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Determinants and consequences of
placental and fetal hemodynamic alterations
Propositions

Higher maternal cholesterol and triglyceride concentrations are, within their normal
ranges, associated with increased fetal middle cerebral artery resistance (This thesis)

Fetal blood flow redistribution is associated with lower fetal growth, adverse birth
outcomes and may have persistent consequences for childhood growth (This thesis)

Third trimester fetal aorta ascendens diameter and fetal left cardiac output are
positively associated with childhood aortic root diameter and childhood left ventricular
mass (This thesis)

Fetal blood flow redistribution and fetal pulmonary blood flow is not consistently
associated with childhood respiratory health (This thesis)

Fetal blood flow redistribution is associated with smaller childhood kidney volume
(This thesis)

Longitudinal cohort studies can provide important evidence about preventable causes
of disease, but the success relies on the commitment of their participants, both at
recruitment and during follow up (Nohr et al,, Acta Obstet Gynecol Scand., 2018)

Simple exercise programs in schools and sports clubs are probably the most cost-
effective investments a society can make inits psychological and physical health
(Noakes & Spedding, Nature, 2012)

Excellent data-stewardship is often overlooked, but a prerequisite and basic principle
for long-term use of data of cohort studies

To increase effectiveness of lifestyle interventions in pregnancy they should be focused
on the whole family rather than on mothers only

10. No single life fits within the median of a statistical model (Troonrede, 2019)

11. Wat er ook speelt in een land, laat het vooral de kinderen zijn (Loesje)

Marjolein Kooijman, 19 oktober 2020
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Chapter1.1

Placental and fetal hemodynamic patterns

The placenta is the interface between the maternal and fetal blood circulation and is responsible
for the maternal to fetal transfer of nutrients essential for fetal growth and development.
The efficiency of placental exchange is a complex interplay between placental growth and
development, rates of placental blood flow and metabolic demands of placental tissue. This
interplay is arranged by maternal, placental and fetal hormones, and under favorable conditions
ensures an adequate supply to the fetus? Early in pregnancy, placental tissue develops by
trophoblast shell plugs invasion of the utero-placental vessels? After 10 weeks of gestation, these
plugs are repressed and blood flows into the intervillous space to exchange oxygen and nutrient
with the developing fetus*

Suboptimal early placental development leads to placental and fetal hemodynamic alterations.>
Fetal hemodynamic alterations are important mechanisms by which the fetus protects the most
important organs such as the brain and heart from an adverse fetal environment.® The first signs of
these fetal hemodynamic alterations in response to an adverse fetal environment can be detected
by a decrease in umbilical vein blood flow. A compensatory increase in ductus venous diameter
increases the blood flow to the heart”® This is followed by fetal blood flow redistribution. The
umbilical artery resistance increases and the cerebral artery resistance decreases (Table 1.1.1).°

Parameters of fetal blood flow redistribution are not implemented in routine clinical practice.
More common parameters used in clinical practice are the use of the ductus venosus pulsatility
index (Pl) and the absence or reversed diastolic flow in the umbilical artery>" However,
evaluation of the fetal cerebral circulation and fetal blood flow redistribution is often part of
clinical follow-up in growth restricted fetuses.” Combined measurements of different placenta
and fetal hemodynamic parameters may be of prognostic value in predicting fetal outcome.® For
example, growth restricted fetuses with fetal blood flow redistribution had an 11-fold increased
risk of an adverse perinatal outcome compared with growth restricted fetuses without fetal
blood flow redistribution.®

TABLE1.1.1 | Placental and fetal hemodynamic alterations in complicated pregnancies.

1. Umbilical vein blood flow l

2. Ductus venous diameter T

3. Umbilical artery resistance T and Cerebral artery resistance l
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Placental and fetal hemodynamics and later life outcomes

Population based studies have demonstrated associations of preterm birth or small for gestational
age at birth, as reflection of an adverse fetal and neonatal environment, with diseases later in
life.)+™s Morrison et al showed that adults born with an extremely low birth weight had higher
increased body fat, lower lean mass, and a higher systolic and diastolic blood pressure compared
with normal birth weight participants.’® Low birth weight is also associated with a higher incidence
of chronic kidney disease or impairment of renal function in adulthood.” However, studies also
showed that a high birth weight is a risk factor for later obesity and diabetes.®* Clearly, birth
weight is not the causal factor per se leading to diseases in later life. Only limited studies focused
on the associations of placental and fetal hemodynamics with birth outcomes and childhood
developmental outcomes. An increase in the fetal umbilical artery/cerebral artery Pl ratio was
associated with a low birth weight and Apgar scores, higher risks of admission to the intensive
care unit and perinatal death.”»” Furthermore, an increased umbilical artery vascular resistance
was associated with a higher childhood BMI, fat mass, systolic blood pressure and a lower left
ventricular mass An animal study showed that increased utero-placental insufficiency was
associated with a larger left ventricular mass and fewer glomeruli.® Altogether, these studies
suggest that changes in placental and fetal hemodynamics affect organ development and
may have long term consequences. Identifying more detailed measures of placental and fetal
hemodynamic alterations might give further insight in long-term consequences of an unfavorable
fetal environment. Therefore, studies presented in this thesis were designed to identify alterations
in placental and fetal hemodynamics which are associated with childhood growth, cardiovascular
development, lung function and kidney outcomes (Figure 1.1.1).
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Maternal environment
Pre-pregnancy weight, metabolic profile

Placental hemodynamics
Resistance of uterine and umbilical arteries

Fetal cerebral hemodynamics Fetal cardiac hemodynamics Fetal pulmonary hemodynamics
Resistance of cerebral artery Cardiac measurements Pulmonary measurements

Fetal adaptations
Growth restriction

Birth outcomes
Preterm birth, small- and large for gestational age

Postnatal growth and development
Childhood growth, body composition, cardiovascular development, lung
function and kidney outcomes

FIGURE1.1.1 | Overview of the pathways of maternal determinants and childhood consequences of placental and fetal
hemodynamic alterations.

Placental and fetal hemodynamic measurements

For the studies presented in this thesis, third trimester fetal Doppler ultrasound examinations
were performed (Table 1.1.2 and textbox 1.1.1). Placental vascular resistance was evaluated
with flow-velocity waveforms from the uterine and umbilical arteries. A higher PI and uterine
artery resistance index (RI) is an indication of an increased vascular resistance and a decrease in
blood flow.”*?” The Pl of the fetal cerebral arteries provide insight into fetal cerebral blood flow
patterns. Reductions in middle cerebral artery Pl are valid indicators of the brain-sparing effect
and fetal blood flow redistribution.?®* Fetal blood flow redistribution in favor to the brain at
expense of the trunk is indicated by an increased ratio between the umbilical (U) artery Pl and
the cerebral (C) artery P12° Cardiac outflow measures from the aorta were recorded, the inner
diameter, peak systolic velocity (PSV) and the time velocity integral (TVI). A smaller diameter
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in fetuses with abnormal placental or fetal hemodynamics was seen. A low PSV and TVI can
be a sign of reduced cardiac function, raised afterload or decreased vascular compliance?"
Left cardiac output was calculated by multiplying the vessel area by the TVI by fetal heart rate.
A reduced cardiac output is a sign of deterioration of cardiac function.® Cardiac flow-velocity
waveforms at the level of the mitral valves were recorded. The early (E) diastolic phase is caused
by accumulation of blood in the atria during previous systole and a measure of early passive
ventricular filling. Active (A) filling during atrial contraction follows. The E/A ratio, which is an
index for ventricular diastolic function and expresses both cardiac compliance and preload
conditions, was calculated. Early in pregnancy, in healthy fetuses, the A-wave is higher compared
to the E-wave. As gestation progresses, the E/A ratio increases, approaching postnatal values.
Both, reductions and increases in E/A wave has been shown in complicated pregnancies From
the pulmonary artery the TVI was recorded. A higher pulmonary artery TVI indicated higher
pulmonary vascular resistance, this might also be a sign of underdevelopment of the fetal airways,
such as fewer but larger alveoli and impaired growth of the airways and lungs * Figure 1.1.2
shows the placental and fetal circulation.

TEXTBOX 1.1.1 | Formula’s to quantify placenta and fetal hemodynamics.

Peak systolic velocit
Resistance Index (RI) = ¥ ¥

Peak systolic velocity+Lowest diastolic velocity

- Peak systolic velocity-lowest diastolic velocit
Pulsatiliy index (P1) = ¥ ¥ y

Mean peak systolic velocity

PI ilical
Umbilical (U) /(middle) Cerebral (C) artery Pl ratio= umbilical artery

PI middle cerebral artery
Time-velocity integral (TVI) = _[of each point under the curve with time

Left cardiac output = Vessel area * TVI * Fetal heart rate

E
Early (E) passive ventricular filling/Active (A) filling ratio = wave
A wave

13



Chapter1.1

TABLE1.1.2 | Placental and fetal hemodynamic measures.

Hemodynamic
alterations in
complicated
pregnancies

Placental hemodynamics

Uterine artery resistance index

RD

Utero-placental vascular resistance, parameter primarily of
the maternal circulation

Umbilical artery pulsatiliy index

(D)

Feto-placental vascular resistance, parameter primarily of the
fetal circulation

Fetal cerebral hemodynamics

Middle cerebral artery PI

Fetal cerebral blood flow

U/(middle)C artery PI ratio

Fetal blood flow redistribution

Fetal cardiac hemodynamics

Aorta ascendens diameter

Inner diameter of the aorta

Aorta ascendens PSV

Cardiac function and vascular compliance of the aorta

Aorta ascendens TVI

Cardiac function and vascular compliance of the aorta

Left cardiac output

Mitral valve E wave

Cardiac flow-velocity waveforms at the level of the mitral
valves. Measure of early passive ventricular filling

Mitral valve A wave

Cardiac flow-velocity waveforms at the level of the mitral
valves. Measure of active (A) filling during atrial contraction

Mitral valve E/A ratio

Index for ventricular diastolic function and expresses both
cardiac compliance and preload conditions

Fetal pulmonary hemodynamics

Pulmonary artery time-velocity
integral (TVI)

Pulmonary vascular resistance

f

RI = resistance index, PI = pulsatiliy index, U/C = umbilical/cerebral, PSV = peak systolic velocity, TVI = time-velocity integral

*See text
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FIGURE1.1.2 | Placental and fetal circulation (Printed with approval).

Aim of this thesis

The aim of this thesis was to identify maternal determinants and childhood consequences of
placental and fetal hemodynamic alterations.

Outline of this thesis

The objectives of this thesis are addressed in several studies. In chapter 1.2, we present the overall
design of the study. Chapter 2 is focused on the potential associations of maternal metabolic
profile with placenta and fetal hemodynamic alterations.

Chapter 3 presents studies on placental and fetal hemodynamics with childhood development.
In chapter 31 we examined whether fetal blood flow redistribution is associated with childhood
growth and fat distribution. The influences of fetal blood flow redistribution on childhood
cardiovascular development, lung function, and kidney outcomes are presented in chapters 3.2,
3.3 and 3.4, respectively.

Finally, in chapter 4 the studies performed in this thesis are discussed, and suggestions for

future research are presented.
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Abstract

The Generation R Study is a population-based prospective cohort study from fetal life until
adulthood. The study is designed to identify early environmental and genetic causes and causal
pathways leading to normal and abnormal growth, development and health from fetal life,
childhood and young adulthood. This multidisciplinary study focuses on several health outcomes
including behaviour and cognition, body composition, eye development, growth, hearing, heart
and vascular development, infectious disease and immunity, oral health and facial growth,
respiratory health, allergy and skin disorders of children and their parents. Main exposures of
interest include environmental, endocrine, genomic (genetic, epigenetic, microbiome), lifestyle
related, nutritional and socio-demographic determinants. In total, 9,778 mothers with a delivery
date from April 2002 until January 2006 were enrolled in the study. Response at baseline was
61%, and general follow-up rates until the age of 10 years were around 80%. Data collection in
children and their parents includes questionnaires, interviews, detailed physical and ultrasound
examinations, behavioural observations, lung function, Magnetic Resonance Imaging (MRI) and
biological sampling. Genome and epigenome wide association screens are available. Eventually,
results from the Generation R Study contribute to the development of strategies for optimizing
health and healthcare for pregnant women and children.

20
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Introduction

The Generation R Study is a population-based prospective cohort study from fetal life until young
adulthood. The background and design have been described in detail previously.”” Briefly, the
Generation R Study is designed to identify early environmental and genetic causes of normal
and abnormal growth, development and health from fetal life until young adulthood. This
multidisciplinary study focuses on several health outcomes including behaviour and cognition,
body composition, eye development, growth, hearing, heart and vascular development, infectious
disease and immunity, oral health and facial growth, respiratory health, allergy and skin disorders
of children and their parents. Main exposures of interest include environmental, endocrine,
genomic (genetic, epigenetic, microbiome) lifestyle related, nutritional and socio-demographic
determinants. Full lists of exposures and outcomes are presented in Tables 1.2.1 and 1.2.2. An
important focus of the study is on the identification of new early life determinants of common
non-communicable diseases in adulthood or there risk factors, on which various papers have
been published recently in this journal*® A detailed and extensive data collection has been
conducted over the years, starting in the early prenatal phase and currently in early adolescence
(age 13 years). Data collection in parents and their children included questionnaires, interviews,
detailed physical and ultrasound examinations, behavioural observations, lung function, Magnetic
Resonance Imaging (MRI) and biological sampling. In this paper, we give an update of the data
collection in the children and their parents until the child’s age of 13 years.

TABLE1.2.1 | Main outcomes per research area.

Maternal health Cardiovascular health
Endothelial (dys)function
Pregnancy complications
Risk factors for osteoporosis
Risk factors for type 2 diabetes
Growth and physical development Body composition and obesity
Bone development
Childhood growth patterns
Dental development
Dental caries
Fetal growth patterns and organ development
Myopia
Physical characteristics and appearance
Puberty stages
Risk factors for cardiovascular disease
Risk factors for type 2 diabetes
Behavioural and cognitive development Attachment
Behavioural and emotional problems
Brain development
Child psychopathology
Child risk taking behaviour (alcohol, drugs, smoking)
Child physical activity and sedentary behaviours
Child sleeping patterns
Compliance and moral development

21
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Behavioural and cognitive development Family interaction, parenting and child attachment
Language delay
Neuromotor development
Neuropsychology - executive function
Stress reactivity
Use of social media
Verbal and nonverbal cognitive development

Airways, asthma, allergy and skin disordes Airways and lung structure
Acne
Allergy
Asthma
Eczema
Hearing loss
Lung function
Physical (exercise) condition
Microbiome skin
Skin color

Infectious and inflammatory diseases Celiac disease
Infectious diseases and immune system

Health and healthcare Health care utilization
Social health inequalities
Qualitiy of life

TABLE1.2.2. | Main determinants.

Endocrine determinants Maternal and fetal thyroid hormone levels
Maternal thyroid autoimmunity
Maternal hCG levels
Childhood thyroid hormone and cortisol levels

Environmental determinants Air pollution during pregnancy and childhood (PM1o, NO )
Bisphenol A, pesticides, phthalates
Housing conditions
Home environment

Genetic, epigenetic and microbiome Genetic variants (genome wide, candidate gene)
determinants DNA methylation (genome wide, candidate gene)
Lifestyle related determinants Parental alcohol consumption

Parental anthropometrics and obesity
Parental smoking

Parental working conditions

Child anthropometrics and obesity

Child music listening behaviour

Child sedentary and physical activity behaviour
Child smoking

Dental care

Nutritional determinants Maternal nutrition (products, patterns)
Folic acid supplement use
Breastfeeding
Infant and childhood nutrition (timing, products, patterns)
Nutritional biomarkers (folate, homocystein, vitamin B12, vitamin D)

Infection and micriobiota Nasopharyngeal microbiota and bacterial carriage
Faeces microbiota
Social-demographic determinants Ethnicity

Parental education, employment status and household income
Parental marital status
Parental psychopathology
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Study Design

The Generation R Study is conducted in Rotterdam, the second largest city in the Netherlands.
Rotterdam is situated in the Western part of the Netherlands. The study is a population-based
prospective cohort study from fetal life onwards. Pregnant women with an expected delivery date
between April 2002 and January 2006 living in Rotterdam were eligible for participation in the
study. Extensive assessments are performed in mothers, fathers and their children. Measurements
were planned in early pregnancy (gestational age <18 weeks), mid pregnancy (gestational age
18-25 weeks) and late pregnancy (gestational age > 25 weeks). The fathers were assessed once
during the pregnancy of their partner. The children form a prenatally recruited birth cohort that
will be followed at least until young adulthood. In the preschool period, which in the Netherlands
refers to the period from birth until the age of 4 years, data collection was performed by a home-
visit at the age of 3 months, and by repeated questionnaires and routine child health centers visits.
Information from these routine visits was obtained and used for the study. Additional detailed
measurements of fetal and postnatal growth and development were conducted in a randomly
selected subgroup of Dutch children and their parents at a gestational age of 32 weeks and
postnatally at the ages of 1.5, 6, 14, 24, 36 and 48 months in a dedicated research center.

Around the ages of 6 and 10 years all children and their parents were invited to visit our
research center in the Erasmus MC-Sophia Children’s Hospital to participate in hands-on
measurements, advanced imaging modalities, behavioural observations and biological sample
collection. MRI scans of all participating children were made in order to image abdominal
composition, brain, lungs, cardiovascular system, fat tissue, kidney, liver, and hip development.
Furthermore, the parents received 6 questionnaires during this period. Children also received
their own questionnaire around the age of 10. Information from municipal health services,
schools and general practicionars has also been collected.

In the current adolescence period, all children and their parents will be re-invited around
the child’s age of 13 and 16 years. We will again assess their growth, development and health
in our research center and with questionnaires. We will perform MRI scans of the abdominal
composition (fat), brain, and hip development.

Study Cohort

Eligibility and enrolment

Eligible mothers were those who were resident in the study area at their delivery date and had
an expected delivery date from April 2002 until January 2006. We aimed to enrol mothers in
early pregnancy but enrolment was possible until birth of their child. The enrolment procedure
has been described previously in detail.™ In total, 9,778 mothers were enrolled in the study. Of
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these mothers, 91% (n = 8,879) was enrolled during pregnancy. Partners from mothers enrolled in
pregnancy were invited to participate. In total, 71% (n = 6,347) of all fathers were included. A total
of 1,232 pregnant women and their children form the subgroup of Dutch children for additional
detailed studies. The overall response rate based on the number of children at birth was 61%.

The study group is an multi ethnic cohort. Ethnicity was defined according the classification
of Statistics Netherlands# Ethnic background was assessed in accordance with the country
of birth of participants themselves and his or her parents. A participant was considered to have
non-Dutch ethnic origin if one of her parents was born abroad. If both parents were born abroad,
the country of birth of the participant’s mother determined the ethnic background . The largest
ethnic groups were the Dutch, Surinamese, Turkish and Moroccan groups. We also constructed
a dichotomous variable “Western/non-Western” ethnicity. Western ethnicity included Dutch,
European, American Western (including North American), Asian Western (including Indonesian
and Japanese) and Oceanian. Non-Western ethnicity included Turkish, Moroccan, Surinamese,
Antillean, Cape Verdean, African, Asian (except Indonesia and Japan) and South American and
Central American®3

Response and follow-up

Figure 1.2.1 shows the enrolment and follow-up rates of the children and parents included in the
Generation R Study. The 9,778 mothers enrolled in the study gave birth to 9,749 live born children.
During the preschool period (0-4 years), the logistics of the postnatal follow-up studies were
embedded in the municipal routine child care system and restricted to only part of the study
area. In total 1,166 children lived outside this defined study area at birth and were therefore not
approached for the postnatal follow-up studies during the preschool period. Of the remaining
8,583 children, 690 (8%) parents did not give consent, or their children died or were lost to
follow-up, leaving 7,893 children for the preschool studies. At the age of 6 years (early school
age), we invited all 9,278 children from the original cohort of 9,749 children to participate in
follow-up studies. This invitation was independent of their home address and participation in the
preschool period. In total, 8,305 children (90% of those who were invited (n = 9,278) and 85% of
the original cohort (n = 9,749)) still participated in the study at this age, of whom 6,690 visited the
research center at a median age of 6.0 years. For the follow-up phase at the age of 10 years (mid
childhood period) 730 children of the 9,278 could not be invited. In total, 7,393 children (86% of
those who were invited (n = 8,548) and 76% of the original cohort (n = 9,749)) participated in the
study in mid childhood, of whom 5,862 visited the research center at a median age of 9.7 years.
Of the 8,548 children invited in the mid childhood period, 456 had withdrawn and 124 children
were lost to follow-up during this period, leaving 7,968 children for invitation around the age of
13 (early adolescence period).

Table 1.2.3 shows the general characteristics of the mothers who were enrolled in the study
at baseline, and who remaind in the study until the child’s age of 13 years. The median age of the
women at enrolment was 30.5 (95% range, 19.3 - 39.6) years, 58% percent of those mothers were
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of the Dutch nationality, 43% of the mothers were highly educated and 55% had a high household
income. The mean birth weight of the children was 3,397 (SD 582) grams and they were born
at a median gestational age of 40.0 (95% range, 34.9 - 42.3) weeks. Compared to the baseline
characteristics, the mothers who still participated in the study at follow up were older, more
frequently of Dutch nationality and higher educated.

FIGURE1.2.1 | Enrolment and follow-up rates in the Generation R Study.
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TABLE1.2.3 | General characteristics.

Fetal period Preschool Early school  Adolescence
period age/ period
Mid childhood
period
O-5 years 6-11 years 12-16 years

(n=9749) (n=7893) (n=8305) (n=7968)

Mothers

Age at enrolment (years) 305 (193,39.6) 310 (19.6,39.8) 311(19.9,39.9) 313 (20.0,39.9)
Ethnicity

Dutch, other-European 58% 61% 64% 65%
Surinamese 9% 8% 8% 8%
Moroccan 6% 6% 6% 5%
Turkish 8% 8% 8% 7%
Dutch Antilles 3% 2% 2% 2%
Cape Verdian 4% 4% 4% 4%
Others 12% 11% 8% 9%
Educational level

Low (no/primary education) 1% 10% 9% 8%
Intermediate (secondary school, vocational training) 46% 43% 42% 1%
High (Bachelor’s degree, University) 43% 47% 49% 51%
Pre-pregnancy BMI 236 (4.4) 235 (4.2) 235 (4.) 235 (4.)
Net household income, per month

<800 Euros 9% 8% 7% 6%
800-2200 Euros 36% 34% 32% 32%
>2200 Euros 55% 58% 61% 62%
Children

Sex

Male 51% 51% 51% 50%
Female 49% 49% 49% 50%
Ethnicity

Dutch, other-European 62% 65% 67% 68%
Surinamese 8% 7% 7% 7%
Moroccan 7% 6% 6% 6%
Turkish 8% 8% 7% 6%
Dutch Antilles 4% 3% 3% 3%
Cape Verdian 3% 3% 3% 3%
Others 8% 8% 7% 7%
Birth weight (grams) 3397 (582) 3404 (572) 3412 (572) 3411 (576)
Gestational age at birth (weeks) 400 (349, 423) 40.0 (35.4,423) 401 (35.4,423) 401 (35.4,423)

Values are means (standard deviation), percentages or medians (95% range)
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Measurements

Data collection during pregnancy and fetal life

Physical examinations were planned at each visit in early pregnancy, mid pregnancy and late
pregnancy and included height, weight and blood pressure measurements of both parents
(Table 1.2.4). Mothers received four postal questionnaires and fathers received one postal
questionnaire during pregnancy. Topics in these questionnaires were:
e Mother 1: medical and family history, previous pregnancies, quality of life, life style habits,
housing conditions, ethnicity, and educational level;
e Mother 2: diet, including macronutrients and micronutrients;
e Mother 3: current pregnancy, quality of life, life style habits, and psychopathology;
e Mother 4: current pregnancy, quality of life, life style habits, working conditions, household
income, and self-esteem;
e Father:medicalhistory,family history, life style habits, educationallevel,and psychopathology.

Blood samples were collected in early (mother, father) and mid-pregnancy (mother) and at
birth (child). A detailed overview of the design and response of the biological sample collection
and available measurements is given elsewhere.>’

Fetal ultrasound examinations were performed at each prenatal visit. These ultrasound
examinations were used to establish gestational age and to assess fetal growth patterns3° These
methods have previously been described in detail¥* Longitudinal curves of all fetal growth
measurements (head circumference, biparietal diameter, abdominal circumference and femur
length) were created resulting in standard deviation scores for all of these specific growth
measurements. Placental hemodynamics including resistance indices of the uterine and umbilical
arteries have been measured in second and third trimester.#>4 Detailed measurements of fetal
brain, heart and kidney development were done in the subgroup.4® 44

The obstetric records of mothers have been retrieved from hospitals and mid-wife practices
to collect information about pregnancy progress and outcomes. Specialists in the relevant field
coded items in these records.#®
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TABLE1.2.4 | Assessments in mothers, fathers and their children during the fetal period.

Early pregnancy Mid pregnancy Late pregnanc Birth
Mother
Physical examination + + +
Questionnaire + + +
Interview S
Fetal growth ultrasound exam + + +
Fetal organ ultrasound exam S
Blood sample + +
Urine sample + + +
Father (or partner)
Physical examination + +* +*
Questionnaire +
Psychiatric interview S
Blood sample +
Child
Physical examination +
Cord blood +

+ = Assessment in whole cohort

S = Assessment only in subgroup

*In case of intake at mid- or late pregnancy

Early pregnancy: gestational age <18 weeks; mid pregnancy: gestational age 18-25 weeks; late pregnancy: gestational age
>25 weeks

Data collection during the preschool period

At the age of 3 months, home visits were performed to assess neuromotor development
using an adapted version of Touwen’s Neurodevelopmental examination and to perform a
home environment assessment Information about growth (length (height), weight, head
circumference) was collected at each visit to the routine child health centers in the study area
using standardized procedures (Table 1.2.5).5

During the preschool period, parents received 8 questionnaires, of which one was specifically
for fathers. Items included in these questionnaires and their references are listed in Table 1.2.6
and 1.2.7. Response rates based on the number of sent questionnaires are shown in Figure
1.2.2. Not all children received each questionnaire due to logistical constraints and delayed
implementation of some of the questionnaires after the first group of children reached the target
age for those questionnaires. Thus, although response rates may be similar, the absolute number
of completed questionnaires differs between different ages. Response rates presented in Figure
1.2.2 are based on the number of sent questionnaires.

During the preschool period, children participating in the subgroup were invited six times
to a dedicated research center. Measurements at these visits included physical examinations
(height, weight, head circumference, skinfold thickness and waist—hip ratio, Touwen’s
Neurodevelopmental Examination) and ultrasound examinations (brain, cardiac and kidney
structures).# 5% Dual X Energy Absorptiometry (DXA) scanning and Fractional exhaled Nitric
Oxide (FeNO) measurements have been performed in a smaller subgroup.®¢' Blood pressure was
measured at the age of 24 months.>% Observations of parent-child interaction and behaviour,
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such as executive function, heart rate variability, infant-parent attachment, moral development,
and compliance with mother and child have been repeatedly performed and with father and child
once.*® Biological materials were collected if parents gave consent.®”

TABLE1.2.5 | Assessments in mothers, fathers and children during the preschool period.

Age (months)
2 3 4 6 1 12 14 18 24 30 36 45 48

Child

Questionnaire (parent) + + + + + + + + +
Physical examination + + + + + + + + +

Brain ultrasound S

Cardiac and renal ultrasound S S

Blood pressure S

Airway inflammation S S

Behavioural observation S S S
Bacterial carriage S S
Blood sample S S S

Mother

Questionnaire + + + S
Interaction with child S S

Father (or partner)

Questionnaire +

Interaction with child S

w
w
w

+ = Assessment in whole cohort
S = Assessment only in subgroup

TABLE1.2.6 | Themes in postnatal questionnaires until early adolescence - Parental questionnaires.

o
%%éééééém‘ée

Main themes £ 5 CE, g g g g g § s 8
€ E S 20>
no 82 AWNTo e

Mother/father

General health

Quality of life ™ + o+

Pregnancy and complications + +

Life events +

Medical history +

Lifestyle 22 o+ o+

Eating behaviour +

Social and demographic factors

Housing and living conditions® 1'% + o+ + oo+ o+

Work and working conditions + +

Educational level and household income + + + o+ o+

Family activities and social support 1% + +

Mental health and stress

Parenting "> + + +

Depressive symptoms ™ + +

Psychopathology " + o+ + +

Family functioning ™™ + o+
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M
e 22 EEEE. 5,

Main themes T E 55 5 5 § 5 £ & &
g g EEEEEE G S Q
no 8L To e

Child

Diet and physical activity

Diet® 71 + o+ o+ +/S +

Eating behaviour " + + o+ +

Television watching, use of computer and physical activity "' + +

Day-care, School + o+ + +

Childhood health and dis

Quality of life 7% n ¥

Fever and infectious diseases ' + o+ o+ + + o+ o+

Asthma, Asthma related symptoms and eczema ¥4 + o+ +

Acne +

Allergy + o+ +

Accidents 4243 + + o+ + N

Seizures® + o+ o+ + +

Abdominal pain, stool pattern '* + +

Doctors visit + o+ + +

Teeth and dental care 44 + +

Physical characteristics 4

Hearing (listen to music, use of headphone)

Vision/Eyes (glasses, viewing habits (“close” and “far away™))

Behaviour and cognition

Sleeping, crying and soothing ° oo+ o+ + + +

Temperament 575 + + +

Motor development ™/ o+ o+ o+ +

Behaviour and emotional problems ¢ + + + + o+ o+

Pain perception ¢4 + . ¥

Language development * + + o+

Non-verbal cognition ¢ + o+

Executive function 7 +

Prosocial behaviour 7 +

Autistic traits 7*74 +

Obsessive compulsive disorder 7> + o+

Bullying ¥

Social media use 777 ¥

+ = Assessment in whole cohort. S = Assessment only in subgroup

a Housing and living conditions include information about family structure, poverty, (environmental) smoking and pets
b Diet questionnaires included in 2, 6 and 12 months questionnaire. Additional food frequency questionnaires at 12
months for all Dutch speaking children and at 24 months for the Dutch subgroup children

¢ Screening 10 items questionnaire on seizures. Screen positives receive additional questionnaire and are being asked for
their medical records

d Infant Behaviour Questionnaire at the age of 6 months, Child Behaviour Checklist thereafter

e For parenting, psychopathology and child behaviour additional questionnaire for fathers

f Diet and part of behaviour and cognition additional at the age of 8 years

g For medical history, lifestyle, depressive symptoms, psychopathology, family activities, behaviour and emotional
problems additional questionnaire for fathers
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TABLE1.2.7 | Themes in postnatal questionnaires - child questionnaire.

