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GENERAL INTRODUCTION
General introduction

Introduction

Cardiovascular disease is a major public health problem in the general adult popula-
tion." Cardiovascular disease leads to over 17.3 million deaths per year and is the lead-
ing cause of death and disability worldwide." In the Netherlands, cardiovascular disease
accounts for approximately 30% of current mortality rates among men and women.’
Because of the clinical impact that cardiovascular and metabolic diseases have at older
ages, research into related risk factors has mostly been focused on adults. However, in
the last decades, an accumulating body of evidence suggested that cardiovascular
health in younger age groups also has major long-term public health implications.

First, cardiovascular health status of women of reproductive age may complicate
pregnancy. Obesity and insulin resistance are associated with increased risks of infertili-
ty in women.’ During pregnancy, important adaptions occur in the maternal circulation
and metabolism to meet the increased metabolic demands of the mother and fetus.
Cardiovascular adaptations include an initial fall in systemic vascular tone, an increase in
cardiac output and an expansion of plasma volume, which subsequently leads to gradu-
al lowering of the systolic and diastolic blood pressure until mid-pregnancy and a rise
from mid-pregnancy to delivery. Pregnancy also leads to adaptions in maternal glucose
homeostasis and higher maternal cholesterol levels. Normally, these adaptations result
in a better placental perfusion and nutrient supply to the fetus. However, suboptimal
adaptations, which might occur due to adverse maternal cardiovascular health status,
may lead to increased risks of pregnancy complications.” Suboptimal hemodynamic
adaptions may lead to gestational hypertensive disorders, whereas suboptimal glucose
metabolism adaptations may lead to gestational diabetes. Maternal obesity, hyperten-
sion and diabetes during pregnancy are associated with increased risks of maternal and
perinatal mortality and morbidity.s’7 Also, women who suffered from pregnancy compli-
cations have higher risks of cardiovascular disease and type 2 diabetes many decades
after their pregnancy.®™

Second, maternal cardiovascular health during pregnancy may have long-term off-
spring consequences. Maternal gestational hypertensive disorders are associated with
increased risks of delivering preterm and small size for gestational age infants’, whereas
gestational diabetes leads to higher risks of delivering large size for gestational age
infants and neonatal hypoglycemia.'* Studies have demonstrated that these associa-
tions are not only present in the extremes of maternal disease status, but also across
the full range of maternal cardiovascular health status."”"® Large-scale epidemiological
studies have also shown that children born with a low birth weight have higher risks of
cardiovascular disease and type 2 diabetes in adulthood."**® Based on these findings, it
has been hypothesized that adverse exposures, acting at different stages of fetal and
early postnatal development, lead to permanent adaptations in the structure, physiolo-
gy and function of various organ systems. This early programming contributes to short-
term survival, but increases the susceptibility of cardiovascular and metabolic diseases
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in later life." This hypothesis is not only supported by these observational studies show-
ing that both low and high birth weight are associated with the risk of obesity, cardio-
vascular disease and type 2 diabetes in adulthood, but also by various mechanistic ani-
mal studies.”** Thus, previous research suggests that both restricted and excessive
nutritional in utero environments may lead to cardiovascular disease in later life.

In summary, cardiovascular health and disease in pregnant women and their children
is important for clinically relevant, adverse short-term and long-term health outcomes.
Identifying factors influencing cardiovascular health in pregnant women and their chil-
dren, may help to develop future preventive strategies that improve cardiovascular
health throughout the life course and in future generations. Therefore, studies present-
ed in this thesis were designed to identify maternal, placental and fetal factors and
critical developmental periods during pregnancy associated with cardiovascular health
outcomes in mothers and children (Figure 1.1).

Figure 1.1. Overview of the hypotheses for the associations of maternal, placental and fetal factors with cardiovascular health
in pregnant women and children studied in this thesis

Maternal environment

Parity, prepregnancy weight, gestational weight gain

Vascular adaptations during pregnancy Placental circulation
Maternal blood pressure, gestational Uterine artery and umbilical artery vascular
hypertensive outcomes resistance

Fetal adaptations

Fetal growth, birth outcomes

Childhood cardiovascular outcomes

Childhood growth, body composition, blood
pressure, cholesterol, triglycerides, insulin

Maternal factors and critical periods during pregnancy

Various maternal socio-demographic and lifestyle related characteristics have been
associated with adverse maternal and fetal pregnancy outcomes. These factors include,
among others, maternal educational level, dietary factors and smoking during pregnan-
cy. Not much is known about the role of maternal physical factors at the start of preg-
nancy. Therefore, the studies presented in this thesis are focused on the associations of
maternal parity and weight throughout pregnancy with maternal and childhood cardio-
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vascular development. We also studied the role of placental hemodynamic function and
fetal growth in relation to pregnancy complications and childhood outcomes.

Maternal parity

Maternal nulliparity is an important risk factor for maternal pregnancy complications,
such as pre-eclampsia.”’ Also, it is well-known that children from nulliparous mothers
are smaller than children from multiparous mothers.”” It has been suggested that the
difference in birth weight between firstborn and second-born children is approximately
200 grams, which is of similar magnitude as the influence of maternal smoking during
pregnancy on birth weight. Among multiparous mothers only, there is a much smaller
increase in birth weight with each following pregnancy.”” The mechanisms underlying
these associations are largely unknown, but may involve permanent adaptations in the
maternal vasculature following pregnancy, which leads to a more favorable environ-
ment for both placental development and fetal nutrition in consecutive pregnancies.”
The long-term consequences of maternal nulliparity for cardiovascular health of off-
spring remain unclear. As in Western countries, there is a high percentage of one-child
families, maternal nulliparity may be an important risk factor for maternal and fetal
pregnancy complications and adverse cardiovascular health outcomes in the oﬁ‘spring.24

Maternal prepregnancy body mass index and gestational weight gain

Overweight and obesity, defined as a body mass index (BMI) >25 kg/m2 and BMI >30
kg/m’, respectively, are common in both Western and non-Western countries.””
Worldwide, the prevalence of overweight and obesity has nearly doubled in the last 20
years.25 The strong increase in overweight and obesity prevalences is also present
among women of reproductive age and children.”® Maternal prepregnancy obesity is an
important risk factor for maternal and fetal pregnancy complications and for childhood
obesity.”””® It has been suggested that a maternal obesogenic environment during
pregnancy leads to higher maternal plasma concentrations of glucose, amino acids and
free fatty acids with increased placental transfer of nutrients during fetal development.
This might cause permanent changes in appetite, energy metabolism and neuroendo-
crine function of offspring, predisposing an individual to a greater risk of obesity and
cardiovascular disease in later life.”” In line with this hypothesis, both epidemiological
studies and animals studies have shown that maternal gestational diabetes and pre-
pregnancy obesity are associated with higher fetal growth rates and higher birth weight,
and increased risks of obesity in the offspring.”’ However, it remains unclear whether
these associations are also present across the whole range of maternal prepregnancy
body mass index. Next to maternal obesity at the start of pregnancy, weight gain during
pregnancy may also affect maternal and childhood outcomes.’>** Gestational weight
gain is a complex trait, which reflects multiple components including maternal nutri-
tional status, tissue expansion due to fat storage and fluid expansion, and growth of
fetus, placenta and uterus.*® Not much is known about the effects of gestational weight
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gain, independent of maternal prepregnancy body mass index, or about critical periods
of gestational weight gain on maternal and childhood outcomes. As both maternal pre-
pregnancy body mass index as well as gestational weight gain may be important modifi-
able factors for improving maternal health and health of offspring, obtaining a better
understanding of these associations and their underlying mechanisms is of importance
for preventive strategies.

Placental vascular function

The placenta forms the active interface between the maternal and fetal blood circula-
tions and regulates both maternal physiological changes during pregnancy as well fetal
nutrient supply and fetal development. To meet the increasing demands of the rapidly
developing fetus, changes in the placental vasculature occur during pregnancy. Mater-
nal blood enters the intervillious space in the placenta through the spiral arteries, which
descend from the uterine arteries. Normally, during early pregnancy, the spiral arteries
are remodeled due to trophoblastic invasion, which changes the spiral arteries from
narrow muscular vessels into wide non-muscular arteries. Together with other maternal
hemodynamic adaptations, this leads to the development of a high-flow and low-
resistance circulation. On the fetal side, blood enters the placenta through the umbilical
arteries, which form a capillary network in the terminal villi of the villous tree, which
floats freely in the maternal blood in the intervillous space. The fetal villous and capil-
lary surface areas increase during pregnancy to allow sufficient blood flow for the de-
veloping fetus. Impaired placentation leading to abnormal placental perfusion and pla-
cental damage may be a key factor in the development of pre-eclampsia and intra-
uterine fetal growth restriction.*** Suboptimal placental growth and function may also
persistently influence growth and cardiovascular function in later life.*® Previous studies
among adults suggested associations of both low and high placental weight with ad-
verse cardiovascular outcomes in later life, but results are not consistent.*® Placental
weight is only a crude measure of placental growth and more detailed measures of
placental function, assessed during pregnancy, might give further insight in long-term
consequences of placental dysfunction.

Fetal and early childhood growth

Low and high birth weight are associated with cardiovascular disease in adulthood.™™*®

Birth weight is unlikely to be a causal factor per se leading to cardiovascular disease in
later life. Birth weight is merely an end-point of different fetal exposures and growth
patterns, and the starting point of childhood growth. Longitudinal studies showed that
the risk of cardiovascular disease is highest among adults who were born with a low
birth weight and had a high postnatal weight gain.”*® Thus, these studies suggest that
there may be critical periods of growth in fetal and early postnatal life that influence the
development of cardiovascular disease in later life. From a biological and preventive
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perspective, it is of great importance to identify these specific critical periods for fetal
and childhood growth.

General aim of this thesis

The general aim of this thesis was to identify maternal, placental and fetal factors lead-
ing to adverse cardiovascular outcomes in pregnant women and their children.

General design

The studies presented in this thesis were embedded in the Generation R Study, a popu-
lation based prospective cohort study from fetal life until young adulthood in Rotter-
dam, The Netherlands.” The Generation R Study is designed to identify early environ-
mental and genetic determinants of growth, development and health in fetal life and
childhood. All pregnant women living in the study area with a delivery date between
April 2002 and January 2006 were eligible for enrolment in this study. Enrolment was
aimed at early pregnancy, but was possible until the birth of the child. In total, 9778
mothers were enrolled in the study, of whom 8880 (91%) were included during preg-
nancy (Figure 1.2). Assessments were planned in early pregnancy (<18 weeks of gesta-
tion), mid-pregnancy (18 - 25 weeks of gestation) and late pregnancy (=25 weeks of
gestation), and included parental physical examinations, maternal blood and urine col-
lection, fetal ultrasound examinations, and self-administered questionnaires. In the
preschool period, from birth to 4 years of age, data collection was performed in all
children by questionnaires and visits to the routine child health care centers. All chil-
dren were invited to a dedicated research center in the Erasmus MC — Sophia Children’s
Hospital to participate in detailed body composition and cardiovascular follow-up
measurements at the age of 6 years. Measurements during this visit included anthro-
pometrics, body composition, cardiovascular development and body fluid specimen
collection.
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Figure 1.2. Design and data collection in the Generation R Study

Total cohort
Enrolment during pregnancy (n = 8880 mothers) and at birth
(n =898 mothers)

Focus cohort
Randomly selected subgroup of Dutch
mothers (n = 1232 mothers)

Fetal period

Physical examinations: multiple fetal growth and placental vascular
ultrasounds, multiple maternal weight and blood pressure
measurements, paternal body mass index

Questionnaires: Parental socio-demographic factors, health, and

lifestyle habits

Maternal blood samples obtained
Focus group, fetal period

Physical examinations: Additional fetal
ultrasounds

Birth

Medical records: Information on birth characteristics and pregnancy
complications
Cord blood obtained

=

Preschool period

Visits to child health care centers: multiple child height, weight,
head circumference measurements

Questionnaires: parental and child health, lifestyle habits

|

Focus group, preschool period

Physical examinations: additional body
composition measurements and cardiac and
renal ultrasound

School period

Physical examinations: anthropometrics, body composition, blood
pressure, ultrasound assessment of cardiovascular development
Maternal and child blood samples obtained
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Outline of this thesis

The objectives are addressed in several studies presented in this thesis. In Chapter 2,
studies on maternal influences on maternal and childhood outcomes are described. In
Chapter 2.1, we examined whether maternal blood pressure tracks during pregnancy,
and whether this tracking is influenced by maternal characteristics and associated with
the risk of gestational hypertensive disorders. The influence of maternal parity on ma-
ternal pregnancy-related hemodynamic adaptations, placental vascular function and
pregnancy complications, and childhood cardiovascular development is described in
Chapter 2.2 and Chapter 2.3, respectively. We studied the associations of maternal
prepregnancy body mass index and weight gain during pregnancy with maternal preg-
nancy-related hemodynamic adaptions and the risk of pregnancy complications, and
childhood cardiovascular development in Chapter 2.5, 2.6, 2.7, respectively.

In Chapter 3, we present studies focused on the associations of placental hemody-
namic function and fetal growth with maternal and childhood outcomes. The influence
of placental hemodynamic function on maternal and fetal pregnancy complications and
cardiovascular development in childhood is studied in Chapter 3.1 and Chapter 3.2,
respectively. In Chapter 3.3, we examined whether fetal growth characteristics track
during pregnancy and are associated with the risk of adverse birth outcomes. Chapter
3.4 describes the association of first trimester fetal growth restriction with cardiovascu-
lar development in childhood.

Finally, Chapter 4 provides a general discussion in which the studies described in this
thesis are described in broader context, and implications and suggestions for future
research are discussed.
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CHAPTER 2.1

Abstract

Aims: Blood pressure tracking can be used to examine the predictability of future values
by early measurements. In a population-based prospective cohort study, among 8482
pregnant women, we examined whether blood pressure in early pregnancy tracks to
third trimester and whether this tracking is influenced by maternal characteristics and is
associated with the risk of gestational hypertensive disorders.

Methods and results: Blood pressure was measured in each trimester of pregnancy.
Information about doctor-diagnosed pregnancy-induced hypertension and pre-
eclampsia was obtained from medical records. Correlation coefficients between first
and third trimester for systolic and diastolic blood pressure were 0.47 and 0.46, respec-
tively. The Odds Ratio (OR) for staying in the highest tertile from first to third trimester
for systolic blood pressure was 3.09 (95% Confidence Interval (Cl): 2.73, 3.50) and for
diastolic blood pressure 3.28 (95% Cl: 2.90, 3.69). Blood pressure tracking coefficients
were lower in younger, shorter, and non-European women and in women with higher
gestational weight gain. Systolic and diastolic blood pressure changes from second to
third trimester, but not from first to second trimester, were positively associated with
the risks of pregnancy-induced hypertension and pre-eclampsia.

Conclusions: Blood pressure tracks moderately during pregnancy and is influenced by
maternal characteristics. Second to third trimester increases in systolic and diastolic
blood pressure are associated with an increased risk of gestational hypertensive disor-
ders.



BLOOD PRESSURE DEVELOPMENT IN PREGNANCY

Introduction

Gestational hypertensive disorders complicate about 7% of all pregnancies and are
associated with increased risks of both maternal and perinatal morbidity and mortali-
ty.l’2 Blood pressure measurement is an important screening test used in obstetric care
to detect or predict gestational hypertensive disorders.” However, the predictive accu-
racy of blood pressure measurement in early pregnancy still remains controversial.** A
review among 34 studies showed that in first and second trimester, systolic and diastol-
ic blood pressure predicted pre-eclampsia poorly.’ This review compiled many studies
with major methodological differences. The examined populations varied widely in their
a priori risk of pre-eclampsia and blood pressure was measured at very different time-
points in pregnancy. Also, many studies used different definitions of gestational hyper-
tensive disorders.” Some studies suggested that blood pressure development differs
between pregnancies uncomplicated and complicated by gestational hypertensive dis-
orders and that small differences in blood pressure development may already occur in
the first half of pregnancy.™®

Tracking is used to describe the longitudinal development of a variable and focuses
on the maintenance of one’s relative position in a distribution of values over time.”®
Tracking can also be used to examine the predictability of future values by early meas-
urements.”® Examining tracking during pregnancy might give further insight in the pre-
dictive value of blood pressure measurement early in pregnancy. However, to the best
of our knowledge, not much is known about blood pressure tracking during pregnancy.

Therefore, we examined in a population-based prospective cohort study among 8482
pregnant women, whether blood pressure in early pregnancy tracks to third trimester,
and whether this tracking is influenced by maternal characteristics and is associated
with the risk of gestational hypertensive disorders.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onwards based in Rotterdam, the Netherlands.”*°
The study has been approved by the Medical Ethical Committee of the Erasmus Medical
Center in Rotterdam (MEC 198.782/2001/31). Written consent was obtained from all
participating women. Assessments during pregnancy were planned in first, second, and
third trimester. The individual timing of these assessments depended on the gestational
age at enrolment. In total, 8880 women were enrolled during pregnancy. For the pre-
sent study, we excluded women without any blood pressure measurement (n = 18).
Also, we excluded women with pre-existent hypertension (n = 146) and pregnancies
leading to fetal death (n = 72), induced abortion (n = 27), loss to follow-up (n = 45), and
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twin pregnancies (n = 90). Thus, the cohort for analysis comprised 8482 pregnant wom-
en (Figure 2.1.1).

Figure 2.1.1. Flow chart of the participants

Participants enrolled during
pregnancy
n = 8880

n = 164 excluded, due to missing blood
pressure measurements (n = 18) and
preexisting hypertension (n = 146)

Participants eligible for present
study
n=38716

n = 234 excluded, due to fetal deaths (n = 72),
twin pregnancies (n = 90), induced abortion
(n =27) and loss to follow-up (n = 45)

Total population for analysis

n=8482

First trimester blood pressure measurements: n=6379
Second trimester blood pressure measurements: n=7913
Third trimester blood pressure measurements: n = 7995

Blood pressure

Blood pressure was measured with the validated Omron 907" automated digital oscil-
lometric sphygmanometer (OMRON Healthcare Europe B.V. Hoofddorp, the Nether-
lands)."" All participants were seated in upright position with back support, and were
asked to relax for 5 minutes. A cuff was placed around the non-dominant upper arm,
which was supported at the level of the heart, with the bladder midline over the brachi-
al artery pulsation. In case of an upper arm exceeding 33 cm, a larger cuff (32 — 42 cm)
was used. The mean value of 2 blood pressure readings over a 60s interval was docu-
mented for each participant. In total, blood pressure was measured in 6379 women in
first trimester (median 13.2 weeks of gestation, 95% range 9.8 — 17.6), in 7913 women
in second trimester (median 20.4 weeks of gestation, range 18.5 — 23.6), and in 7995
women in third trimester (median 30.2 weeks of gestation, 95% range 28.4 — 32.9). For
the analysis, 22.287 blood pressure measurements were available. Three, two, and one
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blood pressure measurements were available for 5857, 2091, and 534 women, respec-
tively.

Pregnancy-induced hypertension and pre-eclampsia

Information on pregnancy complications was obtained from medical records. Women
suspected of pregnancy complications based on these records were crosschecked with
the original hospital charts. Details of these procedures have been described else-
where."

Briefly, the following criteria were used to identify women with pregnancy-induced
hypertension: development of systolic blood pressure >140 mmHg and/or diastolic
blood pressure 290 mmHg after 20 weeks of gestation in previously normotensive
women. These criteria plus the presence of proteinuria (defined as two or more dipstick
readings of 2+ or greater, one catheter sample reading of 1+ or greater, or a 24 h urine
collection containing at least 300 mg of protein) were used to identify women with pre-
eclampsia.13 Information on pregnancy complications was available for 8236 women.

Covariates

Gestational age was established by fetal ultrasound examination during the first ultra-
sound visit.'* Maternal age was assessed at enrolment. During visits in first, second, and
third trimester, maternal anthropometrics were measured at one of the research cen-
ters. Height (cm) and weight (kg) were measured without shoes and heavy clothing and
body mass index (kg/m?) was calculated for each pregnancy period. We defined gesta-
tional weight gain as the difference between weight before pregnancy and weight in
third trimester. Information on educational level, ethnicity, and parity was obtained at
enrolment. Information about smoking, alcohol consumption, and caffeine intake was
assessed by questionnaires in each trimester.'°

Statistical analysis

First, we analyzed the longitudinal systolic and diastolic blood pressure patterns in
women with uncomplicated pregnancies and women with pregnancies complicated by
hypertensive disorders using unbalanced repeated measurement regression models.
These models take the correlation between repeated measurements of the same sub-
ject into account, and allow for incomplete outcome data.™ Using fractional polynomi-
als of gestational age, the best-fitting models were constructed. For this analysis, we
categorized women in three categories: uncomplicated pregnancy, pregnancy-induced
hypertension, and pre-eclampsia. The categories were included in these models as
intercept and as an interaction term with gestational age.

To examine whether women maintain their position in the distribution of blood pres-
sure (tracking), we estimated the Pearson’s correlation coefficients and categorized
systolic blood pressure, diastolic blood pressure, and mean arterial pressure in tertiles
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in first and third trimester. We used logistic regression models to calculate the Odds
Ratio (OR) to remain in the same blood pressure tertile from first to third trimester.
Next, we examined whether maternal characteristics influence blood pressure tracking.
We categorized each maternal characteristic and for each category we estimated Pear-
son’s correlation coefficients and blood pressure tracking coefficients using linear re-
gression models. We further examined the associations of blood pressure change dur-
ing pregnancy with the risks of pregnancy-induced hypertension and pre-eclampsia
using multiple logistic regression models.

These models were adjusted for gestational age at intake, gestational age at each
pregnancy period, maternal age, educational level, parity, ethnicity, prepregnancy body
mass index, gestational weight gain, smoking habits, alcohol consumption, and caffeine
intake. Missing data of the covariates were imputed using multiple imputation. The
percentages of missing values within the population for analysis were lower than or
equal to 15%, except for prepregnancy body mass index (19.4%) and gestational weight
gain (23.1%). The repeated measurement analysis was performed using the Statistical
Analysis System version 9.2 (SAS, Institute Inc., Cary, NC, USA), including the Proc Mixed
module for unbalanced repeated measurements. All other analyses were performed
using the Statistical Package of Social Sciences version 17.0 for Windows (SPSS Inc.,
Chicago, IL, USA). P-values are two-tailed. All presented Confidence Intervals (Cls) are
calculated at the 95% level.

Results

Subject characteristics

Table 2.1.1 shows that, of all women, 306 women developed pregnancy-induced hyper-
tension and 168 women developed pre-eclampsia. Women who developed pregnancy-
induced hypertension and pre-eclampsia were more often nulliparous and had a higher
prepregnancy body mass index. From first trimester onwards systolic blood pressure,
diastolic blood pressure, and mean arterial pressure were higher for women who de-
veloped pregnancy-induced hypertension and pre-eclampsia in later pregnancy (Table
2.1.2).
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Table 2.1.1. Subject characteristics by pregnancy health (n = 8236)"

Non-hypertensive Pregnancy-induced
complicated pregnancy hypertension Pre-eclampsia

Characteristics n=7762 n =306 n=168 P-value®
Age (yrs) 29.7 (5.3) 30.0 (5.1) 28.8(5.3) 0.086
Height (cm) 167.1(7.4) 168.6 (7.2) 165.7 (7.3) 0.001
Weight (kg) 65.5 (12.0) 74.9 (18.4) 68.5 (15.0) 0.001
Prepregnancy body mass index (kg/m?)  23.4 (4.1) 26.3(6.2) 24.8 (5.3) 0.001
Gestational weight gain (kg) 10.4 (5.0) 11.5(6.9) 10.6 (6.5) 0.007
Parity (% nulliparous) 53.9 74.5 78.0 0.001
Gestational age at intake (wks)? 14.5 (10.4, 28.9) 13.7 (9.5, 24.0) 14.6 (10.3,24.4)  0.011
Highest completed education (%)

Primary school 10.6 7.8 12.5 0.016

Secondary school 41.7 48.4 49.4

Higher education 38.7 39.2 28.0

Missings 9.1 4.6 10.1
Ethnicity (%)

European 52.7 70.3 47.6 0.001

Non-European 39.7 26.8 44.6

Missings 7.6 2.9 7.7
Alcohol consumption (%)

No 42.5 40.5 47.6 0.241

Yes 43.4 48.7 41.1

Missings 14.1 10.8 11.3
Smoking habits (%)

No 63.8 63.7 63.7 0.527

Yes 21.6 25.2 22.6

Missings 14.5 11.1 13.7
Caffeine intake (%)

No 43 3.6 4.2 0.797

Yes 87.4 91.2 85.7

Missings 8.3 5.2 10.1

"Values are means (standard deviation) or percentages. “Median (95% range). *Differences in subject characteristics between
the groups were evaluated using one-way ANOVA tests for continuous variables and chi-square tests for proportions.

Table 2.1.2. Blood pressure levels during pregnancy (n = 8236)"

Non-hypertensive Pregnancy-induced
complicated pregnancy hypertension Pre-eclampsia
Pregnancy period n=7762 n =306 n=168 P-value’
First trimester
Systolic blood pressure (mmHg) 114.7 (11.8) 124.1(12.3) 119.7 (12.4) 0.001
Diastolic blood pressure (mmHg) 67.5(9.0) 75.7 (10.1) 72.7 (10.2) 0.001
Mean arterial pressure (mmHg) 83.2(8.9) 91.8 (9.8) 88.3(9.9) 0.001
Second trimester
Systolic blood pressure (mmHg) 115.8 (11.6) 126.2 (12.3) 120.9 (12.9) 0.001
Diastolic blood pressure (mmHg) 66.4 (8.9) 75.9(9.2) 73.4(9.4) 0.001
Mean arterial pressure (mmHg) 82.9(8.8) 92.6(9.1) 89.2 (9.5) 0.001
Third trimester
Systolic blood pressure (mmHg) 117.4 (11.6) 128.8 (12.9) 124.9 (13.1) 0.001
Diastolic blood pressure (mmHg) 68.2 (8.8) 79.1(9.7) 76.7 (9.4) 0.001
Mean arterial pressure (mmHg) 84.6 (8.6) 95.7 (9.5) 92.8 (9.4) 0.001

'Values are means (standard deviation). “Differences in blood pressure levels between the groups were evaluated using one-
way ANOVA tests.
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Longitudinally measured blood pressure and gestational hypertensive disorders

Figure 2.1.2 shows the systolic and diastolic blood pressure development during preg-
nancy. Systolic blood pressure was higher from first trimester onward in women who
developed pregnancy-induced hypertension and pre-eclampsia. The steepest increase
in systolic blood pressure was observed in women who developed pre-eclampsia. Dias-
tolic blood pressure showed a mid-pregnancy dip, with an increase thereafter in preg-
nant women without hypertensive disorders. In women with pregnancies complicated
by pregnancy-induced hypertension and pre-eclampsia, a minor dip was observed in
early pregnancy. Diastolic blood pressure was the highest throughout pregnancy for
women who developed pregnancy-induced hypertension, but the steepest increase in
diastolic blood pressure was observed for women who developed pre-eclampsia. The
exact regression coefficients for gestational age-independent (intercept) and gestation-
al age-dependent differences (interaction hypertensive complication and gestational
age) are given in the Supplementary Material Table S2.1.1.

Figure 2.1.2. Blood pressure patterns in uncomplicated and complicated pregnancies

135

130

|
|

[N
N
o

[N

-

w”
L

Systolic blood pressure (mmHg)

110

//

‘/

1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Gestational age (weeks)

——Uncomplicated — - Pregnancy-induced hypertension -=-=--Preeclampsia

Figure 2.1.2a. Systolic blood pressure

Change in systolic blood pressure in mmHg for women with a pregnancy complicated by pregnancy-induced hypertension and
women with a pregnancy complicated by pre-eclampsia compared with women with an uncomplicated pregnancy based on
repeated measurement analysis (systolic blood pressure = R0 + R1 x hypertensive complication + B2 x gestational age + B3 x
gestational age™ + R4 x hypertensive complication x gestational age). P-value reflects the significance level of R4, which
reflects the difference in change in blood pressure per week per pregnancy hypertensive complication, when compared with
uncomplicated pregnancies. Estimates are given in Supplementary material Table $2.1.1, *P <0.05.
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Figure 2.1.2. Blood pressure patterns in uncomplicated and complicated pregnancies (continued)
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Figure 2.1.2b. Diastolic blood pressure

Change in diastolic blood pressure in mmHg for women with a pregnancy complicated by pregnancy-induced hypertension
and women with a pregnancy complicated by pre-eclampsia compared with women with an uncomplicated pregnancy based
on repeated measurement analysis (diastolic blood pressure = R0 + B1 x hypertensive complication + 82 x gestational age +
R3 x gestational age® + R4 x hypertensive complication x gestational age). P-value reflects the significance level of R4, which
reflects the difference in change in blood pressure per week per pregnancy hypertensive complication, when compared with
uncomplicated pregnancies. Estimates are given in Supplementary Material Table $2.1.1. *P <0.05.

Blood pressure tracking during pregnancy

Correlation coefficients between first and third trimester for systolic and diastolic blood
pressure and mean arterial pressure were 0.47, 0.46, and 0.49, respectively. The specif-
ic scatterplots are given in Supplementary Figures $2.1.1-52.1.3.

Table 2.1.3 shows that for systolic blood pressure, about 55% of the women, who
started in the highest tertile in first trimester remained in the highest tertile in third
trimester, while approximately 29% and 15% were in the middle and lowest tertiles,
respectively. Similar patterns were observed for diastolic blood pressure and mean
arterial pressure. The ORs for staying in the upper tertile from first to third trimester for
systolic blood pressure and diastolic blood pressure were 3.09 (95% Cl: 2.73, 3.50) and
3.28 (95% ClI: 2.90, 3.69), respectively. A similar trend was observed for tertiles of mean
arterial pressure. Blood pressure tracking coefficients were lower in younger, shorter,
and non-European women and in women with higher gestational weight gain (Table
2.1.4). Corresponding correlation coefficients are given in Supplementary Table $2.1.2.
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Table 2.1.5 shows that systolic and diastolic blood pressure change from first to second
trimester was not associated with the risk of pregnancy-induced hypertension. Diastolic
blood pressure change from first to second trimester was associated with the risk of
pre-eclampsia (OR 1.20 (95% Cl: 1.01, 1.44) per standard deviation of blood pressure
change. Second to third trimester changes in diastolic blood pressure and mean arterial
pressure were associated with the risk of pregnancy-induced hypertension (OR 1.20
(95% Cl: 1.06, 1.35) and OR 1.18 (95% ClI: 1.04, 1.33) per standard deviation of blood
pressure change, respectively). Second to third trimester changes in systolic blood pres-
sure, diastolic blood pressure, and mean arterial pressure were associated with the risk
of pre-eclampsia (OR 1.22 (95% Cl: 1.04, 1.43), OR 1.22 (95% Cl: 1.03, 1.43), and OR
1.26 (95% Cl: 1.07, 1.48) per standard deviation of blood pressure change, respectively).

Table 2.1.3. Blood pressure tracking from first to third trimester (n = 6053)"

Tertiles third trimester

Tertiles first trimester

First

Second

Third

Systolic blood pressure

n

First 2.73(2.43,3.07) ** 0.90 (0.80, 1.01) 0.33(0.28,0.37) ** 2228
n=1202 (53.9%) n=667(29.9%) n =359 (16.1%)

Second 0.92 (0.81, 1.03) 1.19 (1.06, 1.34) ** 0.94 (0.83, 1.05) 2028
n =701 (34.6%) n =678 (33.4%) n =649 (32.0%)

Third 0.29 (0.25, 0.34) ** 0.92 (0.81, 1.04) 3.09 (2.73, 3.50) ** 1797
n=284(15.8%) n=>524(29.2%) n =989 (55.0%)

n 2187 1869 1997 6053

Diastolic blood pressure n

First 3.32(2.95,3.72) ** 0.80(0.71, 0.90) ** 0.29(0.25, 0.33) ** 2209
n=1269 (57.4%) n =609 (27.6%) n =331 (15.0%)

Second 0.76 (0.67, 0.85) ** 1.42 (1.26, 1.60) ** 0.95 (0.84, 1.07) 1865
n=626(33.6%) n =658 (35.3%) n=581(31.2%)

Third 0.32(0.29, 0.37) ** 0.86 (0.76, 0.98) * 3.28(2.90, 3.69) ** 1979
n=371(18.7%) n=551(27.8%) n=1057(53.4%)

n 2266 1818 1969 6053

Mean arterial pressure n

First 3.44 (3.06, 3.87) ** 0.73(0.65, 0.81) ** 0.27(0.23,0.31) ** 2095
n=1146 (54.7%) n=650(31.0%) n =299 (14.3%)

Second 0.67 (0.60, 0.75) ** 1.48 (1.33, 1.66) ** 1.01(0.89, 1.14) 1957
n=587(30.0%) n=775(39.6%) n =595 (30.4%)

Third 0.29 (0.25, 0.34) ** 0.89(0.79, 1.01) 3.40 (2.69, 3.50) ** 2001
n =302 (15.1%) n =595 (29.7%) n=1104 (55.2%)

n 2035 2020 1998 6053

'Values are Odds Ratios (95% CI) (number and percentage of women that remain in the same tertile) to remain in the same
tertiles of systolic blood pressure, diastolic blood pressure and mean arterial pressure from first to third trimester. Estimates
are from multiple imputed data. “Model is adjusted for gestational age at intake, gestational age in each pregnancy period,
maternal age, educational level, parity, ethnicity, prepregnancy body mass index, gestational weight gain, smoking habits,
alcohol consumption and caffeine intake. *P-value <0.05. **P-value <0.01.



BLOOD PRESSURE DEVELOPMENT IN PREGNANCY

Table 2.1.4. Maternal characteristics and blood pressure tracking coefficients'

Systolic blood pressure

Diastolic blood pressure

Mean arterial pressure

Regression coefficient

Regression coefficient

Regression coefficient

Maternal characteristics (95% Cl) P-value (95% Cl) P-value (95% Cl) P-value

Age (yrs)

<25 vyears (n = 1801) 0.43(0.38,0.49) <0.001 0.37(0.31, 0.42) <0.001 0.37(0.31, 0.42) <0.001

25-35 years (n=5432)  0.48 (0.45, 0.50) <0.001 0.47 (0.45, 0.50) <0.001 0.47 (0.45, 0.50) <0.001

> 35 years (n = 1249) 0.41(0.34,0.47) <0.001 0.47 (0.40, 0.53) <0.001 0.47 (0.40, 0.53) <0.001
Interaction P=0.820 Interaction P<0.001 Interaction P=0.027

Height (cm)

<165cm (n=3677) 0.42(0.39, 0.46) <0.001 0.42 (0.38, 0.45) <0.001 0.44(0.41,0.48) <0.001

165-175cm (n = 3626)  0.46 (0.42, 0.49) <0.001 0.47(0.44,0.51) <0.001 0.50(0.47,0.53) <0.001

>175cm (n = 1149) 0.44(0.39, 0.49) <0.001 0.48 (0.43, 0.53) <0.001 0.50(0.45, 0.55) <0.001
Interaction P=0.166 Interaction P<0.001 Interaction P=0.001

Prepregnancy body mass

index (kg/mz)

Normal (n = 4968) 0.44(0.41, 0.46) <0.001 0.43 (0.40, 0.46) <0.001 0.46 (0.43, 0.49) <0.001

Overweight (n=1298)  0.45(0.39, 0.51) <0.001 0.39(0.34, 0.45) <0.001 0.42(0.37,0.48) <0.001

Obesity (n = 567) 0.44(0.35,0.52) <0.001 0.48 (0.39, 0.56) <0.001 0.50(0.42, 0.58) <0.001
Interaction P=0.590 Interaction P=0.715 Interaction P=0.592

Gestational weight gain

(ke)

<7kg(n=1638) 0.47(0.42,0.51) <0.001 0.48 (0.44,0.53) <0.001 0.50 (0.46, 0.54) <0.001

7-11.9 kg (n = 2877) 0.44(0.41,0.48) <0.001 0.46 (0.42, 0.49) <0.001 0.48 (0.44,0.51) <0.001

>12 kg (n = 2010) 0.45 (0.40, 0.49) <0.001 0.43(0.39, 0.48) <0.001 0.47(0.43,0.51) <0.001
Interaction P=0.014 Interaction P<0.001 Interaction P=0.005

Parity

Nulliparous (n = 4666)  0.45(0.42, 0.48) <0.001 0.43(0.40, 0.46) <0.001 0.46 (0.43, 0.49) <0.001

Multiparous (n =3711) 0.46 (0.43, 0.50) <0.001 0.47 (0.43, 0.50) <0.001 0.50(0.46, 0.53) <0.001
Interaction P=0.574 Interaction P=0.099 Interaction P=0.115

Highest completed

education

Primary school (n = 896) 0.43(0.35, 0.51) <0.001 0.43(0.35,0.51) <0.001 0.47 (0.40, 0.55) <0.001

Secondary school

(n=3572) 0.48 (0.44,0.51) <0.001 0.46 (0.43, 0.50) <0.001 0.50 (0.46, 0.53) <0.001

Higher education

(n=3244) 0.45 (0.43, 0.48) <0.001 0.45 (0.42, 0.49) <0.001 0.48 (0.44,0.51) <0.001
Interaction P=0.693 Interaction P=0.968 Interaction P=0.615

Ethnicity

European (n = 4508) 0.45 (0.42,0.48) <0.001 0.49 (0.46, 0.52) <0.001 0.51(0.48,0.54) <0.001

Non-European (n = 3335)0.43 (0.39, 0.47) <0.001 0.39(0.35,0.43) <0.001 0.43(0.39,0.47) <0.001
Interaction P=0.448 Interaction P<0.001 Interaction P=0.001

Alcohol consumption

No (n = 3620) 0.46 (0.43, 0.50) <0.001 0.46 (0.42, 0.49) <0.001 0.49 (0.46, 0.52) <0.001

Yes (n =3676) 0.45 (0.42, 0.49) <0.001 0.45 (0.42,0.48) <0.001 0.48 (0.45, 0.51) <0.001
Interaction P=0.433 Interaction P=0.666 Interaction P=0.553

Smoking habits

None (n = 5045) 0.47 (0.44, 0.50) <0.001 0.47 (0.44, 0.49) <0.001 0.50(0.47,0.53) <0.001

Yes (n = 1847) 0.42(0.37,0.47) <0.001 0.42(0.37,0.47) <0.001 0.45 (0.40, 0.49) <0.001
Interaction P=0.072 Interaction P=0.079 Interaction P=0.042

Caffeine intake

No (n = 359) 0.49 (0.38, 0.60) <0.001 0.54 (0.45, 0.64) <0.001 0.55 (0.46, 0.65) <0.001

Yes (n = 7404) 0.46 (0.43, 0.48) <0.001 0.45(0.43,0.47) <0.001 0.48 (0.46, 0.50) <0.001

Interaction P=0.672

Interaction P=0.550

Interaction P=0.504

'Values are regression coefficients (95% Cl) from first to third trimester for systolic blood pressure, diastolic blood pressure

and mean arterial pressure.
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Table 2.1.5. Blood pressure development and the risks of pregnancy-induced hypertension and pre-eclampsia (n = 8236)"

Pregnancy period Pregnancy-induced hypertension Pre-eclampsia

First to second trimester

Systolic blood pressure 1.06 (0.93, 1.20) 1.00(0.84, 1.20)

Diastolic blood pressure 1.05 (0.92, 1.20) 1.20(1.01, 1.44) *

Mean arterial pressure 1.06 (0.93, 1.21) 1.14 (0.95, 1.37)
Second to third trimester

Systolic blood pressure 1.09(0.97,1.23) 1.22(1.04,1.43) *

Diastolic blood pressure 1.20(1.06, 1.35) ** 1.22(1.03,1.43) *

Mean arterial pressure 1.18 (1.04, 1.33) ** 1.26 (1.07, 1.48) **
First to third trimester

Systolic blood pressure 1.15(1.01,1.31) * 1.23(1.02,1.47) *

Diastolic blood pressure 1.28(1.12, 1.46) ** 1.42(1.18,1.70) **

Mean arterial pressure 1.27 (1.11, 1.45) ** 1.40 (1.16, 1.67) **

'Values are Odds Ratios (95% Cl) that reflect the difference in risks of pregnancy-induced hypertension and pre-eclampsia per
standard deviation change in blood pressure level between trimesters. Estimates are from multiple imputed data. ’Model is
adjusted for gestational age at intake, gestational age at each pregnancy period, maternal age, educational level, ethnicity,
parity, prepregnancy body mass index, gestational weight gain, smoking habits, alcohol consumption and caffeine intake. *P-
value <0.05. **P-value <0.01.

Discussion

Results from this prospective cohort study showed that gestational blood pressure
development is different from first trimester onwards between non-hypertensive preg-
nancies and pregnancies complicated by gestational hypertensive disorders. Systolic
and diastolic blood pressure and mean arterial pressure track moderately during preg-
nancy. This tracking is influenced by maternal characteristics. Systolic and diastolic
blood pressure changes from second to third trimester are positively associated with
the risk of gestational hypertensive disorders.

Methodological considerations

Some methodological issues need to be considered. One of the strengths of this study
was the prospective data collection from early pregnancy onwards. We had a large
sample size of 8482 participants with 22.287 blood pressure measurements. The re-
sponse rate at baseline for participation in the study was 61%. The non-response would
lead to biased effect estimates if the associations would be different between those
included and not included in the analyses. However, this seems unlikely because biased
estimates in large cohort studies mainly arise from loss to follow-up rather than from
non-response at baseline.” Detailed information about a large number of potential
confounding factors was available in this study. However, because of the observational
design, residual confounding due to other socio-demographic and lifestyle related de-
terminants might still be an issue. In addition, information on many covariates in this
study was self-reported, which may have resulted in underreporting of certain adverse
lifestyle-related determinants. Furthermore, blood pressure has a large within subject-
variation and is also liable to measurement error. Measurement error might cause an
underestimation of the true tracking correlation of blood pressure.” However, when
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tracking is used to examine the predictive value of early measurements to identify those
at risk, measurement error will not bias the results, because measurement error also
occurs in real clinical setting.” Finally, we had a relative small number of cases of preg-
nancy-induced hypertension and pre-eclampsia, which might indicate a selection to-
wards a healthy, low-risk population. It might be of interest to perform a similar analysis
in a high risk, hospital-based population.

Blood pressure development during pregnancy

Several studies have reported differences in blood pressure development between non-
hypertensive-complicated pregnancies and pregnancies complicated by pregnancy-
induced hypertension or pre-eclampsia.”® A previous study among 202 primigravid
women at high risk for gestational hypertensive disorders observed differences in the
circadian variability of systolic and diastolic blood pressure between uncomplicated
pregnancies and pregnancies complicated by gestational hypertensive disorders. Preg-
nancies leading to gestational hypertensive disorders had elevated blood pressure lev-
els in first trimester.® In the same study, the known second trimester blood pressure dip
was not present in complicated pregnancies, and blood pressure increased strongly in
complicated pregnancies, particularly in those complicated by pre-eclampsia. We ob-
served similar differences in the blood pressure patterns using office blood pressure
measurements. Although we did not observe an absence of the mid-pregnancy dip in
pregnancies complicated by gestational hypertensive disorders, we did observe that the
mid-pregnancy dip was smaller and tended to occur earlier in pregnancy. We also ob-
served a larger increase in blood pressure levels from second to third trimester in com-
plicated pregnancies, particularly for pregnancies complicated by pre-eclampsia. Even
though these observed differences in blood pressure development are highly statistical-
ly significant, it needs to be considered that both systolic blood pressure and diastolic
blood pressure were within the physiological range of blood pressure variability. How-
ever, these differences might provide clues on how to earlier identify those women at
increased risk of gestational hypertensive disorders.

Blood pressure tracking

We have previously shown that obese and overweight women already had a higher
blood pressure in first trimester, when compared with normal weight women. These
differences remained stable throughout pregnancy.’® Our current study shows that
systolic blood pressure, diastolic blood pressure, and mean arterial pressure track mod-
erately from first to third trimester. Blood pressure tracking in pregnancy might help to
early identify those women that are at high risk to develop gestational hypertensive
disorders. Several variables have been identified that might influence or predict tracking
in studies among children and adults. It has been shown that length of follow-up is in-
versely associated with the tracking correlation.””'®* We observed that the tracking cor-
relation for systolic and diastolic blood pressure was stronger between first and second
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trimester and second and third trimester compared with the tracking correlation be-
tween first and third trimester. Also, some studies have suggested that blood pressure
tracking is different in different ethnic populations.””"**® Accordingly, we observed
differences in tracking coefficients for diastolic blood pressure and mean arterial pres-
sure in European women and non-European women. Furthermore, age, overweight,
and weight change have been suggested to influence tracking."”*®*" A study among
men and women showed the tracking correlation for different age categories; for wom-
en aged 20 — 24, the tracking correlation for systolic blood pressure was 0.43 and the
tracking correlation for diastolic blood pressure was 0.59, while for women aged 35 —
39 the tracking correlation was 0.64 and 0.68, respectively.” A study among Australian
children reported that tracking of blood pressure, especially systolic blood pressure,
was influenced by body mass index and change in body mass index.”! Those individuals
in the highest quartile of body mass index and those individuals in the highest quartile
of weight gain had higher risks of persistence of high blood pressure levels. Similarly,
maternal age, prepregnancy body mass index, and gestational weight gain might influ-
ence tracking. We observed that especially tracking of diastolic blood pressure and
mean arterial pressure were influenced by maternal characteristics such as in older age
and lower gestational weight gain.

Finally, systolic blood pressure, diastolic blood pressure, and mean arterial pressure
tracked equally. However, diastolic blood pressure and mean arterial pressure were
more strongly associated with the risks of pregnancy-induced hypertension and
preeclampsia when compared with systolic blood pressure. This might indicate that
diastolic blood pressure and mean arterial pressure have a higher predictive accuracy
for gestational hypertensive disorders than systolic blood pressure.

Conclusion

Blood pressure tracks moderately during pregnancy. Second to third trimester increases
in systolic and diastolic blood pressure are associated with the risk of gestational hyper-
tensive disorders. Blood pressure tracking is related to maternal characteristics. Further
research is needed focused on factors influencing blood pressure tracking and their
associations with gestational hypertensive disorders.
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Supplementary Material

Supplementary Table $2.1.1. Longitudinal associations between pregnancy hypertensive complications and systolic and
diastolic blood pressure’

Hypertensive Intercept Slope

complication (mmHg) P-value? (mmHg / week of gestation) P-value®
Difference in systolic blood pressure

Uncomplicated 110.6 <0.001 Reference

Pregnancy-induced hypertension 118.9 <0.001 0.10 0.020

Pre-eclampsia 112.3 0.273 0.19 0.002
Difference in diastolic blood pressure

Uncomplicated 97.2 <0.001 Reference

Pregnancy-induced hypertension 103.8 <0.001 0.14 <0.001

Pre-eclampsia 99.8 0.031 0.20 <0.001

'Values are based on repeated non-linear regression models and reflect the change in blood pressure in mmHg per pregnancy
hypertensive complication compared to the reference group of women with an uncomplicated pregnancy. *P-value reflects
the significance level of the estimate.

Supplementary Table $2.1.2. Maternal characteristics and blood pressure correlation coefficients'

Systolic blood pressure
Correlation Coefficient P-value

Diastolic blood pressure
Correlation Coefficient P-value

Mean arterial pressure
Correlation Coefficient P-value

Maternal characteristics

38

Age (yrs)

< 25years (n=1801) 0.41 <0.001 0.36 <0.001 0.40 <0.001

25 - 35 years (n=5432) 0.49 <0.001  0.49 <0.001 0.53 <0.001

> 35 years (n = 1249) 0.41 <0.001  0.45 <0.001 0.46 <0.001
Interaction P=0.820 Interaction P<0.001 Interaction P=0.027

Height (cm)

<165cm (n=3677) 0.43 <0.001 041 <0.001 0.45 <0.001

165-175cm (n=3626) 0.46 <0.001 0.48 <0.001 0.50 <0.001

>175cm (n = 1149) 0.49 <0.001 0.51 <0.001 0.55 <0.001
Interaction P=0.166 Interaction P<0.001 Interaction P=0.001

Prepregnancy body mass

index (kg/m?)

Normal (n = 4968) 0.44 <0.001  0.42 <0.001 0.45 <0.001

Overweight (n =1298) 0.45 <0.001  0.40 <0.001 0.43 <0.001

Obesity (n = 567) 0.46 <0.001  0.50 <0.001 0.53 <0.001
Interaction P=0.590 Interaction P=0.715 Interaction P=0.592

Gestational weight gain

(kg)

<7kg(n=1638) 0.51 <0.001 0.51 <0.001 0.54 <0.001

7-11.9 kg (n =2877) 0.45 <0.001  0.46 <0.001 0.49 <0.001

>12 kg (n =2010) 0.45 <0.001 0.42 <0.001 0.47 <0.001
Interaction P=0.014 Interaction P<0.001 Interaction P=0.005

Parity

Nulliparous (n = 4666)  0.46 <0.001 044 <0.001 0.48 <0.001

Multiparous (n =3711) 0.46 <0.001  0.47 <0.001 0.50 <0.001
Interaction P=0.574 Interaction P=0.099 Interaction P=0.115

Highest completed

education

Primary school (n = 896) 0.42 <0.001 0.42 <0.001 0.46 <0.001

Secondary school

(n=3572) 0.47 <0.001  0.47 <0.001 0.49 <0.001

Higher education

(n =3244) 0.48 <0.001  0.46 <0.001 0.50 <0.001

Interaction P=0.693

Interaction P=0.968

Interaction P=0.615
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Supplementary Table S2.1.2. Maternal characteristics and blood pressure correlation coefficients' (continued)

Systolic blood pressure
Maternal characteristics Correlation CoefficientP-value

Diastolic blood pressure
Correlation Coefficient P-value

Mean arterial pressure
Correlation Coefficient P-value

Ethnicity

European (n = 4508) 0.47 <0.001 0.50 <0.001 0.52 <0.001

Non-European (n = 3335)0.42 <0.001 0.39 <0.001 0.43 <0.001
Interaction P=0.448 Interaction P<0.001 Interaction P=0.001

Alcohol consumption

No (n = 3620) 0.47 <0.001 0.46 <0.001  0.50 <0.001

Yes (n =3676) 0.46 <0.001 0.45 <0.001 0.49 <0.001
Interaction P=0.433 Interaction P=0.666 Interaction P=0.553

Smoking habits

None (n = 5045) 0.49 <0.001 0.47 <0.001 0.51 <0.001

Yes (n = 1847) 0.41 <0.001 0.42 <0.001 0.44 <0.001
Interaction P=0.072 Interaction P=0.079 Interaction P=0.042

Caffeine intake

No (n = 359) 0.47 <0.001 0.58 <0.001  0.56 <0.001

Yes (n = 7404) 0.46 <0.001 0.45 <0.001 0.49 <0.001

Interaction P=0.672

Interaction P=0.550

Interaction P=0.504

"Values are correlation coefficients from first to third trimester for systolic blood pressure, diastolic blood pressure and mean

arterial pressure.

Supplementary Figure $2.1.1. Correlation of blood pressure between first and second trimester
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Supplementary Figure $2.1.2. Correlation of blood pressure between second and third trimester
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Supplementary Figure $2.1.3. Correlation of blood pressure between first and third trimester
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Abstract

Background: It has been suggested that maternal vascular adaptations during pregnancy
differ between nulliparous and multiparous women. Therefore, we examined the asso-
ciations of parity with blood pressure, hemodynamic placental function during pregnan-
cy and the risks of gestational hypertensive disorders.

Methods: The study was embedded in a population-based prospective cohort study
among 8377 pregnant women. Information about parity and gravidity was obtained at
enrollment. Blood pressure was repeatedly measured in each trimester and mean pul-
satility and resistance indices of uterine artery were measured in second and third tri-
mesters. Information on gestational hypertension and pre-eclampsia was available from
medical records.

Results: As compared with nulliparous women, multiparous women had a lower systolic
and diastolic blood pressure in each trimester of pregnancy and slightly higher second
and third trimester uterine artery resistance and pulsatility indices (all P-values <0.05),
but a lower risk of third trimester uterine artery notching (Odds Ratio (OR) 0.67 (95%
Confidence Interval (Cl): 0.53, 0.84)). The risks of gestational hypertension and pre-
eclampsia were lower among multiparous women as compared with nulliparous women
(OR 0.32 (95% Cl: 0.24, 0.43) and OR 0.24 (95% ClI: 0.16, 0.37), respectively). Among
multiparous women only, we did not observe associations of parity with hemodynamic
parameters.

Conclusions: Nulliparous pregnant women have higher blood pressure levels throughout
pregnancy and higher risks of notching and gestational hypertensive disorders. The first
pregnancy might be a major risk factor for maternal hemodynamic maladaptations and
vascular complications. Further studies are needed to explore the underlying mecha-
nisms and consequences for fetal growth and development.
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Introduction

Gestational hypertension and pre-eclampsia are common pregnancy complications and
are considered to have at least part of their origin in cardiovascular maladaptation in
early pregnancy because of suboptimal placentation.l_3 Previously, we have shown that
maternal age, smoking, folic acid supplement use, and maternal caffeine intake influ-
ence maternal hemodynamic adaptations during pregnancy.‘l_6 During normal pregnan-
cy, physiological cardiovascular adaptations occur to meet demands of the rapidly de-
veloping fetus. These cardiovascular adaptations include an initial fall in systemic vascu-
lar tone in order to increase the cardiac output and an expanding plasma volume,””®
which subsequently leads to gradual lowering of the systolic and diastolic blood pres-
sure until mid-pregnancy and rise from mid-pregnancy to delivery.“’5 Cardiovascular
maladaptation during pregnancy may lead to gestational hypertension and pre-
eclampsia in extreme cases, but also to differences in blood pressure and hemodynamic
placental function within a normal population.” Parity might influence these cardiovas-
cular adaptations during pregnancy.”*®*" Blood pressure levels have been found to be
higher in nulliparous women than in multiparous women.”** Also, nulliparous women
seem to have a higher risk of pre-eclampsia and gestational hypertension as compared
with multiparous women,™ but results are not consistent."*® Not much is known
about the effect of parity on longitudinal blood pressure development and hemody-
namic placental function during pregnancy. It is also not known whether there is an
optimum number for previous pregnancies with regard to cardiovascular adaptations
during pregnancy.

Therefore, we examined in a population-based prospective cohort study among 8377
pregnant women, the associations of parity with blood pressure and hemodynamic
placental function in different trimesters and the risks of gestational hypertension and
pre-eclampsia.

Methods

Design

This study was embedded in the Generation R study, a population-based prospective
cohort study from early pregnancy onwards in Rotterdam, The Netherlands.””° The
study has been approved by the medical Ethical Committee of Erasmus Medical Center
in Rotterdam. Written consent was obtained from all participating women.”" All preg-
nant women were enrolled between 2001 and 2005. Response rate at birth was 61%.
Enrollment was aimed in first trimester, but allowed until delivery. In total, 8880 women
were enrolled during pregnancy. For the present study, we excluded women without
information about parity (n = 123). Next, we excluded women without any blood pres-
sure measurement (n = 18). Also, we excluded women with pre-existing hypertension
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(n = 145). Since we restricted our analysis to low risk pregnancies, we excluded preg-
nancies leading to fetal death (n = 70), induced abortion (n = 27), loss to follow-up (n =
30) and twin pregnancies (n = 90). Similar results were found after including fetal deaths
in the analyses. Thus, the cohort for analysis comprised 8377 women (Figure 2.2.1).

Figure 2.2.1. Flow chart of participants

Women enrolled during
pregnancy
n = 8880

Excluded: 123 women due to missing
information on parity and 18 women due to
missing blood pressure values

Women eligible for present
study
n=38739

Excluded: 145 women due to pre-existent
hypertension, 70 women due to fetal death;
90 women due twin pregnancy, 27 women
due to induced abortion, 30 women due to
loss to follow-up

Total population for analysis

n=8377

First trimester

Blood pressure measurements: n=6323
Second trimester

Blood pressure measurements: n=7831
Uterine artery resistance index measurements: n =4467
Uterine artery pulsatility index measurements: n=3703
Third trimester

Blood pressure measurements: n=7911
Uterine artery resistance index measurements: n=4370
Uterine artery pulsatility index measurements: n=3698

Parity and gravidity assessment

Information about parity and gravidity was obtained by questionnaire at enrollment.
First, parity was categorized into six categories (0, 1, 2, 3, 4, and >5). Because of smaller
number of cases, the highest three parity categories were combined for assessing the
associations of parity with risks of notching, gestational hypertension and pre-eclampsia
(0, 1, 2, and =3). Parity and gravidity were highly correlated (r = 0.82; P <0.001). Primary
analyses were performed for parity and sensitivity analyses were performed using gra-
vidity instead of parity to examine whether the associations differed between parity and
gravidity.
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Blood pressure measurement

Blood pressure was measured in each trimester with an Omron 907 automated digital
oscillometric sphygmomanometer, which was validated in adults (OMRON Healthcare
Europe B.V., Hoofddorp, The Netherlands).”” All participants were seated in upright
position with back support and were asked to relax for 5 minutes. A cuff was placed
around a nondominant upper arm which was supported at the level of the heart, with
bladder midline over the brachial artery pulsation. In case of an upper arm exceeding 33
cm, a larger cuff (32 — 42) was used. The mean value of two blood pressure readings
over a 60s interval was documented for each participant. For the analysis, 22.065 blood
pressure measurements were available. Three, two, and one blood pressure measure-
ments were available for 5816, 2056, and 505 women, respectively.

Hemodynamic placental function and placental weight measurement

Ultrasound examinations to assess uteroplacental vascular resistance were performed
in second trimester (gestational age 20 weeks) and third trimester (gestational age 30
weeks). Uteroplacental vascular resistance was assessed by uterine artery resistance
index, uterine artery pulsatility index and presence of third trimester notching in uterine
arteries. The right and left uterine arteries were identified at the apparent crossover
with external iliac arteries on color Doppler and pulsed wave Doppler was used to ob-
tain the waveforms. The high-pass filter was set at 100 Hz and the transducer was
placed in the lower lateral quadrant of the abdomen angled medially. The insonation
angle was kept as close to 0° as possible and always below 20°. Only wave-forms with
clear outline were accepted. For each measurement, three consecutive uniform wave-
forms were recorded by pulsed Doppler ultrasound during fetal apnea and without fetal
movements. The mean of three measurements was used for further analyses. Raised
uterine artery resistance indices indicate increased placental resistance.”” A notch,
which reflects an abnormal waveform resulting from increased blood flow resistance in
uterine artery, was considered to be present when there was a clearly defined upturn of
the flow velocity waveform at the beginning of diastole, which was present in all three
waveforms, on both occasions when each uterine artery was sampled.24 Medical rec-
ords completed by midwives and obstetricians were used to obtain information about
placental weight (g). Placental function was measured in one of the two research cen-
tersin n =4467 and n = 4370 women for uterine artery resistance index and in n = 3703
and n = 3698 women for uterine artery pulsatility index in second and third trimester,
respectively.

Gestational hypertension and pre-eclampsia

Information on pregnancy complications was obtained from medical records. Women
suspected of pregnancy complications based on these records were crosschecked with
the original hospital charts. Details of these procedures have been described
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elsewhere.” Briefly, the following criteria were used to identify women with gestational
hypertension: development of systolic blood pressure >140 mmHg and/or diastolic
blood pressure 290 mmHg after 20 weeks of gestation in previously normotensive
women. These criteria plus the presence of proteinuria (defined as two or more dipstick
reading of 2+ or greater, one catheter sample reading of 1+ or greater, or a 24-h urine
collection containing at least 300 mg of protein) were used to identify women with pre-
eclampsia.

Covariates

Gestational age was established by fetal ultrasound examination during first ultrasound
visit.”” Maternal age was assessed at intake. Weight and height were repeatedly meas-
ured and body mass index was calculated for each trimester.”® Information about edu-
cational level, ethnicity, and folic acid supplementation use was obtained at enrollment.
Information about smoking and alcohol consumption was assessed by questionnaires in
each trimester.

Statistical analysis

First, the associations of parity with repeatedly measured systolic and diastolic blood
pressures were analyzed using unbalanced repeated measurement regression models.
These models take the correlation between repeated measurements of the same sub-
ject into account, and allow for incomplete outcome data.”’ They are described in detail
in the Supplementary material. In short, using fractional polynomials of gestational age,
the best fitting models were constructed. Parity categories were included in these mod-
els as intercept and as an interaction term with gestational age. Next, we examined the
associations of parity with systolic and diastolic blood pressure in each trimester and
with placental vascular resistance (uterine artery resistance index and uterine artery
pulsatility index) in second and third trimester using linear regression models. For these
models, we examined whether the residuals were normally distributed using normal
probability plots, whether the variance of the residuals was homoscedastic and whether
the regression models were linear.”® The associations of parity with the risks of third
trimester notching, gestational hypertension and pre-eclampsia were assessed using
multiple logistic regression models. All models were adjusted for maternal age, gesta-
tional age at enrollment, gestational age at time of measurement, educational level,
ethnicity, smoking habits, alcohol consumption and folic acid supplement use. Maternal
age and body mass index were entered into linear and logistic regression models as
continuous variables. We used Markov chain Monte Carlo approach for multiple impu-
tation of missing values in the covariates. Five imputed datasets were created and ana-
lyzed together. The percentages of missing values within population for analysis were
lower than 15% except for folic acid supplement use (25.2%).The repeated measure-
ment analyses were performed using SAS version 9.2 (SAS, Cary, NC), including the Proc
Mixed module for unbalanced repeated measurements. All other analyses were
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performed using Statistical Package of Social Sciences version 17.0 for Windows (SPSS,
Chicago, IL, USA).

Results

Subject characteristics

Table 2.2.1 shows subject characteristics according to parity. Multiparous women were
more frequently less higher educated, of non-European origin and were less likely to
consume alcohol during pregnancy. From first trimester onwards, systolic and diastolic
blood pressure levels were lower among multiparous women (Table 2.2.2).

Table 2.2.1. Subjects’ characteristics by parity (n = 8377)"

Parity 0 1 2 3 4 25
n=4666 n=2499 n=_858 n=254 n=68 n=32 P-value®

Maternal characteristics

Age, years 28.3(5.3) 30.5 (4.8) 32.1(4.3) 33.1(4.1) 35.3(3.6) 36.4(3.9) <0.001
Body mass index, kg/m’ 24.2 (4.1) 24.9 (4.4) 26.3 (4.8) 27.6(5.2) 28.3 (4.4) 27.8(3.8) <0.001
Gestational age at 14.2 14.3 15.4 15.9 17.5 20.6 <0.001
intake, weeks’ (10.3,24.9) (10.1,24.9) (105,30.1) (11.1,31.2) (11.6,33.1) (9.1,33.6)
Education, %
Primary school 7.9 11.8 22,5 33.6 47.3 69.8 <0.001
Secondary school 47.4 45.3 43.6 44.8 49.1 21.8
Higher education 44.7 42.9 339 21.6 3.6 8.4
Ethnicity, %
European 60.6 59.8 44.6 29.8 18.3 18.3 <0.001
Non-European 394 40.2 55.4 70.2 81.7 81.7
Alcohol consumption, %
No 63.2 59.8 65.9 77.0 86.5 86.4 <0.001
Yes 36.8 40.2 34.1 23.0 135 136
Smoking habits, %
No 83.0 82.8 82.4 83.4 78.8 81.0 <0.001
Yes 17.0 17.2 17.6 16.4 21.2 19.0
Folic acid supplements, %
None 23.0 30.2 48.7 65.0 82.2 95.2 <0.001
1% 10 weeks 34.4 28.8 26.1 16.0 15.6 -
Periconception use 42.6 41.0 25.2 19.0 2.2 4.8
Pregnancy complications, %
Pre-eclampsia 3.0 1.2 0.2 2.4 - - <0.001
Gestational
hypertension 5.2 2.4 1.5 2.4 1.5 3.2 <0.001

'Values are means (standard deviation) or percentages. ’Median (95% range). *Differences in subject characteristics between
groups were evaluated using one-way-ANOVA-tests for continuous variables and Chi-square tests for proportions.
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Table 2.2.2. Blood pressure and placental flow characteristics by parity (n = 8377)"

Parity 0 1 2 3 4 25
n =4666 n=2499 n =858 n=254 n=68 n=32 P-value’

First trimester
Systolic blood pressure (mmHg)  115.9(12.2) 114.2(11.7) 114.4(11.5) 114.3 (11.2) 113.2(12.7) 112.0 (11.9) <0.001
Diastolic blood pressure (mmHg) 68.4 (9.3) 67.1(9.3) 67.6(89) 683(8.6) 67.6(11.7) 68.2(10.2) <0.001
Second trimester
Systolic blood pressure (mmHg)  117.5(11.8) 115.1(11.7) 114.7 (11.7) 115.2(11.1) 115.9 (12.3) 112.8 (13.6) <0.001
Diastolic blood pressure (mmHg) 67.6 (9.0) 65.9(9.2) 66.1(9.1) 66.7(9.0) 68.2(10.1) 64.2(7.7) <0.001
Uterine artery

resistance index 0.53(0.09) 0.54(0.08) 0.55(0.09) 0.56(0.08) 0.56(0.08) 0.60(0.09) <0.001
Uterine artery
pulsatility index 0.89(0.27) 0.90(0.25) 0.91(0.26) 0.94(0.25) 0.96(0.30) 1.11(0.42) 0.01

Third trimester
Systolic blood pressure (mmHg) ~ 119.2 (11.8) 116.6(11.7) 116.2 (12.1) 116.0 (10.9) 117.0 (12.1) 115.6 (13.7) <0.001
Diastolic blood pressure (mmHg) 69.9 (9.0) 67.5(9.0) 67.1(9.4) 67.5(86) 68.0(10.0) 70.3(10.6) <0.001
Uterine artery

resistance index 0.47(0.08) 0.48(0.07) 0.49(0.07) 0.51(0.07) 0.51(0.07) 0.53(0.06) <0.001
Uterine artery
pulsatility index 0.72(0.19) 0.74(0.18) 0.75(0.18) 0.82(0.20) 0.77(0.17) 0.83(0.15) <0.001

'Values are means (standard deviation). Differences in subject characteristics between groups were evaluated using one-
way-ANOVA-tests for continuous variables.

Parity and blood pressure in different trimesters

Figure 2.2.2 shows that longitudinal measured systolic blood pressure throughout preg-
nancy was highest among nulliparous women. Also, the greatest increase in systolic
blood pressure occurred among nulliparous women. Diastolic blood pressure showed a
mid-pregnancy dip for all parity categories. The steepest increase in diastolic blood
pressure was observed in nulliparous women and in women with five or more children.
The exact regression coefficients are given in Supplementary Table S2.2.1. Cross-
sectional analyses showed that, as compared with nulliparous women, multiparous
women had lower first, second, and third trimester systolic blood pressure (differences
for multiparous vs. nulliparous women: =2.17 mmHg (95% Confidence Intervals (Cl):
-2.77, =1.58), =2.74 mmHg (95% Cl: -3.27, -2.22), and -2.83 mmHg (95% Cl: -3.36,
-2.29), respectively) and diastolic blood pressure (differences: -1.78 mmHg (95% Cl:
-2.25, -1.31), -2.29 mmHg (95% Cl: -2.71, -1.88), and -3.05 mmHg (95% CI. -3.47,
-2.65), respectively). Similar differences for systolic and diastolic blood pressure were
found when we used gravidity instead of parity (Supplementary Tables S2.2.2 and
S2.2.3).

Parity, hemodynamic placental function and placental weight

Table 2.2.3 shows that as compared with nulliparous women, multiparous women had
slightly higher uterine artery resistance index (differences in uterine artery resistance
indices in second and third trimester: 0.007 (95% ClI: 0.001, 0.013), 0.007 (95% ClI:
0.001, 0.013), respectively). We observed similar tendencies for second and third tri-
mester uterine artery pulsatility indices. As compared with nulliparous women, multipa-
rous women had a higher placental weight (difference in placental weight: 23.15 g (95%
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Cl: 15.11, 31.19).When we used gravidity instead of parity, we observed similar results
(Supplementary Table S2.2.4).

Figure 2.2.2. Blood pressure patterns during pregnancy in different categories of parity
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2.2.2b. Diastolic blood pressure

Change patterns in systolic and diastolic blood pressure in mmHg during pregnancy for women who had given birth once,
women who had given birth twice, women who had given birth thrice, women who had given birth four times and women
who had given birth five times or more as compared with women who had not given birth before based on repeated
measurement analysis. Systolic blood pressure (SBP) = By + B1 x parity + B, x gestational age + B; x gestational age'2 + By x
parity x gestational age. Diastolic blood pressure (DBP) = By + B x parity + B, x gestational age + B; x gestational age™ + B, x
parity x gestational age. In these models ‘By + By x parity’ reflects the intercept and ‘B, x gestational age + B3 x gestational
age'zy reflects the slope of change in blood pressure per week for systolic blood pressure, and ‘B, x gestational age + B3 x
gestational age”™ reflects the slope of change in blood pressure per week for diastolic blood pressure. Our term of interest
was ‘By x parity x gestational age’ which reflects the difference in change in blood pressure per week per parity category for
either systolic or diastolic blood pressure. Estimates and P-values are given in Supplementary Table 52.2.1.
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Parity and risk of notching and gestational hypertensive disorders

The risk of notching was decreased among multiparous women as compared with nul-
liparous women (Odds Ratio (OR) 0.67 (95% Cl: 0.53, 0.84). As compared with nullipa-
rous women, the risks of gestational hypertension and pre-eclampsia were lower
among multiparous women (OR 0.32 (95% Cl: 0.24, 0.43), OR 0.24 (95% ClI: 0.16, 0.37)
for gestational hypertension and pre-eclampsia, respectively) (Table 2.2.4). Among mul-
tiparous women only, we did not observe consistent associations of parity with the risks
of gestational hypertensive disorders. Effect estimates in unadjusted analyses showed a
similar direction and strength as compared with the full model. Using gravidity instead
of parity, we observed similar results (Supplementary Table S2.2.5).

