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‘If I speak in the tongues of men and of angels,
but have not love,
I am only a ringing gong or a clanging cymbal.’

I Corinthians 13:2
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ABSTRACT

This thesis is based on two projects, each consisting of two papers. In these
two projects we investigated factors affecting the variability in gestational
duration, and associations between maternal diet and neonatal outcomes.

In the first project we investigated factors affecting the variability in
gestational duration with a particular interest in the genetic contributions. The
contribution of genetic factors to trait’s variability is estimated by heritability
analysis. For gestational duration, heritability estimates are up to 36%.
However, genetic studies have identified a limited number of genetic variants.
In the first project we aimed to assess whether an essential assumption
underlying heritability analysis, constant environmental conditions, holds. In
Paper I, we observed a substantial variability in the correlation estimate in
gestational age at delivery between relatives with respect to their year of birth
or age gap. This variability suggests the existence of temporally changing
environmental factors. In Paper II, we showed that obstetrical practices and
data handling contribute to changes in gestational duration over time. Two
studies in this project suggest that the assumption of constant environmental
conditions might not hold. This might explain the dissonance between the
conclusions of heritability and genetic studies.

The second project was an extension of previous studies performed in our
research group. In these studies, we detected associations between maternal



caffeine or selenium intakes and small for gestational age (SGA), and SGA and
neonatal outcomes. Therefore, we hypothesized that the selected maternal food
components and neonatal outcomes would be associated. In both studies
(Papers III and IV), we did not detect associations between maternal caffeine
or selenium intake and neonatal outcomes. The lack of associations may be the
result of SGA babies having different neonatal outcomes based on the
underlying SGA cause. One type of SGA might be related to maternal
caffeine/selenium intake and not associated with neonatal outcomes; the other
types might be caused by more aggressive factors leading to worse
performance in the neonatal period. The results raise caution for using SGA as
a representation for neonatal outcomes.

Keywords: gestational duration, preterm delivery, familial aggregation,
heritability, variability, birthweight, small for gestational age, neonatal
outcomes
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Sammanfattning pa svenska

Denna avhandling ér baserad pa tva projekt, som vardera bestar av tv4 artiklar.
I dessa tva projekt undersokte vi dels faktorer som paverkar variationen i
graviditetsldngd, dels samband mellan moderns kost och neonatala utfall.

I det forsta projektet undersokte vi faktorer som pa verkade variationen i
graviditetsldngd. Vi var sérskilt intresserade av genetiska faktorers paverkan
pa graviditetsléngdsvariationen. For graviditetslédngd forklarar drftlighet upp
till 36% av variationen. Genetiska studier har dock identifierat ett begransat
antal genetiska varianter. I det forsta projektet syftade vi till att utréna om ett
grundldggande antagande bakom  sldktskapsanalys och konstanta
miljoforhallanden &r riktiga. I artikel I observerade vi en betydande variation i
korrelationsuppskattningen av graviditetslingd vid forlossningen mellan
slaktingar, med avseende pad deras fodelsedr eller aldersspann mellan
graviditeterna i registret. Denna variation kan tyda pa att det finns temporért
fordndrade miljofaktorer. I artikel II visade vi att obstetrisk praxis och
datahantering bidrar till fordndringar i graviditetslingden Over tiden. Tva
studier i detta projekt antyder att antagandet om konstanta milj6forhéllanden
kanske inte haller. Detta kan forklara dissonansen mellan slutsatserna gjorda
om érftlighet och genetiska studier.

Det andra projektet var en utdkning av tidigare studier utforda i vér
forskargrupp. 1 dessa studier upptickte vi samband mellan koffein- eller
selenintag frdn mddrarna och om barnet var létt for tiden (SGA) samt SGA- och
neonatala utfall. Darfor antog vi att utvalda komponenter i mammornas kost
och nyfoddas hilsa var associerade. 1 bdda studierna (Artikel III och 1V)
upptickte vi inte samband mellan modrars koffein- eller selenintag och
neonatala utfall. Bristen pd associationer kan vara resultatet av att SGA-barn
har olika neonatala utfall baserat p& den underliggande SGA-orsaken. En typ av
SGA kan vara relaterat till modrars koffein / selenintag och inte associerat med
neonatala utfall; de andra typerna kan orsakas av mer sjukdomsframkallande
faktorer som leder till sémre barnutfall under nyféddhetsperioden. Resultaten
visar pé att man skall anviinda SGA med forsiktighet som riskfaktor for déligt
neonatalt utfall.