Main themes 10 years 13 years
Friendships '©""7¢ + +
Bullying 707

General health ™

Abdominal pain, stool pattern

Social status

Development and well-being 2547

Eating behaviour 126127 1%67% +
Television watching and physical activity 290"
Temperament >3

Behaviour © 175194195

Body Image %7

Self-perception 1922

Sleeping behaviour 2124

Puberty stages %%

Social media 7677

Hearing (listen to music, use of headphone)
Vision (viewing habits (“close” and “far away”))

+ o+ o+ o+
R i TE T T S S S S S S

+ = Assessment in whole cohort

Data collection during the early school age, mid childhood and adolescence period

From the age of 6 years onwards, we invite all participating children to a well-equipped and
dedicated research center at the Erasmus MC-Sophia Children’s Hospital every 3 to 4 years. Visits
at age 6 and 10 years have been completed, at age 13 years are ongoing and age 16 years are being
planned.

Currently, the total visit takes about 3 hours and all measurements are grouped in thematic
35 minutes blocks. Clinically relevant results are discussed with the children and their parents and,
if needed, children or parents are referred to their general practitioner or other relevant health
care provider.

At each age, we collect data using questionnaires on growth, health and physical and mental
development of the children. Also, we collect information on childhood diet and behaviour (Table
1.2.6, 1.2.7). These questionnaires are sent to the primary caregiver. The measurements at the
research center are focused on several health parameters including behaviour and cognition,
body composition, bone health and muscle function, eye development, growth, hearing, heart
and vascular development, infectieus diseases and immunity, oral health and facial growth,
respiratory health, allergy and skin disorders (Table 1.2.8).>7° We use various advanced imaging
techniques including ultrasound and Doppler (GE LOGIQ E9, Milwaukee, WI, USA) for measuring
thoracic and abdominal structures, Dual X Absorptiometry for measuring body composition
and bone mineral density (iDXA scanner, GE Healthcare, Madison, WI, USA) and Peripheral
Quantitative Computed Tomography (PQCT, Stratec Medicin Technik, Pforzheim, Germany ) for
measuring bone mineral density and geometry of the tibia. We use orthopantomograms (OP
200 D, Intrumentarium Dental, Tuusula, Finland) for measuring dental development.
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MRI has been used for brain imaging in a subgroup (n=801) of 6-8 year old children using a
hospital-based 3.0 Tesla MRI scanner (Discovery MR750, GE Healthcare, Milwaukee, WI, USA).
8% From 2014 onwards, we use a dedicated 3.0 Tesla MRI (Discovery MR750, GE Healthcare,
Milwaukee, W1, USA) for brain and total body imaging of all children participating in the study
at the mid childhood visit (age 10 years) (see Table 1.2.9 for the MRl outcome measures). We
use a mock MRI scanner, to familiarize the children and get use to the scanning procedures.
Children are scanned using standard imaging and positioning protocols, wearing light clothing
without metal objects while undergoing the scanning procedure. Total scanning time amounts to
approximately 60 minutes. The scanner is operated by trained research technicians and allimaging
data are collected according to standardized imaging protocols. Changes or updates in hardware
are avoided. Changes or updates in software configuration are minimized and regular checks
with phantoms are performed to secure validity of cross-subject and cross-scan comparisons.
Imaging is performed without administration of contrast agents. All imaging data are stored on
a securely backed-up research picture archiving system, using programmed scripts to check for
completeness of the data received. We will re-scanning the abdominal composition (fat), brain
imaging and hip development during adolescence (age 13 years) of all participating children in
Generation R. MRI scan of the brains will also be conducted in the parents of a subgroup of
Generation R participants. This research is focused on aging effects of the brains in young adults
and follow up of mothers who experienced gestational hypertensive complications.

Blood and urine samples are collected in the mothers and their children during every visit.
A detailed overview of the design and response of the biological sample collection and available
measures is given elsewhere>’

TABLE1.2.8 | Assessments in mothers and children during early school age, mid childhood and early adolescence visit.

Early schoolage  Mid childhood Early adolescence

median age median age 13 years
6.0 years 9.7 years ongoing
95% range 5.6-7.9  95% range 9.4-10.8  datacollection
Mother
Behaviour and cognition
Cognition +
Dutch language skills +
Interaction with child
Life events
Interview about health, parenting, family situation, +
depression
Maternal health
Anthropometrics and blood pressure + + +
Arterial stiffness +
Endothelial function +
Body composition and bone mineral density (DXA) +
Intima-media thickness
Physical appearance +
Ultrasound heart +
Eyes; retinal vasculature, refraction +
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Early schoolage  Mid childhood Early adolescence
median age median age 13 years
6.0 years 9.7 years ongoing
95% range 5.6-7.9  95% range 9.4-10.8  datacollection

Biological samples

Blood sample + +
Urine sample + +
Hair sample +

Child

Behaviour and cognition

Behaviour and behavioural observation + +
Cognition + +
Language development + +
Pain perception +

Risk taking interview +
Cardiovascular and metabolic development

Anthropometrics and blood pressure + + +
Arterial stiffness +

Body composition and bone mineral density (DXA) + + +
Bone mineral density and geometry of the tibia + +
(PQCT)

Intima-media thickness + +
Ultrasound abdominal fat + +
Ultrasound heart + +

Ultrasound kidney +

Physical appearance + +
Puberty stages (Tanner) +
Eyes, ears and mouth

Eyes; visual acuity, retinal picture, refraction, IOL + + +
master, OCT

Dental status and development + + +
Face development + +
Hearing + +
Taste experience +

Lungs

Airway inflammation +

Lung function + + +
Exercise test (SRT) +
Allergy test +

Dermatology

Spectrophotometry +
Biological samples

Nasopharynx bacterial carriage +

Blood and urine sample + + +
Dental plaque

Faeces microbiota +

Hair sample + + +
Saliva +

Skin swab (head, elbow) +

DXA = Dual energy X-ray Absorptiometry scan, PQCT = Peripheral Quantitative Computertomografie Scan, SRT = Steep
Ramp Test, IOL = Intraoculaire Measurement, OCT = Optical Coherence Tomografie
S = assessment only in subgroup
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TABLE1.2.9 | MRI measurements in children of the Generation R Study.

Early school age Mid childhood Early adolescence
median age median age 13 years
8.0 years 9.9 years ongoing
95% range 6.3-10.1 95% range 9.5-11.9 datacollection

Children
Brain measurements
Structural imaging
3D T1-weighted GRE sequence X(S)
2D-PD-weighted TSE sequence X(S)
Diffusion tensor imaging (DTI) X(S)
Resting state functional MRI X(S)
Lungs
Inspiratory volume
Expiratory volume
Sizes of the trachea
Sizes of the main bronchi
Chronic obstructive lung problems
Air trapping
Atelectasis

XX X X
XX X X

X X X X

> X

Cardiac measurements
Structural cardiac measurements
Diastolic volume
Cardiac mass
Functional cardiac measurements
Systolic volume
Ejection fraction
Stroke volume
Aortic diameter X

XX X X X X X

~
2
N

Total visceral adipose tissue from top of

liver to femur head
Fat volume/mass X X

Subcutaneous adipose tissue from top of

liver to femur head
Fat volume/mass X X

Pericardial fat
Fat volume/mass X X

Kidney
Length
Width
Depth
Volume

X X X X

Liver
Fat fraction
Liver volume
Structure and morphology of the hipbone
Testicular volume
Ovarial volume

XXX | X X
>

S =assessment only in subgroup
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Genomics: genetic, epigenetic and microbiome biobank

DNA from parents and children has been extracted and used for genotyping using tagman
analyses for individual genetic variants and using a genome-wide association scan (GWAS) using
the lllumina 670 K platform in the children>7 For genotyping, we used the infrastructure of the
Human Genomics Facility (HuGe-F) of the Genetic Laboratory of the Department of Internal
Medicine (www.glimdna.org). The GWAS dataset underwent a stringent QC process, which has
been described in detail previously57® Most GWAS analyses are strongly embedded in the
Early Growth Genetics (EGG) (http;fegg-consortium.org/) and Early Genetics and Longitudinal
Epidemiology (EAGLE) Consortia, in which several birth cohort studies combine their GWAS
efforts focused on multiple outcomes in fetal life, childhood and adolescence. These efforts
have already led to successful identification of various common genetic variants related to
birth weight, infant head circumference, childhood body mass index, bone development and
obesity and atopic dermatitis.**' DNA from parents is used for genotyping for candidate gene or
replication studies.

DNA methylation was measured on a genome wide level in a subgroup of Dutch children,
using the lllumina Infinium HumanMethylation450 BeadChip (lllumina Inc, San Diego, USA). We
used cord blood samples of 1,339 children, blood samples in 469 children aged 6 years and blood
samples in 425 children aged 10 years. Quality control and normalization of analyzed samples
was performed using standardized criteria. Many of the epigenome-wide association analyses
are performed in the context of the Pregnancy And Childhood Epigenetics (PACE) Consortium
(httpy/www.niehs.nih.gov/research/  atniehs/labs/epi/pi/genetics/pacefindex.cfm), which  brings
together studies with epigenome-wide DNA-methylation data in pregnant women, newborns
and/or children. Recent studies have identified differentially methylated sites in association with
maternal smoking, maternal folate levels, maternal stress and air pollution during pregnancy.>*

Gut microbiota profiles were determined by Next Generation Sequencing (on lllumina
MiSeq) of the V3 and V4 variable regions of the 16S ribosomal RNA gene in DNA extracted from
feacal samples. Samples were collected at mid childhood in 2414 children. Phylogenetic de novo
profiling was performed using the QIIME * and USEARCH ¢ software packages and resulted
in an operational taxonomic unit table with 239 species, 109 genera and 8 phyla. For example,
those samples can be used for studying the effects of the fecel microbiota with overweight or
obesity 9#1°°
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Ethics

The general design, all research aims and the specific measurements in the Generation R Study
have been approved by the Medical Ethical Committee of Erasmus MC, University Medical Center
Rotterdam. New measurements are only introduced into the study after approval of the Medical
Ethical Committee. Participants need to give written informed consent for each phase of the
study (fetal, preschool, childhood and adolescence period). From the age of 12 years onwards,
children must sign their own consent form, in accordance with Dutch Law. At the start of
each phase, children and their parents receive written and oral information about the study.
Even with consent, when the child or the parents are not willing to participate actively, specific
measurements are skipped or no measurements at all are performed.

Follow-up and retention strategies

Thus far, loss to follow-up has been lower than 10%. Major efforts are made to keep the children
and parents involved in the study and to minimize loss to follow-up. Several strategies have been
implemented and are currently part of the study design:

e Addresses: new addresses of participants, which are known by the municipal health service,
can be retrieved by the study staff;

e Newsletters: participants receive two to four newsletters per year, in which several results
of the study are presented and explained, questions of participants are answered and new
research initiatives are presented,

e Facebook: every week we post a short news update about the ongoing research on our
facebook page;

e Website: we have an up-to-date website where participants can find information about
the ongoing research, the procedures at the dedicated research center and our contact
information;

e Presents and discounts: all children who visit our research center receive small presents.
Also, discount offers are regularly presented in the newsletter;

e Transport costs: all costs for transport and parking related to visits to the research center
are reimbursed;

e Reminders for questionnaires: when the questionnaire has not been returned within 3
weeks, a kind reminder letter is sent to the parents. After 6 weeks, if the questionnaire still
has not been returned, the parents receive a phone call. If necessary, help with completing
the questionnaire is offered and the importance of filling out the questionnaire is explained
once more during this phone call;

e Individual feedback: if clinically relevant, results of measurements are discussed with the
parents and children at the visit. If necessary, follow-up appointments with the general
practitioner are planned,
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e Support for non-Dutch speaking participants: all study materials such as questionnaires,
newsletters, website, and information folders are available in three languages (Dutch, English,
and Turkish). Furthermore, staff from different ethnic backgrounds is available and verbally
translate these materials into Arabic, French and Portuguese. As such, the study staff is able
to communicate with all participants;

e Additional help: children and parents who showed low response rates for different
measurements, showed difficulties in completing questionnaires or require additional
explanation or support are pro-actively contacted by one dedicated member of the study
staff;

e Home visits: We visit children and parents who cannot be contacted by phone, e-mail or
letter. Most visits are planned in the evenings to have higher chances that both parents and
children are at home.

Power, datamanagement, privacy protection

Power calculations for the Generation R Study are shown in Tables 1.2.10 and 1.2.11. Due
to missing values and loss to follow-up, most analyses in the study are not based on data in
all subjects. Therefore, these power calculations demonstrated are based on 7,000 subjects
in the whole cohort and 700 subjects in the subgroup. The presented power calculations are
conservative since most studies will assess the effects of continuous instead of dichotomous
exposures and studies may be focused on outcomes collected in more than only 1year.

From 2016 onwards, data collected during the measurements at the research center are
entered directly into an electronic database. Data collected by questionnaires are scanned and
manually entered into an electronic database by a commercial company. Random samples of all
questionnaires are double checked by study staff members to monitor the quality of this manual
data entry process. The percentage of mistakes does not exceed 3% per questionnaire. Open text
fields are entered into the electronic database exactly as they are filled in on the questionnaires.
In a secondary stage, these open text fields are cleaned and coded by a specialist in the relevant
field.

All measurements are centrally checked by examination of the data including their ranges,
distributions, means, standard deviations, outliers and logical errors. Data outliers and missing
values are checked with the original forms. The data of one specific measurement are only
distributed for analyses after data collection and preparation is completed for that measurement
for the whole cohort.

Datasets needed for answering specific research questions are centrally constructed from
different databases. All information in these datasets that enables identification of a particular
participant, including names and dates of birth, is excluded before distribution to the researchers.
The datasets for researchers include unique identification numbers for each subject that enable
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feedback about individuals to the datamanager but do not enable identification of that particular
subject. Currently, we are exploring possibilities for a remote access environment, in which
researchers can access centrally stored research data from their own computer without storing
such data locally.

TABLE1.2.10 | Effects sizes that can minimally be detected according to the prevalence of the exposure.

Proportion exposed (%) Whole cohort (n=7,000) Subgroup (n=700)
50 0.067 0.212
25 0.077 0.276
10 0112 0.353
5 0154 0.486
1 0337 1.064

The presented effect sizes are detectable proportions of the standard deviation with a type | error of 5% and a type |l
error of 20% (power 80%).

TABLE1.2.11 | Relative risks that can minimally be detected according to the prevalence of the exposure.

Proportion exposed (%) Incidence (1year) of outcome of interest

Whole cohort (n=7,000) Subgroup (n=700)

10% 5% 1% 10% 5% 1%
50 123 133 183 1.83 2.28 4.94
25 126 138 1.94 1.96 2.46 5.41
10 139 156 2.42 2.48 3.26 7.92
5 155 1.80 3.09 320 439 174
1 236 3.04 6.83 775 11.61 3755

The presented effect sizes are detectable relative risks with a type | error of 5% and a type Il error of 20% (power 80%).

Collaboration

The Generation R Study is conducted by several research groups from the Erasmus MC in close
collaboration with the Erasmus University Rotterdam and the Municipal Health Service Rotterdam
area. Since the data collection is still ongoing and growing, the number of collaborating research
groups in and outside the Netherlands is expected to increase. Various research projects are
performed as part of ongoing European or worldwide collaboration projects. The study has an
open policy with regard to collaboration with other research groups. Request for collaboration
can be sent to Vincent Jaddoe (vjaddoe@erasmusmc.nl). These requests will be discussed in
the Generation R Study Management Team regarding their study aims, overlap with ongoing
studies, logistic consequences and related finances. After approval of a project by the Generation
R Study Management Team and the Medical Ethical Committee of Erasmus MC, the collaborative
research project is embedded in one of the research areas supervised by the corresponding
principal investigator.
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Abstract

Objective A suboptimal intra-uterine environment leads to fetal blood flow redistribution
and fetal growth restriction. Not much is known about childhood growth consequences. We
examined the associations of fetal blood flow redistribution with birth outcomes, repeatedly
measured fetal and childhood growth and fat mass measures.

Design Prospective cohort study.
Setting Population-based.
Population 1,195 pregnant women and their children.

Methods \We measured umbilical and cerebral artery blood flow at a gestational age of 303
weeks (95%range 28.5-32.6). A higher umbilical/cerebral (U/C) pulsatility index ratio is an indicator
of preferential blood flow to the brain cerebral circulation at expense of the lower body parts.

Main Outcome Measures Fetal and childhood growth were repeatedly measured from third
trimester until childhood. We measured total body fat mass, lean fat mass and android/gynoid fat
mass ratio by dual-energy x-ray absorptiometry and preperitoneal fat by ultrasound at 6 years.

Results A higher fetal U/C ratio was associated with increased risks of preterm birth and small size
for gestational age at birth (Odds Ratios 1.41 (95%Cl 1.08 to 1.85) and 1.63 (1.21 to 2.19), respectively
per SD increase in U/C ratio). Longitudinal growth analyses showed that a higher fetal U/C
ratio was associated with persistently lower head circumference, length, and weight from third
trimester fetal life until childhood (all p-values <0.05). Fetal U/C ratio was not associated with total
body and abdominal fat measures at 6 years.

Conclusion Our results suggest that fetal blood flow redistribution affects fetal development
and has persistent consequences for childhood growth.
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Introduction

Fetal growth and development largely depends on an adequate placental and fetal circulation.' An
adverse intra-uterine environment leads to fetal blood flow redistribution with a preferential fetal
blood flow to the brain cerebral circulation at the expense of lower body parts.2 This fetal blood
flow distribution leads to relatively higher blood and oxygen supply to the brains and heart.*s Fetal
blood flow redistribution is caused by higher peripheral and lower cerebral vascular resistance,
and can be measured as a higher umbilical artery pulsatility index (Pl) and a lower cerebral PI.?
This combination leads to a higher umbilical/cerebral (U/C) ratio.® Previous studies have shown
that fetal blood flow redistribution in late pregnancy might be accompanied with asymmetrical
fetal growth restriction characterized by a relatively larger head size than body size at birth.7?
Subsequently, this can lead to a different body composition and increased percentages of body
fat in later life Previously, we observed that third trimester uterine, umbilical and cerebral
blood flow measures are correlated with a lower estimated fetal weight.” We also observed that
an increased third trimester umbilical artery vascular resistance is associated with lower fetal
length and weight growth in third trimester resulting in smaller size at birth.” These differences
in length and weight growth characteristics became smaller from the age of 6 months, but were
still present at the age of 6 years.” Thus far, it is not known whether only umbilical artery flow
changes or also cerebral artery flow changes affect childhood growth and body fat distribution.
We examined in a population-based prospective cohort study among 1,195 pregnant women
and their children, the associations of third trimester fetal blood flow redistribution with
repeatedly measured fetal and childhood growth characteristics and fat distribution outcomes.

Methods

Design and study population

The current study was embedded in the Generation R Study, a population-based prospective
cohort study from fetal life onwards in Rotterdam, the Netherlands.® ™ The Medical Ethics
Committee of the Erasmus MC, University Medical Center, Rotterdam, has approved the study.

The study has been described in detail previously. Briefly, all participating were born between
April 2002 and January 2006. Enrollment was aimed at early pregnancy but allowed until birth
of the child. In total, 9,778 mothers and their children were enrolled in the study. More detailed
assessments of fetal and childhood growth and development were conducted in a random
subgroup of 1,232 Dutch mothers and children.” For the present analysis, twin pregnancies (n=15)
and pregnancies leading to perinatal death (n=2) were excluded from this analyses, resulting in
1,215 singleton live born children. Third trimester fetal blood flow distribution measurements were
available in 1,195 children (Supplementary Material Figure S3.1.1). Of all of these children, at
least one growth measure was available.
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Third trimester fetal blood flow distribution

In the Netherlands, routinely ultrasound scans are performed at 12 and 20 weeks of gestation.
For this study, third trimester fetal ultrasound examinations were performed at a median
gestational age of 30.3 (95% range 285 - 32.6) weeks. Gestational age was established by first
trimester ultrasound measurements.” Fetal blood flow distribution was measured as inverse of
the corresponding resistance indices in the umbilical and cerebral artery by pulsed-wave Doppler,
as described previously.*® A higher pulsatility index (PI) in a fetal artery might be an indication of
a lower blood flow and an increased vascular resistance.” For all Doppler measurements, colour
imaging was used to optimize placement of the pulsed-was Doppler gate. The mean of three
measurements was used for analyses. The redistribution of blood flow in favour of the fetal brain
was quantified by the middle cerebral artey P12 Middle cerebral artery Doppler measurements
were performed with colour Doppler visualization of the circle of Willis in the fetal brain, and
flow-velocity waveforms were obtained in the proximal part of the cerebral arteries. Fetal blood
flow redistribution in favour to the brain at expense of the trunk, including the abdominal organs,
is indicated by an increased ratio between the umbilical artery Pl and the cerebral artery Pl
(higher U/C ratio).® Intra- and interobserver analyses showed good reproducibility for all Doppler
measurements, as described previously (all intra-class correlation coefficients > 0.80)." The mean
and SD of the umbilical and cerebral artery Pl observed in our study were in line with a previous
longitudinal study focused on serial measurements.” Variables were normally distributed, as
shown in Supplementary Material Figure S3.1.6.

Fetal and childhood growth

During the same visit in third trimester, we measured fetal head circumference, abdominal
circumference, femur length and calculated estimated fetal weight.15, 22 Gestational age
adjusted standard deviation scores were constructed for all fetal growth measurements23.
We obtained information on date of birth, birth anthropometrics (head circumference,
length, weight) and offspring sex from community midwife and hospital registries. Preterm
birth was defined as a gestational age of <37 weeks at birth. Small size for gestational age
at birth was defined as gestational age corrected birth weight below the fifth centile in the
study cohort. Since head circumference and length at birth were not routinely measured
at birth, missing birth measures were completed with data from the first month visit at
the child health center. Well-trained staff obtained postnatal growth characteristics (head
circumference, height, weight) using standardized procedures. Visits were scheduled for age
6 months (median: 6.2, 95% range: 5.2 - 7.8), 12 months (median: 11.0, 95% range: 10.1 - 12.6),
24 months (median: 24.9, 95% range: 23.4 - 28.2), 36 months (median: 37.8, 95% range: 35.4 -
40.7), 48 months (median: 45.8, 95% range: 44.5 - 48.4) and 72 (95% range 68.4 - 79.2) months.
Head circumference was measured by a measuring tape (SECA). We measured length in
infants in supine position to the nearest o.icm by a neonanometer (Holtain Limited) and
after this period by a Harpenden stadiometer (Holtain Limited) in standing position. Weight
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was measured in naked infants at the age of 6 months to the nearest grams by using an
electronic infant scale (SECA) and from 24 months onwards by a mechanical personal scale
(SECA). We calculated body mass index (kg/mz2). For postnatal growth characteristics, we
calculated standard deviation scores using Dutch reference growth curves (Growth Analyzer
3.0, Dutch Growth Research Foundation, Rotterdam, the Netherlands).24

Childhood adiposity outcomes

We measured total body and regional fat mass using a Dual energy X-ray absorptiometry (DXA)
scanner (iDXA, GE-Lunar, 2008, Madison, WI, USA) and analysed with the enCORE software v.12.6.
DXA can accurately detect whole-body fat mass within less than 0.25% coefficient of variation.
Children were placed without shoes, heavy clothing and metal objects in supine position on the
DXA table. Total fat mass (kg) and lean mass were calculated as percentage of total body weight
(kg) measured by DXA. The android/gynoid fat mass ratio was calculated. The android/gynoid fat
ratio reflects the central body fat distribution in the abdomen and hip regions, respectively and
was used as a marker of waist/hip fat distribution.®

Abdominal ultrasound examinations were performed with ultrasound, as described
indetail** Briefly, preperitoneal fat thicknesses were measured withalinear transducer?, which was
placed perpendicular to the skin surface on the median upper abdomen. We scanned longitudinally
just below the xiphoid process to the navel along the midline (linea alba). All measurements were
performed off-line. Preperitoneal fat mass distance was measured as distance of the linea alba
to the peritoneum on top of the liver. Preperitoneal fat mass area was measured as area of 2 cm
length along the midline starting from the maximum preperitoneal distance in direction of the
area. We measured three times the areas of 2 cm length along midline, and we used the mean value
of these measures. The intra-observer reproducibility and the intra-class correlation coefficients
showed good reproducibility (all intra-class correlation coefficients > 0.92).»

Covariates

We obtained information on maternal age, prepregnancy weight, parity, educational level, smoking
during pregnancy, folic acid use, gestational hypertensive disorders (gestational hypertension/
preeclampsia) and gestational diabetes by questionnaires and medical records. We measured
maternal height without shoes and we calculated prepregnancy body mass index (kg/m?).

Statistical analysis

First, we used multivariate logistic regression models to examine the associations of third
trimester fetal blood flow distribution (umbilical artery PI, middle cerebral artery Pl and U/C
ratio) with the risks of preterm birth and small size for gestational age at birth. The models were
first adjusted for gestational age at third trimester measurement and child sex (basic model).
Additionally, we included potential confounders including maternal age, parity, educational level,
pre-pregnancy body mass index, smoking status during pregnancy, folic acid supplementation
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use, and pregnancy complications (confounder model). Second, the associations of third
trimester fetal blood flow redistribution (umbilical artery PI, middle cerebral artery Pl and U/C
ratio) were analysed using unbalanced repeated measurement regression models. These models
take the correlation between repeated measurements of the subject into account and allow for
incomplete outcome data?>3 We created fetal and childhood models in which gestational or
childhood age were included as continuous variables. From the constructed models, we obtained
effect estimates at specific time points of interest. The fetal flow measurements were included
in the models as intercept, which reflects the mean SDS for each growth characteristics per
SD increase in U/C ratio, and as interaction term with gestational/postnatal age. This interaction
term reflects the difference in change in growth characteristics over time per SD increase in U/C
ratio. We used a compound symmetry covariance structure. The models are described in more
detail in the Supplementary Material. Furthermore, we performed similar analyses focused
on the associations of U/C ratio with childhood growth in groups of children with the lowest
third trimester estimated fetal weight (<10% of EFW) and highest third trimester estimated fetal
weight (> 90% of EFW). Third, we used multivariate linear regression models to examine the
associations of fetal blood flow distribution (umbilical artery PI, middle cerebral artery Pl and U/C
ratio) with childhood fat measures. As preperitoneal fat area had a skewed distribution, we applied
natural log-transformation. The models were first adjusted for gestational age and estimated fetal
weight at third trimester measurement, child sex and current age. Additionally, we included same
potential confounders as for the birth outcome models. The models with childhood fat and lean
mass as outcome were also adjusted for height at time of the fat measurements. Covariates
were included in the models based on their association with fetal blood flow distribution and
growth measurements as shown in previous studies.” The confounder models were considered
as the main models. We tested potential interactions between fetal blood flow distribution and
sex for all our analyses. Significant interactions were present for the repeated measured head
circumference in pre- and postnatal models and prenatal measured length (p<o.05). All these
analyses were performed for total group, and for boys and girls separately. All effect estimates
were given per standard deviation (SD) change in fetal blood flow distribution measures. To
reduce the possibility of potential bias associated with missing data (less than 18%), missing values
were imputed using the multiple imputations procedure. In the imputation model we included all
covariates. Five imputed datasets were created and analyzed together. Further information about
the methods of multiple imputations are given in the Supplementary Material. The repeated
measurement analyses were performed using the Statistical Analysis System version 9.3 (SAS,
Institute Inc. Cary NC). All other analyses were performed using the Statistical Package for the
Social Sciences version 21.0 for Windows (IBM Corp., Armonk, NY, USA).
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Results

Participant characteristics

Table 1 showed a mean umbilical artery Pl of 0.97 (0.16), a middle cerebral artery Pl of 1.97 (0.16),
and an U/C ratio of 050 (0.11). At age 6 years, children had a mean body length of 119.0 (5.2)
cm, weight of 22.6 (3.2) kg and the mean total fat mass was 23.8 (4.5)%. Descriptive data of the
participants without multiple imputation are shown in Supplementary Material Table S3.1.1.
Supplementary Material Table S3.1.2 shows all infant growth characteristics, Table $3.1.3
shows maternal characteristics.