Table 2.2.3. Associations of parity with uterine artery vascular resistance and placental weight (n = 8377)"

Third trimester
uterine artery
pulsatility index’

Second trimester
uterine artery
pulsatility index®

Third trimester
uterine artery
resistance index’

Second trimester
uterine artery
resistance index*

Differences in
placental Weightz’8

Parity n=4467 n=4370 n=3703 n=3698 n=6049

0 Reference Reference Reference Reference Reference
n=2558 n=2487 n=2131 n=2115 n=3466

>1 0.007 (0.001, 0.013)  0.007 (0.001, 0.013)  0.009 (-0.010, 0.038) 0.009 (-0.004, 0.023) 23.15 (15.11, 31.19)*
n=1909 n=1883 n=1572 n=1583 n=2583

1 0.006 (0, 0.012) 0.005 (-0.001, 0.11)  0.006 (-0.014,0.03) 0.006 (-0.008,0.02) 23.37(14.81,31.93)*
n=1328 n=1311 n=1091 n=1098 n=1729

2 0.009 (-0.001, 0.019) 0.008 (0, 0.017) 0.013 (-0.019, 0.05)  0.008 (-0.015,0.03) 22.79(9.52, 36.05)*
n=412 n=420 n=344 n=353 n=602

3 0.021(0.004,0.04)  0.026 (0.011, 0.04)*  0.035(-0.022,0.09)  0.068 (0,029, 0.11)*  39.46 (16.92, 62.00)*
n=124 n=119 n=101 n=102 n=179

4 0.021 (-0.009, 0.05)  0.012 (-0.017,0.04)  0.046 (-0.060, 0.15)  0.006 (-0.076,0.09)  79.99 (39.46, 120.56)*
n=35 n=25 n=27 n=22 n=52

>5 0.055 (-0.001,0.11)  0.029 (-0.024,0.08)  0.193 (0.015,0.37)  0.066 (-0.068,0.19) -6.84 (-69.57, 55.89)
n=10 n=8 n=9 n=8 n=21

Trend®  0.006 (0.003, 0.01)*  0.005 (0.002, 0.01)* 0.012(-0.001, 0.02)  0.010(0.002, 0.02)* 13.34 (8.69, 17.99)*

'Values are regression coefficients (95% Confidence Interval) and reflect differences in uterine artery resistance and pulsatility
indices and placental weight for different parity categories as compared to nulliparous women. All values were adjusted for
gestational age at time of measurement, maternal age, body mass index, ethnicity, education, folic acid supplementation,
smoking and alcohol consumption. *Differences in placental weight (g) for different parity categories as compared to
nulliparous women. *Tests for trend were based on multiple linear regression models with parity as a continuous variable. R’
=0.2.°R*=0.2.°R"=0.2.R* = 0.2.°R” = 0.5. *P-value <0.05.

Discussion

Results from this prospective population-based cohort study showed that as compared
with multiparous women, nulliparous women have a higher systolic and diastolic blood
pressure in each trimester of pregnancy and lower uterine artery resistance indices.
Nulliparous women had higher risks of third trimester uterine artery notching, and
higher risks of gestational hypertension and pre-eclampsia. We did not observe signifi-
cant associations of parity with placental hemodynamics among multiparous women.
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Table 2.2.4. Associations of parity with notching and gestational hypertensive disorders (n = 8377)"

Notching Gestational hypertension Pre-eclampsia
Parity OR (95% Cl) OR (95% Cl) OR (95% Cl)
0 Reference Reference Reference
n =4666 Neases = 314 Negses = 228 Negses = 131
>1 0.67 (0.53, 0.84)* 0.32 (0.24, 0.43)* 0.24 (0.16, 0.37)*
n=3711 Negses = 156 Negses = 78 Negses = 36
1 0.67 (0.52, 0.85)* 0.37(0.27, 0.50)* 0.31(0.20, 0.48)*
n=2499 Negses = 108 Negses = 57 Neases = 28
2 0.59 (0.39, 0.90)* 0.19(0.10, 0.35)* 0.04 (0.01, 0.19)*
n=_858 Negses = 32 Negses = 13 Negses = 2
>3 0.86 (0.48, 1.54) 0.28(0.12,0.61)* 0.25(0.10, 0.63)*
n=354 Negses = 16 Negses = 8 Neases = 6
Trend’ 0.81(0.71, 0.94)* 0.49 (0.40, 0.60)* 0.39(0.29, 0.52)*

'Values are Odds Ratio and 95% Confidence Interval that indicate the differences in risks of developing a notch, gestational
hypertension and pre-eclampsia in different categories of parity compared to reference group of nulliparous women. Values
were adjusted for maternal age, body mass index, educational level, ethnicity, folic acid supplements, smoking and alcohol
consumption. “Tests for trend were based on logistic regression models with parity as a continuous variable. *P-value <0.05.

Methodological considerations

One of the strengths of this study was the prospective data collection from early preg-
nancy onwards. We had a large sample size of 8377 participants with 22.065 blood
pressure measurements. The response rate of the study was 61%. The percentages of
women from ethnic minority groups and lower socio-economic status were slightly
lower than expected from population figures in Rotterdam. This might indicate a selec-
tion toward a relatively healthy population, and might affect the generalizability of our
results. However, it is unlikely that non-response has led to biased estimates, because
biased estimates in large cohort studies mainly arise from loss to follow-up rather than
from nonresponse at baseline.”® Furthermore, not all women were already enrolled in
the study in first trimester. Therefore, we did not have first trimester blood pressure
measurements in ~25% of the participating women.”® It seems unlikely that late enroll-
ment has biased our results. We observed small differences in the associations of parity
with the risk of gestational hypertensive disorders between women who were enrolled
during first trimester or later in pregnancy. Detailed information about a large number
of potential confounding factors was available in this study. However, because of the
observational design, residual confounding because of other socio-demographic and
lifestyle related determinants might still be an issue. In addition, information on many
covariates in this study was self-reported, which may have resulted in underreporting of
certain adverse lifestyle related determinants. Blood pressure and uteroplacental vascu-
lar resistance indices measurements provided only a fraction of 24h profile and may
have been conducted under circumstances that influenced the measurements, which
might have led to random misclassification and an underestimation of the observed
differences. Finally, we had relatively small numbers of women with notching (n = 470),
gestational hypertension cases (n = 306) and pre-eclampsia cases (n = 167). This might
also reflect a selection toward a relatively healthy, low risk population.

51



52

CHAPTER 2.2

Parity, blood pressure, and hemodynamic placental function

Higher parity and gravidity have been hypothesized as possible protective factors for
gestational hypertensive disorders. We have shown that parity influences systolic and
diastolic blood pressure levels during pregnancy from first trimester onwards. For all
parity categories, parous women had lower blood pressure levels as compared with
nulliparous women in each trimester. This is in accordance with observations in smaller
previous studies.””> A study among 6662 women observed higher mean blood pressure
levels in nulliparous gravidas compared with blood pressure levels in parous gravidas.®
Another study among 600 pregnant women showed a greater increase of blood pres-
sure in nulliparous than in multiparous women during pregnancy.” However, not all
previous studies showed associations of parity with blood pressure.ls’30 A study among
a small cohort of 205 normotensive white pregnant women did not observe differences
in blood pressure in relation to parity.'® In another prospective cohort study among 366
pregnant women, there was no difference in arterial blood pressure during pregnancy
between nulliparous and multiparous women who remained normotensive during
pregnancy.30 These differences in results might be explained by the smaller study sam-
ples and selection of study participants. In our study, additional exclusion of women
with gestational hypertension and pre-eclampsia from our analysis did not change our
results (data not shown).

Results in our study indicate that nulliparous women had a lower uterine artery re-
sistance but a higher risk of notching. These results are in line with a previous study
among 4132 pregnancies uncomplicated by pre-eclampsia, which observed slightly
higher uterine artery resistance index values but less prevalent notching in parous
women when compared with nulliparous women.” These findings might be explained
by effects of parity on spiral arteries. During early placentation, trophoblastic cells infil-
trate thick-walled spiral arteries and transform them into thin-walled vessels that can
dilate and accommodate increased uteroplacental blood flow. It is possible that some
permanent modifications persist in maternal vessels as an effect of this process, altering
their compliance in future pregnancies. These changes may explain the lower preva-
lence of notches we observed in multiparous women.

Parity and risk of gestational hypertension and pre-eclampsia

Nulliparous women had a higher risk of developing both gestational hypertension and
pre-eclampsia. Multiple previous studies have examined the associations of parity with
gestational hypertensive complications.l’14 A systemic review of 52 studies reported an
increased risk of pre-eclampsia in nulliparous women.* The mechanisms by which nul-
liparous women might have higher blood pressure levels throughout pregnancy and
higher risks of gestational hypertensive disorders are not fully understood. It has been
suggested that immunological and cardiovascular adaptations occur during the first
pregnancy that might trigger altered cardiovascular responses in subsequent pregnan-
cies.”*” Another possible mechanism is that initial maternal rejection of placental
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cytotrophoblasts lead to inadequately remodeled spiral arteries during first pregnan-
cy.3’3l'32 This might lead to shallow implantation and consequently to downstream hy-
poxia and appearance of maternal symptoms. In line with this hypothesis, we observed
that placental weight was lower among nulliparous women. It is possible that some
modifications that lead to a more positive immune response in future pregnancies per-
sist in maternal vessels as an effect of this process.”* Furthermore, the hormonal milieu
of pregnancy has been shown to influence vessel structure, basal tone and reactivity via
receptors for chorionic gonadotropin, estradiol, and progesterone located in vascular
endothelium and smooth muscles.'** Studies have suggested that these changes occur
in early pregnancy and that they might persist.""** This might partly explain the underly-
ing pathway of the observed associations between parity and blood pressure and the
risk of gestational hypertensive disorders.

Conclusion

Parity has been suggested as a risk factor for gestational hypertensive disorders. Our
study showed that as compared with multiparous women, nulliparous women have
higher systolic and diastolic blood pressure in each trimester of pregnancy, and higher
risks of third trimester uterine artery notching, and gestational hypertension and pre-
eclampsia. We did not observe significant associations of parity with placenta hemody-
namics among multiparous women. The first pregnancy might be a major risk factor for
hemodynamic maladaptations and vascular complications. Future studies focused on
mechanisms underlying the observed associations, particularly focused on early gesta-
tion are needed.
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Supplementary Material

Supplementary Methods $2.2.1. Unbalanced repeated measurements regression models

The associations of parity with repeatedly measured systolic and diastolic blood pressure were analysed using unbalanced
repeated measurement regression models. These models take the correlation between repeated measurements of the same
subject into account, and allow for incomplete outcome data. Using fractional polynomials of gestational age, the best fitting
models were constructed (1). For this analysis, parity was categorized into 6 groups (0; 1; 2; 3; 4; 25) and included in these
models as intercept and as an interaction term with gestational age. These models can be written as:

Systolic blood pressure = B+ R x parity + R, x gestational age + Ry x gestational age” + R, x parity x gestational age

Diastolic blood pressure = 8o+ 3, x parity + 8, x gestational age + B3 x gestational age05 + [, x parity x gestational age

In these models, ‘By+ B x parity’ reflects the intercept. The intercept reflects the mean systolic and diastolic blood pressure
value for these parity categories. ‘B, x gestational age + 3 x gestational age'z'reflects the slope of change in blood pressure
per week for systolic blood pressure, and ‘B, x gestational age + B, x gestational age™ reflects the slope of change in blood
pressure per week for diastolic blood pressure. Main interest was in the term ‘R, x parity x gestational age’, which reflects the
difference in change in blood pressure per week between the different parity categories for systolic and diastolic blood
pressure. The exact regression coefficients for gestational age independent (intercept) and gestational age dependent
differences (interaction parity and gestational age) are given in the Supplementary Table $2.2.1 below.
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Supplementary Table $2.2.1. Longitudinal associations between parity and systolic and diastolic blood pressure®

Parity Intercept (mmHg) P-value® Interaction (mmHg) (95% ClI) P-value’

Differences in systolic blood pressure

0 111.51 <0.0001 Reference

1 110.10 0.003 -0.038 (-0.07, -0.001) 0.04

2 110.28 0.113 -0.068 (-0.12, -0.01) 0.02

3 112.32 0.55 -0.144 (-0.24, -0.03) 0.006

4 109.47 0.48 0.002 (-0.21, 0.21) 0.98

>5 106.48 0.30 0.054 (-0.31, 0.41) 0.76
Differences in diastolic blood pressure

0 98.25 <0.0001 Reference

1 98.05 0.59 -0.073 (-0.10, -0.04) <0.0001
2 99.20 0.11 -0.12 (-0.16, -0.07) <0.0001
3 100.67 0.02 -0.15 (-0.24, -0.07) <0.0001
4 100.28 0.36 -0.11 (-0.27, 0.05) 0.20

>5 94.91 0.37 0.09 (-0.18, 0.37) 0.50

"Values are based on repeated non-linear regression models and reflect the change in blood pressure in mmHg per parity
category compared to the reference group of nulliparous women. ’p-value reflects the significance level of the estimate.
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Supplementary Table 52.2.2. Cross-sectional associations of parity with blood pressure (n = 8377)"”

First trimester

Second trimester

Third trimester

Parity n=6323 n=7831 n=7911
Differences in systolic blood pressure®

0 Reference Reference Reference
n=3627 n=4410 n=4448

>1 -2.17 (-2.77, -1.58)* 2,74 (-3.27,-2.22)* -2.83(-3.36, -2.29)*
n=2696 n=3421 n=3463

1 -2.17 (-2.80, -1.53)* -2.60 (-3.16, -2.03)* -2.70(-3.29, -2.13)*
n=1912 n=2333 n=2354

2 -2.15(-3.20, -1.11)* -3.22 (-4.11, -2.33)* -3.20 (-4.10, -2.30)*
n=>569 n=774 n=791

3 -2.38(-4.18, -0.57)* -3.10 (-4.63, -158)* -3.39 (-4.93, -1.84)*
n=167 n=229 n=231

4 -2.40 (-6.09, 1.28) -2.28(-5.10, 0.53) -1.78 (-4.69, 1.11)
n=37 n=62 n=60

>5 -4.16 (-10.85, 2.51) -5.01 (-9.54, -0.48)* -2.77 (-7.03, 1.48)
n=11 n=23 n=27

Trend’ -1.14 (-1.51, -0.76)* -1.41(-1.73, -1.09)* -1.37(-1.69, -1.05)*
Differences in diastolic blood pressureB

0 Reference Reference Reference
n=3627 n=4410 n=4448

>1 -1.78 (-2.25,-1.31)* -2.29 (-2.71,-1.88)* -3.05 (-3.47, -2.65)*
n=2696 n=3421 n=3463

1 -1.77 (-2.26, -1.27)* -2.16 (-2.60, -1.72)* -2.82(-3.26,-2.37)*
n=1912 n=2333 n=2354

2 -1.85 (-2.66, -1.03)* -2.68 (-3.38,-1.98)* -3.75 (-4.45, -3.05)*
n=>569 n=774 n=791

3 -1.76 (-3.17,-0.35)* -2.89 (-4.08, -1.70)* -3.96 (-5.16, -2.76)*
n=167 n=229 n=231

4 -1.73 (-4.60, 1.14) -2.01(-4.22,0.18) -3.62 (-5.88, -1.36)*
n=37 n=62 n =60

>5 -2.38(-7.57, 2.81) -5.92(-9.47,-2.38)* -1.02 (-4.35, 2.30)
n=11 n=23 n=27

Trend’ -0.91 (-1.20, -0.61)* -1.22(-1.47, -0.98)* -1.54(-1.79, -1.29)*

'Values are regression coefficients (95% Confidence Interval) that reflect the difference in blood pressure in mmHg between
parity categories as compared to the reference group of nulliparous women. Estimates are from multiple imputed data.
’Models were adjusted for gestational age at visit, maternal age, body mass index, educational level, ethnicity, folic acid
supplement use, smoking habits and alcohol consumption. *Tests for trend were based on multiple linear regression models
with parity as a continuous variable. "R? for systolic blood pressure in first, second and third trimester = 0.16, 0.16, 0.15,
respectively. ®R? for diastolic blood pressure in first, second and third trimester=0.16, 0.16, 0.14, respectively. *P-value <0.05.
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Supplementary Table $2.2.3. Cross-sectional associations of gravidity with blood pressure (n = 8377)"”

First trimester

Second trimester

Third trimester

Gravidity n=6323 n=7831 n=17911
Differences in systolic blood pressure

1 Reference Reference Reference
n=2895 n=3471 n=3504

2 -1.90 (-2.55, -1.25)* -1.77 (-2.34, -1.18)* -1.62(-2.21, -1.03)*
n=1942 n=2374 n=2397

3 -1.84 (-2.71, -0.96)* -2.49 (-3.25,-1.72)* -1.98 (-2.75, -2.21)*
n=879 n=1137 n=1158

4 -3.01(-4.28,-1.73)* -2.94 (-4.02,-1.87)* -3.54 (-4.63, -2.45)*
n=355 n=499 n=501

5 -2.04 (-3.94,0.13) -2.01(-3.57, -0.43)* -0.65 (-2.25, 0.95)
n=147 n=212 n=209

>6 -1.71(-3.95, 0.54) -3.55 (-5.49, -1.62)* -3.42(-5.37, 1.48)*
n=105 n=138 n=142

Trend’ -0.68 (-0.94, -0.42)* -0.78 (-1.01, -0.56)* -0.66 (-0.88, -0.43)*
Differences in diastolic blood pressure

1 Reference Reference Reference
n=2895 n=3471 n =3504

2 -1.27 (-1.77, -0.76)* -1.62 (-2.07, -1.16)* -1.98 (-2.44, -1.53)*
n=1942 n=2374 n=2397

3 -1.10 (-1.78, -0.42)* -1.76 (-2.36, -1.16)* -2.64 (-3.24, -2.03)*
n=879 n=1137 n=1158

4 -2.11(-3.11,-1.11)* -2.42(-3.26,-1.58)* -3.49 (-4.34,-2.65)*
n=355 n=499 n=>501

5 -1.27(-2.76,0.22) -2.07 (-3.31, 0.84)* -2.48(-3.74,-1.23)*
n=147 n=212 n =209

>6 -0.63 (-2.39, 1.13) -2.12 (-3.63, -0.60)* -2.43(-3.95, 0.91)*
n=105 n=138 n=142

Trend’ -0.42 (-0.63, -0.22)* -0.58 (-0.75, -0.41)* -0.77 (-0.94, -0.59)*

'Values are regression coefficients (95% Confidence Interval) that reflect the difference in blood pressure in mmHg between
gravidity categories as compared to the reference group of women who were pregnant for the first time. Estimates are from
multiple imputed data. “Models were adjusted for gestational age at visit, maternal age, body mass index, educational level,
ethnicity, folic acid supplement use, smoking habits and alcohol consumption. *Tests for trend were based on multiple linear
regression models with gravidity as a continuous variable. *P-value <0.05.
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Supplementary Table $2.2.4. Associations of gravidity with uterine artery vascular resistance and placental weight (n = 8377)

1

Second trimester
uterine artery
resistance index

Third trimester
uterine artery
resistance index

Second trimester
uterine artery
pulsatility index

Third trimester
uterine artery
pulsatility index

Differences in
placental weight2

Gravidity n=4467 n=4370 n=3703 n=3698 n =6049

1 Reference Reference Reference Reference Reference
n=2014 n=1978 n=1686 n=1690 n=2755

2 0(-0.006, 0.006) 0.002 (-0.003,0.08)  -0.012 (-0.033, 0.009) 0.003 (-0.012, 0.017) 15.29 (6.49, 24.09)*
n=1370 n=1338 n=1116 n=1116 n=1744

3 0.004 (-0.004, 0.013)  0.009 (0.002, 0.016)  -0.006 (-0.033,0.022) 0.015 (-0.004, 0.035) 26.40 (14.92, 37.88)*
n=619 n=630 n=516 n=531 n=877

4 0.021(0.01,0.033)*  0.017 (0.007, 0.027)* 0.027 (-0.013,0.066) 0.03 (0.002, 0.05)*  31.69 (15.69, 47.68)*
n=273 n=254 n=224 n=212 n=385

5 0.016 (-0.001, 0.033) 0.022 (0.007, 0.038)* 0.053 (-0.003, 0.11) 0.007 (-0.035, 0.049) 23.9(0.5, 47.68)
n=118 n=102 n=99 n=388 n=167

>6 0.018 (-0.003, 0.04) 0.018 (-0.001, 0.037) 0.063 (-0.008, 0.135) 0.048 (-0.002,0.098) 5.5 (-21.91, 33.09)
n=73 n=68 n=62 n=61 n=121

Trend®  0.004 (0.002, 0.007)* 0.005 (0.002, 0.007)* 0.008 (0, 0.017) 0.007 (0.001, 0.013)  5.85 (2.62, 9.07)*

Values are regression coefficients (95% Confidence Interval) and reflect differences in uterine artery resistance and pulsatility
indices and placental weight for different categories of gravidity compared to women who were pregnant for the first time.
All values were adjusted for gestational age at time of measurement, maternal age, body mass index, ethnicity, education,
folic acid supplementation, smoking and alcohol consumption. “Differences in placental weight (g) for different categories of
gravidity as compared to women who were pregnant for the first time. *Tests for trend were based on multiple linear
regression models with gravidity as a continuous variable. *P-value <0.05.

Supplementary Table $2.2.5. Associations of gravidity with risks of notching and gestational hypertensive disorders’

Notching Gestational hypertension Pre-eclampsia

Gravidity OR (95% CI) OR (95% Cl) OR (95% Cl)

1 n=3684 Reference Reference Reference
Neases = 239 Neases = 191 Neases = 111

2 n=2518 0.82 (0.65, 1.04) 0.48 (0.36, 0.64)* 0.39 (0.26, 0.58)*
Neases = 129 Neases = 74 Neases = 35

3 n=1232 0.78 (0.57, 1.08) 0.29 (0.18, 0.45)* 0.18 (0.09, 0.36)*
Neases = 58 Negses = 26 Neoses = 10

24 n=943 0.98 (0.67, 1.42) 0.21(0.11,0.37)* 0.21(0.10, 0.42)*
Neases = 44 Neases = 15 Neases = 11

Trend’ 0.97(0.88, 1.07) 0.63(0.54, 0.73)* 0.53(0.43, 0.65)*

'Values are Odds Ratio and 95% Confidence Interval that indicate the differences in risks of notching, gestational
hypertension and pre-eclampsia in different categories of gravidity compared to reference group of women were pregnant
for the first time. Values were adjusted for maternal age, body mass index, educational level, ethnicity, folic acid
supplementation, smoking and alcohol consumption. “Tests for trend were based on logistic regression models with gravidity
as a continuous variable. *P-value <0.05.
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Abstract

Background: We examined the associations of maternal parity with fetal and childhood
growth characteristics, and childhood cardio-metabolic risk factors in a population-
based prospective cohort study among 9031 mothers and their children.

Methods: Fetal and childhood growth were repeatedly measured. We measured child-
hood anthropometrics, body fat distribution, left ventricular mass, blood pressure,
blood lipids and insulin levels at the age of 6 years.

Results: As compared to nulliparous mothers, multiparous mothers had children with
higher third trimester fetal head circumference, length and weight growth and lower
risks of preterm birth and small size for gestational age at birth, but a higher risk of large
size for gestational age at birth (P-values <0.05). Children from multiparous mothers
had lower rates of accelerated infant growth, and lower levels of childhood body mass
index, total fat mass percentage and total- and LDL-cholesterol than children of nullipa-
rous mothers (P-values <0.05). They also had a lower risk of childhood overweight
(Odds Ratio (OR) 0.75 (95% Confidence Interval (Cl): 0.63, 0.88)) and tended to have a
lower risk of childhood clustering of cardio-metabolic risk factors (OR 0.82 (95% ClI:
0.64, 1.05)). Among children from multiparous mothers, we observed consistent
tendencies towards lower risks of childhood overweight and lower cholesterol levels
with increasing parity (P-value <0.05).

Conclusions: Offspring from nulliparous mothers have lower fetal but higher infant
growth rates and higher risks of childhood overweight and adverse metabolic profile.
Maternal nulliparity may have persistent cardio-metabolic consequences for the off-

spring.
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Introduction

The first pregnancy is associated with maternal hemodynamic maladaptations and
higher risks of vascular complications during pregnancy.”” Maternal and placental he-
modynamic maladaptations may adversely affect fetal nutrient supply and fetal growth.
Previous studies showed that nulliparous mothers have higher risks of delivering small
size for gestational age children.*” Fetal growth restriction and small size for gestational
age at birth are associated with increased risks of neonatal morbidity and mortality, and
with higher risks of obesity, higher blood pressure levels and insulin resistance in child-
hood and adulthood.®"® Most previous studies used birth weight as proxy for early
growth but did not examine the associations of maternal parity with longitudinally
measured fetal and childhood growth characteristics. Also, whether maternal nulliparity
has persistent cardio-metabolic consequences for the offspring remains unclear.

Therefore, in a population-based prospective cohort study of 9031 mothers and their
children, we examined the associations of maternal parity with longitudinally measured
fetal and childhood growth characteristics. We also examined the associations of ma-
ternal parity with adverse birth outcomes, infant catch-up growth and childhood cardio-
metabolic risk factors.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early fetal life onwards in Rotterdam, the Netherlands.™ The study
has been approved by the Medical Ethical Committee of Erasmus Medical Center, Rot-
terdam. Written consent was obtained from all participating mothers.'” Response rate
at birth was 61%. In total, 9778 mothers were enrolled in the study. 9147 mothers had
information on parity available and gave birth to singleton live-born children. We ex-
cluded mothers and children without any fetal or childhood follow-up measurement
available. Our cohort for analysis comprised 9031 mothers and their children (Supple-
mentary Figure S$2.3.1).

Parity assessment

Information about parity (defined as the number of times that a woman had given birth
to a fetus with a gestational age of 24 weeks or more, regardless of whether the child
was born alive or was stillborn) was obtained by questionnaire at enrollment. Parity was
categorized into 4 categories (0; 1; 2; 23).
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Fetal and early childhood growth measurements

Fetal ultrasound examinations were performed in 2 dedicated research centers in first
(median: 13.5 wks of gestation, 95% range: 10.6, 17.5), second (median: 20.6 wks of
gestation, 95% range: 18.6, 23.4) and third trimester (median: 30.4 wks of gestation,
95% range: 28.4, 33.0). We established gestational age by using data from the first ul-
trasound examination.”® In the second and third trimesters, we measured fetal head
circumference, abdominal circumference and femur length to the nearest millimeter
using standardized ultrasound procedures.'® Estimated fetal weight was calculated
using the formula of Hadlock et al.”® Gestational-age-adjusted standard deviation scores
(SDS) were constructed for all fetal growth measurements."® Information about gender,
gestational age, weight, length, and head circumference at birth was obtained from
medical records. Gestational-age-adjusted SDS for birth weight, length and head cir-
cumference were constructed using North-European growth standards.'®

Well-trained staff in the Community Health Centers obtained postnatal growth char-
acteristics according to standard schedule and procedures at the ages of 3 months
(median: 3.3, 95% range: 3.0, 3.9), 6 months (median: 6.2, 95% range: 5.2, 8.3 ), 12
months (median: 11.0, 95% range: 10.1, 12.6), 24 months (median: 24.8, 95% range:
23.4, 28.2), 36 months (median: 36.7, 95% range: 35.4, 40.8) and 48 months (median:
45.8, 95% range: 44.5, 48.6). SDS for postnatal growth characteristics were obtained
with Dutch growth reference charts (Growth Analyzer 3.0; Dutch Growth Research
Foundation, Rotterdam, Netherlands).

Birth outcomes

Preterm birth was defined as a gestational age of <37 weeks at delivery. Low birth
weight was defined as birth weight <2500 g. Small size for gestational age at birth and
large size for gestational age at birth were defined as a sex and gestational age adjusted
birth weight below the 5 percentile (<-1.77 SDS) and above 95" percentile in the study
cohort (>1.59 SDS), respectively.

Childhood cardio-metabolic outcomes

At the age of 6 years (median: 72.6 months, 95% range: 68.4, 96.2) childhood height
and weight were measured without shoes and heavy clothing in a dedicated research
facility in the Erasmus Medical Center, Sophia Children’s Hospital. Body mass index was
calculated. Overweight and obesity were defined according to the definition of Cole et
al.'” Body fat was measured by Dual-Energy X-ray absorptiometry (DXA) (iDXA, General
Electrics — Lunar, 2008, Madison, WI, USA).18 Total body fat mass percentage was calcu-
lated as percentage of total body weight. Android/gynoid fat mass ratio was calculated.
Two-dimensional M-mode echocardiographic measurements were performed using
methods recommended by the American Society of Echocardiography, and used to
calculate the left ventricular mass using the formula derived by Devereux et al.">*
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Systolic and diastolic blood pressure were measured at the right brachial artery, four
times with one minute intervals, using the validated automatic sphygmanometer Data-
scope Accutor Plus TM (Paramus, NJ, USA). A cuff was selected with a cuff width ap-
proximately 40% of the arm circumference and long enough to cover 90% of the arm
circumference. Thirty minutes fasting venous blood samples were obtained and choles-
terol, Low-Density-Lipoprotein (LDL)-cholesterol, High-Density-Lipoprotein (HDL)-chol-
esterol, triglycerides and insulin levels were measured. In line with previous definitions
used among paediatric populations to define childhood metabolic-syndrome-like-
phenotype”’, we defined clustering of cardio-metabolic risk factors as having any of the
3 or more following components: android fat mass percentage >75" percentile, systolic
blood pressure or diastolic blood pressure >75" percentile, HDL-cholesterol <5 per-
centile or triglycerides >75" percentile and insulin level >75" percentile. We used an-
droid fat mass percentage as a proxy for waist circumference as waist circumference is
not available in our study.

Covariates

Maternal age, weight and height were assessed at intake."" Maternal prepregnancy
body mass index was calculated. Information on maternal education level, ethnicity and
folic acid supplementation use was obtained at enrolment. Information on smoking and
alcohol consumption was assessed by questionnaires during pregnancy. Maternal first
trimester nutritional information was obtained by a food frequency questionnaire.™
Maternal weight gain until a gestational age of 30 weeks (median: 30.2, 95% range:
28.5, 32.9) was measured. We used records from midwives and obstetricians to collect
information on pregnancy complications.22 Information about breastfeeding, timing of
introduction of solid foods and average television watching time was obtained by ques-
tionnaires."

Statistical analysis

First, we explored the associations of maternal parity with repeatedly measured fetal
and childhood growth characteristics (head circumference, (femur) length, and (esti-
mated fetal) weight) using unbalanced repeated measurement regression models.
These models take the correlation between repeated measurements of the same sub-
ject into account, and allow for incomplete outcome data.” For presentation purposes
of the longitudinal analyses, we combined the upper maternal parity categories, and
used 3 categories (0, 1, >2). We also performed regular multivariate linear regression
analyses to analyse the associations of maternal parity with fetal and childhood growth
characteristics in absolute values.

Second, we used multivariate logistic regression models to analyze the associations
of maternal parity with the risks of adverse birth outcomes. We used multivariate linear
regression models to assess the associations of maternal parity with infant growth in
different intervals. Finally, we used similar models to analyze the associations of
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maternal parity with childhood cardio-metabolic outcomes and the risks of childhood
overweight and childhood clustering of cardio-metabolic risk factors. Tests for trend
were performed by analysing parity as per original number. Sensitivity analyses were
performed among European mothers only. To take into account the potential effect of
miscarriages, we performed a sensitivity analysis using maternal gravidity instead of
parity for the analyses focused on birth and childhood outcomes.

All models were adjusted for gestational age at enrolment, maternal age, ethnicity,
educational level, prepregnancy body mass index, gestational weight gain, smoking and
alcohol consumption during pregnancy, folic acid supplementation use, total calorie
intake during pregnancy, pregnancy complications, and fetal sex. The models focused
on childhood growth outcomes were additionally adjusted for child’s age at visit, gesta-
tional age at birth, infant breastfeeding, timing of introduction of solid foods and aver-
age duration of television watching, whereas the models focused on childhood body fat
outcomes and cardio-metabolic outcomes were additionally adjusted for birth weight,
child’s age at measurement and child’s height (body fat outcomes) or child’s body mass
index (cardio-metabolic outcomes). We tested for potential interactions between ma-
ternal parity and birth weight for the analyses focused on postnatal growth and cardio-
metabolic outcomes, but no significant interactions were present. Missing data of co-
variates were imputed using multiple imputations. Analyses were performed using Sta-
tistical Package of Social Sciences version 17.0 for windows (SPSS Inc, Chicago, IL, USA)
and Statistical Analysis System version 9.2 (SAS, Institute Inc. Cary NC, USA).

Results

Subject characteristics

Characteristics of the participants according to maternal parity are shown in Table 2.3.1.
Supplementary Table $2.3.1 shows that mothers with children with follow-up at the age
of 6 years were more often higher educated and from European-descent.

Maternal parity and longitudinally measured fetal and childhood growth

Figure 2.3.1 gives the results of the longitudinal analyses, and shows that as compared
to nulliparous mothers, multiparous mothers had children with higher fetal head cir-
cumference, length and weight growth from third trimester onwards, resulting in a
higher head circumference, length and weight at birth (all P-values <0.05). From the
postnatal age of 6 months onwards, differences in children’s head circumference,
height and weight between parity categories became smaller. At the age of 6 years,
children of multiparous mothers had a lower stature and a lower weight (P-values
<0.05), as compared to children of nulliparous mothers, but no differences in childhood
head circumference were present. The associations of maternal parity with fetal and
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childhood growth characteristics from regular linear regression models in absolute
values are given in Supplementary Tables $2.3.2 and $2.3.3.

Table 2.3.1. Characteristics of study population by maternal parity (n = 9031)"

Parity
0 1 2 23
Characteristics n=4994 n=2721 n =939 n=377 P-value
Maternal characteristics
Age, years 28.5(5.3) 30.8 (4.9) 32.4(4.5) 34.0 (4.3) <0.01
Height, cm 167.6 (7.4) 167.2 (7.4) 165.9 (7.2) 164.3 (7.3) <0.01
Prepregnancy weight, kg 65.2 (12.6) 66.9 (12.5) 69.0 (14.3) 70.2 (12.7) <0.01
Prepregnancy body mass index, kg/m2 23.2(4.2) 23.8(4.3) 24.9(4.9) 26.0 (4.8) <0.01
Gestational weight gain, kg 10.9 (5.0) 9.9 (4.6) 9.8 (5.6) 9.4 (5.8) <0.01
Gestational age at intake, weeks 13.8(9.9,24.2) 13.9(9.8,24.6) 14.8(9.9,29.8) 16.1(11.1,31.4) <0.01
Education (higher education), % 449 43.4 35.9 17.0 <0.01
Ethnicity (European),% 60.9 59.9 45.2 26.3 <0.01
Alcohol consumption during pregnancy
(Yes), % 53.0 50.9 42.7 25.1 <0.01
Smoking habits during pregnancy (Yes),%  18.1 18.8 19.8 20.7 0.02
Folic acid supplements (%)
None 23.0 30.3 48.0 71.8 <0.01
1% 10 weeks 34.4 28.7 26.1 13.7
Periconception use 42.6 41.0 259 14.5
Total calorie intake (kcal) 2032 (561) 2046 (560) 2056 (616) 2003 (634) 0.58
Pregnancy complications (%)
Pre-eclampsia 3.1 1.2 0.2 1.8 <0.01
Gestational hypertension 53 2.4 1.5 2.4 <0.01
Gestational diabetes 0.7 1.4 1.4 33 <0.01
Birth and infant characteristics
Gestational age at birth, weeks 40.1(34.7,42.4) 40.1(36.1,42.1) 40.0(35.7,42.4)40.0 (35.8,42.4) 0.52
Male sex, % 50.2 51.2 51.7 51.2 0.77
Birth weight, g 3325 (567) 3502 (532) 3529 (569) 3546 (562) <0.01
Breastfeeding (Yes), % 93.2 89.4 92.0 94.2 <0.01
Timing of introduction of solid foods
(<6 months),% 90.0 88.5 91.2 88.8 0.05
Average duration of television watching
(> 2 hours/day) (%) 16.7 20.3 27.7 36.0 <0.01
Childhood characteristics
Age at follow up, months 72.5(67.9,95.1) 72.7(67.8,95.9) 72.9(68.0,95.2)73.7 (69.2,98.0) <0.01
Height, cm 119.5 (5.9) 119.3 (6.2) 119.7 (6.0) 119.2 (6.4) 0.41
Weight, kg 23.2(4.1) 23.3(4.3) 23.8(5.1) 23.3(3.9) 0.02
Body mass index, kg/m’ 16.2(1.8) 16.3(1.9) 16.5(2.3) 16.3(1.8) <0.01
Total fat mass,% 25.0 (5.6) 24.7 (5.6) 25.2 (6.3) 25.4(5.7) 0.09
Android/gynoid fat mass ratio, % 25.2 (6.3) 25.0 (6.2) 25.5(7.2) 25.1(5.9) 0.43
Left ventricular mass, g 53.4(11.6) 53.7 (11.7) 54.0(12.1) 53.5(12.4) 0.64
Systolic blood pressure, mmHg 102.9(8.3) 102.4 (8.0) 102.9(8.3) 104.1(7.9) 0.02
Diastolic blood pressure, mmHg 60.9 (6.8) 60.4 (6.9) 60.6 (6.7) 61.4(7.1) 0.05
Cholesterol, mmol/L 4.2 (0.6) 4.2 (0.6) 4.2 (0.6) 4.1(0.6) 0.20
Low Density Lipoprotein Cholesterol,
mmol/L 2.4(0.6) 2.4(0.6) 2.3(0.5) 2.3(0.5) 0.04
High Density Lipoprotein Cholesterol,
mmol/L 1.3(0.3) 1.4(0.3) 1.4(0.3) 1.4(0.3) 0.02
Triglycerides, mmol/L 1.0(0.4,2.4) 0.9 (0.4,2.2) 0.9 (0.4,2.7) 0.9 (0.3,2.6) 0.26
Insulin, pmol/L 112.3 117.4 105.3 91.6 0.30
(17.5, 398.0) (15.8, 395.8) (11.4,393.2) (19.7, 487.9)

'Values are means (standard deviation) or median (95% range) or percentages.
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PARITY AND CHILDHOOD OUTCOMES

Table 2.3.2. Associations of maternal parity with birth outcomes (n = 9027)"

Small size for Large size for

Preterm birth Low birth weight gestational age gestational age
Parity OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl)
0 Reference Reference Reference Reference
n=4992 Negses= 317 Negses= 317 Neases = 321 Negses = 160
>1 0.62 (0.50, 0.77)** 0.42 (0.33,0.53)** 0.44 (0.34, 0.55)** 2.47 (1.97,3.10)**
n =4035 Negses = 168 Negses = 121 Negses = 124 Negses = 286
1 0.64 (0.51, 0.80)** 0.42 (0.32, 0.55)** 0.45 (0.35, 0.58)** 2.35(1.85, 2.97)**
n=2721 Neases = 114 Neases = 79 Neases = 85 Neases = 182
2 0.59 (0.41, 0.86)** 0.42 (0.28, 0.63)** 0.43(0.28, 0.65)** 2.88(2.08, 4.01)**
n=937 Neases = 40 Neases = 30 Neases = 30 Neases = 75
>3 0.52 (0.30, 0.90)* 0.36 (0.20, 0.67)** 0.32(0.17, 0.62)** 3.26 (2.02, 5.27)**
n=377 Neases= 17 Neases = 13 Neases= 11 Neases = 30
Trend’ 0.77 (0.67, 0.88)** 0.60(0.52, 0.72)** 0.61(0.52, 072)** 1.48(1.32, 1.65 )**
Trend among
multiparous
mothers only’ 0.87(0.69, 1.09) 0.86 (0.66,1.12) 0.86 (0.65, 1.14) 1.19(1.01, 1.40)*

'Values are Odds Ratios (95% Confidence Interval) that indicate the differences in risks of preterm birth (gestational age <37
weeks at delivery), low birth weight (birth weight <2500 g), small size for gestational age at birth (sex and gestational-age-
adjusted birth weight below 5t percentile) and large size for gestational age at birth (sex and gestational-age-adjusted birth
weight above 95" percentile) for different categories of parity compared nulliparous mothers. Estimates are based on
multiple imputed data. Models were adjusted for gestational age at enrolment, maternal age, ethnicity, educational level,
prepregnancy body mass index, gestational weight gain, smoking and alcohol consumption during pregnancy, folic acid
supplementation use, total calorie intake during pregnancy, pregnancy complications, and fetal sex. Tests for trend were
based on logistic regression models with parity as a continuous variable. *P-value <0.05.**P-value <0.01.

Maternal parity, birth outcomes and infant growth patterns

Table 2.3.2 shows that as compared to nulliparous mothers, multiparous mothers had
lower risks of preterm delivery (Odds Ratio (OR) 0.62 (95% Cl: 0.50, 0.77)) and small size
for gestational age children (OR 0.44 (95% Cl: 0.34, 0.55)) but a higher risk of large size
for gestational age children (OR 2.47 (95% Cl: 1.97, 3.10)). Trend analyses showed that
among all mothers a higher parity was associated with lower risks of preterm birth and
small size for gestational age at birth, and with a higher risk of large size for gestational
age at birth (all P-values <0.05). These trends, although in similar direction, were not
significant among multiparous mothers only. Table 2.3.3 shows that compared to in-
fants of nulliparous mothers, infants of multiparous mothers had a lower weight gain
between ages of 0 and 3 months, 3 and 6 months and 6 and 12 months (P-values
<0.05). Similar significant but weaker associations were present for height in the first
year of life.

Maternal parity and childhood cardio-metabolic risk factors

Table 2.3.4 shows that, as compared to children of nulliparous mothers, children of
multiparous mothers had a lower body mass index (difference: -0.12 kg/m” (95% Cl: -
0.22, -0.02)) and total fat mass percentage (difference: -0.42 % (95% Cl: -0.69, -0.14)),
but not android/gynoid fat mass ratio, at the age of 6 years. Among all mothers and
multiparous mothers only, consistent trends in similar direction were present (P for
trends <0.05). No significant associations were present of maternal parity with
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childhood cardiac outcomes. Trend analyses showed that higher maternal parity was
associated with lower total-cholesterol and LDL-cholesterol levels in children (P for
trend among all mothers and among multiparous mothers only <0.05), but no associa-
tions were present for triglycerides and insulin levels. Children of multiparous mothers
had a lower risk of childhood overweight (OR 0.75 (95% CI: 0.63, 0.88)) and tended to
have a lower risk of childhood clustering of cardio-metabolic risk factors (OR 0.82 (95%
Cl: 0.64, 1.05)) as compared to children of nulliparous mothers (Figure 2.3.2). We ob-
served significant trends towards a lower risk of childhood overweight and childhood
clustering of cardio-metabolic risk factors with increasing parity (P for trend among all
mothers <0.05). Among multiparous mothers only, trend analysis showed similar
tendencies. We observed similar results when we restricted our analyses to mothers of
European origin (Supplementary Table S2.3.4). We did not adjust our analyses for previ-
ous miscarriages. However, when we repeated our analyses using maternal gravidity
instead of maternal parity, effect estimates for the associations with birth and child-
hood outcomes were in similar direction (results not shown).

Discussion

In this prospective cohort study, we observed that as compared to maternal nulliparity,
multiparity was associated with higher fetal growth rates from third trimester onwards
and with lower risks of delivering preterm and small size for gestational age infants, but
a higher risk of delivering large size for gestational age infants. Children of multiparous
mothers had lower rates of accelerated infant growth and a better cardio-metabolic
profile at 6 years. Among multiparous mothers only, a higher parity was associated with
a lower risk of childhood overweight and a better cholesterol profile.

Methodological considerations

We had a prospective data collection from early fetal life onwards, and a large sample
size of 9031 pregnant women and their children. Detailed, repeatedly measured, fetal
and childhood growth characteristics were available. A potential limitation might be the
response rate of 61%. Pregnant women who participated were more highly educated,
healthier and more frequently of Dutch origin than were those who did not partici-
pate."’ Follow-up data at 6 years were available in 69% of our study population. The
non-response would lead to biased effect estimates if the associations would be differ-
ent between those included and not included in the analyses. This seems unlikely.”* The
non-response at baseline and at follow-up might have led to a selection of a more
healthy population, and might affect the generalizability of our results. Differences in
maternal health and lifestyle-related determinants between families with one child and
multiple children might be an important confounding aspect within our study. We had
detailed information about a large number of potential confounding socio-demographic
and lifestyle-related factors available in this study.
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Figure 2.3.2. Associations of maternal parity with childhood overweight and obesity and childhood clustering of cardio-
metabolic risk factors***

10,00 10,00
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cases’

1,00

g
d clustering of cardi
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OR for childh

Trend: OR 0.77 (95% C1:0.69, 0.85) Trend: OR 0.83 (5% CI:0.70, 0.97)

o 1 2 >3 0 1 2 >3

Parity categories Parity categories

2.3.2a. Overweight and obesity in the offspring 2.3.2b. Clustering of cardio-metabolic risk factors in

the offspring

Walues are Odds Ratios (95% Confidence Interval) that reflect the difference in risks of childhood overweight and obesity and
childhood clustering of cardio-metabolic risk factors for different parity categories (1, 2, >3), as compared to nulliparous
mothers (0). Estimates are from multiple imputed data. ’Models were adjusted for gestational age at enrolment, maternal
age, ethnicity, educational level, prepregnancy body mass index, gestational weight gain, smoking and alcohol consumption
during pregnancy, folic acid supplementation use, total calorie intake during pregnancy, pregnancy complications, and fetal
sex, gestational age and weight at birth, infant breastfeeding, timing of introduction of solid foods, average duration of tv
watching, and age at measurement. *OR for children born from multiparous mothers, as compared to children born from
nulliparous mothers for risk of childhood overweight and obesity OR 0.75 (95% Cl: 0.63, 0.88) and for childhood clustering of
cardio-metabolic risk factors OR 0.82 (95% Cl: 0.64, 1.05). “Trend among multiparous mothers only for childhood overweight
or obesity: OR 0.76 (95% Cl: 0.64, 0.90). Trend among multiparous mothers only for childhood clustering of cardio-metabolic
risk factors: OR 0.77 (95% CI: 0.58, 1.02).

Extensive adjustment for these factors in our analyses did not explain the associations
of maternal parity with birth and childhood outcomes. However, residual confounding
due to other lifestyle-related variables, such as maternal and childhood nutritional fac-
tors and physical activity, might still be an issue. Also, ethnic background was strongly
related to maternal parity in our study, and the influence of ethnic background on
childhood outcomes might affect our findings. However, all analyses were adjusted for
maternal ethnic background and analyses among European mothers only showed simi-
lar results. Finally, we had a relatively small number of cases of adverse birth and child-
hood outcomes among multiparous mothers within our study, which might explain non-
significant findings for these outcomes among multiparous mothers only.

Maternal parity and fetal and childhood outcomes

We observed that nulliparous mothers had children with lower fetal growth rates and
higher risks of delivering preterm and small size for gestational age children. Among
multiparous women only, trend analysis showed a tendency towards decreasing risks of
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adverse birth outcomes with increasing parity. Our findings are in line with a previous
study among 25.614 singleton births, which showed that the rates of intra-uterine
growth restriction and preterm delivery were higher among nulliparous women as
compared to multiparous women.” As compared to infants of nulliparous mothers,
infants of multiparous mothers had lower rates of accelerated infant growth, lower
childhood body mass index, fat mass percentage and cholesterol levels. Among multipa-
rous women only, consistent trends with increasing parity in similar direction were
present. Although the observed effect estimates were small and they are mainly of
interest from a cardiovascular developmental perspective, previous studies have shown
that these childhood cardio-metabolic risk factors tend to track into adulthood and are
related to development of cardiovascular disease in later life.”>?®

In line with our findings, a previous prospective cohort study among 1335 infants
showed that infants of nulliparous mothers had dramatic catch-up growth and from 12
months onwards these infants were heavier and taller as compared to infants of mul-
tiparous mothers.”’ A study, which examined the combined effect of maternal and child
risk factors in generating risk profiles for overweight and obesity among preschool chil-
dren observed that parity played an important role.”® Parity has also been identified as
an independent determinant of neonatal body composition.”® Furthermore, a study
among 276 men and women reported that adiposity in early adulthood is influenced by
maternal parity independent of birth weight and current lifestyle-related factors.”® In
our study, the associations of maternal parity with cardio-metabolic risk factors in child-
hood were also independent of birth weight and not explained by socio-demographic
and lifestyle-related factors. A recent study among 1.065.710 Swedish men also report-
ed that birth order was negatively associated with body mass index.”!

We observed no associations of maternal parity with childhood left ventricular mass
and blood pressure. Studies examining associations of parity with offspring blood pres-
sure have reported conflicting results.”>® A study among 3360 children reported that
maternal parity was inversely associated with offspring blood pressure.”” However, this
study suggested that as associations of both older and younger siblings with childhood
blood pressure were equally strong, the association is likely a postnatal effect instead of
a prenatal maternal effect.’” A study among 453 Brazilian adolescents also showed that
significant associations of parity with systolic and diastolic blood pressure disappeared
in fully adjusted models, which further supports a postnatal effect.*

To our knowledge, no previous studies have examined the associations of maternal
parity with childhood metabolic outcomes. The concept of metabolic syndrome in
childhood is controversial, as there may be variability in its manifestation with age,
gender and ethnicity and there is lack of understanding of underlying pathophysiologi-
cal mechanisms.”" However, defining children with clustering of cardio-metabolic risk
factors for research purposes might identify children at high risk of cardiovascular and
metabolic diseases in later life.”* We observed that children of nulliparous mothers had
higher cholesterol levels and a higher risk of clustering of cardio-metabolic risk factors.
A study among young Brazilian adults showed that firstborns had higher cholesterol and
triglycerides levels, and a higher metabolic risk as compared to later-borns.” The
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association of maternal parity with metabolic risk was not explained by birth weight, but
was largely explained by rapid postnatal growth,33 In our study, the associations be-
tween maternal parity and childhood overweight and childhood clustering of cardio-
metabolic risk factors were not explained by birth weight, but they were also only partly
explained by infant growth.

Biological mechanisms

The mechanisms by which nulliparity might be associated with impaired fetal growth,
accelerated infant growth and an adverse childhood metabolic profile are not clear.
Shared family-based, lifestyle-related, and parenting behaviour factors, which differ
between families from nulliparous and multiparous mothers, may explain part of the
observed associations. However, since our findings were not explained by a large num-
ber of socio-demographic and lifestyle-related characteristics, and we already observed
differences in birth and early childhood outcomes, biological mechanisms may also play
arole.

Maternal constraint, which involves non-genetic influences by which the mother
limits fetal growth, may be greater among nulliparous mothers. Maternal constraint
may involve suboptimal adaptations in the utero-placental vasculature.”’ During the
first pregnancy the spiral arteries, which provide maternal blood to the placenta, are
remodeled.’ Multiparous women may offer, through remodelling of maternal vascular
structures in their previous pregnancies, a more favourable environment for placental
development, placental function and fetal nutrition in the next pregnancies.38’41 Fur-
thermore, differences in maternal metabolic and hormonal environment between nul-
liparous and multiparous women may influence foeto-placental development.*** Im-
paired fetal growth, followed by infant catch-up growth may influence risks of adiposity
and adverse cardio-metabolic outcomes in later life.>** Animal studies also suggested
an increase in fat mass and alterations in endocrine sensitivity in adipose tissue in
firstborn offspring, which may also be important risk factors for obesity and related
disorders in later life.*

Conclusion

We observed that children of nulliparous mothers have slower fetal growth rates and
accelerated infant growth rates. Maternal nulliparity is associated with increased risks
of adverse birth outcomes, and childhood adiposity and adverse metabolic profile in
offspring. Among multiparous mothers only, increasing parity tends to be associated
with a decreasing risk of adverse health outcomes in offspring. Maternal nulliparity may
have persistent cardio-metabolic consequences for the offspring. Further studies are
needed to explore underlying mechanisms.
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Supplementary Material

Supplementary Figure $2.3.1. Flowchart of the participants

Mothers enrolled in the
Generation R Study
n=9778

n=255 excluded due to missing information
on parity

Mothers with information
about parity

n=9523

n=73 excluded due to fetal deaths, n =244
excluded due to twin pregnancy, n =29 due to
induced abortion and n = 30 due to missing
birth outcomes

Mothers with live born
children
n=9147

n=116 excluded due to missing values for
any prenatal or postnatal measurement or
missing consent

Mothers with information about growth in the offspring
n=9031

Fetal growth

Estimated fetal weight in second trimester n=7946
Estimated fetal weight in third trimester n=8129
Fetal weight at birth n=8976
Childhood growth

6 Months n=6132
12 Months n=5605
24 Months n=5062
36 Months n=4767
48 Months n=4176
72 Months n=6304

Childhood cardio-metabolic outcomes
Adiposity outcomes

Body mass index: n=6295
Body fat distribution: n=6131
Cardiovascular outcomes

Left ventricular mass: n=5934
Systolic blood pressure: n=6055
Diastolic blood pressure: n=6055
Metabolic outcomes

Cholesterol: n=4177
Triglycerides: n=4166
Insulin: n=4138




Supplementary Table 52.3.1. Non-response analysis (n = 9031)"

PARITY AND CHILDHOOD OUTCOMES

Complete population Follow-up at Follow-up at
for analysis 6 years: Yes 6 years: No

Characteristics n=9031 n=6304 n=2727
Maternal characteristics
Age (years) 29.8(5.3) 30.5(5.2) 28.4 (5.5)
Height (cm) 167.1(7.4) 167.5 (7.4) 166.3 (7.4)
Prepregnancy weight (kg) 66.2 (12.8) 66.5(12.6) 65.7 (13.4)
Prepregnancy body mass index (kg/m’) 23.6 (4.4) 23.6(4.2) 23.7 (4.7)
Gestational age at intake (weeks)Z 14.1 (9.9, 24.8) 13.9(9.9,24.4) 14.5 (9.9, 27.5)
Parity (No., %)

0 4994 (55.3) 3560 (56.5) 1434 (52.6)

1 2721 (30.1) 1911 (30.3) 810(29.7)

2 939 (10.4) 623 (9.9) 316 (11.6)

>3 377 (4.2) 210(3.3) 167 (6.1)
Education (No., %)

Primary school 926 (11.4) 562 (9.7) 364 (15.6)

Secondary school 3756 (46.1) 2555 (44.0) 1201 (51.3)

Higher education 3470 (42.6) 2696 (46.4) 774 (33.1)
Ethnicity (No., %)

European 4944 (57.7) 3771 (61.2) 1173 (48.7)

Non- European 3625 (42.3) 2388 (38.8) 1237 (51.3)
Alcohol consumption (No., %)

No 3674 (49.7) 2384 (46.0) 1290 (58.1)

Yes 3725 (50.3) 2795 (54.0) 930 (41.9)
Smoking habits (No., %)

No 5460 (72.7) 3876 (74.0) 1584 (70.3)

Yes 2034 (27.1) 1365 (26.0) 669 (29.7)
Folic acid supplements (No., %)

None 1870 (29.4) 1131 (25.2) 739 (39.5)

1° 10 weeks 1979 (31.1) 1421 (31.7) 558 (29.8)

Periconception use 2511 (39.5) 1937 (43.1) 574 (30.7)
Pregnancy complications (No., %)

Gestational diabetes 96 (1.1) 62 (1.0) 34 (1.3)

Pre-eclampsia 170(2.2) 106 (1.9) 64 (2.7)

Gestational hypertension 310(3.9) 235 (4.2) 75(3.1)

Birth characteristics
Gestational age (Weeks)z
Male sex (No., %)

Birth weight (g)

40.1(35.4, 42.3)
4578 (50.7)
3409 (565)

40.1(35.7, 42.3)
3156 (50.1)
3422 (556)

40.0 (34.7, 42.4)
1423 (52.2)
3378 (583)

'Values are means (standard deviation) or numbers (percentages). “Median (95% range).
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Supplementary Table S2.3.2. Associations of maternal parity with fetal growth characteristics during pregnancy and at birth™?

Trimester of measurement Head circumference Femur length Estimated fetal weight
and parity category (mm) (mm) (g)
Second trimester

0 Reference Reference Reference

>1 -0.1(-0.4,0.2) 0.1(0,0.2) 3.6 (1.4, 5.8)**

1 -0.2(-0.5,0.2) 0(-0.1,0.1) 2.3(0,4.7)*

2 0.1(-0.4,0.6) 0.2 (0.1, 0.4)** 7.3 (3.6, 11.0)**

>3 0(-0.7,0.8) 0.3(0,0.5)* 9.4 (3.8, 15.0)**
Trend’ 0(-0.2,0.2) 0.1(0,0.1)** 3.0(1.7, 4.3)**
Third trimester

0 Reference Reference Reference

>1 0.2(-0.2,0.7) 0.2 (0.1,0.3)** 26.3(17.3,35.3)**

1 0.1(-0.3,0.6) 0.2 (0.1,0.3)** 23.9(14.4,33.3)**

2 0.6 (-0.1. 1.3) 0.3(0.1,0.5)** 33.2(18.4, 48.0)**

>3 0.5(-0.7, 1.6) 0.4 (0.1,0.7)** 38.1(14.8, 61.5)**
Trend’ 0.2(-0.1,0.5) 0.2(0.1,0.2)** 15.2(9.8, 20.6)**
At birth Head circumference Birth length Birth weight

(cm) (cm) (g)

0 Reference Reference Reference

>1 0.5 (0.4, 0.6)** 0.4 (0.3, 0.6)** 188.9 (169.2, 208.5)**

1 0.5(0.4, 0.6)** 0.4 (0.3,0.5)** 174.3 (153.5, 195.2)**

2 0.6 (0.4, 0.8)** 0.5(0.3,0.7)** 222.3(190.0, 254.6)**

>3 0.9(0.6, 1.2)** 0.7 (0.3, 1.0)** 284.9 (235.3, 334.5)**
Trend’ 0.3(0.3, 0.4)** 0.3(0.2,0.3)** 103.4 (91.8, 114.9)**

'Results are from linear regression analyses. Values are regression coefficients (95% Confidence Interval) that reflect the
differences in each growth characteristic measured in second trimester, third trimester and at birth, for different parity
categories as compared to nulliparity. Estimates are based on multiple imputed data. *Models were adjusted for gestational
age at enrolment, maternal age, ethnicity, educational level, prepregnancy body mass index, gestational weight gain, smoking
and alcohol consumption during pregnancy, folic acid supplementation use, total calorie intake during pregnancy, pregnancy
complications, and fetal sex. *Tests for trend were based on multiple linear regression models with parity as a continuous
variable. *P-value <0.05. **P-value <0.01.



PARITY AND CHILDHOOD OUTCOMES

Supplementary Table $2.3.3. Associations of maternal parity with childhood growth characteristics during the first 6 years of

childhood™”
Weight
Parity 12 months (g) 24 months (g) 36 months (g) 48 months (g) 72 months (kg)
0 Reference Reference Reference Reference Reference
>1 59.5(-0.3, 119.3) -45.2 (-135.7, 45.3) -77.0(-193.0, 38.9) -33.8(-180.1, 112.4)  -0.3(-0.6,-0.1)*
1 55.2 (-7.8,118.2) 58.4(-153.9,37.2)  -88.6(-210.3,33.0)  -38.0(-192.0,116.1) -0.3 (-0.5, 0.0)
2 56.7 (-43.8,157.3)  -18.8(-172.9,135.3)  -58.9(-258.7, 141.0)  -23.5(-269.6,222.7) -0.4(-0.8,0.1)
>3 154.0(-12.5,320.5) 90.4 (-161.2,342.1) 62.7 (-259.3, 384.6) -3.4 (-403.6, 396.9) -1.0(-1.7,-0.3)*
Trend  42.8 (5.4, 80.1)* 3.6 (-53.1, 60.3) -13.2 (-86.1, 59.6) 14.0(-77.1,105.1)  -0.2 (-0.4, -0.1)**
Length
Parity 12 months (cm) 24 months (cm) 36 months (cm) 48 months (cm) 72 months (cm)
0 Reference Reference Reference Reference Reference
>1 -0.0(-0.2,0.1) 0.4 (-0.6, -0.2)** 0.3 (-0.5, -0.0)* -0.27 (-0.5, 0.0) 0.4 (-0.69, -0.13)**
1 -0.1(-0.2,0.1) 0.4 (-0.6, -0.2)** 0.4 (-0.6, -0.1)** -0.32 (-0.6, -0.0)* 0.4 (-0.72, -0.12)**
2 0.1(-0.2,0.3) -0.2 (-0.5,0.2) 0.1(-0.3,0.5) -0.06 (-0.5, 0.4) -0.3(-0.75, 0.19)
>3 0.3(-0.1,0.7) 0.0 (-0.5, 0.6) 0.1(-0.6,0.7) -0.24(-1.0,0.5) 0.9 (-1.68, -0.16)*
Trend  0.1(-0.0,0.1) -0.1(-0.2,0.03) -0.03(-0.2,0.1) -0.07(-0.2,0.1) -0.2 (-0.40, -0.05)**

'Results are from linear regression analyses. Values are regression coefficients (95% Confidence Interval) and reflect the
differences in growth for each characteristic for different parity categories as compared to nulliparity. Models were adjusted
for gestational age at enrolment, maternal age, ethnicity, educational level, prepregnancy body mass index, gestational
weight gain, smoking and alcohol consumption during pregnancy, folic acid supplementation use, total calorie intake during
pregnancy, pregnancy complications, and fetal sex, gestational age at birth, infant breastfeeding, timing of introduction of
solid foods, average duration of tv watching, and age at measurement.’Tests for trend were based on multiple linear
regression models with parity as a continuous variable. *P-value <0.05. ** P-value <0.01.
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Abstract

Objective: The prevalence of overweight and obesity among women of reproductive age
is increasing. We aimed to determine risk factors and maternal, fetal and childhood
consequences of maternal obesity and excessive gestational weight gain.

Design and Methods: The study was embedded in a population-based prospective co-
hort study among 6959 mothers and their children. The study was based in Rotterdam,
The Netherlands (2001 — 2005).

Results: Maternal lower educational level, lower household income, multiparity, and
FTO risk allel were associated with an increased risk of maternal obesity, whereas ma-
ternal European ethnicity, nulliparity, higher total energy intake, and smoking during
pregnancy were associated with an increased risk of excessive gestational weight gain
(all P-values <0.05). As compared to normal weight, maternal obesity was associated
with increased risks of gestational hypertension (Odds Ratio (OR) 6.31 (95% Confidence
Interval (Cl): 4.30, 9.26)), pre-eclampsia (3.61 (95% Cl: 2.04, 6.39)), gestational diabetes
(OR 6.28 (95% Cl: 3.01, 13.06)), caesarean delivery (OR 1.91 (95% Cl: 1.46, 2.50)), deliv-
ering large size for gestational age infants (OR 2.97 (95% ClI: 2.16, 4.08)), and childhood
obesity (OR 5.02 (95% Cl: 2.97, 8.45)). Weaker associations of excessive gestational
weight gain with maternal, fetal and childhood outcomes were observed, with the
strongest effects for first trimester weight gain.

Conclusions: Our study shows that maternal obesity and excessive weight gain during
pregnancy are associated with socio-demographic, lifestyle, and genetic factors and
with increased risks of adverse maternal, fetal and childhood outcomes. As compared to
prepregnancy overweight and obesity, excessive gestational weight gain has a limited
influence on adverse pregnancy outcomes.



OBESITY AND EXCESSIVE WEIGHT GAIN IN PREGNANCY

Introduction

Maternal obesity seems to be associated with short-term adverse maternal and fetal
outcomes."” It has also been suggested that maternal obesity is associated with long-
term maternal and offspring consequences, such as postpartum weight retention, met-
abolic syndrome, and obesity in the offspring."”® Excessive gestational weight gain
might also influence the risk of adverse maternal and fetal outcomes.*”” The mecha-
nisms of these associations remain unclear, as gestational weight gain reflects both
maternal nutritional status, as well as tissue expansion during pregnancy, because of fat
storage and fluids.* Not much is known about the specific risk factors for maternal obe-
sity and excessive weight gain during pregnancy. Identification of these risk factors and
critical periods of gestational weight gain might be useful for the development of pre-
ventive strategies.

In a population-based prospective cohort study among 6959 mothers and their chil-
dren, we examined the associations of several socio-demographic, lifestyle, and genetic
factors with the risks of maternal obesity and excessive gestational weight gain. Next,
we examined the associations of maternal obesity, excessive gestational weight gain,
and trimester-specific weight gain with the risks of adverse maternal, fetal, and child-
hood outcomes.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onward in Rotterdam, the Netherlands.® Pregnant
women were enrolled between 2001 and 2005. Of all the eligible children in the study
area, 61% participated at birth in the study. The Medical Ethical Committee of the
Erasmus Medical Center, Rotterdam, approved the study (MEC 198.782/2001/31). Writ-
ten informed consent was obtained from all mothers.® In total, 8880 mothers were
enrolled during pregnancy, of whom information about prepregnancy body mass index
was available in 7201 subjects. We excluded pregnancies not leading to singleton live
births (n = 242). The population for analysis was 6959 mothers and their children (Figure
2.4.1).
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Figure 2.4.1. Selection of study participants

Participants enrolled during pregnancy and
information about pre-pregnancy maternal
body mass index available

n=7201

n = 242 Excluded: twin pregnancies (n = 93),
induced abortions (n = 29), fetal deaths (n =
75), lost-to-follow-up (n = 45)

Pregnancies leading to singleton live births
included in risk factor analysis
n=6959

n = 3 Excluded: no data on any pregnancy,
delivery or birth outcome

Included in pregnancy, delivery and birth
outcome analysis
n=6956

n = 2385 Excluded: no postnatal growth data
available

Included in preschool overweight and obesity
analysis
n=4571

Maternal anthropometrics, obesity, and weight gain during pregnancy

Maternal anthropometrics were measured in the first, second, and third trimester of
pregnancy. Height (cm) and weight (kg) were measured without shoes and heavy cloth-
ing, and body mass index (kg/m’) was calculated. Information about maternal weight
just before pregnancy was obtained by questionnaire. In our population for analysis,
46.2% of all women were enrolled before a gestational age of 14 weeks. Correlation of
prepregnancy weight, obtained by questionnaire, and weight measured at enrolment
was 0.95 (P-value <0.001) (regression coefficient for this correlation: 0.93 (95% Confi-
dence Interval (Cl): 0.93, 0.94)). Prepregnancy body mass index was categorized into
four categories: underweight (<20 kg/m?), normal weight (20 - 24.9 kg/m’), overweight
(25 - 29.9 kg/m’), and obesity (=30 kg/m’). Weight gain until a gestational age of 30
weeks was measured and available for 6623 mothers. Information about maximum
weight during pregnancy was available in a subgroup of 3314 mothers and was assessed
by questionnaire 2 months after delivery. Maximum weight from questionnaire and
weight measured at 30 weeks were strongly correlated (r = 0.87 (P-value <0.001)). Ac-
cording to Institute of Medicine guidelines, we defined excessive gestational weight
gain in relation to maternal prepregnancy body mass index (for underweight and
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normal weight mothers: total weight gain >16 kg; for overweight mothers: total weight
gain >11.5 kg; for obese mothers: total weight gain >9 kg.9 Weight gain was further
analyzed in each trimester of pregnancy.

Risk factors

Socio-demographic exposures

Maternal age was assessed at intake. The highest completed maternal educational level
(primary school; secondary school; higher education) and maternal ethnicity (European;
Surinamese; Turkish; Moroccan; Cape-Verdian and Dutch Antilles) were available from
questiormaire.8

Diet- and lifestyle-related exposures

First trimester nutritional information (total energy intake [kcal], carbohydrates [energy
%], fat [energy %], protein [energy %]) was obtained by a food frequency questionnaire
at enrolment.'® Mothers who were enrolled after the first trimester of pregnancy did
not receive this food frequency questionnaire. Information about folic acid supplemen-
tation use was obtained at enrolment. Information about smoking and alcohol con-
sumption was assessed by questionnaire in each trimester.® Maternal smoking and
alcohol consumption were categorized in smoking during pregnancy (yes/no) and alco-
hol consumption during pregnancy (yes/no).

Maternal FTO polymorphism

Maternal genotyping of the FTO polymorphism (rs8050136) was performed using Tag-
man allelic discrimination assay (Applied Biosystems, Foster City, CA) and Abgene QPCR
ROX mix (Abgene, Hamburg, Germany). The genotyping reaction was amplified using
the GeneAmpVR PCR system 9600 (95 C [15 min], then 40 cycles of 94 C [15 sec], and
60 C [1 min]). The fluorescence was detected on the 7900HT Fast Real-Time PCR System
(Applied Biosystems) and individual genotypes were determined using SDS software
(version 2.3, Applied Biosystems).