Nyckelord: graviditetslangd, for tidig fodsel, familjar aggregering, érftlighet,
variation, fodelsevikt, liten for graviditetsalder, neonatalt utfall
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1 Research projects

1.1 Projects included

1.1.1  Research fields

This thesis includes two research projects, each consisting of two papers, in
the fields of genetics (Project 1) and nutrition (Project 2) in pregnancy. Within
those fields, we focused on the variability of pregnancy duration and the effect
of maternal nutrition on newborn’s health. Pregnancy duration and maternal
nutrition represent significant components of pregnancy upon which fetal
development depends on. To develop properly, a fetus requires both time and
an appropriate environment. It is estimated that a fetus needs around 40 weeks
to develop properly. These weeks must be accompanied by a proper
intrauterine environment which is achieved, among others, by an adequate
maternal supply of nutrients.

1.1.2 Project 1

In the first project, we aimed to contribute to the understanding of the nature
of pregnancy duration by exploring familial aggregation. We attempted to
understand the genetic basis by which relatives (for example, sisters) have
pregnancies with similar duration. In other words, we were interested in
understanding the dependence of pregnancy duration on inherited genes.
Heritability analyses are used to assess the extent to which variability in the
phenotype depends on genes transmitted from parents to offspring. The
heritability estimate is generally interpreted in terms of the relative importance
of genetics for a given phenotype. One of the core assumptions that must hold
for heritability analysis to be valid is a constant environment. This assumption
was a starting point for the first two articles included in this thesis.

1.1.3  Project2

In the second project, we concentrated on the importance of maternal nutrition
for fetal development reflected in the baby’s health in his first 28 days of life.
In particular, we focused on two common food components: caffeine and
selenium. The project was born as an extension of previously conducted
studies in our research group'™. Our colleagues observed that maternal



consumption of both caffeine and selenium is related to baby’s birthweight.
Baby’s birthweight is often used as a proxy for other neonatal health
complications. Babies with a birthweight smaller than expected have higher
chances to die or have neonatal morbidities. We presumed that studying the
relationship between the above-mentioned food components and neonatal
outcomes would offer insights into the nature of birthweight. That expectation
became a departure point for the next two studies included in this thesis.

1.2 What s this thesis about?

The aspects covered in this thesis are broad and might be tackled in multiple
directions. In both projects, the overall goal was to get insights into the nature
and etiology of perinatal outcomes: pregnancy duration and birthweight. I
narrowed the discussion to the puzzling observations in the fields of genetics
of pregnancy duration and birthweight, known under the terms of ‘missing
heritability’* and ‘birthweight paradox.”
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2 Study fields

2.1  Introduction

The fields of human genetics and nutrition may provide explanations on the
factors determining the variability in phenotypes observed in human life.
Individual genetic makeup forms the basis of their lifetime health traits. In the
era of genomics, among other -omics, we took a step back to take a picture of
the genetics of pregnancy duration from a larger angle. While genetics define
a large fraction of the variability of a multitude of traits (height, body mass
index (BMI), or several psychiatric disorders), the contribution of genetics to
pregnancy traits is generally smaller. For such traits, the maternal environment
plays a crucial role. For the offspring, specific exposures at stages of
development when the biological plasticity is the highest might be particularly
important for lifelong health. Nutrition may bring permanent changes to the
metabolism or physiology of the organism when tissues and organs develop®.
Genes transmitted to the fetus from parents and the intrauterine environment,
affected by maternal diet, are involved in determining an individual's short-
and long-term health condition.

2.2 Quantitative genetics

2.2.1  Gene — heredity unit

Before genes were recognized as heredity units, it was believed that similarity
between parents and offspring is the result of parental bloods being mixed in
the offspring’. The belief of heredity being strictly associated with “blood” was
abolished after the observations of the founder of modern genetics, Gregor
Mendel.

Gregor Mendel (1822 — 1884) was a mathematician and biologist and is
known for his study done in his monastery’s garden. In his experiment, Mendel
crossed peas with multiple different characteristics (seed’s and pod’s colors
and shapes, plant height, flower color, and location). As a result, he observed
a pattern in which the parental peas’ characteristics were co-occurring in the
next generation. Clear and repetitive distribution of characteristics gave birth



to the concept of heredity units, which, many years after Mendel’s death (in
1909), Wilhelm Johansson called genes®.