TABLE3.1.1 | Subject characteristics (N=1,195).

Third trimester fetal characteristics

Gestational age at measurement, wk 303 (285,326)
Umbilical artery pulsatility index 097 (016)
Middle cerebral artery pulsatility index 197 (033)
Umbilical/Middle cerebral artery ratio 050 (011)
Fetal head circumference, cm 286 (1.2)
Fetal femur length, cm 5.7 (03)
Estimated fetal weight, g 1630 (268)

Birth characteristics

Gestational age at birth, wk

403 (359, 42.4)

Head circumference, cm 34.0 (1.6)
Birth weight, g 3514 (540)
Birth length, cm 505 (2.3)
Preterm, % 4.7 (56)
Small for gestational age, % 3.7 (44)
Boys, % 521 (622)
Childhood characteristics

Age at follow up, y 59 (57, 6.6)
Head circumference, cm 514 (1.4)
Height, cm 119.0 (5.2)
Weight, kg 226 (3.2)
Body mass index, kg/m? 159 (1.4)
Total fat mass, % 238 (4.5)
Lean mass, % 726 (4.4)
Android/gynoid fat mass ratio, % 237 (161,37.8)

Preperitoneal fat area, cm?

037 (017,0.89)

Values are means (standard deviation), medians (95% range), or numbers (%). Non-imputed subject characteristics
can be found in Supplementary Material Table S3.1.1, infant growth characteristics in Table $3.1.2 and maternal

characteristics in Table S3.1.3.

Third trimester fetal flow distribution and the risks of adverse birth outcomes

Table 3.1.2 shows that a higher third trimester fetal U/C ratio was associated with increased

risk of preterm birth (OR 1.41 (95% Cl 1.08 t01.85) per SD increase in fetal U/C ratio) and small for

gestational age (OR 1.63 (95% Cl 1.21,2.19) per SD increase in fetal U/C ratio).
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TABLE 3.1.2 | Associations of third trimester fetal umbilical and cerebral blood flow with risks of adverse birth outcomes

(N =1,95).
Preterm Small for gestational age

Odds Ratios (95% Cl) Odds Ratios (95% CI)
Basic model
Umbilical artery pulsatility index 1.06 (0.80, 1.41) 2.25 (1.65,3.06)'
Middle cerebral artery pulsatility index 066 (050,0.87)" 1.01 (0.74,137)
Umbilical/Middle cerebral artery ratio 142 (1.09,1.83)" 162(1.22, 214)"
Confounder model
Umbilical artery pulsatility index 102 (0.77,137) 218 (159, 2.99)"
Middle cerebral artery pulsatility index 065 (0.49, 0.87)" 1.01 (0.74,138)
Umbilical/Middle cerebral artery ratio 141 (1.08,1.85)" 163 (121, 219)"

Values are Odds Ratios (95% Confidence Interval) from logistic regression models that reflect the risk of preterm and
small for gestational age at birth per SDS change in third trimester fetal umbilical and cerebral blood flow. Basic model
is adjusted for gestational age at third trimester and child’s sex. Confounder model is additionally adjusted for maternal
age, parity, educational level, body mass index, smoking, folic acid supplementation use and pregnancy complications.
"P-value<o.01

Third trimester fetal flow distribution and longitudinal growth measurements

Figure 3.1.1 shows the associations of third trimester fetal U/C ratio with longitudinal fetal and
childhood growth patterns. A higher third trimester fetal U/C ratio was associated with a smaller
fetal head circumference, length and weight from third trimester onwards, leading to a smaller
size at birth (differences for birth head circumference -0.08 SD (95% Cl -0.15to -0.01); birth length
-0.09 SD (95%Cl -0.16 to -0.02) and birth weight (-0.18 SD (95% Cl -0.24 to -0.12) per SD increase
in fetal U/C ratio). The differences were smaller during childhood but remained significant. At the
age of 6, a higher third trimester fetal U/C ratio was associated with smaller head circumference
(difference -0.05 SD (95% Cl -0.11 to 0), height (difference -0.12 SD (95%Cl -0.17 to -0.06), weight
(difference -0.12 SDS (95% Cl -0.17 to -0.06)) and body mass index (difference -0.06 SDS (95%
Cl -0.12 to -0.01). We observed significant interactions between sex and repeated measured
head circumference in fetal - and childhood models and fetal length (P<o.05). The differences
tended to be stronger in boys than in girls. The associations of fetal blood flow redistribution
with growth patterns remain relatively constant over time. We did observe an overall association
of fetal blood flow redistribution with growth, but no significant interaction between fetal flow
and (gestational) age were present. The associations of third trimester fetal umbilical artery P!
and cerebral artery Pl separately with longitudinal fetal and childhood growth patterns are given
in the Supplementary Material (Figure S3.1.2). The associations of third trimester fetal
umbilical artery PI with longitudinal growth patterns tended to be similar as those for the fetal
U/C ratio (Figure S3.1.2). The associations of third trimester cerebral artery Pl with longitudinal
growth patterns are given in Figure S3.1.3 and showed a non-significant tendency for a positive
association of third trimester higher cerebralartery Pl with head circumference, height and weight
growth during fetal life and childhood, with smaller differences at older ages (Figure S3.1.3). The
associations of third trimester fetal U/C ratio with childhood growth patterns in the groups of
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children in the lowest and highest third trimester estimated fetal weight categories are given in
the Supplementary Material (Figures S3.1.4 and S3.1.5). Children in the lowest 10 percent
of third trimester estimated fetal weight group tended to have a stronger inverse association of
third trimester fetal U/C ratio with head circumference, height and weight growth during fetal
life and childhood, with larger differences at older ages compared with growth patterns in total
group. Children in highest 10 percent of third trimester estimated fetal weight group showed
similar longitudinal growth patterns compared the total group.

Third trimester fetal flow distribution and childhood adiposity outcomes

Table 3.1.3 showed that third trimester fetal umbilical artery PI, middle cerebral artery Pl or the
U/C ratio were not associated with, total fat mass, lean mass, android/gynoid fat mass ratio or
preperitoneal fat area at the age of 6.

Head Cireumference Height
11 - A
008 | 1 I ) 105 I .I. 1
f q = 1 1 ; "
L B S (A PR W/
4= R e B e, # Sk %
8. 1 8 o : o | 1 | —
= g |» = = S 5 bt 1 ettt
TrEe ¥ | ===
& 2 | T £ a2 1 _
025 | ) — # —Total group Kige | — # = Towal group |
5 — e = Bays i = a = Boys
03 — B = Giitls - | — = G |
W an 6 2 t1} 16 a5 2 0 0 6 E1] N " 7
Gestational age Childhood age (months) Grestational age Chibdbood age (menths)
iwecks) iwecks)
Weight Body Mass Index
o o |
o} =} T
. ] AT T T —
£ £ ot _IT-_—_- e | ettt
5 o T | Y ) P e @ | -
5 P T Ly e | e ;
.l 1 1
E ﬂ i
- E
a- =
) — & —Toisl growp - = e = Total group
02 =& = Boys 1 - | I = i = Hoys
— - Giirls 3 ] — = Girls
0 W 4 % 18 T2 . . B 12 3 %
Gestational age Childbood age (months) Ciestational age Childhood age (months)
(weeks) {wecks)

FIGURE 3.1.1 | Associations of third trimester fetal flow redistribution with growth characteristics.

Associations of third trimester fetal U/C ratio with fetal and childhood growth characteristics. Values reflect regression
coefficients (95% Confidence Interval) and reflect differences in (gestational) age adjusted SDS of growth characteristics
per SDS change in U/C ratio. Models are adjusted for age at third trimester. Total group analyses were additionally adjusted
for child’s sex. P-value of the interaction term of fetal flow with (gestational) age was not significant. P-value for sex
interaction <0.01 for model focused on head circumference and prenatal length.
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TABLE 3.1.3 | Associations of third trimester fetal umbilical and cerebral blood flow with body fat distribution at the age

of 6 (N =923).

Fat mass, % Lean mass, % Android/gynoid Preperitoneal

fat mass ratio  fat area (cm?)

Basic model
Umbilical artery pulsatility index 0.26 (-0.02,053) -0.26 (-0.53,0.01) -0.01(-0.39,037) 0.01(-0.03,0.04)
Middle cerebral artery pulsatility index 018 (-0.09,0.45) -0.19 (-0.44,0.07) -0.05 (-0.41,032) 0.01(-0.02, 0.04)
Umbilical/Middle cerebral artery ratio -0.00 (-0.28,0.28) 0.00 (-0.27,-0.27) -0.02 (-0.37,0.39) -0.01(-0.04, 0.02)
Confounder model
Umbilical artery pulsatility index 0.20 (-0.07,0.47) -0.20 (-0.46,0.05) -0.11 (-0.49, 0.27) -0.00 (-0.04, 0.03)
Middle cerebral artery pulsatility index 011 (-015,037)  -0.12 (-0.37,013) -0.13(-0.49,0.24) 0.01 (-0.02, 0.04)
Umbilical/Middle cerebral artery ratio 0.05(-0.23,032) -0.04 (-0.31,022) 0.03(-0.35,041) -0.01(-0.04, 0.02)

Values are regression coefficients (95% Confidence Interval) from linear regression models that reflect differences in
childhood body fat distribution per SDS change in third trimester fetal umbilical and cerebral blood flow. Basic model
is adjusted for gestational age at third trimester, estimated fetal weight, child’s sex and current age. Confounder model
is additionally adjusted maternal age, parity, educational level, body mass index, smoking, folic acid supplementation use
and pregnancy complications. Preperitoneal fat area was log transformed. Models with fat mass and lean mass were
additionally adjusted for length of the child at age 6.

Discussion

Main findings

In this population-based prospective cohort study we observed that third trimester fetal blood
flow redistribution, with a preferential fetal blood flow to brain cerebral circulation at the expense
of lower body parts, was associated with increased risks of adverse birth outcomes. Also, fetal
blood flow redistribution was associated with a smaller third trimester fetal head circumference,
length, and weight growth from third trimester onwards with persistent effects until the age of
6 years. We did not observe associations of third trimester fetal blood flow redistribution with
childhood total body and abdominal fat measures.

Strengths and limitations

The main strength of this study is the large population-based cohort studied from fetal life
onwards. To our knowledge, thus far this is the largest study, which examined the effects of
fetal blood flow distribution on early growth trajectories. The population-based setting enabled
us to assess the fetal blood flow measures across the full range, rather than only in fetuses
with growth restriction or other complications. Follow-up measurements at the age of 6 were
available in 75% of the children. Missing growth and fat distribution measurements could lead
to selection bias and loss of power. Our results would be biased if the associations between
fetal blood flow distribution and growth outcomes differ between those included and those not
included in the study. Although this seems unlikely, it cannot be excluded. Finally, although we had
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information about a large number of confounders, the influence of residual confounding should
be considered, as in any observational study.

Interpretation

Fetal growth and development largely depends on an adequate placental and fetal circulation.” An
adverse intra-uterine environment with reduced oxygenation or nutrition levels in the developing
fetus leads to fetal blood flow redistribution, an important fetal adaptation mechanism to
ensure blood transport to the most important organs.>2 The first signs of a suboptimal intra-
uterine environment can be detected in a decline in umbilical vein blood flow. A compensatory
increase in ductus venous diameter increases the blood flow to the heart.#5 This will be followed
by an increase in the umbilical artery blood flow resistance and a decrease in cerebral artery
resistance® Both the umbilical and uterine artery blood flow parameters provide information
about the placental circulation, but assessment of vascular resistance in the umbilical artery may
be more closely related to the fetal condition. Umbilical artery Doppler resistance indices were
related to fetal levels of glucose and amino acids®, and therefore the umbilical artery Pl could be
used as substitute measurement of placenta function In line with previous studies from the
same cohort™”*® we used the U/C ratio, and not the Cerebrum Placental ratio (CPR) which reflects
cerebral artery Pllumbilical artery Pl ratio. These measurements have an inverse 1:1 correlation.

Several studies have shown that placental insufficiency is related to increased risks of
adverse birth outcomes®?% However, Akolekar et al. showed that at 35-37 weeks of gestation
the association of a low CPR with adverse birth outcomes is weak3* Mechanisms that cause
preterm birth were not clearly defined® We hypothesized that it might be that a suboptimal
fetal circulation causes fetal undernutrition and subsequently results in preterm delivery.“® In the
current study, we observed that small variations in third trimester fetal umbilical artery PI, middle
cerebral artery Pl and the U/C ratio, in a low risk population, were associated with increased risks
of preterm birth and small-size for gestational age at birth. These observations suggest measuring
the middle cerebral artery Pl and the U/C ratio, in addition to placental pulsatility indices, may be
useful for identifying fetuses at risk of adverse birth outcomes.

Studies have shown that fetal blood flow redistribution in late pregnancy results in
asymmetrical fetal growth restriction characterized by a relatively larger head size than body
size at birth.7? Previously, we observed that third trimester uterine, fetal umbilical and cerebral
blood flow measures are correlated with a lower estimated fetal weight." However, not much is
known about fetal blood flow redistribution and the consequences on childhood growth. We
have previously shown that an increased third trimester umbilical artery vascular resistance is
associated with lower fetal, infant and childhood growth.” Thus far, it is not known whether only
umbilical artery flow changes or also cerebral artery flow changes affect childhood growth and
body fat distribution. Results from the longitudinal growth analyses in the current study showed
that a higher third trimester U/C ratio and umbilical artery Pl were associated with persistently
lower head circumference, length, and weight growth from third trimester until 6 years. The
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associations of third trimester cerebral artery Pl with longitudinal growth patterns tended to have
smaller effect estimates compared with third trimester umbilical artery Pl and the U/C ratio. Our
results among children with low third trimester estimated fetal weight and high third trimester
estimated fetal weight suggest that the effects of third trimester U/C ratio on childhood growth
patterns may be stronger among children with a lower third trimester estimated fetal weight.
However, the confidence intervals were wide and the observed differences in effect estimates
were not significant. Further studies are needed to explore whether combining festal growth and
U/C ratio may help to identify children at risk for long term health outcomes.

In our study, we did not find evidence for full catch up growth following small-size at birth in
response to fetal blood flow distribution. These findings suggest that fetal blood flow distribution
leads to persistently smaller size during fetal life and childhood. Previous studies have shown that
a low birth weight is associated with increased fat measures at different ages.'>#"# The underlying
pathways may include differences in body proportions, which subsequently predispose individuals
to increased risks of cardiovascular disease in later life. % Previously, in a larger group of our
cohort, we observed small associations of higher umbilical placental Pl with increased total fat
mass and the android/gynoid fat mass ratio in childhood.” However, our study did not suggest
any effect of fetal blood flow redistribution on childhood overweight and fat mass measures,
which might be due to the smaller study sample. Also, it might be that the consequences of a
suboptimal fetal environment might not be detectable in early childhood, but might become
more evident in later life. Further studies are needed to identify the long-term consequences of
fetal blood flow redistribution on growth patterns and adiposity measures in young adulthood.

The umbilical artery PI reflects the fetal-placental connection, whereas the middle cerebral
artery Pl reflects the fetal response. The U/C ratio detects the redistribution of fetal blood flow
due to adaptions in these two vascular units.* Animal models have demonstrated that the ratio
is better correlated with fetal hypoxia than the umbilical or the cerebral component by itself.#®
It has also been shown that using the U/C ratio, the MCA/uterine artery or the MCA/umbilical
artery, improves the prediction of adverse pregnancy outcomes compared to its individual
components.” In line with these studies, we observed the strongest associations of the U/C ratio
with longitudinal growth analyses from third trimester fetal life until the age of 6 years. However,
although our findings suggest that fetal blood flow redistribution increased the risks of adverse
birth outcomes and affects a child’s growth trajectory, the effect estimates were small and likely
to be without direct clinical consequences for individuals.

Conclusion

In this study we observed that third trimester fetal blood flow redistribution with a preferential
fetal blood flow to the brain cerebral circulation at the expense of lower body parts, is associated
with increased risks of adverse birth outcomes and growth restriction from fetal life onwards.
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Direct clinical consequences are limited, however our findings are important from an etiological

point of view. Follow-up studies to health consequences in adulthood of suboptimal fetal blood

flow circulation are needed.
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Supplementary Material

Longitudinal growth models

The models can be written as

Fetal:
Head circumference = B_ + B * fetalflow + B, * gestational age + B_* fetalflow * gestational age
Length =B+ B *fetalflow + B, * gestational age + B_* fetalflow * gestational age
Weight = B_+ B * fetalflow + B_* gestational age + B, * fetalflow * gestational age
o 1 2 3

Childhood:

Head circumference = B+ B *fetalflow + B, * age + B_* fetalflow * age
Heigth = B, + B *fetalflow + B, * age + B, * fetalflow * age

Weight =B_ + B *fetalflow + B, *age + B * fetalflow * age

BMI=B_+ B *fetalflow + B * age + B_* fetalflow * age

Multiple imputation procedure

To reduce the possibility of potential bias associated with missing data (less than 18%), missing
values for covariates were imputed using the multiple imputations procedure. For the multiple
imputations, 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 determinants, outcomes and
covariates plus educational level of the father. The determinants and outcomes were only used
as predictors in the imputation model, and not imputed themselves. Five imputed datasets were
created and analyzed together.

'Sterne JA, White IR, Carlin JB, Spratt M, Royston P, Kenward MG, Wood AM, Carpenter JR. Multiple imputation for
missing data in epidemiological and clinical research: potential and pitfalls. BMJ. 2009 Jun 29;338:b2393.
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Generation R subgroup
N=1,215

Singleton live births participating in the

Fetal blood flow redistribution and childhood growth

N = 20 Excluded, due to missing fetal

v

N=1,195

Data on fetal blood flow distribution

Total population for analysis
N=1,195

Fetal growth
Third trimester
Birth

Childhood growth
6 months

12 months

24 months

36 months

48 months

72 months

N=1,193
N=1,195

N = 1,108
N =963
N = 1,008
N = 984
N = 702
N =923

hemodynamic measurements

FIGURE S3.1.1 | Flow chart of participants included in the analysis.
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FIGURE $3.1.2 | Associations of third trimester fetal umbilical artery Pl with growth characteristics.
Associations of third trimester fetal umbilical artery Pl with fetal and childhood growth characteristics. Values reflect

regression coefficients (95% Confidence Interval) and reflect differences in (gestational) age adjusted SDS of growth

characteristics per SDS change in umbilical artery PI. Models are adjusted for age at third trimester. Total group analyses

were additionally adjusted for child’s sex. P-value for sex interaction <0.01 for model focused on head circumference and

prenatal length and weight.
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FIGURE $3.1.3 | Associations of third trimester fetal cerebral artery Pl with growth characteristics.

Associations of third trimester fetal cerebral artery Pl with fetal and childhood growth characteristics. Values reflect
regression coefficients (95% Confidence Interval) and reflect differences in (gestational) age adjusted SDS of growth
characteristics per SDS change in cerebral artery PI. Models are adjusted for age at third trimester. Total group analyses
were additionally adjusted for child’s sex. P-value for sex interaction <0.01 for model focused on head circumference and

prenatal length.
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FIGURE S$3.1.4 | Associations of third trimester fetal flow redistribution with growth characteristics. Estimated fetal
weight < 10" percentile.

Associations of third trimester fetal U/C ratio with fetal and childhood growth characteristics, in the group with the
lowest third trimester estimated fetal weight (<10 percentile EFW) children. Values reflect regression coefficients (95%
Confidence Interval) and reflect difference in (gestational) age adjusted SDS of growth characteristics per SDS change in
UJ/C ratio. Models are adjusted for age at third trimester and child’s sex. P-value of the interaction term of fetal flow with
(gestational) age was not significant.
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FIGURE S3.1.5 | Associations of third trimester fetal flow redistribution with growth characteristics. Estimated fetal weight
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Associations of third trimester fetal U/C ratio with fetal and childhood growth characteristics, in the group with the
highest third trimester estimated fetal weight (>90 percentile EFW) children. Values reflect regression coefficients (95%
Confidence Interval) and reflect difference in (gestational) age adjusted SDS of growth characteristics per SDS change in
UJ/C ratio. Models are adjusted for age at third trimester and child’s sex. P-value of the interaction term of fetal flow with
(gestational) age was not significant.

FIGURE $3.1.6 | Histograms of fetal flow measurements.
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TABLE S3.1.1| Subject characteristics (N = 1,95) - non imputed data.

Maternal characteristics

Age,y
Gestational age at enrolment, wk
Height, cm
Prepregnancy weight, kg
Prepregnancy body mass index, kg/m?
Parity =1, %
Missing
Educational level, %
Primary/secondary
Secondary or higher
Missing
Folic acid supplement use, %
No
Start in first 10 weeks of pregnancy
Start periconceptional
Missing
Smoking during pregnancy, %
No
Yes
Missing
Pregnancy complications
Gestational hypertension, %
No
Yes
Missing
Pre-eclampsia, %
No
Yes
Missing
Diabetes gravidarum, %
No
Yes
Missing

319 (21.8,39.1)
12.9 (9.9, 21.1)
1709 (63)
68.8 (12.7)
235 (4.1)
469 (39.2)
3(03)

434 (363)
744 (62.1)
19 (1.6)

93 (7.8)
288 (24.1)
608 (50.9)
206 (17.2)

822 (686)
267 (223)
109 (91)

1073 (89.8)
55 (4.6)
67 (56)

1073 (89.8)
28 (2.3)
94 (79)

1153 (965)
1(09)
31 (26)

Third trimester fetal characteristics

Gestational age at measurement, wk
Umbilical artery pulsatility index
Middle cerebral artery pulsatility index
Umbilical/Middle cerebral artery ratio
Head circumference, cm

Femur length, cm

Estimated fetal weight, g

303 (285, 326)
097 (016)
197 (033)
050 (011)

286 (12)
57 (03)
1630 (268)

Birth characteristics

Gestational age at birth, wk
Head circumference, cm
Birth weight, g

Birth length, cm

Preterm, %

Small for gestational age, %
Boys, %

403 (359, 42.4)
34.0 (16)
3514 (540)
505 (23)
47 (56)
37 (44
521 (622)
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Childhood characteristics

Age at follow up, y

Head circumference, cm
Height, cm

Weight, kg

Body mass index, kg/m?
Total fat mass, %

Lean mass, %

Android/gynoid fat mass ratio, mean (SD), %

Preperitoneal fat area, cm?

59 (57,66)
514 (1.4)
119.0 (5.2)
226 (3.2)
159 (1.4)
238 (4.5)
726 (4.4)
237 (161, 37.8)
037 (017,0.89)

Values are means (standard deviation), medians (95% range), or numbers (%)

TABLE S3.1.2 | Infant growth characteristics (N = 1,195).

Infant growth characteristics

6 months

Age, months 6.2 (52-78)
Head circumference, cm 436 (1.4)
Weight, kg 7.8 (0.9)
Length, cm 678 (26)
Body mass index, kg/m? 171 (1.3)

12 months

Age, months 1.0 (101 - 12.6)
Head circumference, cm 461 (1.4)
Weight, g 96 (1.0)
Height, cm 74.4 (25)
Body mass index, kg/m? 174 (13)

24 months

Age, months 24.9 (23.4 - 282)
Head circumference, cm 493 (15)
Weight, g 12.9 (1.4)
Height, cm 884 (33)
Body mass index, kg/m? 165 (13)

36 months

Age, months 366.8 (35.4 - 40.7)
Weight, g 153 (17)
Height, cm 977 (3.8)
Body mass index, kg/m? 16.0 (1.2)

48 months

Age, months 458 (445 - 48.4)
Weight, g 170 (2.0)
Height, cm 103.7 (4.1)
Body mass index, kg/m? 15.8 (1.2)

Values are means (standard deviation), medians (95% range)

93



Chapter3.1

TABLE S3.1.3 | Maternal characteristics (N =1,195).

Maternal characteristics

Age,y 319 (21.8,39.1)
Gestational age at enrolment, wk 12.9 (9.9, 21.)
Height, cm 170.9 (633)
Prepregnancy weight, kg 687 (121)
Prepregnancy body mass index, kg/m? 235 (3.9)
Parity =1, % 470 (393)
Educational level, %
Primary/secondary 445 (37.2)
Secondary or higher 750 (62.8)
Folic acid supplement use, %
No 122 (10.2)
Start in first 10 weeks of pregnancy 356 (29.8)
Start periconceptional 717 (60)
Smoking during pregnancy, %
No 882 (73.8)
Yes 313 (26.2)
Pregnancy complications
Gestational hypertension, %
No 1123 (94.0)
Yes 72 (6.0)
Pre-eclampsia, %
No 1160 (971)
Yes 35(29)
Diabetes gravidarum, %
No 1176 (98.4)
Yes 19 (1.6)

Values are means (standard deviation), medians (95% range)
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Abstract

Objective Low birth weight is associated with cardiovascular disease in adulthood. Hemodynamic
adaptations related to fetal growth restriction may underlie these associations, through persistent
influences on cardiovascular development. We examined the associations of third trimester fetal
hemodynamics with cardiovascular outcomes in childhood.

Methods In a prospective cohort study among 917 pregnant women and their children, we
measured fetal growth, and fetal arterial and cardiac hemodynamic variables with ultrasound
and Doppler examinations at a gestational age of 30.3 (95% range 28.8 - 32.3) weeks. At the age
of 6 years, we measured blood pressure, carotid-femoral pulse wave velocity, and left cardiac
structures and function.

Results We observed that fetal hemodynamics were not associated with childhood blood
pressure and carotid-femoral pulse wave velocity. The fetal aorta ascendens diameter and left
cardiac output were positively associated with childhood aortic root diameter (0.14 SDS, 95% Cl
0.07,0.22 and 0.08 SDS, 95% Cl 0.01, 0.15 per SDS change in diameter and output, respectively).
Fetal left ventricular diastolic filling pattern was inversely associated with aortic root diameter
(-0.07 SDS, 95% Cl -0.13, 0.00 per SDS change in E/A ratio) at 6 years. Analyses adjusted and
stratified for estimated fetal weight showed no differences in results.

Conclusion Our results suggest that third trimester fetal vascular resistance parameters do not
affect blood pressure or arterial stiffness in childhood. Fetal cardiac functional and structural
measures are associated with cardiac outcomes in childhood. Whether these early adaptations
lead to greater risks of cardiovascular disease should be further studied.
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Fetal hemodynamics and childhood cardiovascular outcomes

Introduction

Low birth weight is associated with higher risks of cardiovascular disease in later life.” The
mechanisms underlying these associations are not known, but might include hemodynamic
adaptations in the fetal circulation related to fetal growth restriction? These early fetal
hemodynamic adaptations may have persistent influences on cardiovascular structure and
function development? which may be without clinical consequences on the short term, but lead to
cardiovascular diseases in later life. This hypothesis is supported by previous studies showing that
fetal growth restriction is associated with changes in fetal blood flow patterns and redistribution
with preferential supply of oxygen and nutrients to the brain and heart instead of other organs.**
Previously, we observed that even within the normal range of fetal growth, fetal growth variation
is related with fetal hemodynamic adaptions, including changes in cardiac output and cardiac
compliance.® Children with fetal growth retardation showed changes in cardiac morphology at
the age of 5 years, which increased with the severity of growth restriction.” Also, low birth weight
seems to be associated with structural and functional cardiovascular outcomes such as higher
arterial stiffness and blood pressure in childhood and adulthood® ¢, and smaller diameters of
the coronary arteries, aortic root, and left ventricular outflow tract in children.” Although many
studies examined the associations of birth weight with cardiovascular outcomes in childhood,
the associations of fetal hemodynamics with development of cardiovascular structures and
function in later life are not known. Previously we observed in a large scale cohort that third
trimester umbilical artery resistance is associated with childhood systolic blood pressure and left
ventricular mass." In a subsample of this latter study we explored whether detailed fetal vascular
and cardiac hemodynamics affect childhood cardiovascular outcomes. With this study we aim
to give insight in the associations of fetal life blood flow profiles with cardiovascular outcomes in
healthy, low risk children.

Therefore, we examined in a a population-based, prospective cohort study from fetal life
onwards among 917 children the associations of third trimester fetal hemodynamics with
cardiovascular outcomes in 6 year old children.

Methods

This study was embedded in the Generation R Study, a population-based, prospective cohort
study from fetal life onward among 9,778 mothers and children in Rotterdam, the Netherlands™
All children were born between April 2002 and January 2006. Enroliment was aimed at early
pregnancy but was allowed until birth of the child. Detailed third trimester assessments were
conducted in a random subgroup of 1,232 Dutch pregnant women and their children. In this
group, third trimester fetal hemodynamics were available in 1,201 singleton live born children, of
whom 925 children (77%) visited the research center at the median age of 5.9 (95% range 5.7 - 6.4)
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years. Blood pressure, carotid-femoral pulse wave velocity, or cardiac ultrasound measurements
were performed in 918 children. One child with echocardiographic evidence of heart disease
was excluded from the study, leaving 917 children for the current analyses (Figure S3.2.1).
Written informed consent was obtained from all participants. The study has been approved by
the Medical Ethics Committee of the Erasmus Medical Center, Rotterdam.