Paternal exposures

Information on paternal age was obtained at enrolment in the study.® At enrolment,
paternal height (cm) and weight (kg) were measured and body mass index (kg/m?) was
calculated.?

Gestational hypertension, pre-eclampsia, and gestational diabetes

Information on pregnancy complications was obtained from medical records. Details of
these procedures have been described elsewhere.™ Briefly, the following criteria were
used to identify women with gestational hypertension: 2140 mmHg and/or diastolic
blood pressure 290 mmHg after 20 weeks of gestation in previously normotensive
women. These criteria plus the presence of proteinuria (defined as two or more dipstick
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reading of 2+ or greater, one catheter sample reading of 1+ or greater, or a 24-h urine
collection containing at least 300 mg of protein) were used to identify women with pre-
eclampsia.’’ Information about gestational diabetes was obtained from medical rec-
ords. Gestational diabetes was diagnosed by a community midwife or an obstetrician
according to Dutch midwifery and obstetric guidelines using the following criteria: ei-
ther 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."” In clinical practice and for this study sample, an abnormal glucose tolerance test
was defined as a glucose level greater than 7.8 mmol/L after glucose intake.

Delivery and birth complications

Information about assisted delivery, including prelabor rupture of membranes (PROM),
Caesarian delivery, ventouse extraction, and postpartum hemorrhage, was obtained
from midwife registries and hospital registries at birth. Gestational age was established
by fetal ultrasound examination during the first ultrasound visit. Dating of the pregnan-
cy was performed using the first ultrasound measurement of crown-rump length or
biparietal diameter, using dating curves derived from this cohort."> Gestational age at
birth, birth weight, and sex were obtained from midwife and hospital registries at birth.?
Preterm birth was defined as a gestational age of <37 weeks at birth. Small size for
gestational age at birth and large size for gestational age at birth were defined as a
gestational age-adjusted birth weight below the 10" percentile and above the 90" per-
centile in the study cohort.

Childhood overweight and obesity

In children aged 4 years, growth was measured at the Community Child Health Centers.?
Height and weight were measured in standing position and body mass index (kg/mz)
was calculated. Childhood overweight and obesity were defined by the International
Obesity Task Force cutoffs."

Statistical analysis

We examined the associations of risk factors with maternal underweight, overweight,
obesity, and excessive gestational weight gain using multivariate logistic regression
models. Using similar models, we explored the associations of maternal underweight,
overweight, obesity, and excessive gestational weight gain with the risks of pregnancy
complications in mothers and children. These models were adjusted for maternal age,
educational level, ethnicity, parity, folic acid supplementation use, smoking habits, and
alcohol consumption. The models in which we examined maternal overweight and obe-
sity as exposure were also adjusted for maximum gestational weight gain. We tested
potential interactions between maternal body mass index and gestational weight gain
for these models, but after adjustment for multiple testing, we found no significant
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interactions. Furthermore, we used stepwise regression analyses to compare the
strength of the associations of prepregnancy overweight and obesity and excessive
gestational weight gain with the risks of adverse pregnancy outcomes (data not shown).
We performed a sensitivity analysis to examine whether the associations of prepreg-
nancy body mass index with the risk of adverse pregnancy outcomes differed between
women enrolled in the first trimester (before 14 weeks of gestation) and women en-
rolled later in pregnancy. Sensitivity analyses using weight gain until third trimester
instead of maximum weight gain were performed for the analyses focused on excessive
gestational weight gain and the risk of adverse outcomes. Finally, we examined the
associations of trimester-specific weight gain with pregnancy, delivery, fetal, and child-
hood outcomes using multivariate logistic regression models. Missing data of the co-
variates were imputed using multiple imputation. The percentages of missing values
within the population for analysis were lower than 10%, except for information on ma-
ternal nutrition (23.7%) and folic acid supplementation use (17.3%). All analyses were
performed using the Statistical Package of Social 17.0 for Windows (SPSS Inc., Chicago,
IL).

Results

Subject characteristics

Characteristics of the included mothers, fathers, and children are given in Table 2.4.1.
Of all mothers, 16.2%, 55.8%, 19.2%, and 8.8% were underweight, normal weight,
overweight, and obese, respectively, and 44.5% had excessive weight gain. Subject
characteristics according to maternal body mass index category are given in Supplemen-
tary Table S2.4.1.

Risk factors of maternal overweight and obesity and excessive gestational weight gain

In the multivariate analyses, maternal low educational level, multiparity, no alcohol
consumption during pregnancy, FTO risk allele and higher paternal body mass index
were all associated with the risk of maternal overweight and obesity (all P-values <0.05)
(Table 2.4.2). Maternal European ethnicity, nulliparity, higher total energy, carbohy-
drate, protein and fat intake, no alcohol consumption during pregnancy, smoking during
pregnancy, and higher paternal body mass index were associated with a higher risk of
excessive gestational weight gain (all P-values <0.05).
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Table 2.4.1. Characteristics of mothers, fathers and their children (n = 6959)

Characteristics Value
Maternal characteristics
Age, median (90% range), years 30.3(20.4-37.9)
Height, mean (SD), cm 167.4 (7.4)
Weight, mean (SD), kg 69.3 (13.1)
Body Mass Index, mean (SD), kg/m’ 23.6 (4.4)
Maximum weight gain, mean (SD), kg 13.6(8.0)
First trimester weight gain, mean (SD), kg 2.3(3.6)
Second trimester weight gain, mean (SD), kg 3.3(2.4)
Third trimester weight gain, mean (SD), kg 5.0(2.7)
Education, No. (%)
Primary or secondary 3879 (57.6)
Higher 2852 (42.4)
Household income per month, No. (%)
< €1600 1606 (29.3)
> £ 1600 - € 2200 834 (15.3)
>€2200 3035 (55.4)
Race / Ethnicity, No. (%)
Dutch or European 3958 (57.8)
Surinamese 618 (9.0)
Turkish 640 (9.3)
Moroccan 444 (6.5)
Cape Verdian or Dutch Antilles 496 (7.2)
Others 689 (10.1)
Parity, No. nulliparous (%) 3959 (56.9)
Folic acid supplement use, No. (%) 4085 (71.0)
Diet
Total energy intake, mean (SD), Kcal 2044 (563)
Carbohydrates, mean (SD), Energy% 48.7 (5.9)
Proteins, mean (SD), Energy% 14.8 (2.5)
Fat, mean (SD), Energy% 36.3(5.2)
Smoking, No. (%) 1713 (25.9)
Alcohol consumption, No. (%) 3353 (50.5)
FTO rs8050136, No. (%)
cC 2235 (38.3)
AC 2737 (46.8)
AA 869 (14.9)
Maternal pregnancy complications
Gestational hypertension, No. (%) 264 (4.0)
Pre-eclampsia, No. (%) 133(2.1)
Gestational diabetes, No. (%) 70 (1.0)
Prelabour rupture of membranes, No, (%) 260 (3.9)
Postpartum hemorrhage, No. (%) 342 (5.1)
Paternal characteristics
Age, median (90% range), years 33.1(22.0-44.9)
Height, mean (SD), cm 181.2 (7.7)
Weight, mean (SD), kg 83.5(11.6)
Body Mass Index, mean (SD), kg/mz 25.4(3.2)
Delivery and child characteristics
Caesarian section, No. (%) 778 (12.3)
Ventouse extraction, No. (%) 858 (13.6)
Males, No. (%) 3518 (51)
Gestational age, median (90% range), weeks 40.1(36.9-42.0)
Preterm birth, No. (%) 354 (5.1)
Birth weight, mean (SD), g 3419 (557)
Small for gestational age1 (<1Oth birth centile), No. (%) 680 (9.9)
Large for gestational age' (>90 ® birth centile), No. (%) 692 (10.0)
Preschool overweight and obesity, No. (%) 708 (15.5)

SGA is defined as <10™ percentile of age-and sex-adjusted birth weight; LGA is defined as >90™ percentile of age-and sex-
adjusted birth weight; preterm birth is defined as <37 weeks of gestation.
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Table 2.4.2. Risk factors of maternal overweight, obesity and excessive weight gain during pregnancy using multivariate

analyses (n = 6959)"

Maternal
underweight
OR (95% ClI)
n=1123

Maternal
overweight
OR (95% CI)
n=1334

Maternal
obesity

OR (95% Cl)
n=611

Excessive
weight gain
OR (95% ClI)
n=1474

Maternal risk factors
Age (1SD =5.3y)
Education

Primary

Secondary

Higher

Household income per month

<€1600
>€1600 - 2200
>€2200
Ethnicity
Dutch or European
Non-European
Parity
Nulliparous
Multiparous

Folic acid supplement use

No
Yes

Total Energy intake (1 SD = 563 kcal)
Carbohydrates (1 SD = 6.5% Energy)
Proteins (1 SD = 2.6% Energy)

Fat (1 SD = 5.6% Energy)

Smoking
No
Yes
Alcohol
No
Yes
FTO rs8050136
cC
AC
AA

Paternal risk factors

Age at intake (1SD=5.8Yy)
Body mass index (1 SD = 3.5 units)

0.83 (0.75, 0.93)**

0.91(0.68, 1.22)
1.00 (0.84, 1.19)
Reference

1.10(0.86, 1.41)
1.03 (0.79, 1.34)
Reference

Reference
0.94(0.79, 1.12)

Reference
0.98 (0.84, 1.15)

Reference

1.07 (0.86, 1.31)
1.01(0.93, 1.10)
1.21(0.62, 2.36)
0.94 (0.71, 1.24)
1.19(0.66, 2.13)

Reference
1.09 (0.93, 1.29)

Reference
1.08 (0.92, 1.26)

Reference
1.00 (0.94, 1.16)
0.99 (0.80, 1.25)

1.07 (0.97, 1.17)
0.80 (0.73, 0.87)**

1.03 (0.94, 1.14)

1.64 (1.26,2.12)**
1.39(1.18, 1.65)**
Reference

1.05(0.84, 1.31)
1.09 (0.89, 1.35)
Reference

Reference
1.23(1.03, 1.44)*

Reference
1.51(1.31, 1.75)**

Reference

0.94 (0.78, 1.15)
0.95 (0.88, 1.04)
1.21(0.54, 2.70)
1.18 (0.87, 1.59)
1.12(0.55, 2.27)

Reference
0.96 (0.82, 1.13)

Reference
0.76 (0.65, 0.89)**

Reference
1.11 (0.96, 1.28)
1.30(1.06, 1.58)*

1.02 (0.93, 1.11)
1.32 (1.21, 1.44)**

1.04 (0.90, 1.19)

2.48 (1.71, 3.59)**
2.75(2.12,3.56)**
Reference

1.36(1.03, 1.79)*
1.20 (0.84, 1.72)
Reference

Reference
1.06 (0.87, 1.36)

Reference
1.68 (1.37, 2.06)**

Reference
0.81(0.61, 1.07)
0.88 (0.79, 0.98)*
5.38(1.42,20.21)*
2.23(1.32, 3.75)**
4.51(1.40, 14.39)*

Reference
1.01(0.81, 1.25)

Reference
0.73 (0.59, 0.90)**

Reference
1.25(0.99, 1.58)
1.64 (1.21, 2.23)**

1.05(0.91, 1.18)
1.53 (1.35, 1.73)**

0.97 (0.85, 1.07)

0.92(0.62, 1.34)
1.13 (0.96, 1.36)
Reference

0.91(0.69, 1.14)
0.90(0.72, 1.12)
Reference

Reference
0.78 (0.65, 0.94)**

Reference
0.71(0.61, 0.83)**

Reference

1.25 (1.00, 1.56)
1.13(1.03, 1.23)**
4.49 (1.61, 12.46) **
1.91 (1.26, 2.88)**
4.00 (1.62,9.83)**

Reference
2.08 (1.74, 2.48)**

Reference
0.83(0.71, 0.98)*

Reference
1.10(0.86, 1.41)
1.14 (0.95, 1.36)

0.98 (0.88, 1.08)
1.12 (1.02, 1.22)*

Abbreviations: OR; Odds Ratio, Cl; Confidence Interval; SD, Standard Deviation
"Values are multivariate logistic regression coefficients (95% Confidence Interval). For continuous variables, estimates reflect
the risk of maternal underweight, overweight and obesity and excessive gestational weight gain per standard deviation
change of the risk factor. For categorical variables or dichotomous variables, the effect estimates represent the risk of
maternal underweight, overweight and obesity and excessive gestational weight gain, compared to reference group.
Estimates are based on multiple imputed data. *P-value <0.05. **P-value <0.01.
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Table 2.4.3. Associations of maternal underweight, overweight, obesity and excessive gestational weight gain with maternal,

delivery, birth and childhood complications

Excessive gestational

UnderweightLZ Overweightl'2 Obesityl'2 weight gainLS
OR (95% Cl) OR (95% ClI) OR (95% ClI) OR (95% ClI)
Maternal complications
n=6956 n=1123 n=1334 n=611 n=1474

Gestational hypertension

Pre-eclampsia
Gestational diabetes

Delivery complications

n=6956

PROM

Ventouse extraction
Caesarean section

Postpartum hemorrhage

0.65 (0.41, 1.02)
1.25 (0.76, 2.06)
0.61(0.18, 2.06)

n=1123
1.61 (1.17, 2.22)**
0.98 (0.79, 1.20)
0.94 (0.74, 1.18)
0.92 (0.66, 1.27)

2.15(1.55, 2.97)**
1.91 (1.21, 3.00)**
4.25(2.32, 7.76)**

n=1334
0.95 (0.65, 1.37)
1.00 (0.81, 1.23)
1.52 (1.24, 1.85)**
1.34(1.01, 1.78)*

6.31(4.30, 9.26)**
3.61(2.04, 6.39)**
6.28 (3.01, 13.06)**

n=611
1.66 (1.08, 2.55)*
1.12(0.82, 1.52)
1.91 (1.46, 2.50)**
1.44 (0.96, 2.16)

2.07 (1.43, 2.99)**
1.12 (0.67, 1.89)
1.54 (0.66, 3.56)

n=1474
0.69 (0.47, 1.03)
1.21(0.98, 1.48)
1.26 (1.00, 1.57)*
1.04 (0.76, 1.42)

Birth complications
n=6956
Preterm birth*

n=1123

1.29 (0.96, 1.72)
Large size for gestational age 0.42 (0.30, 0.57)
Small size for gestational age 1.66 (1.36, 2.07)**
5 minute APGAR <7 0.65(0.30, 1.39)

n=1334 n=611 n=1474
1.04 (0.77, 1.42) 1.53(1.05,2.20)*  0.67 (0.46, 0.98)*
#0169 (1.35,2.12)*%*%  2.97(2.16,4.08)**  2.17 (1.72, 2.74)**
0.81(0.64, 1.03) 0.54 (0.38,0.78)**  0.34(0.26, 0.46)**
1.56 (0.90, 2.71) 2.05 (1.04, 4.01)* 1.09 (0.50, 2.39)

Childhood complications

n=4571 n=736 n=844 n=372 n=1263
Overweight® 0.62 (0.4, 0.87)** 1.48 (115, 1.91)**  2.41(1.75,3.33)**  1.51(1.16, 1.97)**
Obesity® 0.61(0.29, 1.28) 1.61(0.94, 2.74) 5.02(2.97,8.45)**  0.93(0.51, 1.68)

Abbreviations: OR; Odds Ratio, Cl; Confidence Interval; PROM, prelabour rupture of membranes

'Values are Odds Ratios (95% Confidence Interval) that reflect the difference in risks of complications for underweight,
overweight and obese women as compared to women with a normal body mass index, 20 - 24.9 kg/mz, and for women with
excessive gestational weight gain as compared to women with a recommended or less than recommended gestational weight
gain. Estimates are from multiple imputed data. ’Models for underweight, overweight and obesity are adjusted for maternal
age, educational level, ethnicity, parity, folic acid supplement use, smoking habits, alcohol consumption and gestational
weight gain. *Models for excessive gestational weight gain are adjusted for maternal age, educational level, ethnicity, parity,
folic acid supplement use, smoking habits, alcohol consumption. *Models are adjusted for gender as well. *Models are also
adjusted for breastfeeding (yes/no). * P <0.05. **P <0.01.

Maternal body mass index, excessive gestational weight gain and risks of pregnancy,
delivery, birth, and childhood outcomes

As compared to normal weight, maternal underweight was associated with a higher risk
of PROM (Odds Ratio (OR) 1.61 (95% Cl: 1.17, 2.22)) and a higher risk of delivering a
small size for gestational age infant (OR 1.66 (95% ClI: 1.36, 2.07)), but with a lower risk
of delivering a large size for gestational age infant (OR 0.42 (95% Cl: 0.30, 0.57)) and a
lower risk of childhood overweight of the offspring (OR 0.62 (95% CI: 0.44, 0.87)). As
compared to normal weight mothers, mothers with overweight had increased risks of
gestational hypertension (OR 2.15 (95% Cl: 1.55, 2.97)), pre-eclampsia (OR 1.91 (95% Cl:
1.21, 3.00)), gestational diabetes (OR 4.25 (95% Cl: 2.32, 7.76)), Caesarean delivery (OR
1.52 (95% ClI: 1.24, 1.85)), postpartum hemorrhage (OR 1.34 (95% Cl: 1.01, 1.78)), large
size for gestational age infants (OR 1.69 (95% Cl: 1.35, 2.12)), and childhood overweight
(OR 1.48 (95% ClI: 1.15, 1.91)) (Table 2.4.3). We observed stronger effect estimates for
the associations of maternal obesity with these outcomes. Repeating these analyses
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among women who were enrolled during first trimester and among women enrolled
later in pregnancy showed that effect estimates differed only slightly between first
trimester enrolled and later enrolled women (Supplementary Table 52.4.2).

As compared to low or recommended weight gain, excessive gestational weight gain
was associated with a higher risk of gestational hypertension (OR 2.07 (95% Cl: 1.43,
2.99)), Caesarean delivery (OR 1.26 (95% Cl: 1.00, 1.57)), and large size for gestational
age infants (OR 2.17 (95% Cl: 1.72, 2.74)), and a lower risk of preterm delivery (OR 0.67
(95% Cl: 0.46, 0.98)), and small size for gestational age infants (OR 0.34 (95% ClI: 0.26,
0.46)). Excessive gestational weight gain was associated with the risk of childhood
overweight (OR 1.51 (95% CI: 1.16, 1.97)). Associations of excessive gestational weight
gain with these adverse pregnancy outcomes attenuated when prepregnancy over-
weight and obesity were included in the model (data not shown). Similar results for the
associations with excessive gestational weight gain were found when we used weight in
third trimester instead of maximum weight (Supplementary Table S2.4.3).

Trimester specific weight gain and risks of pregnancy, delivery, birth, and childhood
outcomes

Table 2.4.4 shows that first trimester weight gain was associated with the risk of gesta-
tional hypertension, gestational diabetes, and Caesarean delivery (OR 1.24 (95% Cl:
1.12, 1.39), OR 1.29 (95% Cl: 1.10, 1.51), and OR 1.19 (95% Cl: 1.10, 1.29) per standard
deviation of change in gestational weight gain per week, respectively). First trimester
weight gain was also associated with the risk of childhood overweight and obesity (OR
1.20 (95% ClI: 1.08, 1.34) and OR 1.44 (95% Cl: 1.21, 1.70) per standard deviation of
change in gestational weight gain per week, respectively). Weight gain in third trimester
was associated with the risk of gestational hypertension and pre-eclampsia (OR 1.27
(95% CI: 1.06, 1.51) and OR 1.35 (95% ClI: 1.08, 1.69) per standard deviation of change
in gestational weight gain per week, respectively). The risks of delivering a large size for
gestational age infant and a small size for gestational age infant were influenced by
first-, second-, and third-trimester weight gain.
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Table 2.4.4. Associations of trimester specific weight gain with maternal, delivery, birth and childhood complications

Complication

First trimester™

Second trimester™”

Third trimester™?

OR (95% Cl) per sd
change in gestational
weight gain per week

OR (95% Cl) per sd
change in gestational
weight gain per week

OR (95% Cl) per sd
change in gestational
weight gain per week

Maternal complications
n=6956

Gestational hypertension
Pre-eclampsia
Gestational diabetes

Delivery complications
n=6956
Caesarean delivery

Birth complications

n=6956

Preterm delivery3

Large size for gestational age
Small size for gestational age

Childhood complications
n=4571

Overweight4

Obesity4

n = 5695
1.24 (1.12, 1.39)**
1.10 (0.92, 1.32)

1.29 (1.10, 1.51)**

n = 5695
1.19 (1.10, 1.29)**

n=5695
1.04(0.93,1.17)
1.24 (1.14, 1.34)**
0.91 (0.82, 0.99)*

n=3812
1.20(1.08, 1.34)**
1.44(1.21, 1.70)**

n=5469
1.18 (1.03, 1.34)*
1.14 (0.96, 1.37)

1.31(1.04, 1.64)*

n = 5469
1.05 (0.96, 1.15)

n =5469

1.00 (0.88, 1.14)
1.41 (1.29, 1.53)**
0.72 (0.66, 0.80)**

n=3712
1.17(1.04, 1.30)**
0.93(0.75, 1.16)

n=3313
1.27 (1.06, 1.51)**
1.35(1.08, 1.69)**
1.03 (0.72, 1.46)

n=3313
1.00 (0.90, 1.20)

n=3313
0.96 (0.80, 1.14)

1.42 (1.26, 1.60)**
0.74 (0.66, 0.84)**

n=2777
0.94 (0.83, 1.07)
0.94 (0.73, 1.20)

Abbreviations: OR; Odds Ratio, Cl; Confidence Interval; sd; standard deviation

'Values are Odds Ratios (95% Cl) for the risks of complications per standard deviation change in gestational weight gain per
week. Estimates based on multiple imputed data. Models are adjusted for maternal age, educational level, ethnicity, parity,
folic acid supplement use, smoking habits, alcohol consumption and maternal prepregnancy body mass index. *Models are
adjusted for gender as well. “Models are also adjusted for breastfeeding (yes/no). *P-value <0.05. **P-value <0.01.

Discussion

Results from this prospective cohort study showed that the risks of maternal over-
weight and obesity were higher among lower educated, non-European origin, and mul-
tiparous mothers and mothers with an obese partner. The risk of excessive gestational
weight gain was increased by maternal European ethnicity, nulliparity, higher dietary
intake, smoking during pregnancy, and having an obese partner. Maternal overweight
and obesity were strongly associated with increased risks of gestational hypertensive
disorders, gestational diabetes, Caesarean delivery, large size for gestational age in-
fants, and overweight and obesity in the offspring. Excessive gestational weight gain
was associated with increased risks of gestational hypertension, Caesarean delivery,
large size for gestational age infants and overweight in the offspring. However, the risk
of delivering a small size for gestational age infant and the risk of delivering preterm
were decreased among women who gained excessively. As compared to prepregnancy
overweight and obesity, excessive gestational weight gain tended to have a limited
influence on adverse pregnancy outcomes. Prepregnancy overweight and obesity were
associated with more adverse pregnancy outcomes compared with excessive gestation-
al weight gain. Furthermore, stepwise regression analysis showed that the effect esti-
mates for the associations of excessive gestational weight gain with pregnancy
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complications attenuated when prepregnancy overweight and obesity were taken into
account.

Some methodological issues need to be considered. One of the strengths of this
study was the prospective data collection from early pregnancy onward. We had a large
sample size of 6959 participants. The response rate at baseline for participation in the
Generation R Study cohort was 61%. The nonresponse would lead to biased effect esti-
mates 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
mainly arise from loss to follow-up rather than from nonresponse at baseline.” Fur-
thermore, not all women were already enrolled in the study in first trimester. There-
fore, we did not have first trimester weight measurements in approximately 53% of the
participating women. It seemed unlikely that late enrollment has biased our results. We
observed small differences in the effect estimates for the associations of prepregnancy
body mass index with the risk of adverse pregnancy outcomes between women who
were enrolled during first trimester or later in pregnancy. For all associations, effect
estimates were in similar direction in women enrolled during first trimester or later in
pregnancy. Detailed information about a large number of potential risk factors and
confounding factors was available in this study. However, because of the observational
design, residual confounding because of other socio-demographic and lifestyle-related
determinants might still be an issue. In addition, information on many covariates in this
study was self-reported, which may have resulted in underreporting of certain adverse
lifestyle-related determinants. Some data of these covariates were missing. It is unlikely
that these data were missing completely at random, so a complete case analysis might
lead to biased results. To avoid bias and to maintain statistical power, we used multiple
imputations for missing information of the covariates. As compared to the complete
case analysis, effect estimates only changed marginally after using multiple imputations
to deal with the missing values. Information on maternal prepregnancy weight was self-
reported. Self-reported weight tends to be underestimated, so some misclassification
might have occurred. Also, maximum weight during pregnancy was self-reported 2
months after delivery. Weight assessment by questionnaire might have led to an under-
estimation of maximum pregnancy weight. This might have led to an underestimation of
the observed effects. However, self-reported prepregnancy weight and weight meas-
ured at intake, and self-reported maximum weight and weight measured at 30 weeks of
gestation, were highly correlated in our study. Furthermore, for the analyses focused on
the associations between trimester-specific weight gain and the risk of adverse preg-
nancy outcomes, we performed a sensitivity analyses among normal weight women
only, as overweight and obese women are more likely to underestimate self-reported
weight (results not shown). The effect estimates changed slightly, when overweight and
obese women were excluded from the analyses, but were in similar direction. The ob-
served smaller effect sizes might be explained by smaller numbers of subjects and less
power to detect differences because of the exclusion of extremes.
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The risk of maternal obesity and excessive gestational weight gain varied among differ-
ent ethnic groups and socioeconomic groups, which is in line with previous studies.”®™®
We observed that multiparous women were more frequently obese and had a lower
risk of excessive gestational weight gain, as compared to nulliparous women. According-
ly, a study among 57.700 Danish women showed that women with low gestational
weight gain were more often multiparous.’” The risk of overweight and obesity was
higher among women who carry the risk variants of the FTO gene. Many studies have
already shown an association of the FTO polymorphism with the risk of obesity in chil-
dren and adults."”*° Among pregnant women, the FTO gene has been suggested to
influence prepregnancy weight as well.”’ We also showed an association of the FTO
gene with the risk of prepregnancy overweight and obesity in pregnant women. How-
ever, we did not replicate our findings. Therefore, our results should be considered as
hypothesis generating and need replication in further studies. Furthermore, we ob-
served that excessive gestational weight gain was more likely among women who
smoked during pregnancy and among women who did not consume alcohol during
pregnancy, which is in agreement with the study among Danish women."” Higher total
energy intake was also associated with an increased risk of excessive gestational weight
gain, which has been reported by a previous study.”

Previous studies suggested associations between maternal overweight and obesity
and the risks of gestational hypertensive disorders and gestational diabetes."®**”® A
large review among 13 cohort studies showed that there was a strong positive associa-
tion between prepregnancy body mass index and pre—eclampsia.24 Another review sug-
gested that the risk of developing gestational diabetes was two times higher for over-
weight women and four times higher for obese women compared with normal weight
women.”® We observed similar results as maternal overweight and obesity were strong-
ly associated with the risk of gestational hypertensive disorders and gestational diabe-
tes. For the associations with gestational diabetes, it needs to be noted that accurate
diagnosis of gestational diabetes is difficult. A fasting glucose greater than 7.0 mmol/L
might also represent preexisting diabetes, and a fasting glucose between 6.1 and 6.9
mmol/L might also represent impaired glucose tolerance, instead of gestational diabe-
tes. Unfortunately, in our study, no data were available on glucose tolerance before
pregnancy. Excessive gestational weight gain was associated with the risk of gestational
hypertension, but not associated with the risk of gestational diabetes and pre-
eclampsia. This might be because of the small number of cases of gestational diabetes
and pre-eclampsia in our study population. Overweight and obese mothers, and moth-
ers with excessive weight gain, were at increased risk of Caesarean delivery. This is in
line with observations in other studies that examined the association of maternal obesi-
ty and antenatal complications.”®"®*’ These associations might be influenced by the
effect of obesity and excessive gestational weight gain on birth weight. However, after
additional adjustment for birth weight, the associations only changed slightly and re-
mained highly significant (results not shown). The association between maternal obesity
and the risk of instrumental delivery remains more controversial. A study among 18.643
women reported that maternal obesity was not associated with the risk of instrumental
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delivery.”® Accordingly, we observed no association of maternal body mass index and
excessive gestational weight gain with ventouse extraction. We observed a positive
association between prepregnancy obesity and the risk of preterm delivery, which
might partly be explained by the association of prepregnancy obesity with the risk of
PROM. In our study, we do not have further data available about the specific causes of
preterm birth. Further research to assess whether maternal obesity is associated with
the risk of idiopathic or indicated preterm birth is necessary. We also observed that the
risk of preterm delivery was lower among women who gained excessive weight. Thus
far, published studies focused on the associations of maternal anthropometrics with the
risk of preterm delivery seem to be inconsistent. Some studies found no association
between maternal obesity and preterm delivery, whereas other studies suggested that
the risk of preterm birth is higher among obese women.'®?*3% A study among 76.682
adolescent women reported that the risk of preterm delivery was lower among women
who gained excessively, independently of prepregnancy body mass index.’! It has also
been suggested that the association between gestational weight gain and preterm de-
livery is @ modest U—shape.32 A study among 33.872 women reported that compared
with a gestational weight gain of 10 - 14 kg, women who gained less than 10 kg and
women who gained more than 20 kg were at increased risk of preterm delivery.” In our
study population, approximately 65% of the women who gained excessive weight
gained below 20 kg. Modest excessive weight gain might have a protective effect for
preterm delivery. We observed that maternal obesity and excessive gestational weight
gain were associated with an increased risk of large size for gestational age infants and a
lower risk of small size for gestational age infants. Similar findings have been reported
by other studies.*""™® Previously, we have shown that maternal prepregnancy body
mass index is positively associated with birth weight of the offspring.’ The associations
between maternal obesity and excessive gestational weight gain with the risk of deliver-
ing a small size for gestational age infant or large size for gestational age infant attenu-
ated after adjustment for gestational hypertensive disorders and gestational diabetes,
but remained highly significant (results not shown). Furthermore, multiple studies have
suggested that prepregnancy overweight and obesity are associated with an increased
risk of longer length of hospital stay, an increased risk of having a neonate with a low
Apgar score, and a higher risk of referral to neonatal intensive care unit.>>>> We also
observed that maternal obesity was associated with a higher risk of having a neonate
with a low APGAR score. Other information about the neonate’s health is not available
within our study.

The fetal overnutrition hypothesis suggests that higher maternal plasma concentra-
tions of glucose and free fatty acids because of maternal obesity during pregnancy
might increase placental transfer of nutrients during fetal development. This might
cause permanent changes in appetite, energy metabolism, and neuro-endocrine func-
tion of offspring, predisposing an individual to a greater risk of obesity in later life.® In
line with this suggested pathway, we observed that maternal overweight and obesity
are associated with overweight and obesity in the offspring.
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Maternal underweight has also been suggested to be associated with adverse pregnan-
cy outcomes. A large review among 78 studies showed that underweight women had a
higher risk of both spontaneous and induced preterm birth and a higher risk of deliver-
ing a low birth weight infant.*® In line with these findings, we observed that maternal
underweight was associated with an increased risk of PROM, and an increased risk of
delivering a small size for gestational age infant. We did not observe a significant effect
on overall preterm birth.

Weight gain during pregnancy may vary greatly, and the effect of gestational weight
in first, second, and third trimester on maternal and fetal outcomes might be different.
We observed that maternal weight gain was low in first trimester and increased in sec-
ond and third trimester. Few studies have examined the influence of trimester-specific
weight gain on adverse outcomes.’”*® We observed that weight gain in first trimester
was associated with the risk of gestational diabetes and gestational hypertension and
weight gain in third trimester was associated with the risk of pre-eclampsia and gesta-
tional hypertension. When examining the associations between third-trimester gesta-
tional weight gain and the risk of these disorders, it is difficult to differentiate between
cause and consequence. The occurring edema might partly explain the excessive gesta-
tional weight gain. Further research is necessary to explore reversed causation and to
examine underlying mechanisms of these associations. Studies examining the effect of
gestational weight gain per trimester have mainly focused on the association of low
weight gain and the risk of low birth weight infants.””> A study among 10.696 women
showed that low weight gain in second and third trimester, but not in first trimester,
was associated with the risk of intrauterine growth retardation.” Accordingly, we ob-
served that higher maternal weight gain in second and third trimester was more strong-
ly associated with a lower risk of delivering a small size for gestational age infant, as
compared to first-trimester weight gain. Furthermore, higher weight gain in each tri-
mester was associated with a higher risk of delivering a large size for gestational age
infant, but the strongest effects of weight gain were during second and third trimester.
After additional adjustment for total weight gain and weight gain in the other tri-
mesters, results only changed marginally (results not shown). These associations sug-
gest that the effect of weight gain in early pregnancy might be different from the effect
of weight gain later in pregnancy.

Current preventive strategies have mainly focused on restricting gestational weight
gain during pregnancy. A meta-analysis of randomized controlled trials, focusing on diet
and physical activity during pregnancy as intervention, showed that interventions may
be effective to control weight gain during pregnancy.40 However, as maternal over-
weight and obesity are strongly associated with short-term and long-term adverse con-
sequences, future preventive strategies should also focus on prepregnancy overweight
and obesity.
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Conclusion

Maternal socio-demographic characteristics and lifestyle habits are associated with
increased risks of maternal obesity and excessive weight gain during pregnancy. Both
maternal underweight, overweight, obesity, and excessive gestational weight gain are
associated with increased risks of adverse maternal, fetal, and childhood health out-
comes. Future preventive strategies, focused on especially prepregnancy body mass
index, are needed to improve maternal pregnancy outcomes and health of offspring.
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Supplementary Material

Supplementary Table $2.4.1. Characteristics by maternal body mass index (n = 6959)"*

Underweight Normal Overweight Obesity
(<20 kg/m?) (<20-24.9 kg/m?) (25-29.9 kg/m?) (230 kg/m?)
Maternal characteristics n=1123 n=3888 n=1334 n=611 P-value®
Height (cm), mean (SD) 168.4 (7.1) 167.8 (7.3) 166.3 (7.5) 165.7 (7.5) <0.01
Prepregnancy weight (kg), mean (SD) 53.6(5.3) 62.7 (6.4) 74.7 (7.5) 93.4(13.2) <0.01
Body mass index (kg/m?), mean (SD) 18.9(0.9) 22.6(1.4) 27.0 (1.4) 34.0(3.7) <0.01
Maximum weight gain (kg), mean (SD) ~ 15.0 (5.3) 15.4 (5.4) 14.0 (6.6) 11.3(8.6) <0.01
Age (yrs), mean (SD) 29.1(5.4) 30.0(5.3) 29.8(5.2) 29.3(5.1) <0.01
Parity, nulliparous (%) 63.4 60.4 47.3 435 <0.01
Gestational age at intake (wks), 14.5 14.2 14.4 14.6 0.13
median (95% range) (10.2, 28.9) (10.4, 25.5) (10.2, 24.9) (10.5, 28.2)
Highest completed education (%)
Primary school 9.1 9.0 15.8 17.5 <0.01
Secondary school 45.7 42.9 50.2 64.3
Higher education 45.1 46.1 34.0 18.1
Ethnicity (%)
European 61.3 62.2 48.9 42.5 <0.01
Non-European 38.7 37.8 51.1 57.5
Alcohol consumption (%)
None 45.0 45.2 58.8 66.3 <0.01
Yes 55.0 54.8 41.2 33.7
Smoking habits (%)
None 70.8 73.7 75.8 73.9 0.04
Yes 29.2 26.3 24.2 26.1
Folic acid supplement use (%)
None 26.5 25.5 34.8 43.7 0.01
Yes 73.5 74.5 65.2 56.3

'Values are means (standard deviation) or percentages. “Median (95% range). *Differences in subject characteristics between
the groups were evaluated using one-way ANOVA tests for continuous variables and chi-square tests for proportions.
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Supplementary Table $2.4.2. Associations of prepregnancy overweight and obesity with the risk of adverse pregnancy
outcomes according to gestational age at enrollment™”

Overweight Obesity

First trimester Second or third First trimester Second or third
enrolled trimester enrolled enrolled trimester enrolled
OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl)
n=601 n=733 n=254 n=357

Maternal complications
Gestational hypertension
Pre-eclampsia
Gestational diabetes

Delivery complications
PROM

Ventouse extraction
Caesarean section
Postpartum haemorrhage

Birth complications

Preterm birth*

Large size for gestational age
Small size for gestational age

Childhood complications
Overweight5
Obesity”

1.78 (1.13, 2.80)*
1.69 (0.83, 3.44)
3.94 (163, 9.49)**

0.84 (0.45, 1.56)
1.05 (0.78, 1.41)
1.62 (1.21, 2.15)**
1.09 (0.71, 1.65)

1.08 (0.67, 1.74)
1.42 (1.02, 1.96)*
0.88 (0.62, 1.25)

1.69 (1.18, 2.43)
1.72 (0.67, 4.41)

2.66 (1.66, 4.25)**
2.07 (1.15, 3.73)*
4.42(1.91, 10.20)**

1.03 (0.65, 1.64)
0.93 (0.69, 1.26)
1.46 (1.09, 1.91)*
1.64 (1.11, 2.43)*

1.02 (0.68, 1.51)
2.01 (1.49, 2.70)**
0.77 (0.55, 1.05)

1.32(0.92, 1.87)
1.56 (0.80, 3.02)

6.01 (3.59, 10.01)*
4.06 (1.71, 9.57)**
7.96 (3.13, 20.19)**

1.99 (1.01, 3.93)*
1.53(1.00, 2.32)
1.59 (1.05, 2.40)*
1.15(0.62, 2.12)

1.60 (0.86, 2.97)
2.53 (1.59, 4.01)**
0.53(0.30, 0.93)*

2.85 (1.75, 4.63)**
6.37 (2.65, 15.22)**

7.18 (4.02, 12.78)**
3.38(1.57, 7.28)**
4.26 (1.14, 15.19)*

1.47 (0.84, 2.58)
0.82(0.52, 1.29)
2.24 (1.56, 3.21)**
1.73 (1.00, 2.99)

1.50 (0.92, 2.44)
3.33(2.27, 4.88)**
0.55 (0.35, 0.89)*

2.15 (1.38, 3.33)**
4.07 (2.10, 7.89)**

Abbreviations: OR; Odds Ratio, Cl; Confidence Interval; PROM, prelabour rupture of membranes

"Values are Odds Ratios (95% Confidence Interval) that reflect the difference in risks of complications for overweight and
obese women as compared to women with a normal body mass index, 20 - 24.9 kg/m{ Estimates are from multiple imputed
data. “Models for overweight and obesity are adjusted for maternal age, educational level, ethnicity, parity, folic acid
supplement use, smoking habits, alcohol consumption and gestational weight gain. “Models are adjusted for gender as well.
*Models are also adjusted for breastfeeding (yes/no). *P-value <0.05. **P-value <0.01.

Supplementary Table $2.4.3. Associations of excessive gestational weight gain with maternal, delivery, birth and childhood
complications using weight gain until third trimester (n = 6956)

Excessive gestational weight gaini‘2
OR (95% ClI)

Maternal complications n=2996
Gestational hypertension 1.57(1.21, 2.04)**
Pre-eclampsia 1.20(0.83,1.72)

Gestational diabetes 1.90(1.16, 3.08)*

n=2996
1.34 (1.14, 1.58)**

Delivery complications
Caesarean section

n =2996
1.06 (0.84, 1.35)

2.08 (1.76, 2.45)**
0.56 (0.47, 0.66)**

Birth complications

Preterm birth®

Large size for gestational age
Small size for gestational age

n=1949

1.44 (1.21, 1.72)**
1.23(0.82, 1.85)

Childhood complications
Childhood overweighta
Childhood obesity*

Abbreviations: OR; Odds Ratio, Cl; Confidence Interval

'Values are Odds Ratios (95% Confidence Interval) that reflect the difference in risks of complications for women with
excessive gestational weight gain as compared to women with a recommended or less than recommended gestational weight
gain. Estimates are from multiple imputed data. Models for excessive gestational weight gain are adjusted for maternal age,
educational level, ethnicity, parity, folic acid supplement use, smoking habits, alcohol consumption. *Models are adjusted for
gender as well. *“Models are also adjusted for breastfeeding (yes/no).*P-value <0.05. **P-value <0.01.
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Abstract

Objective: We examined the associations of maternal prepregnancy body mass index
(BMI) and gestational weight gain with systolic and diastolic blood pressure in different
trimesters of pregnancy and the risks of pregnancy-induced hypertension and pre-
eclampsia in a population-based prospective cohort study among 6902 mothers.

Methods: Information about maternal weight just before pregnancy was obtained by
questionnaires. Maternal anthropometrics and blood pressure were measured in each
trimester. Information about gestational hypertensive disorders was available from
medical records.

Results: As compared to mothers with a normal weight, maternal obesity (BMI = 30 —
34.9 kg/m’) and morbid obesity (BMI 235 kg/m?) were associated with higher first tri-
mester systolic blood pressure (differences for obese women and morbidly obese
women: 10.80 mmHg (95% Confidence Interval (Cl): 9.44, 12.17) and 13.07 mmHg (95%
Cl: 10.91, 15.23), respectively) and diastolic blood pressure (differences for obese
women and morbidly obese women: 8.69 mmHg (95% Cl: 7.63, 9.74) and 13.12 mmHg
(95% Cl: 11.44, 14.79), respectively). Similar differences were observed during second
and third trimester. The risks of pregnancy-induced hypertension and pre-eclampsia
were increased among obese mothers (Odds Ratio (OR) 4.67 (95% CI: 3.07, 7.09) and
OR 2.49 (95% Cl: 1.29, 4.78), respectively) and morbidly obese mothers (OR 11.34 (95%
Cl: 6.80, 18.86) and OR 3.40 (95% ClI: 1.39, 8.28), respectively). Maternal weight gain
was associated with the risk of pregnancy-induced hypertension.

Conclusions: Maternal obesity and morbid obesity are strongly associated with blood
pressure in each trimester, and increased risks of gestational hypertensive disorders.
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Introduction

The prevalence of overweight and obesity among women of reproductive age is increas-
ing." It is well known that obesity in pregnancy increases the risk for both adverse
maternal and neonatal outcomes.”™ Obesity has been associated with emergency cae-
sarean section, large size for gestational age at birth, neonatal hypoglycaemia and
childhood obesity.”® Maternal obesity seems also to be associated with increased risks
of hypertensive disorders. A study among 24.241 nulliparous women observed an in-
creased risk of gestational hypertension and pre-eclampsia for the morbidly obese cat-
egory, defined as a prepregnancy body mass index of more than 35 kg/mz, as compared
to normal weight women.® Furthermore, it has been suggested that maternal weight
gain might be associated with the risks of gestational hypertension and pre-
eclampsia.l’z’9 It is not known whether similar associations with gestational hypertensive
disorders are present in the lower ranges of body mass index. Also, few studies have
examined the effects of maternal overweight and obesity on blood pressure levels dur-
ing different periods of pregnancy.”'®" The influence of higher body mass index on
blood pressure levels might partly explain the observed associations between obesity
and the risk of hypertensive disorders during pregnancy.

Therefore, we examined in a population-based prospective cohort study among 6902
pregnant women the associations of maternal body mass index and gestational weight
gain with systolic and diastolic blood pressure in different trimesters of pregnancy and
the risks of pregnancy-induced hypertension and pre-eclampsia.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onwards in Rotterdam, the Netherlands.””"* The
study has been approved by the Medical Ethical Committee of the Erasmus Medical
Center in Rotterdam (MEC 198.782/2001/31). Written consent was obtained from all
participating women." All pregnant women were enrolled between 2001 and 2005.
Response rate at birth was 61%. Assessments during pregnancy were planned in first,
second and third trimester. The individual timing of these assessments depended on
the gestational age at enrolment. In total, 8880 women were enrolled during pregnan-
cy. For the present study, we excluded women without information about prepregnan-
cy body mass index (n = 1749). Next, we excluded women without blood pressure
measurements (n = 13). Also, we excluded women with pre-existent hypertension (n =
45). As we restricted our analyses to low-risk pregnancies, we excluded pregnancies
leading to fetal death (n = 51), induced abortions (n = 20), loss to follow up (n = 28) and
twin pregnancies (n = 72). Thus, the cohort for analysis consisted of 6902 pregnant
women (Figure 2.5.1).
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Figure 2.5.1. Flowchart of the participants

Participants enrolled during
pregnancy
n = 8880

n = 1762 excluded, due to missing information
on prepregnancy BMI (n = 1749) and missing
blood pressure values (n = 13)

Participants eligible for present
study
n=7118

n =216 excluded, due to pre-existent
hypertension (n =45), fetal deaths (n=51),
induced abortions (n = 20), twin pregnancies
(n=72) and loss to follow up (n = 28)

Total population for analysis

n=6902

First trimester blood pressure measurement: n=>5295
Second trimester blood pressure measurement: n=6500
Third trimester blood pressure measurement: n=6570

Maternal anthropometrics and obesity categories

During visits in first, second and third trimester, maternal anthropometrics were meas-
ured at one of the research centers. Height (cm) and weight (kg) were measured with-
out shoes and heavy clothing and body mass index (kg/m?) was calculated for each
pregnancy period. Information about maternal weight just before pregnancy was ob-
tained by questionnaires. As enrolment in our study was in pregnancy, we were not able
to measure maternal weight before pregnancy. However, in our population for analysis,
46.2% of all women were enrolled before a gestational age of 14 weeks. Correlation of
prepregnancy weight obtained by questionnaire and weight measured at enrolment
was 0.95 (P-value <0.001). No differences in results were found when we used weight
measured at enrolment instead of prepregnancy weight obtained by questionnaire.
Prepregnancy body mass index was categorized into five categories as follows: lean (<20
kg/m?), normal (20 — 24.9 kg/m’), overweight (25 — 29.9 kg/m°), obese (30 — 34.9 kg/m")
and morbidly obese (=35 kg/mz). Information about maximum weight during pregnancy
was assessed by questionnaire 2 months after delivery and available for only 3609
women. Because of the number of missing values of maximum weight, we defined
weight gain as the difference between weight before pregnancy and weight in late
pregnancy, which is a measure of weight gain during the first two trimesters.” This in-
formation was available for 6575 mothers. Maximum weight and weight in late preg-
nancy were strongly correlated (r = 0.86 (P-value <0.001)). Gestational weight gain was
categorized into three categories: less than 7 kg, 7—11.9 kg and at least 12 kg.
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Blood pressure

Blood pressure was measured with the Omron 907 automated digital oscillometric
sphygmomanometer, which was validated in adults (OMRON Healthcare Europe B.V.,
Hoofddorp, the Netherlands).” All participants were seated in upright position with
back support and were asked to relax for 5 minutes. A cuff was placed around the non-
dominant upper arm, which was supported at the level of the heart, with the bladder
midline over the brachial artery pulsation. In case of an upper arm exceeding 33 cm, a
larger cuff (32 — 42 cm) was used. The mean value of two blood pressure readings over
a 60-s interval was documented for each participant. In total, blood pressure was meas-
ured in 5295 women in first trimester (median 13.2 weeks of gestation, 95% range 9.8 —
17.5), in 6500 women in second trimester (median 20.4 weeks of gestation, 95% range
18.5 — 23.6) and in 6570 women in third trimester (median 30.2 weeks of gestation,
95% range 28.5 — 32.9). For the analyses, 18.365 blood pressure measurements were
available. Three, two and one blood pressure measurements were available for 4894,
1675 and 333 women, respectively.

Pregnancy-induced hypertension and pre-eclampsia

Information on pregnancy complications was obtained from medical records. Women
suspected of pregnancy complications based on these records were crosschecked with
the original hospital charts. Details of these procedures have been described else-
where.'®

Briefly, the following criteria were used to identify women with pregnancy-induced
hypertension: development of systolic blood pressure of at least 140 mmHg and/or
diastolic blood pressure of at least 90 mmHg after 20 weeks of gestation in previously
normotensive women. These criteria and the presence of proteinuria (defined as two or
more dipstick readings of 2+ or greater, one catheter sample reading of 1+ or greater or
a 24-h urine collection containing at least 300 mg of protein) were used to identify
women with pre-eclampsia.

Covariates

Gestational age was established by fetal ultrasound examination during the first ultra-
sound visit."”> Maternal age was assessed at intake. Information on educational level,
ethnicity, parity and folic acid supplementation use was obtained at enrolment. Infor-
mation about smoking, alcohol consumption and caffeine intake was assessed by ques-
tionnaires in each trimester. Maternal distress was measured by questionnaire at 20
weeks of gestation using the Brief Symptom Inventory,17 which gives a Global Severity
Index. A higher index reflects more stress pregnant women experience.
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Statistical analysis

First, the associations of maternal prepregnancy body mass index with repeatedly
measured systolic and diastolic blood pressure were analyzed using unbalanced repeat-
ed measurement regression models. These models take the correlation between re-
peated measurements of the same participant into account and allow for incomplete
outcome data.'® Using fractional polynomials of gestational age, the best fitting models
were constructed. The prepregnancy body mass index categories were included in these
models as intercept and as an interaction term with gestational age. We also examined
the associations of prepregnancy body mass index with blood pressure in first, second
and third trimester using linear regression models. Next, the associations of prepreg-
nancy body mass index categories with the risks of pregnancy-induced hypertension
and pre-eclampsia were assessed using multivariate logistic regression models. Finally,
we explored the effect of gestational weight gain on the risks of pregnancy-induced
hypertension and pre-eclampsia using multivariate logistic regression models. Tests for
trend were performed by treating body mass index as a continuous variable and enter-
ing it in the linear or logistic regression models. All models were adjusted for gestational
age at visit, maternal age, educational level, ethnicity, parity, folic acid supplement use,
smoking habits, alcohol consumption, caffeine intake and maternal stress. The models
in which we examined the effects of prepregnancy body mass index were adjusted for
gestational weight gain and the models in which we examined the effects of gestational
weight gain were adjusted for prepregnancy body mass index. Missing data of the co-
variates were imputed using multiple imputation. The percentages of missing values
within the population for analysis were lower than or equal to 5%, except for folic acid
supplementation use (17.3%) and maternal stress (20.6%). These higher percentages
were due to the large number of women who only partially filled out the questionnaire
or were not enrolled in first trimester. The repeated measurement analysis was per-
formed using the Statistical Analysis System version 9.2 (SAS Institute Inc., Cary, North
Carolina, USA), including the Proc Mixed module for unbalanced repeated measure-
ments. All other analyses were performed using the Statistical Package of Social Scienc-
es version 17.0 for Windows (SPSS Inc., Chicago, lllinois, USA).

Results

Participant characteristics

Characteristics of the included women according to their prepregnancy body mass in-
dex are shown in Table 2.5.1. Women in the highest body mass index category were
more frequently lower educated, had higher maternal stress levels and were less likely
to consume alcohol during pregnancy. In total, there were 264 cases of pregnancy-
induced hypertension and 131 cases of pre-eclampsia.



Table 2.5.1. Subject characteristics by prepregnancy body mass index (n = 6902)"
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Lean Normal Overweight Obese Morbidly obese
(<20kg/m?)  (20-24.9 kg/m’) (25-29.9 kg/m?) (30-34.9 kg/m?) (235 kg/m’)
Body Mass Index n=1122 n=3873 n=1319 n=425 n=163 P-value®
Height (cm) 168.4 (7.1) 167.8 (7.3) 166.3 (7.5) 165.8 (7.3) 165.1(7.8) <0.001
Prepregnancy weight (kg) 53.6(5.3) 62.7 (6.4) 74.7 (7.5) 88.2 (8.8) 105.6 (13.4) <0.001
Weight gain (kg) 11.2 (5.1) 11.0 (4.5) 9.7 (5.4) 7.7 (6.9) 5.4(7.1) <0.001
Age (yrs) 29.1(5.4) 30.0(5.3) 29.8(5.2) 29.5(5.2) 28.9(5.1) <0.001
Parity (%)
Nulliparous 63.4 60.5 47.3 40.0 50.3 <0.001
Multiparous 36.6 39.5 52.7 60.0 49.7
Gestational age at intake (wks)2 14.5 14.2 14.4 14.8 14.5 0.07
(10.2, 28.9) (10.4,24.9)  (10.2,24.8)  (10.5,28.8) (10.1, 23.6)
Highest completed education (%)
Primary school 9.2 9.0 15.8 19.5 13.8 0.001
Secondary school 45.8 43.0 50.2 61.7 69.7
Higher education 45.0 48.0 34.0 18.8 16.4
Ethnicity (%)
European 61.3 62.2 48.7 42.4 40.8 0.001
Non-European 38.7 37.8 51.3 57.6 59.2
Maternal stress index’ 0.17(0.00, 1.51) 0.15(0.00, 1.37) 0.19(0.00, 1.56) 0.17(0.00, 1.46) 0.25(0.00, 1.60) 0.001
Alcohol consumption (%)
None 45.1 45.2 59.0 65.0 69.7 0.001
First trimester only 14.2 14.2 10.5 13.0 58
Continued 40.7 40.6 30.5 22.0 24.5
Smoking habits (%)
None 711 74.9 76.4 75.9 70.1 0.03
First trimester only 8.7 8.9 7.2 6.5 8.4
Continued 20.2 16.3 16.4 17.6 215
Folic acid supplement use (%)
Preconceptional use 383 41.6 37.2 29.4 243 0.001
First 10 weeks use 35.2 329 28.0 28.2 28.7
No use 26.5 25.5 34.7 42.4 47.1
Caffeine intake (%)
None 4.3 4.1 5.0 5.0 7.7 0.06
<2 units per day 56.9 55.5 53.9 62.5 59.4
2-5.9 units per day 37.7 39.0 39.5 30.5 323
>6 units per day 1.1 1.4 1.6 2.0 0.6
Pregnancy complications, %
Pre-eclampsia 2.1 1.6 2.6 3.2 4.7 0.02
Pregnancy-induced
hypertension 2.1 3.2 5.1 8.7 17.1 <0.001

'Values are means (standard deviation) or percentages. *Median (95% range). *Differences in subject characteristics between

the groups were evaluated using one-way ANOVA tests for continuous variables and chi-square tests for proportions.

Maternal body mass index and longitudinally measured blood pressure

Figure 2.5.2 shows the blood pressure development during pregnancy for lean, normal
weight, overweight, obese and morbidly obese women. Obese and morbidly obese
mothers had the highest first trimester systolic blood pressure, but the lowest increase
thereafter. Diastolic blood pressure showed a mid-pregnancy dip, with an increase
thereafter for all groups of women. Diastolic blood pressure was the highest for morbid-
ly obese women. The exact regression coefficients for gestational age-independent
(intercept) and gestational age-dependent differences (interaction prepregnancy body
mass index and gestational age) are given in Supplementary Table S2.5.1.
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Table 2.5.2 gives the associations of prepregnancy body mass index with blood pressure
in first, second and third trimester using multiple linear regression models. The trend
analyses showed that higher prepregnancy body mass index was associated with higher
systolic blood pressure in first, second and third trimester (differences for first, second
and third trimester: 1.30 mmHg (95% Confidence Interval (Cl): 0.95, 1.10), 0.98 mmHg
(95% Cl: 0.91, 1.04) and 0.89 mmHg (95% ClI: 0.83, 0.96) per body mass index unit (P-
value <0.001)). The highest systolic blood pressure levels were observed in morbidly
obese women. Similar associations of prepregnancy body mass index and diastolic
blood pressure were observed for all trimesters (differences for first, second and third
trimester: 0.83 mmHg (95% Cl: 0.77, 0.88), 0.81 mmHg (95% CI: 0.76, 0.86) and 0.74
mmHg (95% Cl: 0.69, 0.79) per body mass index unit (P-value <0.001)).

Figure 2.5.2. Blood pressure patterns in different prepregnancy body mass index categories
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Change in systolic and diastolic blood pressure in mmHg for lean, overweight, obese and morbidly obese women, compared
to women with a normal body mass index based on repeated measurement analysis. Systolic blood pressure (SBP) = 8y + 81 x
body mass index + B, x gestational age + B3 x gestational age'2 + B, x body mass index x gestational age. Diastolic blood
pressure (DBP) = By + B x body mass index + B, x gestational age + B3 x gestational age05 + 4 x body mass index x gestational
age. In these models, ‘Bo+ R; x body mass index’ reflects the intercept and ‘B, x gestational age + B3 x gestational age ' reflects
the slope of change in blood pressure per week for systolic blood pressure, and ‘R, x gestational age + R x gestational
age®reflects the slope of change in blood pressure per week for diastolic blood pressure. Our term of interest is R, which
reflects the difference in change in blood pressure per week per body mass index category. Estimates and P-values are given

in Supplementary Table 52.5.1.
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Table 2.5.2. Associations of prepregnancy body mass index with systolic and diastolic blood pressure (n = 6902)"

Body mass index

First trimester’
n=5295

Second trimester’
n=6500

Third trimester”
n=6570

Lean (<20 kg/m?)

Difference in systolic blood pressure (mmHg)

-3.28 (-4.14, -2.41)*

-3.73 (-4.49, -2.98)*

-3.49 (-4.24, -2.73)*

n =866 n=1053 n=1062

Normal (20-24.9 kg/mz) Reference Reference Reference
n=2998 n=3667 n=3711

Overweight (25-29.9 kg/m’) 5.46 (4.63, 6.29)* 5.16 (4.44, 5.89)* 4.78 (4.06, 5.50)*
n=1007 n=1232 n=1262

Obese (30-34.9 kg/m’) 10.80(9.44,12.17)* 9.46 (8.30, 10.62)* 8.60(7.41,9.79)*
n =309 n =400 n=386

Morbidly obese (235 kg/m?)  13.07 (10.91, 15.23)* 14.37 (12.53, 16.21)* 12.63 (10.78, 14.48)*
n=115 n=148 n =149

Trend®

Lean (<20 kg/mz)

1.30 (0.95, 1.10)*

0.98 (0.91, 1.04)*

Difference in diastolic blood pressure (mmHg)

-1.71(-2.38, -1.04)*

-2.46 (-3.06, -1.87)*

0.89 (0.83, 0.96)*

-2.17 (-2.76, -1.58)*

n =866 n=1053 n=1062

Normal (20-24.9 kg/m?) Reference Reference Reference
n=2998 n=3667 n=3711

Overweight (25-29.9 kg/m’)  4.49 (3.85, 5.14)* 3.76(3.19, 4.33)* 3.78(3.23, 4.34)*
n=1007 n=1232 n=1262

Obese (30-34.9 kg/m’) 8.69 (7.63,9.74)* 8.50(7.58,9.41)* 7.03 (6.10, 7.95)*
n =309 n =400 n=386

Morbidly obese (235 kg/m”) 13.12 (11.44, 14.79)* 13.57 (12.12, 15.02)* 11.92 (10.48, 13.36)*
n=115 n=148 n=149

Trend’

0.83(0.77, 0.88)*

0.81(0.76, 0.86)*

0.74 (0.69, 0.79)*

'Values are regression coefficients (95% Confidence Interval) that reflect the difference in blood pressure in mmHg per body
mass index group compared to the reference group of women with a normal body mass index, 20-24.9 kg/mz. Estimates are
from multiple imputed data. ’Models are adjusted for gestational age at visit, maternal age, gestational weight gain,
educational level, ethnicity, parity, folic acid supplement use, smoking habits, alcohol consumption, caffeine intake, and
maternal stress. “Tests for trend were based on multiple linear regression models with body mass index as a continuous
variable. *P-value <0.001.

Body mass index, gestational weight gain and risks of pregnancy-induced hypertension
and pre-eclampsia

As compared to normal weight women, those with overweight, obesity and morbid
obesity had a higher risk of pregnancy-induced hypertension (Odds Ratio (OR) 2.12
(95% Cl: 1.54, 2.91), OR 4.67 (95% Cl: 3.07, 7.09) and OR 11.34 (95% ClI: 6.80, 18.86),
respectively) and pre-eclampsia (OR 1.82 (95% Cl: 1.16, 2.83), OR 2.49 (95% ClI: 1.29,
4.78) and OR 3.40 (95% Cl: 1.39, 8.28), respectively) (Table 2.5.3). A positive trend was
observed for each model (P-value <0.001). Gestational weight gain was associated with
an increased risk of pregnancy-induced hypertension. As compared to the reference
group (gestational weight gain <7 kg), women who gained 7 — 11.9 kg and women who
gained at least 12 kg had a higher risk of pregnancy-induced hypertension (OR 1.50
(95% Cl: 1.40, 2.16) and 1.86 (95% ClI: 1.27, 2.70), respectively). No association between
gestational weight gain and the risk of pre-eclampsia was observed.
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Table 2.5.3. Prepregnancy body mass index, gestational weight gain and risks of pregnancy-induced hypertension and

pre-eclampsia (n = 6902)"

Body mass index

Pregnancy-induced hypertension®®

(n = 264)

Pre-eclampsia®®
(n=131)

Lean (<20 kg/m?)

Normal (20-24.9 kg/m?)
Overweight (25-29.9 kg/mz)
Obese (30-34.9 kg/m’)

Morbidly obese (235 kg/m?)

0.66 (0.42, 1.03)
Neases= 23

Reference

Neases= 117

2.12 (1.54,2.91)**
Neases= 64

4.67 (3.07, 7.09)**
Neases= 35

11.34 (6.80, 18.86)**
Neases= 25

1.22 (0.74, 2.00)
Neases= 22
Reference

Negses= 60

1.82 (1.16, 2.83)*
Negses= 31
2.49(1.29, 4.78)*
Neases= 12
3.40(1.39, 8.28)*
Neases= 6

Trend’® 1.16 (1.13, 1.19)** 1.08 (1.04, 1.12)**
Pregnancy-induced hypertensionz'4 Pre-eclampsiaz‘4

Gestational weight gain (n=252) (n=121)

<7kg Reference Reference
Negses = 55 Negses = 36

7-11.9 kg 1.50 (1.04, 2.16)* 0.78 (0.48, 1.25)
Negses = 103 Neases = 42

>12 kg 1.86 (1.27, 2.70)* 1.08 (0.67, 1.74)
Negses = 94 Neases = 43

Trend” 1.06(1.13, 1.19 )** 1.02 (0.99, 1.05)

'Values are Odds Ratios (95% Confidence Interval) that reflect the difference in risks of pregnancy-induced hypertension and
pre-eclampsia in different body mass index groups compared to women with a normal body mass index, 20-24.9 kg/m” and in
different gestational weight gain groups compared to women with a gestational weight gain <7 kg. Estimates are from
multiple imputed data. ’Model is adjusted for maternal age, educational level, ethnicity, parity, folic acid supplement use,
smoking habits, alcohol consumption, caffeine intake, maternal stress. *Model is also adjusted for gestational weight gain.
*Model is also adjusted for prepregnancy body mass index. *Tests for trend were based on multiple logistic regression models
with body mass index and gestational weight gain as a continuous variable. *P-value <0.05. **P-value <0.001.

Discussion

Results from this prospective cohort study showed that higher prepregnancy body mass
index is associated with both higher systolic and diastolic blood pressure in all tri-
mesters. The difference in blood pressure between body mass index groups is already
present from first trimester onwards and remains stable throughout pregnancy. Over-
weight, obesity and morbid obesity are also associated with increased risks of gesta-
tional hypertensive disorders. Higher gestational weight gain was associated with a
higher risk of pregnancy-induced hypertension, but not with pre-eclampsia.

Some methodological issues need to be considered. One of the strengths of this
study was the prospective data collection from early pregnancy onwards. We had a
large sample size of 6902 participants with 18.365 blood pressure measurements. The
response rate at baseline for participation in the Generation R Study cohort was 61%.
The nonresponse would lead to biased effect estimates if the associations were differ-
ent between those included and not included in the analyses. However, this seems
unlikely because biased estimates in large cohort studies mainly arise from loss to fol-
low-up rather than from nonresponse at baseline." Detailed information about a large
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number of potential confounding factors was available in this study. However, because
of the observational design, residual confounding due to other socio-demographic and
lifestyle-related determinants might still be an issue. In addition, information on many
covariates in this study was self-reported, which may have resulted in underreporting of
certain adverse lifestyle-related determinants. Information on maternal prepregnancy
weight was self-reported as well. Self-reported weight tends to be underestimated, so
some misclassification might have occurred. However, self-reported prepregnancy
weight and weight measured at intake were highly correlated in our study. Finally, we
had a relatively small number of pregnancy-induced hypertension cases (n = 264) and
pre-eclampsia cases (n = 131), which might have led to lack of power to assess associa-
tions with gestational hypertensive complications and the lower body mass index cate-
gory and gestational weight gain. The relatively small number of cases of gestational
hypertensive complications might also indicate a selection towards a relatively healthy,
low-risk population.

Overweight and obesity are a major public health concern and have been associated
with adverse pregnancy-related outcomes for mother and offspring. Within the Genera-
tion R study, it has already been shown that maternal prepregnancy body mass index is
positively associated with fetal growth from second trimester onwards.” Furthermore,
women within the highest quintile of prepregnancy body mass index and gestational
weight gain were at increased risk of delivering large size for gestational age infants.
Gestational weight gain modified the effect of prepregnancy body mass index. Women
with the highest prepregnancy body mass index and the highest gestational weight gain
had the highest risk of large size for gestational age infants.”

In this present study, we have shown that prepregnancy body mass index influences
systolic and diastolic blood pressure levels during pregnancy, already from first tri-
mester onwards. We observed significant differences in systolic and diastolic blood
pressure between the several body mass index categories in each trimester. This is in
line with observations in previous studies.”'>*° A study among 1733 women observed a
positive association of prepregnancy body mass index with systolic and diastolic blood
pressure in each trimester.”” Another study among 166 women suggested that the
effect of body mass index on diastolic blood pressure in the third trimester was only
present in women without previous pregnancies.” In our study, we observed little dif-
ference between nulliparous and multiparous women for the associations between
prepregnancy body mass index and blood pressure (data not shown). Furthermore, the
study among 1733 women observed an increase in blood pressure with increasing body
mass index categories at any gestational age, but the increase in blood pressure was
attenuated with higher body mass index levels in later pregnancy.™ Especially, for sys-
tolic blood pressure, this attenuation occurred. We observed that the two highest BMI
categories had the smallest increase of systolic blood pressure throughout pregnancy,
slightly decreasing the difference in systolic blood pressure between the different body
mass index categories.

Multiple previous studies have examined the relationship between obesity and pre-
eclampsia.l’(s’u_25 A review of 13 cohort studies observed a strong positive association

111



112

CHAPTER 2.5

between prepregnancy body mass index and the risk of pre-eclampsia.”® In line with this
review, we observed that higher prepregnancy body mass index was associated with a
higher risk of pre-eclampsia, with the highest risk among morbidly obese women. A
limited number of studies have assessed the associations between underweight and the
risk of hypertensive disorders during pregnancy. A study among 24.241 primigravid
women observed a protective effect of underweight, body mass index less than 19.9
kg/mz, for both the risk of pregnancy-induced hypertension and pre—eclampsia.6 A study
among Chinese women observed a protective effect of underweight against pregnancy-
induced hypertension but not against pre—eclampsia.1 We did not observe a protective
effect of underweight, defined as a body mass index below 20 kg/m”, against hyperten-
sive complications during pregnancy. The difference might be due to a small number of
cases, differences in study population and adjustment for possible covariates.

Gestational weight gain might also influence the risk of gestational hypertensive
disorders. A study among 854.085 American women observed that the incidence of pre-
eclampsia increased with an increasing rate of weight gain in both women with a nor-
mal prepregnancy body mass index and in obese women.”" We also observed a higher
risk of pregnancy-induced hypertension with higher gestational weight gain. However,
we did not observe an association between gestational weight gain and pre-eclampsia.
This might be due to a small number of cases of pre-eclampsia in our analysis.

The mechanisms by which higher body mass index may lead to higher blood pressure
levels and increase the risk of gestational hypertensive disorders are not clear. It has
been suggested that an imbalance in the autonomic function, especially hyperactivity of
the sympathetic nervous system, might be a mechanism that can explain the observed
associations.”'>™?” Another hypothesis that has been suggested is that adiposity-
related insulin resistance might indirectly influence blood pressure.”*"*” Furthermore,
obesity is known to cause chronic inflammation and oxidative stress. It has been shown
that there is increased systemic inflammation in first trimester in overweight and obese
women with pre-eclampsia.’®*® This might also explain part of the pathway of obesity
with pre-eclampsia. Further research is necessary to explore these complex mecha-
nisms underlying the relationship between obesity and blood pressure level and gesta-
tional hypertensive disorders. As the effect of prepregnancy body mass index on blood
pressure is already present in first trimester, future preventive strategies should be
focused on the preconceptional period.