Mendel observed that the variation in inherited characteristics depends on
the presence of genes’ alternative forms (called alleles, dominant or recessive)
in the parental cohort. He concluded that the organism inherits two alleles, one
from each parent. As it was recognized by himself and biologists of the time,
the results were not seen as generally applicable, but only to some species or
traits’. Mendel’s laws of inheritance apply to traits that are determined by a
single gene (at a single position at the genome, called locus), and have easily
distinguishable forms (i.e., qualitative traits).

2.2.2  Mendelian traits

Mendelian disorders might be recognized by occurring in families. Examples
of Mendelian disorders are color blindness, cystic fibrosis, or hemophilia’. All
those disorders depend on the expression of a single gene, meaning that the
person with a mutation reducing the function of that gene also has a given
phenotypic value for the disorder. The discipline responsible for studying the
inheritance of Mendelian traits is called Mendelian genetics.

223  Polygenic (complex) traits

Most of the traits are not defined solely by one gene but are the product of
cumulative or interacting actions of multiple genes and non-genetic factors.
Traits defined by multiple genetic and environmental factors are called
quantitative or complex. Quantitative traits do not follow Mendelian ratios but
might vary among individuals, producing continuous distributions of
phenotypes. The discipline studying the inheritance of quantitative traits is
called quantitative genetics'®. As the extension of Mendelian genetics, this
discipline relies on Mendel’s proposition of similarity among relatives being
determined by genetic transmission. At the time of Mendelian and quantitative
genetics establishment, genes were recognized as the sole unit accounting for
the phenotypic similarity between relatives’. Today, more factors contributing
to the phenotypic similarity among relatives are acknowledged, such as
microbiome® or life-style®.



224 Quantitative genetics vs. Mendelian genetics

While both Mendelian and quantitative genetics aim to contribute to the
understanding of phenotypic inheritance, they differ in the subject of study
(Table 1). In Mendelian genetics, a single gene being cause for the phenotypic
value creates individuals carrying the same genetic variant having the same
characteristic; therefore, phenotypic similarity is the subject of study. In
quantitative genetics, multifactorial and complex etiology of phenotypes
results in population variability; thus, phenotypic variability became the
subject of study. Given the difference in the subject of study, the questions to
be answered in those fields are different. In Mendelian genetics, the aim is,
once the causal gene is identified, to determine the inheritance pattern of the
single genetic variant, while quantitative genetics assesses the size of the
relationship between genetic variability among individuals and phenotypic
variability. Different scientific questions require different study units, being
families and populations in Mendelian and quantitative genetics, respectively.

Mendelian genetics

Quantitative genetics

Factors determining Single gene Multiple genes, non-
phenotype genetic factors
Factors underlying Genes Genes, shared

phenotypic similarity

environment

Scientific question

What are the causal
gene and the inheritance
pattern?

What is the contribution of
genetic variability among
individuals to phenotypic
variability?

Subject of study Phenotypic similarity Phenotypic variability
Unit of study Pedigree Population, pedigree
Examples Sickle cell anemia, color  Height, weight

blindness

Table 1. Differences and similarities between Mendelian and quantitative genetics.
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2.2.5 Heritability analysis

Quantitative genetics study the genetic profile of a population in order to
recognize the genetic basis of the phenotypic variability'®. One of the main
measures in quantitative genetics is the heritability estimate. Heritability is
defined as a ratio of additive variance to phenotypic variance and is interpreted
as the extent to which transmitted parental genes determine the phenotype of
their children''. Therefore, heritability estimate summarizes the phenotype’s
dependence on genetics'? and is identified as a valuable tool in disease risk
prediction'".

The heritability estimate is retrieved from the phenotypic similarity
between relatives. Relatives are similar to each other due to shared factors,
genetic and environmental. Different types of relatives share different numbers
of those factors to a different degree, affecting the extent to which relatives
resemble. The heritability estimate is obtained based on the assumed
composition of the factors accounting for the phenotypic similarity (Figure 1).
The composition is valid under the assumption of constant environmental
conditions, population being in Hardy-Weinberg equilibrium, and additive
effects of genes'”.

Parents O
Legend
N kY, "V, fm

< 7 O woman
\ 7/
4
N ’ D man
\ 7/

\ 7/
Children <> BV, + %V +Vs /N 0 child
Va — additive variance

Vd — dominance

V_ —shared environment

N/
Y%V
Grandchildren <> ............ e O

Figure 1. Simplified pedigree with marked composition of factors underlying the

phenotypic similarity between relatives.
The heritability estimate, as a relative value, ranges between 0 and 100%.