Third trimester fetal growth and hemodynamic characteristics

Gestational age was established by first trimester ultrasound measurements. In third trimester,
head circumference, abdominal circumference, and femur length were measured and estimated
fetal weight was calculated using the formula by Hadlock et al.

Fetal hemodynamics were assessed by pulsed-wave Doppler at a median gestational
age of 30.3 (95% range 28.8 - 32.3) weeks, as described previously.® For each measurement 3
consecutive uniform waveforms were recorded by pulsed Doppler ultrasound, and the mean of 3
measurements was used for further analysis. Feto-placental vascular resistance was evaluated with
recorded flow-velocity waveforms from the umbilical artery. A raised umbilical artery pulsatility
index (PI) indicate increased resistance.” "> Umbilical artery Pl was determined in a free-floating
loop of the umbilical cord.

Middle cerebralartery Doppler measurements were performed with color Doppler visualization
of the circle of Willis in the fetal brain, and flow-velocity waveforms were obtained in the proximal
part of the cerebral arteries. The middle cerebral artery PI quantify the redistribution of blood
flow in favour of the fetal brain. Reductions in middle cerebral artery Pl are valid indicators of the
brain-sparing effect and fetal redistribution.” 7 An indicator of the ‘brain-sparing effect’ is a raised
ratio between the umbilical artery Pl and the cerebral artery Pl (U/C ratio).”® We calculated the U/C
ratio by dividing the Pl of the umbilical artery by the Pl of the middle cerebral artery.

Cardiac flow-velocity waveforms at the level of the mitral valves were recorded from the
apical 4-champer view of the fetal heart. Peak velocities of the E wave, which represents early
passive ventricular filling, and the A wave, which represents active atrial contraction filling, were
recorded. The E/A ratio, which is an index for ventricular diastolic function and expresses both
cardiac compliance and preload conditions, was calculated®. A higher E/A ratio indicates a stiffer
left ventricle.

Cardiac outflow flow-velocity waveforms from the aorta were recorded from the 5-chamber
view and the short-axis view of the fetal heart just above the semi-lunar valves, respectively. Peak
systolic velocity (PSV), time-velocity integral, fetal heart rate, and the inner diameter during
systole were recorded. Left cardiac output was calculated in millilitres per minute by multiplying
the vessel area by the time-velocity integral by fetal heart rate.

To assess reproducibility of ultrasound measurements, the interobserver and intraobserver
intra-class correlation coefficient and coefficient of variation were calculated previously in 12
subjects for various Doppler measurements.® High intraclass correlation coefficient values (>0.80)
with corresponding low coefficient of variation values (<10%) have been reported, indicating
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adequate reproducibility for all assessed Doppler measurements. All ultrasound examinations
were performed with an ATL-Philips model HDI soo0 (Seattle, Wash) equipped with a 5.0-MHz
high-frequency, curved-array transducer.

Childhood cardiovascular structures and function

We measured blood pressure with the child in supine position. Systolic and diastolic blood
pressure was measured at the right brachial artery, four times with one minute intervals, using
the validated automatic sphygmanometer Datascope Accutor Plus™ (Paramus, NJ, USA)™. A cuff
was selected with a cuff width approximately 40% of the arm circumference and long enough to
cover 90% of the arm circumference. More than 9o% of the children who visited the research
center had four successful blood pressure measurements available. Hypertension was defined
as systolic and diastolic blood pressure above the 95" percentile, high normal blood pressure as
systolic and diastolic blood pressure were between the 9o and 95" percentile.

Carotid-femoral pulse wave velocity, the reference method to assess aortic stiffness®, was
assessed using the automatic Complior SP device (Complior; Artech Medical, Pantin, France)
with participants in supine position. The distance between the recording sites at the carotid
(proximal) and femoral (distal) artery was measured over the surface of the body to the nearest
centimeter. Through piezoelectric sensors placed on the skin, the device collected signals to
assess the time delay between the upstroke of carotid and femoral waveforms. Carotid-femoral
pulse wave velocity was calculated as the ratio of the distance travelled by the pulse wave and the
time delay between the waveforms, as expressed in meters per second. To cover a complete
respiratory cycle, the mean of at least 10 consecutive pressure waveforms was used in the
analyses. Pulse wave velocity can be measured reliably, with good reproducibility in large pediatric
population-based cohorts. Two-dimensional M-mode echocardiographic measurements were
performed using the ATL-Philips Model HDI so00 (Seattle, WA, USA) or the Logiq Eo (GE
Medical Systems, Wauwatosa, WI, USA) devices. Quality checks were frequently carried out
and feedback was provided regularly, to minimise interobserver differences. The children were
examined in a quiet room with the child awake in supine position. Missing echocardiograms were
mainly due to restlessness of the child or unavailability of equipment or sonographer. Aortic
root diameter, interventricular end-diastolic septal thickness (IVSTD), left ventricular end-
diastolic diameter (LVEDD), left ventricular end-diastolic posterior wall thickness (LVPWTD) and
fractional shortening were measured using methods recommended by the American Society of
Echocardiography.* Left ventricular mass (LV mass) was calculated using the formula derived by
Devereux et al®: LV mass = 0.80 x 1.04((IVSTD + LVEDD + LVPWTD)3? - (LVEDD) %+ 0.6. To assess
reproducibility of ultrasound measurements, the intraobserver and interobserver intra-class
correlation coefficients were calculated previously for left atrial diameter, aortic root diameter,
IVSTD, LVEDD and LVPWTD in 28 subjects (median age 7.5 years, inter-quartile range 3.0 - 11.0)
and varied between 0.91 to 0.99 and 0.78 to 0.96, respectively.*
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Covariates

Information on maternal age, pre-pregnancy weight, parity, educational level, smoking status
during pregnancy (yes/no) and folic acid use (no, start in first 10 weeks of pregnancy, start
periconceptional) was obtained by questionnaires. Maternal height was measured without shoes
and pre-pregnancy body mass index (BMI) was calculated (kg/m?). Date of birth, infant sex and
birth weight were obtained from midwife and hospital registries. Breastfeeding (yes/no) was
assessed using questionnaires. At the age of 6 years, child height and weight were measured
without shoes and heavy clothing, and BMI was calculated.

Statistical analysis

First, we assessed the differences in subject characteristics between boys and girls by independent
sample t-test for continuous variables, and chi-square test for categorical variables. Second, we
assessed the associations of third trimester vascular resistance parameters with cardiovascular
outcomes at the age of 6 years using multiple linear regression models. These models were
first only adjusted for gestational age at third trimester measurement, child sex and current age,
and second, additionally adjusted for maternal age, parity, educational level, pre-pregnancy BMI,
smoking status during pregnancy and folic acid use, fetal heart rate, gestational age at birth, third
trimester estimated fetal weight, birth weight, breastfeeding status and current BMI. Covariates
were included in the models based on their associations with fetal blood flow, cardiac structures
and function as shown in previous studies. All models with echocardiographic outcomes were
additionally adjusted for ultrasound device and performing sonographer. Third, we investigated
the associations of fetal cardiac hemodynamics with childhood left cardiac structures and
fractional shortening, using similar models. To explore whether any associations of vascular
resistance indices or fetal hemodynamics with cardiovascular outcome were only present in
fetal growth restricted subjects, we also performed these analyses in quintiles of third trimester
estimated fetal weight. Since we measured blood pressure four times, we applied linear mixed
effects models?, that fit the four blood pressure measurements within the same child as repeated
outcome measures. The major advantage of this approach is that subjects with the maximum
number of blood pressure measurements available and the least individual variability in their
blood pressure measurements are assigned the highest weight in the analysis.?®

All cardiovascular outcome measurements were converted to the standard deviation score
(SDS) for comparison of effect estimates. We did not construct age adjusted SDS because of
the small age range in these measurements. The percentages of missing covariate values within
the population for analysis were lower than 17%. Missing covariate data were imputed using the
multiple imputations procedure (N = 5 imputations) and the imputed datasets were analyzed
together. All measures of association are presented with their 95% confidence intervals (Cl).
The mixed-models were fitted using the Statistical Analysis System version 9.2 (SAS, Institute Inc,
Gary, NC, USA). All other statistical analyses were performed using the Statistical Package for the
Social Sciences version 20.0 for Windows (SPSS Inc, Chicago, IL, USA).
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Results

Subject characteristics

The study population consisted of 462 boys and 455 girls (Table 3.2.1), with a median age of
5.9 years (95% range 5.7 - 6.4). Boys had a lower fetal heart rate and lower umbilical artery P!
than girls. The fetal aorta ascendens diameter was larger in boys. At the age of 6 years left atrial
diameter, aortic root diameter and the left ventricular mass were larger in boys than in girls, while
girls had a higher blood pressure. In total, 7 (0.8%) children had hypertension, and 21 (25%)
children had a high normal blood pressure using age and height specific cut-points.>®> None of the
children had known clinical heart disease.

Third trimester fetal vascular resistance parameters and childhood cardiovascular
outcomes

Results from the models focused on the associations of placental and fetal vascular resistance
indices with cardiovascular outcomes only adjusted for gestational age, child’s sex and current
age are given in the supplementary material (Table S3.2.1). These models showed no
associations of placental and fetal vascular resistance indices with blood pressure or carotid-
femoral pulse wave velocity at 6 years. Third trimester umbilical artery Pl and the U/C ratio of the
middle cerebral artery were inversely associated with aortic root diameter and left ventricular mass
at age 6 years. However, after additional adjustment for maternal and childhood variables, Table
3.2.2 shows no consistent associations of fetal vascular resistance indices with cardiovascular
structures or function in childhood. However, the umbilical artery Pl was inversely associated
with left ventricular mass at age 6 years (differences -0.07 SDS, 95% Cl -0.13, 0.00 (p<0.05)). Also,
a higher UJC ratio, which indicates a preferential blood flow to the brain at expense of the trunk,
tended to be associated with a lower aortic root diameter and left ventricular mass at age 6 years,
but these associations were borderline significant.

Third trimester fetal cardiac hemodynamics and childhood cardiovascular outcomes

In the fully adjusted models (Table 3.2.3), third trimester fetal aorta ascendens diameter
and fetal left cardiac output were positively associated with childhood aortic root diameter
(differences 0.14 SDS 95% Cl 0.07, 0.22 (p<0.01) and 0.08 SDS , 95% Cl 0.01, 0.15 (p<0.05),
respectively) . The fetal mitral valve E wave and the E/A ratio were inversely associated with
childhood aortic root diameter (differences -0.08 SDS, 95% Cl -0.15, -0.02 (p<0.05) and -0.07
SDS, 95% Cl -0.13, 0.00 (p<0.05), respectively). Fetal aorta ascendens diameter was also positively
associated with childhood left ventricular mass (difference 0.08 SDS, 95% Cl 0.02, 0.15 (p<0.05)).
The fetal mitral valve E was inversely associated with left ventricular mass at the age of 6
(differences -0.07 SDS, 95% Cl -0.13,- 0.01 (p<0.05)). The effect estimates for associations of
third trimester fetal cardiovascular measurements with childhood cardiovascular outcomes only
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adjusted for gestational age at third trimester measurement, child sex and current age were only
slightly different (Table $3.2.2). The analyses stratified for estimated fetal weight showed no
differences in effect estimates for the associations of fetal hemodynamics with cardiovascular
outcomes between the estimated fetal weight quintiles (data not shown).

TABLE 3.2.1 | Subject characteristics (n=917).

Boys Girls P-value
(N = 462) (N = 455)
Maternal characteristics
Age,y 321(233-39.4) 323(239 -39.8) 025
Prepregnancy body mass index, kg/m? 23.4 (4.2) 238 (4.2) 023
Parity 1, % 173 37.4) 174 (38.4) 076
Smoking during pregnancy, % 061
No 328 (71.0) 322 (70.8)
Yes 85 (18.4) 91 (20.0)
Missing 49 (106) 42 (9.2)
Educational level, % 0.81
Primary/secondary 155 (33.5) 155 (34.1)
Secondary or higher 304 (65.8) 204 (64.6)
Missing 3(06) 6(13)
Folic acid, % 0.79
No 27 (5.8) 32 (70)
Start in first 10 weeks of pregnancy 105 (22.7) 13 (24.8)
Start periconceptional 242 (52.4) 243 (53.4)
Missing 88 (19.0) 67 (14.7)
Third trimester fetal characteristics
General
Gestational age at measurement, wk 30.4 (28.8-32.8) 303 (284-325) 0.07
Estimated fetal weight, g 1643 (260) 1626 (265) 034
Fetal aortic heart rate, bpm 137 (9) 139 (9) 0.02
Vascular resistance parameters
Umbilical artery PI 095 (016) 0.99 (0.17) <0.01
U/C ratio of middle cerebral artery 050 (012) 051 (0a1) 0.49
Cardiac hemodynamics
Aorta ascendens diameter, cm 065 (01) 064 (01) 0.01
Aorta ascendens PSV, cm/s 90.6 (12.2) 920 (12.6) 012
Aorta ascendens TVI 132 (2) 13.4 (21) 028
Left cardiac output, ml/min 588 (327 - 1,048) 580 (334 - 971) 030
Mitral valve E wave, cm/s 396 (6.4) 407 (6.2) 0.01
Mitral valve A wave, cm/s 516 (7.8) 522 (83) 030
Mitral valve EJA ratio 0.8 (01) 0.8 (01) 0.04
Birth characteristics
Gestational age at birth, wk 40.4 (36.9 - 42.4) 403 (356 - 42.4) 010
Birth weight, g 3589 (477) 3480 (532) <0.01
Breastfeeding, % 0.38
No 41(89) 39 (86)
Yes 408 (883) 402 (88.4)
Missing 13 (2.8) 14 (31)
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Boys Girls P-value
(N = 462) (N = 455)

Childhood characteristics
Age at follow up, y 59 (57-6.7) 59 (5.7-6.6) 0.82
Length, cm 119.4 (51) 187 (52) 0.03
Weight, kg 227 (31) 225 (3.4) 033
Body mass index, kg/m? 15.9 (1.3) 15.9 (15) 067
Systolic blood pressure, mmHg 1016 (7.4) 102.8 (7.9) 0.03
Diastolic blood pressure, mmHg 59.6 (6.6) 606 (59) 0.02
Carotid-femoral PWV, m/s 5.4 (11) 55 (09) 033
Left atrial diameter, mm 253 (26) 24.6 (2.8) <0.01
Aortic root diameter, mm 197 (1.9) 186 (1.6) <0.01
Left ventricular mass, g 557 (11.6) 51.8 (105) <0.01
Fractional shortening , % 354 (4.5) 351 (45) P=034

Values are means (standard deviation), medians (95% range), or numbers (%). Boys and girls were compared using

independent samples t-test for continuous variables and chi-square test for categorical variables.

TABLE 3.2.2 | Associations of third trimester fetal vascular resistance parameters with cardiovascular structures and

function at the age of 6 years (n=917).
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Umbilical artery PI 0.00 -0.01 0.03 -0.04 -0.07 0.04
(SD = 016) (-006,007) (-0.06,004) (-0.06,012) (-011,003) (-013,000)* (-0.03,0.12)
U/C ratio (middle cerebral artery) 0.02 0.00 0.07 -0.05 -0.06 0.02
(SD=012) (-0.04,008) (-006,005) (-0.02,016) (-012,002) (-012,001) (-0.06,0.09)

Estimates are based on multiple imputed data. Values are regression coefficients (95% confidence intervals) and reflect
the change in SD score of blood pressure, carotid-femoral pulse wave velocity, left cardiac structures and fractional
shortening per change in SD score of vascular resistance parameters. Models are adjusted for maternal age, parity,
educational level, pre-pregnancy BMI, smoking status during pregnancy and folic acid use, fetal heart rate, gestational age
at third trimester measurement and at birth, third trimester estimated fetal weight, birth weight, child sex, breastfeeding
status, current age and BMIL Models with ultrasound outcomes are additionally adjusted for ultrasound device and

performing sonographer.
SD = standard deviation score
*P<0.05
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TABLE 3.2.3 | Associations of third trimester fetal cardiac hemodynamics with cardiovascular structures and function at
the age of 6 years (n=917).

Aortic root diameter Left ventricular mass Fractional shortening
(SD = 1.8 mm) (SD=11.3g) (SD=4.5%)
Aorta ascendens diameter 014 0.08 -0.07
(SD = 7.0mm) (0.07,022)" (0.02, 015)* (-015,001)
Aorta ascendens PSV -0.06 0.00 0.01
(SD =124 cm/s) (-012,0.01) (-0.06, 0.06) (-0.06,0.08)
Aorta ascendens TVI -0.03 -0.01 0.00
(SD=21) (-010, 0.03) (-0.07,0.05) (-0.07,0.07)
Left cardiac output 0.08 0.06 -0.05
(SD =175.4 mi/min) (0.01, 015)* (-0.01,012) (-013,003)
Mitral valve E wave -0.09 -0.07 0.01
(SD = 63 cm/s) (-015,-002)* (-013,-0.01)* (-0.06, 0.08)
Mitral valve A wave -0.03 -0.06 0.02
(SD=80cm/s) (-0.09, 0.04) (-012,001) (-0.05,0.09)
Mitral valve E/A ratio -0.07 -0.02 -0.02
(Sb=01) (-013,000)* (-0.08,0.04) (-0.09, 0.05)

Estimates are based on multiple imputed data. Values are regression coefficients (95% confidence intervals) and reflect
the change in SD score of left cardiac structures and fractional shortening per change in SD score of fetal cardiac
hemodynamic parameters. Models are adjusted for maternal age, parity, educational level, pre-pregnancy BMI, smoking
status during pregnancy and folic acid use, fetal heart rate, gestational age at third trimester measurement and at birth,
third trimester estimated fetal weight, birth weight, child sex, breastfeeding status, current age and BMI, ultrasound device
and performing sonographer.

SD = standard deviation

*P<0.05, T P<o.01

Discussion

In this study we observed that third trimester vascular resistance parameters are not associated
with blood pressure or arterial stiffness at the child age of 6 years. Third trimester fetal cardiac
hemodynamics were associated with cardiac structural outcomes in childhood. These results
suggest that fetal cardiac adaptations influence cardiovascular structures in childhood. The
observed effect estimates were small and likely to be without clinical consequences in childhood.
However, they are important from an etiological point of view. Whether third trimester fetal
hemodynamics affect the risk of cardiovascular disease in later life should be further studied.

Previous studies have shown associations of low birth weight with higher risks of cardiovascular
disease in later life.! Hemodynamic adaptations related to fetal growth restriction may partly
underlie these associations, through persistent influences on cardiovascular development.
Cardiovascular development may be affected in response to changes in intrauterine blood flow
patterns and impaired perfusion? These hemodynamic adaptations may subsequently lead to
cardiovascular dysfunction in early life, and diseases in later life.
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Studies in animals showed that placental insufficiency was related to hypertension in
offspring? A study in human twins with the twin-twin transfusion syndrome showed that the
recipient fetuses had increased aortic and pulmonary velocities compared with the donor
co-twins, however no hemodynamic differences were found between the heavier and lighter
twins in uncomplicated monochorionic diamniotic pregnancies® No differences were seen in
pulse wave velocity in the brachioradial artery between the heavier and lighter uncomplicated
monochorionic or dichorionic twins, while in the twin-twin transfusion syndrome, pulse wave
velocity was higher in the donor twin.?' These results suggest that adaptations of the twin fetuses
to hemodynamic imbalance may have persistent influences on their cardiovascular properties.:*
¥ We previously observed that cardiac output, peak systolic velocity of the outflow tracts and
cardiac compliance gradually reduced with diminished fetal growth® A follow-up study among
727 in children aged 2 years, showed an inverse association of umbilical artery PI and aortic
root diameter, whereas fetal aorta ascendens diameter and left cardiac output were positively
associated with left arterial diameter at 2 years of age.® In the current study, we did not observe
associations of third trimester placental and fetal vascular resistance indices with childhood
blood pressure or arterial stiffness at the age of 6 years. We found an inverse association of the
umbilical artery PI, an indicator of increased placental resistance, with childhood left ventricular
mass. This might suggest these fetuses, in case of increased placental resistance, do not have the
ability to adequately increase their heart structures during development. However, it has also
been suggested that fetal development under hypoxic conditions may influence ventricular wall
mass, by an increase in afterload, or elevation in pressure required to eject blood to systemic
tissues, resulting in compensatory growth of the myocardial wall? In addition, we did not find
effects of feto-placental vascular resistance on other left cardiac structures, which indicates that
the observed association might be a chance finding. Brodzski et al. performed a study among 44
children followed from birth until adolescence and observed smaller diameters of the abdominal
and popliteal artery in subjects with abnormal fetal aortic blood flow and growth restriction.® In
our study, fetal aorta ascendens diameter and left cardiac output were positively associated with
aorta root diameter at the age of 6. In addition, we observed that fetuses with higher mitral E/A
ratio have a lower aortic root diameter at the age of 6. In human fetuses with normal growth
the majority of ventricular filling occurs late in diastole. During fetal life, the E/A ratio significantly
increases with advancing gestational age, suggesting a change from late to early diastolic filling
‘predominance’® In healthy adults the majority of ventricular filling occurs early in diastole. A
higher E/A ratio reflects a more compliant left ventricle. Our results may indicate that an ‘adult-
type’ third trimester filling pattern is associated with smaller vascular properties in childhood.

An adverse fetal environment leads to a redistribution of blood flow preferential to the brain
and heart, to maintain oxygen supply to these vital organs.#> Studies showed that Doppler signs of
fetal circulatory redistribution in favor of the brain were associated with perinatal complications
such as prematurity, low birth weight, severe morbidity or behavioral problems.** We observed
that a raised ratio between the umbilical artery PI and the middle or anterior cerebral artery Pl
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an indicator of brain sparing, tended to be inversely associated with aortic root diameter and left
ventricular mass at age 6 years, suggesting that preferential blood flow to the brain at expense of
the trunk might be associated with smaller left cardiac structures in childhood.

We observed sex differences in childhood blood pressure, left atrial diameter, aortic root
diameter and left ventricular mass. Further studies focused on factors explaining sex differences
in cardiovascular outcomes in childhood are needed. However, in a previous study from the
same cohort, we observed that a higher third trimester umbilical artery resistance was associated
with childhood cardiovascular adaptations, with stronger effects among girls than boys. These
sex-specific differences were only partly explained by differences in fat mass, growth and birth
weight." Only a small percentage of our population had a high blood pressure. High blood
pressure was defined on cohort specific percentiles. It is unlikely that inclusion of this group
affected our results extensively.

We explored whether the associations of fetal hemodynamic adaptations and childhood
cardiovascular outcomes were explained or only present in fetal growth restricted subjects.
Analyses stratified for estimated fetal weight showed no differences in effect estimates, which
suggest no stronger effects of fetal hemodynamic adaptations in smaller fetuses on childhood
cardiovascular outcomes.

Strengths and limitations

The main strength of this study is the prospective design from fetal life onwards within a large
population-based cohort. To our knowledge this is the largest study, which examined the effects
of placental and fetal hemodynamics on cardiovascular outcomes in childhood. The population-
based setting enabled us to assess these hemodynamics across the full range, rather than only
in both fetuses with growth restriction or other complications. A limitation of this study is that
we had no information about fetal growth and hemodynamics after 32 weeks, although we
adjusted our analyses for size at birth. It might be that fetal growth and hemodynamics after 32
weeks may also influence cardiovascular structures at the age of 6. Another limitation is that the
cardiovascular measurements at the age of 6 years were only obtained in 75% of the children
of the subgroup. In the present study we evaluated multiple associations, this might have led
to chance findings due to multiple testing. However, because of the correlations between the
vascular and cardiac outcomes, we did not correct for multiple testing. Missing cardiovascular
outcome measurements could lead to selection bias and loss of power. Our results would be
biased if the associations among placental and fetal hemodynamics and cardiac structures
and function differ between those included and those not included in the study. Although this
seems unlikely, it cannot be excluded. Young children have limited factors related to the risk of
cardiovascular disease, and therefore it is expected that the potential confounding effect of these
factors are restricted. However, the influence of residual confounding should be considered, as
in all observational studies.
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Conclusions

In this study, we observed that third trimester fetal vascular resistance parameters did not affect

blood pressure or arterial stiffness in childhood. Fetal cardiac hemodynamics were associated

with left cardiac structures in childhood. These findings suggest that fetal cardiac hemodynamics

adaptations have long-term consequences. However, the effect estimates were small and may

not clinically relevant. Furthermore, it is unknown whether these developmental adaptations in

childhood predict a greater risk of cardiovascular disease in later life. Therefore, further follow-up

studies are needed.
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Supplementary Material

Singleton live births participating in the Generation R
Focus Cohort
N=1,216

N =15 Excluded, due to missing placental and fetal
hemodynamic measurements

v

Data on placental and fetal hemodynamics
N=1,201

N =276 Excluded, due to withdrawal of consent (N =
35), loss to follow-up (N =15), or not visiting the
v research center (N = 226)

Data on 6 year visit
N =925

N =7 Excluded, due to missing cardiovascular

measurements

v

Data on cardiovascular outcomes
N =918

N =1 Excluded, due to echocardiographic evidence

of heart disease

\4

Participation in 6 years visit: N =917

Cardiac ultrasounds: N = 870
Pulse wave velocity: N = 744
Blood pressure: N =904

FIGURE S3.2.1| Flow chart of participants included in the analysis.
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TABLE S3.2.1 | Associations of fetal third trimester vascular resistance parameters with cardiovascular structures and
function at the age of 6 years (n=917).
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Umbilical artery PI 0.00 -0.02 0.03 -0.06 -0.07 0.07
(SD=016) (-0.05,006) (-007,003) (-005,011) (-013,000) (-013,-001)* (0.00,0.14)
U/C ratio (middle cerebral artery) 0.01 -0.02 0.06 -0.08 -0.06 0.02
(SD = 012) (-0.05,006) (-007,003) (-0.02,015) (-015,-0.02)* (-013,0.00)* (-0.04, 0.09)

Values are regression coefficients (95% confidence intervals) and reflect the change in SD score of blood pressure,
carotid-femoral pulse wave velocity, left cardiac structures and fractional shortening per change in SD score of vascular
resistance parameters. Models are adjusted for gestational age at third trimester measurement, child sex and current age.
Models with ultrasound outcomes are additionally adjusted for ultrasound device and performing sonographer.

SD = standard deviation

*P<0.05

TABLE S3.2.2 | Associations of third trimester fetal cardiac hemodynamics with cardiovascular structures and function

at the age of 6 years (n=917).

Aortic root diameter  Left ventricular mass Fractional shortening

(SD =1.8 mm) (SD=11.3g) (SD = 4.5 %)
Aorta ascendens diameter 017 oM -0.05
(SD =70 mm) (009, 024)" (0.04, 017)" (-013,0.03)
Aorta ascendens PSV -0.04 0.01 0.01
(SD =12.4 cmys) (-010,0.03) (-0.05, 0.08) (-0.06, 0.08)
Aorta ascendens TVI -0.01 0.02 -0.01
(SD =21) (-0.08, 0.05) (-0.04,0.08) (-0.08, 0.06)
Left cardiac output 012 0.08 -0.04
(SD = 175.4 ml/min) (0.05,019)" (0.01, 015)* (-012,0.03)
Mitral valve E wave -0.06 -0.04 0.02
(SD =63 cm/s) (-012,0.00) (-010,0.02) (-0.05,0.08)
Mitral valve A wave 002 -0.02 0.03
(SD = 8.0 cmys) (-0.05, 0.08) (-0.08,0.04) (-0.04, 0.09)
Mitral valve E/A ratio -010 -0.04 -0.01
(SD=01) (-016,-0.04)' (-010, 0.02) (-0.08, 0.06)

Values are regression coefficients (95% confidence intervals) and reflect the change in SD score of left cardiac structures
and fractional shortening per change in SD score of fetal cardiac hemodynamic parameters. Models are adjusted for
gestational age at third trimester measurement, child sexand current age, ultrasound device and performing sonographer.
SD = standard deviation

*P<o.05, T P<o.01
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Abstract

Background Fetal growth restriction is associated with higher risks of childhood respiratory
morbidity. Fetal blood flow adaptations might contribute to these associations. We examined the
associations of fetal umbilical, cerebral and pulmonary blood flow with wheezing patterns, lung
function and asthma in childhood.

Methods In a population-based prospective cohort study among 903 children we measured fetal
umbilical, cerebral and pulmonary blood flow by pulsed-wave-Doppler at a median gestational
age of 30.3 (95% range 28.8-32.3) weeks. We obtained information about wheezing patterns until
the age of 6-years by questionnaires. Lung function was measured by spirometry and information
about current asthma was obtained by questionnaire at the age of 10-years.