In conclusion, overweight, obesity and morbid obesity are associated with both high-
er systolic and diastolic blood pressure levels in first, second and third trimester, and
increased risks of gestational hypertensive disorders. Higher gestational weight gain is
associated with an increased risk of pregnancy-induced hypertension, but not with pre-
eclampsia. Preconception strategies to prevent obesity in women of reproductive age
might lead to less hypertensive complications during pregnancy.
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Supplementary Material

Supplementary Table $2.5.1. Longitudinal associations between prepregnancy body mass index and systolic and diastolic

blood pressure’

Prepregnancy body mass index Intercept P-value’ Slope (mmHg (95% Cl)) P-value’
Difference in systolic blood pressure

Lean (<20 kg/mz) 106.68 <0.001 -0.007 (-0.06, 0.04) 0.79

Normal (20-24.9 kg/mz) 109.81 <0.001 Reference

Overweight (25-29.9 kg/m?) 114.63 <0.001 -0.048 (-0.10, -0.001) <0.05

Obese (30-34.9 kg/m?) 120.70 <0.001 -0.16 (-0.24, -0.08) <0.001

Morbidly obese (235 kg/mz) 123.46 <0.001 -0.14 (-0.26, -0.01) <0.05
Difference in diastolic blood pressure

Lean (<20 kg/mz) 93.80 <0.001 -0.014 (-0.05, 0.03) 0.49

Normal (20-24.9 kg/mz) 95.55 <0.001 Reference

Overweight (25-29.9 kg/m?) 100.11 <0.001 -0.057 (-0.09, -0.02) <0.05

Obese (30-34.9 kg/m?) 105.62 <0.001 -0.14 (-0.21, -0.08) <0.001

Morbidly obese (235 kg/m?) 110.33 <0.001 -0.14 (-0.24, -0.05) <0.05

"Values are based on repeated non-linear regression models and reflect the change in blood pressure in mmHg per body mass
index category compared to the reference group of women with a normal body mass index , 20-24.9 kg/m”. *P-value reflects

the significance level of the estimate.
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Abstract

Background: Maternal prepregnancy obesity is associated with impaired cardio-
metabolic health in offspring. Whether these associations reflect direct intrauterine
causal mechanisms remains unclear.

Methods: In a population-based prospective cohort study among 4871 mothers, fathers,
and their children, we examined the associations of both maternal and paternal pre-
pregnancy body mass index with childhood body fat distribution and cardio-metabolic
outcomes and explored whether any association was explained by pregnancy, birth, and
childhood factors. We measured childhood body mass index, total body and abdominal
fat distribution, blood pressure, and blood levels of lipids, insulin, and C-peptide at the
age of 6 years.

Results: We observed that higher maternal and paternal prepregnancy body mass index
were associated with higher childhood body mass index, total body and abdominal fat
mass measures, systolic blood pressure, and insulin levels and lower high-density lipo-
protein cholesterol levels (P-value <0.05). Stronger associations were present for ma-
ternal than paternal body mass index, with statistical support for heterogeneity be-
tween these associations. The associations for childhood fat mass and cardio-metabolic
outcomes attenuated after adjustment for childhood current body mass index. Com-
pared with children from normal-weight mothers, those from obese mothers had in-
creased risks of childhood overweight (Odds Ratio (OR) 3.84 (95% Confidence Interval
(CI): 3.01, 4.90)) and clustering of cardio-metabolic risk factors (OR 3.00 (95% Cl: 2.09,
4.34)). Smaller effect estimates for these outcomes were observed for paternal obesity.

Conclusions: Higher maternal and paternal prepregnancy body mass index were associ-
ated with an adverse cardio-metabolic profile in offspring, with stronger associations
present for maternal prepregnancy body mass index. These findings suggest that ma-
ternal prepregnancy body mass index may influence the cardio-metabolic health of
offspring through direct intrauterine mechanisms.
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Introduction

Maternal obesity during pregnancy is associated with an adverse cardio-metabolic risk
profile in childhood and adulthood.”™ The mechanisms underlying these associations
might involve increased placental transfer of nutrients during fetal development, which
may cause permanent adaptations in appetite, energy metabolism, and neuroendocrine
function in offspring, which predispose individuals to a greater risk of cardio-metabolic
disease in later life.” However, these associations might also reflect shared family-based,
lifestyle-related characteristics or genetic factors.” Comparing the strength of associa-
tions of prepregnancy body mass index from both mother and father with childhood
outcomes could help in disentangling underlying mechanisms.”’ Stronger associations
for maternal body mass index suggest direct intrauterine mechanisms, whereas similar
or stronger associations for paternal body mass index suggest a role for shared family-
based, lifestyle-related characteristics or genetic factors. To date, studies comparing
associations of maternal and paternal body mass index with childhood body mass index
have shown conflicting results.>®"! Also, most previous studies did not explore associa-
tions of parental body mass index with detailed childhood body and abdominal fat dis-
tribution and cardio-metabolic outcomes. It further remains unclear whether differ-
ences in magnitude of associations of parental body mass index with childhood out-
comes are present across the full range of body mass index or confined to parental
obesity only.

Therefore, in a population-based prospective cohort study among 4871 children and
their parents, we examined the associations of maternal and paternal prepregnancy
body mass index with childhood body mass index, total body and abdominal fat distri-
bution, and cardio-metabolic risk factors. We also explored whether these associations
are present across the full range of body mass index and explained by pregnancy, birth,
or childhood characteristics.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onward in Rotterdam, The Netherlands." The local
medical ethical committee approved the study. Written informed consent was obtained
from all mothers. In total, 6954 mothers had information about prepregnancy body
mass index available and gave birth to singleton live-born children. Missing information
about prepregnancy body mass index was mainly because of later enrollment in the
study and nonparticipation in the first questionnaire. We excluded mothers and their
children without follow-up data available. The population for analysis included 4871
(70%) children and their parents (flow chart given in Supplementary Figure S2.6.1).
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Parental anthropometrics

At enrollment, we measured maternal and paternal height (cm) and weight (kg) without
shoes and heavy clothing. Body mass index (kg/m’) was calculated. Information about
maternal weight just before pregnancy was obtained by questionnaire. In our popula-
tion for analysis, 52.3% of all mothers were enrolled before a gestational age of 14
weeks. Correlation of prepregnancy weight, obtained by questionnaire, and weight
measured at enrollment was 0.94 (P-value <0.001). Prepregnancy maternal and pater-
nal body mass index were categorized into 4 categories (underweight [<20 kg/m?],
normal weight [20 — 24.9 kg/m’], overweight [25 — 29.9 kg/m’], and obese [230 kg/m”]).

Childhood body fat and cardio-metabolic outcomes

All children were invited to participate in detailed body fat and cardio-metabolic follow-
up measurements at the age of 6 years. We measured height and weight without shoes
and heavy clothing and calculated body mass index. Childhood underweight, normal
weight, overweight, and obesity were defined by the International Obesity Task Force
cutoffs.”> Body fat was measured by dual-energy x-ray absorptiometry (iDXA; General
Electrics—Lunar, 2008, Madison, WI).14 Total fat mass was calculated as percentage of
total body weight measured by dual-energy x-ray absorptiometry. We calculated an-
droid/gynoid fat mass ratio."* We performed abdominal ultrasound examinations as
described previously.ls‘16 Subcutaneous and preperitoneal fat mass areas were meas-
ured as areas of 2 cm length along the midline starting from the reference point in the
direction of the navel. Systolic and diastolic blood pressures were measured at the right
brachial artery, 4x with 1-minute intervals, using the validated automatic sphygmanom-
eter Datascope Accutor Plus TM (Paramus, NJ)."” We used the mean systolic and diastol-
ic blood pressure values using the last 3 blood pressure measurements. We obtained
30-minute fasting venous blood samples and measured total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, insulin, and C-
peptide levels. In line with previous definitions used among pediatric populations to
define childhood metabolic syndrome—like phenotype,'® we defined clustering of car-
dio-metabolic risk factors as having any of the 3 or more following components: android
fat mass percentage >75" percentile; systolic or diastolic blood pressure >75" percen-
tile; high-density lipoprotein cholesterol <25" percentile or triglycerides >75" percen-
tile; and insulin level >75™ percentile. We used android fat mass as percentage of total
body fat mass, which was used as proxy for waist circumference because waist circum-
ference was not available.

Covariates

Information on maternal and paternal age, education level, ethnicity, and maternal folic
. . 12 . .
acid supplement use was obtained at enrollment.” Information on maternal smoking
and alcohol consumption was assessed by questionnaires during pregnancy. First
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trimester maternal nutritional information was obtained by food frequency question-
naire.” Maternal weight gain until a gestational age of 30 weeks (median, 30.2 weeks;
95% range, 28.5 — 32.9) was measured. Information about pregnancy complications,
mode of delivery and childhood sex, gestational age, and weight and length at birth was
obtained from medical records.”®*" Early childhood growth was measured at communi-
ty health centers at 24 months. Information about breastfeeding, timing of introduction
of solid foods, and average television-watching time was obtained by questionnaires.12

Statistical analysis

First, differences in subject characteristics between maternal body mass index catego-
ries were examined with 1-way ANOVA tests and y° tests. Second, we examined the
associations of maternal and paternal body mass index singularly and simultaneously
with childhood outcomes in 4 linear regression models: (1) a basic model including
child’s age and sex; (2) a confounder model, which additionally included covariates
selected on the basis of their associations with the outcomes of interest based on pre-
vious studies or a change in effect estimate >10%. We included childhood height as
covariate in all models focused on fat mass outcomes; (3) an intermediate model, which
additionally included maternal pregnancy complications, weight gain during pregnancy,
gestational age and weight at birth, infant growth until 2 years of age, and current
childhood body mass index; and (4) a fully adjusted model including all covariates. The
confounder model was considered as the main model. Third, we examined the associa-
tions of maternal and paternal underweight, normal weight, overweight, and obesity
with childhood cardio-metabolic outcomes using linear regression models and with the
risks of childhood overweight and childhood clustering of cardio-metabolic risk factors
using logistic regression models. For all analyses, we transformed non-normally distrib-
uted childhood outcome variables. We constructed standard deviation scores (SDS)
values [(observed value-mean)/SD] for parental body mass index and childhood out-
comes to enable comparison of effect estimates. We examined potential interactions
between maternal body mass index and paternal body mass index, gestational weight
gain, sex, ethnicity, gestational-age-adjusted birth weight, and childhood body mass
index for these associations, but after taking multiple testing into account, no significant
interactions were present, and no further stratified analyses were performed. Missing
data of covariates were imputed using multiple imputations. All analyses were per-
formed using Statistical Package of Social Sciences version 17.1 for Windows (SPSS Inc,
Chicago, IL).
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Results

Subject characteristics

Characteristics of the included mothers, fathers, and children are given in Table 2.6.1.
Correlation coefficients among maternal, paternal, and childhood cardio-metabolic
outcomes are shown in Supplementary Table S2.6.1. Supplementary Table $2.6.2 shows
that mothers without offspring follow-up data were more likely to be less educated and
from non-European descent.

Parental body mass index and childhood cardio-metabolic outcomes

Table 2.6.2 shows the associations of parental body mass index with childhood out-
comes per SDS change and the role of potential intermediates. In the confounder mod-
el, 1-SDS higher maternal and paternal body mass index were associated with 0.25-SDS
(95% Confidence Interval (Cl): 0.23, 0.28) and 0.22-SDS (95% Cl: 0.19, 0.24) higher
childhood body mass index, respectively (P-value for statistical difference between
these associations <0.05). Including both maternal and paternal body mass index in the
same model only slightly attenuated these effect estimates. The association of maternal
body mass index with childhood body mass index was not explained by pregnancy com-
plications and gestational weight gain. The associations of both maternal and paternal
body mass index with childhood body mass index slightly attenuated after adjustment
for birth characteristics and infant growth. In the fully adjusted model, both maternal
and paternal body mass index remained significantly associated with childhood body
mass index, with a significantly stronger association for maternal body mass index.

Similar patterns were present for the associations of parental body mass index with
childhood total body and abdominal fat mass measures. Compared with paternal body
mass index, maternal body mass index was more strongly associated with all childhood
total body and abdominal fat mass measures. However, differences in the magnitude of
effect estimates of maternal—offspring and paternal-offspring associations for an-
droid/gynoid fat mass ratio and abdominal preperitoneal fat mass were not statistically
significant. After adjustment of these associations for current childhood body mass
index, only the association of maternal BMI with childhood total body fat mass re-
mained significant.
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MATERNAL OBESITY AND CHILDHOOD OUTCOMES

Figure 2.6.1. Associations of maternal and paternal underweight, overweight and obesity with the risks of childhood
overweight and childhood clustering of cardio-metabolic risk factors (n = 4871)"

1000 10,00
- Maternal association . Maternal association

’ Paternal association ’ Paternal association

cardio-metabolic risk factors(95%CI)
3
—.
o
.
—

OR for risk of childhood overweight
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=
OR for risk of childhood clustering of

010
Underweight Overweight Obesity Underweight Overweight Obesity

2.6.1a. Childhood overweight and obesity 2.6.1b. Childhood clustering of cardio-metabolic risk factors

'Values are Odds Ratios (95% Cl) from logistic regression models that reflect the risks of childhood overweight and obesity
and childhood clustering of cardio-metabolic risk factors for maternal and paternal underweight, overweight and obesity as
compared to the reference group (maternal and paternal normal weight). Estimates are based on multiple imputed data.
Maternal models include child’s sex and age at outcome measurements, maternal age, educational level, ethnicity, parity,
smoking and alcohol consumption during pregnancy and folic acid supplement use, total calorie intake during pregnancy,
caesarean delivery, breastfeeding duration, timing of introduction of solid foods, child average duration of tv watching.
Paternal models include paternal age, paternal educational level and paternal ethnicity instead of maternal age, maternal
educational level and maternal ethnicity.

Table 2.6.3 shows that higher maternal and paternal body mass index were associated
with a higher childhood systolic blood pressure (differences: 0.08 SDS (95% Cl: 0.05,
0.11) and 0.06 SDS (95% Cl: 0.03, 0.09) per SDS change in maternal and paternal body
mass index, respectively) but not diastolic blood pressure. These associations were
largely explained by childhood body mass index. In the fully adjusted model, maternal
body mass index, but not paternal body mass index, was still associated with a higher
childhood systolic blood pressure (P-value <0.05). In the confounder model, a higher
maternal body mass index was associated with lower childhood high-density lipoprotein
cholesterol and higher insulin levels (P-value <0.05) but not with childhood total choles-
terol, low-density lipoprotein cholesterol, triglycerides, and C-peptide levels (results for
C-peptide not shown). Higher paternal body mass index was only associated with lower
childhood high-density lipoprotein cholesterol (P-value <0.05), with similar effect esti-
mates as for maternal body mass index. These associations were fully explained by
childhood body mass index.

Parental obesity and childhood cardio-metabolic outcomes

Figure S2.6.2 shows that compared with maternal normal weight, maternal obesity was
associated with a higher childhood body mass index, total body and abdominal fat mass
measures, systolic blood pressure, triglycerides, insulin, and C-peptide levels (all
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P-values <0.05). Similar, but weaker, associations were present for paternal obesity.
Figure 2.6.1 shows that compared with maternal normal weight, maternal obesity was
associated with increased risks of childhood overweight (Odds Ratio (OR) 3.84 (95% ClI:
3.01, 4.90)) and clustering of cardio-metabolic risk factors (OR 3.00 (95% Cl: 2.09,
4.34)). Compared with children from normal-weight fathers, children from obese fa-
thers also had an increased risk of childhood overweight (OR 2.52 (95% Cl: 2.04, 3.12))
but not of clustering of childhood cardio-metabolic risk factors.

Discussion

We observed that higher maternal and paternal prepregnancy body mass index were
associated with increased adiposity levels and an adverse cardio-metabolic profile in
their children. Associations of maternal prepregnancy body mass index with childhood
outcomes tended to be stronger compared with associations of paternal body mass
index.

Methodological considerations

Strengths of this study were the prospective data collection from early pregnancy on-
ward, large sample size, and detailed childhood body fat and cardio-metabolic meas-
urements. Follow-up data were available in 70% of our study population. The nonre-
sponse could lead to biased effect estimates if associations of parental body mass index
with childhood adiposity and cardio-metabolic measures would be different between
children included and not included in the analyses. Assuming that parents and children
with a higher body mass index are less likely to participate in detailed adiposity and
cardio-metabolic follow-up, our estimates may be underestimated. Information on
maternal prepregnancy weight was self-reported, which might have led to misclassifica-
tion and underestimation of the observed effects. However, we observed similar results
when we used maternal weight measured at enrollment in the study (results not
shown). No information about maternal and paternal insulin—glucose status was availa-
ble in our study cohort. To obtain further insight into the potential underlying mecha-
nisms, it is of interest to perform similar analyses taking into account parental insulin
and glucose levels. We had detailed information about potential confounding factors
available in this study. However, because of the observational design, residual con-
founding because of other lifestyle-related variables, such as parental and childhood
nutritional intake, might still be an issue.

Interpretation of main findings

Previous studies showed that maternal obesity is associated with offspring obesity and
an adverse cardio-metabolic profile.”” These associations may be explained by direct
intrauterine mechanisms or shared environmental, lifestyle-related, or genetic
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characteristics. By comparing maternal-offspring and paternal-offspring associations,
underlying mechanisms may be further elucidated.®’

Previous studies examining the strengths of associations of both maternal and pater-
nal prepregnancy body mass index with childhood outcomes have mainly focused on
childhood body mass index and have reported inconsistent results.”® ">~ Most stud-
ies reported no differences in the magnitude of parental associations with offspring
body mass index.¥** However, in childhood, BMI might not be an appropriate meas-
ure of fat mass. A study among 4091 UK parent-offspring trios reported that maternal
prepregnancy body mass index was more strongly associated with childhood fat mass,
whereas in the same sample, similar effect estimates for the associations of maternal
and paternal body mass index with childhood body mass index were reported‘g‘9 A study
among 89 parent—offspring pairs showed that maternal, but not paternal, body mass
index was an important determinant of childhood total fat mass.”® Compared with pa-
ternal body mass index, we observed that maternal body mass index tended to be more
strongly associated with childhood body mass index, total body fat mass, an-
droid/gynoid fat mass ratio, abdominal subcutaneous and preperitoneal fat mass, which
is @ measure of visceral fat mass. In addition, the association of maternal, but not pa-
ternal, prepregnancy body mass index with childhood total body fat mass was inde-
pendent of childhood current body mass index. Thus, our results suggest that children
from mothers with a higher prepregnancy body mass index have a higher total body fat
mass, independent of their body mass index, and relatively more abdominal fat mass.
These specific total body and abdominal fat distribution measures are related to adult
cardio-metabolic disease and risk of mortality.””*®

Parental body mass index has also been associated with separate cardio-metabolic
risk factors and clustering of these risk factors in offspring. A study among 3864 UK
children showed that maternal and paternal prepregnancy body mass index were signif-
icantly associated with offspring systolic blood pressure at 5 years in the fully adjusted
models.”” Another study among 9328 parents and their children reported that only
maternal body mass index was significantly associated with offspring systolic blood
pressure, whereas both maternal and paternal body mass index were associated with
offspring lipid levels and inflammatory markers, with similar effect estimates. These
associations were modified by offspring body mass index, and after adjustment for
offspring adiposity levels, most associations attenuated or reversed.”® Among 940 Swe-
dish children and 873 adolescents, it was shown that only maternal weight status influ-
enced offspring cardiorespiratory fitness, after taking offspring fatness into account.”> A
study among 599 US children and their parents showed that both maternal and pater-
nal body mass index were associated with offspring risk of clustering of cardiovascular
risk factors.”" In this study, stronger associations for maternal body mass index tended
to be present. We observed that only higher maternal prepregnancy body mass index
was associated with higher childhood systolic blood pressure. No associations of paren-
tal body mass index with childhood metabolic measures were present after adjustment
for childhood body mass index. Maternal and paternal body mass index were associated
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with the risk of childhood overweight, whereas only maternal body mass index was
associated with the risk of clustering of cardio-metabolic risk factors.

The associations of maternal prepregnancy body mass index with these childhood
body fat distribution and cardio-metabolic outcomes were strongest for maternal obesi-
ty, but were also present across the full range. Although the observed effect estimates
were small to moderate, these childhood cardio-metabolic risk factors tend to track
from childhood into adulthood and are associated with cardiovascular disease in later
life.*® Thus, these results suggest that especially maternal prepregnancy body mass
index may be a critical factor for offspring cardio-metabolic health in later life.

The associations of maternal prepregnancy body mass index with childhood out-
comes may be explained by several mechanisms. Shared family-based, lifestyle-related
characteristics and genetic factors are likely to explain part of the associations. Previ-
ously, we have shown that overweight and obese mothers differ from normal-weight
mothers in socio-demographic and lifestyle-related characteristics.”” However, for all
childhood adiposity outcomes, systolic blood pressure, insulin, and clustering of cardio-
metabolic risk factors associations of maternal prepregnancy body mass index tended
to be stronger than associations of paternal body mass index. In addition, extensive
adjustment for socio-demographic and lifestyle-related characteristics did not explain
our findings. The observed effects were also not mediated by pregnancy complications,
birth characteristics, or infant growth, which are all identified risk factors related to
both maternal prepregnancy body mass index and health of offspring.gs_41 Thus, our
findings suggest that associations of maternal prepregnancy body mass index with off-
spring cardio-metabolic health outcomes may, at least partly, be explained by direct
intrauterine mechanisms. This may include higher maternal plasma concentrations and
placental transfer of glucose, amino acids, and free fatty acids during pregnancy, which
may influence programming of offspring adiposity and an adverse cardio-metabolic
profile in later life.””** Further research is needed to obtain further insight into the
causality and underlying mechanisms of these associations.

Perspectives

Both maternal and paternal prepregnancy body mass index are associated with in-
creased adiposity levels and an adverse cardio-metabolic profile in offspring, with
stronger associations present for maternal prepregnancy body mass index. Preventive
strategies that focus on reduction of obesity in pregnant women may lead to better
cardio-metabolic health in their offspring.
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Supplementary Table 52.6.2. Non-response analysis for childhood follow-up data at 6 years (n = 6954) "

Follow-up Loss to follow-up
at 6 years at 6 years

Characteristics n=4871 n=2083 P-value*
Maternal characteristics
Age, mean (SD), years 30.4 (5.1) 28.3(5.4) <0.01
Height, mean (SD), cm 167.8 (7.4) 166.6 (7.3) <0.01
Prepregnancy weight, mean (SD), kg 66.5 (12.6) 65.8 (13.4) 0.05
Prepregnancy body mass index, mean (SD), kg/m” 23.6(4.2) 23.7 (4.7) 0.41
Gestational weight gain, mean (SD), kg 10.5 (4.9) 10.3(5.1) 0.19
Gestational age at intake, median (95% range), weeks® 13.8(9.9,24.2) 14.2 (9.9, 24.5) <0.01
Parity, nulliparous, No. (%) 2833 (58.2) 1124 (54.0) <0.01
Education, No. higher education (%) 2198 (46.3) 652 (32.9) <0.01
Race / Ethnicity, No. European (%)° 2985 (61.5) 987 (48.7) <0.01
Smoking habits during pregnancy, No. Yes (%)3 1187 (25.5) 580 (28.8) <0.01
Alcohol consumption during pregnancy, No. Yes (%)° 2509 (54.0) 842 (42.2) <0.01
Folic acid supplement use, No. (%)3

No use 1009 (24.9) 656 (38.6) <0.01

First 10 weeks use 1310 (32.4) 526 (31.0)

Preconception use 1730 (42.7) 517 (30.4)
Maternal pregnancy complications

Gestational hypertension, No. (%)* 206 (4.4) 58 (3.0) <0.01

Pre-eclampsia, No. (%)° 86 (1.9) 47 (2.5) 0.15

Gestational diabetes, No. (%)3 51(1.1) 19 (1.0) 0.79
Paternal characteristics
Age, mean (SD), years 33.2(5.7) 31.5(5.9) <0.01
Body mass index, mean (SD), kg/m’ 25.3(3.4) 25.4(3.7) 0.45
Paternal education, No. higher education (%)’ 1738 (52.4) 483 (46.1) <0.01
Race / Ethnicity, No. Dutch or European (%)® 2620 (71.0) 797 (62.1) <0.01
Birth and infant characteristics
Males, No. (%)’ 2444 (50.2) 1074 (51.6) 0.28
Gestational age at birth, median (95% range), weeks® 40.1(35.9, 42.3) 40.0 (34.7, 42.4) <0.01
Birth weight, mean (SD), g 3435 (545) 3385 (582) <0.01
Caesarean delivery, No. (%) 539 (12.1) 238(12.8) 0.48
Ever breastfeeding, No. Yes (%)* 3566 (92.7) 1020 (90.1) <0.01

Breastfeeding duration, median (95% range), months’ 3.5(0.5,12.0) 2.5(0.5,12.0) <0.01

'Values are means (standard deviation). ’Values are medians (95% range). *Values are observed numbers (valid percentages).
“Differences in subject characteristics between the groups were evaluated using one-way ANOVA tests for continuous
variables and Chi-square tests for proportions.
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Supplementary Figure $2.6.1. Participants flow chart in the Generation R Study, Rotterdam, the Netherlands

Mothers enrolled during pregnancy, with
information about prepregnancy body
mass index available

n=7207

Excluded due to non-singleton live birth
n=253

Mothers enrolled during pregnancy, with
information about prepregnancy body mass
index available and singleton live birth
n=6954

Excluded due to no participation in follow-up
studies
n=2083

Childhood outcomes at the age of 6 years
n=4871

Body fat distribution

Body mass index: n= 4862
Total body fat distribution: n= 4733
Abdominal fat distribution: n= 3956

Cardio-metabolic risk factors

Blood pressure: n= 4665
Cholesterol: n= 3216
Triglycerides: n=3205
Insulin / C-peptide: n=3183
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Abstract

Background: Excessive gestational weight gain seems to be associated with offspring
cardio-metabolic risk factors. Not much is known about critical periods of gestational
weight gain.

Objective: We examined the associations of maternal weight gain in different periods of
pregnancy with childhood cardio-metabolic risk factors.

Design: In a population-based prospective cohort study from early pregnancy onwards
among 5908 mothers and their children, we obtained maternal prepregnancy weight
and weight in early-, mid- and late-pregnancy. At the age of 6 years, we measured
childhood body mass index, total body and abdominal fat distribution, blood pressure
and blood levels of lipids, insulin and C-peptide.

Results: Independent from maternal prepregnancy weight and weight gain in other
periods, higher weight gain in early pregnancy was associated with higher childhood
body mass index, total fat mass, android/gynoid fat mass ratio, abdominal subcutane-
ous and preperitoneal fat mass, systolic blood pressure, insulin and C-peptide (P-values
<0.05). Higher weight gain in mid-pregnancy was independently associated with higher
childhood body mass index, total and abdominal subcutaneous fat mass and systolic
blood pressure (P-values <0.05). The associations for childhood cardio-metabolic out-
comes attenuated after adjustment for childhood body mass index. Weight gain in late-
pregnancy was not associated with childhood outcomes. Higher weight gain in early,
but not in mid- or late-pregnancy, was associated with increased risks of childhood
overweight and clustering of cardio-metabolic risk factors (Odds Ratio (OR) 1.19 (95%
Confidence Interval (Cl): 1.10, 1.29) and OR 1.20 (95% Cl: 1.07, 1.35) per standard devi-
ation increase in early-gestational weight gain, respectively).

Conclusions: Higher weight gain in early pregnancy is associated with an adverse cardio-
metabolic profile in offspring. This association is largely mediated by childhood
adiposity.
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Introduction

Increased maternal gestational weight gain may influence long-term cardio-metabolic
health of offspring." The mechanisms underlying these associations are not known, and
may depend upon the timing of gestational weight gain."* Gestational weight gain is a
complex trait. Maternal gestational weight gain in early-pregnancy largely reflects ma-
ternal fat deposition, whereas gestational weight gain in mid- and late-pregnancy large-
ly reflect maternal and amniotic fluid expansion, and growth of fetus, placenta and
uterus.” Higher placental transfer of nutrients, such as glucose and free fatty acids in
mothers with increased gestational weight gain, may lead to permanent fetal and child-
hood adaptations in appetite, energy metabolism and neuro-endocrine function, and
predispose individuals to a greater risk of cardio-metabolic disease in later life."® Previ-
ous studies suggested that weight gain in early-pregnancy is associated with offspring
body mass index, whereas weight gain in mid-pregnancy tended to be associated with
offspring metabolic and inflammatory biomarkers.””® It is not known whether these
associations are independent from other periods of gestational weight gain or explained
by pregnancy complications and infant growth characteristics. Also, previous studies did
not examine associations of specific periods of gestational weight gain with detailed
childhood body fat distribution and cardio-metabolic measures.

Therefore, we aimed to identify critical periods of maternal gestational weight gain
for cardio-metabolic health in offspring. In a population-based prospective cohort study
among 5908 mothers and their children, we examined the associations of specific peri-
ods of gestational weight gain and excessive gestational weight gain with childhood
cardio-metabolic risk factors. We also examined whether these associations are inde-
pendent from gestational weight gain in other periods or explained by pregnancy, birth
and infant characteristics.

Methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onwards in Rotterdam, the Netherlands.” The local
Medical Ethical Committee approved the study. Written informed consent was obtained
from all mothers. In total, 8614 mothers had information about at least one maternal
weight measurement during pregnancy available and gave birth to singleton live born
children. We excluded children without follow-up data available. The population for
analysis included 5908 (69%) mothers and their children (Flow chart is given in Supple-
mentary Figure 52.7.1).
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Maternal anthropometrics and gestational weight gain

At enrolment, we measured maternal height (cm) and weight (kg) without shoes and
heavy clothing and calculated body mass index (kg/m’). Information about maternal
weight just before pregnancy was obtained by questionnaire. Prepregnancy body mass
index was categorized in 4 categories (underweight (<20 kg/m?), normal weight (20 -
24.9 kg/m’), overweight (25 - 29.9 kg/m?) and obese (=30 kg/m?)). Maternal weight was
assessed in early-, mid- and late-pregnancy. Early-, mid- and late-gestational weight gain
were defined as: start of pregnancy until 13 weeks of gestation (median 13.4 wks, 95%
range 9.9-18.9); from 13 until 26 weeks of gestation (median 29.9 wks, 95% range 20.5,
31.4); from 26 until 40 weeks of gestation (median 39.0 wks, 95% range 32.8, 42.0),
respectively. These periods were defined based on data collection within our study
cohort. When we used narrower ranges to define specific periods of gestational weight
gain, conclusions were similar (results not shown). Gestational weight gain until a gesta-
tional age of 30 weeks (median 30.2, 95% range 28.5, 32.8) was measured and available
for 5678 mothers. Information about maximum weight during pregnancy was assessed
by questionnaire 2 months after delivery in a subgroup of 3118 mothers. Maximum
weight from questionnaire and weight measured at 30 weeks were strongly correlated
(r =0.88 (P-value <0.001)). Among this subgroup of mothers, we defined excessive ges-
tational weight gain in relation to maternal prepregnancy body mass index according to
the Institute of Medicine (IOM) guidelines (for underweight and normal weight moth-
ers: total weight gain >16 kg; for overweight mothers: total weight gain >11.5 kg; for
obese mothers: total weight gain >9 kg).”

Childhood body fat and cardio-metabolic outcomes

All children were invited to participate in detailed body fat and cardio-metabolic follow-
up measurements at the age of 6 years.

We measured height and weight without shoes and heavy clothing and calculated
body mass index. Childhood underweight, normal weight, overweight and obesity were
defined by the International Obesity Task Force cut offs."” Body fat was measured by
Dual-Energy X-ray absorptiometry (DXA) (iDXA, General Electrics—Lunar, 2008, Madison,
WI, USA).™ Total fat mass was calculated as percentage of total body weight measured
by DXA. We calculated the android/gynoid fat mass ratio. As described previously, we
performed abdominal ultrasound examinations to measure preperitoneal and subcuta-
neous abdominal fat thicknesses.'” Preperitoneal and subcutaneous fat mass areas
were measured as areas of 2 cm length along the midline starting from the reference
point in direction of the navel.

Systolic and diastolic blood pressure was measured at the right brachial artery, four
times with one-minute intervals, using the validated automatic sphygmanometer Data-
scope Accutor Plus TM (Paramus, NJ, USA)."”> We calculated mean systolic and diastolic
blood pressure values using the last three blood pressure measurements.
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We obtained thirty-minutes fasting venous blood samples and measured total-
cholesterol, Low-Density Lipoprotein (LDL)-cholesterol, High-Density Lipoprotein (HDL)-
cholesterol, triglycerides, insulin and C-peptide levels.

In line with previous definitions used among paediatric populations to define child-
hood metabolic-syndrome-like-phenotype,* we defined clustering of cardio-metabolic
risk factors as having any of the 3 or more following components: android fat mass
percentage >75" percentile; systolic or diastolic blood pressure >75" percentile; HDL-
cholesterol <25 percentile or triglycerides 275" percentile; and insulin level 275" per-
centile. We used android fat mass as percentage of total body fat mass as proxy for
waist circumference since waist circumference was not available.

Covariates

Maternal age was assessed at intake.” Information on maternal education level, ethnici-
ty, folic acid supplementation use, smoking and alcohol consumption was assessed by
questionnaires during pregnancy. First-trimester nutritional intake was obtained by
food frequency questionnaire. We used medical records to collect information about
pregnancy complications and mode of delivery.15 Information about childhood sex,
gestational age, weight and length at birth was available.®"” Infant growth was meas-
ured at community health centers according to standardized procedures at 24 months.
Information about breastfeeding, timing of introduction of solid foods and average
television watching time was obtained by questionnaires.

Statistical analysis

First, since maternal weight measurements throughout pregnancy are strongly corre-
lated, we performed conditional regression analyses to explore the independent associ-
ations of maternal prepregnancy weight and weight gain in each pregnancy period,
taking account for their correlations, with childhood outcomes (Correlation coefficients
between maternal gestational weight measures shown in Supplementary Table $2.7.1)."®
We constructed maternal weight gain variables for each period, which are statistically
independent from each other, by using standardized residuals obtained from regression
of maternal weight at a specific time point on prior maternal weight measurements.
Second, we examined associations of maternal gestational weight gain in early-,mid-
and late-pregnancy with childhood outcomes separately and the role of potential medi-
ators using linear regression models. For these analyses, we used 4 linear regression
models; (1) a basic model including child’s age and sex; (2) a confounder model, which
additionally included covariates selected on their associations with the outcomes of
interest or a change in effect estimate of >10%. We included childhood height as co-
variate in all models focused on fat mass outcomes; (3) an intermediate model, which
additionally included potential intermediates (maternal pregnancy complications, gesta-
tional age and weight at birth, infant growth from birth until 2 years of age, and current
childhood body mass index); and (4) a fully adjusted model including all confounders
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and potential mediators. The confounder model was considered as main model. Third,
we examined the associations of total and excessive gestational weight gain according
to the IOM criteria with childhood outcomes using linear regression models. Finally, we
examined the associations of specific periods of gestational weight gain and excessive
gestational weight gain with the risks of childhood overweight and clustering of cardio-
metabolic risk factors using logistic regression models. For all analyses, not normally
distributed childhood outcome variables were log-transformed. We constructed stand-
ard deviation scores (SDS) values ((observed value - mean)/SD) for gestational weight
gain variables and childhood outcomes to enable comparison of effect estimates. We
examined potential interactions between maternal prepregnancy body mass index and
gestational weight gain in each period and total gestational weight gain. We also ex-
plored potential interactions of gestational weight gain with sex, ethnicity, gestational-
age-adjusted birth weight and childhood body mass index for these associations. After
taking multiple testing into account no significant interactions were present, and no
further stratified analyses were performed. Missing data of maternal weight variables
(for conditional analyses only) and covariates were imputed using multiple imputation.
Sensitivity analyses among mothers with all three weight measurements available were
performed. All analyses were performed using Statistical Package of Social Sciences
version 17.0 for Windows (SPSS Inc, Chicago, IL, USA).

Results

Subject characteristics

Table 2.7.1 shows participants characteristics. Correlation coefficients between mater-
nal gestational weight measures, birth weight and childhood cardio-metabolic out-
comes are shown in Supplementary Table S2.7.1. Supplementary Table S2.7.2 and $2.7.3
show that mothers without maximum gestational weight gain and childhood follow-up
data available were more often lower educated and from non-European descent.

Gestational weight gain in different periods of pregnancy

Figure 2.7.1 shows the independent associations of maternal prepregnancy weight and
gestational weight gain in early-, mid- and late-pregnancy with childhood outcomes
from conditional analyses. Maternal prepregnancy weight was associated with child-
hood body mass index, body fat distribution measures, systolic blood pressure, HDL-
cholesterol and insulin and C-peptide levels (all P-values <0.05 in confounder model).
The associations of maternal prepregnancy weight with childhood outcomes were
stronger than associations of maternal gestational weight gain. Independent from ma-
ternal prepregnancy weight and weight gain in other periods, higher maternal gesta-
tional weight gain in early-pregnancy was associated with higher levels of childhood



GESTATIONAL WEIGHT GAIN AND CHILDHOOD OUTCOMES

body mass index, total fat mass, android/gynoid fat mass ratio, abdominal subcutane-

ous fat mass and systolic blood pressure (all P-values <0.05).

Table 2.7.1. Characteristics of mothers and their children (n = 5908 )1

Characteristics Value
Maternal Characteristics
Age, mean (SD), years 30.3(5.1)
Height, mean (SD), cm 167.5(7.4)
Weight, mean (SD), kg 66.5(12.6)
Prepregnancy body mass index, mean (SD), kg/m” 23.6 (4.3)
Maximum weight gain, mean (SD), kg 14.9 (5.8)
Weight gain in early pregnancy, mean (SD), kg/week 0.17 (0.16)
Weight gain in mid-pregnancy, mean (SD), kg/week 0.49 (0.24)
Weight gain in late-pregnancy, mean (SD), kg/week 0.55 (0.39)
Excessive gestational weight gain (IOM criteria), No.(%) 1206 (45.7)
Gestational age at intake, median (95% range), weeks 13.9(9.9,24.4)
Education, No. Higher (%) 2435 (45.8)
Ethnicity, No. Dutch or European (%) 3501 (60.6)
Parity, No. Nulliparous (%) 3350 (56.7)
Total energy intake, mean (SD), kcal 2047 (558)
Folic acid supplement use, No. Yes (%) 1937 (43.1)
Smoking during pregnancy, No. Yes (%) 1369 (26.1)
Alcohol consumption during pregnancy, No. Yes (%) 2797 (54.0)
Maternal pregnancy complications
Gestational hypertension, No. (%) 233 (4.1)
Pre-eclampsia, No. (%) 106 (1.9)
Gestational diabetes, No. (%) 59 (1.0)
Birth and infant characteristics
Males, No. (%) 2949 (49.9)
Gestational age at birth, median (95% range), weeks 40.1(35.9,42.3)
Birth weight, mean (SD), g 3426 (550)
Caesarean delivery, No. (%) 655 (12.2)
Ever breastfeeding, Yes, No. (%) 4283 (92.6)
Breastfeeding duration, mean (SD), months 3.5(0.5,12.0)
Introduction of solid foods, No. Before 6 months (%) 3198 (89.6)
Television watching, No. More than 2 hours/day (%) 902 (19.8)
Childhood characteristics
Age at follow up, median (95% range), years 6.0 (5.6, 8.0)
Height, mean (SD), cm 119.5(6.1)
Weight, mean (SD), kg 23.4(4.3)
Body mass index, mean (SD), kg/mz 16.3 (1.9)
Overweight or obesity, No. (%) 1075 (18.2)
Total fat mass, mean (SD), % 25.1(5.7)
Android/gynoid fat mass ratio, mean (SD) 0.25(0.07)

Abdominal subcutaneous fat mass area, median (95% range), cm?
Abdominal preperitoneal fat mass area, median (95% range), cm’
Systolic blood pressure, mean (SD), mmHg
Diastolic blood pressure, mean (SD), mmHg
Total-cholesterol, mean (SD), mmol/L
HDL- cholesterol, mean (SD), mmol/L
LDL — cholesterol, mean (SD), mmol/L
Triglycerides, median (95% range), mmol/L
Insulin, median (95% range), pmol/L
C-peptide, median (95% range), nmol/L
Cardio-metabolic risk factor clustering, No. (%)

0.49 (0.18, 1.94)
0.40 (0.16, 1.21)
102.9 (8.2)

60.8 (6.9)
4.2(0.6)
1.3(0.3)
2.4(0.6)

0.9 (0.4, 2.4)
113.9 (16.9, 403.2)
1.0(0.3, 2.1)
384 (10.4)

'Values represent means (SD), median (95% range) or number of subjects (valid %).
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Figure 2.7.1. Associations of maternal prepregnancy weight and weight gain in each period of pregnancy with childhood
cardio-metabolic outcomes from conditional analyses (n = 5735)
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Values are regression coefficients (95% Confidence Interval) from linear and logistic regression models that reflect the
difference in childhood outcomes per SDS change in maternal prepregnancy weight and per SDS change in standardised
residual change in maternal weight in early, mid and late-pregnancy from conditional regression analyses. Models were
adjusted for child’s sex and age at outcome measurements, maternal age, educational level, ethnicity, parity, height at intake,
smoking and alcohol consumption during pregnancy and folic acid supplement use, total calorie intake during pregnancy,
delivery mode, breastfeeding duration, timing of introduction of solid foods and average duration of tv-watching. Models
focused on fat mass outcomes were also adjusted for childhood height. Models additionally adjusted for potential
intermediates (pregnancy complications, birth characteristics, childhood size) are shown in the Supplementary Tables $2.7.4
and S2.7.5.
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Associations of maternal gestational weight gain in early-pregnancy with childhood
abdominal preperitoneal fat mass, insulin and C-peptide were of borderline significance.
Higher maternal gestational weight gain in mid-pregnancy was independently associat-
ed with higher childhood body mass index, total fat mass and abdominal subcutaneous
fat mass and systolic blood pressure (all P-values <0.05). No independent associations
were present for maternal gestational weight gain in late-pregnancy. Only maternal
prepregnancy weight and gestational weight gain in early-pregnancy were independent-
ly associated with the risks of childhood overweight and clustering of cardio-metabolic
risk factors (all P-values <0.05) (Figures 2.7.1E-F). When we restricted analyses to moth-
ers with all three gestational weight measurements available, findings were similar
(results not shown).

Role of maternal pregnancy complications, birth outcomes and childhood size

Table 2.7.2 shows that associations of maternal gestational weight gain in early-
pregnancy with childhood body mass index, total fat mass, android/gynoid fat mass
ratio and abdominal subcutaneous fat mass were not explained by pregnancy complica-
tions, gestational age and weight at birth or infant growth. The associations of maternal
gestational weight gain in early-pregnancy with childhood fat mass outcomes attenuat-
ed towards non-significant after adjustment for childhood body mass index. The associ-
ation of maternal gestational weight gain in mid-pregnancy with offspring body mass
index was partly explained by birth characteristics. Maternal gestational weight gain in
late-pregnancy was associated with childhood body mass index only, but this associa-
tion was fully explained by birth characteristics.

Table 2.7.3 shows that specific periods of maternal gestational weight gain were not
significantly associated with childhood cardio-metabolic outcomes. Maternal gestation-
al weight gain in early- and mid-pregnancy tended to be associated with childhood
systolic blood pressure, but this association was explained by childhood body mass
index. Results for conditional weight gain models additionally adjusted for potential
intermediates were similar and are given in Supplementary Table S2.7.4 and S2.7.5.
Associations of total gestational weight gain with childhood cardio-metabolic outcomes
are shown in Supplementary Table S2.7.6. Total gestational weight gain was associated
with offspring body mass index only.

Figure 2.7.2A shows that higher gestational weight gain in early- and mid-, but not
late-pregnancy, were associated with increased risks of childhood overweight (OR 1.19
(95% Cl: 1.10, 1.29) and OR 1.09 (95% Cl: 1.01, 1.18), per SD increase in early- and mid-
gestational weight gain, respectively). The association for gestational weight gain in
mid-pregnancy was explained by birth characteristics. Only higher gestational weight
gain in early-pregnancy was associated with an increased risk of childhood clustering of
cardio-metabolic risk factors (OR 1.20 (95% Cl: 1.07, 1.35) per SD increase, respective-
ly). This association was not explained by potential intermediates (Figure 2.7.2B). Figures
2.7.2A and 2.7.2B also show that children from mothers with excessive gestational
weight gain had increased risks of childhood overweight (OR 1.54 (95% CI: 1.22, 1.96))
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and clustering of cardio-metabolic risk factors (OR 1.68 (95% Cl: 1.17, 2.41)), independ-
ent of potential intermediates. Associations of excessive gestational weight gain with
separate childhood cardio-metabolic outcomes are shown in Supplementary Table

S2.7.7.

Table 2.7.2. Weight gain in early-, mid- and late-pregnancy and childhood body composition

BMI
(SDS)

Total fat mass
(SDS)

Android/gynoid
fat mass ratio
(SDS)

Subcutaneous
abdominal

fat area

(SDS)

Preperitoneal
abdominal
fat area

(SDS)

Early-pregnancy
Basic model
Confounder model®
Mediator models®
Pregnancy
complications

Birth characteristics

Infant growth
Childhood BMI

Fully adjusted model*

Mid-pregnancy
Basic model
Confounder model®
Mediator models’
Pregnancy
complications

Birth characteristics

Infant growth
Childhood BMI

Fully adjusted model”

Late-pregnancy
Basic model
Confounder model’
Mediator models®
Pregnancy
complications

Birth characteristics

Infant growth
Childhood BMI

Fully adjusted model

0.07 (0.04, 0.10)*
0.09 (0.06, 0.12)*

0.09 (0.06, 0.12)*
0.08 (0.05, 0.11)*
0.09 (0.07, 0.12)*

0.06 (0.04, 0.09)*

0.02 (-0.01, 0.05)
0.07 (0.04, 0.09)*

0.07 (0.04, 0.09)*
0.04 (0.02, 0.07)*
0.08 (0.06, 0.11)*

0.03 (0.01, 0.05)*

0.02 (-0.01, 0.05)
0.03 (0, 0.06)*

0.03 (0, 0.06)*
0.01 (-0.02, 0.05)
0.05 (0.02, 0.08)*

0.01 (-0.02, 0.04)

0.05 (0.02, 0.08)*
0.05 (0.03, 0.08)*

0.05 (0.03, 0.08)*
0.06 (0.03, 0.08)*
0.06 (0.03, 0.08)*
0(-0.02,0.02)
0(-0.01, 0.02)

-0.02 (-0.04, 0.01)
0.03 (0, 0.05)*

0.03 (0, 0.05)*
0.03 (0, 0.05)*
0.04 (0.01, 0.06)*
-0.01 (-0.03, 0.01)
0(-0.02, 0.02)

0(-0.03, 0.03)
0(-0.03, 0.03)

0(-0.03, 0.03)
0(-0.03, 0.03)
0.01 (-0.02, 0.04)
-0.01(0.03, 0.01)
-0.01 (-0.03, 0.02)

0.05 (0.02, 0.08)*
0.05 (0.02, 0.08)*

0.05 (0.02, 0.08)*
0.05 (0.02, 0.08)*
0.06 (0.03, 0.09)*
0(-0.02, 0.03)

0.01 (-0.02, 0.03)

-0.01 (-0.04, 0.02)
0.01 (-0.02, 0.04)

0.01 (-0.02, 0.04)
0.02 (-0.01, 0.05)
0.02 (-0.01, 0.05)
-0.02 (0.05, 0)

-0.01 (-0.03, 0.02)

0.02 (-0.01, 0.05)
0.02 (-0.01, 0.05)

0.02 (-0.02, 0.05)
0.02 (-0.02, 0.05)
0.02 (-0.01, 0.05)
0(-0.02, 0.03)

0.01 (-0.02, 0.04)

0.04 (0.01, 0.07)*
0.05 (0.02, 0.08)*

0.05 (0.02, 0.08)*
0.05 (0.02, 0.08)*
0.05 (0.02, 0.08)*
0(-0.02,0.02)
0(-0.02, 0.03)

-0.01 (-0.04, 0.02)
0.02 (-0.01, 0.05)

0.02 (-0.01, 0.05)
0.02 (-0.01, 0.05)
0.03 (0, 0.06)*
-0.01 (-0.03, 0.01)
0(-0.02, 0.02)

-0.01 (-0.05, 0.02)
-0.02 (-0.05, 0.02)

-0.02 (-0.05, 0.02)
-0.02 (-0.05, 0.02)
-0.01 (-0.04, 0.03)
-0.02 (-0.05, 0)*

-0.02 (-0.05, 0.01)

0.03 (-0.01, 0.06)
0.03 (0, 0.06)

0.03 (0, 0.06)
0.03 (-0.01, 0.06)
0.03 (0, 0.06)
-0.01 (-0.04, 0.02)
-0.01 (-0.04, 0.02)

0(-0.03, 0.03)
0.02 (-0.01, 0.05)

0.02 (-0.01, 0.05)
0.02 (-0.01, 0.05)
0.02 (-0.01, 0.05)
-0.01 (-0.04, 0.02)
0(-0.03, 0.03)

0 (-0.04, 0.03)
0 (-0.04, 0.03)

0 (-0.04, 0.03)
0 (-0.04, 0.03)
0.01 (-0.03, 0.04)
-0.01 (-0.04, 0.02)
0 (-0.04, 0.03)

Values are regression coefficients (95% Confidence Interval) that reflect the difference in childhood outcomes per SDS change
in gestational weight gain in early-, mid- and late-pregnancy. 'Basic model is adjusted for child’s sex and age at outcome
measurements. ‘Confounder models include maternal age, educational level, ethnicity, prepregnancy body mass index,
parity, smoking, alcohol consumption, folic acid supplement use, total calorie intake, delivery mode, breastfeeding, age at
introduction of solid foods, and tv watching. Models for fat mass outcomes are additionally adjusted for childhood height.
*Intermediate models are additionally adjusted for each potential intermediate. *Fully adjusted models include all potential
confounders and intermediates. *P-value <0.05.
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Figure 2.7.2. Associations of gestational weight gain with the risk of childhood overweight and clustering of cardio-metabolic
risk factors (n = 5908)
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2.7.2b. Childhood clustering of cardio-metabolic risk factors

Values are Odds Ratios (95% Confidence Interval) from logistic regression models that reflect the risks of childhood
overweight and obesity and childhood clustering of cardio-metabolic risk factors per SDS change in early-, mid- and late-
gestational weight gain, and for excessive gestational weight gain as compared to the reference group (non-excessive
gestational weight gain). Confounder models (represented by circle) are adjusted for child’s sex and age at outcome
measurements, maternal age, educational level, ethnicity, prepregnancy body mass index (period-specific gestational weight
gain models), parity, smoking and alcohol consumption during pregnancy and folic acid supplement use, total calorie intake
during pregnancy, delivery mode, breastfeeding duration, timing of introduction of solid foods, and tv watching. Full models
(represented by triangle) are additionally adjusted for pregnancy complications, gestational age and weight at birth, infant
length and weight growth.

Discussion

We observed that higher maternal gestational weight gain in early-, but not in mid- and
late-, pregnancy is associated with increased adiposity levels and an adverse cardio-
metabolic profile in childhood. These associations were independent from maternal
prepregnancy weight and weight gain in other periods, and not explained by pregnancy
complications or birth and infant growth characteristics. The associations of weight gain
later in pregnancy with childhood outcomes seem to be partly explained by birth char-
acteristics.
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Methodological considerations

Strengths of this study were the prospective data collection from early pregnancy on-
wards, large sample size and multiple maternal weight measurements throughout
pregnancy. Follow-up data were available in 69% of our study population. The non-
response could lead to biased effect estimates if associations would be different be-
tween mothers and children included and not included in the analyses. Assuming that
mothers and children with higher weights are less likely to participate in detailed follow-
up studies, our estimates may be underestimated. Furthermore, not all gestational
weight measurements were available for all mothers due to later enrolment in the
study or non-participation in physical examinations or questionnaires. To avoid bias
related to a complete-case analysis and to maintain statistical power, we used multiple
imputations for missing information of maternal weight measurements for conditional
analysis."® Observed differences in significance between conditional and regular linear
regression analyses are partly due to smaller numbers in regular analyses. Compared to
the complete-case analysis, effect estimates changed slightly after using multiple impu-
tations for missing values (results not shown), but conclusions were similar. Information
on maternal prepregnancy weight and maximum gestational weight was self-reported.
Self-reported weight tends to be underestimated especially in case of higher maternal
weight, which might have led to an underestimation of observed effects for maximum
gestational weight gain and an overestimation for gestational weight gain in early preg-
nancy. Finally, although information about a large number of potential confounding
factors was available, because of the observational design, residual confounding might
still be anissue.

Interpretation of main findings

Previous studies have shown that gestational weight gain, especially in mid- and late-
pregnancy, is associated with birth Weight.20'21 In the same population as the present
study, we previously observed that specific periods of gestational weight gain are asso-
ciated with risks of adverse pregnancy outcomes.” In the current study, we aimed to
identify critical periods of gestational weight gain for cardio-metabolic health in off-
spring. An accumulating body of evidence suggests that gestational weight gain might
influence offspring cardio-metabolic health in later life.**®*%? The effects of gestation-
al weight gain on childhood outcomes may depend upon timing of gestational weight
gain. A study performed among 5154 UK mother-offspring pairs showed that gestation-
al weight gain in the first 14 weeks tended to be incrementally associated with offspring
BMI, waist circumference and fat mass at 9 years, but after 14 weeks of gestation, only
high levels of gestational weight gain were associated with offspring adiposity
measures.’ No associations of trimester-specific weight gain with blood pressure were
present, whereas weight gain from 14 to 36 weeks of gestation tended to be linearly
associated with HDL-cholesterol, triglycerides and inflammatory markers. In these anal-
yses, only maternal estimated prepregnancy weight and gestational weight gain in the
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previous period were taken into account. Another study among 3015 US mothers and
their children showed that only first-trimester weight gain was associated with child-
hood body mass index, and suggested that maternal prepregnancy body mass index
modified this association.” These models were not adjusted for weight gain in other
trimesters. A Finish study among 6637 mothers and their adolescent offspring showed
that weight gain of >7 kg in the first 20 weeks of gestation was associated with offspring
overweight and higher waist-circumference, but this study did not study whether these
effects were independent from weight gain in later pregnancy.®

In line with these studies, we observed that maternal gestational weight gain in
early- and mid-pregnancy was independently associated with childhood body mass
index. Additionally, we observed associations of maternal gestational weight gain in
early-pregnancy with childhood total fat mass, android/gynoid fat mass ratio and ab-
dominal subcutaneous fat mass. Thus, our results suggest that higher maternal gesta-
tional weight gain in early-pregnancy leads to higher body mass index, higher total fat
mass and relatively more abdominal fat mass in childhood. Next to body mass index,
these specific total body and abdominal fat distribution measures are related to the risk
of cardio-metabolic disease and mortality in later life.”*° We also observed that mater-
nal gestational weight gain in early-pregnancy tended to be independently associated
with childhood systolic blood pressure, insulin and C-peptide levels and clustering of
cardio-metabolic risk factors, but no independent associations with lipid levels were
present. The associations of maternal gestational weight gain in early-pregnancy with
specific body fat mass measures and cardio-metabolic risk factors were largely mediat-
ed by childhood body mass index. Although observed effect estimates were small, these
childhood cardio-metabolic risk factors track from childhood into adulthood and are
associated with cardiovascular disease in later life.**>* The associations of maternal
prepregnancy weight with childhood cardio-metabolic outcomes were stronger than
those for gestational weight gain, but did not explain or modify the associations of ges-
tational weight gain with these outcomes.

Increased total weight gain and excessive gestational weight gain according to |IOM
criteria have been associated with increased risks of offspring obesity, independent
from maternal prepregnancy body mass index.*®?*?%%%%> Associations of increased
gestational weight gain with offspring blood pressure, lipid profile and inflammatory
markers are less consistent and seem to be mainly driven by offspring adiposity.****
Accordingly, we observed associations of total and excessive gestational weight gain
with increased childhood adiposity levels and increased risks of childhood overweight.
Total and excessive gestational weight gain were also associated with the risk of child-
hood clustering of cardio-metabolic risk factors, but no significant associations of these
measures with separate cardio-metabolic risk factors were present. This may be due to
lack of statistical power as a smaller number of mothers had information about total
gestational weight gain available.

The associations of gestational weight gain and childhood adiposity and related car-
dio-metabolic outcomes may be explained by several factors. Mothers who gain a large
amount of weight during pregnancy are likely to have different socio-demographic and
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lifestyle characteristics as compared to mothers who gain recommended amounts of
weight.21 These factors may account for the observed effects. However, extensive ad-
justment for socio-demographic and lifestyle factors did not explain our findings. The
observed effects of gestational weight gain in each pregnancy period were not mediat-
ed by maternal pregnancy complications or infant growth characteristics.”*** Weight
gain during pregnancy, especially in later pregnancy, might also just reflect higher fetal
weight and birth weight, which are known to be associated with obesity in later life.* In
line with this hypothesis, we observed that associations of gestational weight gain later
in pregnancy with childhood outcomes were partly explained by birth characteristics.
Thus, the effects of gestational weight gain on childhood outcomes may vary during
pregnancy, and our results suggest that especially early-pregnancy might be a specific
and independent critical period for gestational weight gain. The mechanisms by which
maternal gestational weight gain in early-pregnancy lead to an adverse childhood car-
dio-metabolic profile are not known, but may include increased placental transfer of
maternal levels of glucose, free fatty acids and amino-acids and subsequent program-
ming of adiposity and an adverse cardio-metabolic profile in later life.*” Further mecha-
nistic studies are needed to obtain further insight in the underlying mechanisms.

Conclusion

We observed that increased maternal weight gain in early pregnancy is associated with
an adverse cardio-metabolic profile in childhood. This association is largely mediated by
childhood body mass index. Future preventive strategies focused on reduction of exces-
sive maternal weight gain, especially in early pregnancy, may lead to better cardio-
metabolic health in offspring.
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Supplementary Material

Supplementary Figure $2.7.1. Participants flow chart in the Generation R Study, Rotterdam, the Netherlands

Mothers enrolled during pregnancy, with information about
at least 1 maternal weight measurement during pregnancy
n = 8859

Excluded due to non-singleton live birth
n=245

Mothers enrolled during pregnancy, with information about
at least 1 maternal weight measurement during pregnancy
available and singleton live birth

n=28614

Excluded due to no participation in follow-up
studies
n=2706

Childhood outcomes at age of 6 years
n=5908

Body fat distribution

Body mass index: n=5899
Total body fat distribution: n=5743
Abdominal fat distribution: n =4804

Cardio-metabolic risk factors

Blood pressure: n=5661
Cholesterol: n=3914
Triglycerides: n=3902
Insulin / C-peptide: n=3877
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Supplementary Table $2.7.2. Non-response analysis for availability of maximum weight data from questionnaire (n = 5908)"

Information about No information about
maximum gestational maximum gestational
weight gain weight gain
n=3118 n=2790 p-value*
Maternal characteristics
Age, mean (SD), years 31.2 (4.6) 29.2(5.4) <0.01
Height, mean (SD), cm 168.8 (7.2) 166.1(7.4) <0.01
Prepregnancy weight, mean (SD), kg 66.4 (11.9) 66.5 (13.4) 0.77
Prepregnancy body mass index, mean (SD), kg/m2 23.3(3.9) 24.0 (4.5) <0.01
Gestational age at intake, median (95% range), weeks’ 13.5(9.9, 23.6) 14.5(10.1, 25.1) <0.01
Parity, No. nulliparous (%)3 1872 (60.0) 1478 (53.0) <0.01
Education, No. higher education (%) 1766 (58.2) 768 (30.8) <0.01
Race / Ethnicity, No. European (%)° 2249 (72.5) 1252 (46.8) <0.01
Smoking habits during pregnancy, No. Yes (%)3 664 (23.5) 705 (29.2) <0.01
Alcohol consumption during pregnancy, No. Yes (%)° 1737 (62.1) 1060 (44.5) <0.01
Folic acid supplement use, No. (%)3
No use 408 (16.6) 722 (35.5) <0.01
First 10 weeks use 798 (32.5) 624 (30.7)
Preconception use 1251 (50.9) 686 (33.8)
Maternal pregnancy complications
Gestational hypertension, No. (%)’ 129 (4.3) 104 (3.7) 0.28
Pre-eclampsia, No. (%)3 57(2.0) 49 (1.9) 0.49
Gestational diabetes, No. (%)’ 21(0.7) 38 (1.4) <0.01
Birth and infant characteristics
Males, No. (%)° 1545 (49.6) 1404 (50.3) 0.29
Gestational age at birth, median (95% range), weeks’ 40.1(36.1, 42.3) 40.1(35.4,42.3) <0.01
Birth weight, mean (SD), g 3465 (524) 3384 (576) <0.01
Caesarean delivery, No. (%)3 352 (12.2) 303 (12.1) 0.47
Ever breastfeeding, No. Yes (%)° 2894 (92.8) 1389 (92.2) 0.23
Breastfeeding duration, median (95% range), months” 3.5 (0.5, 12.0) 3.5(0.5,12.0) 0.11
Childhood characteristics
Age at follow up, median (95% range), years’ 6.0(5.9,7.1) 6.2 (5.7,8.2) <0.01
Height, mean (SD), cm 118.7 (5.5) 120.4 (6.6) <0.01
Weight, mean (SD), kg 22.6(3.5) 24.2 (5.0) <0.01
Body mass index, mean (SD), l<g/m2 16.0 (1.6) 16.6 (2.2) <0.01
Total fat mass, mean (SD), % 24.3(5.1) 25.8 (6.3) <0.01
Android/gynoid fat mass ratio, mean (SD) 0.25 (0.06) 0.26 (0.08) <0.01
Systolic blood pressure, mean (SD), mmHg 102.2 (8.0) 103.6 (8.4) <0.01
Diastolic blood pressure, mean (SD), mmHg 60.4 (6.7) 61.2(7.0) <0.01
Total-cholesterol, mean (SD), mmol/L 4.2(0.6) 4.2(0.6) 0.47
HDL-cholesterol, mean (SD), mmol/L 1.3(0.3) 1.4(0.3) <0.01
LDL-cholesterol, mean (SD), mmol/L 2.4 (0.6) 2.3 (0.6) 0.15
Triglycerides, median (95% range), mmol/L? 0.9(0.4,2.3) 0.9 (0.4, 2.4) 0.59
Insulin, median (95% range), pmo\/L2 117.9(17.7, 408.4) 109.1 (15.6, 397.3) 0.39
C-peptide, median (95% range), nmol/L’ 1.0(0.3,2.1) 0.9(0.3,2.2) 0.14

'Values are means (standard deviation). “Values are medians (95% range). *Values are observed numbers and valid
percentages. *Differences in subject characteristics between the groups were evaluated using one-way ANOVA tests for
continuous variables and chi-square tests for proportions.
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Supplementary Table 52.7.3. Non-response analysis for childhood follow-up data at 6 years (n = 8614)"

Follow-up Loss to follow-up
at 6 years at 6 years
n =5908 n=2706 P-value*
Maternal characteristics
Age, mean (SD), years 30.3(5.1) 28.2 (5.5) <0.01
Height, mean (SD), cm 167.5(7.4) 166.2 (7.4) <0.01
Prepregnancy weight, mean (SD), kg 66.5(12.6) 65.8 (13.5) 0.05
Prepregnancy body mass index, mean (SD), kg/m” 23.6 (4.2) 23.7 (4.7) 0.38
Gestational age at intake, median (95% range), weeks’ 13.9 (9.9, 24.4) 14.5 (9.9, 27.8) <0.01
Parity, No. nulliparous, (%)* 3350 (56.7) 1388 (51.3) <0.01
Education, No. higher education (%) 2534 (45.8) 750 (32.5) <0.01
Race / Ethnicity, No. European (%) 3501 (60.6) 1130 (47.8) <0.01
Smoking habits during pregnancy, No. Yes (%)° 1369 (26.1) 679 (29.8) <0.01
Alcohol consumption during pregnancy, No. Yes (%)3 2797 (54.0) 933 (41.6) <0.01
Folic acid supplement use, No. (%)3
No use 1130 (25.2) 745 (39.4) <0.01
First 10 weeks use 1422 (31.7) 563 (29.8)
Preconception use 1937 (43.1) 582 (30.8)
Maternal pregnancy complications
Gestational hypertension, No. (%)° 233 (4.1) 76 (3.1) 0.01
Pre-eclampsia, No. (%) 106 (1.9) 66 (2.7) 0.02
Gestational diabetes, No. (%)* 59 (1.0) 30(1.2) 0.32
Birth and infant characteristics
Males, No. (%)’ 2949 (49.9) 1401 (51.8) 0.06
Gestational age, median (95% range), weeks’ 40.1 (35.9, 42.3) 40.0 (34.7,42.4) <0.01
Birth weight, mean (SD), g 3426 (550) 3377 (583) <0.01
Caesarean delivery, No. (%)3 655 (12.2) 310(12.9) 0.20
Ever breastfeeding, No. Yes (%)° 4283 (92.6) 1267 (90.5) <0.01
Breastfeeding duration, median (95% range), months’ 3.5(0.5,12.0) 2.5(0.5,12.0) <0.01

Values are means (standard deviation). ’Median (95% range). *Values are observed numbers and valid percentages.
“Differences in subject characteristics between the groups were evaluated using one-way ANOVA tests for continuous

variables and chi-square tests for proportions.
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Supplementary Table $2.7.4. Associations of prepregnancy weight and weight gain in each period of pregnancy with childhood
body fat outcomes from conditional analyses (intermediate and full models)l’2

Body mass index
(SDS)

Total fat mass
(SDS)

Android/gynoid
fat mass ratio
(SDS)

Subcutaneous
abdominal fat
area (SDS)

Preperitoneal
abdominal fat
area (SDS)

Prepregnancy weight

Mediator models®
Pregnancy
complications

Birth characteristics

Infant growth
Childhood BMI

Fully adjusted model*

Early-pregnancy weight

Mediator models’
Pregnancy
complications

Birth characteristics

Infant growth
Childhood BMI

Fully adjusted model”

Mid-pregnancy weight

Mediator models®
Pregnancy
complications

Birth characteristics

Infant growth
Childhood BMI

Fully adjusted model

Late-pregnancy weight

Mediator models®
Pregnancy
complications

Birth characteristics

Infant growth
Childhood BMI

Fully adjusted model

0.27(0.25, 0.30)*
0.24(0.21, 0.27)*
0.27 (0.24, 0.30)*

0.18(0.15, 0.21)*

0.11(0.08, 0.13)*
0.09 (0.07, 0.12)*
0.11(0.09, 0.13)*

0.07 (0.05, 0.09)*

0.09 (0.05, 0.12)*
0.06 (0.03, 0.09)*
0.10 (0.07, 0.13)

0.04 (0.02, 0.07)*

0.04 (0, 0.08)
0.02 (-0.03, 0.06)
0.06 (0.03, 0.10)

0.02 (-0.01, 0.06)

0.19(0.17, 0.22)*
0.19(0.17, 0.22)*
0.19 (0.16, 0.22)*
0.01 (-0.01, 0.03)
0.02 (0, 0.04)*

0.06 (0.04, 0.09)*
0.06 (0.04, 0.09)*
0.07 (0.04, 0.09)*
-0.01 (-0.02, 0.01)
0(-0.02, 0.02)

0.04 (0.01, 0.07)*
0.04 (0.01, 0.08)*
0.05 (0.02, 0.08)*
-0.01 (-0.03, 0.01)
0.01 (-0.02, 0.03)

0 (-0.04, 0.05)

0.01 (-0.04, 0.05)
0.02 (-0.02, 0.05)
-0.01 (-0.04, 0.01)
-0.01 (-0.03, 0.02)

0.14 (0.11, 0.16)*
0.14 (0.1, 0.17)*
0.14(0.11, 0.17)*
-0.03 (-0.05, -0.01)*
-0.02 (-0.05, 0)

0.03 (0, 0.06)*

0.03 (0, 0.07)*

0.04 (0.01, 0.06)*
-0.03 (-0.06, -0.01)*
-0.03 (-0.05, 0)

0.01 (-0.02, 0.05)
0.02 (-0.01, 0.05)
0.02 (-0.01, 0.06)
-0.03 (-0.06, 0)

-0.02 (-0.04, 0.01)

0.01 (-0.05, 0.07)
0.02 (-0.05, 0.08)
0.03 (-0.03, 0.08)
0 (-0.04, 0.04)
0 (-0.04, 0.04)

0.17 (0.14, 0.19)*
0.16 (0.13, 0.19)*
0.16 (0.13, 0.19)*
0(-0.02, 0.02)

0.01 (-0.01, 0.03)

0.05 (0.02, 0.08)*
0.05 (0.02, 0.07)*
0.05 (0.03, 0.08)*
-0.01 (-0.03, 0.01)
0(-0.02, 0.02)

0.04 (0, 0.07)*
0.03 (0, 0.07)*
0.04 (0.01, 0.08)*
-0.01 (-0.03, 0.02)
0(-0.02, 0.03)

0(-0.04, 0.04)
0 (-0.04, 0.04)
0.01 (-0.02, 0.05)
-0.02 (-0.05, 0.01)
-0.01 (-0.04, 0.02)

0.11(0.08, 0.14)*
0.11(0.08, 0.14)*
0.11(0.08, 0.14)*
-0.01 (-0.04, 0.02)
0(-0.03, 0.02)

0.03 (0, 0.05)
0.03 (0, 0.05)
0.03 (0, 0.06)*
-0.02 (-0.04, 0.01)
-0.01 (-0.04, 0.01)

0.03 (0, 0.06)
0.03 (0, 0.06)
0.03 (0, 0.07)
0(-0.03, 0.03)
0.01 (-0.03, 0.04)

0.02 (-0.02, 0.05)
0.02 (-0.02, 0.05)
0.03 (-0.01, 0.06)
0(-0.03, 0.03)

0.01 (-0.03, 0.04)

Values are regression coefficients (95% Confidence Interval) from linear regression models that reflect the difference in
childhood body fat outcomes per SDS change in maternal pregnancy weight and per SDS change in standardised residual
change in maternal weight in early-, mid- and late-pregnancy from conditional regression analyses. Estimates are based on
multiple imputed data. ’Models are adjusted for child’s sex and age at outcome measurements, maternal age, educational
level, ethnicity, parity, height at intake, smoking during pregnancy, alcohol consumption during pregnancy and folic acid
supplement use, total calorie intake during pregnancy, delivery mode, breastfeeding duration, timing of introduction of solid
foods and average duration of tv-watching. Models focused on fat mass outcomes were also adjusted for childhood height.
*Intermediate models are additionally adjusted for each potential intermediate. *Fully adjusted models include all potential
confounders and intermediates. *P-value <0.05.
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Supplementary Table 52.7.6. Maximum weight gain during pregnancy and childhood body composition and cardio-metabolic

1
outcomes

Childhood outcomes

Change in maximum gestational weight gain (SDS)

Difference in childhood body fat outcomes
Body mass index (SDS)

Total fat mass (SDS)

Android/gynoid fat mass ratio (SDS)
Abdominal subcutaneous fat area (SDS)
Abdominal preperitoneal fat area (SDS)

Differences in childhood cardio-metabolic outcomes
Systolic blood pressure (SDS)

Diastolic blood pressure (SDS)

Total cholesterol (SDS)

HDL-cholesterol (SDS)

LDL-cholesterol (SDS)

Triglyceride (SDS)

Insulin (SDS)

C-peptide (SDS)

0.09 (0.06, 0.13)**
0.02 (-0.01, 0.05)
0.03 (-0.01, 0.06)
0(-0.03, 0.04)
0.01 (-0.03, 0.05)

0.01 (-0.03, 0.04)
0.01 (-0.03, 0.05)
-0.02 (-0.07, 0.03)
-0.04 (-0.09, 0.01)
0.02 (-0.03, 0.07
0.01 (-0.04, 0.06
0.02 (-0.03,0.07
0.01 (-0.04, 0.06

'Values are regression coefficients (95% Confidence Interval) that reflect the difference in childhood outcomes per SDS
change in maximum weight gain during pregnancy. Estimates are based on multiple imputed data. Model is adjusted for
child’s sex, age and height (body fat outcomes only) at measurement, maternal age, educational level, ethnicity, pre-
pregnancy body mass index, parity, smoking during pregnancy, alcohol consumption during pregnancy and folic acid
supplement use, total calorie intake, caesarean delivery, breastfeeding duration, timing of introduction of solid foods, average
duration of tv watching. Additional adjustment for potential intermediates (pregnancy complications, birth characteristics,
childhood size) partly attenuated the effect estimates (results not shown). **P-value <0.01.