It has been accepted that high heritability estimates are an indicator of the
phenotype of an individual being a good predictor of the genotype in the
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current population'?. Therefore, a low heritability estimate does not eliminate
the importance of genes but indicates that a small portion of phenotypic
variance is caused by variation in genotypes'?. Such understanding leads to
searching populations with high heritability estimates as it gives promise for
genome-wide association (GWA) analysis to detect genetic variants when
performed in those populations.

It has been acknowledged that heritability estimates vary across studies.
That variation is accepted on the basis of the property of heritability being a
population parameter'?. Heritability estimates reflect the genetic and
environmental variance of a specific population at the specific time. Therefore,
any change in the genotypic profile or environmental conditions is expected to
be reflected in the heritability estimate.

2.2.6  Missing heritability

Heritability analysis has provided large estimates for multiple traits, such as
80-90% for height!, 90% for autism'’, or 80% for schizophrenia'®. Large
estimates gave promises for successful genetic variant detection. However,
GWA findings do not account for the totality of the heritability estimates. GWA
studies identified numerous genetic variants but with tiny individual or
cumulative effects; therefore, of no prediction usage“. That dissonance
between the findings and conclusions of heritability estimates and genetic
association findings had puzzled scientists since 2008 when the conflict was
officially termed as missing heritability*.

Possible reasons for the occurrence of missing heritability are related to
the limitations of GWA studies*. The rationale for performing GWA analyses is
based on the hypothesis on the etiology of common diseases. As for a single
gene disorder, one single mutation is enough for a person to develop the
disease; for a complex disease, it was hypothesized that multiple genetic
variants underlie the traits. However, GWA analyses brought less information
than expected, consequently questioning the legitimacy of the hypothesis*. On
the other hand, it is possible that small effects of genes are undetectable in the
currently available DNA datasets. Furthermore, GWA studies are not accounting
for the possible interaction between genes resulting in a lower variance
explained than could be expected based on heritability estimates®. Finally,
heritability estimates might be biased due to not accounting properly for the
environment®,

12



2.3 Nutrition

2.3.1 Perinatal nutrition

The understanding of the importance of maternal nutrition during pregnancy
has been changing over the years. In the 1950s, malnutrition was considered to
affect only the mother and not the fetus. As a “parasite,” the fetus was assumed
to be protected by the mother from any nutritional shortages'. Required
nutrients were anticipated to be supplied from maternal body composition.
Such a perspective was based on two major studies of that time that reported a
lack of effect of maternal supplementation during pregnancy on neonatal
outcomes'®"”.  Maternal nutrition during pregnancy gained greater
consideration after an increased understanding of fetal development®. It was
theorized that there are critical time windows in fetal development that are

sensitive to external factors.

In a natural experiment during the Great Famine, a highly unbalanced diet
in the last months of pregnancy was observed to be harmful for the fetus.
Records collected from women who during their third trimester of pregnancy
experienced hunger showed lower birthweight among their offspring in
comparison to mothers who had not been under the famine in the earlier
pregnancy periods®'. Later studies reported the link between birthweight and
health status in adult life. Those who had low birthweight had a higher risk of
developing coronary artery disease, diabetes, or metabolic syndrome later in
their life?* 2,

The effect of maternal intake on fetal development has been studied in
animal models. In rats, a reduction in caloric intake by 30% resulted in a
substantially lower birthweight of the offspring. Underfed in utero offspring
had a higher tendency to gain fat faster in their adulthood in comparison to rats
whose mothers were fed with a normal diet during pregnancy®’. Iron deficiency
before and during pregnancy among rats was related to altered cardiac
development and increased blood pressure in the offspring®**’. Increased blood
pressure was also observed in the offspring of rats fed with a high-fat diet
during pregnancy®®. High consumption of protein in rats during pregnancy was
associated with diminished energy expenditure and obesity?’.

13



Maternal nutrition is considered to introduce permanent changes to the
metabolism and physiology of the individual by interfering with tissue and
organ development®. The process of tissue and organ formation starts from a
small group of cells in the embryo. Those cells undergo growth and division
(proliferation process) and specialize into specific cell types (differentiation
process). Disruption of those processes due to unfavorable intrauterine
conditions might lead to a reduced organ size (if affected during proliferation
stage) or altered cell function (if affected during the differentiation stage)®.