Results Results showed a non-significant relationship between a higher umbilical artery
pulsatility index (Pl) and umbilical artery Pl/cerebral artery Pl ratio, indicating fetal blood flow
redistribution at expense of the trunk, with higher risks of early wheezing (OR (95%Cl): 2.07 (0.70-
6.10) and 2.74 (0.60,12.62) per unit increase, respectively). A higher pulmonary artery time velocity
integral, indicating higher pulmonary vascular resistance, was associated with a higher risk of late/
persistent wheezing (114 (1.01-1.29) per unit increase). A higher middle cerebral artery Pl was
associated with a higher FEV, FVC (Z-score (95%Cl): 0.21 (0.01-0.42)). Results did not materially
change after additionally adjustment for birth and growth characteristics.

Conclusion Third trimester fetal blood flow patterns might be related to childhood respiratory
health. These findings should be considered as hypothesis generatingand need further replication.
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Introduction

Pregnancy is a critical period for fetal lung development. In late fetal life, the small airways and
alveoli are formed.” An adverse intrauterine environment in this period seems to have persistent
effects on respiratory health and disease across the life course.? Fetal blood flow adaptations are
important mechanisms by which the fetus protects the most important organs such as the brain
and heart from an adverse fetal environment?2 A preferential fetal blood flow to the brain at the
expense of the trunk is characterized by changes in fetal blood flow including a higher umbilical
and lower cerebral arterial resistance#+5 This redistribution of fetal blood flow may be beneficial
for short-term survival but may lead to a lower delivery of oxygen and nutrients to the trunk,
including the lungs and airways.>” A potential consequence of fetal blood flow redistribution is a
reduction in number and metabolism of alveolar type-Il cells, fewer but larger alveoli and impaired
growth and maturation of the airways and lungs.®¢ Impaired fetal development of the airways and
lungs could predispose individuals to a higher risk of lung disease in later life. Previous studies
reported associations of fetal growth restriction with impaired lung function and respiratory
diseases in later life.> " We previously showed that fetal growth restriction and being born small
for gestational age were associated with higher airway resistance and lower lung function in
childhood.” Fetal blood flow adaptations related to fetal growth restriction may underlie these
associations. Although the effects of fetal umbilical and cerebral blood flow adaptations on fetal
and childhood growth are well-known, it is unknown whether fetal blood flow adaptations affect
childhood respiratory morbidity. Also, the role of a suboptimal fetal pulmonary blood flow on the
development of respiratory morbidity is unclear.

Therefore, we examined in a population-based prospective cohort study among 903 children
the associations of fetal umbilical, cerebral and pulmonary blood flow with wheezing at age
6-years, and lung function and asthma in children aged 10-years. We also explored whether birth
weight, gestational age at birth or childhood growth mediated these associations.

Methods

Design and study population

This study was embedded in the Generation R Study, a population-based prospective cohort
study from fetal life onwards in Rotterdam, the Netherlands.® The Medical Ethics Committee
of the Erasmus MC, University Medical Center, Rotterdam, has approved the study. Written
informed consent was obtained from all participants. Detailed assessments of fetal growth
and development were conducted in a random subgroup of 1,232 Dutch mothers and children
born between April 2002 and January 2006.4 Present analyses were performed on 9o3 children

(Figure 3.3.1).
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N=1,215
Singleton live births participating in the
Generation R subgroup

N=19
Excluded due to missing fetal blood flow

v measurements

N=1,195
Data on fetal blood flow distribution

N=292
Excluded due to missing lung function

v measurements or asthma information

N =903
Children with information on any childhood lung
function measure or asthma

Wheezing N =742
FEV1 N =785
FvC N =785
FEV1/FVC N =785
Current asthma N =834

FIGURE3.3.1| Flow chart of participants included in the analysis.

Third trimester fetal blood flow

Fetal blood flow measures were assessed by pulsed-wave Doppler at a median gestational age of
30.3 (95% range 28.8-32.3) weeks.

Feto-placental vascular resistance was evaluated with recorded flow-velocity waveforms from
the umbilical artery. Umbilical artery pulsatility index (PI) was determined in a free-floating loop of
the umbilical cord. A higher umbilical artery PI indicates a higher peripheral vascular resistance.
Middle cerebral artery Doppler measurements were performed with visualization of the circle of
Willis in the fetal brain, and flow-velocity waveforms were obtained in the proximal part of the
cerebral arteries. The middle cerebral artery Pl quantifies the redistribution of blood flow, and
when lower, in favor of the fetal brain. Reductions in middle cerebral artery Pl are valid indicators
of the brain-sparing effect and fetal redistribution.> An indicator of the ‘brain-sparing effect’ is a
raised ratio between the umbilical artery Pl and the cerebral artery Pl (U/C ratio) 5

Pulmonary outflow flow-velocity waveforms from the aorta were recorded from the five-
chamber view and the short-axis view of the fetal heart just above the semi-lunar valves. Time
velocity integral (TVI) during systole was recorded. A higher pulmonary artery TVI indicated
higher pulmonary vascular resistance.”

Reproducibility of ultrasound measurements were adequate with high intraclass correlation
coefficient values (>0.80) with corresponding low coefficient of variation values (<10%).
All ultrasound examinations were performed with an ATL-Philips model HDI 5000 (Seattle,
Washington, USA) equipped with a 5.0-MHz high-frequency, curved-array transducer.
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Childhood lung function and asthma

Information about wheezing was obtained by questionnaires until 6-years. We constructed
wheezing patterns based on time of onset and subsequent absence or persistence (‘never’
‘early’ (<3-years only); ‘late’ (>3-6 years) and ’persistent wheezing’ in children with information
on wheezing for at least two time points.” Children visited the research center at a median age
of 9.7-years (range 85-12.0 years) and we performed spirometry: forced expiratory volume in 1
second (FEV), forced vital capacity (FVC), and FEV /FVC. Spirometry was performed according
to the American Thoracic Society and European Respiratory Society recommendations.® All
spirometry variables were converted into sex-, age-, height- and ethnicity-adjusted z-scores.”
Current asthma (no; yes) was defined as physician-diagnosed asthma ever, with either wheezing
or the use of (airway) medication in the past 12-months by questionnaires at age 10-years.

Covariates

We obtained information on maternal educational level, pre-pregnancy weight, parity, smoking
during pregnancy, folic acid use during pregnancy, history of asthma or atopy, from questionnaires.
Maternal height was measured and pre-pregnancy BMI was calculated (kg/m?). Estimated fetal
weight in third trimester was calculated.® Information on gestational hypertensive disorders, child’s
sex, gestational age at birth and birth weight were obtained by midwife and hospital registries.
At age 10-years, information on ever diagnosis of eczema was obtained by questionnaire. During
the research center visit at age 10-years, child height and weight were measured using Standard
Operating Procedures. We measured the children without shoes and heavy clothing, and BMI
was calculated. Allergic sensitization for the most common inhalant allergens (house dust mite,
grass, birch, cat and dog; ALK-Abellé B.V., Almere, The Netherlands) was determined by a skin
prick test using the “scanned-area-method””

Statistical analysis

First, we performed a non-response analysis by assessing the differences in characteristics of
participants included and not included in the study. Second, we assessed the associations of
fetal blood flow with wheezing patterns, lung function and asthma using multivariate logistic or
linear regression models. These models were first adjusted for gestational age at third trimester
fetal blood flow measurement and estimated fetal weight at third trimester fetal blood flow
measurement or child sex only (basic model), and secondly, additionally adjusted for maternal
educational level, pre-pregnancy BMI, parity, smoking, folic acid use and gestational hypertensive
disorders (adjusted model). We used generalized estimating equations (GEEs) to examine
longitudinal effects of fetal blood flow with the risk of overall wheezing until age 6-years. These
models take into account the correlations between repeated measurements within the same
subject. An unstructured correlation matrix was used. Third, we examined if any association
of fetal blood flow with wheezing patterns, lung function or asthma were mediated by birth
weight or gestational age at birth or child’s BMI at age 10-years by adding them additionally in our
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models (mediation model). Furthermore, we examined whether maternal history of asthma or
atopy, child’s eczema or inhalant allergic sensitization modified any association by analyzing the
statistical interaction between these variables and the fetal blood flow related exposures (effect
modification model). The percentages of missing covariate values within the population for
analysis was lower than 19%. Missing covariate data were imputed using the multiple imputations
procedure (n=5 imputations) and the imputed datasets were analyzed together. All measures
of associations are presented with their 95% confidence intervals (CI). Statistical analyses were
performed using SPSS version 24.0 for Windows (SPSS Inc., Chicago, lllinois, USA).

Results

Participants characteristics

Table 3.3.1 shows the characteristics of the mothers and children included in the current study.
Table S3.3.1 shows the participant characteristics before multiple imputation. Non-response
analyses showed that mothers of children not included in the analysis were more frequently
lower educated, had a higher prevalence of multiparity, smoked more often and used less often
foliumacid supplement during pregnancy. Their children were born at a younger gestational age
(Table S3.3.2).

TABLE3.3.1| Characteristics of children and their mothers after multiple imputation (n = 903).

Maternal characteristics
Education (%)

Low (no, primary, secondary education) 329 (297)

High (higher education) 671 (606)
Pre-pregnancy body mass index (kg/m?) 236 (3.9)
Parity (%)

Nullipara 62.8 (567)

Multipara 37.2 (336)
History of asthma or atopy (%)

No 617 (557)

Yes 38.2 (346)
Smoking during pregnancy (%)

No smoking throughout pregnancy 791 (714)

Yes 20.9 (189)
Folic acid supplement use (%)

No use 82 (74)

Start within first 10 weeks of pregnancy 293 (265)

Preconceptional start 625 (564)
Pregnancy-induced complications (gestational hypertension/pre-eclampsia) (%)

No 917 (828)

Yes 83(75)
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Third trimester fetal characteristics

Gestational age at measurement, weeks 30.4 (285-327)
Estimated fetal weight, grams 1632 (266)
Umbilical artery PI 0.97 (016)
Middle cerebral artery Pl 197 (033)
Umbilical/Middle cerebral artery ratio 050 (011)
Pulmonary artery time velocity integral 12.04 (1.83)
Birth characteristics
Gestational age at birth, weeks 403 (367 - 42.4)
Birth weight, grams 3528 (509)
Sex
Male 50.6 (457)
Female 49.4 (446)

Childhood characteristics

Wheezing patterns until 6 years (%)

Never 45.8 (414)
Early 23.0 (208)
Late/Persistent 13.3 (120)

Missing 17.8 (161)
Age at follow up, y 9.8 (91-105)
Body Mass Index at age 10-years (kg/m?) 171 (2.2)
Ever eczema at age 10-years (%)

No 739 (667)

Yes 261 (236)
Inhalant allergic sensitization at age 10-years (%)

No 677 (611)

Yes 323 (292)
Current Asthma (%)

No 887 (8o1)

Yes 37(33)

Missing 76 (69)
FEV (L/s) 2.05 (0.29)
FVCL 239 (035)
FEV/FVC 0.86 (0.06)

Values are means (standard deviation), medians (95% range) or valid percentages (absolute numbers). PI: pulsatility index,
FEV: forced expiratory volume in the 1st second, FVC: forced vital capacity. NI: not imputed. Data were not imputed for
third trimester, birth characteristics, and respiratory outcomes.

Fetal blood flow and wheezing patterns until age 6-years

Table 3.3.2 shows, in the adjusted models, a non-significant relationship between a higher
umbilical artery PI with higher risks for early and late/persistent wheezing in children (Odds
Ratio (OR) 2.07, (95% Cl, 0.70, 6.10) and 1.68 (0.34, 6.50) per unit increase in umbilical artery Pl
respectively). Similarly, a higher U/C ratio, which indicates redistribution of blood flow in favor of
the fetal brain, tended to be associated with a higher risk for early wheezing (OR, 2.74 (0.60, 12.62)
per unit increase in U/C ratio). None of these associations were statistically significant. Middle
cerebral artery Pl was not associated with wheezing patterns. A higher pulmonary artery TVI,
which indicates higher pulmonary vascular resistance, was associated with a higher risk of late
or persistent wheezing (OR, 114 (1.01,1.29) per unit increase in pulmonary artery TVI). The effect
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estimates for the associations of fetal umbilical, cerebral and pulmonary blood flow adaptations
with wheezing patterns adjusted for gestational age at third trimester, estimated fetal weight
and child sex only (basic model) were similar as for the adjusted models, and presented in Table
S3.3.3.

TABLE 3.3.2 | Associations of third trimester fetal blood flow with wheezing patterns until the age of 6 years (adjusted

model).
Never Early Late or Overall
wheezing wheezing persistent wheezing
wheezing
Odds Ratio Odds Ratio Odds Ratio  Odds Ratio
(95% CI) (95% CI) (95% CI) (95% CI)
(n=2414) (n =208) (n=120) (n=386)
Umbilical artery PI (n = 884) Reference 207 (070, 610) 168 (034, 650) 161(0.92,2383)
Middle cerebral artery Pl (n = 877) Reference 077 (0.46,131) 108 (056,2.05) 106 (0.81,139)
Umbilical/Middle cerebral artery ratio (n = 858) Reference 274 (060, 12.62) 0.96 (0.4, 6.80) 1.07 (0.48, 2.41)
Pulmonary artery time velocity integral (n = 788) Reference 101 (091,112) 114 (1.01,1.29)* 103 (0.98,1.08)

Values are odds ratios (95% confidence intervals) from logistic regression models and generalized estimating equation
models (overall wheezing; wheezing on at least one time point). “n” represent number of cases. Models were adjusted for
maternal educational level, parity, body mass index, smoking, folic acid use, pregnancy complications and gestational age
at third trimester, estimated fetal weight and child sex. *P<0.05

Fetal blood flow and lung function and asthma at age 10-years

Table 3.3.3 shows that in the adjusted models, a higher third trimester fetal middle cerebral
artery Pl was associated with a higher FEV, FVC only (Z-score, 0.21 (95%Cl, 0.01, 0.42) per unit
increase middle cerebral artery PI). We observed no consistent associations of fetal blood flow
with other lung function measures. Results from the models focused on these associations
adjusted for gestational age at third trimester, estimated fetal weight and child’s sex only (basic
model) showed no associations of fetal umbilical, cerebral and pulmonary blood flow with lung
function or asthma at age 10-years (Table S3.3.4).

Results of the associations of fetal umbilical, cerebral and pulmonary blood flow with
wheezing patterns, lung function or asthma did not materially change after adding the mediators
birth weight, gestational age at birth, or BMI at age 10-years (mediation model, data not shown).
The associations were not modified by maternal history of asthma or atopy or child’s eczema or
inhalant allergic sensitization (effect modification model, all p-values for interaction >0.05).
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TABLE 3.3.3 | Associations of third trimester fetal blood flow with lung function and asthma at age 10 years (adjusted

model).
FEV, FVC FEV j FVC Current
asthma
Z-score Z-score Z-score Odds Ratio
(95% CI) (95% CI) (95% CI1) (95% CI)
(n=78s5) (n=785) (n=785) (=839
Umbilical artery PI (n = 884) -0.06 (-0.46,033) -0.23 (-0.61,0.14) 032 (-0.09, 0.74) 2.54 (0.26,24.59)
Middle cerebral artery Pl (n = 877) 0.01 (-018, 0.20) -0.10 (-0.28, 0.08) 0.21 (0.01,0.42)* 0.83 (0.28,2.44)

Umbilical/Middle cerebral artery ratio (n=858)  -016 (-0.73, 0.41) -0.20 (-0.74, 0.34) 0.09 (-0.52, 0.69) 0.84 (0.03, 23.28)
Pulmonary artery time velocity integral (n = 788) 0.01 (-0.03, 0.05) 0.02 (-0.01, 0.06) -0.04 (-0.08,0.01) 1.08 (0.88, 134)

Values are z-score differences or odds ratios (95% confidence intervals) and reflect the change in lung function or risk
for asthma per change in fetal blood flow. Lung function variables were converted into sex-, height-, age- and ethnicity-
adjusted z-scores. FEV : forced expiratory volume in the 1st second, FVC: forced vital capacity. Models were adjusted for
maternal educational level, parity, body mass index, smoking, folic acid use, pregnancy complications and gestational age
at third trimester, estimated fetal weight and child sex. *P<o0.05

Discussion

We observed a non-significant relationship between a higher umbilical artery Pl and U/C ratio with
higher risk of early and late/persistent wheezing. A higher pulmonary artery TVI was associated
with a higher risk of late/persistent wheezing. We found that a higher middle cerebral artery Pl was
associated with a higher FEV JFVC. Associations were not explained by birth parameters, current
BMI or allergic predisposition. No other consistent associations of changes in fetal umbilical,
cerebral or pulmonary blood flow with wheezing patterns until age 6-years, or lung function and
asthma at age 10-years were found.

Interpretation and comparison with previous studies

An adverse intrauterine environment in the developing fetus leads to fetal blood flow adaptations.
These adaptations may be beneficial for short term survival but may lead to a lower delivery of
oxygen and nutrients to the trunk® Fetal blood flow adaptations can be detected by umbilical
vein blood flow. A compensatory increase in ductus venous diameter increases the blood flow
to the heart This is eventually followed by a higher umbilical artery blood flow resistance and a
decrease in cerebral artery resistance.® Subsequently, changes in the pulmonary arteries can be
observed, such as a higher pulmonary TVI** For the current study, we hypothesized that fetal
umbilical, cerebral and pulmonary blood flow adaptations may affect growth and maturation of
the airways and lungs, which predispose individuals to lung disease.®®

Fetal blood flow adaptations are related to fetal growth restriction or low birth weight with
further consequences for childhood respiratory health. Umbilical placental embolization in
sheep was associated with structural alterations in the lungs, such as fewer but larger alveoliand a
10% reduction in the internal surface area.® Another animal study did not find differences in lung
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growth after umbilical placental embolization, but did find higher pulmonary deoxyribonucleic
acid and plasma cortisol levels suggesting that the offspring lungs remain underdeveloped
during life® Children born with a very low birth weight or preterm are at higher risks for
severe chronic respiratory diseases, such as bronchopulmonary dysplasia (BPD).* Intrauterine
conditions, such as abnormal placental flow or suboptimal development of the placenta may
lead to an increased expression of angiogenic factors, such as soluble fms-like tyrosine kinase-1
and vascular endothelial growth factor, which increases the risk of chronic respiratory diseases
in childhood.””*® Also, an elevated inflammation status, found in growth restricted fetuses, could
lead to reduced lung function later in life* Impaired vasculogenesis and angiogenesis, found
in children with intrauterine growth restriction, might be other mechanisms than structural
lung growth alterations leading to a suboptimal lung developmentChildren with fetal growth
restriction might be vulnerable to more adaptive processes and have increased risk of respiratory
morbidity in later life. Furthermore, maternal hypertensive disorders during pregnancy could have
an effect on respiratory morbidity through multiple underlying mechanisms such as a disturbed
placental blood flow and an altered angiogenic status. Previous published studies have shown
that hypertensive disorders in pregnancy might be related to lower lung function in newborn
infants or increased risk of wheezing®® A recent study from the same cohort as the current
study reported associations for blood pressure across the full range in different trimesters with
asthma related outcomes in childhood, but not for maternal hypertensive disorders with these
outcomes* The role of fetal blood flow patterns for these associations is not clear. Our observed
associations were not mediated through birth weight or gestational age at birth, but a possible
role of the placenta or inflammatory status of the newborn warrants further studies.

Our study resulted mainly in negative findings, with two exceptions. First, our results showed
that an increase in TVI was related to late/persistent wheezing. An increased TVI might be a sign
of underdevelopment of the fetal airways, such as fewer but larger alveoli and impaired growth of
the airways and lungs.*® This finding might suggest that pulmonary blood flow in fetal life might
be related to an increased risk of late/persistent wheezing in later life. A higher middle cerebral
artery Pl was associated with a higher FEV /FVC. Our results showed a non-significant inverse
relation of the middle cerebral artery PI with FVC, but no associations was observed for FEV.
We speculate that flow patterns related to fetal brain sparing might have consequences on the
growth of the lungs. However, as no other effects of fetal blood flow measures on lung function
or asthma in childhood were found. the observed association might be a chance finding.

Strengths and limitations

The main strength of this study was the large population-based cohort examined from fetal life
onwards. To our knowledge, this is the first study to examine the effects of fetal blood flow on
respiratory outcomes. The population-based setting enabled us to assess the fetal blood flow
across the full range, rather than only in fetuses with growth restriction or other complications.
Follow-up measurements at the age of 10-years were available in 74% of the children. Missing
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information about wheezing, lung function or asthma could lead to selection bias and loss of
power. Our results would be biased if the associations between fetal blood flow and wheezing,
lung function or asthma differed between those included and those not included in the study.
Although this seems unlikely, it cannot be excluded. In the present study we evaluated multiple
associations. However, because of the correlations between the outcome measures, we did
not correct for multiple testing. Our results were inconsistent and the associations might be a
chance finding. In this study there might have occurred some bias towards a more affluent and
healthy population due to differences in characteristics between those lost to follow-up and
included in the study.? Information on wheezing patterns, asthma and eczema were obtained
by questionnaires, adapted from the ISAAC-Core questionnaires. These have been validated and
shown adequate for epidemiological studies® Although misclassification due to under- or over
reporting cannot be excluded. Finally, although we had information about a large number of
confounders, the influence of residual confounding should be considered, as in any observational
study.

Conclusion and perspectives

The results of our study are important from an etiological perspective. Our findings suggest
that adaptations in fetal blood flow might contribute to the risk of wheezing and lung function
in childhood. However, the observed effects were small or non-significant and may reflect
subclinical changes only. These findings should be considered as hypothesis generating and need
further replication.
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Supplementary Material

TABLE S3.3.1 | Characteristics of children and their mothers (n = 903) - non imputed data.

Maternal characteristics
Education (%)

Low (no, primary, secondary education) 323 (292)
High (higher education) 66.7 (602)
Missing 10 (9)
Pre-pregnancy body mass index (kg/m?) 235 (4.0)
Missing (%) 14.7 (131)
Parity (%)
Nullipara 62.7 (566)
Multipara 371 (335)
Missing 02(2)
History of asthma or atopy (%)
No 553 (499)
Yes 339 (306)
Missing 10.9 (98)
Smoking during pregnancy (%)
No smoking throughout pregnancy 711 (642)
Yes 189 (171)
Missing 10.0 (90)
Folic acid supplement use (%)
No use 6.0 (54)
Start within first 10 weeks of pregnancy 23.8 (215)
Preconceptional start 52.7 (476)
Missing 175 (158)
Pregnancy-induced complications (gestational hypertension/pre-eclampsia) (%)
No 883 (797)
Yes 74 (67)
Missing 43 (39)
Third trimester fetal characteristics
Gestational age at measurement, weeks 30.4 (285-1327)
Missing -
Estimated fetal weight, grams 1632 (266)
Missing (%) 0.7 (6)
Umbilical artery PI 0.97 (016)
Missing (%) 21 (19)
Middle cerebral artery Pl 197 (0.33)
Missing (%) 2.8 (26)
Umbilical/Middle cerebral artery ratio 050 (011)
Missing (%) 50 (45)
Pulmonary artery time velocity integral 12.04 (1.83)
Missing (%) 12.8 (116)
Birth characteristics
Gestational age at birth, weeks 403 (367 - 42.4)
Missing (%) -
Birth weight, grams 3528 (509)
Missing (%) -
Sex
Male 50.6 (457)
Female 49.4 (446)
Missing -
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Childhood characteristics

Wheezing patterns until 6 years (%)

Never 458 (414)
Early 230 (208)
Late/Persistent 13.3 (120)
Missing 17.8 (161)
Age at follow up, y 9.8 (91-105)
Missing (%) 23 (21)
Body Mass Index at age 10 years (kg/m?) 171 (2.2)
Missing (%) 3.4 (31
Ever eczema at age 10 years (%)
No 70.2 (634)
Yes 223 (201)
Missing 75 (68)
Inhalant allergic sensitization at age 10 years (%)
No 56.7 (512)
Yes 25.2 (228)
Missing 181 (163)
Current Asthma (%)
No 887 (8o1)
Yes 37(33)
Missing 7.6 (69)
FEV (Lfs) 2.05 (0.29)
Missing (%) 131 (118)
FVC L 239 (035
Missing (%) 131 (118)
FEV/FVC 0.86 (0.06)
Missing (%) 131 (118)

Values are means (standard deviation), medians (95% range) or valid percentages (absolute numbers). PI: pulsatility index,
FEV : forced expiratory volume in the 1st second, FVC: forced vital
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TABLE $3.3.2 | Characteristics of children and their mothers with and without follow-up data.

Childhood Childhood
outcome data follow-up data
available unavailable
(n=903) (n=292)
Maternal characteristics
Education (%)
Low (no, primary, secondary education) 323 (292) 486 (142)t
High (higher education) 66.7 (602) 483 (14t
Missing 1.0 (9) 31(9)
Pre-pregnancy body mass index (kg/m?) 235 (4.0) 235 (4.3)
Missing (%) 14.7 (131) 15.4 (45)
Parity (%)
Nullipara 62.7 (566) 53.8 (157)1
Multipara 371 (335) 459 (134T
Missing 02(2) 03 (1)
History of asthma or atopy (%)
No 553 (499) 589 (172)
Yes 339 (306) 332(97)
Missing 10.9 (98) 79 (23)
Smoking during pregnancy (%)
No smoking throughout pregnancy 711 (642) 613 (179)T
Yes 189 (171) 322 (o)t
Missing 10.0 (90) 65 (19)t
Folic acid supplement use (%)
No use 60 (54) 133 Gt
Start within first 10 weeks of pregnancy 23.8 (215) 250 (73)1
Preconceptional start 52.7 (476) 452 (132)T
Missing 17.4 (156) 16.4 (48)
Pregnancy-induced complications (gestational hypertension/pre-eclampsia) (%)
No 883 (797) 836 (244)
Yes 7.4 (67) 82 (24)
Missing 43 (39) 82 (24)

Third trimester fetal characteristics

Gestational age at measurement, weeks
Missing

Estimated fetal weight, grams
Missing (%)

Umbilical artery Pl
Missing (%)

Middle cerebral artery Pl
Missing (%)

Umbilical/Middle cerebral artery ratio
Missing (%)

Pulmonary artery time velocity integral
Missing (%)

304 (285-327) 303(284-325)

1632 (266) 1624 (275)
07 (6) 10(3)
097 (0.16) 0.98 (017)
21(19) 24(7)
197 (033) 1.98 (0:34)
28 (26) 21 (6)
0.50 (0.11) 051 (012)
50 (45) 41(12)
12.04 (1.83) 121 (173)
12.8 (116) 15.4 (45)

Birth characteristics

Gestational age at birth, weeks
Missing (%)
Birth weight, grams
Missing (%)
Sex
Male
Female
Missing

403 (367 - 42.4) 401 (340 - 422)F

3528 (509)

3472 (625)

506 (457) 565 (165)
49.4 (446) 436 (127)
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Childhood Childhood
outcome data follow-up data
available unavailable
(n=903) (n=292)
Childhood characteristics
Wheezing patterns at age 6 years (%) NA
Never 458 (414)
Early 23.0 (208)
Late/Persistent 13.3 (120)
Missing 17.8 (161)
Age at follow up, y 9.8 (91-105) NA
Missing (%) 23 (21)
Body Mass Index at age 10 years (kg/m?) 171 (2.2) NA
Missing (%) 3.4 (31)
Ever eczema at age 10 years (%) NA
No 70.2 (634)
Yes 223 (201)
Missing 7.5 (68)
Inhalant allergic sensitization at age 10 years (%) NA
No 56.7 (512)
Yes 252 (228)
Missing 181 (163)
Current Asthma (%) NA
No 887 (8o1)
Yes 37(33)
Missing 7.6 (69)
FEV (Lfs) 2.05 (0.29) NA
Missing (%) 131 (118)
FVC (L) 239 (035) NA
Missing (%) 131 (118)
FEV/FVC 0.86 (0.06) NA
Missing (%) 131 (118)

Values are means (standard deviation), medians (95% range) or valid percentages (absolute numbers). PI: pulsatility
index, FEV : forced expiratory volume in the 1st second, FVC: forced vital capacity. NA: not applicable. Participants were

compared using independent samples t-test for continuous variables and chi-square test for categorical variables. tP<0.01
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TABLE $3.3.3 | Associations of third trimester fetal blood flow with wheezing patterns at age 6 years (basic model).

Never Early Late or Overall
wheezing wheezing persistent wheezing
wheezing
Odds Ratio Odds Ratio Odds Ratio Odds Ratio
(95% CI) (95% CI) (95% CI) (95% CI)
(n=414) (n=208) (n=120) (n=386)
Umbilical artery PI Reference 223 1.84 171
(n=884) (076, 6.58) (0.49, 6.96) (0.85,3.42)
Middle cerebral artery Pl Reference 0.75 117 113
(n=877) (0.45,1.26) (0.62,220) (0.80,160)
Umbilical/Middle cerebral artery ratio Reference 332 082 096
(n=858) (073,1518) (012,562) (037,250)
Pulmonary artery time velocity integral Reference 101 111 1.02
(n=788) (091,112) (0.98,1.25) (0.95,1.09)

Values are odds ratios (95% confidence intervals) from logistic regression models and generalized estimating equation
o

models (overall wheezing, wheezing on at least one time point).
gestational age at third trimester, estimated fetal weight and child sex.

represent number of cases. Models were adjusted

TABLE $3.3.4 | Associations of third trimester fetal blood flow with lung function and asthma at age 10 years (basic model).