Supplementary Table $2.7.7. Excessive weight gain during pregnancy and childhood body composition and cardio-metabolic
outcomes’

Childhood outcomes Excessive gestational weight gain according to IOM criteria

Difference in childhood body fat outcomes
Body mass index (SDS)

Total fat mass (SDS)

Android/gynoid fat mass ratio (SDS)
Abdominal subcutaneous fat area (SDS)
Abdominal preperitoneal fat area (SDS)

Difference in childhood cardio-metabolic outcomes
Systolic blood pressure (SDS)

Diastolic blood pressure (SDS)

Total cholesterol (SDS)

HDL-cholesterol (SDS)

LDL-cholesterol (SDS)

Triglyceride (SDS)

Insulin (SDS)

C-peptide (SDS)

0.20 (0.13, 0.26)**
0.08 (0.02, 0.14)**
0.07 (0.01, 0.14)*
0.05 (-0.02, 0.12)
0.03 (-0.05, 0.11)

0.01 (-0.07, 0.08)
0.05 (-0.03, 0.13)
-0.03 (-0.13, 0.06)
-0.06 (-0.15, 0.04)
0.01 (-0.09, 0.11)
0.02 (-0.08, 0.11)
0.03 (-0.07, 0.12)
-0.02 (-0.11, 0.08)

'Values are regression coefficients (95% Confidence Interval) that reflect the difference in childhood outcomes for mothers
with excessive gestational weight gain as compared to mothers with non-excessive gestational weight gain. Excessive
gestational weight gain is defined according to the IOM criteria dependent on mother’s prepregnancy body mass index.
Estimates are based on multiple imputed data. Model is adjusted for child’s sex, age and height (body fat outcomes only) at
measurement, maternal age, educational level, ethnicity, parity, smoking during pregnancy, alcohol consumption during
pregnancy and folic acid supplement use, total calorie intake, caesarean delivery, breastfeeding duration, timing of
introduction of solid foods, average duration of tv watching. Additional adjustment for potential intermediates (pregnancy
complications, birth characteristics, childhood size) partly attenuated the effect estimates (results not shown). *P-value <0.05.
**P-value <0.01.
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CHAPTER 3.1

Abstract

Background: Characteristics of the uterine and umbilical artery blood flow patterns are
indirect measures of uteroplacental circulation. We examined whether uterine and
umbilical artery resistance indices are influenced by maternal demographic and lifestyle
characteristics, track from the second trimester to the third, and are associated with the
risk of pregnancy complications.

Methods: This analysis was embedded among 7660 pregnant women in the Generation
R Study (Rotterdam, the Netherlands, 2001-2005). Placental resistance indices were
assessed in the second and third trimesters. Information about pregnancy outcomes
was obtained from medical records.

Results: Maternal characteristics affected second- and third-trimester placental re-
sistance indices. Correlation coefficients for correlation between the second and third
trimesters were 0.50 and 0.32 for uterine artery resistance index and umbilical artery
pulsatility index, respectively. Higher placental resistance indices in the second and third
trimesters and persistence in the highest tertile of uterine artery resistance index from
the second trimester to the third were associated with the risks of pre-eclampsia, pre-
term birth, and small size for gestational age at birth (all P-values <0.05).

Conclusions: Our study shows that placental resistance indices are influenced by mater-
nal demographic and lifestyle characteristics and track moderately from the second
trimester to the third. Increased placental resistance indices in the second and third
trimesters are associated with increased risks of adverse pregnancy outcomes.



PLACENTAL FUNCTION AND PREGNANCY COMPLICATIONS

Introduction

Gestational hypertensive disorders and fetal growth restriction are important causes of
maternal and fetal morbidity and mortality."” Abnormal early placentation might be
involved in the underlying mechanisms.” Abnormal early placentation can lead to higher
uterine and umbilical artery resistance patterns, which can be measured by Doppler
wave forms.”” Abnormal uterine artery and umbilical artery wave forms in midpreg-
nancy indicate impaired uteroplacental and fetoplacental circulation and have been
associated with pre-eclampsia and fetal growth retardation.®® However, some studies
have suggested that uteroplacental blood flow and resistance patterns change during
the second and third trimesters and that assessment of uteroplacental circulation early
in the third trimester might be more important for prediction of pregnancy out-
comes.'”"" Thus far, not much is known about the development of placental resistance
indices from the second trimester onwards or whether this is influenced by maternal
characteristics. In addition, it is not known whether placental resistance indices track
during pregnancy. Tracking can be used to describe the longitudinal development of a
variable and focuses on the maintenance of one’s relative position in a distribution of
values over time."

Therefore, in a population-based prospective cohort study among 7660 pregnant
women, we examined whether uterine and umbilical artery resistance indices are
influenced by maternal demographic and lifestyle characteristics, whether they track
from the second trimester to the third, and whether they are associated with the risk of
maternal and fetal pregnancy complications.

Materials and Methods

Study design

This analysis was embedded in the Generation R Study, a population-based prospective
cohort study that included women from early pregnancy onwards in Rotterdam, the
Netherlands.” The study was approved by the Medical Ethical Committee of Erasmus
Medical Center in Rotterdam. Written consent was obtained from all participating
women. All pregnant women were enrolled between 2001 and 2005. The Generation R
Study is a birth cohort study involving prenatal recruitment. Estimation of the precise
number of eligible pregnant women is difficult, since there is no satisfactory registry of
pregnancies. Therefore, the overall response rate of the study was calculated at birth,
as the children formed a prenatally recruited birth cohort. The response rate at birth
was 61% and reflected the number of children born to mothers living in the study area
at their delivery date and participating in the study as a percentage of the total number
of children born to mothers who fulfilled these eligibility criteria. In total, 9778 women
were enrolled in the study. Of these women, 91% (n = 8880) were enrolled during preg-
nancy. For the present study, we excluded women without any placental resistance
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index measurements (n = 1155) and restricted our analyses to low-risk pregnancies.
Thus, the cohort for analysis comprised 7660 pregnant women (Figure 3.1.1).

Figure 3.1.1. Flow chart of the participants

Participants in the Generation R Study
n=29778

n = 898 excluded, due to postnatal inclusion

Participants enrolled during pregnancy
n = 8880

n = 1155 excluded, due to missing
measurements of placental resistance indices

Participants eligible for present study
n=7725

n = 65 excluded, due to fetal deaths (n = 25),
induced abortions (n = 8), twin births (n = 3)
and loss to follow up (n = 29)

Total population for analysis
n=7660

Second trimester

Uterine artery resistance index n= 4578
Umbilical artery pulsatility index — n= 6142
Third trimester

Uterine artery resistance index n =4480
Umbilical artery pulsatility index — n = 6669

Maternal socio-demographic and lifestyle-related variables

Gestational age was established by fetal ultrasonography during the first ultrasound
visit.” Maternal age was assessed at enrollment. During all prenatal visits (all 3 tri-
mesters), maternal anthropometric characteristics were measured at one of the re-
search centers. Height (cm) and weight (kg) were measured without shoes and heavy
clothing, and body mass index (weight (kg)/height (m)’) was calculated for each preg-
nancy period. We defined gestational weight gain as the difference between weight
before pregnancy and weight in the third trimester. Information on educational level,
ethnicity, parity, and use of folic acid supplements was obtained at enrollment. Infor-
mation about smoking and alcohol consumption was assessed by questionnaire in each
trimester.”
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Placental hemodynamic function

Placental vascular resistance was evaluated with recorded flow velocity wave forms
from the uterine and umbilical arteries in the second and third trimesters."* A raised
uterine artery resistance index and umbilical artery pulsatility index indicate increased
placental resistance.” Uterine artery resistance index was measured in the uterine arter-
ies near the crossover with the external iliac artery. Umbilical artery pulsatility index
was measured in a free-floating loop of the umbilical cord. For each measurement, 3
consecutive uniform wave forms were recorded by pulsed Doppler ultrasound, during
fetal apnea and without fetal movement. The mean of 3 measurements was used for
further analysis. The presence of notching was assessed in the uterine arteries and
reflects an abnormal wave form resulting from increased blood flow resistance. Ultra-
sound measurements were performed in a blinded fashion with regard to previous
measurements and pregnancy outcomes. Since placental resistance indices were meas-
ured at only one of the 2 dedicated research centers, placental resistance index meas-
urements were available for a subgroup of women. Of the 8880 prenatally enrolled
women, 7725 (87%) women received placental resistance index measurements.

Gestational hypertension and pre-eclampsia

Information on pregnancy complications was obtained from medical records. For wom-
en who had suspected pregnancy complications on the basis of these records, the rec-
ords were cross-checked with the original hospital charts. These procedures have been
described in detail elsewhere.” Briefly, gestational hypertension was defined as devel-
opment of systolic blood pressure >140 mmHg and/ or diastolic blood pressure >90
mmHg after 20 weeks of gestation in previously normotensive women. These criteria,
plus the presence of proteinuria (defined as 2 or more dipstick readings of 2+ or great-
er, 1 catheter sample reading of 1+ or greater, or a 24-hour urine collection containing
at least 300 mg of protein), were used to identify women with pre—eclampsia.16

Delivery and birth complications

Gestational age at birth, birth weight, and offspring sex were obtained from midwife
and hospital registries at birth."> Preterm birth was defined as a gestational age of <37
weeks at birth (median: 35.7 weeks; range: 24.9 — 36.8 weeks). Gestational-age-
adjusted standard deviation scores for birth weight were constructed using growth
standards from Niklasson et al."” Small size for gestational age at birth was defined as a
gestational-age-adjusted birth weight below the fifth percentile in the study cohort (less
than -1.77 standard devia’rions).13
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Statistical analysis

We performed a nonresponse analysis to examine whether maternal characteristics
differed among women with and without placental resistance index measurements.
Using unbalanced repeated measurement regression models, we analyzed the longitu-
dinal uterine artery and umbilical artery resistance patterns in women with uncompli-
cated pregnancies and women with complicated pregnancies. For this analysis, we
defined a complicated pregnancy as a pregnancy complicated by either gestational
hypertensive disorders or preterm delivery or delivery of a small for gestational age
(SGA) infant. The models are described in detail in the Supplementary Material. Next,
we examined the associations of maternal characteristics with uterine artery resistance
index and umbilical artery pulsatility index using multivariate linear regression models
and with the presence of third-trimester notching using logistic regression models. For
these analyses, we standardized uterine artery resistance index and umbilical artery
pulsatility index values by dividing the original values by their corresponding standard
deviations. To examine whether placental resistance indices track from the second
trimester to the third, we estimated Pearson’s correlation coefficients. We subsequent-
ly categorized uterine artery resistance index and umbilical artery pulsatility index in
tertiles in the second and third trimesters and used logistic regression models to calcu-
late the odds ratio for remaining in the same placental resistance index tertile from the
second trimester to the third. In these analyses, the third-trimester placental resistance
index tertile was the dependent variable and the second-trimester placental resistance
index tertile was the independent variable. We further examined the associations of
placental resistance indices in the second and third trimesters, the change in these
indices during this period, and the presence of notching with the risks of gestational
hypertension, pre-eclampsia, preterm birth, and delivering an SGA infant using multiple
logistic regression models. These models were adjusted for potential confounders.

Missing data on the covariates were imputed using multiple imputation. The per-
centages of missing values within the population for analysis were lower than 20%,
except for gestational weight gain (21.8%) and use of folic acid supplements (25.4%).
The repeated-measurement analysis was performed using the Statistical Analysis Sys-
tem, version 9.2 (SAS Institute Inc., Cary, North Carolina), including the Proc Mixed
module for unbalanced repeated measurements. All other analyses were performed
using the Statistical Package for the Social Sciences, version 17.0 for Windows (SPSS
Inc., Chicago, lllinois).

Results

Subject characteristics

Characteristics of the included women are shown in Table 3.1.1. In total, 271 (3.5%) and
150 (2.0%) women developed gestational hypertension and pre-eclampsia, respectively,
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and 382 (5.0%) and 380 (5.0%) children were born preterm and SGA, respectively. Non-
response analysis showed that women without placental resistance index measure-
ments weighed slightly more and were more frequently less educated and of non-
European descent (Supplementary Table S3.1.1). Uterine artery resistance index and
umbilical artery pulsatility index decreased from the second trimester onwards in both
uncomplicated and complicated pregnancies (Supplementary Figure S3.1.1).

Table 3.1.1. Characteristics of mothers and their children in the Generation R Study (n = 7660)"

Median
Characteristics Mean (SD) (90% range) No. %
Maternal characteristics
Age, years 30.3(20.4, 37.9)
Height, cm 167.1(7.4)
Prepregnancy weight, kg 66.1(12.7)
Prepregnancy Body Mass Index, kg/m’ 23.6 (4.3)
Gestational age at subject’s enrolment, weeks 14.2 (10.9, 22.9)
Education
Primary 790 11.2
Secondary 3239 46.1
Higher 3006 42.7
Race / Ethnicity
Dutch or European 4163 58.2
Non-European 2991 41.8
Parity, No. nulliparous 4257 56.2
Folic acid supplement use
Yes 4093 71.6
No 1627 28.4
Smoking
Yes 1702 25.8
No 4906 74.2
Alcohol consumption
Yes 3395 511
No 3251 48.9
Mean uterine artery resistance index
Second trimester 0.54 (0.09)
Third trimester 0.49 (0.08)
Mean umbilical artery pulsatility index
Second trimester 1.20(0.19)
Third trimester 0.98 (0.17)
Maternal pregnancy complications
Gestational hypertension 271 3.5
Pre-eclampsia 150 2.0
Delivery and child characteristics
Males 3895 50.8
Gestational age, weeks 40.1(36.9, 42.0)
Preterm birth 382 5.0
Birth Weight, g 3416 (558)
Small for gestational age 380 5.0

Abbreviations: SD, standard deviation; No., number of subjects.
'Values represent mean (SD), median (90% range) or number of subjects (%).
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Maternal characteristics and placental hemodynamic indices

In the multivariate analyses, multiparity and no folic acid supplement use were associ-
ated with a slightly higher second-trimester uterine artery resistance index (Table 3.1.2).
Higher maternal age, higher prepregnancy body mass index, lower maternal education-
al level, multiparity, and no folic acid supplement use were associated with a slightly
higher third-trimester uterine artery resistance index (all P-values <0.05). Lower mater-
nal educational level, non-European ethnicity, nulliparity, and maternal smoking were
associated with higher second-trimester umbilical artery pulsatility index, whereas low-
er gestational weight gain, nulliparity, and maternal smoking during pregnancy were
associated with a higher third-trimester umbilical artery pulsatility index (all P-values
<0.05). Higher maternal age and multiparity were associated with a lower risk of notch-
ing (Odds Ratio (OR) 0.81 (95% Confidence Interval (Cl): 0.72, 0.91) per standard-
deviation change in maternal age and OR 0.66 (95% Cl: 0.53, 0.83) for multiparity as
compared with nulliparity).

Table 3.1.3. Tracking of placental resistance indices from second to third trimester in the Generation R Studyl’2

Third trimester tertiles

Second  First Second Third

trimester No. No. No. Total
tertiles  tertiles % OR 95% Cl tertiles % OR 95% Cl tertiles % OR 95% Cl n
Uterine

artery RI

First 567 57.6 4.47* 3.78,528 286 29.1 0.72* 0.61,0.85 131 13.3 0.23* 0.19,0.28 984

Second 309 33.5 0.90 0.77,1.06 385 418 1.72* 1.47,2.04 228 24.7 0.62* 0.52,0.74 922
Third 124 13.4 0.18* 0.14,0.22 280 30.3 0.79* 0.67,0.94 520 56.3 5.72* 4.79,6.83 924

Total n 1000 951 879 2830
Umbilical
artery PI
First 879 48.4 2.63* 232,296 574 316 095 0.84,1.08 364 20.0 0.36* 0.31,0.41 1817

Second 544 32.2 0.88* 0.78,0.99 567 336 1.08 095,122 575 341 1.06 0.94,1.20 1686
Third 360 21.1 0.39* 0.34,0.44 551 323 098 086,110 797 46.7 2.44* 216,276 1708
Totaln 1783 1692 1736 5211

Abbreviations: No. tertiles, number of women that remain in the same tertile; %, percentage of women that remain in the
same tertile; OR, Odds Ratio; Cl, Confidence Interval; Rl, resistance index; P, pulsatility index.

Values are Odds Ratio (95% Confidence Interval) (number and percentage of women that remain in the same tertile) to
remain in the same tertile of uterine artery resistance index and umbilical artery pulsatility index from second to third
trimester. Estimates are from multiple imputed data. ’Model was adjusted for gestational age at subject’s enrolment,
gestational age in each pregnancy period, maternal age, educational level, parity, ethnicity, prepregnancy body mass index,
smoking habits, alcohol consumption and folic acid supplement use. *P-value <0.05.

Tracking of placental hemodynamic indices

Pearson’s correlation coefficients for correlation between the second trimester and the
third trimester were 0.50 and 0.32 for uterine artery resistance index and umbilical
artery pulsatility index, respectively. We observed similar effect estimates when we
calculated the correlation based on intraclass correlation coefficients from the longitu-
dinal models (0.49 and 0.31 for uterine artery resistance index and umbilical artery
pulsatility index, respectively). The specific scatterplots are given in Supplementary
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Figure S3.1.2. Table 3.1.3 shows that for uterine artery resistance index, approximately
56% of the women who were in the highest tertile in the second trimester remained in
the highest tertile in the third trimester, while approximately 30% and 13% ended up in
the middle and lowest tertiles, respectively. Fewer women remained in the same tertile
of umbilical artery pulsatility index. The ORs for staying in the upper tertile from the
second trimester to the third trimester were 5.72 (95% Cl: 4.79, 6.83) for uterine artery
resistance index and 2.44 (95% Cl: 2.16, 2.76) for umbilical artery pulsatility index.

Table 3.1.4. Placental resistance indices and the risks of maternal and fetal pregnancy complications in the Generation R Study
(n=7432)""

Gestational Small for
hypertension Pre-eclampsia Preterm birth gestational age
Pregnancy period OR 95% Cl OR 95% Cl OR 95% Cl OR 95% Cl
Second trimester
Uterine artery RI 1.02 0.85,1.21 1.61* 1.32,1.96 1.67* 1.46,1.90 1.45* 1.27,1.65
Umbilical artery PI 1.16* 1.00, 1.33 1.22* 1.02,1.46 1.10 0.97,1.23 1.28* 1.14,1.43
Third trimester
Uterine artery RI 0.93 0.78,1.10 1.87* 1.54,2.27 1.84* 1.61,2.09 1.66* 1.46,1.89
Umbilical artery PI 1.03 0.89,1.18 1.38* 1.17,1.62 1.22* 1.09,1.36 1.56* 1.40,1.73
Unilateral notching 1.51 0.85, 2.68 3.15% 1.67,591 3.12* 2.10,4.61 3.43* 2.36,4.97
Bilateral notching 3.90* 2.07,7.30 8.51* 4.46,16.19 4.23* 2.56,6.97 4.17* 2.54,6.82
Second to third
trimester change
Uterine artery RI 1.11 0.88,1.38 1.21 0.91,1.61 1.14 0.94,1.38 1.07 0.86, 1.25
Umbilical artery PI 0.94 0.80, 1.10 1.22 0.99, 1.50 1.05 0.92,1.21 1.13 0.99, 1.28

Abbreviations: OR, Odds Ratio; Cl, Confidence Interval; R, resistance index, PI; pulsatility index.

'Values are Odds Ratios and 95% Confidence Intervals that reflect the difference in risks of pregnancy complications per
standard deviation change in placental resistance indices in second and third trimester and between the two trimesters. For
notching, Odds Ratios and 95% Confidence Interval reflect the difference in risks of pregnancy complication, as compared to
no notching. Estimates are from multiple imputed data. “Model was adjusted for gestational age at subject’s enrolment,
gestational age at each pregnancy period, maternal age, educational level, ethnicity, parity, prepregnancy body mass index,
smoking habits, alcohol consumption and folic acid supplement use. *P-value <0.05.

Placental hemodynamic indices and pregnancy complications

Table 3.1.4 shows that second- and third-trimester uterine artery resistance indices
were not associated with the risk of gestational hypertension. Second-trimester uterine
artery resistance index and umbilical artery pulsatility index were associated with the
risk of pre-eclampsia (OR 1.61 (95% Cl: 1.32, 1.96) and OR 1.22 (95% Cl: 1.02, 1.46) per
standard-deviation change in resistance index, respectively). Second-trimester uterine
artery resistance index, but not umbilical artery pulsatility index, was associated with
the risk of preterm birth (OR 1.67 (95% Cl: 1.46, 1.90) per standard-deviation change in
resistance index). Second-trimester uterine artery resistance index and umbilical artery
pulsatility index were associated with the risk of delivering an SGA infant (OR 1.45 (95%
Cl: 1.27, 1.65) and OR 1.28 (95% Cl: 1.14, 1.43) per standard-deviation change in re-
sistance index, respectively). Stronger associations were observed for all outcomes in
the third trimester.
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Women who remained in the highest uterine artery resistance index tertile from the
second trimester to the third trimester had the highest risk of all adverse pregnancy
outcomes (Figure 3.1.2). Persistence in the highest umbilical artery pulsatility index
tertile from the second trimester to the third was associated with risk of delivering an
SGA infant (Figure 3.1.3). As compared with no third-trimester notching, unilateral
notching was associated with the risks of pre-eclampsia, preterm birth, and delivering
an SGA infant (OR 3.15 (95% Cl: 1.67, 5.91), OR 3.12 (95% ClI: 2.10, 4.61), and OR 3.43
(95% ClI: 2.36, 4.97), respectively) (Table 3.1.4). Bilateral notching was more strongly
associated with the risks of these pregnancy complications (all P-values <0.01).

Figure 3.1.2. Association between change in uterine artery resistance index tertile from the second trimester to the third and
the risk of adverse pregnancy outcomes in the Generation R Study
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Odds Ratios (95% Confidence Intervals) reflect the risks of gestational hypertension (A), pre-eclampsia (B), preterm birth (C),
and delivering a small for gestational age (SGA) infant (D) for each change in uterine artery resistance index tertile from the
second trimester to the third trimester, as compared with persistence in the lowest uterine artery resistance index tertile
from the second trimester to the third. Diamonds represent the first tertile of third-trimester uterine artery resistance index,
squares represent the second tertile, and circles represent the third tertile. Estimates were derived from multiple imputed
data. Models included adjustment for gestational age at subject’s enrollment, gestational age in each pregnancy period,
maternal age, educational level, ethnicity, parity, prepregnancy body mass index, smoking habits, alcohol consumption, and
use of folic acid supplements.
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Figure 3.1.3. Association between change in umbilical artery pulsatility index tertile from the second trimester to the third and
the risk of adverse pregnancy outcomes in the Generation R Study
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Odds Ratios (95% Confidence Intervals) reflect the risks of gestational hypertension (A), pre-eclampsia (B), preterm birth (C),
and delivering a small for gestational age (SGA) infant (D) for each change in umbilical artery pulsatility index tertile from the
second trimester to the third trimester, as compared with persistence in the lowest umbilical artery pulsatility index tertile
from the second trimester to the third. Diamonds represent the first tertile of third-trimester umbilical artery pulsatility index,
squares represent the second tertile, and circles represent the third tertile. Estimates were derived from multiple imputed
data. Models included adjustment for gestational age at subject’s enrollment, gestational age in each pregnancy period,
maternal age, educational level, ethnicity, parity, prepregnancy body mass index, smoking habits, alcohol consumption, and
use of folic acid supplements.

Discussion

Results from this prospective population-based cohort study showed that placental
resistance indices are influenced by maternal demographic and lifestyle characteristics.
Uterine artery resistance index tracks moderately from the second trimester to the
third trimester, whereas umbilical artery pulsatility index tracks poorly from the second
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trimester to the third. Increased placental resistance indices in the second and third
trimesters are associated with increased risks of adverse pregnancy outcomes.

Methodological limitations

One of the strengths of this study was the prospective data collection from early preg-
nancy onwards. We had a large sample size of 7660 participants with 9058 uterine ar-
tery resistance index measurements and 12.811 umbilical artery pulsatility index meas-
urements. The response rate at baseline for participation in the study was 61%. The
response rate reflects the number of children born to mothers living in the study area
on their delivery date and participating in the study as a percentage of the total number
of children born to mothers who fulfilled these eligibility criteria. The percentages of
women from ethnic minority groups and of lower socioeconomic status were slightly
lower than expected from the population figures in Rotterdam." Furthermore, placen-
tal resistance index measurements were performed in 87% of prenatally enrolled wom-
en, as measurements were performed at only 1 of the 2 research centers. Non-
response analyses showed that women without placental resistance index measure-
ments tended to be less educated and of non-European descent and had higher body
mass indices. Additionally, adverse pregnancy outcomes were more often present in
women without placental resistance index measurements. Non-response would lead to
biased effect estimates if the selection mechanisms were related to both the determi-
nant and the outcome, and the associations would be different between persons in-
cluded in the analyses and those not included. However, this seems unlikely, as selec-
tion on outcome is unlikely because of the prospective nature of this study and because
biased estimates in large cohort studies arise mainly from loss to follow-up rather than
from non-response at baseline."® The non-response might have led to selection of a
more affluent and relatively healthy population and might have affected the generaliza-
bility of our results. Furthermore, we had a relatively small number of cases of gesta-
tional hypertension, pre-eclampsia and preterm birth, which might indicate selection
towards a healthy, low-risk population. This might influence the generalizability of our
results to the general population. It might be of interest to perform similar analyses in a
high-risk population. Detailed information about a large number of maternal socio-
demographic and lifestyle-related factors was available in this study. However, because
of the observational design, residual confounding due to other socio-demographic and
lifestyle-related determinants might still be an issue. Ultrasound measurements were
performed in a blinded fashion with regard to previous measurements. In addition,
because of the prospective nature of the study, pregnancy outcomes were not known
at the time of the ultrasound measurements. Therefore, it is unlikely that there was
information bias due to knowledge of prior measurements or pregnancy outcome.
Finally, several different outcomes were studied: gestational hypertension, pre-
eclampsia, preterm birth, and SGA birth. Since these outcomes are strongly related, we
did not perform adjustment for multiple testing.
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Influence of maternal characteristics on development of placental resistance indices

Characteristics of uterine artery and umbilical artery blood flow patterns are indirect
measures of uteroplacental circulation. During the first half of pregnancy, there is a
linear decrease in uterine artery and umbilical artery resistance and a significant de-
crease in the prevalence of notching, which is in line with the physiological changes that
occur in early and mid-pregnancy during placentation.m’20 Few studies have examined
the development of placental resistance indices from the second trimester onwards.
Our study shows that the uterine artery resistance index and umbilical artery pulsatility
index decrease from the second trimester onwards, which is in line with the previous

findings.™*"** The continued decline in placental resistance indices might be explained
by slowly continued trophoblastic invasion and maternal hemodynamic adapta-
. 11,21,23

tions. "

Several maternal demographic and lifestyle characteristics have been associated with
adverse pregnancy outcomes. The influence of these characteristics on uteroplacental
circulation might partly explain the suggested associations. Higher maternal age, lower
maternal educational level, and non-European descent tended to be associated with
slightly higher uterine artery and umbilical artery resistance indices from the second
trimester onwards, but results were not consistent. Furthermore, we observed that
parity, use of folic acid supplements, and maternal smoking during pregnancy consist-
ently influenced placental resistance indices. Multiparity was associated with higher
second- and third-trimester uterine artery resistance indices but with lower umbilical
artery pulsatility indices. The mechanisms explaining these associations are not known.
Use of folic acid supplements during pregnancy was associated with lower second- and
third-trimester uterine artery resistance indices, but not with umbilical artery pulsatility
indices. It has been suggested that folate might influence trophoblastic invasion of the
spiral arteries and placentation,”*” which might partly explain the observed lower im-
pedance in uterine arteries among women who used folic acid supplements.”* In our
study, maternal smoking was not associated with uterine artery resistance index when
corrected for the other maternal characteristics, but it was associated with higher um-
bilical artery pulsatility indices in the second and third trimesters. Similarly, in a study
among 2459 nulliparous women, Kho et al.”® reported that maternal smoking during
pregnancy was associated with higher umbilical artery pulsatility index levels in the
second trimester but not with uterine artery resistance index levels after adjustment for
confounders. It has been suggested that maternal smoking might have a larger
influence on vasculature in the placental villiand a smaller impact on the uteroplacental
blood supply, which could partly explain the observed effects.”®

Tracking of placental resistance indices and the risk of adverse pregnancy outcomes

Many studies have examined the predictive accuracy of placental resistance indices for
the prediction of gestational hypertensive disorders and fetal growth restriction.*”’ Our
study shows that uterine artery resistance index tracks moderately from the second
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trimester to the third trimester, whereas umbilical artery pulsatility index tracks poorly
from the second trimester to the third. Accordingly, a study of 3107 pregnancies
showed that among normal pregnancies starting with a high uterine artery pulsatility
index in the first trimester, there is normalization of the pulsatility index with advancing
gestation, indicating that uterine artery pulsatility index tracks poorly in normal preg-
nancies.”® In this latter study, the uterine artery pulsatility index remained high from the
first trimester to the second trimester only among pregnancies leading to pre-
eclampsia.”®

Several studies have shown that increased placental resistance indices measured in
either the first, second, or third trimester are associated with increased risks of adverse
pregnancy outcomes.'®*** These studies used cutoff values for abnormal placental
resistance indices and did not assess the associations of small variations in placental
resistance indices with adverse outcomes. We found that already small variations in
placental resistance indices in a low-risk population are associated with the risk of ad-
verse pregnancy outcomes. In addition, it has been shown that persistence of the pla-
cental resistance indices above the 90" or 95" percentile from the first trimester to the
second or from the second trimester to the third is associated with the risk of pre-
eclampsia and fetal growth restriction, which is in line with observations in our
study.lg'33 The association between placental resistance indices and the risk of gesta-
tional hypertension remains controversial, as only some studies have found an associa-
tion.

Several authors have reported that women with unilateral and bilateral notches in
the second trimester have a high risk of developing pregnancy complications.””** A
study among 1022 women that assessed notching at approximately 20 weeks of gesta-
tion showed that women with bilateral notches have a strongly increased risk of pre-
eclampsia, preterm delivery, and delivering an SGA infant.”” We assessed notching early
in the third trimester and found strong associations of unilateral and bilateral notching
with the risk of these adverse pregnancy outcomes.

Most studies that examined the predictive accuracy of uterine artery resistance index
and umbilical artery pulsatility index have suggested that among low-risk populations,
the predictive accuracy of placental resistance measurements is not sufficient for clini-
cal practice.”””® In line with these findings, we observed moderate tracking of the
placental resistance indices in our study population. As compared with umbilical artery
pulsatility index, uterine artery resistance index tracked better and was more strongly
associated with the risk of adverse pregnancy outcomes. Therefore, uterine artery re-
sistance index might be a more useful measurement for the prediction of adverse preg-
nancy outcomes. In addition, notching in the uterine artery might be a good measure
for prediction of adverse pregnancy outcomes. Further research to examine tracking of
the placental resistance indices among high-risk populations and to examine the predic-
tive value of notching is necessary.
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Conclusion

This study showed that uterine artery resistance index tracks moderately from the sec-
ond trimester to the third trimester, whereas umbilical artery pulsatility index tracks
poorly from the second trimester to the third. These placental resistance indices are
influenced by maternal demographic and lifestyle characteristics and are associated
with increased risks of adverse pregnancy outcomes. Further research is needed to
assess the predictive accuracy of placental resistance index measurements and to as-
sess the effects of small variations in placental resistance indices on fetal growth and
childhood growth and development.
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Supplementary Material

Supplementary Methods $3.1.1. Placental resistance indices development in uncomplicated and complicated pregnancies

The associations between pregnancy complications and placental resistance indices were analysed using unbalanced
repeated-measurements regression analysis assuming random effects for the intercept and slope (1,2). These regression
models enable studies on repeatedly measured outcomes, taking account for the correlation between measurements and
have an optimal use of available data. Both gestational age-independent (difference constant over time) and gestational age-
dependent (difference not-constant over time) effects were assessed. We used compound symmetry covariance models (1,2).
We constructed best-fitting models for placental resistance indices. We started with a linear model and examined whether
adding second-degree fractional polynomial of gestational age improved the models by comparing the deviances and
checking the goodness of fit (smallest =2 log likelihood). Since adding fractional polynomials of gestational age to the model
did not improve the model fit, we did not include these fractional polynomials in the final models. Next, we added pregnancy
complications as a categorical variable to the model as additional intercept and as an interaction term with gestational age.
The final models including gestational age and pregnancy complications can be written as:

Uterine artery resistance index = By + B; x pregnancy complication + R, x gestational age + 3 x pregnancy complication x
gestational age

Umbilical artery pulsatility index = B, + B4 x pregnancy complication + R, x gestational age + 3 x pregnancy complication x
gestational age

In these models, ‘RBy + B; x pregnancy complication’ reflects the intercept and ‘R, x gestational age’ reflects the slope of
change in placental resistance index per week. Main interest was in the term ‘B3 x pregnancy complication x gestational age’,
which reflects the difference in change in placental resistance index per week for pregnancy complicated by adverse
outcomes as compared to uncomplicated pregnancies. The uterine artery and umbilical artery resistance patterns in women
with uncomplicated pregnancies and women with complicated pregnancies are shown in Supplementary Figure $S3.1.1a and
1b below.
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Supplementary Figure $3.1.1. Placental resistance indices development in uncomplicated and complicated pregnancies
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3.1.1a. Uterine artery resistance index development in uncomplicated and complicated pregnancy. Change in placental
resistance indices measurements for women with a pregnancy complicated by adverse pregnancy outcomes compared to
women with an uncomplicated pregnancy based on repeated measurement analysis. Uterine artery resistance index = By + B
x pregnancy complication + 8, x gestational age + B3 x pregnancy complication x gestational age.
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Supplementary Figure S$3.1.1. Placental resistance indices development in uncomplicated and complicated pregnancies
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3.1.1b. Umbilical artery pulsatility index development in uncomplicated and complicated pregnancy. Change in placental
resistance indices measurements for women with a pregnancy complicated by adverse pregnancy outcomes compared to
women with an uncomplicated pregnancy based on repeated measurement analysis. Umbilical artery pulsatility index = B¢ +
By x pregnancy complication + B, x gestational age + B3 x pregnancy complication x gestational age.

Supplementary Figure $3.1.2. Correlation of placental resistance indices between second and third trimester
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Supplementary Table S3.1.1. Characteristics of the women with and without placental resistance indices measurements "’

Women with placental Women without placental

resistance indices resistance indices
measurements measurements
n=7725 n=1155 P-value
Maternal characteristics
Age, median (90% range), years 30.3(20.4,37.9) 29.9(19.7,37.7) <0.05
Height, mean (SD), cm 167.2 (7.4) 166.6 (7.5) <0.01
Prepregnancy weight, mean (SD), kg 66.1(12.7) 67.5(13.8) <0.05
Prepregnancy Body Mass Index, mean (SD), kg/m2 23.6 (4.3) 24.2 (4.8) <0.01
Gestational age at subject’s enrolment,
median (90% range), weeks 14.2 (10.9, 22.9) 15.9(11.2,24.8) <0.01
Education, No. (%)
Primary 797 (11.3) 143 (14.6) <0.01
Secondary 3265 (46.1) 479 (49.8)
Higher 3022 (42.7) 357 (36.5)
Race / Ethnicity, No. (%)
Dutch or European 4189 (58.1) 527 (52.9) <0.01
Non-European 3017 (41.9) 469 (47.1)
Parity, No.(%)
Nulliparous 4287 (56.2) 575 (51.0) <0.01
Multiparous 3342 (43.8) 553 (49.0)
Folic acid supplement use, No. (%)
Yes 4116 (71.4) 516 (64.6) <0.01
No 1645 (28.6) 283 (35.4)
Smoking, No. (%)
Yes 1716 (25.8) 222 (23.7) 0.15
No 4942 (74.2) 714 (76.3)
Alcohol consumption, No. (%)
Yes 3414 (51.0) 417 (44.2) 0.01
No 3282 (49.0) 526 (55.8)
Maternal pregnancy complications
Gestational hypertension, No. (%) 273 (3.8) 45 (4.4) 0.33
Pre-eclampsia, No. (%) 152 (2.1) 35(3.4) 0.01
Delivery and child characteristics
Males, No. (%) 3897 (50.9) 470 (47.9) 0.08
Gestational age, median (90% range), weeks 40.1 (36.9, 42.0) 39.7(34.9,42.1) 0.01
Birth weight, mean (SD), g 3415 (559) 3361 (600) 0.01
Preterm birth, No. (%) 389 (5.1) 122 (11.4) 0.01
Small for gestational age, No. (%) 380 (5.0) 57 (6.0) 0.19

'Values represent mean (SD), median (90% range) or number of subjects (%). *Differences in subject characteristics between
the groups were evaluated using one-way ANOVA tests for continuous variables and chi-square tests for proportions.

182



Chapter 3.2

Placental vascular dysfunction, early growth
and childhood cardiovascular risk factors

Romy Gaillard

Eric A.P. Steegers
Henning Tiemeier
Albert Hofman
Vincent W.V. Jaddoe

Adapted from Circulation. 2013;128(20):2202-10

183




184

CHAPTER 3.2

Abstract

Background: Suboptimal fetal nutrition may influence early growth and cardiovascular
development. We examined whether umbilical and uterine artery resistance indices, as
measures of feto-placental and utero-placental vascular function, respectively, are as-
sociated with fetal and childhood growth and cardiovascular development.

Methods and results: This study was embedded in a population-based prospective co-
hort study among 6716 mothers and their children. Umbilical artery pulsatility index
and uterine artery resistance index and fetal growth were measured in third trimester.
Childhood growth was repeatedly assessed from birth to the age of 6 years. We meas-
ured body fat distribution, left ventricular mass, and blood pressure at the age of 6
years. Higher third trimester umbilical and uterine artery vascular resistance were asso-
ciated with lower fetal length and weight growth in third trimester resulting in a smaller
size at birth among boys and girls (P-values <0.05). These differences in length and
weight growth became smaller from the age of 6 months onwards, but were still pre-
sent at the age of 6 years. Higher third trimester umbilical artery vascular resistance,
but not uterine artery vascular resistance, was associated with higher childhood body
mass index, total fat mass, android/gynoid fat mass ratio, and systolic blood pressure,
and with a lower left ventricular mass (P-values <0.05). These associations were not
explained by birth weight. Stronger associations tended to be present among girls as
compared with boys.

Conclusions: Higher third trimester feto-placental vascular resistance, but not utero-
placental vascular resistance, was associated with slower fetal growth rates and cardio-
vascular adaptations in childhood.
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Introduction

Low birth weight is associated with cardiovascular disease in adulthood."” These asso-
ciations may be explained by developmental adaptations in early life, in response to
suboptimal fetal nutrition.”* These developmental adaptations may lead to fetal growth
restriction and subclinical cardiovascular alterations, which predispose to cardiovascular
disease in adulthood.® The placenta is a major determinant of the fetal supply line.”
Suboptimal placental growth and function, which is unable to meet fetal nutrient re-
quirements, may therefore lead to developmental adaptations with a persistent influ-
ence on growth and cardiovascular function in later life.”” Previous studies among
adults suggested that both low and high placental weight are associated with adverse
cardio-metabolic outcomes in later life, but results are not consistent.” Placental weight
is only a crude measure of placental growth and function and liable to measurement
error.”’ More detailed measures of placental function, assessed during pregnancy,
might give further insight in long-term consequences of placental dysfunction.

Placental vascular function can be assessed by Doppler ultrasound of the umbilical
and uterine arteries throughout pregnancy, which reflect feto-placental vascular re-
sistance and utero-placental vascular resistance, respectively.8 Feto-placental vascular
resistance is a parameter of the fetal circulation, and increased feto-placental vascular
resistance may occur as a result of impaired placentation or suboptimal fetal vascular
development.®® Utero-placental vascular resistance, a parameter of the maternal circu-
lation, may increase as a result of impaired placentation.8

Previously, we observed that third trimester small and subclinical variations in feto-
placental vascular function correlate with fetal growth.” Also, we have shown that high-
er third trimester resistance of the feto-placental circulation and utero-placental circu-
lation are associated with a higher risk of a small size for gestational age infant."® Thus
far, it is not known whether normal variation in placental vascular function influences
longitudinally measured fetal and childhood growth and childhood cardiovascular de-
velopment. As the placental vascular bed forms an important component of the fetal
vascular system, and the largest variation is expected in third trimester, we hypothe-
sized that especially changes in third trimester feto-placental vascular resistance lead to
growth and cardiovascular system adaptations.”

Therefore, in a population-based prospective cohort study among 6716 mothers and
their children, we examined the associations of third trimester feto-placental and utero-
placental vascular function with repeatedly measured fetal and childhood growth char-
acteristics, and with cardiovascular development in childhood.
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Methods

Study design

This study was embedded in the Generation R study, a population-based prospective
cohort study from early pregnancy onwards in Rotterdam, The Netherlands." The study
has been approved by the medical Ethical Committee of the Erasmus Medical Center,
Rotterdam. Written consent was obtained from all participating women."” Response
rate at birth was 61%. In total, 8880 mothers were enrolled during pregnancy. Because
placental resistance indices were only measured in 1 of the 2 dedicated research cen-
ters, placental resistance indices were available in a subgroup of n = 6754 mothers. We
excluded pregnancies not leading to singleton live-born children and mothers without
information about prenatal or postnatal offspring follow-up data available. Thus, our
population for analysis involved 6716 mothers and their children (Figure 3.2.1).

Figure 3.2.1. Flow chart of the participants

Information on third trimester placental

vascular function available
n=6754

n = 38 excluded due non singleton live births,
or no postnatal follow-up

n=6716

available
Fetal growth
Birth weight

Childhood growth
6 Months

12 Months

24 Months

36 Months

48 Months

Information on third trimester placental vascular function
in singleton live born children with information on
gender, and fetal or childhood growth measurements

Third trimester estimated fetal weight n=6687

n=6685

n=4976
n=4503
n=4336
n=3707
n=3215

n = 1994 excluded due to missing
cardiovascular measurements at the age of 6
years

Adiposity outcomes
Body mass index:
Body fat distribution:

Cardiovascular outcomes
Left ventricular mass:
Systolic blood pressure:
Diastolic blood pressure:

Childhood cardiovascular development

n=4722
n =4605

n =4465
n=4534
n=4534




PLACENTAL FUNCTION AND CHILDHOOD OUTCOMES

Feto-placental and utero-placental vascular function measurements

Placental vascular resistance was evaluated with recorded flow velocity waveforms
from the umbilical and uterine arteries in third trimester in a dedicated research center,
as described previously,10 Umbilical and uterine artery vascular resistance indices are
parameters of the feto-placental circulation and utero-placental circulation, respective-
ly.% A raised uterine artery resistance index and umbilical artery pulsatility index indicate
increased placental resistance.® Umbilical artery pulsatility index was measured in a
free-floating loop of the umbilical cord. Uterine artery resistance index was measured in
the uterine arteries near the crossover with the external iliac artery. For each meas-
urement, 3 consecutive uniform waveforms were recorded by pulsed Doppler ultra-
sound, during fetal apnea and without fetal movement. The mean of three measure-
ments was used for further analysis. We assessed reproducibility of the ultrasound
measurements in a subgroup and observed high intraclass correlation coefficient values
(>0.80) with corresponding low coefficient of variation values (<10%), which indicates
adequate reproducibility for these ultrasound measurements.’

Fetal and early childhood growth measurements

Fetal ultrasound examinations were performed in first (median: 13.5 weeks of gesta-
tion; 95% range: [defined as 2.5th and 97.5th percentile] 10.6, 17.5), second (median:
20.6 weeks of gestation; 95% range: 18.6, 23.4), and third trimester (median: 30.3
weeks of gestation; 95% range: 28.4, 33.0). We established gestational age by using
data from the first fetal ultrasound examinations." Third trimester fetal head circum-
ference, abdominal circumference, and femur length were measured to the nearest
millimeter using standardized ultrasound procedures.'* Estimated fetal weight was
calculated using the formula of Hadlock et al.”” We constructed gestational age-
adjusted standard deviation scores (SDS) for all fetal growth measurements.” Infor-
mation about childhood sex, gestational age, weight, and length at birth was obtained
from medical records. Gestational-age-adjusted SDS for birth weight and length were
constructed using North-European growth standards.'® These gestational-age-adjusted
SDS for fetal growth and birth characteristics represent the equivalent of z-scores.

Well-trained staff in Community Health Centers obtained postnatal growth charac-
teristics according to standard schedule and procedures at the ages of 6 months (medi-
an 6.2 mo; 95% range: 5.2, 8.2), 12 months (median: 11.1 mo; 95% range: 10.1, 12.5),
24 months (median: 24.8 mo; 95% range: 23.4, 28.2), 36 months (median: 36.7 mo;
95% range: 35.6, 40.9), and 48 months (median: 45.8 mo; 95% range: 44.4, 48.6). SDS
for postnatal growth characteristics were obtained with Dutch growth reference Charts
(Growth Analyzer 3.0; Dutch Growth Research Foundation, Rotterdam, The Nether-
lands).
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Childhood adiposity and cardiovascular outcomes

At the age of 6 years, children visited a dedicated research center."" We measured chil-
dren’s height and weight without shoes and heavy clothing. Body mass index was calcu-
lated. Body composition was measured by dual-energy X-ray absorptiometry scan (iDXA,
General Electrics — Lunar, 2008, Madison, WI). Total fat mass was calculated as percent-
age of total body weight measured by dual-energy X-ray absorptiometry. Android/gy-
noid fat mass ratio was calculated, and expressed as percentage."’

Two-dimensional M-mode echocardiographic measurements of the interventricular
end-diastolic septal thickness, left ventricular end-diastolic diameter and left ventricular
end-diastolic posterior wall thickness were performed using methods recommended by
the American Society of Echocardiography, and left ventricular mass was calculated."™®"
Systolic and diastolic blood pressure of the children were measured at the right brachial
artery, 4 times with 1-minute intervals, using the validated automatic sphygmanometer
Datascope Accutor Plus TM (Paramus, NJ). A cuff was selected with a cuff width =40% of
the arm circumference and long enough to cover 90% of the arm circumference.”’ We
calculated the mean value for systolic and diastolic blood pressure using the last 3 blood
pressure measurements.

Covariates

Information on maternal age was assessed at intake."" Maternal weight and height were
assessed at enrollment, and body mass index was calculated. Information about mater-
nal parity, ethnicity, education level and folic acid supplementation use was obtained at
enrollment. Information about maternal smoking was assessed by questionnaire during
pregnancy. Information on pregnancy complications was obtained from medical rec-
ords.”! Information about breastfeeding was obtained by questionnaires.

Statistical analysis

First, we explored the associations of third trimester placental resistance indices with
repeatedly measured fetal and childhood growth characteristics ([femur] length and
[estimated fetal] weight) using unbalanced repeated measurement regression models.
These models take the correlation between repeated measurements of the same sub-
ject into account and allow for incomplete outcome data.”””* For these analyses, we
used growth characteristics in SDS. The effect estimates for these associations are
shown per standard deviation change in placental resistance indices to enable compari-
son of effect estimates. Second, we examined the associations of third trimester placen-
tal vascular function with childhood body fat distribution and cardiovascular develop-
ment using multivariate linear regression models. All models were adjusted for gesta-
tional age at enrollment and at placental vascular resistance measurement, maternal
age, parity, ethnicity, educational level, prepregnancy body mass index, smoking during
pregnancy, folic acid supplementation use, pregnancy complications, gestational age at
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birth and child sex, infant breastfeeding, and age at outcome measurement. These
covariates were selected based on their associations with the outcomes of interest
based on previous studies or a change in effect estimate of >10%. Supplementary Tables
§3.2.1-3.2.3 in the Supplementary Material show the associations of each covariate with
the outcomes of interest. All body fat distribution outcomes were additionally adjusted
for child’s height, and all cardiovascular outcomes were additionally adjusted for child’s
body mass index. To explore whether birth weight explained these associations, anal-
yses were additionally adjusted for gestational-age-adjusted birth weight. We tested
potential interactions between placental vascular function and sex, and between pla-
cental vascular function and birth weight for the analyses focused on childhood out-
comes. Because significant interactions with sex, but not with birth weight, were pre-
sent, all analyses were performed for the total group and for boys and girls separately.
Missing data of covariates were imputed using multiple imputations (details given in the
Supplementary Material). The repeated measurement analysis was performed using the
Statistical Analysis System version 9.2 (SAS, Institute Inc. Cary NC), including the Proc
Mixed module for unbalanced repeated measurements. All other analyses were per-
formed using the Statistical Package of Social Sciences version 17.0 for Windows (SPSS
Inc, Chicago, IL).

Results

Subject characteristics

Characteristics of the participants are shown in Table 3.2.1. Supplementary Table S3.2.4
shows fetal and childhood growth characteristics. Supplementary Table $3.2.5 shows
that mothers whose children participated in follow-up measurements were more often
higher educated and from European descent as compared with mothers whose children
did not participate.
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Table 3.2.1. Maternal and childhood characteristics (n = 6716)"

Total Group Boys Girls

Characteristics n=6716 n=3424 n=3292
Maternal characteristics
Age, mean (SD), years 29.7 (5.3) 29.7 (5.3) 29.8(5.3)
Height, mean (SD), cm 167.3 (7.4) 167.3(7.3) 167.3(7.5)
Prepregnancy weight, mean (SD), kg 66.1(12.5) 66.0(12.6) 66.2 (12.4)
Prepregnancy Body Mass Index, mean (SD), kg/m2 23.5(4.2) 23.5(4.3) 23.6 (4.2)
Gestational age at intake, median (95% range), weeks 13.8 (9.8, 25.5) 13.8 (9.6, 24.9) 13.7 (9.8, 26.5)
Education, No. (%)

Primary 676 (10.9) 341(10.8) 335(11.0)

Secondary 2833 (45.6) 1455 (45.8) 1378 (45.3)

Higher 2707 (43.5) 1375 (43.4) 1332 (43.7)
Ethnicity, No. (%)

Dutch or European 3768 (58.6) 1904 (58.0) 1864 (59.2)

Non — European 2666 (41.4) 1381 (42.0) 1285 (40.8)
Parity, No. (%)

Nulliparous 3767 (56.7) 1912 (56.4) 1855 (57.0)

Multiparous 2882 (43.3) 1480 (43.6) 1402 (43.0)
Folic acid supplement use, No. (%)

Yes 3651 (72.3) 1819 (71.2) 1832 (73.5)

No 1397 (27.7) 736 (28.8) 661 (26.5)
Smoking, No. (%)

Yes 1621 (27.3) 864 (28.6) 757 (26.0)

No 4316 (72.7) 2157 (71.4) 2159 (74.0)
Third trimester placental resistance indices

Umbilical artery pulsatility index, mean (SD) 0.98 (0.17) 0.97 (0.17) 1.00 (0.17)

Uterine artery resistance index, mean (SD) 0.49 (0.08) 0.49 (0.08) 0.48 (0.08)
Pregnancy complications

Gestational hypertension, No. (%), Yes 228 (3.6) 123 (3.8) 105 (3.4)

Pre-eclampsia, No. (%), Yes 130(2.1) 63 (2.0) 67 (2.2)

Diabetes gravidarum, No. (%), Yes 58(0.9) 32(1.0) 26 (0.8)

Birth and infant characteristics

Gestational age, median (95% range), weeks
Birth weight, mean (SD), g

Breastfeeding No. (%), Yes

Childhood characteristics

Age at follow up, median (95% range), years
Length, mean (SD), cm

Weight, mean (SD), kg

Body mass index, mean (SD), kg/m2

Total fat mass, mean (SD),%
Android/gynoid fat mass ratio, mean (SD),%
Left ventricular mass, mean (SD), g

Systolic blood pressure, mean (SD), mmHg
Diastolic blood pressure, mean (SD), mmHg

40.1(36.0, 42.3)
3430 (536)
4670 (91.9)

6.0 (5.6,7.7)
119.1 (5.8)
23.1(4.1)
16.2 (1.8)
24.8 (5.6)
25.1(6.3)
53.4 (11.6)
102.6 (8.1)
60.6 (6.8)

40.1(36.0, 42.4)
3487 (547)
2358 (91.7)

6.0 (5.6,7.8)
119.6 (5.8)
23.3(3.9)
16.2 (1.7)
22.6(4.9)
24.8 (5.8)
55.9(11.7)
102.2 (7.9)
60.0 (6.8)

40.1(36.1, 42.2)
3370 (518)
2312 (92.2)

6.0 (5.6,7.7)
118.7 (5.8)
23.0(4.2)
16.2 (1.9)
27.1(5.3)
25.4 (6.8)
50.7 (10.6)
103.1 (8.4)
61.3 (6.8)

Walues are means (standard deviations) or medians (95% range) or observed numbers (valid percentages). Valid percentages
represent the percentage of only non-missing cases in each category of categorical variables.
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Placental vascular function and fetal and childhood growth characteristics

Higher third trimester umbilical artery pulsatility index and uterine artery resistance
index were associated with lower third trimester fetal length and weight growth, result-
ing in a smaller size at birth among boys and girls (difference in birth length and birth
weight for the total group: -0.12 SDS (95% Confidence Interval (Cl): -0.16, -0.08), -0.17
SDS (95% Cl: =0.20, -0.14) per SD change in umbilical artery pulsatility index, and —0.09
SDS (95% Cl: -0.14, -0.04), -0.16 SDS (95% Cl: -0.20, -0.12) per SD change in uterine
artery resistance index, respectively; Figure 3.2.2A-D). The effect estimates for the
associations of third trimester umbilical artery pulsatility index and uterine artery re-
sistance index with childhood length and weight growth became smaller from the age
of 6 months onwards among boys and girls. At the age of 6 years, higher third trimester
umbilical artery pulsatility index and uterine artery resistance index were still associated
with a shorter stature and lower weight among all children (difference in length and
weight at the age of 6 years for the total group: -0.03 SDS (95% CI: -0.06, 0), —0.03 SDS
(95% CI: -0.06, 0) per SD change in umbilical artery pulsatility index, and -0.06 SDS
(95% Cl: -0.10, -0.02), -0.07 SDS (95% Cl: -0.10, -0.03) per SD change in uterine artery
resistance index, respectively). The interaction term of third trimester umbilical artery
pulsatility index with sex for weight growth was significant in the repeated measure-
ment regression model. Among boys, higher third trimester umbilical artery pulsatility
index was associated with lower childhood weight growth until the age of 6 years,
whereas among girls these associations were no longer significant from the age of 3
years onwards.

Placental vascular function and childhood cardiovascular risk factors

Table 3.2.2 shows the associations of third trimester umbilical artery vascular resistance
with childhood cardiovascular outcomes at the age of 6 years, unadjusted and adjusted
for gestational-age-adjusted birth weight, respectively. In the total group, we observed
that, in the model unadjusted for birth weight, higher third trimester umbilical artery
pulsatility index was associated with a lower childhood height and weight, but a higher
total fat mass percentage and android/gynoid fat mass ratio (differences: -0.33 cm
(95% Cl: -0.48, -0.18); -0.14 kg (95% Cl: -0.25, -0.04); 0.17 % (95% Cl: 0.02, 0.31) and
0.26 % (95% Cl: 0.08, 0.45) per SD change in third trimester umbilical artery pulsatility
index, respectively). The associations of third trimester umbilical artery pulsatility index
with childhood growth outcomes, but not body fat distribution outcomes, were largely
explained by birth weight. Analysis stratified by sex, showed that a higher third tri-
mester umbilical artery pulsatility index was associated with a higher childhood body
mass index, total fat mass and android/gynoid fat mass ratio among girls (difference in
body mass index, total fat mass percentage, android/gynoid fat mass ratio: 0.08 kg/m’
(95% CI: 0.01, 0.16), 0.25 % (95% Cl: 0.05, 0.46), and 0.43 % (95% Cl: 0.15, 0.71) per SD
change in third trimester umbilical artery pulsatility index in the fully adjusted model,
respectively).

191



CHAPTER 3.2

Figure 3.2.2. Associations of third trimester feto-placental vascular function and utero-placental vascular function with fetal
and childhood growth characteristics
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Figure 3.2.2. Associations of third trimester feto-placental vascular function and utero-placental vascular function with fetal
and childhood growth characteristics (continued)
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3.2.2d. Uterine artery resistance index and weight growth

Fetal and childhood length and weight growth in SDS per SD change in third trimester umbilical artery pulsatility index and
uterine artery resistance index. Results are based on repeated measurement regression models and reflect the differences in
(gestational) age-adjusted standard deviation scores (SDS) of length and weight growth per SD change in third trimester
umbilical artery vascular resistance and uterine artery vascular resistance at 30 weeks and 40 weeks of gestation prenatal and
at 6 months, 12 months, 24 months, 36 months, 48 months and 72 months postnatal. All models are adjusted for gestational
age at enrollment and at placental resistance index measurement, maternal age, parity, ethnicity, education, body mass
index, smoking, folic acid supplementation use, and pregnancy complications. Total group analyses are additionally adjusted
for child’s sex. P-value for sex interaction <0.01 for model focused on third trimester umbilical artery vascular resistance and
weight growth. Sex interaction terms were not significant in the other models.

A higher third trimester umbilical artery pulsatility index was associated with a lower
childhood left ventricular mass and higher systolic blood pressure among all children
(difference: -0.57 g (95% Cl: -0.88, —-0.25), 0.31 mmHg (95% Cl: 0.07, 0.55) per SD
change in third trimester umbilical artery pulsatility index, respectively). These associa-
tions were not explained by birth weight. Sex interaction terms were not significant, but
a stronger association for systolic blood pressure tended to be present among girls.
Table 3.2.3 shows that a higher third trimester uterine artery resistance index was
associated with a lower height and weight at the age of 6 years, but not with other
cardiovascular risk factors. These associations were explained by birth weight.
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Discussion

In this population-based prospective cohort study, we observed that higher third tri-
mester umbilical artery and uterine artery resistance indices were associated with lower
fetal growth rates in third trimester, resulting in a smaller size at birth. Differences in
length and weight growth characteristics became smaller from the age of 6 months
onwards but persisted until the age of 6 years. Higher third trimester feto-placental
vascular resistance, but not utero-placental vascular resistance, was associated with
childhood cardiovascular adaptations. These associations were only partly explained by
birth weight and appeared to be stronger among girls than among boys.

Methodological considerations

This study had a prospective data collection from early fetal life onwards. We had a
large sample size of 6716 pregnant women and their children. To our knowledge, this is
the first study that examined the associations of placental vascular resistance with re-
peatedly measured fetal and childhood growth characteristics and childhood cardiovas-
cular risk factors. A potential limitation might be the response rate of 61%. Pregnant
women who participated were higher educated, healthier, and more frequently of
Dutch origin than were those who did not participate.11 It is unlikely that this selective
response at baseline has led to biased estimates.”* Follow-up data at the age of 6 years
were available in 70% of our study population. Mothers without offspring follow-up
data available were more often lower educated and from non-European descent. The
non-response would lead to biased effect estimates if the associations would be differ-
ent between those included and not included in the analyses. This seems unlikely. How-
ever, non-response at baseline and at follow-up might affect the generalizability of our
results. Because our study population is a relatively healthy, low-risk population, the
variation in placental vascular function was small. It might be of interest to perform
similar analyses among higher risk populations. Detailed information about a large
number of potential confounding variables was available. Extensive adjustment for
these socio-demographic and lifestyle-related determinants in our analyses did not
explain the associations of placental vascular dysfunction with childhood outcomes.
However, residual confounding attributable to other lifestyle-related variables, such as
maternal and childhood nutritional intake and physical activity, might still be an issue, as
in any observational study.

Interpretation of main findings

Developmental adaptations in response to suboptimal fetal nutrition may lead to fetal
growth restriction and subclinical cardiovascular alterations on short term, and may
predispose to obesity and cardiovascular disease in adulthood.” Because fetal nutrition
largely depends on placental function, the placenta may play a key role in this
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developmental origins hypothesis.>’ Placental dysfunction not only affects fetal nutrient
supply, but may also directly affect the fetal cardiovascular syst'sm.5’7’9

We examined the associations of umbilical and uterine artery blood flow during
pregnancy, as detailed measures of feto-placental and utero-placental vascular func-
tion, with fetal and childhood outcomes. On the fetal side, blood enters the placenta
through the umbilical arteries, which form a capillary network in the terminal villi of the
villous tree.® As the villous and capillary surface areas increase during pregnancy, the
umbilical artery vascular resistance normally decreases throughout pregnancy.”® On the
other side, maternal blood enters the intervillious space in the placenta through the
spiral arteries, which descend from the uterine arteries.”® Normally, during early preg-
nancy, the spiral arteries are remodeled as a result of trophoblastic invasion, which
changes the spiral arteries from narrow muscular vessels into wide non-muscular arter-
ies, leading to the development of a high-flow and low-resistance circulation.”® Both the
umbilical and uterine artery vascular resistance provide information about the placental
circulation, but assessment of vascular resistance in the umbilical artery may be more
closely related to the fetal condition. Abnormalities in the umbilical artery vascular
resistance are strongly related to intra-uterine fetal growth restriction and fetal dis-
tress.”” Furthermore, endothelium in the feto-placental circulation forms a continuum
with fetal endothelium, and higher umbilical artery vascular resistance may therefore
also reflect fetal vascular adaptations.”® Abnormal placentation may lead to fetal endo-
thelial dysfunction and inflammatory responses, which may predispose the individual to
development of arteriosclerosis and hypertension later in life.””% In line with this hy-
pothesis, we observed stronger associations of arterial vascular resistance variation with
fetal and childhood outcomes in the umbilical artery than in the uterine artery.

Multiple studies have shown that abnormal umbilical artery and uterine artery re-
sistance indices in each trimester of pregnancy are associated with the risk of small size
for gestational age at birth.”** These studies were mainly performed among high-risk
populations and used cut-off values to define abnormal resistance indices. In line with
these previous studies, we observed that also among a low risk population, small
changes in third trimester feto-placental and utero-placental vascular resistance were
associated with lower fetal growth characteristics from third trimester onwards. Not
much is known about postnatal growth and cardiovascular consequences of placental
vascular dysfunction. A study among 914 mother-neonate pairs showed that placental
volume at 19 weeks of gestation was positively associated with neonatal fat mass as-
sessed by dual-energy X-ray absorptiometry.>" A study among 23.967 mother-child pairs
observed that placental lateral growth measures, which are measures that give some
information about the umbilical-chorionic vessels and the number of spiral arteries
supplying the placenta, are related to childhood body mass index.”” These associations
were small and partly explained by birth weight. We observed that higher third tri-
mester utero-placental vascular resistance was associated with lower childhood length
and weight growth characteristics, but these associations were fully explained by birth
weight. We further observed that higher third trimester feto-placental vascular re-
sistance was associated with small differences in body mass index and fat mass levels at
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the age of 6 years, especially among girls. These associations were independent of birth
weight.

The feto-placental vascular resistance is related to fetal vascular function and an
important determinant of fetal cardiac afterload. Changes in feto-placental vascular
function may therefore be related to fetal cardiac and vascular development.”****** we
observed that higher third trimester umbilical artery pulsatility index was associated
with a lower left ventricular mass and higher systolic blood pressure in childhood. The
mechanisms by which feto-placental vascular dysfunction may lead to smaller left ven-
tricular mass have not been studied yet. Studies in sheep have shown that placental
insufficiency is associated with a smaller fetal heart and lower number of immature
ca1rdiomyocytes.34’35 It has also been suggested that mostly the right side of the fetal
heart is affected by increased placental vascular resistance.***® We had only infor-
mation about left cardiac structures available. More detailed studies of the structure
and function of both the left and right ventricles may provide more information about
the persistent cardiac consequences of placental dysfunction. Our findings related to
systolic blood pressure are in line with a study among 428 Jamaican mothers and their
children, which reported an inverse association of placental volume assessed at 20
weeks of gestation and systolic blood pressure in early childhood.? Also, a study among
13.273 mothers and their children observed that higher placental weight and size were
associated with lower infancy systolic blood pressure, but higher childhood systolic
blood pressure. In the same study, placental vascular lesions, which may also reduce
feto-placental blood flow, were associated with higher infancy systolic blood pressure.38

Sex-specific differences for the associations of third trimester feto-placental vascular
function with childhood growth and body fat distribution, with stronger associations
among girls, tended to be present. Previous studies have suggested that sex-specific
fetal responses occur in response to an adverse prenatal environment.*>** Our ob-
served sex-differences may partly be explained by sex-differences in childhood growth
and body fat distribution, and differences in in-utero responses to an adverse environ-
ment. We did not observe significant sex-specific differences for the association of third
trimester feto-placental vascular function with childhood systolic blood pressure, which
is inconsistent with several other studies that examined associations of placental size at
birth with blood pressure at older ages.”" ™ These suggested sex-differences related to
blood pressure might become more apparent at later ages. We also explored whether
associations of placental vascular resistance with childhood outcomes differed among
birth weight categories, but no significant interaction terms were present. This suggests
that associations of feto-placental vascular resistance with childhood cardiovascular
development may be present across the full range of birth weight.

The observed effect estimates for the associations of feto-placental vascular re-
sistance with childhood cardiovascular risk factors were small. Although they are im-
portant from a cardiovascular developmental perspective, their effects on the risk of
cardiovascular disease should be further studied. However, previous studies have
shown that childhood cardiovascular risk factors tend to track into adulthood. A study
among 2204 subjects showed that childhood body mass index and blood pressure,
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measured at 6 years of age, were correlated with these measures in adulthood.” A
large meta-analyses in which tracking of blood pressure from children aged <18 years to
adulthood was examined, showed that blood pressure tracking was already present
from early childhood onwards.” A study among 4857 children and adolescents, aged 5
to 20 years, with a median age of 11 years, showed that childhood obesity and hyper-
tension were associated with increased rates of premature death from endogenous
causes.”® Thus, these findings suggest that even subclinical differences in risk factors for
cardiovascular disease in childhood are related to the development of cardiovascular
disease in later life. Further studies are needed to gain further insight in the associations
of placental vascular function with cardiovascular risk factors in childhood and adult-
hood, and to explore their potential underlying mechanisms.