The effect of maternal nutrition on the fetus is dependent on the efficiency
of the placenta. The placenta is the organ responsible for the nutrient and
oxygen transport between mother and fetus. Proper nutrient flow is dependent
upon the placenta’s invasion of the uterus tissues (placentation), the size, and
vascular system development™. The blood flow is controlled by the hormones
produced in the placenta, and its secretion might be, in turn, reduced by
maternal undernutrition'’. Weak placentation or uteroplacental blood flow may
result in limited nutrient transport and, consequently, restricted fetal growth
and development.

2.3.2  Selected food components

In the papers included in this thesis, we studied maternal intake of caffeine and
selenium.

23.2.1 Caffeine
Caffeine is largely available and consumed worldwide. Coffee and tea are the
main sources, but caffeine is also found in energy or soft drinks and chocolate.
On average, a cup (250 ml) of brewed coffee contains 94 mg of caffeine, tea
50 mg, and chocolate 7mg’'. Caffeine content varies in energy drinks and
might be up to 175 mg per 250 ml.

Caffeine is commonly acknowledged to affect mood, stimulate
perception, cognition, or behavior’. It takes between 30 and 60 minutes for
caffeine to absorb fully and arrive at its peak level in the blood****. It is
commonly used by athletes before sport’s competitions to increase their
performance®®. Caffeine has been found to be more effective among trained
individuals than untrained®®. Complex supplements with caffeine are
improving strength, endurance, and lean body mass*®. The dosage of 3 to 9

14



mg/kg of caffeine, translated to 210-630 mg/day for a 70-kg person’’, is
considered enough to observe improvements in physical performance.

Caffeine intake below 400 mg/day is considered moderate and not having
adverse effects, and 10g has been estimated to be lethal*®. Epidemiological
studies showed that moderate caffeine consumption might prevent Alzheimer's
or Parkinson’s diseases, while evidence gathered from animal studies suggest
that caffeine might play a therapeutic role among already diagnosed patients®.
Beneficial effects of caffeine consumption were also observed for type-2
diabetes, several types of cancer (e.g., oral, liver), or chronic liver diseases*.

Adverse effects of caffeine have been reported in studies on pregnancy
outcomes and might be attributed to decreased caffeine clearance during
pregnancy®'. The variability in the effect of caffeine on the reproductive system
suggests a variability in an individual’s sensitivity toward caffeine'>. A daily
consumption of 300 mg of caffeine was related to a higher risk of pregnancy
failure and low dosage between 100 and 200 mg with miscarriage, fetal growth
restriction, or low birthweight’***. Individuals exposed to caffeine during
intrauterine life had a higher risk for impaired cognitive development and
obesity during childhood* 7.

23.22  Selenium
Selenium is an element present in the soil and groundwater. The availability of

selenium varies over geographical areas and might be affected by industrial or
agricultural practices (industrial processes of extracting metals or agricultural
water systems applications)*®#°. The highest soil content of selenium has been
found in some parts of the US, China, or Ireland, and the lowest in Finland,
Serbia, or Congo™™".

Variability in the selenium availability in the environment leads to
variability in the selenium content in foods. The main sources of selenium for
a human are wheat and other grains and meat. Primarily, selenium is absorbed
in the small intestine and in the blood is transported by binding to proteins. It
is found in multiple tissues, is excreted in urine, feces and expired with air.

Recommended dietary allowance (RDA) varies between countries. In

Nordic countries, RDA is 50 pg/day for females and 60 ug/day for males™.
During pregnancy and lactation period, consumption of 60 pg/day of selenium
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is recommended®. RDA in countries such as Germany, UK, Australia, or the
USA is similar to Nordic countries®>™®. Lower intakes are also advised; for
example, in Japan, 25 pg/day for women and 30 pg/day for men®’. However,
the tolerable upper intake level of selenium intake is similar among all
mentioned countries and varies between 300 and 450 pg/day’’.

The overdose of selenium is rare and might happen in countries with rich
soil content or due to over-supplementation®®*, The lowest selenium intake
level at which first adverse effects are occurring is 910 ug/day”’. Overdosing
relates to nausea, vomits, diarrhea, tachycardia®. Selenium deficiency is much
more common, being recognized among 500 million to 1 billion people
globally. Selenium deficiency relates to issues with heart (Keshan diseases),
joints (Kaschin-Beck disease), and mental health (myxedematous cretinism)®".