FEV, FVC FEV [FVC Current asthma

Z-score Z-score Z-score Odds Ratio

(95% C1) (95% C1) (95% C1) (95% CI)

(n=785) (n=785) (n=785) (n=839)
Umbilical artery PI -0.06 -0.23 033 2.48
(n=884) (-0.45,033) (-060, 0.15) (-0.09, 0.74) (0.25,24.80)
Middle cerebral artery Pl 0.02 -0.08 019 0.66
(n=877) (-017,0.21) (-0.26,010) (-0.01,039) (0.22,193)
Umbilical/Middle cerebral artery ratio -017 -0.26 016 141
(n=858) (-074, 0.40) (-079,029) (-0.44,077) (0.05,39.44)
Pulmonary artery time velocity integral 0.01 0.02 -0.03 114
(n=788) (-0.03,005) (-0.01,0.06) (-0.07,0.01) (0.92,1.40)

Values are z-score differences or odds ratios (95% confidence intervals) and reflect the change in lung function or risk
for asthma per change in fetal blood flow. Lung function variables were converted into sex-, height-, age- and ethnicity-
adjusted z-scores. FEV1: forced expiratory volume in the 1st second, FVC: forced vital capacity. Models were adjusted for
gestational age at third trimester, estimated fetal weight and child sex.
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Abstract

Background Impaired fetal abdominal blood flow may lead to smaller kidneys and subsequent
impaired kidney function in later life.

Methods In a prospective cohort study among 923 pregnant women and their children, we
measured fetal growth, kidney volumes, and umbilical and cerebral artery blood flow (gestational
age of 303 weeks (95% range 285 - 32.7). We used a higher umbilical /cerebral artery pulsatility
index ratio as an indicator of preferential fetal blood flow to the upper body parts at expense
of the intra-abdominal organs. At a median age of 5.9 years (95% range 5.7-6.6), we measured
childhood kidney volumes, creatinine and cystatin C blood levels, microalbuminuria and blood
pressure, and estimated the glomerular filtration rate.

Results A preferential fetal blood flow to the upper body parts at expense of the intra-abdominal
organs was only associated with a smaller combined kidney volume in childhood. Also, fetal
combined kidney volume was positively associated with childhood combined kidney volume and
estimated glomerular filtration rate, inversely associated with childhood creatinine and cystatin
C levels (all p-values<o.05), but not associated with childhood microalbuminuria and blood
pressure. Children within the highest tertile of fetal umbilical/cerebral ratio and lowest tertile of
fetal combined kidney volume had the lowest estimated glomerular filtration rate (difference:-
6.36ml/min per 1.73m?, 95% confidence interval -11.78, -0.94 compared to children within the
middle tertiles).

Conclusions and Relevance Impaired fetal blood to the abdominal organs and smaller fetal
kidney size are associated with subclinical changes in kidney outcomes in school-age children.
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Introduction

Third trimester of pregnancy is a critical period for fetal kidney development.” Nephrogenesis
continues until 36 weeks of gestation, after which the induction of nephron numbers ceases A
permanent reduction of kidney size and number of nephronsleads to a smaller glomerular filtration
surface area, which might predispose the individual to decreased kidney function in childhood and
subsequently to kidney disease and hypertension in adulthood?# This hypothesis is supported
by studies showing consistent associations of low birth weight with higher risks of kidney disease
and hypertension in later life>° Although the observed effect estimates from these studies were
small, they are important from an etiological perspective>¢ Also, post-mortem studies showed
that nephron number is lower in hypertensive individuals than in normotensive controls, and
that nephron number is positively correlated with birth weight and kidney size.#° Animal studies
demonstrated a reduction in nephron number due to vascular placental insufficiency.® Placental
insufficiency is an important risk factor for fetal growth restriction and low birth weight." We
recently demonstrated that increased third trimester placental insufficiency is associated with a
higher blood pressure in childhood.” Placental insufficiency is characterized by a preferential fetal
blood flow to the brain at expense of the trunk.® This fetal blood flow redistribution is caused
by a higher peripheral and lower cerebral arterial resistance,” and can be measured as a higher
umbilical artery pulsatility index (Pl) and lower cerebral artery P, respectively. This combination
leads to a higher ratio of these measures (higher U/C ratio).* Whether and to what extend
impaired abdominal or more specifically, kidney blood flow and kidney growth restriction during
fetal life lead to risk factors for kidney disease in later life is unknown.

We evaluated in a population-based prospective cohort study among 923 pregnant women
and their children, the associations of third trimester fetal blood flow redistribution, at expense
of the abdominal organs, and smaller fetal kidney size with kidney function outcomes in school-
age children. We also explored whether any association was explained by childhood kidney size.

Methods

Design and study population

This study was embedded in the Generation R Study, a population-based prospective cohort
study from fetal life onwards in Rotterdam, the Netherlands. All children were born between April
2002 and January 2006. Enrollment was aimed at early pregnancy at the routine fetal ultrasound
examination in pregnancy but was allowed until birth of the child. In total, 9,778 mothers and their
children were included in the study. More detailed assessments of fetal and postnatal growth
and development were conducted in a random subgroup of 1,232 Dutch mothers and children
(response 80%,).° Twin pregnancies (n = 15) and pregnancies leading to perinatal death (n = 2)
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were excluded from the analysis, leading to 1,215 singleton live births. Third trimester blood flow
distribution and fetal kidney measurements were successfully performed in 1,201 singleton live
born children, of whom 925 children (77%) visited the research center for follow up measurements
at the median age of 5.9 (95% range 57 - 6.6) years. Childhood kidney measurements were
successfully performed in 923 children (Flow chart is given in Supplementary Material Figure
S3.4.1). Non-response analysis showed that as compared to mothers of children not included
in the analysis, mothers of children included in the study were older, higher educated, smoked
less frequently during pregnancy, were more frequently nulliparous and folic acid supplements
users. Furthermore, children included in the study had a higher birth weight and gestational age at
birth and were more often girls (Supplementary Material Table S3.4.1). The Medical Ethics
Committee of the Erasmus University Medical Center, Rotterdam, has approved the study.

Third trimester fetal measurements

Third trimester fetal ultrasound examinations were performed at a median gestational age of 30.3
(95% range 285 - 32.7) weeks.

Fetal growth: Gestational age was established by first trimester ultrasound measurements.”
Fetal head circumference, abdominal circumference, and femur length were measured and
estimated fetal weight was calculated using the formula by Hadlock et al.”

Fetal blood flow distribution: We measured fetal blood flow distribution as inverse of the
corresponding resistance indices in the umbilical and cerebral artery by pulsed-wave Doppler, as
described previously." The pulsatility index (Pl) in a fetal artery reflects the difference between
the peak systolic and minimum diastolic velocities divided by the mean velocity during the cardiac
cycle andis inversely related to the flow in this artery. Thus, a higher Pl reflects a lower flow in this
artery. Colour imaging was used to optimize placement of the pulsed wave Doppler gate in every
measurement. For each measurement three consecutive uniform waveforms, during fetal apnea
and without fetal movement, were recorded and the mean of these measurements was used for
further analysis. Umbilical artery Pl was determined in a free-floating loop of the umbilical cord. A
raised umbilical artery Pl indicates increased vascular resistance and lower blood flow in the lower
body parts.”® Middle cerebral artery Doppler measurements were performed with colour Doppler
visualization of the circle of Willis in the fetal brain, and flow-velocity waveforms were obtained in
the proximal part of the cerebral arteries. Reductions in the middle cerebral artery Pl are a valid
indicator of fetal blood redistribution in favour of the brains.” Fetal blood redistribution in favour
to the brain at expense of the trunk, including the abdominal organs, is indicated by a higher
ratio between the umbilical artery Pl and the cerebral artery PI (higher U/C ratio).” Intra- and
inter-observer analyses showed good reproducibility for all Doppler measurements, as described
previously (all intra-class correlation coefficients > 0.80).* The mean (SD) Pl observed in our
study were in line with a previous longitudinal study focused on serial measurements.

Fetal kidney dimensions: In a sagittal plane, the maximum longitudinal kidney lengths were
measured placing the callipers on the outer edges of the caudal and cranial side® Antero-
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posterior and transverse kidney diameters were measured perpendicular to each other, outer
tot outer, in an axial plane. The cross-sectional area in which the kidney appeared symmetrically
round at its maximum width was used. Kidney volume was calculated using the equation of an
ellipsoid: volume (cm?) = 0.523 x length (mm) x width (mm) x depth (mm).? Combined kidney
volume was calculated by summing right and left kidney volume.

Childhood kidney outcomes

Childhood kidney dimensions: Left and right kidney biometrics were at the median age of 59
(95% range 57 - 6.6) years. We identified the left and right kidney in the sagittal plane along
its longitudinal axis. We performed measurements of maximal bipolar kidney length, width and
depth. Kidney width and depth were measured at the level of the hilum. The cross-sectional area
in which the kidney appeared symmetrically round at its maximum width was used. We calculated
left and right kidney volume by using the same ellipsoid equation as for fetal kidney volume. We
previously reported good intra-observer and inter-observer correlation coefficients.

Childhood kidney function: Blood creatinine levels were measured with an enzymatic

method on a Cobas ¢ 502 analyzer (Roche Diagnostics, Germany), and cystatin C levels by
a particle enhanced immunoturbidimetric assay on a Cobas ¢ 702 analyzer (Roche Diagnostics,
Germany). Quality control samples demonstrated intra- and inter-assay coefficients of variation
ranging from 0.51% to 1.37% and from 1.13% to 1.65%, respectively. Estimated glomerular filtration
rate (eGFR) was calculated according to the revised Schwartz 2009 formula® eGFR = 365 *
(height (cm)/creatinine (umol/l). Urine creatinine (mmol/l) and urine albumin (mg/l) levels were
determined on Beckman Coulter AU analyzer, creatinine levels were measured according to the
Jaffe method. We calculated the albumin-creatinine ratio. For boys microalbuminuria was defined
as an albumin-creatinine ratio between 2.5 and 25 mg/mmol, for girls we used a ratio between 35
and 25 mg/mmol.*

Childhood blood pressure: Systolic and diastolic blood pressure were measured at the
right brachial artery, four times with one minute intervals, using the validated automatic
sphygmanometer Datascope Accutor Plus ™ (Paramus, NJ, USA).”7 A cuff was selected which was
long enough to cover 9o% of the arm length and the cuff-width to cover approximately 40% of
the arm circumference.

Covariates

Information on maternal age, pre-pregnancy body mass index, parity, educational level, smoking
during pregnancy, folic acid use during pregnancy, gestational hypertensive complications was
obtained by questionnaires and registries. Maternal height was measured without shoes and
pre-pregnancy body mass index (BMI) was calculated (kg/m?). Date of birth, infant sex and birth
weight were obtained from midwife and hospital registries. At the age of 6 years, child height and
weight were measured without shoes and heavy clothing, and body surface area was calculated.
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Statistical analysis

First, we performed correlation analyses using scatterplots and Pearson correlation coefficients
to explore the relation between gestational age with U/C ratio, fetal kidney volume and fetal
kidney volume/estimated fetal weight. We also performed correlation analyses for the relations
between fetal blood flow patterns, fetal combined kidney volume and childhood kidney outcomes.
Second, the associations of fetal blood flow distribution and fetal combined kidney volume with
childhood kidney outcomes were analyzed in a stepwise approach: We performed correlation
analyses using scatterplots and Pearson correlation coefficients. Next we performed multiple
linear regression models. The models were first adjusted for gestational age and estimated fetal
weight at third trimester measurement, and child sex, current age and body surface area (Basic
model). Analyses focused on eGFR were not further adjusted for body surface area since this is
included in the Schwartz 2009 formula. These models were additionally adjusted for potential
confounders including maternal age, parity, educational level, pre-pregnancy body mass index,
smoking status during pregnancy, pregnancy complications (pre-eclampsia and pregnancy
induced hypertension), gestational age at birth and gestational age adjusted birth weight
(Confounder model). We additionally adjusted the Confounder model for childhood combined
kidney volume to explore whether any association was explained by childhood combined kidney
volume (Childhood kidney volume model). Third, we tested potential combined effects and
interactions between fetal blood flow, fetal combined kidney volume, and childhood combined
kidney volume for the associations with childhood eGFR by performing stratified (tertiles)
regression analyses. We performed a sensitivity analysis using gestational age adjusted birth
weight as an additional index of final nephron number instead of fetal kidney volume. To reduce
the possibility of potential bias associated with missing data (less than 17%), missing values in
maternal, fetal and child covariates were imputed using the multiple imputations procedure
with five imputations and these datasets were analyzed together. Further information about the
methods of multiple imputations are given in the Supplementary Material. Observed data
before multiple imputations are presented in the Supplementary Material (Table S3.4.2). All
statistical analyses were performed using the Statistical Package for the Social Sciences version
20.0 for Windows (SPSS Inc, Chicago, IL, USA).

Results

Subject characteristics

Maternal, fetal and child characteristics are shown in Table 3.4.1. More descriptive data are
given in the Supplementary Material. Subject characteristics according to tertiles of U/C ratio
and fetal kidney volume are given in Supplementary Material Tables S3.4.3 and S3.4.4,
respectively. Supplementary Material Figures S3.4.2 and $3.4.3 give the correlations of
gestational age and estimated fetal weight with fetal kidney volume/estimated fetal weight.

134



TABLE 3.4.1 | Subject characteristics (N = 923).

Fetal blood flow and childhood kidney outcomes

Maternal characteristics

Age,y 322 (234 -39.4)
Height, cm 171 (63)
Pre-pregnancy weight, kg 69.0 (13.0)
Pre-pregnancy body mass index, kg/m? 236 (4.2)
Parity =1, % 377 (348)
Educational level, %
Primary/secondary 341(315)
Secondary or higher 65.9 (608)
Smoking during pregnancy, %
Yes 215 (198)
No 785 (745)
Folic acid supplement use, %
Yes 909 (839)
No 91 (84)
Pregnancy induced hypertension, %
Yes 56 (52)
No 94.4 (877)
Preeclampsia, %
Yes 31(29)
No 969 (894)
Fetal characteristics
General
Gestational age at measurement, wk 303 (285-327)
Estimated fetal weight, g 1634 (263)
Blood flow distribution
Umbilical artery PI 097 (016)
Middle cerebral artery Pl 197 (033)
U/C ratio middle cerebral artery 050 (011)
Fetal kidney biometrics
Right kidney volume, cm? 1064 (3.07)
Left kidney volume, cm? 9.94 (2.76)
Combined kidney volume, cm? 2056 (5.48)

Birth and infant characteristics

Gestational age at birth, wk

403 (364 - 42.4)

Birth weight, g 3534 (509)
Sex boys, % 503 (464)
Childhood characteristics

Age at follow up, y 59 (57 - 6.6)
Height, cm 19 (5.2)
Weight, kg 226 (3.2)
Body mass index, kg/m? 159 (1.4)
Body surface area, m? 0.86 (0.07)
Kidney volume left, cm? 61.4 (12.6)
Kidney volume right, cm? 595 (117)
Kidney volume combined, cm? 120.9 (221)
Creatinine, pmol/l 36.8 (4.9)
Cystatin C, g/l 790 (74)
Estimated glomerular filtration rate mi/min per 1.73m? 120.2 (15.8)
Estimated glomerular filtration rate/cm?kidney volume 1.02 (019)
Microalbuminuria?, % 71(62)
Systolic blood pressure, mmHg 102.2 (7.7)
Diastolic blood pressure, mmHg 601 (63)

Values are means (SD), medians (95% range), or % (numbers)

“Defined as levels between 2.5-25.0 mg/mmol (boys) and 3.5-25.0 mg/mmol (girls)

135



Chapter3.4

Fetal blood flow, fetal kidney volume and childhood kidney outcomes

Scatterplots for the correlations between fetal and childhood kidney volumes, fetal blood flow
patterns, and childhood kidney function outcomes are shown in Supplementary Material
Figures S3.4.4, S3.4.5 and S3.4.6.

Table 3.4.2 shows that a higher third trimester fetal U/C ratio, which reflects a preferential
blood flow to the upper body parts at expense of the intra-abdominal organs, was associated
with a smaller childhood combined kidney volume (-2.46 cm? per 1 SDS increase in ratio, 95%
Confidence Interval (Cl) -3.89, -1.04, Basic model). This fetal blood flow pattern was not associated
with childhood creatinine and cystatin C levels, eGFR, microalbuminuria or blood pressure.
The effect estimates were only slightly modified by additional adjustment for confounders or
childhood kidney size. Table 3.4.3 shows that a larger third trimester fetal combined kidney
volume was associated with larger childhood combined kidney volume (389 cm? per 1 SDS
increase in volume, 95% Cl 3.61, 4.16), lower creatinine levels (-1.18 pmol/l per 1 SDS increase in
volume, 95% Cl - 1.60, -0.77), lower cystatin C levels (<18 pg/l per 1 SDS increase in volume, 95%
Cl -25, -12) and higher eGFR (4.40 ml/min per 1.73m? per 1 SDS increase in volume, 95% Cl 3.06,
5.75), but not with microalbuminuria and blood pressure at the age of 6 years. These effect
estimates were similar after additional adjustment for potential confounders and combined
childhood kidney volume. Additional results showing the effects of stepwise adjustment of the
associations of third trimester fetal U/C ratio and fetal combined kidney volume with childhood
kidney outcomes are given in the Supplementary Material (Tables S3.4.5 and S3.4.6).
Also, Supplementary Material Tables S3.4.7 and S3.4.8 give the R squares for the effect
estimates for the associations of third trimester fetal U/C ratio and third trimester fetal combined
kidney volume with childhood kidney outcomes. The R squares were all between 0.20 and 0.25.

Figure 3.4.1A shows the combined effects for fetal blood flow and fetal kidney volume
on childhood eGFR. Children within the highest tertile of fetal U/C ratio and lowest tertile of
fetal combined kidney volume had the lowest eGFR (difference: -6.36 ml/min per 1.73m?, 95%
confidence interval -11.78, -0.94, compared to children within the middle tertiles), whereas
children within the lowest tertile of fetal U/C ratio and highest tertile of fetal combined kidney
volume had the highest eGFR at school-age (p-value for interaction <o.o5). Figure 3.4.1B gives
the combined effects for fetal blood flow and childhood combined kidney volume on childhood
eGFR. Children within the highest tertile of fetal U/C ratio and lowest tertile of childhood combined
kidney volume had the lowest eGFR. This interaction was statistically not significant. Similarly,
Figure 3.4.1C gives the combined effects for fetal combined kidney volume and childhood
combined kidney volume on childhood eGFR. The lowest eGFR was observed in children within
the lowest tertile of both fetal combined kidney volume and childhood combined kidney volume.
This interaction was statistically not significant. Also, the interaction terms were statistically not
significant for childhood cystatin C levels, micro-albuminuria, and blood pressure as outcomes
(data not shown).
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TABLE 3.4.2 | Associations of third trimester umbilical/cerebral artery resistance ratio with kidney outcomes at the age
of 6 years (N = 879).

Kidney size Kidney function Blood pressure
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Umbilical/cerebral artery
resistance ratio (SD = 0.11)

Basic model -2.46 014 4 -067 075 0.27 0.04
(389, -104)° (-027,055)  (-3,10) (-200,068) (055,101 (-0.26,081) (-041,0.49)
Confounder model -258 024 4 -1.03 o1 030 0.05
(-4.01,-114)° (-018,066)  (3,11)  (-239,034) (052,097)* (-0.25,0.85) (-0.41,050)
Childhood kidney NA 0.10 3 -0.29 072 0.21 -0.02
volume model (-032,052) (3,10)  (-166,1.08) (052,100) (-037,078) (-050,0.45)

eGFR, estimated glomerular filtration rate; BP, blood pressure

Values are regression coefficients (95% Confidence interval (Cl)) based on multiple regression models and Odds ratio’s (95%
Cl) for microalbuminuria based on logistic regression models and reflect the difference for each outcome for fetal blood
flow characteristics. Basic model is adjusted for gestational age at third trimester measurement, third trimester estimated
fetal weight, child sex, current age and body surface area. Confounder model is additionally adjusted for maternal age, parity,
educational level, pre-pregnancy body mass index, smoking status during pregnancy, maternal pregnancy complications

(hypertension, preeclampsia), folic acid use during pregnancy, gestational age and gestational age adjusted birth weight.
*p<0.05, °p<0.01

TABLE3.4.3 | Associations of third trimester fetal kidney dimensions with kidney outcomes at the age of 6 years (N = 870).

Kidney size Kidney function Blood pressure
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Combined fetal kidney
volume (SD = 5.48)
Basic model 389 -118 -18 4.40 105 -032 -0.24
(361,416)" (-1.60,-077)° (-25,-12)° (3.06,575)* (0.90,1.22) (-0.89,0.26) (-0.49, 0.01)
Confounder model 3.96 -1.22 -18 4.45 1.06 -0.29 -018
(2.43,5.49) (-163,-080)* (-25,-12) (3.08,5.83)* (0.78,1.44) (-0.89,031) (-0.67,032)
Childhood kidney NA -0.87 -16 321 097 -0.26 -0.08
volume model (-129,-045)* (-22,-9)*  (1.85,4.56)* (0.70,134) (-0.89,038) (-0.60, 0.44)

eGFR, estimated glomerular filtration rate; BP, blood pressure

Values are regression coefficients (95% Confidence interval (Cl)) based on multiple regression models and Odds ratio’s
(95% CI) for microalbuminuria based on logistic regression models and reflect the difference for each outcome for fetal
blood flow characteristics. Basic model is adjusted for gestational age at third trimester measurement, third trimester
estimated fetal weight, child sex, current age and body surface area. Confounder model is additionally adjusted for maternal
age, parity, educational level, pre-pregnancy body mass index, smoking status during pregnancy, maternal pregnancy
complications (hypertension, preeclampsia), folic acid use during pregnancy, gestational age and gestational age adjusted
birth weight. Childhood kidney volume model is additionally adjusted for combined childhood kidney volume. *p <0.01
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Results of the sensitivity analyses are given in the Supplementary Material. \When we
used gestational age adjusted birth weight as an index of final nephron number instead of fetal
kidney volume, we observed similar results (Supplementary Material Figure S3.4.7). Lower
gestational age adjusted birth weight was associated with smaller childhood kidneys with a lower
eGFR. The interactions between U/C ratio and gestational age adjusted birth weight for the
associations with childhood kidney outcomes were not significant. Also, when we used eGFR/
cm3 kidney volume instead of eGFR, no differences in results were observed in the final models
(data not shown).

FIGURE 3.4.1 | Associations of fetal blood flow, fetal combined kidney volume and childhood kidney volume with
childhood estimated glomerular filtration rate (N = 613).
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Fetal blood flow and childhood kidney outcomes

Bars represent regression coefficients (95% Confidence interval (Cl)) based on multiple regression models and reflect
the associations of fetal blood flow and kidney volume (A), fetal blood flow and childhood kidney volume (B), and fetal
and childhood kidney volume (C) (tertiles) with childhood estimated glomerular filtration rate. Models are adjusted for
maternal age, parity, educational level, pre-pregnancy body mass index, smoking status during pregnancy, folic acid use
during pregnancy, maternal pregnancy complications (hypertension, preeclampsia), gestational age at third trimester
measurement, third trimester estimated fetal weight, child sex, gestational age and gestational age adjusted birth weight,
current age and body surface are. P-value <0.01 for interaction between fetal blood flow and fetal combined kidney
volume for the association with childhood estimated glomerular filtration rate. P-value not significant for interaction
between fetal blood flow and childhood combined kidney volume and for interaction between fetal combined kidney
volume and childhood combined kidney volume.

Discussion

Ina normal, low-risk population-based cohort study, third trimester fetal blood flow redistribution,
at expense of the trunk and abdominal organs, was associated with smaller kidney volume,
whereas a smaller third trimester fetal kidney size was associated with lower kidney function in
school-age children. All differences were small and without clinical consequences at school-age.
Fetal blood flow and fetal kidney size were not associated with childhood blood pressure.

An adverse fetal environment may lead to smaller kidneys with a reduced number of
nephrons® These kidney adaptations may lead to a reduced glomerular filtration surface area,
hyperfiltration and eventually glomerular sclerosis and chronic kidney disease? Thus far, this
hypothesis is mainly supported by studies showing associations of low birth weight with higher
risks of kidney disease and hypertension in adulthood.>¢ Also, post-mortem studies showed that
nephron number is lower in children with a low birth weight, or small kidney size, and in adults with
primary hypertension.”® Studies in rats showed that fetal growth restriction, induced by bilateral
uterine artery ligation, leads to an increased risk of kidney disease and higher blood pressure in
adulthood*®3° In a study among 7,457 adults aged 20 to 30 years in Norway, intrauterine growth
restriction was associated with low-normal kidney function Another study among 82 subjects
born before 32 weeks of gestation in the Netherlands, observed no consistent associations of
preterm birth in combination with intra-uterine growth restriction with kidney function in young
adulthood®

Animal studies showed a reduction in glomerular and nephron number due to vascular
placental insufficiency.>® We observed in a previous study within the same cohort that fetal
blood flow redistribution at expense of the abdominal organs, leads to smaller fetal kidneys.*' In the
current follow-up study, we observed that fetal blood flow redistribution is also associated with
smaller kidneys in children. Surprisingly, we observed that fetal blood redistribution at expense
of the abdominal organs was associated with a lower risk of microalbuminuria, independent of
potential confounders and childhood kidney size. We could not explain this finding. Fetal blood
flow redistribution was not associated with other kidney function outcomes. We measured fetal
blood flow through the umbilical arteries, which reflects the arterial resistance and blood flow
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to the intra-abdominal arteries, including the descending aorta and renal artery.”” Future detailed
studies focused on the directly measured renal artery blood flow might give more information
about the fetal and childhood consequences of impaired fetal kidney blood flow.

A recent cross-sectional study, among 257 healthy children in Italy older than 6 months,
indicated that childhood kidney size was inversely correlated with creatinine levels3* In line with
that study, we observed an inverse association of fetal kidney size with creatinine and cystatin
C levels in childhood, and a positive association with eGFR. Previously, we observed that small
fetal kidney size tends to track throughout early childhood® In the current study, we observed
that the associations of fetal kidney volume with childhood kidney function outcomes were
independent of childhood kidney size. These findings suggest that fetal kidney size may have
permanent subclinical effects, independent of later kidney growth, on kidney function in later life.
Fetal kidney size was not associated with childhood microalbuminuria or blood pressure. It might
be that differences in these more clinical markers of kidney dysfunction appear at older ages.

The results from this study are important from an etiological perspective. They suggest that
suboptimal abdominal blood flow and kidney growth in fetal life have persistent subclinical renal
consequences. However, the observed effect estimates were small and reflect subclinical changes
in kidney function in school-age children. None of the children had a known clinical kidney
disease. Therefore, the results from the current study are without direct clinical consequence.
Longitudinal studies reported tracking of risk factors for kidney and cardiovascular disease during
childhood**% Also, the consequences of impaired kidney growth might not yet be fully detectable
in early childhood, but might become more evident in later life. It has been suggested that fetal
adverse adaptations can be compensated for many years until for example hypertension occurs.®

The biological mechanisms underlying the observed associations may include other
mechanisms than smaller kidneys with a lower number of nephrons# Animal studies showed
alterations in the renin angiotensin system in experimentally induced intrauterine growth
restricted rats at adult age. These differences were not present at younger age.® Several markers
of the renin angiotensin system were increased in intrauterine growth restricted subjects
with hypertension:® An accumulating body of evidence suggests that an adverse intra-uterine
environment might cause epigenetic alterations which in turn influence kidney growth and
function:# Finally, a mismatch between fetal and postnatal growth may also lead to insufficient
kidney function for an individual metabolic load. This might specifically be the case in children
with fetal growth restriction and smaller fetal kidney’s, but with a postnatal catch-up growth.
Further studies are needed to examine the combined effects of impaired fetal kidney growth and
postnatal catch-up growth on childhood kidney outcomes.