Conclusion

Suboptimal fetal nutrition may lead to fetal growth and cardiovascular developmental
adaptations, and subsequently to cardiovascular disease in adulthood. Our study shows
that higher third trimester umbilical and uterine artery vascular resistance were associ-
ated with lower fetal growth characteristics and a smaller size at birth. Higher third
trimester feto-placental vascular resistance, but not utero-placental vascular resistance,
was associated with an adverse cardiovascular profile in childhood. These associations
were only partly explained by birth weight. Further studies examining detailed
measures of placental function, such as placental morphology, vascular function and
nutrient transporter activity, and their associations with growth and cardio-metabolic
outcomes in later life might provide further insight in underlying mechanisms.
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Supplementary Material

Supplementary Methods $3.2.1. Multiple imputations for missing data of covariates

We imputed missing data of the covariates using multiple imputations (1). The percentages of missing values for the
covariates within the population for analysis were lower than 20% except for folic acid supplement use (24.8%) and
breastfeeding (24.4%). For the multiple imputation, we used Fully Conditional Specification, an iterative of the Markov chain
Monte Carlo approach. For each variable, the fully conditional specification method fits a model using all other available
variables in the model as predictors, and then imputes missing values for the specific variable being fit. In the imputation
model, we included all covariates, plus maternal height measured at enrolment, maternal weight and blood pressure
measured in first, second and third trimester, second trimester uterine and umbilical artery vascular resistance, placental
weight, household income and breastfeeding duration. Furthermore, we additionally added the studied determinants and
outcomes in the imputation model as prediction variables only; they were not imputed themselves. Five imputed datasets
were created and analysed together.

References
1) Sterne JA, White IR, Carlin JB et al. Multiple imputation for missing data in epidemiological and clinical research: potential
and pitfalls. BMJ 2009;338:b2393.

Supplementary Table $3.2.1. Associations of covariates with childhood anthropometric measures’

Childhood anthropometric measures
Height (cm) Weight (kg)

Covariates included in the models Body mass index (kg/m?)

Gestational age at intake (wks)
Gestational age at placental resistance
measurement (wks)
Maternal age (yr)
Parity
Nulliparous
Multiparous
Ethnicity
Dutch or European
Non — European
Education
Primary
Secondary
Higher
Prepregnancy body mass index (kg/m’)
Smoking
Yes
No
Folic acid supplement use
Yes
No
Maternal pregnancy complications
Yes
No
Child’s sex
Boys
Girls
Gestational age at birth (wks)
Breastfeeding
Yes
No
Childhood age at outcome
measurement (yr)

0.06 (0.02, 0.10)*

0.06 (-0.13, 0.25)
-0.06 (-0.09, -0.03)*

Reference
-0.25 (-0.58, 0.09)

Reference
0.05 (-0.30, 0.39)

0.30(-0.31, 0.92)
0.42 (0.06, 0.77)*
Reference

0.12(0.08, 0.17)*

0.06 (-0.34, 0.46)
Reference

Reference
0.54 (0.16, 0.92)*

0.60 (-0.09, 1.29)
Reference

Reference
-0.91 (-1.25, -0.58)*
0.08 (-0.03, 0.18)

0.44 (-0.23, 1.10)
Reference

6.10 (5.81, 6.40)*

0.08 (0.05, 0.11)*

-0.02 (-0.16, 0.11)
-0.09 (-0.11, -0.07)*

Reference
0.05(-0.19, 0.29)

Reference
1.08 (0.84, 1.31)*

1.66 (1.24, 2.08)*
1.01(0.77, 1.26)*
Reference
0.25(0.22,0.28)

0.53 (0.25, 0.80)*
Reference

Reference
1.05(0.79, 1.32)*

0.60(0.12, 1.08)*
Reference

Reference
-0.30 (-0.53, -0.06)*
0.01 (-0.07, 0.08)

0.08 (-0.37,0.53)
Reference

3.63(3.41,3.85)*

0.04 (0.02, 0.05)*

-0.03 (-0.09, 0.04)
-0.04 (-0.06, -0.03)*

Reference
0.09 (-0.01, 0.20)

Reference
0.70 (0.59, 0.80)*

1.01(0.82,1.20)*
0.54 (0.43, 0.65)*
Reference

0.13(0.12, 0.15)*

0.32(0.20, 0.45)
Reference

Reference
0.54 (0.43, 0.66)*

0.25(0.03, 0.47)*
Reference

Reference
0.03 (-0.08, 0.13)
-0.01 (-0.04, 0.02)

-0.03 (-0.24, 0.17)
Reference

0.73(0.62,0.83)*

Values are regression coefficients (95% Confidence Interval) from univariate regression models and reflect differences in
childhood anthropometric measures per unit change of each covariate and for different categories of each covariate as

compared to the reference group. *P-value <0.05.
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Supplementary Table $3.2.2. Associations of covariates with childhood body fat distribution outcomes’

Covariates included in the models

Childhood body fat mass measures

Total body fat mass (%)

Gestational age at intake (wks)
Gestational age at placental resistance
measurement (wks)
Maternal age (yr)
Parity
Nulliparous
Multiparous
Ethnicity
Dutch or European
Non — European
Education
Primary
Secondary
Higher
Prepregnancy body mass index (kg/m’)
Smoking
Yes
No
Folic acid supplement use
Yes
No
Maternal pregnancy complications
Yes
No
Child’s sex
Boys
Girls
Gestational age at birth (wks)
Breastfeeding
Yes
No

0.08 (0.04, 0.12)*

-0.27 (-0.46, -0.09)*
-0.15 (-0.18, -0.12)*

Reference
-0.14 (-0.47,0.19)

Reference
2.17(1.84, 1.50)*

3.38(2.80, 3.95)*
2.16 (1.83, 2.50)*
Reference

0.35(0.31, 0.39)*

0.79(0.41, 1.18)*
Reference

Reference
1.56 (1.20, 1.92)*

0.94 (0.27, 1.61)*
Reference

Reference
4.44 (4.14, 4.74)
-0.21(-0.32, -0.11)*

-0.31(-0.96, 0.33)
Reference

Android/gynoid fat mass ratio (%)

0.06 (0.01, 0.10)*

-0.16 (-0.37, 0.05)
-0.13 (0.16, -0.09)*

Reference
-0.12 (-0.49, 0.25)

Reference
1.59 (1.22,1.97)*

2.24(1.58,2.91)*
1.40(1.02, 1.79)*
Reference

0.26(0.21, 0.31)*

1.47 (1.04, 1.91)*
Reference

Reference
1.29 (0.88, 1.69)*

0.65(-0.11, 1.41)
Reference

Reference
0.61(0.25, 0.98)*
-0.21 (-0.33, -0.09)*

0.11(-0.61, 0.83)
Reference

Childhood age at outcome measurement (yr) 1.31(0.97, 1.65)* 1.40(1.02, 1.79)*

'Values are regression coefficients (95% Confidence Interval) from univariate regression models and reflect differences in
childhood body fat distribution outcomes per unit change of each covariate and for different categories of each covariate as
compared to the reference group. *P-value <0.05.
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Supplementary Table $3.2.3. Associations of covariates with childhood cardiovascular outcomes’

Covariates included in the models

Childhood cardiovascular outcomes

Systolic blood
pressure (mmHg)

Diastolic blood
pressure (mmHg)

Left ventricular
mass (g)

Gestational age at intake (wks)
Gestational age at placental resistance
measurement (wks)
Maternal age (yr)
Parity
Nulliparous
Multiparous
Ethnicity
Dutch or European
Non — European
Education
Primary
Secondary
Higher
Prepregnancy body mass index (kg/m’)
Smoking
Yes
No
Folic acid supplement use
Yes
No
Maternal pregnancy complications
Yes
No
Child’s sex
Boys
Girls
Gestational age at birth (wks)
Breastfeeding
Yes
No

Childhood age at outcome measurement (yr)

0.06 (0, 0.12)*

-0.18 (-0.46, 0.09)
-0.12 (-0.16, -0.07)*

Reference
-0.30(-0.78, 0.19)

Reference
1.42(0.93,1.91)*

2.69 (1.81, 3.56)*
1.67 (1.16, 2.18)*
Reference

0.21(0.14, 0.27)*

0.76 (0.18, 1.33)*
Reference

Reference
1.13(0.58, 1.67)*

1.02 (0.05, 2.00)*
Reference

Reference
0.86 (0.39, 1.33)*
-0.30(-0.45, -0.14)*

-0.41(-1.39, 0.57)
Reference
2.39(1.90, 2.88)*

0.03 (-0.02, 0.08)

-0.17 (-0.40, 0.06)
-0.11 (-0.15, -0.07)*

Reference
-0.42 (-0.82, -0.01)*

Reference
1.13(0.72, 1.55)*

1.89 (1.15, 2.63)*
1.33(0.90, 1.76)*
Reference

0.07 (0.02, 0.13)*

0.65(0.17, 1.13)*
Reference

Reference
0.39 (-0.06, 0.85)

1.26 (0.44, 2.08)*
Reference

Reference
1.30(0.90, 1.70)*
-0.19 (-0.32, -0.06)*

-0.56 (-1.39, 0.26)
Reference
1.19 (0.77, 1.60)*

0.05 (-0.03, 0.14)

0.40 (0.01, 0.80)*
-0.04 (-0.11, 0.03)

Reference
0.32(-0.36, 1.00)

Reference
-0.87 (-1.57,-0.17)*

-0.15 (-1.40, 1.10)
-0.07 (-0.79, 0.66)
Reference

0.23(0.14, 0.32)*

0.57(-0.24, 1.38)
Reference

Reference
0.11 (-0.67, 0.88)

2.12(0.72,3.52)*
Reference

Reference
-5.13 (-5.79, -4.48)*
0.30(0.08, 0.51)*

1.12(-0.27, 2.51)
Reference
5.19 (4.52, 5.89)*

Values are regression coefficients (95% Confidence Interval) from univariate regression models and reflect differences in
childhood cardiovascular outcomes per unit change of each covariate and for different categories of each covariate as
compared to the reference group. *P-value <0.05.
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Supplementary Table $3.2.4. Fetal and childhood growth characteristics (n = 6716)"

Growth characteristics

Total
n=6716

Boys
n=3424

Girls
n=3292

Fetal growth characteristics

Third trimester

Gestational age, median (90% range), weeks
Femur length, mean (SD), mm

Estimated fetal weight, mean (SD), g

Birth

Gestational age, median (90% range), weeks
Birth length, mean (SD), cm

Birth weight, mean (SD), g

Childhood growth characteristics

6 months

Age at follow up, median (90% range), months
Length, mean (SD), cm

Weight, mean (SD), kg

12 months

Age at follow up, median (90% range), months
Length, mean (SD), cm

Weight, mean (SD), kg

24 months

Age at follow up, median (90% range), months
Height, mean (SD), cm

Weight, mean (SD), kg

36 months

Age at follow up, median (90% range), months
Height, mean (SD), cm

Weight, mean (SD), kg

48 months

Age at follow up, median (90% range), months
Height, mean (SD), cm

Weight, mean (SD), kg

72 months

Age at follow up, median (90% range), months
Height, mean (SD), cm

Weight, mean (SD), kg

30.3(28.8,32.2)
57 (44)
1613 (253)

39.9(37.0, 42.0)
50.2 (2.4)
3417 (559)

6.2(5.4,7.5)
67.6 (2.6)
7.9(0.9)

11.1(10.2, 12.3)
74.4(2.7)
9.8 (1.1)

24.8 (23.5,27.5)
88.3(3.5)
13.0 (1.5)

36.7 (35.6, 39.8)
97.4 (3.8)
15.3 (1.9)

45.8(44.7, 48.0)
103.2 (4.1)
17.0 (2.2)

72.1(69.0, 86.1)
119.1 (5.8)
23.1(4.1)

30.5(28.9,32.3)
57 (44)
1623 (252)

39.9(36.9, 42.1)
50.5 (2.4)
3476 (574)

6.2(5.4,7.5)
68.6 (2.5)
8.2(0.9)

11.1(10.2,12.3)
75.2 (2.6)
10.0 (1.1)

24.7 (23.5, 27.6)
88.9 (3.4)
13.2 (1.5)

36.7 (35.6, 40.0)
97.9(3.8)
15.5 (1.8)

45.8(44.7, 48.1)
103.7 (4.1)
17.2(2.2)

72.2(68.9, 85.5)
119.6 (5.8)
23.3(3.9)

30.3(28.8,32.2)
58 (44)
1603 (254)

39.8(37.0, 42.0)
49.8(2.2)
3358 (536)

6.2(5.4,7.5)
66.7 (2.5)
7.6 (0.8)

11.1(10.2,12.3)
73.5 (2.6)
9.3(1.0)

24.8 (23.6, 27.4)
87.7(3.5)
12.7 (1.5)

36.7 (35.6, 39.6)
96.8 (3.8)
15.0 (1.9)

45.8(44.7, 47.9)
102.7 (4.2)
16.7 (2.2)

72.2 (68.9, 85.6)
118.7 (5.8)
23.0(4.2)

'Values represent means (SD) and medians (90% range).
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Supplementary Table $3.2.5. Non-response analysis (n = 6716) "

Cardiovascular
follow-up at 6 years

No cardiovascular
follow-up at 6 years

Characteristics n=4722 n=1994 p-value*
Maternal characteristics
Age, mean (SD), yr 30.4(5.1) 28.3(5.4) <0.01
Height, mean (SD), cm 167.8 (7.4) 166.4 (7.4) <0.01
Prepregnancy weight, mean (SD), kg 66.3(12.3) 65.7 (13.0) 0.11
Prepregnancy body mass index, mean (SD), kg/m” 23.5(4.1) 23.6 (4.5) 0.51
Gestational age at intake, median (90% range), weeks’ 13.6 (10.6, 22.2) 14.1 (10.6, 23.7) <0.01
Parity, nulliparous, No. (%)° 2723 (58.0) 1045 (53.5) <0.01
Education, No. (%)°
Primary or secondary school 2339 (52.4) 1171 (66.8) <0.01
Higher education 2124 (47.6) 583 (33.2)
Race / Ethnicity, No. (%)
Dutch, other European 2883 (62.1) 885 (49.4) <0.01
Non-European 1759 (37.9) 908 (50.6)
Smoking habits, No. (%)*
None 3112 (73.9) 1205 (69.7) <0.01
Yes 1099 (26.1) 523 (30.3)
Folic acid supplement use, No. (%)
No 846 (23.4) 552 (38.5) <0.01
Yes 2769 (76.6) 882 (61.5)
Uterine artery resistance index, mean (SD)
Third trimester 0.48 (0.08) 0.49 (0.08) 0.03
Umbilical artery pulsatility index, mean (SD)
Third trimester 0.98 (0.17) 0.99 (0.17) 0.06
Maternal pregnancy complications
Gestational hypertension, No. (%), Yes® 175(3.9) 53(2.9) 0.03
Pre-eclampsia, No. (%), Yes® 81(1.8) 49 (2.7) 0.03
Diabetes gravidarum, No. (%), Yes® 38(0.8) 20(1.1) 0.23
Birth and infant characteristics
Males, No. (%)3 2383 (50.4) 1040 (52.3) 0.08
Gestational age at birth, median (90% range), weeks’ 40.1(37.1, 42.0) 40.1(36.9,42.1) 0.02
Birth weight, mean (SD), g 3448 (525) 3389 (560) <0.01
Ever breastfeeding, No.(%), Yes® 3626 (92.5) 1044 (89.9) <0.01

'Values are means (standard deviation). ’Medians (90% range) *Values are observed numbers (valid percentages). Valid
percentages represent the percentage of only non-missing cases in each category of categorical variables. “Differences in
subject characteristics between the groups were evaluated using two-sample t test for unequal variances for normally
distributed continuous variables, Wilcoxon rank sum test for not normally distributed continuous variables and chi-square

tests for proportions.
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Abstract

Background: Fetal growth characteristics are used to identify influences of several ma-
ternal characteristics and to identify individuals at increased risk of adverse outcomes.
The extent to which fetal growth characteristics track in different trimesters is not
known.

Methods: In a population-based prospective cohort study among 8636 pregnant wom-
en, we examined the extent to which fetal growth characteristics track, are influenced
by maternal socio-demographic and lifestyle-related determinants and are associated
with birth outcomes. Fetal growth was assessed in each trimester and at birth.

Results: Correlation coefficient between first trimester crown-rump length and birth
weight was r = 0.12 (P-value <0.05). Correlation coefficients for fetal head circumfer-
ence, (femur) length and (estimated) fetal weight ranged from r = 0.16 to r = 0.30 (all p
values <0.05) between second trimester and birth and from r = 0.36 to r = 0.58 (all p
values <0.05) between third trimester and birth, and were highest for estimated fetal
weight. Correlation coefficients for estimated fetal weight tended to be lower among
overweight mothers, as compared to normal weight mothers, but were not influenced
by other maternal characteristics. First, second and third trimester fetal growth charac-
teristics were associated with risks of preterm birth and small size for gestational age at
birth, with the strongest associations present in third trimester.

Conclusions: Fetal growth characteristics track moderately throughout gestation, with
stronger tracking coefficients present in later pregnancy. Tracking coefficients were not
materially influenced by maternal socio-demographic and lifestyle characteristics. First,
second and third trimester fetal growth characteristics were associated with the risk of
adverse birth outcomes.



FETAL GROWTH TRACKING AND BIRTH OUTCOMES

Introduction

Fetal growth assessment is important for prenatal care.”” Fetal growth is influenced by
several maternal socio-demographic and lifestyle-related characteristics."*® Poor sec-
ond and third trimester fetal growth has been associated with increased risks of pre-
term birth and low birth weight, and long-term adverse health outcomes.”™ Recent
studies also observed associations of first trimester fetal growth restriction with the risk
of small size for gestational age at birth."*™* Most previous studies used fetal growth
measured once during pregnancy to examine associations of fetal growth with the risk
of adverse birth outcomes.

Studies using longitudinal fetal growth data are scarce. Repeatedly measured fetal
growth characteristics enable tracking analyses, which can be used to describe the lon-
gitudinal development of individual characteristics. Tracking analyses focus on the
maintenance of one’s relative position in a population distribution of values over time."
Tracking has been described for various health outcomes, such as body mass index and
cardiovascular risk factors.'®"® Tracking of risk factors throughout the life course helps
to understand the stability of risk factors across a longer age window, to get further
insight in the early origins of adverse outcomes, and may ultimately be relevant for
developing clinical prediction models.”>™ To our knowledge, there are no studies yet
that examined tracking of fetal growth characteristics during different periods of gesta-
tion in low-risk populations. Examining the extent of tracking of longitudinal fetal
growth characteristics might give further insight in the correlations of fetal ultrasound
measurements with adverse birth outcomes. These correlations are primarily of interest
from an etiological perspective, but may also help to improve future prediction models
based on fetal ultrasound measurements.

Therefore, we examined in a population-based prospective cohort study among 8636
pregnant women the extent of tracking of different fetal growth characteristics, and
whether this tracking is influenced by maternal socio-demographic and lifestyle-related
characteristics and associated with the risk of adverse birth outcomes.

Subjects and methods

Study design

This study was embedded in the Generation R Study, a population-based prospective
cohort study from early pregnancy onwards in Rotterdam, the Netherlands.”® The study
has been approved by the local Medical Ethical Committee (MEC 198.782/2001/31).
Written consent was obtained from all participating women. All pregnant women were
enrolled between 2001 and 2005. Response rate at birth was 61%. In total, 8880 wom-
en were enrolled during pregnancy. For the present study, we excluded women without
any fetal growth measurements (n = 96). We also excluded pregnancies leading to fetal
death (n = 74), termination of pregnancy (n = 29) and loss to follow up at birth (n = 45).
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Thus, the cohort for analysis comprised 8636 pregnant women (Figure 3.3.1). Addition-
ally, we restricted the analyses focused on first trimester fetal growth to women with a
known last menstrual date and enrolment before 14 weeks of gestation (n = 1619), as
described previously."

Figure 3.3.1. Flow chart of the participants in the Generation R Study, 2001-2005

Participants enrolled during
pregnancy
n=8880

n =96 excluded, due to no fetal growth
measurements

Participants eligible for present
study
n=8784

n =148 excluded, due to fetal deaths (n=74),
termination of pregnancy (n = 29)and loss to
follow-up (n = 45)

Total population for analysis

n=8636

First trimester

Crown rump length: n=1619
Second trimester

Head circumference: n=8054
Abdominal circumference: n=8071
Femur length: n=8077
Estimated fetal weight: n=8035
Third trimester

Head circumference: n=8179
Abdominal circumference: n=8228
Femur length: n=8248
Estimated fetal weight: n=8217
Birth

Head circumference: n=4542
Length: n=5366
Weight: n=8566
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Fetal growth measurements

Fetal ultrasound examinations were carried out in two dedicated research centers in
first (median 12.4 weeks of gestation, 95% range 10.7-13.9), second (median 20.5
weeks of gestation, 95% range 18.5-23.5) and third trimester (median 30.3 weeks of
gestation, 95% range 28.3-33.0).

In first trimester, we used crown-rump length to assess fetal growth only in mothers
with a known and reliable first day of the last menstrual period, a regular menstrual
cycle of 28 days (range 24 — 32 days) and who had fetal crown-rump length measured
between a gestational age of 10 weeks O days and 13 weeks 6 days.12 The first day of
the last menstrual period was obtained from the referring letter from the community
midwife or hospital. This date was confirmed with the subjects at the ultrasound visit,
and additional information on the regularity and duration of the menstrual cycle was
obtained."

For mothers without this information, gestational age was established by first tri-
mester fetal ultrasound examination. This strategy was performed because of the large
number of mothers who do not know their exact date of their last menstrual period or
have irregular menstrual cycles.21 Subsequently, in the second and third trimester, we
measured fetal head circumference, abdominal circumference and femur length to the
nearest millimeter using standardized ultrasound procedures. Estimated fetal weight
was subsequently calculated using the formula of Hadlock et al.” Longitudinal growth
curves and gestational-age-adjusted standard deviation scores (SDS) were constructed
for all fetal growth measurements.”’ These gestational-age-adjusted SDS were based on
reference growth curves from the whole study population, and represent the equiva-
lent of z-scores.”’

Birth outcomes

Information about offspring sex, gestational age, weight, length and head circumfer-
ence at birth was obtained from medical records.”’ Because head circumference and
length were not routinely measured at birth fewer measurements were available (n =
4542 and n = 5366 for head circumference and length at birth, respectively). Gestation-
al-age-adjusted SDS for birth weight, length and head circumference were constructed
using North-European growth standards.”’ Preterm birth was defined as a gestational
age of <37 weeks at birth. Postterm birth was defined as a gestational age of >42 weeks
at birth. Information about spontaneous and medically-induced birth was available from
medical records.”® Small size for gestational age at birth and large size for gestational
age at birth were defined as a gestational-age-adjusted birth weight below the 5t per-
centile (-1.78 SD) and above the 95" percentile (1.57 SD) in the study cohort, respec-
tively.
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Maternal socio-demographic and lifestyle characteristics

Maternal age was assessed at enrolment. Maternal height (cm) and weight (kg) were
measured without shoes and heavy clothing at enrolment and body mass index (kg/m’)
was calculated. Information on educational level, ethnicity, parity and folic acid supple-
ment use was obtained at enrolment by questionnaire. Information about smoking and
alcohol consumption was assessed by questionnaires in each trimester.”’

Statistical analysis

First, we estimated the extent of tracking of fetal growth characteristics SDS from sec-
ond to third trimester and from second and third trimester to birth, using Pearson’s
correlation coefficients. Next, we categorized second and third trimester fetal head
circumference, femur length and estimated fetal weight SDS in tertiles and used linear
regression models to calculate the differences in growth characteristics at birth for the
lower and upper tertiles, as compared to the middle tertile. We used similar models to
examine tracking of fetal growth characteristics from second to third trimester. Subse-
quently, we also categorized head circumference, length and weight SDS at birth in
tertiles and used logistic regression models to calculate the Odds Ratio (OR) to remain
in the same fetal growth characteristic tertile from second to third trimester and from
second and third trimester to birth. Similar analyses were performed among a subgroup
of women with a known menstrual date, to examine tracking of fetal growth character-
istics from first trimester to birth.

Second, we examined whether maternal socio-demographic and lifestyle-related
characteristics influence tracking of fetal growth characteristics in different periods of
pregnancy. For these analyses, we examined potential interactions between maternal
socio-demographic and lifestyle characteristics with fetal growth characteristics. Addi-
tionally, we categorized each maternal characteristic, and for each category of that
specific maternal characteristic, we estimated fetal growth tracking coefficients using
linear regression models.

Third, we used unbalanced repeated measurement regression models to examine
whether longitudinal fetal growth patterns are associated with the risk of preterm and
postterm birth and small size for gestational age at birth and large size for gestational
age at birth. These models take the correlation between repeated measurements of the
same subject into account, and allow for optimal use of available data. For these anal-
yses, we used gestational-age-adjusted SDS for each fetal growth characteristic. We
categorized children into 3 categories for gestational age at birth: born preterm, born a
term and born postterm, and in 3 categories for gestational-age-adjusted size at birth:
small size for gestational age, appropriate size for gestational age and large size for
gestational age. These categories were included in the models as intercept and as inter-
action term with gestational age, to study the gestational age-independent effects (dif-
ference constant over time) as well as gestational age-dependent effects (difference
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non-constant over time), respectively. The actual models are described in detail in the
Supplementary Material.

Fourth, we further examined the associations of each fetal growth characteristic SDS
in first, second and third trimester and the change of fetal growth characteristics SDS
from second to third trimester with the risks of adverse birth outcomes using multiple
logistic regression models. These models were adjusted for gestational age at intake,
gestational age at each pregnancy period, maternal age, educational level, parity, eth-
nicity, prepregnancy body mass index, smoking habits, alcohol consumption and folic
acid supplement use. Sensitivity analyses among women with a known menstrual date
were performed. Missing data of the covariates were imputed using multiple imputa-
tions. The percentages of missing values within the population for analysis were lower
than 19.4% except for folic acid supplement use (26.0%). We used Markov chain Monte
Carlo approach for multiple imputation of missing values in the covariates. Five imputed
datasets were created and analyzed together. The repeated measurement analysis was
performed using the Statistical Analysis System version 9.2 (SAS, Institute Inc. Cary NC,
USA), including the Proc Mixed module for unbalanced repeated measurements. All
other analyses were performed using the Statistical Package of Social Sciences version
17.0 for Windows (SPSS Inc, Chicago, IL, USA).

Results

Subject characteristics

Table 3.3.1 shows the participants characteristics. In total, 464 children were born pre-
term, 428 children were born postterm, 427 were small size for gestational age at birth
and 427 were large size for gestational age at birth.

Tracking of fetal growth characteristics

Correlation coefficients for fetal head circumference, (femur) length and (estimated)
fetal weight were r =0.16, r = 0.20, r = 0.30 between second trimester and birth and r =
0.38,r =0.36, r =0.58 (all P-values <0.05) between third trimester and birth, respective-
ly. The corresponding data and scatterplots are given in Table 3.3.2 and Supplementary
Figure S3.3.1.

Table 3.3.3 shows that the differences in head circumference, length and weight at
birth for fetuses who were in the upper tertile of each corresponding fetal growth char-
acteristic in second trimester were 0.18 SDS (95% Confidence Interval (Cl): 0.10, 0.26),
0.20 SDS (95% CI: 0.12, 0.27) and 0.31 SDS (95% Cl: 0.26, 0.36), respectively as com-
pared to fetuses who were in the middle tertile in second trimester. Stronger effect
estimates were observed for the associations of third trimester fetal growth character-
istics with birth measures (Table 3.3.3). The corresponding histograms are given in Sup-
plementary Figure S3.3.2. Also, Supplementary Tables $3.3.1 and S3.3.2 show that the
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ORs for staying in the upper tertile from second trimester to birth and third trimester to
birth were strongest for weight (OR 2.22 (95% Cl: 2.01, 2.46) and OR 5.29 (95% Cl: 4.77,
5.87), for staying in the upper fetal weight tertile from second trimester to birth and
third trimester to birth, respectively). As compared with these effect estimates, the ORs
for staying in the upper tertile from second to third trimester were stronger.

Within a subgroup of women with a known menstrual date, we examined tracking of
fetal growth characteristics from first trimester to birth. Correlation coefficients be-
tween crown-rump length in first trimester and head circumference, length and weight
at birth were r =0.10, r = 0.14, and r = 0.12 (P-values <0.05), respectively (Table 3.3.2).
Difference in weight at birth for fetuses in the upper tertile of crown-rump length in
first trimester was 0.12 SDS (95% Cl: 0, 0.25), as compared to fetuses in the middle
tertile of crown-rump length (Supplementary Table $S3.3.3). The ORs for staying in the
upper tertile from crown-rump length in first trimester to weight at birth was 1.29 (95%
Cl: 1.00, 1.65) (Supplementary Table S3.3.4). When we assessed tracking of fetal growth
characteristics from second and third trimester to birth among women with a known
menstrual date, results only changed slightly (results not shown).

Maternal socio-demographic and lifestyle characteristics and tracking of fetal growth

Table 3.3.4 shows that maternal height, parity, educational level, ethnic background,
alcohol consumption during pregnancy, smoking during pregnancy and folic acid sup-
plement use did not influence tracking coefficients for (estimated) fetal weight. Tracking
coefficients for (estimated) fetal weight from second to third trimester and third tri-
mester to birth were lower among overweight and obese mothers, as compared to
normal weight mothers. Among younger mothers, tracking coefficients for (estimated)
fetal weight from third trimester to birth were lower, as compared to older mothers.
After adjusting for multiple testing, these interaction terms were no longer significant.
The influences of maternal characteristics on tracking coefficients for head circumfer-
ence and length during different periods of gestation are given in the Supplementary
Table $3.3.5 and S3.3.6.

Fetal growth and the risk of adverse birth outcomes

Figure 3.3.2 shows that as compared to children born term, children born preterm had
smaller fetal head circumference, length and weight growth from third trimester on-
wards, whereas children born after 42 weeks of gestation had smaller fetal growth
characteristics in second trimester and higher fetal growth characteristics thereafter. As
compared to children born with an appropriate size for gestational age, children born
small for gestational age had lower fetal growth rates from second trimester onwards,
whereas children born large for gestational age had higher fetal growth rates from sec-
ond trimester onwards. The fetal growth variation was more strongly associated with
size at birth as compared to gestational age at birth.
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Table 3.3.1. Characteristics of mothers and their children in the Generation R Study, 2001-2005 (n = 8636)"

Characteristics

Value

Maternal characteristics

Age, median (95% range), years
Height, mean (SD), cm
Prepregnancy weight, mean (SD), kg

Prepregnancy Body Mass Index, mean (SD), kg/m2
Gestational age at intake, median (95% range), weeks

Education, No. (%)
Primary
Secondary
Higher
Race / Ethnicity, No. (%)
Dutch or European
Non-European
Parity, No. nulliparous (%)
Folic acid supplement use, No. (%)
Yes
No
Smoking, No. (%)
Yes
No
Alcohol consumption, No. (%)
Yes
No

Fetal growth characteristics

First trimester
Gestational age, median (95% range), weeks
Crown-rump length, mean (SD), mm

Second trimester
Gestational age, median (95% range), weeks
Head circumference, mean (SD), mm
Abdominal circumference, mean (SD), mm
Femur length, mean (SD), mm
Estimated fetal weight, mean (SD), g

Third trimester
Gestational age, median (95% range), weeks
Head circumference, mean (SD), mm
Abdominal circumference, mean (SD), mm
Femur length, mean (SD), mm
Estimated fetal weight, mean (SD), g

Birth characteristics

Males, No. (%)

Gestational age, median (95% range), weeks
Birth head circumference, mean (SD), cm
Birth length, mean (SD), cm

Birth weight, mean (SD), g

Overall preterm birth, No. (%)
Spontaneous preterm birth, No. (%)
Postterm birth, No. (%)

Small for gestational age, No. (%)

Large for gestational age, No. (%)

30.2(19.2,39.2)
167.1(7.4)

66.2 (12.8)

23.6 (4.4)

14.4 (10.4, 28.9)

918 (11.7)
3648 (46.4)
3289 (41.9)

4588 (57.4)
3400 (42.6)
4749 (55.7)

4508 (70.5)
1882 (29.5)

1885 (25.5)
5508 (74.5)

3735 (50.2)
3702 (49.8)

12.4(10.7, 13.9)
61 (11)

20.5 (18.5, 23.5)
180 (15)

157 (15)

34 (4)

383 (96)

30.3(28.3,33.0)
285 (13)

264 (17)

57(3)

1616 (266)

4361 (50.5)
40.1(35.4, 42.3)
33.8(1.7)

50.2 (2.4)

3410 (562)

464 (5.4)

296 (3.5)

428 (5.2)

427 (5.0)

427 (5.0)

Values are observed data and represent means (SD), medians (95% range) or numbers of subjects (valid %).
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Table 3.3.3. Tracking of fetal growth characteristics during different periods of gestation in the Generation R Study, 2001-
2005

Second to third trimester® Second trimester to birth® Third trimester to birth®

Head circumference (SDS)
Tertiles of head circumference

Lowest -0.48 (-0.53, -0.43)** -0.17 (-0.25, -0.09)** -0.42 (-0.50, -0.34)**
Middle Reference Reference Reference
Highest 0.46 (0.41, 0.51)** 0.18 (0.10, 0.26)** 0.34(0.27,0.42)**

(Femur) length (SDS)
Tertiles of femur length

Lowest -0.61 (-0.66, -0.57)** -0.23 (-0.31, -0.16)** -0.39 (-0.46, -0.32)**
Middle Reference Reference Reference
Highest 0.55 (0.51, 0.60)** 0.20(0.12, 0.27)** 0.37(0.29, 0.44)**

(Estimated or birth) weight (SDS)
Tertiles of estimated weight

Lowest -0.55 (-0.60, -0.50)** -0.34 (-0.39, -0.29)** -0.61 (-0.66,- 0.56)**
Middle Reference Reference Reference
Highest 0.57 (0.53, 0.62)** 0.31(0.26, 0.36)** 0.60 (0.55, 0.64)**

"Values are differences (95% Confidence Interval) in fetal growth characteristics in SDS from linear regression models.
Estimates are from multiple imputed data. Corresponding histograms are given in Supplementary Figure 53.3.2. ’Models are
adjusted for gestational age at intake, gestational age during each pregnancy period, maternal age, educational level, parity,
ethnicity, prepregnancy body mass index, smoking habits during pregnancy, alcohol consumption during pregnancy and folic
acid supplement use during pregnancy. *Values are differences in head circumference, length and weight in SDS in third
trimester for fetuses who were in the lower and upper tertile of each fetal growth characteristic in second trimester as
compared to fetuses who were in the middle tertile in second trimester. “Values are differences in head circumference,
length and weight in SDS at birth for fetuses who were in the lower and upper tertile of each fetal growth characteristic in
second trimester as compared to fetuses who were in the middle tertile in second trimester. *Values are differences in head
circumference, length and weight in SDS at birth for fetuses who were in the lower and upper tertile of each fetal growth
characteristic in third trimester as compared to fetuses who were in the middle tertile in third trimester. **P-value <0.01.

Table 3.3.5 shows that larger first trimester crown-rump length was associated with a
lower risk of overall preterm birth and small size for gestational age at birth (OR for
overall preterm birth and small size for gestational age at birth 0.71 (95% Cl: 0.55, 0.92)
and 0.72 (95% Cl: 0.55, 0.92) per SDS change in crown-rump length, respectively). The
results for preterm birth were not materially affected when we restricted analyses to
spontaneous preterm birth only. Larger second trimester fetal growth characteristics
were associated with a lower risk of postterm birth and small size for gestational age at
birth and a higher risk of large size for gestational age at birth (P-values <0.05), but were
not associated with the risk of overall preterm birth. Stronger associations were present
for all third trimester fetal growth characteristics, with the strongest effect estimates
for estimated fetal weight (OR for the risk of overall preterm birth (OR 0.82 (95% Cl:
0.73, 0.91), postterm birth (OR 0.83 (95% Cl: 0.75, 0.92), small size for gestational age at
birth (OR 0.19 (95% Cl: 0.16, 0.22) and large size for gestational age at birth (OR 3.17
(95% Cl: 2.84, 3.53) per SDS change in third trimester estimated fetal weight, respec-
tively). When we restricted analyses to spontaneous preterm birth only, larger second
trimester fetal growth characteristics were associated with a higher risk of spontaneous
preterm birth, whereas the associations of third trimester fetal growth characteristics
with spontaneous preterm birth attenuated. Additional adjustment for maternal preg-
nancy complications and mode of delivery did not materially change the effect
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estimates (results not shown). Results were similar when analyses were performed
among women with a known last menstrual date (results not shown).

Table 3.3.4. Maternal characteristics and fetal weight tracking coefficients during different periods of gestation in the
Generation R Study, 2001-2005"

Second to third trimester

Second trimester to birth

Third trimester to birth

Maternal Regression Regression Regression
characteristics n coefficient (95% Cl) n coefficient (95% Cl) n coefficient (95% Cl)
Age (yrs)
<25yrs 1590 0.52(0.48,0.56) 1645 0.27(0.23,0.31) 1692  0.53(0.49,0.57)
25-35yrs 5001 0.54(0.52,0.56) 5147 0.31(0.28,0.34) 5259 0.59 (0.56, 0.61)
>35yrs 1129 0.48(0.43,0.53) 1171 0.28(0.22,0.34) 1216  0.59 (0.55, 0.64)
Interaction P=0.57 Interaction P=0.34 Interaction P=0.01
Height (cm)
<165cm 3284 0.53(0.51, 0.56) 3414 0.31(0.27,0.34) 3515  0.59(0.56, 0.62)
165-175 cm 3363 0.52(0.49,0.55) 3450 0.26(0.23,0.29) 3531  0.55(0.53,0.58)
>175cm 1073 0.49(0.46,0.52) 1099 0.28(0.23,0.34) 1121 0.53(0.48,0.58)
Interaction P=0.12 Interaction P=0.18 Interaction P=0.16
Prepregnancy weight (kg)
<65 kg 4126 0.52(0.49, 0.55) 4249 0.29(0.26,0.32) 4344  0.58 (0.55, 0.60)
65-75 kg 2454 0.52(0.48,0.55) 2539 0.28(0.24,0.32) 2615 0.56(0.52,0.59)
>75 kg 1139 0.51(0.45,0.56) 1175 0.26(0.20,0.31) 1209  0.55(0.51, 0.60)
Interaction P=0.42 Interaction P=0.03 Interaction P=0.02
Prepregnancy body mass
index (kg/mz)
Normal 5499 0.52(0.50, 0.55) 5667 0.30(0.27,0.33) 5786 0.58 (0.56, 0.60)
Overweight 1678 0.53(0.48, 0.58) 1730 0.29(0.24,0.34) 1802  0.58(0.54,0.62)
Obesity 543 0.51(0.43,0.59) 566 0.25(0.17,0.34) 579 0.57(0.51, 0.64)
Interaction P=0.95 Interaction P=0.22 Interaction P=0.32
Parity
Nulliparous 4373 0.53(0.50, 0.55) 4468 0.31(0.28,0.33) 4581  0.58 (0.55, 0.60)
Multiparous 3347 0.52(0.49, 0.55) 3495 0.27(0.24,0.31) 3586 0.56 (0.54, 0.59)
Interaction P=0.71 Interaction P=0.14 Interaction P=0.50
Highest education
Primary school 899  0.57(0.51.0.63) 943  0.28(0.21,0.35) 984 0.52(0.47,0.58)
Secondary school 3612 0.52(0.50, 0.55) 3736 0.30(0.27,0.33) 3840  0.58 (0.56, 0.61)
Higher education 3210 0.52(0.49,0.50) 3284 0.30(0.27,0.34) 3343 0.59(0.56,0.62)
Interaction P=0.21 Interaction P=0.58 Interaction P=0.03
Ethnicity
European 4423 0.52(0.50, 0.55) 4535 0.30(0.27,0.32) 4612 0.58(0.55, 0.60)
Non-European 3297 0.53(0.50, 0.56) 3428 0.29(0.26, 0.33) 3555 0.58(0.55, 0.61)
Interaction P=0.65 Interaction P=0.92 Interaction P=0.58
Alcohol consumption
No 3802 0.52(0.50, 0.55) 3946 0.28(0.25,0.31) 4105  0.57(0.54, 0.60)
Yes 3918 0.53(0.51, 0.56) 4017 0.32(0.29, 0.35) 4062  0.60(0.57, 0.62)
Interaction P=0.63 Interaction P=0.12 Interaction P=0.16
Smoking habits
None 5741 0.53(0.50, 0.55) 5930 0.29(0.27,0.32) 6092  0.58(0.56, 0.60)
Yes 1978 0.53(0.49,0.57) 2033 0.31(0.27,0.36) 2075 0.58(0.55,0.62)
Interaction P=0.81 Interaction P=0.47 Interaction P=0.89
Folic acid supplement use
Preconception 2990 0.51(0.48,0.54) 3065 0.32(0.28,0.36) 3107 0.59 (0.56, 0.63)
First 10 weeks 2430 0.55(0.51, 0.58) 2488 0.28(0.24,0.33) 2537 0.56(0.52, 0.60)
None 2300 0.53(0.49, 0.56) 2410 0.29(0.25, 0.34) 2523 0.58(0.55, 0.61)

Interaction P=0.57

Interaction P=0.48

Interaction P=0.51

Walues are regression coefficients (95% Confidence Interval) for

fetal weight among different maternal characteristic

categories during different periods of gestation from linear regression models. Estimates are from multiple imputed data.



Figure 3.3.2. Longitudinal fetal growth patterns and the risks of adverse birth outcomes in the Generation R Study, 2001-2005
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Table 3.3.5. Associations of fetal growth characteristics with the risks of adverse birth outcomes in the Generation R Study,
2001-2005 (n = 8636)"’

Pregnancy
period

Preterm birth

Spontaneous
preterm birth

Postterm birth

Small for
gestational age

Large for
gestational age

First trimester ultrasound

cRL

0.71(0.55, 0.92)*

Second trimester ultrasound

0.75(0.55, 1.02)

1.14(0.89, 1.46)

0.72 (0.55, 0.92)*

1.27 (1.01, 1.60)*

HC 1.10 (1.00, 1.21) 1.15(1.02, 1.29)**  0.71(0.64,0.79)**  0.63 (0.57, 0.70)**  1.35 (1.22, 1.49)**
AC 1.05 (0.96, 1.15) 1.13 (1.00, 1.27)* 0.73 (0.66,0.81)**  0.51(0.45,0.56)**  1.58 (1.42, 1.74)**
FL 1.07 (0.97, 1.17) 1.17 (1.04, 1.31)* 0.64 (0.58,0.71)**  0.60 (0.54, 0.66)**  1.34 (1.21, 1.58)**
EFW 1.09 (0.99, 1.20) 1.19 (1.06, 1.33)**  0.62(0.55,0.69)**  0.44 (0.39, 0.50)**  1.54 (1.40, 1.69)**

Third trimester ultrasound

HC 0.74 (0.67,0.82)**  0.77(0.68,0.88)**  0.96 (0.87, 1.07) 0.42 (0.37,0.47)%*  2.14(1.92, 2.38)**
AC 0.81(0.73,0.90)**  0.97 (0.85, 1.10) 0.91(0.82, 1.01) 0.25(0.22,0.29)**  3.26 (2.90, 3.67)**
FL 0.82(0.74,0.91)**  0.93(0.82, 1.05) 0.79(0.71,0.87)**  0.38(0.34,0.43)**  1.96 (1.76, 2.17)**
EFW 0.82(0.73,0.91)**  0.98(0.86, 1.11) 0.83(0.75,0.92)**  0.19 (0.16,0.22)**  3.17 (2.84, 3.53)**

Second to third trimester change4

HC 0.71(0.64,0.79)**  0.73(0.64,0.82)**  1.35(1.22, 1.50)**  0.73(0.65, 0.84)**  1.43 (1.29, 1.58)**
AC 0.76 (0.64, 0.84)**  0.87 (0.77, 0.98)* 1.21(1.10, 1.33)**  0.61(0.55,0.67)**  1.76(1.59, 1.94)**
FL 0.75 (0.67,0.83)**  0.77(0.68, 0.88)**  1.25(1.12, 1.39)**  0.66(0.59, 0.73)**  1.43 (1.29, 1.59)**
EFW 0.71(0.64,0.80)**  0.81(0.71,0.93)**  1.31(1.18, 1.46)**  0.55(0.49,0.61)** 2.09 (1.87, 2.33)**

Abbreviations: CRL, crown-rump length; HC, head circumference; AC, abdominal circumference; FL, femur length; EFW,
estimated fetal weight

Walues are Odds Ratios (95% Confidence Interval) that reflect the difference in risks of pregnancy complications per standard
deviation score (SDS) change in fetal growth characteristic in first, second and third trimester and between second and third
trimester. Estimates are from multiple imputed data. *Models are adjusted for gestational age at intake, maternal age,
educational level, ethnicity, parity, prepregnancy body mass index, smoking habits during pregnancy, alcohol consumption
during pregnancy and folic acid supplement use during pregnancy. *Model is additionally adjusted for duration of menstrual
cycle. “Model is additionally adjusted for gestational age in pregnancy period. *P-value <0.05. **P-value <0.01.

Discussion

Results from this population-based prospective cohort study showed that fetal growth
characteristics track moderately during pregnancy. Tracking coefficients were strongest
in late pregnancy and were not materially influenced by maternal socio-demographic
and lifestyle characteristics. First, second and third trimester fetal growth characteristics
were associated with the risk of adverse birth outcomes, with the strongest associations
present for third trimester abdominal circumference and estimated fetal weight.

Methodological considerations

We had a prospective data collection from early pregnancy onwards and a large sample
size of 8636 participants with fetal growth measurements available in each trimester.
The response rate at baseline for participation in the study was 61%. The non-response
at baseline would lead to biased effect estimates if associations would be different
between those included and not included in the analyses. However, this seems unlike-
Iy.24 The non-response might have led to a selection of a more healthy population, and
might affect the generalizability of our results. Furthermore, we had a relative small
number of cases of adverse birth outcomes which might also indicate a selection
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towards a healthy, low-risk population. Pregnancy dating for most women was per-
formed using ultrasound measurements of crown-rump length or biparietal diameter at
the first visit. This method might be better than dating by last menstrual period, but
neglects variation in early fetal growth. As a consequence, growth variation in second
and third trimester might be underestimated. However, when we assessed tracking of
fetal growth characteristics throughout gestation among women with a known men-
strual date, conclusions were similar. Although, we observed a high reproducibility of
the fetal ultrasound measurements,’’ ultrasound assessment of fetal growth, especially
in early pregnancy, may be liable to measurement error. Growth measures at birth,
especially head circumference, may be also prone to imprecision and inaccuracy. The
tracking correlation of estimated fetal weight may especially be affected by measure-
ment error, as this is calculated from multiple fetal biometry measures. In addition, it
needs to be taken into account that measurement error could be related to fetal health
status. Thus, our observed tracking correlation coefficients may be underestimated due
to measurement error of the ultrasound assessment and at birth. The absolute meas-
urement error is expected to be stable throughout pregnancy. However, because of the
smaller fetal size, the relative measurement error might be larger in early pregnancy
than in late pregnancy. This might have led to an underestimation of especially the
correlation coefficients in early pregnancy.

Interpretation of main findings

Fetal ultrasound measurements are important examinations during pregnancy. Howev-
er, not much is known about the stability of fetal growth characteristics throughout
pregnancy. We examined tracking of fetal growth characteristics throughout gestation
in a low-risk population. We observed low to moderate correlation coefficients between
first, second and third trimester fetal growth characteristics and size at birth, but some
tracking of fetal growth characteristics was present already from first trimester on-
wards. The observed correlation coefficients of fetal growth characteristics between
different trimesters were stronger in late pregnancy. The strongest correlation coeffi-
cients of fetal growth characteristics were observed between third trimester and birth.
Compared with the other fetal growth characteristics, abdominal circumference and
estimated fetal weight tracked most strongly during different periods of gestation and
were most strongly correlated with birth weight. These findings are in line with a previ-
ous study performed among 1650 low-risk British pregnancies, which reported that the
correlation of fetal growth measures between 20 and 30 weeks of gestation and birth
was generally poor, but the correlation of fetal size at 30 weeks of gestation with size at
birth was better than the 20 weeks correlation.”” Furthermore, a study among 625 low-
risk fetuses examining tracking of femur length throughout gestation reported that
deviation from tracking of femur length, defined as deviation from the fetus’s original
femur length quartile, occurred in 87% of fetuses.”® Thus, results from both our and
previous studies suggest moderate tracking of fetal growth characteristics throughout
pregnancy among low-risk populations.
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Fetal growth charts, which show intrauterine growth as a smooth continuous process,
suggest that a fetus’s growth characteristics track relative to growth characteristics of
other fetuses. Poor tracking of fetal growth characteristics from early pregnancy to birth
may partly be due to measurement error related to fetal ultrasound assessment, but
may also suggest that a fetus does not have a stable growth trajectory from early preg-
nancy onwards. Generally, it is assumed that each fetus maintains its own growth per-
centile. Whether deviation from this percentile occurs due to genetic influences or due
to environmental influences on fetal growth remains unclear.”” The study from Bjor-
nerem et al focused on tracking of femur length throughout gestation among low-risk
fetuses suggested that placental weight, maternal height and weight contributed to
deviation from tracking.”® We observed that tracking of fetal length and weight growth
characteristics from second and third trimester to birth tended to be lower among
overweight or obese mothers, but after taking multiple testing into account these find-
ings were no longer significant. Lower correlation coefficients between fetal growth
characteristics among overweight and obese women might also be explained by a high-
er amount of measurement error of fetal ultrasound measures among these women.
We observed no other consistent influences of maternal characteristics on tracking
coefficients of fetal growth. This does not suggest that these maternal characteristics do
not affect fetal growth. Many studies, of which several from the same cohort as in the
present study, have shown that both non-pathological and pathological maternal and
fetal characteristics influence fetal growth.‘l'8 However, the effect estimates for these
associations are small to moderate. The lack of associations of various maternal socio-
demographic and lifestyle-related variables with fetal growth tracking coefficients may
be due to the relatively small influences of these maternal characteristics on fetal
growth, but may also suggest that potential growth adaptations are already occurring in
early pregnancy. If the growth trajectory is already changed early in pregnancy, the
tracking coefficients later in pregnancy are not modified. We have previously observed
that various maternal socio-demographic and lifestyle-related variables affect fetal
growth in first trimester.'

We observed that higher first trimester fetal crown-rump length was associated with
lower risks of preterm birth and small size for gestational age at birth. Previously, we
observed in the same cohort as used in the present study, that first trimester fetal
growth restriction is associated with higher risks of accelerated postnatal growth and
adverse cardiovascular outcomes in childhood."”?” A study among 976 pregnant women
after assisted reproductive therapy reported that fetal size in first trimester was posi-
tively associated with birth Weight.13 Another study among 4229 women reported that
suboptimal first trimester fetal growth was associated with low birth weight and prema-
ture delivery.”® However, a Dutch case-control study among 129 women observed no
association between shorter first trimester crown-rump length and spontaneous pre-
term birth <32 weeks of gestation.”® The authors from this latter study suggested that
shorter fetal crown-rump length may be associated with medically-induced preterm
birth due to fetal growth restriction.”” However, in our study we observed that lower
first trimester fetal growth tended to be associated with increased risks of both overall
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and spontaneous preterm birth. It has been suggested that variation in first-trimester
fetal size largely reflects variation in timing of ovulation and implantation, and that this
variation may partly explain these associations.”® We were unable to measure timing of
ovulation and implantation. However, all analyses focused on first trimester fetal
growth and birth outcomes were adjusted for duration of last menstrual cycle, which is
strongly associated with the timing of ovulation. Still, even with a known and reliable
last menstrual period, a certain fraction of women with regular cycles have early or
delayed ovulation. We performed a sensitivity analysis with a restriction to participants
who had a gestational age based on last menstruation within 7 days of a gestational age
based on crown-rump length (93%). This analysis did not materially change our effect
estimates focused on birth outcomes.

Larger second and third trimester fetal growth characteristics were associated with a
lower risk of postterm birth, small size for gestational age at birth and a higher risk of
large size for gestational age at birth. Associations of second and third trimester fetal
growth characteristics with adverse outcomes were stronger as compared to associa-
tions of first trimester fetal growth, which is in line with our observed stronger tracking
coefficients in later pregnancy. Strongest associations with adverse outcomes were
present for third trimester abdominal circumference and estimated fetal weight. Ac-
cordingly, previous studies suggested that abnormal abdominal circumference and
estimated fetal weight are most predictive of adverse birth outcomes and ultrasound
assessment performed closer to delivery tends to have a higher predictive ability as
compared to ultrasound assessment performed in early gestation.g)’gl'33

Several studies have reported that smaller third trimester fetal growth characteristics
are associated with a higher risk of overall and spontaneous preterm birth.”** We ob-
served that smaller third trimester fetal growth characteristics were associated with a
higher risk of overall preterm birth. The smaller effect estimates after exclusion of non-
spontaneous preterm births, suggest that at least part of this association is explained by
medically-induced preterm delivery. Less is known about the associations of second
trimester fetal growth with preterm birth. Reported associations of second trimester
fetal growth characteristics with preterm birth are less consistent.'®**>® A study among
290 young, primarily minority US women reported no differences in second trimester
fetal growth characteristics between preterm and term born children, but third tri-
mester fetal growth characteristics and rates of fetal growth between 20-32 weeks
were lower among preterm born children.* Another study among 541 low-risk women
with a spontaneous delivery showed that small second trimester fetal size was associat-
ed with a lower birth weight and longer pregnancy duration.”® In line with this latter
study, our longitudinal analyses showed that spontaneous preterm born children tend-
ed to be larger in second trimester and became smaller from third trimester onwards,
whereas postterm born children were smaller in second trimester and became larger
from third trimester onwards. It has been suggested that fetuses who are smaller within
the normal biological variation, but not severely growth restricted, have a longer preg-
nancy duration.’® However, the associations of fetal growth characteristics with gesta-
tional age at birth may also be explained by misclassification of gestational age. Also,
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the associations of fetal growth characteristics with the risk of preterm birth may be
different for different aetiologies of preterm birth.*>* Further research to assess asso-
ciations of fetal growth characteristics with the risks of various types of preterm birth is
necessary. Our findings related to the associations of second and third trimester fetal
growth characteristics with the risks of small- and large size for gestational age at birth
are in line with previous studies performed among both high-risk and low-risk popula-
tiOl’]S'?’7,40-43

The use of a single measurement of fetal growth for identification of fetuses at risk of
adverse birth outcomes has important limitations.** Compared to a single fetal growth
measurement, longitudinal growth measurements may provide additional information
for identification of fetuses at risk. We observed specific longitudinal growth patterns
from second trimester onwards that were associated with adverse birth outcomes. A
study performed among a high-risk population of 321 women showed that fetuses with
inadequate growth between two ultrasound assessments, defined as estimated fetal
weight growth below or at the 10" percentile, were more likely to be small for their
gestational age at birth and to be born preterm, as compared to normal growing fetus-
65.44

Most studies that examined the predictive accuracy of a single fetal ultrasound ex-
amination have suggested that among low-risk populations the predictive accuracy for
adverse birth outcomes is moderate, especially for fetal ultrasound performed in early
pregnancy.””*® In line with these findings, we observed moderate tracking of fetal
growth characteristics throughout pregnancy. Further research is necessary to examine
whether serial assessment of fetal growth, in addition to individual characteristics or
specific biomarkers, improve the prediction of adverse birth outcomes, especially
among lower risk populations.

Conclusion

Our study showed that fetal growth characteristics track moderately during pregnancy
and fetal growth tracking coefficients are not materially influenced by maternal charac-
teristics. First, second and third trimester fetal growth characteristics are associated
with the risk of adverse birth outcomes, with the strongest associations present in third
trimester. Further studies are needed focused on the predictive value of different and
combined fetal ultrasound examinations for the prediction of adverse birth outcomes,
especially among low-risk populations.
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Supplementary Material

Supplementary Methods $3.3.1. Unbalanced repeated measurement regression models

Using unbalanced repeated measurement regression models, we analyzed the longitudinal fetal growth patterns among term,
preterm and postterm born infants and among appropriate size for gestational age, small for gestational age and large for
gestational age infants. These models take the correlation between repeated measurements of the same subject into
account, and allow for incomplete outcome data.™ These models can be written as:

Head circumference (SDS) = R, + B, x gestational age at birth category + B, x gestational age + B; x gestational age at birth
category x gestational age

Head circumference (SDS) = Ry + B, x size at birth category + B, x gestational age + B3 x size at birth category x gestational age
Length (SDS) = By + B, x gestational age at birth category + R, x gestational age + R; x gestational age at birth category x
gestational age

Length (SDS) = By + 3, x size at birth category + 8, x gestational age + 33 x size at birth category x gestational age

Weight (SDS) = By + 1 x gestational age at birth category + 8, x gestational age + 3 x gestational age at birth category x
gestational age

Weight (SDS) = Ry + R x size at birth category + B, x gestational age + B3 x size at birth category x gestational age

In these models, ‘B, + R, x gestational age/size at birth category’ reflects the intercept. The intercept reflects the mean fetal
growth characteristic value in SDS for each birth outcome category. The term ‘R; x gestational age/size at birth category x
gestational age’, reflects the difference in change in fetal growth characteristic per week between the different birth outcome
categories.

References

[1]. Goldstein H. Multilevel Statistical Methods. 2nd edn. London: Edward Arnold; 1995.
[2]. Royston P, Ambler G, Sauerbrei W. The use of fractional polynomials to model continuous risk variables in epidemiology.
Int J Epidemiol 1999;28:964-74.
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Supplementary Figure $3.3.1. Correlation of fetal growth characteristics between first, second and third trimester and birth
in the Generation R Study, 2001-2005
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Supplementary Figure $3.3.2. Histograms of fetal growth characteristics at birth in tertiles of first, second and third trimester
fetal growth characteristics in the Generation R Study, 2001-2005

3.3.2a. Birth weight distribution in tertiles of first trimester crown-rump-length
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3.3.2b. Head circumference at birth distribution in tertiles of second trimester head circumference
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3.3.2c. Head circumference at birth distribution in tertiles of third trimester head circumference
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Lowest tertile
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3.3.2d. Length at birth distribution in tertiles of second trimester femur length
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3.3.2f. Birth weight distribution in tertiles of second trimester estimated fetal weight
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3.3.2g. Birth weight distribution in tertiles of third trimester estimated fetal weight
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Generation R Study, 2001-2005"
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FETAL GROWTH TRACKING AND BIRTH OUTCOMES

to birth in the

Second trimester tertiles

Tertiles birth head circumference

Head circumference Lowest Middle Highest n

Lowest 1.46 (1.27, 1.68)** 1.03(0.93,1.21) 0.65 (0.56, 0.75)** 1388
n=>545 n=474 n =369
(39.3%) (34.1%) (26.6%)

Middle 0.97 (0.85, 1.16) 1.02(0.90, 1.17) 1.00(0.87, 1.15) 1426
n=471 n =485 n=470
(33.0%) (34.0%) (33.0%)

Highest 0.70 (0.61, 0.80)** 0.96 (0.84, 1.09) 1.48 (1.29, 1.69)** 1463
n =409 n=481 n=573
(28.0%) (32.9%) (39.2%)

n 1425 1440 1412 4277
Tertiles birth length

Femur length Lowest Middle Highest n

Lowest 1.61(1.42, 1.82)** 1.07 (0.94, 1.21) 0.56 (0.49, 0.64)** 1620
n=656 n=558 n =406
(40.5%) (34.4%) (25.1%)

Middle 1.01(0.89, 1.14) 0.96 (0.85, 1.09) 1.03(0.91, 1.17) 1723
n=570 n =565 n =588
(33.1%) (32.8%) (34.1%)

Highest 0.61 (0.53, 0.69)** 0.97 (0.86, 1.10) 1.65 (1.46, 1.87)** 1690
n =449 n =556 n =685
(26.6%) (32.9%) (40.5%)

n 1675 1679 1679 5033
Tertiles birth weight

Estimated fetal weight Lowest Middle Highest n

Lowest 2.43(2.20, 2.68)** 0.87(0.79, 0.96)** 0.44 (0.39, 0.49)** 2652
n=1238 n =836 n=578
(46.7%) (31.5%) (21.8%)

Middle 0.90 (0.81, 0.99)* 1.16 (1.05, 1.29)** 0.96 (0.86, 1.06) 2659
n=_838 n =946 n=875
(31.5%) (35.6%) (32.9%)

Highest 0.42 (0.37, 0.46)** 0.99 (0.89, 1.09) 2.22(2.01, 2.46)%* 2652
n=571 n=_881 n=1200
(21.5%) (33.2%) (45.2%)

n 2647 2663 2653 7963
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Supplementary Table S3.3.1. Tracking of fetal growth characteristics from second and third trimester to birth in the

Generation R Study, 2001-2005" (continued)

Third trimester tertiles

Tertiles birth head circumference

Head circumference Lowest Middle Highest n

Lowest 2.49 (2.17, 2.86)** 0.95 (0.83, 1.09) 0.37(0.32,0.44)** 1386
n=661 n =458 n=267
(47.7%) (33.0%) (19.3%)

Middle 0.92 (0.80, 1.05) 1.09 (0.96, 1.24) 0.99 (0.87, 1.14) 1491
n=477 n=518 n =496
(32.0%) (34.7%) (33.3%)

Highest 0.42 (0.36, 0.48)** 0.96 (0.84, 1.10) 2.32(2.03,2.64)** 1506
n=319 n=493 n=694
(21.2%) (32.7%) (46.1%)

n 1457 1469 1457 4383
Tertiles birth length

Femur length Lowest Middle Highest n

Lowest 2.35(2.08, 2.66)** 0.99 (0.88, 1.12) 0.39 (0.34,0.45)** 1705
n=789 n=567 n=349
(46.3%) (33.3%) (20.5%)

Middle 0.91(0.81, 1.04) 1.15(1.02, 1.30)* 0.95 (0.83, 1.07) 1731
n=>555 n=611 n=>565
(32.1%) (35.3%) (32.6%)

Highest 0.44 (0.38, 0.50)** 0.88 (0.77,0.99)* 2.45(2.17,2.77)** 1754
n=386 n =549 n=819
(22.0%) (31.3%) (46.7%)

n 1730 1727 1733 5190
Tertiles birth weight

Estimated fetal weight Lowest Middle Highest n

Lowest 5.53(4.98, 6.13)** 0.79 (0.72,0.87)** 0.15(0.13, 0.18)** 2725
n=1608 n=825 n=292
(59.0%) (30.3%) (10.7%)

Middle 0.81(0.73, 0.89)** 1.46 (1.32, 1.60)** 0.83(0.75,0.91)** 2720
n=820 n=1061 n=_839
(30.1%) (39.0%) (30.8%)

Highest 0.15(0.13, 0.17)** 0.85 (0.77, 0.94)** 5.29 (4.77,5.87)¥* 2722
n=277 n=3838 n=1607
(10.2%) (30.8%) (59.0%)

n 2705 2724 2738 8167

'Values are Odds Ratios (95% Confidence Interval) (numbers and percentages of fetuses that remain in the same tertile) to
remain in the same tertile of each fetal growth characteristic from second and third trimester to birth. Estimates are from
multiple imputed data. "Model is adjusted for gestational age at intake, gestational age during each pregnancy period,
maternal age, educational level, parity, ethnicity, prepregnancy body mass index, smoking habits during pregnancy, alcohol

consumption during pregnancy and folic acid supplement use during pregnancy. *P-value <0.05. **P-value <0.01.
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Supplementary Table $3.3.2. Tracking of fetal growth characteristics from second to third trimester in the Generation R Study,
2001-2005"

Tertiles third trimester
Tertiles second trimester Lowest Middle Highest n

Head circumference

Lowest 3.48 (3.14, 3.85)** 0.91(0.82,1.01) 0.26 (0.23, 0.29)** 2562
n=1338 n=823 n=401
(52.2%) (32.1%) (15.7%)
Middle 0.81(0.74, 0.90)** 1.39(1.26, 1.54)** 0.87(0.79, 0.96)** 2594
n=787 n=2999 n =808
(30.3%) (38.5%) (31.1%)
Highest 0.30(0.26,0.33) **  0.77 (0.70, 0.86) ** 3.66 (3.31, 4.05) ** 2553
n =439 n=762 n=1352
(17.2%) (29.8%) (52.9%)
n 2564 2584 2561 7709
Abdominal circumference n
Lowest 3.48 (3.15, 3.86)** 0.85(0.77, 0.84)** 0.28 (0.25, 0.32)** 2583
n=1348 n =804 n=431
(52.2%) (31.1%) (16.6%)
Middle 0.88 (0.78, 0.96)** 1.34(1.22, 1.49)** 0.85 (0.76, 0.94)** 2579
n=3801 n=2982 n=796
(31.1%) (38.1%) (30.8%)
Highest 0.28(0.25,0.31)**  0.87(0.79, 0.96)** 3.47 (3.13, 3.84)** 2603
n=421 n=819 n=1363
(16.2%) (31.5%) (52.4%)
n 2570 2605 2590 7765
Femur length n
Lowest 5.25(4.73, 5.81)** 0.73 (0.66, 0.81)** 0.19 (0.74, 0.96)** 2604
n=1517 n=760 n=327
(58.3%) (29.2%) (12.6%)
Middle 0.75 (0.67, 0.82)** 1.61(1.46,1.77)** 0.82 (0.74, 0.90)** 2592
n=760 n=1058 n=774
(29.3%) (40.8%) (29.9%)
Highest 0.19(0.17,0.21)**  0.83(0.75, 0.92)** 4.77 (430, 5.29)** 2592
n=329 n=797 n=1466
(12.7%) (30.7%) (56.6%)
n 2606 2615 2567 7788
Estimated fetal weight n
Lowest 4.49 (4.05, 4.98)** 0.84 (0.76, 0.93)** 0.20(0.17,0.23)** 2571
n=1435 n=799 n=337
(55.8%) (31.2%) (13.1%)
Middle 0.82 (0.74,0.91)** 1.53(1.38, 1.69)** 0.78 (0.70, 0.87)** 2572
n=779 n=1028 n=765
(30.3%) (40.0%) (29.7%)
Highest 0.21(0.18,0.24)**  0.77 (0.70, 0.85)** 4.86 (4.38,5.39)** 2577
n=351 n=763 n=1463
(13.6%) (29.6%) (56.8%)
n 2565 2590 2565 7720

'Values are Odds Ratios (95% Confidence Interval) (numbers and percentages of fetuses that remain in the same tertile) to
remain in the same tertile of each fetal growth characteristic from second to third trimester. Estimates are from multiple
imputed data. Model is adjusted for gestational age at intake, gestational age during pregnancy period, maternal age,
educational level, parity, ethnicity, prepregnancy body mass index, smoking habits during pregnancy, alcohol consumption
during pregnancy and folic acid supplement use during pregnancy. **P-value <0.01.
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Supplementary Table S3.3.3. Associations of first trimester fetal crown-rump length with differences in fetal growth
characteristics at birth in the Generation R Study, 2001-2005"

Tertiles of first trimester crown-rump length Birth measures

Head circumference at birth (SDS)

Lowest -0.03 (-0.22,0.17)

Middle Reference

Highest 0(-0.19,0.19)
Length at birth (SDS)

Lowest -0.17 (-0.35, 0)

Middle Reference

Highest 0.07 (-0.10, 0.23)
Weight at birth (SDS)

Lowest -0.10 (-0.23, 0.03)

Middle Reference

Highest 0.12 (0, 0.25)

'Values are differences (95% Confidence Interval) in head circumference, length and weight at birth in SDS for fetuses who
were in the lower and upper tertile of first trimester fetal crown-rump-length as compared to fetuses who were in the middle
tertile of first trimester fetal crown-rump-length. Estimates are from multiple imputed data. Corresponding histograms are
given in Supplementary Figure $3.3.2. Model is adjusted for gestational age at intake, gestational age during pregnancy
period, maternal age, educational level, parity, ethnicity, prepregnancy body mass index, smoking habits during pregnancy,
alcohol consumption during pregnancy and folic acid supplement use during pregnancy.
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Supplementary Table S3.3.4. Tracking of fetal growth characteristics from first trimester to birth in the Generation R Study,

2001-2005"

Tertiles Tertiles birth head circumference
First trimester CRL Lowest Middle Highest n
Lowest 1.08 (0.96, 1.82) 1.05 (0.75, 1.46) 0.88(0.62, 1.23) 306
n=101 n=112 n=93
(33.0%) (36.6%) (30.4%)
Middle 0.97 (0.72, 1.30) 1.09 (0.82, 1.47) 0.96 (0.72, 1.28) 308
n=97 n=104 n=107
(31.5%) (33.8%) (34.7%)
Highest 0.97 (0.69, 1.35) 0.85(0.61, 1.19) 1.19(0.86, 1.64) 307
n=95 n=87 n=125
(30.9%) (28.3%) (40.7%)
n 293 303 325 921
Tertiles Tertiles birth length
First trimester CRL Lowest Middle Highest n
Lowest 1.32(0.96, 1.82) 1.06 (0.77, 1.46) 0.72 (0.52, 0.98)* 343
n=123 n=113 n=107
(35.9%) (32.9%) (31.2%)
Middle 0.81(0.61, 1.07) 1.18(0.90, 1.55) 1.05 (0.80, 1.36) 372
n=105 n=125 n=142
(28.2%) (33.6%) (38.2%)
Highest 1.00(0.73, 1.36) 0.76 (0.56, 1.04) 1.28(0.95, 1.73) 358
n=107 n=101 n=150
(29.9%) (28.2%) (41.9%)
n 335 339 399 1073
Tertiles Tertiles birth weight
First trimester CRL Lowest Middle Highest n
Lowest 1.37(1.05, 1.78)* 0.90 (0.70, 1.17) 0.82 (0.63, 1.06) 538
n=19 n=166 n=176
(36.4%) (30.9%) (32.7%)
Middle 1.02 (0.81, 1.28) 1.05 (0.84, 1.31) 0.95(0.76, 1.19) 537
n=168 n=179 n=190
(31.3%) (33.3%) (35.4%)
Highest 0.72 (0.56, 0.94)* 1.04 (0.81, 1.33) 1.29 (1.00, 1.65)* 537
n=143 n=180 n=214
(26.6%) (33.5%) (39.9%)
n 507 525 580 1612

Abbreviations: CRL, crown-rump length.
'Values are Odds Ratios (95% Confidence Interval) (numbers and percentages of fetuses that remain in the same tertile) to
remain in the same tertile of each fetal growth characteristic from first trimester to birth. Estimates are from multiple
imputed data. ’Model is adjusted for gestational age at intake, gestational age during pregnancy period, maternal age,
educational level, parity, ethnicity, prepregnancy body mass index, smoking habits during pregnancy, alcohol consumption

during pregnancy and folic acid supplement use during pregnancy. *P-value <0.05.
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Supplementary Table 53.3.5. Maternal characteristics and head circumference tracking coefficients during different periods of

gestation in the Generation R Study, 2001-2005"

Second to third trimester

Third trimester to birth

Second trimester to birth

Maternal Regression Regression Regression
characteristics n coefficient (95% Cl) n coefficient (95% Cl) n coefficient (95% Cl)
Age (yrs)
<25yrs 1580  0.38(0.34,0.42) 911 0.34(0.27,0.42) 887  0.13(0.06, 0.20)
25-35yrs 4997  0.45(0.42,0.47) 2825 0.37(0.33,0.41) 2761 0.17(0.13,0.21)
>35yrs 1132 0.43(0.38,0.48) 647 0.42 (0.34,0.50) 629 0.15(0.07, 0.24)
Interaction P=0.04 Interaction P=0.24 Interaction P=0.38
Height (cm)
<165cm 3295 0.44(0.41,0.47) 1790  0.39(0.34,0.44) 1725 0.19(0.14,0.25)
165-175 cm 3356 0.40(0.37,0.42) 1943 0.35(0.30, 0.40) 1913 0.12(0.07,0.17)
>175cm 1058  0.47(0.41,0.52) 650 0.30(0.22,0.38) 639 0.12 (0.03, 0.20)
Interaction P=0.45 Interaction P=0.11 Interaction P=0.05
Prepregnancy
weight (kg)
<65kg 4112 0.42(0.40, 0.45) 2317 0.38(0.32,0.43) 2280 0.17(0.13,0.22)
65-75 kg 2446 0.42(0.38,0.46) 1438  0.37(0.30, 0.45) 1391 0.17(0.10, 0.23)
>75 kg 1151 0.45(0.40, 0.50) 628 0.34(0.26, 0.43) 606  0.08(0.01,0.18)
Interaction P=0.88 Interaction P=0.49 Interaction P=0.31
Prepregnancy body
mass index (kg/m’)
Normal 5472 0.42(0.40, 0.44) 3161  0.38(0.34,0.42) 3099 0.17(0.13,0.21)
Overweight 1685  0.45(0.41, 0.50) 926 0.41(0.33, 0.50) 894 0.15(0.07,0.23)
Obesity 552 0.48 (0.41, 0.55) 296 0.26 (0.14, 0.38) 283 0.15(0.02, 0.27)
Interaction P=0.41 Interaction P=0.92 Interaction P=0.94
Parity
Nulliparous 4337 0.42(0.39,0.44) 2329  0.37(0.33,0.42) 2275 0.15(0.10, 0.20)
Multiparous 3372 0.45(0.42,0.48) 2054  0.37(0.33,0.42) 2002 0.18(0.13,0.23)
Interaction P=0.10 Interaction P=0.99 Interaction P=0.43
Highest education
Primary school 895 0.45 (0.39, 0.50) 496 0.28 (0.19, 0.38) 466  0.14(0.03, 0.25)
Secondary
school 3610  0.42(0.39,0.45) 2056 0.39(0.34, 0.44) 2007 0.16(0.11, 0.21)
Higher education 3204  0.43(0.40, 0.46) 1831  0.38(0.32,0.43) 1804 0.16 (0.11,0.22)
Interaction P=0.76 Interaction P=0.25 Interaction P=0.73
Ethnicity
European 4424 0.43(0.40, 0.45) 2550  0.36(0.31, 0.40) 2518 0.13(0.09, 0.17)
Non-European 3285  0.43(0.40, 0.46) 1833 0.39(0.34, 0.44) 1759 0.19(0.14,0.25)
Interaction P=0.89 Interaction P=0.31 Interaction P=0.07
Alcohol
consumption
No 3799  0.42(0.39,0.45) 2175 0.32(0.27,0.37) 2088 0.14(0.08, 0.19)
Yes 3910  0.45(0.42,0.47) 2208 0.43(0.38,0.48) 2189 0.19(0.14,0.24)
Interaction P=0.17 Interaction P=0.004 Interaction P=0.18
Smoking habits
None 5746  0.44(0.42,0.46) 3307 0.37(0.33,0.41) 3219 0.17(0.13,0.21)
Yes 1963  0.40(0.36, 0.44) 1076  0.39(0.32,0.46) 1058 0.14(0.07,0.21)
Interaction P=0.10 Interaction P=0.56 Interaction P=0.52
Folic acid
supplement use
Preconception 2989  0.44 (0.41, 0.48) 1694  0.36(0.30,0.41) 1680 0.13(0.07,0.19)
First 10 weeks 2426 0.43(0.39,0.46) 1385 0.42(0.36,0.48) 1356 0.18(0.11, 0.26)
None 2292  0.41(0.38,0.45) 1304  0.35(0.28,0.42) 1242 0.17(0.09, 0.25)

Interaction P=0.26

Interaction P=0.94

Interaction P=0.43

'Values are regression coefficients (95% Confidence Interval) for head circumference during different periods of gestation.

