duaiajoy 9100 9100 (050°0 03 S00°0) 8200 VIO RINS
100 1000 (£05°0038€EL°0) €ETE0 dualdjoy 1000 1000 (190001 £10°0) 6£0°0 €TYDRNS
8600 6000 (8210 01 790°0) S¥T'0 U224y 1000 1000 (650°001510°0) LEO'O TIPS
L8€0 cL00 (£5€°001510°07) LLLO aduaiajoy 2900 2900 (##70°0 03 L000-) 1200 L'¢vD'®'NS
134740 0010 (L¥€0030£0°0-) 951°0 dualdjoY €LLro €Lro (070°0 01 700°0-) 8L0°0 TLYDENS
8LL°0 L1Y0 (097°003801°0-) 9£0°0 duaidjey 6¥1°0 6v1°0 (8€0°0 01900°0-) 9L0°0 L'LYD RS
GSS°0 6510 (61€001250°0-) €10 U124y 0sL'0 0sL'0 (6€0°0 02900°0-) 9L0°0 S'0¥D®'NS
LLEOD L¥0'0 (£££001800°0) T6L°0 duaidjoy S60°0 S60°0 (170°0 03 €00°0-) 610°0 COYD®INS
0v9°0 87T0 (€0€°0032£0°0-) SLL'O duaidjoy SS00 SS00 (#%70°0 03 000°0) 2200 T6EDCINS
6TL°0 €9€°0 (¥£T°001001°0-) £80°0 U124y 2090 090 (620°0 01 £10°0-) 900°0 L'6ED®'NS
1890 9LT°0 (¥62°0 03 #80°0-) SOL°0 adualajay €CL0 €CLo (0%70°0 03 500°0-) 8L0°0 €'8EDE'NS
€8€°0 G800 (87€°003220°0-) €91°0 dualdjoY ¥S0°0 500 (#¥70°0 03 000°0) 2200 T8EDEINS
anjea-d anjea-d (1D %S6) (sas) (1> %S6) (sas) anjea-d anjea-d (1> %S6) ayjoqeId |y
paisnfpe uoljeIUIDUOD d}IjogeIaw uolesudUOd d3ljoqedaw paisnfpe  pajsnfpe (1D %S6) (Sas) uonesyua>uod
a4 |eusajew ug duaidyiq Jeusajew ug duIRYIQ ¥ai a4 aj1joqejaw uj dUIRYIA
fyisaqo 10 3ybramiano Aoueubaidaid 1y619Mm [ewiou Aoueubaidaid (;w/6) |1ng A>ueubaidaid

panuRuod *¢'1ys 319YL AYVLNIWITddNS

253



¥¢s0 ceLo (E70°0 01 8Z€'0-) EVL'O- 9dualdjay £60°0 £60°0 (€00°0 01 L0°0-) 610°0- oyoeule)

£08°0 6870 (6L1°0 03 6¥C°0-) S90°0- duaiajoy LL10 LL1°0 (8€0°0 03 £L00°0-) 9100 2qoedeuIe)
G590 S¥L'0 (8%0°0 03 92€'0-) 6EL°0- dUa12joY €090 €090 (5100 