Some methodological considerations need to be discussed. The main strength of this study
is the population-based prospective design from fetal life onwards. Follow-up measurements
at the age of 6 years were obtained in 75% of the children. Mothers of children without follow-
up measurements were more frequently multiparous, lower educated and smokers during
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pregnancy. Their children had a lower birth weight. Thus, the remaining children with follow-
up measurements may be healthier than the original study-population. Our results would be
biased if the associations of fetal characteristics with childhood kidney outcomes would differ
between those with and without follow-up measurements. This seems unlikely, but cannot be
excluded. However, because of our relatively healthy population, it should be further studied
whether the observed associations are generalizable to high-risk populations. We evaluated
fetal blood flow and fetal kidney volume at one time point during late pregnancy. Although
the intra- and interobserver variability are adequate and mean values are in line with previous
studies, misclassification due to measurement error cannot be excluded. However, this would
most likely have been due to random error, which reduces power of the study and may have
led to an underestimation of the evaluated associations. We did not study abnormal blood
flow distribution. Because our study was embedded in a low risk, healthy, population, our main
focus was to study the renal consequences of variation in fetal blood flow within a normal
range. Therefore, we used continuous data and tertiles of blood flow distribution. Fetal kidney
volume was evaluated around 30 weeks of gestational age. Since nephrogenesis continues until
36 weeks gestational age, our measurements did not reflect final nephron number.? Evaluation
of fetal kidney size until 36 weeks of gestational age, might have been more representative for
final nephron number. When we used gestational age adjusted birth weight as a surrogate for
final nephron number instead of third trimester kidney volume, we observed similar results. It
is not known whether birth weight is a better proxy for fetal nephron number than fetal kidney
size® We used kidney size as a measure of kidney development, since nephron number cannot
be studied in vivo. Kidney size is correlated with the number of glomeruli and can be used in
epidemiological studies as measure of kidney development® However, nephron enlargement
due to hyperfiltration may attenuate the differences in childhood kidney volume and may lead to
an underestimation of the associations of interest.*> We estimated the glomerular filtration using
blood creatinine levels. Blood cystatin C levels might be more accurate in estimating glomerular
filtration. As compared to creatinine, cystatin C is freely filtered, produced more constantly and
less dependent from children’s body weight, height and sex' In the current study, we observed
similar results for creatinine and cystatin C levels. We used the urine albumin-creatinine ratio
to evaluate albuminuria in a random urine sample#* Since the within subject variation in urinary
albumin excretion is large, the variability would probably be lower if we collected first morning
void samples instead of random during the day.” This was not possible in the current study. In the
present study we evaluated multiple associations, this might have led to chance findings due to
multiple testing. However, since the kidney related outcomes were correlated we did not adjust
for multiple testing. Finally, although we had information about a large number of confounders,
the influence of residual confounding should be considered, as in any observational study.
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Conclusion and perspectives

In conclusion, fetal blood redistribution at expense of the intra-abdominal organs and smaller

fetal kidney are associated with subclinical changes in kidney outcomes in a healthy population of

school-age children. Although, these findings suggest that fetal kidney developmental adaptations

affect kidney function throughout the life-course, the effect estimates were small and likely to be

without clinical consequences in childhood. Further studies are needed to identify the underlying

biological mechanisms and the long-term consequences of the observed associations.
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Supplementary Material

Imputation procedure

To reduce the possibility of potential bias associated with missing data (less than 17%), missing
values were imputed using the multiple imputations procedure. For the multiple imputations,
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 pre-pregnancy weight,
birth weight, height and weight of the child aged 6. Furthermore, we added the determinants and
outcomes studied in the imputation model as prediction variables only, they were not imputed
themselves. Five imputed datasets were created and analyzed together.

TABLE S3.4.1 | Subject characteristics of participants with and without follow-up data (N = 1,201).

Childhood data Childhood data
available unavailable
(n=923) (n=278)

Maternal characteristics
Age,y 322 (23.4-39.4) 311 (19.2 - 38.2)°
Height, cm 171 (63) 170 (6.4)
Pre-pregnancy weight, kg 693 (13.0) 671 (11.3)
Pre-pregnancy body mass index, kg/m? 236 (4.2) 231 (3.7)
Parity =1, % 377 (348) 442 (123)°

Missing 02 (2) 07 (2)
Educational level, %

Primary/secondary 337 (311) 453 (126)°

Secondary or higher 65.3 (603) 511 (142)

Missing 1(9) 36 (10)
Smoking during pregnancy, %

Yes 19.4 (179) 353(89)°

No 707 (653) 582 (171)

Missing 9.9 (91) 65 (18)
Folic acid, %

Yes 766 (707) 69.4 (193)°

No 65 (60) 19 (33)

Missing 16.9 (156) 187 (52)
Pregnancy induced hypertension, %

Yes 49 (45) 40 ()

No 89.7 (828) 895 (249)

Missing 5.4 (50) 65 (18)
Preeclampsia, %

Yes 25(23) 18 (5)

No 89.7 (828) 895 (249)

Missing 78 (72) 87 (24)
Gestational age at measurement, wk 303 (285-327) 30.4 (281-325)
Estimated fetal weight, g 1634 (263) 1616 (285)
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Childhood data Childhood data

available unavailable

(n=923) (n=278)
Blood flow distribution
Umbilical artery PI 0.97 (016) 0.99 (018)
Middle cerebral artery Pl 197 (0.33) 199 (0.33)
U/C ratio, middle cerebral artery 0.50 (0.11) 051 (012)
Fetal kidney biometrics
Right kidney volume, cm? 1064 (3.07) 10.84 (3.13)
Left kidney volume, cm? 9.94 (2.76) 10.01 (2.86)
Combined kidney volume, cm? 2056 (5.48) 20.85 (5.61)
Birth and infant characteristics
Gestational age at birth, wk 403 (36.4 - 42.4) 400 (347 - 42.4)°
Birth weight, g 3534 (509) 3446 (628)°
Sex boys, % 503 (464) 576 (160)*
Childhood characteristics
Age at follow up, y 59 (57 - 66) NA
Height, cm 19 (5.2) NA
Weight, kg 226 (3.2) NA
Body mass index, kg/m? 159 (1.4) NA
Body surface area, m? 0.86 (0.07) NA
Kidney volume left, cm? 61.4 (12.6) NA
Kidney volume right, cm? 595 (117) NA
Kidney volume combined, cm? 120.9 (221) NA
Creatinine, pmol/l 36.8 (4.9) NA
Cystatin C, pg/l 790 (74) NA
Estimated glomerular filtration rate mi/min per 1.73m? 120.2 (15.8) NA
Estimated glomerular filtration rate/cm? kidney volume 1.02 (0.19) NA
Micro albuminuria©, % 71(62) NA
Systolic blood pressure, mmHg 102.2 (7.7) NA
Diastolic blood pressure, mmHg 601 (63) NA

Values are means (SD), medians (95% range), or % (numbers). Participants were compared using independent samples
t-test for continuous variables and chi-square test for categorical variables. 2p<0.05, ®p<0.01, “Defined as levels between
25-25.0 mg/mmol (boys) and 3.5-25.0 mg/mmol (girls)

TABLE S3.4.2 | Subject characteristics of observed and imputed data (N = 923).

Observed data Imputed data
Maternal characteristics
Age,y 322 (234 -39.4) 322 (23.4-39.4)
Height, cm 171 (63) 171 (63)
Pre-pregnancy weight, kg 693 (13.0) 69.0 (13.0)
Pre-pregnancy body mass index, kg/m? 236 (4.2) 236 (4.2)
Parity =1, % 377 (348) 377 (348)
Missing 02(2)
Educational level, %
Primary/secondary 337 (311) 34.1(315)
Secondary or higher 653 (603) 65.9 (608)
Missing 1(9)
Smoking during pregnancy, %
Yes 19.4 (179) 215 (198)
No 707 (653) 785 (745)
Missing 2.9 (91)

146



Fetal blood flow and childhood kidney outcomes

Observed data

Imputed data

Folic acid, (%)
Yes
No
Missing
Pregnancy induced hypertension, %
Yes
No
Missing
Preeclampsia, %
Yes
No
Missing

766 (707)
65 (60)

16.9 (156)

4.9 (45)
89.7 (828)
54 (50)

25 (23)
897 (828)
78 (72)

90.9 (839)
91(84)

56 (52)
94.4 (871)

31(29)
969 (894)

Fetal characteristics

General

Gestational age at measurement, wk
Estimated fetal weight, g

Blood flow distribution
Umbilical artery P

Middle cerebral artery Pl

UJ/C ratio, middle cerebral artery
Fetal kidney biometrics
Right kidney volume, cm?

Left kidney volume, cm?
Combined kidney volume, cm?

303 (285-327)
1634 (263)

0.97 (016)
197 (033)
050 (011)

10.64 (3.07)
994 (276)
2056 (5.48)

303 (285-327)
1634 (263)

Not imputed
Not imputed
Not imputed

Not imputed
Not imputed
Not imputed

Birth and infant characteristics

Gestational age at birth, wk

403 (36.4 - 42.4)

403 (36.4 - 42.4)

Birth weight, g 3534 (509) 3534 (509)
Sex boys, % 503 (464) 503 (464)
Childhood characteristics

Age at follow up, y 59 (5.7 -66) 59 (57 -66)
Height, cm 19 (52) 19 (52)
Weight, kg 226 (3.2) 226 (3.2)
Body mass index, kg/m? 159 (1.4) 159 (1.4)
Body surface area, m? 0.86 (0.07) 0.86 (0.07)
Kidney volume left, cm?3 614 (12.6) Not imputed
Kidney volume right, cm? 595 (117) Not imputed
Kidney volume combined, cm? 1209 (221) Not imputed
Creatinine, pmol/l 368 (4.9) Not imputed
Cystatin C, pg/l 790 (74) Not imputed
Estimated glomerular filtration rate mi/min per 1.73m? 120.2 (15.8) Not imputed
Estimated glomerular filtration rate/cm?kidney volume 1.02 (0.19) Not imputed
Micro albuminuria?, % 71 (62) Not imputed
Systolic blood pressure, mmHg 1022 (7.7) Not imputed
Diastolic blood pressure, mmHg 60.1 (6.3) Not imputed

Values are means (SD), medians (95% range), or % (numbers) “Defined as levels between 2.5-25.0 mg/mmol (boys) and 3.5-

25.0 mg/mmol (girls). Missing values for continuous maternal characteristics are: age (n=0), height (n=0), pre-pregnancy
weight (n=138), pre-pregnancy body mass index (n=138), for fetal characteristics: gestational age at measurement (n=0),
estimated fetal weight (n=6), for infant characteristics: gestational age at birth (n=0), birth weight (n=0), for childhood

characteristics: age (n=0), height (n=1), weight (n=1), body mass index (n=1), body surface area (n=1).
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TABLE S3.4.3 | Subject characteristics in tertiles of U/C ratio (N=879).

High tertile  Middle tertile  Low tertile P-value
U/C ratio U/C ratio U/C ratio for trend
(N =297) (N =285) (N =297)
Maternal characteristics
Age,y 31.8 (24.1,39.5) 323 (236, 406) 322 (219, 39.0) P=0.43
Height, cm 170.9 (6.2) 171.4 (6.3) 170.8 (6.1) P=053
Pre-pregnancy weight, kg 68.0 (12.7) 695 (13.6) 69.6 (13.3) P=039
Pre-pregnancy body mass index, kg/m? 23.4 (4.) 236 (4.2) 239 (4.4) P=035
Parity =1, % 320 (95) 407 (N6) 4.8 (124) P<0.05
Educational level, %
Primary/secondary 286 (85) 361 (103) 357 (106) P=012
Secondary or higher 714 (212) 63.9 (182) 64.6 (191)
Smoking during pregnancy, %
Yes 19.9 (59) 218 (62) 222 (66) P=074
No 801 (238) 782 (223) 77.8 (231)
Folic acid supplement use, %
Yes 89.9 (267) 93.3 (266) 87.9 (261) P=0.10
No 101 (30) 6.7 (19) 121 (36)
Pregnancy induced hypertension, %
Yes 6.1 (18) 5.6 (16) 4.7 (14) P=074
No 239279 944(269) 963 (283)
Preeclampsia, %
Yes 3.4 (10) 32(9) 22 (6) P=0.69
No 96.6 (287) 96.8 (276) 97.8 (291)
Fetal characteristics
Gestational age at measurement, wk 30.2 (285, 325) 30.4 (286, 325) 30.4 (284, 331) P<0.05
Estimated fetal weight, g 1580 (237) 1647 (259) 1675 (279) P<0.01
Umbilical artery PI 1.08 (0:16) 097 (0.12) 0.86 (0.12) P<c.01
Middle cerebral artery PI 173 (0.28) 1.98 (0.26) 2.21 (0.28) P<o.01
U/C ratio middle cerebral artery 063 (0.08) 0.49 (0.03) 039 (0.04) P<0.01
Right kidney volume, cm? 103 (31) 107 (2.9) 1.0 (32) p<o.05
Left kidney volume, cm? 95 (27) 101 (27) 104 (2.8) P<0.01
Combined kidney volume, cm? 19.8 (55) 208 (5.2) 213 (57) P<o.o1
Birth and infant characteristics
Gestational age at birth, wk 40.4 (356, 42.6) 403 (37.0, 42.6) 403 (369, 42.1) P=036
Birth weight, g 3450 (506) 3568 (510) 3601 (474) P<0.01
Sex boys, % 471 (140) 523 (149) 525 (156) P=034
Childhood characteristics
Height, cm 1183 (5.2) 19.4 (51) 119.4 (51) P<0.05
Weight, kg 221 (31) 229 (36) 228 (3.0) P<o.o1
Age at follow up, y 59 (56,68) 59 (57 65) 59 (57,6.8) P=0.69
Body mass index, kg/m? 15.8 (1.37) 16.0 (1.62) 15.9 (1.28) P=012
Body surface area, m? 0.85 (0.07) 0.87 (0.08) 0.87 (0.07) P<c.01
Kidney volume left, cm? 59.2 (115) 617 (127) 63.4 (13.2) P<0.01
Kidney volume right, cm? 56.8 (11.4) 605 (12.0) 613 (115) P<0.01
Kidney volume combined, cm? 1159 (20.8) 1221 (225) 124.8 (22.6) P<o.o1
Creatinine, pmol/l 36.8 (5.2) 36.8 (4.6) 370 (5.0) P=0.91
Cystatin C, pg/! 793 (77) 794 G7) 784 (70) P=032
Estimated glomerular filtration rate mi/min per 1.73m? 119.4 (15.5) 120.4 (15.2) 120.4 (16.8) P=0.75
Estimated glomerular filtration rate/cm? kidney volume 1.06 (0.19) 1.01 (018) 097 (017) p<o.01
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High tertile  Middle tertile  Low tertile P-value
U/C ratio U/C ratio U/C ratio for trend
(N=297) (N =285) (N=297)
Microalbuminuria?, % 4.0 (12) 9.1 (26) 71 (21) P=0.05
Systolic blood pressure, mmHg 1019 (85) 102.7 (7.4) 101.8 (71) P=0.28
Diastolic blood pressure, mmHg 59.8 (6.9) 603 (5.7) 60.0 (63) P=0.64

Means were compared using ANOVA for continuous variables and chi-square test for categorical variables. *Defined as
levels between 2.5-25.0 mg/mmol (boys) and 3.5-25.0 mg/mmol (girls)

TABLE S3.4.4 | Subject characteristics in tertiles of fetal kidney volume (N=870).

Low tertile  Middle tertile  High tertile P-value for
kidney volume kidney volume kidney volume trend
(N =302) (N =292) (N =276)

Maternal characteristics

Age,y 318 (225,39.6) 325(238,39.4) 319 (234,395  P=017
Height, cm 1705 (6.1) 170.9 (6.2) 1719 (63) P<o.05
Pre-pregnancy weight, kg 67.7 (12.0) 64.2 (12.3) 70.8 (14.0) P<0.05
Pre-pregnancy body mass index, kg/m? 233(39) 235 (4.) 24.0 (4.6) pP=017
Parity =1, % 35.4 (107) 435 (127) 322 (89) P=030
Educational level, %
Primary/secondary 351 (106) 312 (91) 341 (94) P=0.63
Secondary or higher 64.9 (196) 68.8 (201) 65.9 (182)
Smoking during pregnancy, %
Yes 232 (70) 215 (63) 210 (58) P=074
No 76.8 (232) 785 (229) 79.0 (218)
Folic acid supplement use, %
Yes 901 (272) 00.8 (265) 906 (251) P=059
No 99 (30) 92(27) 94 (25)
Pregnancy induced hypertension, %
Yes 70 (21) 45(13) 54 (15) P=084
No 930 (281) 965 (279) 94.6 (261)
Preeclampsia, %
Yes 3.6 (11) 21(6) 25(7) P=0.76
No 96.4 (291) 979 (286) 975 (269)
Fetal characteristics
Gestational age at measurement, wk 301 (281,32.0) 30.4 (286, 325) 307 (289, 33.1) P<0.01
Estimated fetal weight, g 1511 (230) 1635 (232) 1768 (264) P<0.01
Umbilical artery PI 1.00 (0.17) 0.97 (016) 0.94 (016) P<o.01
Middle cerebral artery Pl 196 (0.36) 199 (033) 195 (0.31) P=0.20
U/C ratio middle cerebral artery 052 (012) 0.49 (0.10) 0.49 (011) p<o.01
Right kidney volume, cm? 79 (13) 10.4 (11) 139 (2.7) p<o.01
Left kidney volume, cm? 7.4 (1.2) 9.7 (1) 129 (23) P<o.01
Combined kidney volume, cm? 153 (2.0) 201 (13) 26.8 (4.2) P<o.o1
Birth and infant characteristics
Gestational age at birth, wk 401 (370, 423) 40.4 (357, 42.6) 40.4 (36.8, 42.3) P=052
Birth weight, g 3384 (489) 3561 (478) 3682 (502) P<0.01
Sex boys, % 543 (164) 521 (152) 551 (152) P=037
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Low tertile  Middle tertile  High tertile P-value for
kidney volume kidney volume kidney volume trend
(N =302) (N =292) (N =276)

Childhood characteristics

Age at follow up, y 59 (57,67) 59 (57,66) 60(57,67) P=019
Height, cm 183 (5.4) 187 (51) 120.2 (4.9) P<c.01
Weight, kg 222 (3.4) 223 (2.9) 233(3.4) P<0.01
Body mass index, kg/m? 158 (15) 158 (1.2) 161 (15) P<0.05
Body surface area, m? 0.85 (0.08) 0.86 (0.07) 0.88 (0.07) P<o.01
Kidney volume left, cm? 58.9 (11.9) 614 (12.6) 63.9 (12.6) P<0.01
Kidney volume right, cm? 56.5 (11.1) 593 (11.2) 62.8 (12.1) P<o.o1
Kidney volume combined, cm? 115.4 (21.0) 120.7 (216) 126.7 (22.4) P<o.01
Creatinine, pmol/l 378 (4.7) 36.4 (4.8) 361 (51) P<0.01
Cystatin C, pg/l 812 (74) 780 (75) 776 (71) P<0.01
Estimated glomerular filtration rate mi/min per 1.73m? 116.0 (14.0) 1213 (15.2) 124.0 (17.1) p<o.o1
Estimated glomerular filtration rate/cm? kidney volume 1.04 (0.01) 1.02 (0.01) 1.00 (0.01) P=016
Microalbuminuria®, % 6.6 (20) 51 (15) 83(23) P=0.62
Systolic blood pressure, mmHg 1022 (8.2) 1019 (7.7) 1024 (7.2) P=0.88
Diastolic blood pressure, mmHg 603 (6.2) 60.2 (65) 50.8 (6.0) P=0.70

Means were compared using ANOVA for continuous variables and chi-square test for categorical variables.
“Defined as levels between 2.5-25.0 mg/mmol (boys) and 3.5-25.0 mg/mmol (girls)

TABLE S3.4.5 | Associations of third trimester umbilical/cerebral artery resistance ratio and covariates with kidney
outcomes at the age of 6 years (N = 879).

Kidney size Kidney function Blood pressure
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U/C ratio -3.88 -0.04 4 -058 075 015 0.06

(Sb=o1) (5.44,-232)° (-046,038) (2,10)  (191,075) (056,101)  (-039,068) (-038 050)

+maternal age 388

-0.04

~

-0.59 0.75 0.14 0.06
(544,-232)" (-045038) (210) (192,075) (056,101)  (-039,068) (-039,050)

+ pre-pregnancy

3.87 -0.03 4 -059 075 019 0.07
body mass index

(544,231 (-045038) (210) (193,074) (056,100) (-035072) (-037,052)

+ parity

-3.96 -0.03 4 -0.63 074 o012 0.05
(-5.46,-2.46)°  (-0.25,0.18) 1,7) (-192,066) (055,100)  (-016,039)  (-018,0.27)

+ maternal -4.01 -0.03 4 061 074 018 009
educationallevel (555 247" (-044,039)  (21)  (194,072) (056,099 (:036,07) (-034,053)

+ maternal 390 -0.04 4 -058 074 016 0.07
smoking (546,234 (-025017)  (2,10) (191,075 (055100) (-038,070) (-038, 051)

+ maternal folic 381 003 4 061 075 014 006

acid use (537,-225)° (:045038) (210) (194,073) (055101 (-040,068) (-038, 050)

+ gestational 389 005 4 -057 075 015 0.06

hypertension (-544,-233)° (-046,037)  (2,11) (188,075 (056,101)  (-039,068) (-038,050)
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Kidney size Kidney function Blood pressure
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+ preeclampsia 3.86 -0.04 4 -083 075 014 006

(543,230)° (045038) (3,10) (193,075 (056,101) (-040,068) (-039,050)
+ gestational age 386

000 4 -o71 074 017 005
atmeasurement  (543,-230)° (1042,042) (3,10) (205063) (055100) (-037,071) (-039,050)
+ third trimester 352 001 3 063 075 019 003
fetal weight (508,197 (040,043 (3,10) (197,072) (056,101) (-009,047) (-039,046)
+ gestational age -3.89 -0.03 4 -0.62 0.75 015 0.06
atbirth (545-233)° (-045039) (21 (195072 (055100) (1039,069) (-039,050)
+SDS birth weight 334 0.05 4 -068 074 o013 0.01

(490,1177)° (:036,047)  (:3,10) (203,067) (055099) (-042,068) (-044,0.46)
+ child sex 380 -0.04 4 -058 075 012 0.04

(-535,-225)° (-046,038) (-2,10)  (-191,075)  (056,101)  (-041,066) (-0.40,0.48)
+ageat6 371 000 4 -062 075 017 007

(-525,-217)°  (-0.41,0.41) (-2,1) (1.95,071)  (055,1,00) (-037,070) (-038,051)
+ child body 258 012 4 -0.41 074 030 010

surface area (399,-116)°  (-029,053)  (21)  (175094) (056,098 (-023,083) (-035054)

eGFR, estimated glomerular filtration rate; BP, blood pressure

Values are regression coefficients (95% Confidence interval (Cl)) based on multiple regression models and Odds ratio’s
(95% CI) for microalbuminuria based on logistic regression models and reflect the difference for each outcome for fetal
blood flow characteristics.

*p<0.05, °p<0.01

TABLE S3.4.6 | Associations of third trimester fetal kidney size and covariates with kidney outcomes at the age of 6 years

(N =870).
Kidney size Kidney function Blood pressure
o =
¢ = g5 € B B
° ¢ o = B2 T T
=gt 1S o & C = E a E
o £ 9 v oo 2 U o I v ¥ S L o & 0 o &
o © c O O O o B~ O v O
95 €5 £to cc [ EG veg Lcecsg
e B8¢Y BEY «xP2E oux ©¥¥ g¢gd
e 5 X T 9O X 2 0 X o o £ 5 T D 2 O X n o X
S 5 RN LE R SE B8R 0% E = R o 2 B o =N
o > 2 O T 2 O'©T v T & > O v« n T 2 [aRRSIN
Fetal kidney volume 522 071 16 3.46 108 -0.09 -0.25
(D= 548) (371,673 (109,-032)° (-22,-10)°  (224,468)° (083,140) (062,044) (-067,018)
+maternal age 521 070 16 3.44 107 -0.08 -0.23

(370,672)° (-1.08,-031)°  (-22,-10)>  (221,466)° (0.82,139) (-061,045) (-066,0.20)

+ pre-pregnancy

5.22 -0.72 -16 3.48 1.08 -014 -0.27
body mass index

(371,673)° (-110,-033)°  (-22,-10)°  (2.26,471)° (083,140) (-067,039) (-0.70,016)

+ parity 523 -071 16 3.46 108 -0.09 -0.25

(4.46,6.00)° (-090,-051)°  (-19,-13)°  (284,4.08)° (094,123) (-036,018) (-0.47, 003)
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Kidney size Kidney function Blood pressure
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+ maternal 520 -070 -16 342 107 -008 -024
educational level (373,670)° (-133,-014)°  (119,-13)°  (221,463)" (083,139) (-061,045)  (-066,019)
+ maternal smoking 522 071 16 345 108 -0.08 024

(373,671)° (-1.09,-033)° (-22,-10)°  (2.23,468)° (083,140) (-062,045 (-067 019)

+ maternal folic 524 -071 16 344 1.08 -0.09 -0.24
acid use (374,674)° (-1.09,-032)° (-22,-10)°  (222,467)° (083,140) (-062,045) (-067,-019)
+ gestational 522 071 16 3.46 108 -0.09 -025
hypertension (357,587)° (-1.09,-032)° (-22,-10)°  (2.24,468)° (084,139) (-062,044) (-0.46,-003)
+ preeclampsia 521 -074 16 3.46 108 009 -0.25
(370,671)° (-1.09,-032)° (-22,-10)° (2.29,463)" (083,140) (-062,044) (-0.46,-0.03)
+ gestational age 585 -0.91 -17 4.22 108 -018 -0.27
atmeasurement  (426,7.44)° (132,-050)° (-23,-1)°  (293,550° (082,1.43) (-074,039) (-073,018)
+ third trimester 496 102 <17 421 104 -025 -026
fetal weight (329,663 (144,-059)° (23,-M°  (285556)° (090,121) (-0.84,035) (-072,019)
+ gestational age 5.22 -070 16 343 108 -008 -0.25
at birth (371,673)° (11.09,-031)° (-22,-10)° (220,465 (083,140) (-062,045 (-068, 018)
+SDS birth weight 441 -0.87 16 371 109 -008 024
(286,596)° (-127,-048)° (-22,-10)° (2.45,496)° (083,143) (-063,048) (-063,027)
+ child sex 322 -o71 -16 3.47 107 -0.02 -019
(-6.21,-024)" (-110,-033)"  (-22,-11)° (224,469 (0.82,139) (-055,051) (-062,024)
+ageat6 497 -082 -16 361 1.09 -014 -0.26
(347,648)° (119,-0.44)°  (:22,-1)°  (239,484)° (084,141) (-067,040) (-069,017)
+ child body surface 352 089 7 333 109 034 030

area (214,489)° (1127,-051)° (23, -1)°  (210,457)° (084,142) (-087,020) (-073,014)

eGFR, estimated glomerular filtration rate; BP, blood pressure

Values are regression coefficients (95% Confidence interval (Cl)) based on multiple regression models and Odds ratio’s
(95% CI) for microalbuminuria based on logistic regression models and reflect the difference for each outcome for fetal
blood flow characteristics. °p<0.05, °p<0.01

TABLE $3.4.7 | Associations of third trimester umbilical/cerebral artery resistance ratio with childhood kidney volume at
the age of 6 years (N = 834).

Combined kidney volume difference (95%Cl) (cm?) R square
U/C ratio (SD = 0.11)
Basic model -2.46 (-3.89, -1.04)* 0.221
Confounder model -258 (-4.01,-114)% 0.22

Values are regression coefficients (95% Confidence interval (Cl)) based on multiple regression models and reflect the
difference for kidney volume for fetal blood flow characteristics. Basic model is adjusted for gestational age at third
trimester measurement, third trimester estimated fetal weight, child sex, current age and body surface area. Confounder
model is additionally adjusted for maternal age, parity, educational level, pre-pregnancy body mass index, smoking status
during pregnancy, maternal pregnancy complications (hypertension, preeclampsia), folic acid use during pregnancy,
gestational age and gestational age adjusted birth weight. ®p<0.01
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TABLE $3.4.8 | Associations of third trimester fetal kidney volume with childhood kidney volume at the age of 6 years

(N=799).
Combined kidney volume difference (95%Cl) (cm3) R square
Combined fetal kidney
volume (SD =5.48)
Basic model 389 (3.61,416) 0.246
Confounder model 3.96 (243, 5.49)° 0.247

Values are regression coefficients (95% Confidence interval (Cl)) based on multiple regression models and reflect the
difference for kidney volume for fetal kidney volume. Basic model is adjusted for gestational age at third trimester
measurement, third trimester estimated fetal weight, child sex, current age and body surface area. Confounder model is
additionally adjusted for maternal age, parity, educational level, pre-pregnancy body mass index, smoking status during
pregnancy, maternal pregnancy complications (hypertension, preeclampsia), folic acid use during pregnancy, gestational
age and gestational age adjusted birth weight. *p<0.01

Live births in full study
N =9,749

[ N = 8,503 Excluded, no subgroup

v

Live births in subgroup
N =1,246

T N =30 Excluded, due to twin births

Singleton live births in focus cohort
N=1,216

N =15 Excluded, due to missing placental

¢ hemodynamics or fetal kidney dimension

measurements

Data on placental hemodynamics and fetal kidney

dimensions

N =276 Excluded, due to withdrawal of consent
(N = 35), loss to follow-up (N =15), or not
visiting the research center at age 6 years (N =
226)

]

Data on 6 year visit
N =925

N =2 Excluded, due to missing measurements
of kidney size or function (N=1) or evidence of
v heart disease (N=1)

Participation in 6 years visit: N =923

Kidney dimensions: N = 923
Blood samples: N =616
Urine samples: N = 834

FIGURE S3.4.1| Flow chart of participants included in the analysis.
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FIGURE S3.4.2 | Scatterplots: gestational age, estimated fetal weight and fetal kidney outcomes (N=879).
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FIGURE $3.4.3 | Scatterplots: gestational age, estimated fetal weight and fetal kidney volume/estimated fetal weight (N=870).
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FIGURE S3.4.4 | Scatterplots: third trimester umbilical/cerebral resistance ratio, fetal kidney volume and childhood kidney
volume (n=923).
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FIGURE $3.4.5 | Scatterplots: third trimester umbilical/cerebral resistance ratio and childhood kidney outcomes (n=879).
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FIGURE $3.4.6 | Scatterplots: fetal kidney volume and childhood kidney outcomes (N=870).
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FIGURE S3.4.7 | Associations of gestationa. age adjusted birth weight with childhood estimated glomerular filtration rate
(N =613).