Estimates are based on multiple imputed data.
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Supplementary Table $3.3.6. Maternal characteristics and length tracking coefficients during different periods of gestation in
the Generation R Study, 2001-2005"

Second to third trimester

Third trimester to birth

Second trimester to birth

Maternal Regression Regression Regression
characteristics n coefficient (95% Cl) n coefficient (95% Cl) n coefficient (95% Cl)
Age (yrs)
<25yrs 1603 0.54(0.51, 0.58) 1053 0.34(0.28,0.41) 1010 0.22 (0.16, 0.29)
25-35yrs 5047 0.54(0.51, 0.56) 3369 0.37(0.34,0.41) 3285 0.19 (0.15, 0.23)
>35yrs 1138 0.49(0.45, 0.54) 768 0.34(0.27,0.41) 738 0.20(0.12, 0.28)
Interaction P=0.18 Interaction P=0.30 Interaction P=0.62
Height (cm)
<165cm 3313 0.55(0.53,0.58) 2105 0.35(0.30, 0.39) 2024 0.22 (0.17,0.26)
165-175 cm 3393 0.52(0.49,0.55) 2311 0.34(0.29, 0.38) 2256 0.17 (0.12,0.21)
>175cm 1082 0.47(0.42,0.52) 775 0.33(0.29,0.37) 753 0.18(0.13,0.22)
Interaction P=0.01 Interaction P=0.94 Interaction P=0.19
Prepregnancy
weight (kg)
<65 kg 4163 0.53(0.51,0.56) 2742 0.36(0.32,0.41) 2672 0.21(0.16, 0.25)
65-75 kg 2472 0.53(0.49,0.57) 1680 0.33(0.27,0.39) 1623 0.17(0.11, 0.24)
>75 kg 1153 0.48(0.43,0.52) 768 0.35(0.27,0.42) 738 0.12 (0.04, 0.20)
Interaction P=0.03 Interaction P=0.31 Interaction P=0.01
Prepregnancy body
mass index (kg/m’)
Normal 5545 0.53(0.51,0.55) 3731 0.36(0.33, 0.40) 3634 0.21(0.18, 0.25)
Overweight 1694 0.54 (0.50, 0.58) 1094 0.35(0.28, 0.42) 1049 0.16 (0.09, 0.23)
Obesity 549 0.50(0.43,0.57) 365 0.35(0.24, 0.45) 351 0.13(0.03,0.24)
Interaction P=0.60 Interaction P=0.42 Interaction P=0.11
Parity
Nulliparous 4409 0.52(0.49, 0.54) 2858 0.37(0.33,0.41) 2765 0.17(0.13,0.21)
Multiparous 3379 0.55(0.52,0.58) 2332 0.34(0.30, 0.39) 2268 0.22(0.18,0.27)
Interaction P=0.06 Interaction P=0.47 Interaction P=0.13
Highest completed
education
Primary school 908  0.58(0.52, 0.63) 559 0.37(0.28, 0.46) 526 0.25(0.16, 0.35)
Secondary
school 3642 0.53(0.51, 0.56) 2459 0.35(0.31, 0.40) 2370 0.19 (0.15, 0.23)
Higher education 3238  0.52 (0.49, 0.55) 2172 0.37(0.32,0.42) 2137 0.20(0.15, 0.25)
Interaction P=0.10 Interaction P=0.80 Interaction P=0.58
Ethnicity
European 4465 0.52(0.49,0.54) 3091 0.39(0.35,0.43) 3018 0.21(0.17,0.25)
Non-European 3323 0.55(0.53, 0.58) 2099 0.33(0.28,0.37) 2015 0.19 (0.14, 0.24)
Interaction P=0.04 Interaction P=0.03 Interaction P=0.57
Alcohol
consumption
No 3839 0.54(0.51,0.56) 2552 0.34(0.30, 0.39) 2431 0.21(0.16, 0.26)
Yes 3949 0.53(0.50, 0.56) 2638 0.38(0.34, 0.43) 2602 0.19 (0.14, 0.24)
Interaction P=0.72 Interaction P=0.21 Interaction P=0.56
Smoking habits
None 5796 0.53(0.51, 0.56) 3888 0.34(0.31, 0.38) 3766 0.19 (0.15, 0.22)
Yes 1992 0.52(0.48,0.56) 1302 0.39(0.33, 0.45) 1267 0.21(0.14, 0.27)
Interaction P=0.61 Interaction P=0.17 Interaction P=0.61
Folic acid
supplement use
Preconception 3019 0.51(0.48, 0.54) 2061 0.35(0.29, 0.41) 2025 0.20(0.14, 0.25)
First 10 weeks 2444 0.53(0.50, 0.57) 1642 0.38(0.31, 0.44) 1596 0.19(0.13, 0.25)
None 2325 0.56(0.53,0.59) 1488 0.36(0.30, 0.42) 1412 0.21(0.16,0.27)

Interaction P=0.03

Interaction P=0.73

Interaction P=0.73

Values are regression coefficients (95% confidence interval) for length during different periods of gestation. Estimates are
based on multiple imputed data.
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Abstract

Objective: To examine whether first trimester fetal growth restriction correlates with
cardiovascular outcomes in childhood.

Design: Population based prospective cohort study.
Setting: City of Rotterdam, the Netherlands.

Participants: 1184 children with first trimester fetal crown to rump length measure-
ments, whose mothers had a reliable first day of their last menstrual period and a regu-
lar menstrual cycle.

Main outcomes measures: Body mass index, total and abdominal fat distribution, blood
pressure, and blood concentrations of cholesterol, triglycerides, insulin, and C-peptide
at the median age of 6.0 (90% range 5.7-6.8) years. Clustering of cardiovascular risk
factors was defined as having three or more of: high android fat mass; high systolic or
diastolic blood pressure; low high density lipoprotein cholesterol or high triglycerides
concentrations; and high insulin concentrations.

Results: One standard deviation score greater first trimester fetal crown to rump length
was associated with a lower total fat mass (-0.30 % (95% Confidence Interval (Cl):
-0.57, -0.03)), android fat mass (-0.07 % (95% Cl: -0.12, -0.02)), android/gynoid fat
mass ratio (-0.53 (95% Cl: —0.89, —-0.17)), diastolic blood pressure (-0.43 mmHg (95%
Cl: -0.84, -0.01)), total cholesterol (-0.05 mmol/L (95% Cl: -0.10, 0)), low density lipo-
protein cholesterol (-0.04 mmol/L (95% Cl: -0.09, 0) and risk of clustering of cardiovas-
cular risk factors (relative risk: 0.81 (95% Cl: 0.66, 1.00)) in childhood. Additional ad-
justment for gestational age and weight at birth changed these effect estimates only
slightly. Childhood body mass index fully explained the associations of first trimester
fetal crown to rump length with childhood total fat mass. First trimester fetal growth
was not associated with other cardiovascular outcomes. Longitudinal growth analyses
showed that compared with school age children without clustering of cardiovascular
risk factors, those with clustering had a smaller first trimester fetal crown to rump
length and lower second and third trimester estimated fetal weight but higher weight
growth from the age of 6 months onwards.

Conclusions: Impaired first trimester fetal growth is associated with an adverse cardio-
vascular risk profile in school age children. Early fetal life might be a critical period for
cardiovascular health in later life.
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Introduction

Fetal developmental adaptations in response to adverse environmental exposures may
permanently affect the structure and function of cardiovascular organs.' These adapta-
tions may lead to increased risks of cardiovascular disease in adulthood." Human devel-
opment rates are highest during the first trimester of pregnancy.” This period includes
the embryonic phase and is essential for development of fetal cardiovascular and meta-
bolic organs.3 Therefore, the first trimester of pregnancy may be a critical period for
cardiovascular health in childhood and adulthood.

In obstetric care practice, first trimester fetal crown to rump length is commonly
used for dating pregnancy, assuming no growth variation.’ However, among pregnant
women with a known first day of the last menstrual period and a regular cycle, fetal
crown to rump length can be used as a first trimester growth outcome.” First trimester
fetal growth seems to be influenced by maternal age, ethnicity, parity, blood pressure,
haemoglobin concentrations, smoking, and folic acid supplement use and is associated
with increased risks of adverse birth outcomes.”® Whether first trimester fetal growth
restriction is associated with risk factors for cardiovascular disease in later life remains
unknown.

In a population based prospective cohort study among 1184 mothers with a known
first day of the last menstrual period and a regular cycle, and their children, we exam-
ined the associations of first trimester fetal crown to rump length with cardiovascular
risk factors in childhood. Cardiovascular outcomes of interest included body mass index,
body fat distribution, blood pressure, lipid concentrations, and insulin measures, which
are known risk factors for cardiovascular disease in adulthood and track from childhood
to adulthood.*™

Methods

Design and population

This study was nested in the Generation R Study, a population based prospective cohort
study from early pregnancy onwards in Rotterdam, the Netherlands." Participating
mothers gave written consent.”” Enrolment in the full Generation R Study was aimed at
early pregnancy but allowed until birth. In total, 8880 mothers were enrolled in the full
study during pregnancy. Of these mothers, 4685 did not have a fetal crown to rump
length measurement, mainly because of a later enrolment in the study.*'® Of all 4195
mothers with a fetal crown to rump length measurement, 2576 were not eligible for the
nested study because their fetal crown to rump length measurements were not within
the range of 10 weeks 0 days to 13 weeks 6 days or they had an unknown first day of
last menstrual period or an irregular menstrual cycIe.4 Of the remaining 1619 eligible
mothers who had a first trimester crown to rump length measurement, had a known
gestational age based on the last menstrual period, and gave birth to a singleton live
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born child, 1184 participated with their children in detailed follow-up measurements at
the age 6 years (Supplementary Figure S3.4.1).

First trimester fetal crown to rump length

We measured first trimester fetal crown to rump length in the gestational age range of
10 weeks 0 days to 13 weeks 6 days in a true mid-sagittal plane with the genital tubercle
and the fetal spine longitudinally in view.*"® First day of the last menstrual period came
from the referring letter from the community midwife or hospital.4 We confirmed this
date with the mother at the ultrasound visit and obtained additional information on the
regularity and duration of the menstrual cycle. Intra-class correlation coefficients for
intra-observer and inter-observer reproducibility of crown to rump length measure-
ments were 0.998 and 0.995.™ As previously described, we constructed gestational age
adjusted standard deviation scores for first trimester fetal crown to rump Iength.4

Fetal and childhood growth

We measured second and third trimester fetal head circumference, abdominal circum-
ference, and femur length to the nearest millimetre by using standardised ultrasound
procedures.” We used the Hadlock formula to calculate estimated fetal weight.'® Sex,
date of birth, and birth anthropometrics (length, weight) came from registries. Well
trained staff in community health centres measured childhood growth characteristics
(weight, length) by using standardised procedures at the ages of 6, 12, 24, 36, and 48
months.” For all fetal, birth, and childhood growth characteristics, we used reference
growth charts to construct standard deviation score values with a commercially availa-
ble package (Growth Analyser 3.0, Dutch Growth Research Foundation, Rotterdam,
Netherlands).""

Childhood cardiovascular outcomes

We invited all children to a dedicated research facility in the Erasmus University Medical
Center, Sophia Children’s Hospital for detailed measurements at the age of 6 years. We
measured height and weight and calculated body mass index. We measured body fat by
dual energy x ray absorptiometry (iDXA, General Electrics, 2008, Madison, WI, USA). We
calculated total fat mass as a percentage of total body weight measured by absorp-
tiometry. We calculated android and gynoid fat mass as a percentage of total fat mass,
as well as their ratio."® We used the android/gynoid fat mass ratio as a measure of body
fat distribution, as we did not measure waist/hip ratio. Higher waist/hip ratio and an-
droid/gynoid fat mass ratio reflect an adverse body fat distribution and are associated
with mortality in adults and insulin resistance in children, respectively.lg‘20 We meas-
ured systolic and diastolic blood pressure at the right brachial artery, four times at one
minute intervals, by using the validated automatic sphygmomanometer Datascope
Accutor Plus (Paramus, NJ, USA).”* We selected a cuff with a width approximately 40%
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of the arm circumference and long enough to cover 90% of the arm circumference. We
obtained venous blood samples after 30 minutes’ fasting from the children and meas-
ured total cholesterol, low density lipoprotein cholesterol, high density lipoprotein cho-
lesterol, triglycerides, insulin, and C-peptide concentrations.

We used the previously described definition of childhood metabolic syndrome phe-
notype to define children with clustering of cardiovascular risk factors.”” We defined
children with clustering of cardiovascular risk factors as those with three or more of the
following components: android fat mass percentage 75" centile or above, systolic or
diastolic blood pressure 75" centile or above; high density lipoprotein cholesterol 25"
centile or below or triglycerides 75" centile or above, and insulin concentration 75"
centile or above. We used android fat mass percentage as proxy for waist circumfer-
ence, as waist circumference was not available.”

Covariates

We obtained information on maternal age, ethnicity, educational level, parity, folic acid
supplementation, and smoking by questionnaire at enrolment."" Maternal height and
weight were measured and body mass index was calculated at enrolment. We meas-
ured maternal blood pressure with the validated oscillometric sphygmomanometer
(OMRON Healthcare Europe B V, Hoofddorp, Netherlands) and documented the mean
value of two blood pressure readings.23

Statistical analysis

Firstly, we used first trimester fetal crown to rump length standard deviation scores as a
continuous variable, to analyse the linear associations of first trimester fetal crown to
rump length with childhood outcomes. Using mean plots and one way analysis of vari-
ance tests, we observed that the best fitting trend lines for these associations were
linear. The model fit and explained variance did not improve with addition of a quadrat-
ic term to the multivariate regression models. To further explore non-linearity and for
presentation purposes, we also categorized first trimester fetal crown to rump length in
fifths and examined the associations of fifths of first trimester fetal crown to rump
length standard deviation score with childhood outcomes by using multivariate regres-
sion models. For these analyses, we constructed standard deviation score values ((ob-
served value-mean)/SD) for the childhood outcome measures to enable comparison of
effect estimates for the different outcomes. We did not create age adjusted standard
deviation scores, as the childhood outcomes were measured in a small age range with-
out changes in standard deviation.

Secondly, we used different linear regression models to examine the associations of
first trimester fetal crown to rump length standard deviation score with childhood out-
comes and the role of fetal and childhood growth in these associations. We used four
different models. The basic model was adjusted for duration of last menstrual cycle and
child’s sex and age at outcome measurement. Childhood height was included in all
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models on fat mass outcomes to take account of skeletal growth.”* The confounder
model was additionally adjusted for maternal and childhood covariates including ma-
ternal age, educational level, ethnicity, parity, prepregnancy body mass index, diastolic
blood pressure, smoking during pregnancy, folic acid supplement use, and duration of
breastfeeding. We selected these confounders on the basis of their associations with
the outcomes of interest or a change in effect estimate of more than 10%. Supplemen-
tary Tables S3.4.1-53.4.3 show the associations of each confounder with the outcomes
of interest. We considered the confounder models to be the main models. Next, these
models were additionally adjusted for gestational age at birth and birth weight to ex-
plore whether any association was explained by later fetal growth (fetal pathway mod-
el) and for child’s current body mass index to explore whether any association was ex-
plained by current childhood size (childhood pathway model).

Thirdly, we examined the association of first trimester fetal crown to rump length
standard deviation scores continuously and in fifths with the risk of childhood clustering
of cardiovascular risk factors. We used a multivariate generalised linear model with a
Poisson assumption, log linear link function, and robust standard errors estimation to
calculate adjusted relative risks.”® Subsequently, we explored the longitudinal length
and weight growth patterns from first trimester onwards until the age of 6 years for
children with and without clustering of cardiovascular risk factors. For this analysis, we
used repeated measurement regression models, which take into account the correla-
tion between repeated growth measurements of the same participant.”**’

For all analyses, the percentages of missing values of covariates were lower than
20%. We imputed missing data of the covariates by using multiple imputations.”® Five
datasets were created and analysed together. We used SAS version 9.2 for the repeated
measurement analysis and SPSS 17.0 for other analyses.

Results

Participants’ characteristics and non-response

Table 3.4.1 shows the maternal, fetal, and childhood characteristics. The specific fetal
and childhood growth characteristics are shown in Supplementary Table S3.4.4. As only
mothers with fetal crown to rump length measurement between 10 and 14 weeks of
gestation and a known and reliable first day of last menstrual period were eligible for
this analysis, we did several non-response analyses. Supplementary Tables S3.4.5-S3.4.7
show results from these analyses. Compared with mothers with a first trimester fetal
crown to rump length measurement (n = 4195), those without this measurement (n =
4685) were on average younger, shorter, and heavier; had a lower blood pressure; and
were less frequently highly educated and European. We found no difference in birth
weight (Supplementary Table S3.4.5).

Among mothers with a first trimester fetal crown to rump length measurement, we
found similar differences between those without (n = 2576) and with (n = 1619)
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information about their known last menstruation (Supplementary Table S3.4.6). Of the
eligible group of 1619 mothers and children, 1184 participated in the follow-up studies
at the age of 6 years. Mothers of children not participating in these follow-up studies (n
= 435) were on average younger, were less frequently higher educated and European,
and less frequently used folic acid supplements. Their children were more frequently
breast fed. We found no differences in gestational age and weight at birth (Supplemen-
tary Table $3.4.7).

Table 3.4.1. Maternal, fetal and childhood characteristics (n = 1184)"

Characteristic Value

Maternal characteristics

Age, median (90% range), yr 31.3(22.7,38.1)
Height, mean (SD), cm 168.8 (7.0)
Prepregnancy weight, mean (SD), kg 66.9(11.8)
Prepregnancy body mass index, mean (SD), kg/m” 23.4(3.9)
Gestational age at intake, median (90% range), wks 12.4(10.5, 13.9)
Systolic blood pressure, mean (SD), mmHg 116.7 (12.4)
Diastolic blood pressure, mean (SD), mmHg 69.1(9.4)
Parity, nulliparous, No. (%) 717/1179 (60.8)
Education, No. (%)

Primary or secondary school 507/1155 (43.9)

Higher education 648/1155 (56.1)
Race / Ethnicity, No. (%)

Dutch, other European 855/1175 (72.8)

Non-European 320/1175 (27.2)
Smoking habits, No. (%)

None 820/1060 (77.4)

Yes 240/1060 (22.6)
Folic acid supplement use, No. (%)

No use 119/949 (12.5)

First 10 weeks use 294/949 (31.0)

Preconception use 536/949 (56.5)

Fetal characteristics
Gestational age at fetal crown to rump length measurement, median (90% range), wks 12.4 (11.0, 13.9)
First trimester fetal crown to rump length, mean (SD), mm 61 (11)

Birth and infant characteristics

Males, No. (%) 575 (48.6)
Gestational age at birth, median (90% range), wks 40.1(37.0, 42.0)
Birth weight, mean (SD), g 3456 (551)
Ever breastfeeding, No. (%)
No 80/1046 (7.6)
Yes 966/1046 (92.4)
Breastfeeding duration, mean (SD), months 5.3(3.8)
Childhood characteristics
Age at follow up, median (90% range), yr 6.0(5.7,6.8)
Height, mean (SD), cm 119.0(5.5)
Weight, mean (SD), kg 22.8(3.7)
Body mass index, mean (SD), l<g/m2 16.1(1.7)
Total fat mass, mean (SD), % 24.6 (5.2)
Android fat mass, mean (SD), % 3.8(0.9)
Gynoid fat mass, mean (SD), % 15.3(1.6)
Android/gynoid fat mass ratio, mean (SD) 0.25(0.1)
Systolic blood pressure, mean (SD), mmHg 102.6 (8.1)
Diastolic blood pressure, mean (SD), mmHg 60.7 (6.8)
Cholesterol, mean (SD), mmol/L 4.2 (0.7)
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Table 3.4.1. Maternal, fetal and childhood characteristics (n = 1184)" (continued)

Characteristic Value

Low Density Lipoprotein cholesterol, mean (SD), mmol/L 2.4(0.6)

High Density Lipoprotein cholesterol, mean (SD), mmol/L 1.3(0.3)

High Density / Low Density Lipoprotein cholesterol, mean (SD) 0.6 (0.2)
Triglycerides, median (90% range), mmol/L 1.0(0.4,2.1)
Insulin, median (90% range), pmol/L 118.2 (25.9, 342.4)
C-peptide, median (90% range), nmol/L 1.0(0.4,1.9)
Cardiovascular risk factor clustering, No. (%) 81/745 (10.9)

Values represent mean (SD), median (90% range) or number of subjects (valid %).

First trimester fetal crown to rump length and cardiovascular risk factors

Figure 3.4.1 shows that compared with children in the highest fifth of first trimester
fetal crown to rump length, those in the lowest fifth tended to have higher total fat
mass percentage, android/gynoid fat mass ratio, diastolic blood pressure, and total
cholesterol (all P for trend <0.05). First trimester fetal crown to rump length was not
associated with insulin or C-peptide concentrations. Results for C-peptide are not
shown. Table 3.4.2 shows that in the confounder models, one standard deviation score
greater first trimester fetal crown to rump length was associated with a lower total fat
mass (-0.30 % (95% Confidence Interval (Cl): -0.57, -0.03)), android fat mass (-0.07 %
(95% ClI: -0.12, -0.02)), android/gynoid fat mass ratio (-0.53 (95% Cl: -0.89, -0.17)),
diastolic blood pressure (-0.43 mmHg (95% Cl: -0.84, -0.01)), total cholesterol (-0.05
mmol/L (95% Cl: -0.10 to 0)), and low density lipoprotein cholesterol (-0.04 mmol/L
(95% CI: -0.09 to 0)) in childhood. Additional adjustment for gestational age and weight
at birth only slightly changed these effect estimates. Childhood body mass index fully
explained the associations of first trimester fetal crown to rump length with childhood
total fat mass. First trimester fetal crown to rump length was not associated with child-
hood body mass index, systolic blood pressure, or concentrations of triglycerides or
insulin.

First trimester fetal crown to rump length and clustering of cardiovascular risk factors

One standard deviation score greater first trimester fetal crown to rump length was
associated with a lower risk of clustering of cardiovascular risk factors (relative risk (RR):
0.81 (95% Cl: 0.66, 1.00)) in childhood (Figure 3.4.2). When we compared fifths, we
observed that compared with children in the lowest fifth of first trimester fetal crown to
rump length, those in the highest fifth tended to have lower risks of clustering of cardio-
vascular risk factors (15.5% v 5.6% for lowest and highest fifth; RR: 0.50 (95% Cl: 0.22,
1.10) (Figure 3.4.2). Adjustment for gestational age and weight at birth changed these
effect estimates only slightly (Supplementary Figure S3.4.2).
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Figure 3.4.1. First-trimester fetal growth and cardiovascular risk factors in childhood (n = 1184)
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Values are linear regression coefficients (95% Confidence Interval) that reflect the difference in childhood outcomes
expressed as standard deviation scores (SDS) between first-trimester fetal crown to rump length (CRL) quintiles as compared
to the reference group (highest quintile). Estimates are based on multiple imputed data. Models were adjusted for child’s sex
and age at measurement, and for maternal duration of last menstrual cycle, age, educational level, ethnicity, parity,
prepregnancy body mass index, diastolic blood pressure, smoking during pregnancy, folic acid supplement use and
breastfeeding duration. Models for total fat mass and android/gynoid fat mass ratio were additionally adjusted for current
childhood height. Trend lines are only given when P-value for linear trend <0.05.
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Figure 3.4.3 shows the longitudinal growth in fetal and childhood length and weight
from first trimester fetal crown to rump length onwards in children with clustering of
cardiovascular risk factors, compared with those without clustering of cardiovascular
risk factors. First trimester fetal crown to rump length tended to be smaller in children
with clustering of cardiovascular risk factors (difference -0.16 (95% Cl: -0.36 to 0.03
standard deviation scores)). Estimated fetal weight, but not femur length, until birth
tended to be smaller in children with clustering of cardiovascular risk factors. From the
age of 6 months onwards, children with clustering of cardiovascular risk factors at age 6
years had a higher length and weight, with larger effect estimates for weight. The effect
estimates were not materially affected by additional adjustment for potential con-
founders (Supplementary Table S3.4.8).

Figure 3.4.2. First-trimester fetal growth and clustering of cardiovascular risk factors (n = 745)

10,00
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[ ]

Trend: RR 0.81 (95% CI:0.66,1.00)

CRL quintiles

Values are Relative Risks (RR) (95% Confidence Interval) from generalized linear models that reflect the risk of childhood
clustering of cardiovascular risk factors for first-trimester fetal crown to rump length quintiles, as compared to the reference
group (lowest quintile). Estimates are based on multiple imputed data. Clustering of cardiovascular risk factors was defined
as having 3 or more following components: android fat mass percentage >75% percentile; systolic or diastolic blood pressure
>75% percentile; HDL-cholesterol <o5™ percentile or triglycerides >75% percentile; and insulin level >75% percentile [22].
Model was adjusted for child’s sex and age at measurement, maternal duration of last menstrual cycle, age, educational
level, ethnicity, parity, prepregnancy body mass index, diastolic blood pressure, smoking during pregnancy, folic acid
supplement use, and breastfeeding duration.
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Figure 3.4.3. Fetal and childhood length and weight growth from first trimester onwards in children with clustering of
cardiovascular risk factors (n = 745)
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Values are regression coefficients (95% Confidence Interval) that reflect the difference in length and weight standard
deviation score (SDS) from first trimester onwards for children with clustering of cardiovascular risk factors, as compared to
children without such clustering. Models were adjusted for maternal duration of last menstrual cycle, and child’s sex and age
at outcome measurements. Length and weight growth characteristics used in the models: Fetal period: first trimester: crown
to rump length as both length and weight measure (starting point); second and third trimester: femur length and estimated
fetal weight; At birth: birth length and birth weight; During childhood: length and weight. Clustering of cardiovascular risk
factors was defined as having 3 or more following components: android fat mass percentage >75" percentile; systolic or
diastolic blood pressure >75% percentile; HDL-cholesterol <5 percentile or triglycerides >75% percentile; and insulin level
>75" percentile [22].

Discussion

We observed that smaller first trimester fetal size was associated with an adverse body
fat distribution, higher diastolic blood pressure, and an adverse blood cholesterol pro-
file in childhood. First trimester fetal growth restriction was also associated with an
increased risk of clustering of these cardiovascular risk factors in childhood. These asso-
ciations were not explained by maternal, birth, and childhood characteristics.

Interpretation of main findings

Adverse fetal exposures may lead to early developmental adaptations, including chang-
es in the anatomy, physiology, and metabolism of various organ systems." These adap-
tations may be beneficial for short term survival but may have adverse consequences at
birth and in later life, such as increased risks of low birth weight and common diseases
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in adulthood." Studies showing consistent associations of low birth weight with in-
creased risks of cardiovascular disease strongly support this hypothesis.zg‘g0 Clearly, low
birth weight is not the causal factor leading to diseases in later life. Birth weight is mere-
ly an endpoint of different fetal exposures and growth patterns and the starting point of
childhood growth. Most children with a low birth weight have a catch-up growth lead-
ing to a normal weight from the age of 2 years onwards.” Longitudinal studies also
showed that the risk of cardiovascular disease is highest among adults born with a low
birth weight who had a high postnatal weight gain.**** These results suggest that a low
birth weight as a result of restricted fetal environment may specifically lead to cardio-
vascular disease in later life, when postnatal life is characterized by a relatively high
body mass index as a result of an affluent environment." Not much is known about the
specific fetal growth patterns leading to cardiovascular disease in later life.

Rates of growth and development are much higher in fetal life than in childhood. The
highest development rates are in the first trimester of pregnancy, which includes the
embryonic phase.” Studies in spontaneously conceived pregnancies and in pregnancies
resulting from assisted reproductive technology observed that first trimester fetal
growth restriction was associated with increased risks of prematurity and small size for
gestational age at birth."”® We also observed that smaller first trimester fetal crown to
rump length led to compensatory accelerated childhood growth.* High rates of child-
hood weight gain may subsequently lead to development of cardiovascular risk factors
in later life.

The study reported here shows for the first time that first trimester fetal crown to
rump length is also associated with an adverse cardiovascular risk profile in childhood.
Smaller first trimester fetal crown to rump length was associated with higher total fat
mass percentage, android/gynoid fat mass ratio, diastolic blood pressure, and total
cholesterol concentration in childhood. These associations were observed across the
full range of first trimester fetal crown to rump length and not in the extremes only.
Also, these associations were independent of potential maternal and childhood con-
founders and were changed only slightly by adjustment for gestational age and weight
at birth and childhood body mass index. First trimester fetal growth was not associated
with childhood body mass index, systolic blood pressure, or concentrations of triglycer-
ides, insulin, or C-peptide. The observed associations suggest that the first trimester of
pregnancy is a critical period for cardiovascular health in later life. Previous studies have
shown that risk factors for cardiovascular disease in childhood track into adulthood and
are related to development of cardiovascular disease in later life.”'>** Thus, cardiovas-
cular disease may have at least part of its origins in the first trimester of pregnancy or
even the preconception period. The developmental mechanisms that explain the asso-
ciations of first trimester fetal growth and risk factors for cardiovascular disease are not
known, but they may include changes in methylation of DNA and expression of RNA in
response to a suboptimal fetal environment.! More detailed first trimester ultrasound
studies are needed to assess early cardiovascular and metabolic developmental adapta-
tions.
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The results from this study are important from an aetiological perspective. They suggest
that the first trimester might be a critical period for cardiovascular and metabolic func-
tion. However, we acknowledge that the observed effect estimates were small and
reflect subclinical changes in cardiovascular and metabolic function in school age chil-
dren. None of the children had known cardiovascular disease. Previous longitudinal
studies have shown tracking of cardiovascular and metabolic risk factors from childhood
to adulthood.”™® Also, adiposity in school age children is related to cardiovascular dis-
ease in later life.>* Further follow-up studies are needed to explore whether suboptimal
first trimester development really is a risk factor for clinically manifest cardiovascular
and metabolic disease in adulthood.

Strengths and limitations

This study was nested in a large population based prospective cohort study. In the full
study, enrolment was aimed at early pregnancy but allowed until birth. As this study
was specifically focused on the long term effects of variation in first trimester fetal
growth, only a subgroup of mothers with a first trimester fetal crown to rump length
measurement between 10 and 14 weeks of gestation and a known and reliable first day
of last menstrual period was eligible. As a result of these necessary selection criteria,
the eligible mothers reflect a small fraction of the full study population. Of all eligible
mothers, 73% participated with their children in the follow-up studies at the age of 6
years. The non-response analyses showed that mothers not included in the analyses
were on average younger, shorter, and heavier; had a lower blood pressure; were less
frequently high educated and European; and less frequently used folic acid supple-
ments. Their children were more frequently breastfed. Our effect estimates would be
biased if the associations differ between participants included and not included in the
analysis. Although this seems unlikely, we cannot exclude it. We found no differences in
first trimester fetal crown to rump length or birth weight between children with and
without participation in the follow-up studies. More importantly, the selection of the
study sample might have affected the generalizability of the results. The study popula-
tion is a rather healthy and relatively highly educated population. Whether the ob-
served associations are similar in high risk populations should be studied further.

We tested the associations of first trimester fetal crown to rump length with several
cardiovascular and metabolic outcomes that track from childhood to adulthood and are
risk factors for cardiovascular disease in adulthood. The large number of statistical tests
that we did may have led to false positive associations. However, because of the corre-
lations between the cardiovascular and metabolic outcomes, we did not adjust the
analyses for multiple testing. We measured first trimester fetal growth by fetal crown to
rump length and used the first day of the last menstrual period to determine gestational
age. Misclassification of gestational age might still be a problem, as the post-conception
age depends on the timing of ovulation and implantation, which we were unable to
measure.”® Several maternal factors, such as maternal age and smoking, are associated
with the duration of the follicular phase, after which ovulation occurs. Recall bias may



FIRST TRIMESTER GROWTH AND CHILDHOOD OUTCOMES

also affect the dating of the last menstrual period.”® However, all analyses were adjust-
ed for the duration of last menstrual cycle, which is strongly associated with the timing
of ovulation. Even with a known and reliable date of last menstrual period, a certain
fraction of women with regular cycles have early or delayed ovulation. We did a sensi-
tivity analysis with a restriction to participants who had a gestational age based on last
menstruation within seven days of a gestational age based on crown to rump length
(93%). This analysis did not materially change our effect estimates for the childhood
outcomes. The analyses were adjusted for several maternal and childhood confounders.
Although we observed that stepwise adjustment for various different potential mater-
nal and childhood confounders did not strongly change the effect estimates, residual
confounding may still be a concern, as in any observational study.

Conclusions

These results suggest that the first trimester of pregnancy may be a critical period for
development of cardiovascular risk factors in later life. The observed associations are
primarily important from an aetiological perspective. Further studies are needed to
identify the underlying causal biological mechanisms and long term consequences.
Future strategies to improve cardiovascular health may start from early pregnancy on-
wards or even before conception.
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Supplementary Material

Supplementary Figure $3.4.1. Participants flow chart in the Generation R Study, Rotterdam, the Netherlands

Mothers enrolled during pregnancy
n= 8880

Excluded due to no first-trimester fetal crown
to rump length measurement available
n= 4685

Mothers with singleton pregnancy with
first-trimester fetal crown to rump length
n= 4195

Excluded due to unknown first day of last
menstrual period or irregular cycle or
pregnancy leading to miscarriage, stillbirth, or
unknown birth outcomes

n=2576

Mothers with a known gestational age
based on last menstrual period and
singleton life born children

n=1619

Excluded due to no participation in follow up
studies
n= 435

Childhood outcomes at age of 6 years:
n=1184

Adiposity outcomes

Body mass index: n=1181
Body fat distribution: n =1152
Cardiovascular outcomes

Systolic blood pressure: n=1125
Diastolic blood pressure: n=1125
Metabolic outcomes

Cholesterol: n=794
Triglycerides: n=789
Insulin and C-peptide: n=785

Clustering of cardiovascular risk factors: n =745
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Supplementary Figure $3.4.2. First-trimester fetal growth and clustering of cardiovascular risk factors adjusted for gestational
age and weight at birth (n = 745)"
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Trend: RR 0.82 (95% CI:0.70,1.01)

0,10

CRL quintiles
"Values are Relative Risks (95% Confidence Interval) from generalized linear models that reflect the risk of childhood
clustering of cardiovascular risk factors for first-trimester fetal crown to rump length SDS quintiles, as compared to the
reference group (lowest quintile). Model was adjusted for child’s sex and age at measurement, maternal duration of last
menstrual cycle, age, educational level, ethnicity, parity, prepregnancy body mass index, diastolic blood pressure, smoking
during pregnancy, folic acid supplement use, breastfeeding duration and gestational age and weight at birth (fetal pathway

model).
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Supplementary Table $3.4.1. Associations of covariates with childhood body fat outcomes (n = 1184)*

FIRST TRIMESTER GROWTH AND CHILDHOOD OUTCOMES

Body mass index

Total fat mass

Android/gynoid fat

(kg/m’) (%) mass ratio (%)
Duration of menstrual cycle, days 0.03 (-0.04, 0.10) -0.08 (-0.30, 0.14) 0.03 (-0.23, 0.28)
Child sex
Boys Reference Reference Reference
Girls -0.22 (-0.42, 0.03)* 4.19 (3.64, 4.75)* 0.39 (-0.30, 1.09)

Childhood age at outcome measurement,yr

Maternal age, yr
Education
Primary
Secondary
Higher
Ethnicity
Dutch or European
Non — European
Parity
Nulliparous
Multiparous
Prepregnancy body mass index, kg/m2
Diastolic blood pressure, mmHg
Smoking
Yes
No
Folic acid supplement use
Yes
No
Breastfeeding duration, month

Childhood height at outcome measurement, cm

Gestational age at birth, wks
Birth weight, SD
Childhood body mass index, kg/mZ

0.63 (0.41, 0.85)*
-0.03 (-0.05, -0.01)*

0.91(0.45, 1.37)*
0.37(0.17, 0.57)*
Reference

Reference
0.40 (0.19, 0.62)*

Reference

0.02 (-0.17,0.22)
0.13(0.10, 0.15)*
0.01 (0, 0.02)*

0.34 (0.09, 0.58)*
Reference

Reference

0.36 (0.15, 0.57)*
-0.02 (-0.05, 0.01)
-0.03 (-0.09, 0.03)
0.25 (0.15, 0.35)*

1.43 (0.66, 2.20)*
-0.16 (-0.22, -0.09)*

3.04 (1.69, 4.40)*
1.95 (1.33,2.57)*
Reference

Reference
1.44(0.77,2.11)*

Reference

-0.79 (-1.41,-0.18)*
0.33(0.25, 0.41)*
0.04 (0.01, 0.08)*

1.16 (0.26, 2.06)*
Reference

Reference
1.48(0.84,2.11)*
-0.09 (-0.18, 0)
0.13(0.07,0.18)*
-0.12 (-0.30, 0.05)
-0.17 (-0.47,0.13)
1.98 (1.84, 2.12)*

1.41(0.51, 2.31)*
-0.13 (-0.21, -0.05)*

1.44 (-0.21, 3.09)
1.48 (0.75, 2.21)*
Reference

Reference
0.90 (0.12, 1.68)*

Reference

-0.45 (-1.17, 0.26)
0.27(0.18, 0.36)*
0.02 (-0.02, 0.06)

1.85 (0.91, 2.79)*
Reference

Reference
1.30(0.56, 2.05)*
-0.08 (-0.18, 0.03)
0.11 (0.05, 0.18)*
-0.33(-0.53,-0.13)*
-0.14 (-0.49, 0.21)
2.10(1.93,2.27)*

Values are regression coefficients (95% Confidence Interval) from univariate regression models and reflect differences in
childhood body fat distribution measures per unit change of each covariate and for different categories of each covariate as
compared to the reference group. *P-value <0.05.
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Supplementary Table $3.4.2. Associations of covariates with childhood blood pressure (n = 1125)"

Systolic blood pressure
(mmHg)

Diastolic blood pressure
(mmHg)

Duration of menstrual cycle, days
Child sex

Boys

Girls

Childhood age at outcome measurement, yr

Maternal age, yr
Education
Primary
Secondary
Higher
Ethnicity
Dutch or European
Non — European
Parity
Nulliparous
Multiparous

Prepregnancy body mass index, kg/r‘nz

Diastolic blood pressure, mmHg
Smoking
Yes
No
Folic acid supplement use
Yes
No
Breastfeeding duration, month

Childhood height at outcome measurement, cm

Gestational age at birth, wks
Birth weight, SD

Childhood body mass index, kg/mZ

-0.01 (-0.35, 0.34)

Reference

0.12 (-0.83, 1.07)
3.05(1.89, 4.21)*
-0.14 (-0.24, -0.03)*

2.65(0.43, 4.87)*
1.25(0.26, 2.24)*
Reference

Reference
1.68 (0.62, 2.73)*

Reference

-0.69 (-1.66, 0.29)
0.25(0.12, 0.38)*
0.10 (0.05, 0.15)*

0.75 (-0.39, 1.88)
Reference

Reference

1.61(0.51, 2.71)*
-0.07 (-0.20, 0.06)
-0.23(-0.51, 0.04)
-0.35(-0.82, 0.12)
1.25(0.98, 1.52)*

0.10 (-0.19, 0.39)

Reference

0.35 (-0.45, 2.14)
1.40(0.41,2.39) *
-0.12 (-0.21, -0.03)*

3.25(1.43,5.07)*
1.32(0.49, 2.15)*
Reference

Reference
1.51(0.63, 2.40)*

Reference

-0.88 (-1.70, -0.06)*
0.12 (0.01, 0.23)*
0.07 (0.02, 0.11)*

0.67 (-0.30, 1.65)
Reference

Reference

0.56 (-0.35, 1.47)
-0.09 (-0.20, 0.03)
-0.03 (-0.26, 0.20)
-0.32 (-0.72, 0.08)
1.40(0.42, 2.39)*

Values are regression coefficients (95% Confidence Interval) from univariate regression models and reflect differences in
childhood blood pressure per unit change of each covariate and for different categories of each covariate as compared to the

reference group. *P-value <0.05.



FIRST TRIMESTER GROWTH AND CHILDHOOD OUTCOMES

Supplementary Table $3.4.3. Associations of covariates with childhood metabolic outcomes (n = 789)"

Total cholesterol
(mmol/1)

Triglycerides2
(mmol/1)

Insulin’
(pmol/l)

Duration of menstrual cycle, days
Child sex

Boys

Girls
Childhood age at outcome measurement, yr
Maternal age, yr
Education

Primary

Secondary

Higher
Ethnicity

Dutch or European

Non — European
Parity

Nulliparous

Multiparous
Prepregnancy body mass index, kg/m2
Diastolic blood pressure, mmHg
Smoking

Yes

No
Folic acid supplement use

Yes

No
Breastfeeding duration, month

Childhood height at outcome measurement, cm

Gestational age at birth, wks
Birth weight, SD
Childhood body mass index, kg/mZ

0.01 (-0.03, 0.04)

Reference

0.12 (0.03, 0.21)*
-0.01 (-0.12, 0.09)
0(-0.01,0.01)

0(-0.23,0.23)
0.05 (-0.04, 0.15)
Reference

Reference
0.12(0.01, 0.22)*

Reference

-0.02 (-0.11, 0.08)
0(-0.01,0.01)
0(-0.01, 0)

-0.03 (-0.17, 0.10)
Reference

Reference

0.04 (-0.06, 0.14)
-0.01(-0.02, 0)
0.01 (-0.02, 0.04)
0(-0.05, 0.05)
0.03 (0, 0.06)*

0.01 (-0.02, 0.03)

Reference

0.08 (0.02, 0.15)*
-0.02 (-0.10, 0.05)
0(-0.01,0.01)

-0.04 (-0.13,0.21)
0.01 (-0.06, 0.08)
Reference

Reference
0(-0.07,0.08)

Reference

-0.01 (-0.08, 0.05)
-0.01 (-0.02, 0)*
0(-0.01, 0)

-0.04 (-0.12, 0.05)
Reference

Reference

0.04 (-0.03, 0.11)
0(-0.01,0.01)
0(-0.03,0.02)
-0.04 (-0.07, 0)
0.02 (0, 0.04)

0.02 (-0.02, 0.06)

Reference

0.04 (-0.07, 0.15)
0.08 (-0.05, 0.21)
-0.01 (-0.02, 0.01)

0.09 (-0.21, 0.39)
0(-0.12,0.12)
Reference

Reference
-0.09 (-0.22, 0.04)

Reference

0.05 (-0.06, 0.16)
0(-0.01, 0.02)
0(-0.01, 0.01)

0.11 (-0.03, 0.25)
Reference

Reference

-0.04 (-0.16, 0.08)
-0.01 (-0.02, 0.01)
0.01 (-0.03, 0.05)
-0.02 (-0.06, 0.02)
0.08 (0.05, 0.12)*

Values are regression coefficients (95% Confidence Interval) from univariate regression models and reflect differences in
childhood blood levels per unit change of each covariate and for different categories of each covariate as compared to the

reference group. “Variables were log-transformed *P-value <0.05.
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Supplementary Table $3.4.4. Fetal and childhood growth characteristics (n = 1184)"

Characteristics Value

Fetal growth characteristics
First trimester

Gestational age, median (90% range), wks 12.4(11.0, 13.9)
First trimester fetal crown to rump length, mean (SD), mm 61 (11)

Second trimester
Gestational age, median (90% range), wks 20.4(19.1,22.2)
Femur length, mean (SD), mm 33(3)
Estimated fetal weight, mean (SD), g 372 (74)

Third trimester
Gestational age, median (90% range), wks 30.3(29.1, 32.1)
Femur length, mean (SD), mm 58 (3)
Estimated fetal weight, mean (SD), g 1630 (241)

Birth
Gestational age, median (90% range), wks 40.1 (37.0, 42.0)
Male sex, No (%) 575 (48.6)
Birth weight, mean (SD), g 3456 (551)

Childhood growth characteristics

6 months
Age at follow up, median (90% range), mo 6.2 (5.5,7.3)
Height, mean (SD), cm 67.7 (2.5)
Weight, mean (SD), kg 7.8(0.9)

12 months
Age at follow up, median (90% range), mo 11.1(10.2,12.3)
Height, mean (SD), cm 74.4(2.6)
Weight, mean (SD), kg 9.6(1.1)

24 months
Age at follow up, median (90% range), mo 25.0(23.5,27.3)
Height, mean (SD), cm 88.3(3.4)
Weight, mean (SD), kg 12.9(1.5)

36 months
Age at follow up, median (90% range), mo 37.1(35.5,39.9)
Height, mean (SD), cm 97.3(3.6)
Weight, mean (SD), kg 15.2(1.8)

48 months
Age at follow up, median (90% range), mo 46.0 (44.8, 47.9)
Height, mean (SD), cm 103.2 (4.1)
Weight, mean (SD), kg 16.9(2.2)

72 months
Age at follow up, median (90% range), mo 73.2 (68.9, 81.4)
Height, mean (SD), cm 119.0 (5.5)
Weight, mean (SD), kg 22.8(3.7)

'Values represent mean (SD), median (90% range) or number of subjects (valid %).
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Supplementary Table $3.4.5. Non-response analysis for first-trimester crown to rump length measurement in full cohort

(n =8880)"

First trimester
CRL measurement

No first trimester
CRL measurement

n=4195 n = 4685 P-value*
Maternal characteristics
Age, median (90% range), yr 30.5(21.1,37.2) 29.9 (19.8, 38.4) <0.01
Height, mean (SD), cm 167.8(7.3) 167.1(7.5) <0.01
Prepregnancy weight, mean (SD), kg 66.4 (12.6) 66.2 (13.0) 0.64
Prepregnancy body mass index, mean (SD), kg/m2 23.5(4.2) 23.8 (4.5) 0.02
Gestational age at intake, median (90% range), wks? 12.5(9.9, 14.9) 16.8 (12.6, 24.6) <0.01
Systolic blood pressure, mean (SD), mmHg 116.2 (12.3) 114.7 (12.3) <0.01
Diastolic blood pressure, mean (SD), mmHg 68.8 (9.6) 67.4(9.5) <0.01
Parity, nulliparous, No. (%)3 1743 (42.0) 2152 (46.7) <0.01
Education, No. (%)’
Primary or secondary school 2080 (53.3) 2604 (62.6) <0.01
Higher education 1826 (46.7) 1553 (37.4)
Race / Ethnicity, No. (%)
Dutch, other European 2563 (64.7) 2153 (50.8) <0.01
Non-European 1397 (35.3) 2089 (49.2)
Smoking habits, No. (%)°
None 2715 (74.7) 2983 (76.1) 0.49
Yes 920 (25.3) 935 (23.9)
Folic acid supplement use, No. (%)
No use 683 (21.4) 1245 (37.0) <0.01
First 10 weeks use 1007 (31.5) 1033 (30.7)
Preconception use 1504 (47.1) 1088 (32.3)
Fetal characteristics
Second trimester estimated fetal weight,
mean (SD), g 369 (78) 396 (110) <0.01
Third trimester estimated fetal weight,
mean (SD), g 1607 (245) 1623 (285) <0.01
Birth characteristics
Males, No. (%)’ 2072 (50.4) 2295 (50.6) 0.81
Gestational age, median (90% range), wks’ 40.1(36.9, 42.0) 40.0(36.4, 42.1) <0.01
Birth weight, mean (SD), g 3421 (566) 3398 (562) 0.08

'Values are mean (standard deviation). ’Median (90% range). *Values are observed number and valid percentage.
“Differences in subject characteristics between the groups were evaluated using one-way ANOVA tests for continuous

variables and chi-square tests for proportions.
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Supplementary Table $3.4.6. Non-response analysis for first-trimester crown to rump length with and without information
about last menstrual period and singleton live-born child (n =4195)1

Known last menstrual Unknown last menstrual
period and singleton period and singleton
live-born child live-born child
n=1619 n=2576 P-value*
Maternal characteristics
Age, median (90% range), yr 31.4(21.9,37.9) 29.8 (20.6, 37.0) <0.01
Height, mean (SD), cm 168.7 (7.0) 167.2 (7.5) <0.01
Prepregnancy weight, mean (SD), kg 66.9 (11.8) 66.2 (13.1) 0.22
Prepregnancy body mass index, mean (SD), kg/m2 23.4(3.8) 23.6 (4.5) 0.07
Gestational age at intake, median (90% range), wks” 12.4(10.6, 13.9) 12.5(9.6,15.1) 0.01
Systolic blood pressure, mean (SD), mmHg 116.8 (12.5) 115.8 (12.2) <0.01
Diastolic blood pressure, mean (SD), mmHg 69.1(9.4) 68.7 (9.8) 0.16
Parity, nulliparous, No. (%)3 956 (59.4) 1451 (57.1) 0.15
Education, No. (%)3
Primary or secondary school 703 (45.4) 1377 (58.4) <0.01
Higher education 845 (54.6) 981 (41.6)
Race / Ethnicity, No. (%)
Dutch, other European 1106 (70.7) 1457 (60.8) <0.01
Non-European 458 (29.3) 939 (39.2)
Smoking habits, No. (%)*
None 1110 (76.8) 1605 (73.3) 0.13
Yes 336 (23.2) 584 (26.7)
Folic acid supplement use, No. (%)*
No use 192 (14.7) 491 (26.0) <0.01
First 10 weeks use 415 (31.8) 592 (31.3)
Preconception use 696 (53.4) 808 (42.7)
Fetal characteristics
Second trimester estimated fetal weight,
mean (SD), g 371 (74) 368 (81) 0.33
Third trimester estimated fetal weight,
mean (SD), g 1622 (240) 1598 (247) <0.01
Birth characteristics
Males, No. (%)° 802 (49.5) 1270 (50.9) 0.39
Gestational age, median (90% range), wks’ 39.9 (37.1, 42.0) 39.8 (36.7,42.0) 0.04
Birth weight, mean (SD), g 3453 (565) 3402 (564) <0.01

"Values are mean (standard deviation). “Median (90% range). Values are observed number and valid percentage.
“Differences in subject characteristics between the groups were evaluated using one-way ANOVA tests for continuous
variables and chi-square tests for proportions.
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Supplementary Table $3.4.7. Non-response analysis for loss to follow-up at the age of 6 years (n = 1619)"

Follow-up Loss to follow-up
at 6 years at 6 years
n=1184 n =435 P-value*
Maternal characteristics
Age, median (90% range), yr 31.3(22.7,38.1) 29.7 (5.0) <0.01
Height, mean (SD), cm 168.8 (7.0) 168.5(7.1) 0.43
Prepregnancy weight, mean (SD), kg 66.9 (11.8) 66.0(11.9) 0.22
Prepregnancy body mass index, mean (SD), kg/m” 23.4(3.9) 23.2(3.7) 0.29
Gestational age at intake, median (90% range), wks? 12.4 (10.5, 13.9) 12.4(10.9, 13.9) 0.84
Systolic blood pressure, mean (SD), mmHg 116.7 (12.4) 116.8 (12.8) 0.87
Diastolic blood pressure, mean (SD), mmHg 69.1(9.4) 69.1(9.6) 0.93
Parity, nulliparous, No. (%)® 717 (60.8) 237(55.2) 0.04
Education, No. (%)’
Primary or secondary school 507 (43.9) 198 (49.5) 0.02
Higher education 648 (56.1) 202 (50.5)
Race / Ethnicity, No. (%)
Dutch, other European 855 (72.8) 258 (63.1) <0.01
Non-European 320(27.2) 151 (36.9)
Smoking habits, No. (%)*
None 820 (77.4) 290 (75.1) 0.38
Yes 240 (22.6) 96 (24.9)
Folic acid supplement use, No. (%)*
No use 119 (12.5) 73 (20.6) <0.01
First 10 weeks use 294 (31.0) 121 (34.2)
Preconception use 536 (56.5) 160 (45.2)
Fetal characteristics
First trimester crown to rump length, mean (SD), mm 61 (11) 61 (11) 0.44
Second trimester estimated fetal weight, mean (SD), g 372 (74) 368 (73) 0.34
Third trimester estimated fetal weight, mean (SD), g 1630 (241) 1599 (238) 0.02
Birth and infant characteristics
Males, No. (%)° 575 (48.6) 226 (52.1) 0.21
Gestational age, median (90% range), wks” 40.1(37.0, 42.0) 40.3(37.1,42.1) 0.89
Birth weight, mean (SD), g 3456 (551) 3444 (602) 0.70
Ever breastfeeding, No. (%)
No 80 (7.6) 36 (12.6) 0.01
Yes 966 (92.4) 250 (87.4)
Breastfeeding duration, mean (SD), mo 5.3(3.8) 4.6(3.8) 0.02

"Values are mean (standard deviation). “Median (90% range). Values are observed number and valid percentage.
“Differences in subject characteristics between the groups were evaluated using one-way ANOVA tests for continuous

variables and chi-square tests for proportions.
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Supplementary Table S3.4.8. Fetal and childhood length and weight growth in children with clustering of cardiovascular risk
factors adjusted for confounders (n = 745)1

SDS - difference (95% Confidence Interval) in growth characteristics in children with
clustering of cardiovascular risk factors

Length (SDS) Weight (SDS)
Gestational age
12 weeks -0.12 (-0.39, 0.15) -0.08 (-0.35, 0.18)
20 weeks -0.11(-0.32, 0.10) -0.15 (-0.36, 0.06)
30 weeks -0.10(-0.31,0.12) -0.24 (-0.44, -0.03)
40 weeks -0.09 (-0.39, 0.22) -0.32 (-0.59, -0.05)

Childhood age

6 months 0.02 (-0.18, 0.23) 0.24 (-0.04, 0.51)
12 months 0.07 (-0.14, 0.27) 0.31(0.03, 0.58)
24 months 0.16 (-0.04, 0.36) 0.45 (0.18,0.72)
36 months 0.26 (0.05, 0.45) 0.59 (0.32, 0.86)
48 months 0.35(0.15, 0.55) 0.73 (0.45, 1.00)
72 months 0.54 (0.32,0.75) 1.09(0.71,1.31)

'Values are based on repeated linear regression models. Regression coefficients (95% Confidence Interval) reflect the
difference in length and weight standard deviation score for children with clustering of cardiovascular risk factors, as
compared to children without such clustering. Models are adjusted for duration of last menstrual cycle, child’s sex and age at
outcome measurements, maternal age, educational level, ethnicity, parity, prepregnancy body mass index, diastolic blood
pressure, smoking during pregnancy and folic acid supplement use, and breastfeeding duration. Length and weight growth
characteristics used in the models: Fetal period: first trimester: crown to rump length as both length and weight measure
(starting point); second and third trimester: femur length and estimated fetal weight; At birth: birth length and birth weight;
During childhood: length and weight. Clustering of cardiovascular risk factors, was defined as having 3 or more following
components: android fat mass percentage >75" percentile; systolic or diastolic blood pressure >75" percentile; HDL-
cholesterol <25 percentile or triglycerides >75" percentile; and insulin level >75" percentile [22].
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GENERAL DISCUSSION

Introduction

Cardiovascular disease is a major public health problem in the general adult popula-
tion." Cardiovascular and metabolic diseases have the largest clinical impact at older
ages, and research into risk factors for cardiovascular and metabolic diseases has mostly
been focused on adults. However, in the last decades, an accumulating body of evi-
dence suggested that cardiovascular health in younger age groups also has major public
health implications.

Cardiovascular health status of women of reproductive age may influence pregnancy
outcomes. To meet the increasing metabolic demands of the mother and fetus, adap-
tions occur in the maternal circulation and metabolism during pregnancy. Normally,
these adaptations lead to a better placental perfusion and nutrient supply to the fetus.
Suboptimal adaptations may lead to increased risks of pregnancy complicationsz, which
may have long-term maternal and offspring consequences. Women who had pregnancy
complications have higher risks of cardiovascular disease and type 2 diabetes many
decades after their pregnancy.” Also, children born with a low and high birth weight
have higher risks of obesity, cardiovascular disease and type 2 diabetes in adulthood.® ™
Based on these findings, it has been hypothesized that adverse exposures, acting at
different stages of fetal and early postnatal development, lead to permanent adapta-
tions in the structure, physiology and function of various organ systems. This early pro-
gramming contributes to short-term survival, but increases the susceptibility of cardio-
vascular and metabolic disease in later life."" Thus, cardiovascular health and disease in
pregnant women and their children is important for short-term and long-term maternal
and childhood health outcomes.

The aim of the studies presented in this thesis was to identify maternal physical fac-
tors at the start of pregnancy, placental and fetal factors and critical developmental
periods during pregnancy associated with cardiovascular health outcomes in mothers
and children. This chapter provides a general discussion of the main findings of the
studies in this thesis, discusses general methodological issues and provides suggestions
for future research.

Interpretation of main findings

Maternal influences

Various adverse maternal socio-demographic and lifestyle-related characteristics have
been associated with the risk of adverse maternal and fetal pregnancy outcomes, but
less is known about the role of maternal physical factors at the start of pregnancy. Iden-
tifying factors associated with cardiovascular health in pregnant women and their chil-
dren, may help to develop future preventive strategies that improve pregnancy out-
comes and maternal and offspring cardiovascular health outcomes.
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Maternal blood pressure during pregnancy

Blood pressure is used as a screening method in obstetric care to detect or predict ges-
tational hypertensive disorders, but the predictive accuracy of blood pressure meas-
urement in early pregnancy remains unclear.” Tracking analyses focus on the mainte-
nance of one’s relative position in a population distribution of values over time, and can
be used as a concept to examine the predictability of future values by early measure-
ments."

We examined whether maternal blood pressure tracks throughout pregnancy,
whether this tracking is influenced by maternal characteristics and how it is associated
with the risk of gestational hypertensive disorders. We observed moderate correlation
coefficients between first and third trimester for systolic and diastolic blood pressure.
Maternal age, height, gestational weight gain and ethnic background influenced these
correlation coefficients. Furthermore, systolic and diastolic blood pressure changes
from second to third trimester, but not from first to second trimester, were positively
associated with the risks of gestational hypertension and pre-eclampsia. In this thesis,
we did not study the associations of maternal blood pressure during pregnancy and
gestational hypertensive disorders with childhood outcomes. A previous study per-
formed within the same study cohort, has shown that higher maternal blood pressure
levels during pregnancy were associated with impaired fetal growth from the third tri-
mester onwards.” An increase in blood pressure from second trimester to third tri-
mester was associated with an increased risk of adverse birth outcomes. This latter
study, as well as several other studies also showed that offspring from mothers who had
pre-eclampsia had a higher risk of being born preterm and small for their gestational
age and a higher risk of higher blood pressure in later life.""*® These findings suggest
that maternal blood pressure development during pregnancy is important for both
maternal and fetal pregnancy complications, and childhood cardiovascular outcomes.

e  Maternal blood pressure tracks moderately during pregnancy and is
influenced by maternal characteristics.

e Second to third trimester increases in systolic and diastolic blood pressure are
associated with an increased risk of gestational hypertensive disorders.

Maternal parity

Background

There is a strong increase in the prevalence of one-child families in Western countries,
which may partly be due to the decline in fertility rate and changes in social attitudes.”
Although maternal parity cannot be modified, obtaining a better understanding of its
impact on maternal and childhood outcomes is important for developing strategies for
identification of individuals at high risk of adverse outcomes.
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Parity and maternal outcomes

Maternal nulliparity is suggested to be an important risk factor for maternal pregnancy
complications, including gestational hypertension and pre-eclampsia.'®'® A systematic
review of 52 observational studies showed that nulliparity is associated with an almost
3-times higher risk of pre-eclampsia.'® Several studies have also suggested that blood
pressure levels during pregnancy are higher among nulliparous women, but other stud-
ies observed no differences in blood pressure levels.”? These differences may be ex-
plained by differences in study population, sample size, adjustment for confounding
factors and the use of office or ambulatory blood pressure measurements. Inconsistent
differences in placental vascular function among nulliparous and multiparous women
have also been reported, with several studies suggesting that nulliparity is associated
with an increased risk of uterine artery notching.zg’24 We observed that nulliparous
pregnant women have higher blood pressure levels from first trimester onwards and
higher risks of third trimester uterine artery notching, and gestational hypertensive
disorders. The first pregnancy might thus be a major risk factor for maternal hemody-
namic maladaptations and hypertensive complications.

Parity and childhood outcomes

Children from nulliparous mothers are generally smaller than children from multiparous
mothers.” Differences in birth weight between firstborn and second-born children have
been reported up to approximately 200 grams, which is of similar magnitude as the
influence of maternal smoking during pregnancy on birth weight.”>*’ Among multipa-
rous mothers only, there is @ much smaller increase in birth weight with each following
pregnancy.”® Less is known about the associations of maternal parity with fetal growth
in different trimesters of pregnancy. As low birth weight and small size for gestational
age at birth are associated with increased risks of cardiovascular disorders in later life, it
has been hypothesized that maternal parity may also be associated with long-term
cardiovascular health in the offspring. A recent study among 1.065.710 Swedish men
reported that birth order was negatively associated with body mass index in young-
adulthood.” Next to the reported associations of maternal parity with body mass index
in the offspring, it has also been shown that body fat mass level in early adulthood is
influenced by maternal parity, independent of birth weight and current lifestyle-related
factors.” However, these findings, as well as suggested associations of maternal parity
with other cardiovascular risk factors, are inconsistent.*>** In our study, we observed
that children of nulliparous mothers had slower fetal growth rates from third trimester
onwards and accelerated infant growth rates. Maternal nulliparity was associated with
increased risks of adverse birth outcomes, childhood adiposity and adverse childhood
metabolic profile in the offspring. Among multiparous mothers only, increasing parity
tended to be associated with a decreasing risk of adverse health outcomes in offspring.
These associations of maternal parity with birth and childhood outcomes were not
explained by socio-demographic and lifestyle-related factors, and associations with
childhood outcomes were also independent of birth weight. These findings suggest that
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the first pregnancy may have persistent growth and cardiovascular consequences for
the offspring.

Underlying mechanisms

The mechanisms underlying these associations are largely unknown, but are likely to
partly reflect maternal health status, social and behavioral factors which differ among
nulliparous and multiparous women. However, next to these factors, biological mecha-
nisms may also play a role, as associations with maternal, birth and early-childhood
outcomes remained after adjustment for confounding factors. Biological mechanisms
may involve persistent changes in the maternal vasculature following the first pregnan-
cy, which leads to a more favorable environment for both placental development, fetal
nutrition and fetal development in following pregnancies.” Further studies are needed
to obtain further insight in these underlying mechanisms.

e  Nulliparous pregnant women have higher blood pressure levels throughout
pregnancy and higher risks of gestational hypertensive disorders.

e  Maternal nulliparity is associated with increased risks of adverse birth
outcomes, accelerated infant growth, childhood adiposity and an adverse
childhood metabolic profile in the offspring.

e The first pregnancy might be an important risk factor for maternal and
offspring cardiovascular health outcomes.

Maternal prepregnancy body mass index and gestational weight gain

Background
Worldwide, there is a strong increase in overweight and obesity prevalences among
women of reproductive age.’® Maternal prepregnancy obesity is an important risk factor
for gestational hypertensive disorders, gestational diabetes and delivering large size for
gestational age infants, but associations with other pregnancy complications are less
consistent.”’ In addition, maternal prepregnancy obesity is strongly associated with the
risk of obesity in the oﬁ‘spring.38

Next to maternal prepregnancy obesity, weight gain during pregnancy may also af-
fect maternal and childhood outcomes.**® The US Institute of Medicine (IOM) has
established guidelines, which define optimal ranges of maternal weight gain during
pregnancy, according to a mother’s prepregnancy body mass index."’ The guidelines
have been established based on evidence from observational studies, relating gesta-
tional weight gain to maternal postpartum weight retention, infant size at birth and
caesarean delivery, and childhood obesity.*" Excessive gestational weight gain according
to the IOM criteria is common, and associated with the risk of adverse pregnancy out-
comes.”” As the IOM gestational weight gain criteria combine prepregnancy body mass
index and gestational weight gain, it is not possible to study the separate effects of
maternal prepregnancy body mass index and gestational weight gain on different
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maternal and childhood outcomes.”® Total gestational weight gain reflects multiple
components including actual maternal fat accumulation, but also pregnancy-related
volume expansion and growth of the fetus, placenta and uterus. Gestational weight gain
in different periods of pregnancy partly reflects different components.“'44 Maternal
gestational weight gain in early-pregnancy relatively largely reflects maternal fat deposi-
tion, whereas weight gain in mid- and late-pregnancy largely reflects maternal and am-
niotic fluid expansion, and growth of the fetus, placenta and uterus.*"** Examining the
associations of critical periods of gestational weight gain with maternal and childhood
outcomes may provide further insight in the underlying mechanisms.**

Prepregnancy body mass index, gestational weight gain and pregnancy outcomes
Results presented in this thesis showed that the risks of maternal prepregnancy over-
weight and obesity were higher among lower educated, non-European origin, and mul-
tiparous mothers and mothers with an obese partner. The risk of excessive gestational
weight gain according to the IOM-criteria was higher among European origin, nullipa-
rous, high dietary intake and smoking women, and among women having an obese
partner. Maternal prepregnancy overweight and obesity were strongly associated with
increased risks of gestational hypertensive disorders, gestational diabetes, caesarean
delivery, large size for gestational age infants, and overweight and obesity in the off-
spring. Higher prepregnancy body mass index was also associated with both higher
systolic and diastolic blood pressure in all trimesters. The difference in blood pressure
between body mass index groups was already present from first trimester onwards and
remained stable throughout pregnancy.

Excessive gestational weight gain according to the IOM criteria was associated with
increased risks of gestational hypertension, caesarean delivery, large size for gestational
age infants and overweight in the offspring. The risks of delivering a small size for gesta-
tional age or preterm born infant were lower among women who gained weight exces-
sively. As compared to prepregnancy overweight and obesity, excessive gestational
weight gain had a limited influence on adverse pregnancy outcomes.

Weight gain in early pregnancy was associated with the risk of gestational diabetes
and gestational hypertension, whereas weight gain in late-pregnancy was associated
with the risk of pre-eclampsia and gestational hypertension. Higher weight gain in early,
mid- and late-pregnancy was associated with a lower risk of delivering a small size for
gestational age infant, and a higher risk of delivering a large size for gestational age
infant, with strongest effects for weight gain in mid- and late-pregnancy. Few studies
have examined the associations of critical periods of gestational weight gain with preg-
nancy outcomes, and these studies have mainly focused on birth weight as an out-
come.””* Further research is important to explore reversed causation and to examine
underlying mechanisms.

Prepregnancy body mass index and childhood outcomes
Maternal prepregnancy body mass index is strongly associated with body mass index in
the offspring.® Whether these associations reflect direct intrauterine, causal
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mechanisms remains unclear. An approach used in epidemiological studies to obtain
further insight into causality is a sibling comparison study, which by design controls for
environmental characteristics as well as maternal genotype that are similar within sib-
Iings.50 Sibling studies among offspring from mothers who had high levels of prepreg-
nancy weight loss due to gastrointestinal bypass surgery observed that the prevalence
of overweight and obesity and adverse cardiovascular outcomes was higher in children
born to mothers before surgery than those born to mothers after surgery. These find-
ings suggest that some of the effect of maternal obesity on offspring outcomes may be
through direct intra-uterine mechanisms.”"*> However, it remains unclear whether this
is similar across the whole distribution of maternal prepregnancy body mass index. A
large study among 280.866 singleton-born Swedish men observed that a higher mater-
nal body mass index in early pregnancy was associated with higher offspring body mass
index at the age of 18 years in the whole cohort and between non-siblings, but not
within-siblings, which suggests that the association may be explained by confounding
environmental characteristics.”

Another approach to obtain further insight into causality of the associations of ma-
ternal prepregnancy body mass index with childhood cardiovascular outcomes involves
comparing the strength of associations of prepregnancy body mass index from both
mother and father with childhood outcomes.™ Stronger associations for maternal pre-
pregnancy body mass index suggest direct intra-uterine mechanisms may be involved,
whereas similar or stronger associations for paternal body mass index suggest a role for
shared family-based, lifestyle-related characteristics or genetic factors. Thus far, studies
comparing associations of maternal and paternal body mass index with childhood body
mass index have shown conflicting results.”>® In our contemporary study, we observed
that both maternal and paternal prepregnancy body mass index were associated with
increased adiposity levels and an adverse cardiovascular profile in offspring, with
stronger associations present for maternal prepregnancy body mass index. These asso-
ciations were not explained by maternal pregnancy complications, gestational weight
gain or birth characteristics, but were largely mediated by childhood body mass index.
These findings suggest that maternal prepregnancy body mass index is an important risk
factor for cardiovascular health of offspring, and that at least part of the underlying
mechanisms for this association may involve direct intra-uterine mechanisms.

Gestational weight gain and childhood outcomes

Increased maternal gestational weight gain may influence long-term cardiovascular
health of oﬁ‘spring.63 Most studies that reported these associations used the IOM crite-
ria for excessive gestational weight gain or total gestational weight gain.**"" Studies
using more detailed assessment methods for gestational weight gain have also suggest-
ed associations of gestational weight gain with offspring outcomes.”’*”> A sibling
comparison study among 146.894 singleton-born Swedish men showed that among
overweight and obese mothers, higher total gestational weight gain is associated with
higher offspring body mass at the age of 18 years among siblings, suggesting a possible
intra-uterine effect.”> A study among 5154 UK mother-offspring pairs showed that
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gestational weight gain in the first 14 weeks of pregnancy, when maternal fat gain is a
relatively large component of gestational weight gain, tended to be positively associat-
ed with offspring body mass index, waist circumference and fat mass at 9 years, but
after 14 weeks of gestation, only high levels of gestational weight gain were associated
with offspring adiposity measures.” In this thesis, we observed that higher maternal
gestational weight gain in early-pregnancy, but not in mid- and late-pregnancy, is asso-
ciated with increased adiposity levels and an adverse cardiovascular profile in child-
hood. These associations were independent from maternal prepregnancy weight and
weight gain in other periods, and not explained by pregnancy complications or birth and
infant growth characteristics. Excessive gestational weight gain according to the IOM
criteria was also associated with the risk of childhood overweight and clustering of car-
diovascular risk factors. The associations of maternal prepregnancy weight with child-
hood adiposity and cardiovascular outcomes were stronger than those for gestational
weight gain, but did not explain or modify the associations of gestational weight gain
with these outcomes. These findings suggest that maternal weight gain in early preg-
nancy may be a critical period for childhood outcomes.

Underlying mechanisms

The possible mechanisms underlying the associations of maternal prepregnancy body
mass index and gestational weight gain with childhood outcomes may involve increased
placental transfer of nutrients to the developing fetus. This transfer may subsequently
affect fetal development, fetal fat deposition and the development of the hypothalamic
-endocrine system that controls appetite and energy metabolism.”*”® Epigenetic mech-
anisms may also play an important role.”” In animal models, effects of nutritional expo-
sures on epigenetic changes have been shown.” Thus far, no large-scale studies among
humans have been performed focused on epigenetic changes in response to maternal
weight during pregnancy. It has been suggested that maternal prepregnancy obesity
and excessive gestational weight gain may also have an intergenerational effect, in
which these factors lead to an adverse in utero environment which may permanently
affect growth and development of specifically female offspring, altering her metabolism
in such a way as that she provides an adverse environment for her fetus.”® Since an
increasing number of women are overweight and obese at the start of pregnancy and
gain an excessive amount of weight during pregnancy, their effect on offspring devel-
opment in fetal and early postnatal life may contribute to the continuation of the obesi-
ty epidemic.43
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e  Maternal prepregnancy obesity and excessive gestational weight gain are
associated with maternal socio-demographic, lifestyle, and genetic factors
and with increased risks of adverse maternal, fetal and childhood outcomes.

e  Both higher maternal and paternal prepregnancy body mass index are
associated with increased adiposity levels and an adverse cardiovascular
profile in offspring, with stronger associations present for maternal
prepregnancy body mass index. These associations are largely mediated
by childhood body mass index.

e Increased maternal weight gain in early pregnancy is associated with an adverse
cardiovascular profile in childhood. This association is largely mediated by
childhood body mass index.

Placental and fetal influences
Placental vascular function

Background

The placenta forms the active interface between the maternal and fetal blood circula-
tions and regulates both maternal physiological changes during pregnancy as well fetal
nutrient supply and fetal development.”” The placenta is likely to play a key role in the
development of maternal and fetal pregnancy complications.78’79 The placenta may also
play an important role in the developmental origins hypothesis.””*® Animals studies
have shown that fetal growth restriction due to reduced uterine artery perfusion during
late gestation is associated with an increased blood pressure and cardiovascular risk in
later life.*"*” Previous studies among adults suggested associations of both low and high
placental weight with adverse cardiovascular outcomes in later life, but results are not
consistent.* Placental weight is only a crude measure of placental growth and more
detailed measures of placental function, assessed during pregnancy, might give further
insight in long-term consequences of placental dysfunction.”’

Abnormal early placentation can lead to higher uterine and umbilical artery re-
sistance patterns, which can be measured by Doppler waveforms. Normally, during the
first half of pregnancy, there is a decrease in uterine artery and umbilical artery re-
sistance indices, which is in line with the physiological changes that occur during placen-
tation.** Abnormal uterine artery and umbilical artery waveforms during pregnancy
indicate an impaired uteroplacental and fetoplacental circulation. The utero-placental
vascular resistance, a parameter primarily of the maternal circulation, may increase as a
result of impaired placentation or impaired maternal hemodynamic adaptations.®>®*
Increased feto-placental vascular resistance, primarily a parameter of the fetal circula-
tion, may occur as a result of impaired placentation or suboptimal fetal vascular devel-
opment.® Studies, often performed among high-risk populations, have shown that
abnormal mid-pregnancy uterine and umbilical artery resistance indices as well as uter-
ine artery notching are associated with the risk of pre-eclampsia and fetal growth retar-
dation %
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Placental vascular dysfunction and pregnancy outcomes

In this thesis, we examined whether uterine and umbilical artery resistance indices are
influenced by maternal socio-demographic and lifestyle-related characteristics, whether
they track from the second trimester to the third, and whether they are associated with
the risk of maternal and fetal pregnancy complications. We observed that placental
resistance indices are influenced by maternal parity, use of folic acid supplements and
maternal smoking during pregnancy. The influence of these maternal characteristics on
utero-placental and feto-placental circulation may be part of the underlying mecha-
nisms that relate these maternal characteristics to the risk of adverse birth outcomes.
We further showed that the uterine artery resistance index tracks moderately from the
second trimester to the third, whereas the umbilical artery pulsatility index tracks poor-
ly from the second trimester to the third. Already small variations in placental resistance
indices in second and third trimester are associated with increased risks of adverse
pregnancy outcomes. Thus, our findings suggest that among a low risk population, small
variations in second and third trimester placental resistance indices are associated with
increased risks of pregnancy complications.

Placental vascular dysfunction and childhood outcomes

We examined whether small variations in third trimester placental resistance indices
are associated with fetal and childhood growth and cardiovascular development. As the
placental vascular bed forms an important component of the fetal vascular system, and
the largest variation is expected in third trimester, we hypothesized that especially
changes in third trimester feto-placental vascular resistance may lead to fetal growth
and cardiovascular system adaptations.*® We observed that higher third trimester um-
bilical artery and uterine artery resistance indices were associated with lower fetal
growth rates in third trimester, resulting in a smaller size at birth. Differences in length
and weight growth characteristics became smaller from the age of 6 months onwards
but persisted until the age of 6 years. Higher third trimester feto-placental vascular
resistance, but not utero-placental vascular resistance, was associated with childhood
cardiovascular adaptations. These associations were only partly explained by birth
weight, and tended to be stronger among girls than among boys.

Underlying mechanisms

The mechanisms underlying these associations of impaired placentation and maternal
and childhood outcomes are not well-understood. It has been suggested that oxidative
stress due to impaired placental transfusion may be an important factor in the devel-
opment of pregnancy complications.”*®” Oxidative stress may also play a role in the
observed long-term childhood cardiovascular consequences of impaired third trimester
feto-placental vascular resistance.***° Feto-placental vascular resistance is related to
fetal vascular function and a determinant of fetal cardiac afterload.””*** Thus, altera-
tions in feto-placental vascular function may affect fetal development and be a marker
of fetal vascular adaptations. The observed associations tended to be stronger among
girls than among boys. Sex differences in developmental programming of cardiovascular
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risk factors in children merits further study, as findings are inconsistent.”>”* Further
studies with a longer follow-up are needed to examine whether feto-placental vascular
resistance is also associated with cardiovascular adaptations at later ages, and whether
these associations are different among boys and girls.

e Placental resistance indices are influenced by maternal socio-demographic and
lifestyle characteristics and track moderately from the second trimester to the
third.

e Increased placental resistance indices in the second and third trimesters are
associated with increased risks of adverse pregnancy outcomes.

e Higher third trimester feto-placental vascular resistance, but not utero-
placental vascular resistance, is associated with an adverse cardiovascular
profile in childhood.

Fetal and early childhood growth

Background
In obstetric care, fetal ultrasound measurements are important examinations during
pregnancy for identifying fetuses at risk of adverse outcomes. Poor fetal growth in sec-
ond and third trimester of pregnancy is associated with increased risks of stillbirth,
preterm birth, low birth weight, small size for gestational age at birth and long-term
adverse health outcomes."* First trimester fetal growth is commonly used for preg-
nancy dating, assuming there is no growth variation in early fetal life. However, among
pregnant women with a known first day of the last menstrual period and a regular cycle,
fetal crown to rump length can also be used as a first trimester growth outcome.”®”’
Recent studies observed associations of first trimester fetal growth restriction with
the risk of preterm birth and small size for gestational age at birth.”*%® Repeated ultra-
sound measurements in different trimesters of pregnancy enable tracking studies and
identification of critical fetal periods for later development.

Fetal growth throughout gestation

Not much is known about the correlations of longitudinal fetal growth measurements
from early pregnancy onwards with adverse birth outcomes, especially among low-risk
populations. Tracking analyses can be used to assess the stability of fetal growth charac-
teristics throughout pregnancy. Two previous studies performed among low-risk popu-
lations suggested that tracking of fetal growth characteristics is not common during
pregnancy.”'® We observed that fetal growth characteristics track moderately
throughout gestation, with stronger tracking coefficients present in later pregnancy.
This lower tracking of fetal growth during early pregnancy as compared to late pregnan-
cy may partly be due to measurement error related to fetal ultrasound assessment,
which is relatively higher in early pregnancy, but may also suggests that a fetus does not
have a stable growth trajectory from early pregnancy onwards. Maternal socio-
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demographic and lifestyle-related characteristics did not materially influence fetal
growth tracking coefficients, which may suggest that the influence of maternal charac-
teristics on fetal growth trajectories is relatively small, or that potential growth adapta-
tions due to maternal characteristics are already occurring in early pregnancy. First,
second and third trimester fetal growth characteristics were associated with the risk of
adverse birth outcomes, with the strongest associations present for third trimester fetal
growth characteristics. Further studies among low-risk populations are needed to exam-
ine whether serial fetal ultrasound measures add to the prediction of adverse birth
outcomes.

First trimester fetal growth and childhood outcomes

Impaired fetal growth may also be associated with increased susceptibility for cardio-
vascular disease in later life."" Both low and high birth weight are associated with
cardiovascular disease in adulthood. Also, studies have shown that variation in fetal
growth and early childhood growth is associated with differences in body composition,
hemodynamic and metabolic adaptions.lm'104 Thus, these studies suggest that there
may be critical periods of growth in early life that influence the development of cardio-
vascular disease in later life. In this thesis, we examined the associations of first tri-
mester fetal growth with cardiovascular risk factors in childhood. The highest develop-
ment rates are in the first trimester of pregnancy, which includes the embryonic
phase.105 Previously, we have already shown that first trimester fetal growth seems to
be influenced by maternal socio-demographic and lifestyle-related characteristics and is
associated with adverse birth outcomes and accelerated postnatal growth.”® In this
thesis, we observed that smaller first trimester fetal size was associated with an adverse
body fat distribution, higher diastolic blood pressure, and an adverse blood cholesterol
profile in childhood. First trimester fetal growth restriction was also associated with an
increased risk of clustering of these cardiovascular risk factors in childhood. These asso-
ciations were not explained by maternal, birth, and childhood characteristics. The ob-
served associations suggest that the first trimester of pregnancy is a critical period for
cardiovascular health in later life. The underlying mechanisms may include changes in
methylation of DNA and expression of RNA in response to a suboptimal fetal environ-
ment."" More detailed first trimester fetal ultrasound studies are needed, that take into
account timing of ovulation and implantation, to obtain further insight in these ob-
served associations.'®

e Fetal growth characteristics track moderately throughout gestation, with
stronger tracking coefficients present in later pregnancy. Maternal socio-
demographic and lifestyle-related characteristics do not materially influence
fetal growth tracking coefficients.

e  First, second and third trimester fetal growth characteristics are associated
with the risk of adverse birth outcomes.

e Impaired first trimester fetal growth is associated with an adverse
cardiovascular risk profile in school age children.
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Methodological considerations

Specific strengths and limitations for the studies presented in this thesis have been
described in Chapter 2 and Chapter 3 of this thesis. In the following paragraphs, general
methodological considerations regarding selection bias, information bias and confound-
ing are discussed.

Selection bias

Selection bias may occur if the association between the determinant and outcome of
interest is different in subjects who participate in the study and those who were eligible
for the study, but do not participate in the study. Of all children eligible at birth, the
overall response to participate in the Generation R Study was 61%. The percentages of
women from ethnic minority groups and of lower socioeconomic status were lower
than expected from the population figures in Rotterdam.'”” Also, participating women
had less pregnancy complications, such as gestational hypertensive disorders, preterm
birth and low birth weight, which suggests a selection towards a relatively more affluent
and healthy population. This selection towards a more affluent and healthy population
may have led to lower prevalence rates, and subsequently reduced statistical power.
Also, it may affect the generalizability of our findings to other, less healthy and affluent
populations. However, several studies have shown that in cohort studies associations
are not strongly influenced by selective non-participation at baseline, and we therefore
consider it unlikely that our results are biased by selective non-response at base-
|ine.108,109

Next to selective non-response at baseline, selection bias may also occur due to
selective loss to follow-up. Loss to follow-up would lead to selection bias if associations
would be different between those included in the analyses and those loss to follow-up.
In the studies presented in this thesis, loss to follow-up at birth was low. At the age of 6
years, children and their mothers were invited to participate in detailed body fat and
cardiovascular follow-up measurements. The response rate at this follow-up was ap-
proximately 70%. A lower percentage of children participated in blood sample meas-
urements at the age of 6 years, which was mainly due to non-consent for venous punc-
ture or crying of the child. Mothers from children who did not visit the research center
more frequently had unhealthy lifestyle habits and were less well educated than the
total study population. Overall, the selective loss to follow-up towards a more healthy
population may have biased our effect estimates, but this bias is difficult to quantify.

Information bias

Information bias is a bias that arises in a study because of misclassification of determi-
nant or outcome measurements.''® Misclassification of either determinant or outcome
can be classified as non-differential or differential. Non-differential misclassification
involves misclassification where the determinant status is not related to the outcome
status, and vice versa. Non-differential misclassification generally leads to an underes-
timation or dilution of the effect estimates. Differential misclassification involves
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misclassification of determinant status related to the outcome status, and vice versa.
Differential misclassification may lead to biased results, which can be either overesti-
mated or underestimated.

Exposure data used in our studies were collected longitudinally and before assess-
ment of the outcomes. Also, both parents as well as data collectors were unaware of
the specific research questions under study. This makes differential misclassification of
the exposure unlikely. However, non-differential misclassification might have occurred.
Underreporting of adverse lifestyle-related factors might have occurred and led to an
underestimation or overestimation of the observed effects. For example, in the studies
presented in this thesis, information of maternal prepregnancy weight and maximum
weight during pregnancy was self-reported. Self-reported weight tends to be underes-
timated especially in case of higher maternal weight, which might have led to an under-
estimation of observed effects for maternal prepregnancy body mass index and maxi-
mum gestational weight gain, but to an overestimation of the effect of gestational
weight gain in early pregnancy. Also, pregnancy dating for most women was performed
using ultrasound measurements of crown-rump length or biparietal diameter at the first
visit. This method might be better than dating by last menstrual period, but neglects
variation in early fetal growth. As a consequence, growth variation in second and third
trimester might be underestimated and random measurement error in estimation of
pregnancy duration may have occurred. Random measurement error in determinants
may also have affected our tracking analyses. In most of our studies, the outcome was
assessed using medical records, or standardized hands-on assessments of body compo-
sition and cardiovascular development. Furthermore, the observers were blinded to the
exposure status, which makes differential misclassification of the outcomes less likely.

Confounding

A confounding factor is an extraneous variable associated with both the determinant
and the outcome, and this variable is not an intermediate variable in the causal pathway
between the exposure and the outcome.™ If a confounding factor is not taken into
account, this may lead to a biased effect estimate of the association between the de-
terminant and the outcome. In this thesis, we used two approaches to deal with con-
founding in the studied associations. First, we adjusted all analyses for multiple poten-
tial confounders. We selected covariates based on previous studies, their associations
with the outcomes of interest or a change in effect estimate of more than 10%. In most
of the studies presented in this thesis, adjustment for potential confounders only mod-
erately affected the effect estimates, which suggest that the observed associations are
possibly true associations between the determinants and the outcomes. Although in-
formation about many potential confounders was available in the studies performed in
this thesis, residual confounding may still be an issue, as in any observational study.
Also, information about several confounding variables was self-reported and measure-
ment error of the confounding variables might have occurred. Residual confounding
may have led to an overestimation of the observed effect estimates. Second, we
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assessed the associations of both maternal and paternal exposures during pregnancy. A
similar effect size for the maternal and paternal association would suggest that the
association of the maternal exposure with childhood outcomes is explained by unmeas-
ured environmental factors, rather than direct intra-uterine mechanisms.

Future research

Maternal, placental and fetal exposures

We described associations of maternal, placental and fetal influences with maternal and
childhood outcomes. Due to the observational design of our study, we cannot establish
causality of the observed associations. A randomized controlled trial is the preferred
study design to establish causality. Long-term follow-up studies of participants in ongo-
ing or completed randomized controlled trials that aim to improve diet in overweight
and obese pregnant women or aim to limit gestational weight gain are im-
portant.“’lll’112 These trials, that have originally been established to assess the influ-
ence of these interventions on perinatal outcomes, provide an unique opportunity to
examine whether maternal obesity and gestational weight gain are causally related to
childhood cardiovascular risk factors.” In addition, these trials provide further insight
whether maternal lifestyle modification is effective for reducing long-term adverse
cardiovascular outcomes in the offspring.” Thus far, these randomized controlled trials
have suggested that dietary interventions during pregnancy may lead to a small reduc-
tion in the amount of gestational weight gain.m’112 However, whether they also have a
beneficial effect on maternal and childhood outcomes remains unclear. Many random-
ized controlled trials have started their interventions from the second trimester on-
wards."™” Our findings in this thesis, as well as findings from other observational
studies, highlight the importance for intervention trials also focused on the preconcep-
tion or early pregnancy period.

Next to randomized controlled trials, which are not possible for all exposures studied
in this thesis, long term follow-up of observational birth cohorts is necessary. Especially,
observational studies that are able to use more sophisticated methods to obtain further
insight into causality are important. Comparing effect size of maternal-offspring and
paternal-offspring associations provides a method to separate intra-uterine mecha-
nisms from associations explained by confounding familial and environmental charac-
teristics.”® Thus, future studies should aim to also include fathers in the study with simi-
lar assessment of exposures as among mothers, to allow these types of comparison
studies. Mendelian randomization studies use genetic variants, which are robustly asso-
ciated with the exposure of interest and not affected by confounding, as an instrumen-
tal variable for an specific exposure, to examine whether an exposure is causally related
to the outcome.™ Sibling comparison studies control for confounders as it is assumed
that potential family-based confounders will be similar among siblings.” For the latter
two methods, large sample sizes are necessary for sufficient statistical power, and
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therefore collaborative efforts between multiple cohort studies in meta-analyses with
sufficient large sample size are necessary.

More detailed assessment of the studied exposures might also provide further in-
sight in the studied associations. To study the associations of maternal parity with child-
hood outcomes in further detail, studies with larger sample size are needed that can
exclude only-child children from their analyses to distinguish effects of firstborn status
and only-child status on childhood outcomes, and that can better explore the effect of
family size. For gestational weight gain, studies are needed that have repeated maternal
weight measurements during pregnancy available. More detailed measurement of the
different components of gestational weight gain, including maternal fat accumulation,
pregnancy-related hemodynamic adaptations and fetal growth, is necessary. The trans-
fer of nutrients by the placenta does not only depend upon placental vascular function,
but also on placental structure and function. It has been suggested that a ‘placental
phenotype’, which constitutes of a combination of placental measures including placen-
tal morphology, blood flow and placental nutrient transporter activity and expression,
provides a better proxy for the intrauterine environment than birth weight, and may
give further insight in developmental programming of cardiovascular disease.”” It is thus
important that further studies also focus on other aspects of placental function, and the
combination of these features. Fetal growth is the largest in absolute terms in third
trimester, and this is the period when placental nutrient transfer must be sufficient to
meet fetal requirements. As the placental function develops progressively during preg-
nancy, this placental capacity is already developed in earlier gestation. Maternal charac-
teristics that affect the placenta in early pregnancy may thus have consequences for
placental function in later pregnancy.114 Further studies are needed that examine the
influence of maternal exposures on placental function throughout gestation. Obtaining
a better understanding of the role of the placenta in maternal and childhood outcomes,
may also provide new targets for intervention. Due to strong advances in imaging tech-
niques, it is possible to visualize embryonic development in further detail, which may
provide further insight in our observed associations of first trimester fetal growth with
childhood cardiovascular risk factors.""

Epigenetics is becoming increasingly of interest as an underlying mechanism in the
developmental origins hypothesis.''® Epigenetic mechanisms involve a range of modifi-
cations to DNA and associated proteins that together regulate gene activity. Environ-
mental influences in early life may induce epigenetic changes, and thereby affect the
risk of cardiovascular disease in later life.""®'"” Animals studies provide support for epi-
genetic modifications due to environmental exposures in early life."*® In the placenta, it
has been shown that there is an accumulation of environmentally induced changes in
DNA methylation patterns throughout pregnancy.'® Lower methylation of the IGF2
gene, an important factor in human growth and development, was found in adults ex-
posed to undernutrition during the Dutch Famine.""® These findings suggest that epige-
netic modifications induced by early environmental factors may have phenotypic con-
sequences throughout the life course. Future studies are needed to obtain further
insight in the role of epigenetics, and critical periods for epigenetic variations, as
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underlying mechanisms for associations of early life exposures and cardiovascular risk
factors and disease in later life.

Maternal and childhood outcomes

In this thesis, we studied the associations of maternal, placental and fetal influences
with several maternal and childhood cardiovascular outcomes. We studied the associa-
tions of several maternal risk factors with maternal blood pressure development during
pregnancy, gestational hypertension and pre-eclampsia. However, we did not have
information available about different sub-types of pre-eclampsia. As early-onset pre-
eclampsia is strongly related to maternal and perinatal morbidity and mortality, it is of
interest to examine the associations of maternal risk factors with different sub-types of
pre-eclampsia in further detail."*® Childhood outcomes studied in this thesis were child-
hood body composition, blood pressure, left ventricular mass, lipids and insulin levels.
Further additional measurements of childhood body composition and cardiovascular
development might provide further insight in the underlying mechanisms linking early
life exposures to obesity and cardiovascular disease in later life. In the pathogenesis of
atherosclerosis, endothelial dysfunction and impaired vascular reactivity induced by
dyslipidemia play an important role."*"*** Ultrasound assessment of endothelial func-
tion and intima media thickness may be used as preclinical markers of atherosclerosis.
The microvasculature is an important component related to hypertension."”> Using
retinal vascular imaging the microvasculature in children can be studied. Also, imaging
techniques, such as magnetic resonance imaging, are of interest to obtain further in-
sight in detailed body fat distribution and cardiovascular development.

This thesis provides further insight in the associations of physical maternal factors,
placental and fetal factors with maternal and childhood cardiovascular health out-
comes. However, the significance of our findings with regard to the risk of cardiovascu-
lar disease in later life remains unclear. Multiple studies have shown that pregnancy
complications, including gestational hypertensive disorders, gestational diabetes and
fetal growth restriction are associated with an increased risk of chronic disease in wom-
en in later life."”*'*® However, the mechanisms underlying these associations remain
unclear. It is likely that common predisposing risk factors associated with the risk of
pregnancy complications and cardiovascular disease in later life partly explain the ob-
served associations.™*’ However, further studies are needed to examine whether there
are additional factors during pregnancy that might partly explain these associations,
whether pregnancy complications can be used as a screening method to identify wom-
en at increased risk of cardiovascular disease in later life, and possibilities for prevention
among these women."*

The observed effect estimates for the associations of maternal, placental and fetal
influences with childhood cardiovascular risk factors were small to moderate, and are
mainly of interest from a cardiovascular developmental perspective. Previous studies
have shown that childhood cardiovascular risk factors tend to track into adult-
hood.”*"*' Also, adiposity in school age children is related to cardiovascular disease in
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later life.'®"*? Thus, these findings suggest that even subclinical differences in risk fac-

tors for cardiovascular disease in childhood are related to the development of cardio-
vascular disease in later life. However, their effects on the risk of cardiovascular disease
should be further studied. To gain more insight in the longitudinal associations between
maternal, placental and fetal influences and childhood adiposity and cardiovascular
development, detailed body composition and cardiovascular measurements should be
performed throughout the life course.

Clinical implications

We identified several maternal, placental and fetal factors associated with an increased
risk of adverse maternal and childhood cardiovascular outcomes. These findings may be
important for identification of high-risk individuals and for the development of preven-
tive strategies or interventions already from early pregnancy onwards. Pregnancy is an
important period where women are likely to be more motivated to make lifestyle
changes. Based on our findings, early pregnancy seems to be a critical period for health
outcomes in pregnant women and their children. Preventive strategies focused on im-
proving maternal health status in the preconception period and in early pregnancy may
help to improve maternal pregnancy outcomes and cardiovascular health status of the
offspring. Further studies are needed to obtain improved guidelines for optimal
amounts of weight gain during pregnancy for both maternal and childhood short-term
and long-term outcomes.

Conclusion

Findings from this thesis suggest that maternal, placental and fetal influences are
associated with maternal and childhood cardiovascular health outcomes. Although
the observed associations were relatively small to moderate, they may be
important for the burden of cardiovascular disease on a population level.

Health of the mother in early pregnancy may have important cardiovascular health
consequences for mother and child.
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SUMMARY

Summary

Chapter 1 describes the background and hypothesis for the studies presented in this
thesis. Cardiovascular disease is a major public health problem in the general adult
population. Because of the clinical impact that cardiovascular and metabolic diseases
have at older ages, research into risk factors for cardiovascular and metabolic diseases
has mostly been focused on adults. However, in the last decades, an accumulating body
of evidence suggested that cardiovascular health in younger age groups also has major
long-term public health implications. In women of reproductive age, cardiovascular
health status may complicate pregnancy. Suboptimal maternal adaptions during preg-
nancy are related to the development of pregnancy complications, which may have
long-term maternal and offspring cardiovascular health consequences. Large-scale
epidemiological studies have shown that children born with a low and high birth weight
have higher risks of cardiovascular disease and type 2 diabetes in adulthood. Based on
these findings, it has been hypothesized that adverse exposures, acting at different
stages of fetal and early postnatal development, lead to permanent adaptations in the
structure, physiology and function of various organ systems. This early programming
contributes to short-term survival, but increases the susceptibility of cardiovascular and
metabolic disease in later life. Thus, cardiovascular health and disease in pregnant
women and their children is important for clinically relevant, adverse short-term and
long-term health outcomes. Identifying factors influencing cardiovascular health in
pregnant women and their children, may help to develop future preventive strategies
that improve cardiovascular health throughout the life course and in future generations.
Therefore, studies presented in this thesis were designed to identify maternal, placental
and fetal factors and critical developmental periods during pregnancy associated with
cardiovascular health outcomes in mothers and children.

The studies presented in this thesis were embedded in the Generation R Study, a
population-based prospective cohort study from fetal life onwards in Rotterdam, The
Netherlands. The Generation R Study is designed to identify early environmental and
genetic determinants of growth, development and health in fetal life and childhood.

In Chapter 2, studies on maternal influences on maternal and childhood outcomes
are described. In Chapter 2.1, we found that maternal systolic and diastolic blood pres-
sure tracked moderately during pregnancy. Blood pressure tracking coefficients were
lower in younger, shorter, and non-European women and in women with higher gesta-
tional weight gain. Second to third trimester increases in systolic and diastolic blood
pressure were associated with an increased risk of gestational hypertensive disorders.

In Chapter 2.2, we examined the associations of maternal parity with maternal preg-
nancy-related hemodynamic adaptations, placental vascular function and pregnancy
complications. We observed that nulliparous pregnant women had a higher systolic and
diastolic blood pressure level in each trimester of pregnancy, and a higher risk of third
trimester uterine artery notching, which reflects an abnormal waveform resulting from
increased blood flow resistance. Nulliparous women also had a higher risk of gestational
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hypertensive disorders. The first pregnancy might thus be a major risk factor for mater-
nal hemodynamic maladaptations and vascular complications. Next, we further ex-
plored the associations of maternal parity with childhood outcomes (Chapter 2.3). We
observed that offspring from nulliparous mothers have lower fetal growth rates from
third trimester onwards and increased risks of being born preterm and small for their
gestational age, but a lower risk of being born large for their gestational age. Also, off-
spring from nulliparous mothers have accelerated infant growth rates and higher risks
of childhood overweight and an adverse childhood metabolic profile. These findings
suggest that maternal nulliparity may have persistent cardiovascular consequences for
the offspring.

In Chapter 2.4 we described the associations of maternal prepregnancy body mass
index and gestational weight gain with maternal and fetal pregnancy complications. We
observed that maternal socio-demographic, lifestyle, and genetic factors were associat-
ed with the risks of prepregnancy overweight and obesity and excessive gestational
weight gain. Maternal overweight and obesity were strongly associated with increased
risks of gestational hypertensive disorders, gestational diabetes, caesarean delivery,
large size for gestational age infants, and overweight and obesity in the offspring. Exces-
sive gestational weight gain was associated with increased risks of gestational hyperten-
sion, caesarean delivery, large size for gestational age infants and overweight in the
offspring. As compared to prepregnancy overweight and obesity, excessive gestational
weight gain tended to have a limited influence on adverse pregnancy outcomes. In
Chapter 2.5, we examined the associations of maternal prepregnancy body mass index
with the risk of gestational hypertensive disorders in further detail. We observed that a
higher maternal prepregnancy body mass index was associated with both higher systolic
and diastolic blood pressure levels in all trimesters of pregnancy. The difference in
blood pressure between body mass index categories was already present from first
trimester onwards and remained stable throughout pregnancy.

In Chapter 2.6 and 2.7, the associations of maternal prepregnancy body mass index
and gestational weight gain with childhood outcomes are described. We observed that
higher maternal and paternal prepregnancy body mass index were associated with an
adverse cardiovascular profile in the offspring, with stronger associations present for
maternal prepregnancy body mass index. The associations of maternal prepregnancy
body mass index with childhood outcomes were not explained by maternal pregnancy
complications, maternal gestational weight gain, birth characteristics or infant growth.
The associations of maternal prepregnancy body mass index with childhood fat mass
measures and cardiovascular outcomes attenuated after adjustment for childhood
current body mass index. These findings suggest that maternal prepregnancy body mass
index may influence cardiovascular health of offspring partly through direct intrauterine
mechanisms. In Chapter 2.7, we showed that, independent from maternal prepregnan-
cy weight and weight gain in other periods, higher weight gain in early-pregnancy was
associated with a higher childhood body mass index, a higher total fat mass percentage,
an adverse body fat distribution, a higher systolic blood pressure, and higher insulin and
C-peptide levels. Also, higher weight gain in early-pregnancy, but not in mid- or late-
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pregnancy, was associated with increased risks of childhood overweight and clustering
of cardiovascular risk factors. Thus, the effects of gestational weight gain on childhood
outcomes may vary during pregnancy. Our results suggest that especially early preg-
nancy might be a specific and independent critical period for gestational weight gain.

In Chapter 3, we describe studies focused on the associations of placental hemody-
namic function and fetal growth with maternal and childhood outcomes. In Chapter 3.1,
we examined the influence of second and third trimester placental hemodynamic func-
tion on maternal and fetal pregnancy complications. We showed that placental re-
sistance indices were influenced by maternal socio-demographic and lifestyle-related
characteristics. Uterine artery resistance index tracked moderately from the second
trimester to the third, whereas umbilical artery pulsatility index tracked poorly from the
second trimester to the third. Higher placental resistance indices in the second and
third trimesters and persistence in the highest tertile of uterine artery resistance index
from the second trimester to the third were associated with increased risks of pre-
eclampsia, preterm birth, and small size for gestational age at birth. We also explored
whether impaired third trimester placental vascular function was associated with child-
hood outcomes (Chapter 3.2). We observed that higher third trimester umbilical and
uterine artery vascular resistance were associated with lower fetal length and weight
growth in third trimester, resulting in a smaller size at birth among boys and girls. These
differences in length and weight growth became smaller from the age of 6 months
onwards, but were still present at the age of 6 years. Higher third trimester umbilical
artery vascular resistance, but not uterine artery vascular resistance, was associated
with a higher childhood body mass index, higher total fat mass percentage, higher an-
droid/gynoid fat mass ratio, higher systolic blood pressure, and with a lower left ven-
tricular mass. These associations were not explained by birth weight. Stronger associa-
tions tended to be present among girls as compared with boys.

In Chapter 3.3 we showed that fetal growth characteristics tracked moderately
throughout gestation, with stronger tracking coefficients present in later pregnancy.
Tracking coefficients were not materially influenced by maternal socio-demographic
and lifestyle characteristics. First, second and third trimester fetal growth characteristics
were associated with the risk of adverse birth outcomes. In Chapter 3.4, we observed
that smaller first trimester fetal size was associated with an adverse body fat distribu-
tion, higher diastolic blood pressure, and an adverse blood cholesterol profile in child-
hood. First trimester fetal growth restriction was also associated with an increased risk
of clustering of these cardiovascular risk factors in childhood. These associations were
not explained by maternal, birth, and childhood characteristics. Thus, these findings
suggest that the first trimester might be a critical period for cardiovascular and meta-
bolic function in later life.

In Chapter 4 we provide a general discussion in which the studies described in this
thesis are described in broader context, and implications and suggestions for future
research are discussed.

In conclusion, findings from this thesis suggest that maternal, placental and fetal
influences are associated with maternal and childhood cardiovascular health outcomes.
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Although the observed associations were relatively small to moderate, they may be
important for cardiovascular disease on a population level. Based on our findings, early
pregnancy seems to be a critical period for health outcomes in pregnant women and
their children. Preventive strategies should focus on improving maternal health status in
the preconception period and in early pregnancy to improve maternal pregnancy out-
comes and cardiovascular health status of the offspring. Health of the mother in early
pregnancy may have important cardiovascular health consequences for mother and
child.



SAMENVATTING

Samenvatting

Hoofdstuk 1 beschrijft de achtergrond en hypothese voor de studies beschreven in dit
proefschrift. Hart- en vaatziekten vormen een groot probleem voor de volksgezondheid.
Vanwege de klinische impact van cardiovasculaire ziekten op oudere leeftijd, is onder-
zoek naar risicofactoren van cardiovasculaire ziekten voornamelijk gericht op volwas-
senen. Echter, in de laatste decennia, heeft een groot aantal studies aangetoond dat de
cardiovasculaire gezondheid in jongere leeftijdsgroepen ook grote gevolgen heeft op
lange termijn voor de volksgezondheid. Bij vrouwen van reproductieve leeftijd is de
cardiovasculaire gezondheidsstatus van belang omdat dit de zwangerschap kan compli-
ceren. Suboptimale maternale fysiologische aanpassingen tijdens de zwangerschap
kunnen leiden tot zwangerschapscomplicaties, die op de lange termijn cardiovasculaire
consequenties kunnen hebben voor zowel moeder als kind. Grootschalige epidemiolo-
gische studies hebben aangetoond dat kinderen, geboren met een laag en hoog ge-
boortegewicht, een hoger risico hebben op het ontwikkelen van hart- en vaatziekten en
diabetes mellitus type 2 op volwassen leeftijd. Gebaseerd op deze bevindingen is de
hypothese ontwikkeld dat ongunstige factoren, tijdens verschillende stadia van de foe-
tale en vroege postnatale ontwikkeling, leiden tot blijvende aanpassingen in de struc-
tuur, fysiologie en functie van verschillende orgaansystemen. Deze vroege program-
mering draagt bij aan de overleving op de korte termijn, maar verhoogt het risico op
cardiovasculaire aandoeningen op latere leeftijd. Cardiovasculaire gezondheidsstatus
van zwangere vrouwen en hun kinderen is dus belangrijk voor klinisch relevante, korte-
en lange-termijn gezondheidsuitkomsten. Het identificeren van factoren, die van in-
vloed zijn op de cardiovasculaire gezondheid van zwangere vrouwen en hun kinderen,
kan bijdragen aan het ontwikkelen van strategieén om de cardiovasculaire gezondheid
gedurende het hele leven en in toekomstige generaties te verbeteren. Daarom was het
doel van de studies, gepresenteerd in dit proefschrift, om maternale, placentale en
foetale factoren en kritieke ontwikkelingsperioden tijdens de zwangerschap, geasso-
cieerd met cardiovasculaire gezondheidsuitkomsten bij moeders en kinderen, te identi-
ficeren.

De studies, beschreven in dit proefschrift, zijn onderdeel van het Generation R on-
derzoek, een populatie-gebaseerd prospectief cohort onderzoek vanaf het foetale leven
tot in de jongvolwassenheid in Rotterdam, de tweede grootste stad van Nederland. Het
Generation R onderzoek heeft tot doel factoren van invloed op de groei, ontwikkeling
en gezondheid in het foetale leven en de kindertijd te identificeren.

In hoofdstuk 2 worden studies over maternale invloeden op moeder en kind-
uitkomsten beschreven. In hoofdstuk 2.1 tonen we aan dat maternale systolische en
diastolische bloeddruk matig tracken tijdens de zwangerschap. Het tracken van bloed-
druk was verminderd bij jongere, kortere, en niet-Europese vrouwen en bij vrouwen
met een hogere gewichtstoename tijdens de zwangerschap. Verhoging van de sys-
tolische en diastolische bloeddruk van het tweede naar het derde trimester was
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geassocieerd met een verhoogd risico op hypertensieve aandoeningen tijdens de zwan-
gerschap.

In hoofdstuk 2.2 onderzochten we de associaties van maternale pariteit met mater-
nale zwangerschaps-gerelateerde hemodynamische aanpassingen, bloedstroomsnel-
heidsprofielen van de arteria uterina en hypertensieve zwangerschapscomplicaties. We
vonden dat nullipare vrouwen een hogere systolische en diastolische bloeddruk in elk
trimester van de zwangerschap hadden, en een hoger risico op een vroegdiastolische
indeuking, ook wel notch genoemd, in het bloedstroomsnelheidsprofiel van de arteria
uterina in het derde trimester. Nullipare vrouwen hadden ook een hoger risico op hyp-
ertensieve zwangerschapscomplicaties. De eerste zwangerschap is dus mogelijk een
belangrijke risicofactor voor maternale hemodynamische maladaptaties en vasculaire
complicaties tijdens de zwangerschap. Vervolgens hebben we de associaties van mater-
nale pariteit met kinduitkomsten onderzocht (hoofdstuk 2.3). We lieten zien dat de
kinderen van nullipare moeders een verminderde foetale groei hebben vanaf het derde
trimester. Ook hebben zij een hoger risico op vroeggeboorte en een te laag geboorte-
gewicht voor de zwangerschapsduur. Deze kinderen hebben echter een lager risico op
een te hoog geboortegewicht voor de zwangerschapsduur. Kinderen van nullipare
moeders hebben een versnelde groei in de eerste 24 maanden van het leven, een hoger
risico op overgewicht en een ongunstig metabool profiel op de kinderleeftijd. Deze
bevindingen suggereren dat maternale nullipariteit langdurige cardiovasculaire gevol-
gen kan hebben voor kinderen.

In hoofdstuk 2.4 beschrijven we de associaties van maternale body mass index voor
de zwangerschap en gewichtstoename tijdens de zwangerschap met maternale en
foetale zwangerschapscomplicaties. We zagen dat maternale sociaal-demografische
factoren, leefstijlfactoren en genetische factoren geassocieerd waren met het risico op
overgewicht en obesitas voor de zwangerschap en een overmatige gewichtstoename
tijdens de zwangerschap. Maternaal overgewicht en obesitas voor de zwangerschap
waren sterk geassocieerd met een verhoogd risico op zwangerschapshypertensie, pre-
eclampsie, zwangerschapsdiabetes, het ondergaan van een keizersnede, het krijgen van
een kind met een hoog geboortegewicht, en een hoger risico op overgewicht en obesi-
tas bij hun kinderen. Overmatige gewichtstoename tijdens de zwangerschap was ook
geassocieerd met een verhoogd risico op zwangerschapshypertensie, het ondergaan
van een keizersnede, het krijgen van een kind met een hoog geboortegewicht en een
hoger risico op overgewicht op de kinderleeftijd. In vergelijking met overgewicht en
obesitas voor de zwangerschap, waren de associaties van overmatige gewichtstoename
tijldens de zwangerschap met nadelige zwangerschapsuitkomsten minder sterk. In
hoofdstuk 2.5 werden de associaties van maternale body mass index voor de zwanger-
schap met het risico op hypertensieve aandoeningen tijdens de zwangerschap meer in
detail onderzocht. We vonden dat een hogere maternale body mass index voor de
zwangerschap geassocieerd was met zowel hogere systolische als diastolische bloed-
druk in alle trimesters van de zwangerschap. Het verschil in bloeddruk tussen body
mass index groepen was al aanwezig vanaf het eerste trimester en bleef stabiel
gedurende de zwangerschap.
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In hoofdstuk 2.6 en 2.7 beschrijven we de associaties van maternale body mass index
voor de zwangerschap en gewichtstoename tijdens de zwangerschap met kinduitkom-
sten. We zagen dat hogere body mass index van zowel de moeder als de vader geasso-
cieerd was met een ongunstig cardiovasculair profiel bij de kinderen. Body mass index
van de moeder was sterker geassocieerd met nadelige kinduitkomsten dan body mass
index van de vader. De associaties van maternale body mass index voor de zwanger-
schap met de cardiovasculaire gezondheid van het kind werden niet verklaard door
maternale zwangerschapscomplicaties, maternale gewichtstoename tijdens de zwan-
gerschap, geboortefactoren of groei van het kind in de eerste 24 maanden. De associa-
ties van maternale body mass index voor de zwangerschap met gedetailleerde vetuit-
komsten en cardiovasculaire uitkomsten bij het kind zwakten wel af na correctie voor
huidig body mass index van het kind. Deze bevindingen suggereren dat maternale body
mass index voor de zwangerschap van invloed is op de cardiovasculaire gezondheid van
hun kinderen, mogelijk voor een deel via directe intra-uteriene mechanismen. In hoofd-
stuk 2.7 hebben we aangetoond dat een hogere maternale gewichtstoename aan het
begin van de zwangerschap was geassocieerd met een hogere body mass index en to-
tale vetmassa, een ongunstigere androide/gynoide vet-ratio, meer subcutaan en pre-
peritoneaal buikvet, een hogere systolische bloeddruk en hogere insuline- en C-peptide-
levels van het kind op de leeftijd van 6 jaar. Deze bevindingen waren onafhankelijk van
het gewicht van de moeder voor de zwangerschap en van gewichtstoename later in de
zwangerschap. Ook was hogere gewichtstoename in het begin van de zwangerschap,
maar niet later in de zwangerschap, geassocieerd met een verhoogd risico op overge-
wicht en clustering van cardiovasculaire risicofactoren bij kinderen. De effecten van
gewichtstoename tijdens de zwangerschap op cardiovasculaire gezondheid van het
kind, kunnen dus afhankelijk zijn van de periode waarin de gewichtstoename plaats-
vindt. Onze resultaten suggereren dat specifiek de vroege zwangerschap een kritieke
periode is voor gewichtstoename tijdens de zwangerschap.

In hoofdstuk 3 beschrijven we studies gericht op de hemodynamische functie van de
placenta en groei van de foetus, in relatie tot moeder- en kinduitkomsten. In hoofdstuk
3.1 onderzochten we de invloed van tweede en derde trimester bloedstroomsnelheids-
profielen van de arteria uterina en arteria umbilicalis op maternale en foetale zwanger-
schapscomplicaties. We toonden aan dat de bloedstroomsnelheidsprofielen werden
beinvloed door sociaal-demografische en leefstijl-gerelateerde factoren van de moeder.
Tracking van de resistance index van arteria uterina van tweede naar derde trimester
was matig, en tracking van de resistance index van de arteria umbilicalis van tweede
naar derde trimester was laag. Hogere placentale resistance indices in het tweede en
derde trimester van de zwangerschap waren geassocieerd met een hoger risico op pre-
eclampsie, vroeggeboorte en een te laag geboortegewicht voor de zwangerschapsduur.
We zagen ook dat een hogere vaatweerstand in de arteria umbilicalis en arteria uterina
in het derde trimester van de zwangerschap geassocieerd was met een verminderde
foetale lengtegroei en gewichtstoename in het derde trimester, wat resulteert in een
kleiner kind bij de geboorte bij zowel jongens als meisjes. Deze verschillen in lengte en
gewicht werden kleiner vanaf de leeftijd van 6 maanden, maar waren nog steeds
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aanwezig op de leeftijd van 6 jaar. Een hogere vaatweerstand in de arteria umbilicalis in
het derde trimester, maar niet een verhoogde vaatweerstand in de arteria uterina, was
geassocieerd met een hogere body mass index, een hogere totale vetmassa, een on-
gunstigere androide/gynoide vet-ratio, een hogere systolische bloeddruk, en met een
lagere linker ventrikel massa op de kinderleeftijd. Deze associaties werden niet ver-
klaard door geboortegewicht. Sterkere associaties leken aanwezig te zijn bij meisjes dan
bij jongens (hoofdstuk 3.2).

In hoofdstuk 3.3 hebben we laten zien dat de foetale groeimetingen matig tracken
gedurende de zwangerschap, waarbij tracking sterker aanwezig was later in de zwan-
gerschap. Tracking coéfficiénten werden niet sterk beinvloed door maternale sociaal-
demografische factoren en leefstijlfactoren. Eerste, tweede en derde trimester foetale
groeimetingen waren geassocieerd met het risico op ongunstige geboorte-uitkomsten.
In hoofdstuk 3.4 hebben we aangetoond dat een kleinere foetale grootte in het eerste
trimester van de zwangerschap geassocieerd was met een ongunstige verdeling van
lichaamsvet, hogere diastolische bloeddruk en een ongunstig cholesterolprofiel op de
kinderleeftijd. Eerste trimester foetale groeivertraging was ook geassocieerd met een
verhoogd risico op clustering van deze cardiovasculaire risicofactoren op de kinderleef-
tijd. Deze associaties werden niet verklaard door maternale factoren, geboortefactoren
of kindfactoren. Deze bevindingen suggereren dat het eerste trimester een kritieke
periode zou kunnen zijn voor cardiovasculaire en metabolische functie op latere leeftijd.

In hoofdstuk 4 worden de in dit proefschrift beschreven studies in een bredere con-
text beschouwd, en implicaties en suggesties voor toekomstig onderzoek besproken.

Concluderend suggereren de bevindingen van dit proefschrift dat maternale, placen-
tale en foetale factoren geassocieerd zijn met cardiovasculaire gezondheidsuitkomsten
in moeder en kind. Hoewel de waargenomen associaties relatief van kleine grootte zijn,
zijn ze mogelijk belangrijk voor het verklaren van hart- en vaatziekten op populatie-
niveau. Op basis van onze bevindingen, blijkt de vroege zwangerschap een kritieke
periode voor gezondheidsuitkomsten van zwangere vrouwen en hun kinderen te zijn.
Preventieve strategieén moeten zich daarom ook richten op het verbeteren van de
maternale gezondheidsstatus in de preconceptionele periode en in het begin van de
zwangerschap om maternale zwangerschapsuitkomsten en de cardiovasculaire gezond-
heid van kinderen te verbeteren.
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Dankwoord

Zittend in the Green Tea in Boston, met mijn boekje bij de drukker, is dan eindelijk het moment
daar om mijn dankwoord te schrijven. Het laatste hoofdstuk van mijn proefschrift voelt ook als
het meest bijzondere hoofdstuk om te schrijven. De afgelopen jaren zijn een ontzettend leuke en
leerzame tijd geweest, die ik absoluut niet had willen missen. Nu deze periode is afgerond, wil ik
hier dan ook graag iedereen hartelijk bedanken die heeft bijgedragen aan dit proefschrift.

Als eerste wil ik natuurlijk alle Generation R deelnemertjes en hun ouders hartelijk bedanken voor
het deelnemen aan dit onderzoek. Zonder jullie inzet en betrokkenheid zouden er geen data
verzameld kunnen worden en zou er geen Generation R zijn. Veel dank ook aan de ouders, die
ons tijdens onze huisbezoeken op zulke onverwachte tijdstippen zo gastvrij ontvingen, en weder-
om bereid waren mee te doen aan Generation R.

In het bijzonder wil ik mijn promotoren bedanken, Prof.dr. Jaddoe en Prof.dr. Steegers. Beste
Vincent, toen ik 4 jaar geleden bij jou als jonge student begon aan mijn masterstage, had ik geen
idee dat dit uiteindelijk zou uitmonden in dit proefschrift. Bedankt voor alle mogelijkheden die ik
heb gekregen binnen Generation R en de fijne begeleiding. De afgelopen jaren heb je me enorm
geénthousiasmeerd voor wetenschappelijk onderzoek. Je betrokkenheid, kritische en snelle
commentaar op papers, de ideeén voor papers die vaak al op tafel lagen, terwijl andere nog niet
eens waren uitgewerkt, hebben er toe geleid dat ik met veel plezier heb gewerkt aan dit proef-
schrift en hier ook ontzettend veel van heb geleerd. Al weet je denk ik al, dat ik dit hier niet kan
schrijven, zonder er toch ook iets bij te zeggen over de ‘klusjes’, die op de een of andere manier
vaak weer mijn kant op kwamen. Hiervan zei jij dan altijd dat ‘dit absoluut niet veel werk was’, en
tja, laten we het er maar op houden dat dit toch enigszins een understatement was. Ontzettend
bedankt voor de fijne samenwerking de afgelopen jaren, en ik hoop zeker dat we dit in toekomst
kunnen voortzetten. Beste Eric, ook u wil ik heel hartelijk bedanken voor de betrokkenheid bij
mijn promotietraject. Bedankt voor uw enthousiasme voor het onderzoek en het waardevolle en
duidelijke commentaar vanuit gynaecologisch perspectief, op zowel de manuscripten als tijdens
alle G&O overleggen.

Beste Prof.dr. Hofman, dank voor uw bereidheid zitting te nemen in de kleine commissie en
het secretarisschap op u te nemen. Beste Prof.dr. Reiss, dank u voor het plaatsnemen in de kleine
commissie en het beoordelen van het proefschrift. Prof.dr. Franco, Prof.dr. Rings, Prof.dr.
Roseboom, hartelijk dank voor uw bereidheid mijn proefschrift door te nemen en voor het plaats-
nemen in de grote commissie. Prof. Lawlor, thank you for taking part in the PhD-committee.

A special word of thanks to Prof. Michelle Williams and Prof.dr. Matthew Gillman; Dear
Michelle, thank you very much for the opportunity to work at the department of Epidemiology of
the Harvard School of Public Health. Also, thank you for taking part in the small committee and
evaluating my thesis. Dear Matt, | would like to thank you very much for the opportunity to work
at Project Viva, and for the opportunity to write a manuscript with Project Viva data. My stay in
Boston was one of the highlights of my Phd-period. It has been a great learning experience and an
inspiring period.

Ik wil graag alle co-auteurs bedanken voor hun input op de manuscripten de afgelopen jaren.
Lidia Arends, Maria de Ridder en Paul Eilers, bedankt voor de altijd snelle hulp bij mijn statistische
vragen. Kamran lkram, bedankt voor de hulp bij de retinafoto’s, jammer dat het niet op tijd klaar
was.

Dan alle lieve collega’s met wie ik afgelopen jaren heb doorgebracht bij Generation R. Inmid-
dels ben ik al weer zolang bij Generation R dat het er iets teveel zijn geworden om iedereen hier
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persoonlijk op te noemen. Bedankt voor alle gezelligheid op de afdeling, de koffietjes, borrels,
gezellige congressen en de vriendschappen die er zijn ontstaan. Een aantal collega’s wil ik in het
bijzonder bedanken; Rachel, bedankt voor de fijne begeleiding toen ik als student bij Generation R
begon. Ik kon altijd met al mijn vragen bij jou terecht, en ik heb veel van je geleerd. Jouw begelei-
ding in die periode is nog steeds een voorbeeld voor mij voor het begeleiden van studenten.
Jessica, bedankt voor de gezellige koffiemomentjes en dat ik altijd bij jou terecht kon met onder-
zoeksvragen of andere dingen. Blsra, dankjewel voor het gezellige diner na je promotie, ik vond
het erg leuk om hier bij te zijn! Jammer dat we maar zo kort tegelijk bij Generation R waren. Rob
en Janine, bedankt voor de genetische hulp. Irene, | wonder how big the (statistical) probability is
of running into a colleague in Toronto...Thanks for the fun evenings in Boston. Agnes, llse en
Marjolein, in mijn eerste jaar waren wij de ‘vaste kamerbewoners’ van de flexplek. Agnes, bu-
reaumaatje op de flexplek, we zijn met zijn tweeén bij Generation R begonnen, en we hebben dat
jaar daar alle ‘eerste onderzoeksdingen’ samen gedaan. Dankjewel dat ik als paranimf bij je mocht
staan tijdens jouw promotie! llse, bedankt voor de gezelligheid en alle mental support tijdens
mijn promotietraject. Ik hoop dat we dit ook tijdens onze co-schappen kunnen volhouden. Succes
met het afronden van jouw promotietraject! Marjolein, bedankt voor de gezellige huisbezoek-
avonden en alle koffietjes samen ook met Selma. Edith en Denise, na het jaartje op de flexplek,
kwam ik bij jullie op de eerste echte promovendi-kamer. Dank jullie wel voor de fijne sfeer en
gezelligheid op de kamer, het was fijn om bij jullie op de kamer te komen. Denise, toen we later
nog met zijn tweetjes op de kamer overbleven, kletsten we misschien af en toe ietsje te veel...?
Dankjewel voor de gezellige tijd en dat we het echt altijd over van alles op onze kamer konden
hebben. Heel veel succes met de laatste loodjes van je promotietraject, ik kijk uit naar jouw
mooie proefschrift! Ralf, in deze periode leek het soms alsof ook jij tot onze kamergenoten be-
hoorde, zo vaak was je op onze kamer. Bedankt voor alle gezellige uurtjes die we al kletsend (of
roddelend zoals jij het noemde in jouw proefschrift) met zijn drieén hebben doorgebracht. Ik
hoop dat we binnenkort eindelijk echt weer eens kunnen koffie drinken. Gerard, Hanneke en
Michelle, ook jullie bedankt voor de gezellige tijd op de kamer, waarbij we hard konden werken
en ook altijd even tijd hadden voor kletspraatjes (of een soort van klaagmomentje, Hanneke). Zoe
en later ook Tim, bedankt dat ik altijd mocht binnenvallen als kamergenoot het afgelopen jaar als
ik weer eens in Nederland was. Rob, Denise, Edith, Layla en Agnes, bedankt voor de gezellige
week op Cyprus (mijn eerste congres behoort nog steeds tot een van de leukste congresweekjes!)
Martijn, Marjolein en Olta, ons congresweekje in Singapore in het ‘... hotel” met kakkerlakken, ons
‘bounty huis” vol met mieren en ons ‘bounty strand’ naast de vuilnisbelt, het was een ervaring die
ik zeker niet snel meer zal vergeten! Bedankt voor deze gezellige week. Trudy, Lisan en Olta,
bedankt voor de gezellige (tapas)avondjes in Barcelona.

Ik wil hier ook graag alle studenten bedanken met wie ik de afgelopen jaren heb samenge-
werkt: Akashi, Siham, Guilherme (thanks for your hard work from Brazil to finish the revision on
time!), Olta, Fernanda, Aleksandra en Sunayna. Bedankt voor jullie enthousiasme voor het onder-
zoek, de fijne samenwerking en de mooie artikelen die ik met jullie heb mogen schrijven!
| especially would like to thank Akashi and Olta; Dear Akashi, in the beginning we had to get used
to some cultural differences, but | really enjoyed working together during your stay in the Nether-
lands. Thank you for the nice conversations we have had, also on non-research related topics and
your Rwandan gifts, which are still kept in my kitchen. Good luck with your PhD-thesis, | am look-
ing forward to reading your articles on Pubmed. | wish you all the best for the future! Dear Olta,
while working with you, | sometimes felt like | was constantly running behind, as you work faster
on papers and revisions and respond faster to email than anyone | have worked with before. It
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has been very nice working with you and | am looking forward to all of your next articles (on
retina finally!) and of course your PhD thesis! Dankjewel!

Ook alle onderzoeksmedewerkers, huisbezoekers en bureaumedewerkers van Generation R
wil ik heel hartelijk bedanken; zonder jullie zou al deze dataverzameling binnen Generation R niet
mogelijk zijn! Alle collega’s van focus, bedankt voor jullie inzet en enthousiasme dag in, dag uit,
op het onderzoekscentrum, en natuurlijk voor de gezellige tijd die ik daar met jullie gehad heb!
Yvonne, dankjewel voor je enorme hartelijkheid op focus en de etentjes. Rebecca en Sonja, be-
dankt voor de hulp met de huisbezoeken en de gezellige kletsmomentjes. Dolinda, bedankt voor
alle retinafoto’s die je hebt gescoord. Clau, ik heb veel bewondering voor alle energie die jij al
jaren in Generation R steekt, soms zelfs een beetje ten koste van jezelf. Ontzettend bedankt voor
alle data die je altijd zo super snel aanleverde en de hulp met de huisbezoeken, maar vooral voor
de gezellige etentjes, kletsuurtjes in het AE-gebouw en je lieve ‘mental support’ aan het einde van
mijn promotietraject! Patricia, bedankt voor je geduld met de huisbezoeken, je altijd snelle hulp
met van alles, ook terwijl ik in Boston zat, en natuurlijk het even kletsen op het secretariaat.
Ronald, bedankt voor je interesse in mijn promotietraject, je relaxedheid als ik soms wat gestrest
was..., de visjes op vrijdag (en het wielrennen), de gezellige metroritjes naar Schiedam en alle
gezellige borrels. Natalia, erg jammer dat ik niet meer even bij je kan binnenlopen voor een thee-
tje en kletspraatje, dankjewel voor je betrokkenheid de afgelopen jaren.

My Boston colleagues; Dear Grape team, thank you very much for the warm welcome at the
Harvard School of Public Health! Bizu, thank you for the help with the logistics and your day to
day interest in my projects, Adaeze, thank you for your endless patience while helping me with
my computer, and for taking me to all the (‘food-related’) seminars, Xiaoli, thank you for the
Chinese luck nod, it is hanging on my door, and | am hoping it will bring me some luck during my
defense, Yasmin, thanks for the fun Italian/Brazilian bbq afternoon and good luck with the exams,
Qiuyue, good luck with your PhD-thesis, and of course Miguel Angel, thank you for all the nice
coffees and lunches, for not selling my stuff on Ebay..., and for all your help with any statistical
question | had. I learned a lot about statistics from you. | wish you all, all the best for future! Dear
Project Viva team, thank you for the nice time | had at Project Viva. Sheryl, thank you for all the
analyses you did for the papers, and it was great to see Alec’s performance. Wei, thanks for the
stroop cookies, and all the fun things we did in Boston. All the best in Michigan!

Uiteraard wil ik hier ook graag mijn paranimfen bedanken; Lieve Selma, vanaf het begin dat je
bij Generation R kwam trok ik graag met je op door je altijd aanwezige optimisme en nuchtere kijk
op alles. Bedankt voor de leuke papers die we samen hebben geschreven, de koffietjes op werk,
het gezellige congres in Genéve (waar ik ook heb geleerd dat je nooit wraps moet kopen op het
vliegveld van Geneve...) en onze tijd in Boston. Ik ben ontzettend blij dat we uiteindelijk samen
naar Boston zijn gegaan (ook al hebben we hierdoor dan misschien een beursje misgelopen). Het
waren met afstand mijn leukste maanden in Boston! Ik hoop dat we straks eindelijk tijd hebben
om de foto’s uit te wisselen en cookies te eten! Lieve Lisan, ik leerde je kennen door alle avond-
huisbezoeken die we deden. Bedankt voor deze gezellige avonden in de auto (en dat je bij me in
de auto durfde te stappen terwijl ik ongeveer een dag mijn rijbewijs had), al het behang afkrab-
ben in mijn nieuwe huis (al waren wij iets beter in ijs eten dan behang afkrabben), en alle onder-
zoeks- en niet-onderzoeksgerelateerde kletsende uurtjes die we hebben doorgebracht. Ik waar-
deer je altijd kritische blik, eerlijkheid en sterke mening over ongeveer alle gespreksonderwerpen
die we gehad hebben (en oké, soms heet dit toch ook wel gewoon eigenwijs). Ik hoop dat we
straks weer tijd hebben om te borrelen! Meiden, ontzettend bedankt voor de hulp in de laatste
fase van mijn promotietraject en ik vind het heel fijn dat jullie bij mij staan tijdens mijn ver-
dediging.
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Tot slot wil ik natuurlijk graag vrienden en familie hartelijk bedanken voor de interesse afgelopen
jaren in mijn onderzoek, en voor alle gezellige dingen buiten het promotietraject om! Denise,
bedankt voor de gezellige tijd in de collegebanken en de mooie reizen die we gemaakt hebben. Ik
vond het ontzettend leuk en een eer om jouw paranimf te zijn bij jouw promotie! Lisette, vanaf
het eerste jaar van geneeskunde trokken we samen op. Bedankt voor de gezellige tijd en alle
gezellige borrelavondjes, ik hoop dat er nog veel zullen volgen. Anna, bedankt voor de hulp met
de borrellocatie, ik hoop dat ik je straks als buurvrouw weer wat vaker tegenkom. Lieve Jo, al
vanaf het begin van de middelbare school gaan we met elkaar om, en al zien we elkaar tegen-
woordig minder vaak dan vroeger, het is altijd als van ouds. Ik ben heel blij dat wij er altijd voor
elkaar zijn om de bijzondere momenten (gelukkig zijn jij en Casper niet helemaal in het geheim
getrouwd...!) en soms ook minder leuke momenten te delen. Ik hoop dat dit nog heel lang zo zal
blijven! Ik ben weer thuis en heb eindelijk tijd om naar jullie nieuwe huis te komen kijken en voor
alle andere dingen die we nog zouden gaan doen.

Lieve Linda, mijn ‘kleine zusje’ en eigenlijk ook mijn derde, altijd positieve paranimf, ontzet-
tend bedankt voor alle hulp de afgelopen jaren als ik weer eens ruzie had met een lijntje in een
van mijn figuren, maar vooral voor je betrokkenheid in deze periode en al je hulp afgelopen
maanden met de lay-out van mijn boekje. Zonder jouw hulp had ik nu nog steeds vastgezeten bij
Figure 1.1. Na lang twijfelen heb je er toch voor gekozen geneeskunde te gaan studeren in plaats
van Engels, maar ik vind het erg leuk dat er toch nog een klein beetje van jouw passie voor Engels
in mijn boekje terugkomt. Ik ben echt trots op alles wat je tot nu toe hebt gedaan, en ik ben heel
benieuwd naar wat je in de toekomst nog allemaal zult gaan doen! Lieve papa en mama, bedankt
voor al jullie steun, hulp en liefde afgelopen jaren en dat jullie altijd bij alles voor mij klaar staan.
Ik vind het heel erg leuk dat jullie vorig jaar mee zijn geweest naar Boston, en dat jullie hebben
kunnen zien waar ik afgelopen tijd heb doorgebracht. Sorry voor de hectiek die ik afgelopen jaar
meebracht als ik vanuit Boston weer even naar huis kwam (om vervolgens bijna direct weer door
te vliegen naar een andere bestemming), maar mijn boekje is nu eindelijk klaar hoor... Dank jullie
wel dat jullie er altijd voor mij en Linda zijn!

Inmiddels staan er 3 lege koffiebekers op tafel en schijnt dan toch ook eindelijk in Boston de
zon.....0ok mijn dankwoord is klaar....



The Road goes ever on and on
Down from the door where it began.
Now far ahead the Road has gone,
And | must follow, if | can,
Pursuing it with eager feet,

Until it joins some larger way
Where many paths and errands meet.
And whither then? | cannot say.

—_—

J.R.R. Tolkien
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