Bars represent regression coefficients (95% Confidence interval (CI)) based on multiple regression models and reflect the
associations of gestational age adjusted birth weight with kidney outcomes in tertiles of U/C ratio. Models are adjusted
for maternal age, parity, educational level, pre-pregnancy body mass index, smoking status during pregnancy, folic acid
use during pregnancy, maternal pregnancy complications (hypertension, preeclampsia), gestational age at third trimester
measurement, third trimester estimated fetal weight, child sex, gestational age, current age and body surface are. P-value
not significant for interaction of fetal blood flow and birth weight with all childhood kidney outcomes.
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Chapter 4.2

General methodological considerations regarding selection bias, information bias, confounding,
causality and external validity are discussed in the following paragraph.

Selection bias

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, selection bias at baseline may
occur. In the Generation R Study 61% of all eligible children at birth participated. The non-response
seems not to be at random. Participating women had a higher socioeconomic status and were
more often of the Dutch ethnicity than expected from the overall population in Rotterdam!
Participating women had also less pregnancy complications and outcomes than expected from
population figures. Detailed assessments of fetal growth and development were performed in
a random subgroup of 1,232 Dutch mothers and their children. Especially in this subgroup, the
women and children tended to be relatively more affluent and healthy. This selection might have
led to reduced statistical power because of the lower prevalence rates of adverse outcomes
and might have affected the generalizability of our results to other less healthy and affluent
populations. However, it has been shown that in cohort studies associations are not strongly
influenced by selective non-participation at baseline.»?

Selection bias may also occur due to selective loss to follow-up. Selective loss to follow-up
will lead to bias if associations between those included in the analyses and those loss to follow-up
would be different. In the Dutch subgroup of Generation R only 2% of the participants were loss
at follow-up during pregnancy or at birth. The response rates at the age of 6 and 10 years in this
Dutch subgroup were approximately 75%. Mothers of children without follow-up measurements
were more often multiparous, lower educated and smokers and their children had a lower birth
weight. Thus the children with follow-up measurements might be more healthier than those
without follow-up measures and this might have biased our effect estimates. However, this bias
is difficult to quantify.

Information bias

Misclassification of determinant or outcome measures results in information bias# Differential
misclassification (not at random) involves misclassification which is related to the exposure and
outcome of interest. This might lead to under- or overestimation of the effect estimates. Non-
differential misclassification (random) involves misclassification which the exposure is unrelated
to the outcome and vice versa. Non-differential misclassification leads to an underestimation of
the effect estimates. In this thesis, maternal metabolic factors and fetal hemodynamics were the
exposures. These data were collected before assessment of the outcomes, and the participants
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and research employees were unaware of the specific research questions. This makes differential
misclassification unlikely. It seems also unlikely that the outcome measures were influenced by
differential misclassification, because the research employees involved in data collection were
unaware of the fetal hemodynamics of the participant. However, non-differential misclassification
may have occurred in the study which used self-reported pre-pregnancy weight. Self-reported
weight tends to be underestimated, especially in cases with a higher weight. This might have led
to an underestimation of the observed effects of maternal pre-pregnancy BMI. The outcome
measures were assessed by well-trained research employees and with standardized assessments.
Therefore non-differential misclassification of the outcome is unlikely.

Confounding

A confounder is a variable which is associated with the exposure and the outcome, and this
variable is not an intermediate in the causal pathway. If the confounder is not taken into account
effect estimates might be biased because the observed effect estimates might be attributed to
the exposure while the effect estimates are caused by the confounder. In the studies presented
in this thesis we used several approaches to deal with confounding in the studied associations.
All our analyses were adjusted for multiple potential confounders. These variables were selected
based on literature and the change in effect estimates. Although we adjusted for many potential
confounders, residual confounding might still be an issue, as in all observational studies. Also,
most information about confounding variables was obtained by questionnaire and this might
have led to measurement error.

Causality

The observed associations we described in this thesis were based on observational studies and
causality cannot be established from observational studies. A randomized control trial is the
preferred study design to establish causality, but is difficult to perform for the exposures we
studied within this thesis. Only limited intervention studies on the effects on maternal lifestyle on
placental and fetal hemodynamics are available. Two randomized trials compared the effects of a
low-cholesterol diet with a normal diet and showed that in the intervention group the gestational
age decrease in the umbilical artery Pl was more pronounced between 24 and 30 weeks>° A
randomized controlled trial among 60 women with abnormal umbilical blood flow demonstrated
that low-dose aspirin use improved blood flow.” However, among 43 pregnant women at risk of
pregnancy complications no effects on blood flow measurements of the uterine arteries and the
umbilical cord were seen after using low-dose aspirin? Thus far, no further adequate methods
are available to improve placental and fetal hemodynamic function and to assess its effects on
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pregnancy and childhood outcomes. In observational studies, more advanced study designs
can be used as an aid to further explore causality, which include sibling comparisons studies,
maternal-paternal comparison studies and Mendelian Randomization studies. With regards to
placental research, sibling comparisons studies can be used to obtain further insight into the
role of confounding in these observed associations.® ' These studies allow for control of shared
characteristics among siblings, such as environmental and genotype of the parents.” Thus far,
no sibling comparison studies have focused on placental and fetal hemodynamics. A study in
human twins with the twin-twin syndrome showed that the recipient fetus had increased aortic
and pulmonary velocities compared with the donor co-twins." Also elevated left ventricular
filling pressure and a decrease in systolic function were seen in the recipient fetus.” Hecher et
al. concluded that impaired neurodevelopment affect the donor and recipient twins; whereas
cardiovascular structures more often lead to complications in the recipient twin.® Mendelian
randomization is a method of the use of variation in genes which are associated with the exposure
and when this exposure is associated with the outcome, the variation in genes must be associated
with the outcome.* Up to now no studies that applied Mendelian randomization using variations
in genes and placental or fetal hemodynamics were available.

External validity

External validity is the degree to which results of a study can be applied to different populations.
The mothers and children from the Generation R subgroup are higher educated in comparison
with the general population in Rotterdam and from Dutch origin only. Although there is a
selection towards a more healthy and higher educated population, we assume that results from
this thesis could be applied to other populations. However, replications of our associations in
lower educated and non-Dutch populations must be performed before conclusions can be made
which are more generalizable and related to other populations.

Summary

Altogether, common limitations which apply for all cohort studies do also apply to our study.
Although our results suggest that alterations in placental and fetal hemodynamics have subclinical
consequences for childhood growth, cardiovascular development, lung function and kidney
outcomes, the role of these methodological limitations needs to be further studied.
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Summary

In Chapter 1.1 the background and rationale of the studies presented in this thesis were
described. The placenta is responsible for the maternal to fetal transfer of nutrients essential for
fetal growth and development. Suboptimal placental development leads to placental and fetal
hemodynamic alterations, which are important mechanisms for the fetus to protect the most
important organs such as the brain and heart from an adverse fetal environment. Fetal blood flow
redistribution is characterized by an increase in the umbilical artery resistance and a decreases
of the fetal cerebral artery resistance, known as brainsparing. Fetal blood flow measurements
of different placenta and fetal hemodynamics may be of prognostic value in predicting fetal
outcome. Population based studies have demonstrated associations of low birth weight with
diseases in later life, however birth weight is not the causal factor per se leading to diseases
in later life. Limited studies have suggested that changes in placental and fetal hemodynamics
affect fetal organ development and may have long term consequences. Identifying more
detailed measures of placental and fetal hemodynamic alterations might give further insight
in long-term consequences of an unfavorable fetal environment. Therefore, studies presented
in this thesis were designed to identify alterations in placental and fetal hemodynamics which
are associated with childhood growth, cardiovascular development, lung function and kidney
outcomes. In Chapter 1.2 we present the overall design of the Generation R Study, a population
based prospective study form fetal life until adulthood. The study is designed to identify early
environmental and genetic causes and causal pathways leading to normal and abnormal growth,
development and health from fetal life, childhood and young adulthood. In total, 9,778 mothers
with a delivery date from April 2002 until January 2006 were enrolled in the study.

In Chapter 2 we examined whether an maternal adverse metabolic profile in early pregnancy
was associated with placental, fetal cerebral and cardiac hemodynamic development. We
measured maternal BMI, blood pressure, cholesterol, triglyceride and glucose concentrations.
Maternal obesity and subsequently metabolic disturbances are major risk factors for pregnancy
outcomes and adverse cardiovascular outcomes in offspring. The mechanisms by which these
factors lead to adverse fetal and childhood outcomes might involve suboptimal early placental
developmental leading to placental and fetal cerebral and cardiac hemodynamic alterations.
We demonstrated that an adverse maternal early-pregnancy metabolic profile, especially higher
maternal cholesterol and triglycerides concentrations, were associated with increased fetal
cerebral vascular resistance and increased fetal cardiac hemodynamics, but not with placental
vascular resistance indices. These associations were not explained by maternal BMI.

In Chapter 3 we studied whether placental and fetal hemodynamics were associated with
childhood development. In Chapter 3.1 we examined whether fetal blood flow redistribution
is associated with birth outcomes and repeatedly measured fetal and childhood growth and fat
mass measures. It was previously shown that fetal blood flow redistribution was associated with
asymmetrical fetal growth restriction, characterized by a relatively larger head size than body
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size at birth. This might lead to a different body composition and increased percentages of
body fat in later life. We found that an increase in fetal blood flow redistribution was associated
with increased risks of preterm birth and small size for gestational age. The longitudinal growth
analyses showed that an increase in fetal blood flow redistribution was associated with persistently
lower head circumference, length and weight from third trimester fetal life until childhood. Fetal
blood flow redistribution was not associated with total body and abdominal fat measures at age
6 years. In Chapter 3.2 we examined the associations of placental, fetal cerebral and cardiac
hemodynamic development with cardiovascular outcomes at the age of 6 years. Low birth
weight is associated with higher risks of cardiovascular disease. The mechanisms underlying these
associations might include hemodynamic adaptations in the placental and fetal circulation. The
early hemodynamic adaptations may have persistent influences on cardiovascular structure and
functional development. In this study we observed that fetal hemodynamics were not associated
with childhood blood pressure and carotid-femoral pulse wave velocity. The fetal aorta ascendens
diameter and left cardiac output were positively associated with childhood aortic root diameter
and left ventricular mass. Fetal left ventricular diastolic filling pattern was negatively associated
with childhood aortic root diameter and left ventricular mass. In Chapter 3.3 we examined the
associations of fetal umbilical, cerebral and pulmonary blood flow with wheezing patterns, lung
function and asthma in childhood. In later fetal life the small airways and alveoli are formed.
An adverse intrauterine environment with fetal blood flow adaptations might have persistent
influences on respiratory health and disease in later life. A non-significant tendency towards
associations for fetal blood flow redistribution with higher risks of early wheezing were found. A
higher pulmonary vascular resistance was associated with higher risk of late/persistent wheezing,
Anincrease in the middle cerebral vascular resistance index was associated with a higher FEV /FVC.
The associations were not explained by birth parameters, current BM, or allergic predisposition.
No other consistent associations of changes in fetal umbilical, cerebral, or pulmonary blood flow
with wheezing patterns until age 6 years, or lung function and asthma at age 10 years, were found.
In Chapter 3.4 we examined the associations of third trimester fetal blood flow redistribution
and fetal kidney size with kidney size and function in school-aged children. Nephrogenesis
continues until 36 weeks of gestation, after which the induction of nephron numbers ceases. A
decrease in number of nephrons leads to a smaller glomerular filtration surface area, which might
predispose the individual to a decreased kidney function. It is unknown whether and to what
extent impaired abdominal or kidney blood flow and kidney growth restriction during fetal life
lead to risk factors for kidney disease in later life. Fetal blood flow redistribution was associated
with smaller childhood kidney volume, whereas an increase fetal kidney size was associated with
lower levels of creatinine and cystatin C, and a higher eGFR in school-aged children, independent
of childhood kidney size.

In Chapter 4.1 a general discussion of the studies described in this thesis are presented in a
wider context. In Chapter 4.2 methodological considerations are discussed.

In conclusion, findings from this thesis suggest that placental and fetal hemodynamic changes
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might be influenced by maternal factors and influence the risk of adverse birth outcomes and
long term offspring health outcomes. Although, the observed associations were relatively
small and mainly reflect subclinical consequences in childhood, these findings are important
from an etiological point of view and provide a starting point for further research to elucidate
the importance and relations of placental and fetal hemodynamic alterations with childhood
development and health outcomes.
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In Hoofdstuk 1 zijn de achtergrond en de reden van de studies die in dit proefschrift staan
beschreven. De placenta is verantwoordelijk voor de overdracht van voedingsstoffen van
moeder naar foetus die essentieel zijn voor de groei en ontwikkeling van de foetus. Suboptimale
placentale ontwikkeling leidt tot placentale en foetale hemodynamische veranderingen, dit
zijn belangrijke mechanismen voor de foetus om de belangrijkste organen zoals de hersenen
en het hart te beschermen tegen een nadelige foetale omgeving. Herverdeling van de foetale
bloedstroom wordt gekenmerkt door een toename van de weerstand van de navelstreng en
een afname van de weerstand van de hersenader, dit staat ook wel bekend als ‘brainsparing’.
Metingen van de foetale bloedstroming van verschillende placentale en foetale hemodynamische
veranderingen kunnen van voorspellende waarde zijn om de foetale uitkomst te voorspellen.
Populatie studies hebben associaties aangetoond van een laag geboortegewicht met ziekten
op latere leeftijd, maar geboortegewicht op zichzelf is niet de oorzakelijke factor die leidt
tot ziekten op latere leeftijd. Beperkte studies hebben gesuggereerd dat veranderingen in de
placentale en foetale hemodynamiek de foetale ontwikkeling van organen beinvioeden en op
de lange termijn gevolgen kunnen hebben. Het identificeren van meer gedetailleerde metingen
van placentale en foetale hemodynamische veranderingen kunnen verder inzicht geven in de
lange termijn gevolgen van een ongunstige foetale omgeving. De studies die in dit proefschrift
staan beschreven zijn ontworpen om veranderingen in de placentale en foetale hemodynamiek
te identificeren die verband houden met de groei van kinderen, cardiovasculaire ontwikkeling,
longfunctie en nier uitkomsten. In Hoofdstuk 1.2 beschrijven we de algemene opzet van de
Generation R studie, een populatie gebaseerde prospectieve cohort studie vanaf het foetale level
tot de volwassenheid. De studie is opgezet om vroege omgevings- en genetische oorzaken en
causale mechanismen te identificeren die leiden tot normale en abnormale groei, ontwikkeling
en gezondheid van het foetale leven, de kindertijd en de jonge volwassenheid. In totaal zijn 9,778
moeders met een bevallingsdatum tussen April 2002 en Januari 2006 geincludeerd in de studie.

In Hoofdstuk 2 hebben we onderzocht of een maternaal nadelig metabolisch profiel
in de vroege zwangerschap geassocieerd was met de placenta, foetale hersen en cardiale
hemodynamische ontwikkeling. We hebben de BMI van de moeder, bloeddruk, cholesterol,
triglyceride en glucose concentraties gemeten. Maternale obesitas en bijpbehorende metabolische
stoornissen zijn belangrijke risicofactoren voor zwangerschapsuitkomsten en nadelige
cardiovasculaire uitkomsten bij kinderen. De mechanismen waardoor deze factoren leiden tot
nadelige uitkomsten bij de foetus en kinderen zou gerelateerd kunnen zijn aan suboptimale vroege
placentale ontwikkeling die leidt tot veranderingen in de placenta, foetale hersen en cardiale
hemodynamiek. We hebben aangetoond dat een nadelig maternaal metabolisch profiel in de
vroege zwangerschap, met name hogere cholesterol- en triglyceride concentraties, geassocieerd
zijn met verhoogde foetale cerebrale vasculaire weerstand en foetale cardiale hemodynamiek,
maar niet met de vasculaire weerstand van de placenta. Deze associaties werden niet verklaard
door de BMI van moeder.
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In Hoofdstuk 3 hebben we onderzocht of de placentale en foetale hemodynamiek
geassocieerd is met de ontwikkeling van kinderen. In Hoofdstuk 3.1 onderzochten we of de
herverdeling van de foetale bloedstroom geassocieerd is met geboorte uitkomsten, groei van
de foetus en kinderen en de vetmassa. Eerder werd aangetoond dat herverdeling van de foetale
bloedstroom geassocieerd is met asymmetrische foetale groeivermindering, gekenmerkt door
een relatief groot hoofd in vergelijking met het lichaam bij de geboorte. Dit kan leiden tot een
andere lichaamssamenstelling en verhoogde percentages lichaamsvet op latere leeftijd. We
vonden dat een toename van de herverdeling van de foetale bloedstroom geassocieerd was met
een verhoogd risico op vroeggeboorte en een laag geboortegewicht voor de zwangerschapsduur.
De longitudinale groeianalyses toonden aan dat een toename van de herverdeling van de foetale
bloedstroom is geassocieerd met een aanhoudende kleinere hoofdomtrek, lengte en lager
gewicht vanaf de derde trimester in het foetale leven tot aan de kinderleeftijd. Herverdeling van
de foetale bloedstroom is niet geassocieerd met lichaams- en buikvetmetingen op de leeftijd
van 6 jaar. In Hoofdstuk 3.2 onderzochten we de associaties van placentale, foetale hersen
en cardiale hemodynamische ontwikkeling met cardiovasculaire uitkomsten op de leeftijd van
6 jaar. Een laag geboortegewicht is geassocieerd met hogere risico’s op hart- en vaatziekten. De
onderliggende mechanismen hiervan kunnen hemodynamische veranderingen in de placentale
en foetale circulatie zijn. Deze vroege hemodynamische veranderingen kunnen blijvend invioed
hebben op de structurele en functionele cardiovasculaire ontwikkeling. In deze studie vonden
we dat de foetale hemodynamiek niet geassocieerd was met bloeddruk en de carotis-femorale
polsgolfsneldheid op de kinderleeftijd. De diameter van de foetale aorta asendens en de linker
cardiale uitstroom was positief geassocieerd met de diameter van de aorta en de linker ventrikel
massa. Het foetale linker ventrikel diastolisch vullingspatroon was negatief geassocieerd met
de diameter van de aorta en de linker ventrikel massa. In Hoofdstuk 3.3 onderzochten we de
associaties tussen de placentale, foetale hersen en long bloed doorstroming met een piepende
ademhaling, longfunctie en astma op de kinderleeftijd. In het latere foetale leven worden de kleine
luchtwegen en longblaasjes gevormd. Een ongunstige intra-uteriene omgeving, met herverdeling
van de foetale bloeddoorstroming, kan blijvende invioed hebben op de gezondheid van de
luchtwegen en ziekte op de latere leeftijd. We zagen een niet significante trend voor associaties
tussen een herverdeling van de foetale bloeddoorstroming en een hoger risico op een piepende
ademhaling vroeg in de kindertijd. Een hogere pulmonale vaatweerstand is geassocieerd met een
hoger risico op een piepende ademhaling later of aanhoudend in de kindertijd. Een toename van
de vaatweerstand in de middelste hersen arterie was geassocieerd met een hogere FEV /FVC. De
associaties werden niet verklaard door geboorte parameters, het huidige BMI of een allergische
aanleg. Geen andere consistente associaties van veranderingen in de placentale, foetale hersen
of long hemodynamiek met een piepende ademhaling tot de leeftijd van 6 jaar, longfunctie of
astma op 10 jarige leeftijd werden gevonden. In Hoofdstuk 3.4 hebben we de associaties van de
herverdeling van de foetale bloeddoorstroming en nier grootte in het derde trimester in verband
gebracht met de nier grootte en functie bij schoolgaande kinderen. Nefrogenese gaat door tot
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36 weken zwangerschap, hierna stopt de toename van nieuwe nefronen. Een afname van het
aantal nefronen leidt tot een kleiner filtratie opperviak, en dit kan leiden tot een verminderde
nierfunctie. Het is onbekend of en in welke mate een verminderde doorbloeding van de buik of
nier en beperking van de niergroei tijdens het foetale leven leiden tot het risico op nier ziekten
later in het leven. Herverdeling van de foetale bloedstroom is geassocieerd met een kleiner
niervolume bij kinderen, terwijl een toegenomen foetale niergrootte is geassocieerd met lagere
creatine en cystatine C levels, en een hogere eGFR bij schoolgaande kinderen, onafhankelijk van
de niergrootte. In Hoofdstuk 4.1 worden de in dit proefschrift beschreven studies beschouwd in
een bredere context. In Hoofdstuk 4.2 worden de methodologische afwegingen bediscussieerd.

Concluderend suggereren de bevindingen van dit proefschrift dat placentale en foetale
hemodynamische veranderingen beinvioedt kunnen worden door maternale factoren en het
risico op nadelige geboorte uitkomsten en lange termijn gezondheid van de kinderen kunnen
beinvioeden. Hoewel de waargenomen associaties relatief klein waren, en hoofdzakelijk niet
klinische consequenties in de kindertijd representeren, zijn de bevindingen belangrijk vanuit
een etiologisch standpunt en zijn ze een startpunt voor verder onderzoek om het belang en
relaties van placentale en foetale hemodynamische veranderingen met ontwikkelingen en
gezondheidsuitkomsten in de kindertijd te ontrafelen.
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Dankwoord

De afgelopen jaren zijn er toch met enige regelmaat momenten geweest waarop ik dacht dat ik
nooit het laatste hoofdstuk van mijn proefschrift zou kunnen schrijven. Nu is eindelijk het moment
daar, ook ik heb mijn proefschrift afgerond. Het schrijven hiervan zou niet gelukt zijn zonder de
kinderen en hun ouders die al jaren meedoen aan Generation R. Dank voor jullie bezoeken aan het
onderzoekscentrum en het invullen van de enorme hoeveelheid vragenlijsten.

Graag wil ik mijn promoteren, Prof. Jaddoe en Prof. Steegers bedanken. Beste Vincent, 8 jaar
geleden heb jij mij aangenomen in de rol als datamanager en daarnaast ook de optie gegeven
om onderzoek te kunnen doen. Heel veel dank voor alle mogelijkheden die je mij hebt gegeven, je
vertrouwen, en alles wat je mij geleerd hebt op wetenschappelijk gebied. Ook heb ik veel geleerd
van je adviezen over hoe om te gaan met deadlines, prioriteiten en overvolle mailboxen. Beste
Eric, ook u wil ik bedanken voor de betrokkenheid bij mijn promotietraject. Mijn co-promotor,
dr Gaillard. Beste Romy, enorm bedankt voor je betrokkenheid, enthousiasme en motiverende
woorden tijdens, vooral de laatste loodjes van, dit promotietraject. Ik had 8 jaar geleden, toen wij
elkaar leerden kennen in de studenten kamer en we samen op huisbezoek gingen, nooit kunnen
denken dat je mijn co-promotor zou worden. Je bent een geweldige wetenschapper en ik heb

enorm veel van je geleerd. Zonder jou had dit boek nooit afgekomen.

De kleine commissie, Prof. dr. Reiss, Prof dr. Franx en Prof. dr. de Groot, hartelijk dank voor het
beoordelen van dit proefschrift en jullie bereidheid om plaats te nemen in de kleine commissie.
De grote commissie, dr. Duijts, dr. van Rijn en dr. Roest ook jullie wil ik hartelijk danken voor jullie
bereidheid om plaats te nemen in de grote commissie.

Geen enkel onderzoeksteam functioneert zonder een geweldig secretariaat. Beste Patricia, Maaike
en Rose, jullie zijn de basis van Generation R. Heel veel dank voor het versturen van al die brieven,
opnemen van telefoontjes, jullie adviezen, praktische tips en de gezelligheid. De focus dames én
Ronald, dank voor jullie inzet bij de dataverzameling en het uitvoeren van de minder leuke, maar
daarom niet minder belangrijke, klusjes’ die gedaan moeten worden wanneer het focus centrum
tijdelijk dicht is. Een belangrijke, maar minder zichtbare rol speelt het IT-team. Eric en Edward, ook
al klagen we nog al is over de beperkingen van GeneratoR/Optio, jullie inzet zorgt er mede voor dat
er écht al veel geautomatiseerd verloopt in Generation R. Beste Janine, de afgelopen jaren hebben
we veel samengewerkt, van het schrijven van papers, het opstellen van PIFs, kaderprotocollen tot
het oplossen van ‘incidentjes’. Heel veel dank voor je (persoonlijke) interesse, enthousiasme en
bereidheid om mee te denken. Beste Jolien, ook met jou heb ik veel samengewerkt aan alles om
Generation R ‘draaiende’ te houden. Naast deze fijne samenwerking was het ook altijd erg gezellig
om tussen de werkzaamheden door even bij te kletsen en lekkere koffie te halen. Bovenal heel veel
dank aan mijn mede-datamanagers. Lieve Claudia, vanaf werkdag 1 zit ik bij jou op de kamer en heb
je me (geduldig ;)) alle ins en outs van het datamanagement bijgebracht. De afgelopen jaren heb
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ik je leren kennen als iemand met een gouden hart die altijd voor me klaar staat! Lieve Eline en
Annemiek, een paar jaar geleden zijn jullie ons komen versterken. Ik kan me niet meer indenken wat
Generation R zonder jullie zou moeten.

Ook dank aan al mijn coauteurs voor de bijdrage aan verschillende manuscripten. In het bijzonder
dank aan Anne, Layla en Hanneke voor de samenwerking, jullie uitleg en geduld met het schrijven
van mijn eerste papers.

Al mijn (oud)collega’s van Generation R, inmiddels teveel om op te noemen, wil ik bedanken. Ik
heb de afgelopen jaren veel mooie, leuke en super slimme mensen leren kennen. De altijd gezellige
koffie-, lunch-, en tussendoor snack momentjes waren altijd een welkome onderbreking gedurende
de werkdag. Niet te vergeten ook de leuke (en leerzame) werk/congres uitstapjes naar onder
andere Singapore Minchen en Oulou! Annemarijne, Carlijn, Claire, Elise, Evelien, Florianne, Laura,
Sanne, Simone, Suzanne en Sylvie dank voor jullie gezelligheid in de afgelopen jaren! Gaan we dat
weekend Antwerpen nu nog is over doen?

Lieve Florianne, vanaf dag 1 bij Generation R heb ik aan jou een super fijne collega gehad! Naast het
harde werken ben je ook altijd in voor goed advies en een hoop gezelligheid. Ik ben enorm blij dat
ik je heb leren kennen, je nu mijn paranimf wilt zijn en dat je zo een goede vriendin bent geworden.

De ‘weekendcie - on tour”: lieve Anne, Marieke, Denise, Gwen en Luis. De afgelopen jaren is er een
super vriendschap ontstaan, zijn er vele borrelavonden geweest, hebben we een mooi reisje naar
Portugal ondernomen en natuurlijk een geweldig Safari weekend beleefd. An en Mariek, ik vind
het echt onwijs jammer dat jullie het Schiebroekse hebben verlaten, kom maar weer snel terug. ©
Bedankt voor alles en ik hoop dat er nog vele gezellige uitstapjes zullen volgen.

Lieve Ellen, Nelianneke, Roos en Sanne. Mijn volwassen avontuur begon met jullie. Neli, ik weet nog
goed hoe we elkaar 14 (?) jaar geleden voor het eerst tegenkwamen onderweg naar Den Haag,
Ellen, Roos en Sanne met jullie erbij was het een heerlijke studietijd, waarin we feestjes bezochten,
reisjes maakten ook nog is wat studeerden. We zien elkaar niet zoveel meer als vroeger maar iedere
keer als we afspreken is het weer als vanouds. lk ben blij dat jullie ook deze mijlpaal weer met mij
meevieren.

Familie Taal veel dank voor jullie belangstelling, support en mooie vakanties de afgelopen jaren.

Mijn lieve zusje en broertje, Heleen en Kasper. Ik ben dankbaar dat ik met jullie ben opgegroeid en
de goede band die we nog steeds hebben. Lieve Heleen ik vind het geweldig dat je mijn paranimf
bent en naast me staat op 19 oktober.

Lieve pap en mam, door jullie vertrouwen en alles wat jullie mij meegegeven hebben ben ik
geworden wie ik ben. Jullie staan altijd voor ons klaar en het is mooi om te zien hoe trots jullie altijd
zijn. De rol van opa en oma vervullen jullie met enorm veel toewijding, enthousiasme en liefde. Het
is fantastisch om jullie zo te zien.
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Allerliefste Rob, ik weet niet of het me was gelukt om zonder jou support dit proefschrift af te
ronden. Bedankt voor je eindeloze geduld, aanmoediging en vertrouwen. lk heb veel bewondering
voor hoe je alles combineert, je ambities, nooit stress lijkt te hebben en altijd rustig blijft. Bedankt
voor alle mooie momenten, de toekomst lacht ons tegemoet! Lieve Maud en Guus, jullie liefde,
ondeugende streken, te zien hoe jullie je ontwikkelen en opgroeien relativeert al het andere. Ik hou

van jullie!
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