Selenium blood concentration is lower during pregnancy. On average,
selenium concentration is at 35 pg/L and 59 pg/L among pregnant and non-
pregnant women, respectively®>®. Selenium deficiency has been associated
with impaired development of the nervous system®*,
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3 Perinatal outcomes

3.1 Introduction

The success of pregnancy is assessed based on different measures related to a
newborn’s biological maturity and developmental degree. Pregnancy
development can be assessed at different stages; during pregnancy, around
delivery, or during the newborn’s first 28 days of life. Respectively, measures
collected at those stages are called prenatal, perinatal, and neonatal outcomes.

The outcomes in three pregnancy time periods (prenatal, perinatal, and
neonatal) are closely connected. During the prenatal period, the effects of
maternal health condition and fetal development might be observed in perinatal
outcomes. Subsequently, perinatal outcomes might be reflected in the neonatal
measures. All those outcomes allow us to predict an individual's health from
his first days after birth.

Which of the three pregnancy-related periods is the most important in the
perspective of the baby’s health and development later in life? The answer is
not simple, and multiple aspects must be taken into account. The same
outcome’s value might be a result of different processes and might shape an
individual's later development in different ways. Additionally, an individual's
development depends on the mechanism of catching-up for adverse outcomes.
That complex and multi-layered interdependence suggests that the best
strategy should focus on the earliest stages in which a more determinant
intervention can have a bigger impact. Hence, the study of perinatal and
neonatal outcomes might give insights on the importance of factors that should
be prioritized during pregnancy for improving human health.

3.2  Qestational duration

3.2.1 Definition

Gestational duration refers to the period of time a woman is pregnant. It is the
interval between conception and delivery. In the literature, another very
common term is “gestational age at birth,” in short, “gestational age.” Those
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terms are used interchangeably. However, given that there is no strict
consensus on the terminology in this thesis, those terms are differentiated.

In this thesis and throughout the papers, “gestational duration” is used to
express duration as a characteristic of a woman or pregnancy (thus, as a
biological phenomenon). It describes a time-interval rather than a single time
point (Figure 2). Oppositely, “gestational age at birth” is used to express
gestational duration as a characteristic of an individual. It refers to a specific
time point (measured on the scale of gestation duration) when the specific
event (birth) occurs (Figure 2). In this thesis, “gestational age” is used to refer
to a specific time point during pregnancy.

gestation duration
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Figure 2. Visualization of the concepts: gestational duration as the characteristic of
a woman, gestational age at birth as a characteristic of an individual.

322  Units

To express gestational duration, the most convenient unit is a day since more
compact units result in information loss. Therefore, gestational duration
reported in weeks is usually accompanied by the number of days (between 0
and 6). The number of days is reported after the number of weeks followed by
the plus sign. For example, the average gestational duration is 279 days, which
is reported as 39+6 weeks. Gestational age is also often referred to in trimesters
(first trimester, up to 13+6 weeks; second, up to 22+0 weeks, and third, at the
end of pregnancy)®. However, such specification is more often used in the
clinical settings rather than in the research. It is used to specify the best time
window for given obstetrics measurements. For example, first or second
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trimesters are considered as the best windows for a due date (i.e., delivery day)
estimation®.

3.2.3  Estimation methods

There are two methods available to estimate gestational duration; based on last
menstrual period (LMP) date or ultrasound measurements. Both methods are
based on the assumption of the length of normal pregnancy, which nowadays
is assumed to be 280 days. Gestational duration is calculated by adding to the
normal pregnancy the difference (in days) between birth date and expected
delivery day (due date), 280 + (birthdate — due date)®’.

The first step in estimating gestational duration is the determination of the
due date. The due date is one of the most important information established
during the first antenatal visits of a pregnant woman. This information is
fundamental for the appropriate arrangement of obstetric care. The knowledge
about a due-date or fetal gestational age allows to properly schedule
antepartum tests, assess the fetal growth, and plan proper perinatal or neonatal
interventions in case of preterm- (PTD) or post-term deliveries.

Traditionally, gestational age has been estimated from the LMP date.
Regular menstruation of 28 days with the ovulation occurring at 14" days is
assumed in this method®. Estimation based on LMP date relates to the
underestimation of gestational age and, therefore overestimation of gestational
duration®. Also, it has been shown that there is a specific pattern for a woman
to report LMP every 5Sth day of a month. Once the LMP date is known,
gestational age at the antenatal check-up and the due date are estimated. In
Sweden, before the introduction of electronic journal systems, paper calendar
plates (‘snurra’) were commonly used for the estimation of the due date.
Subject to recall and measurement bias, LMP-based estimates have been slowly
replaced by estimates based on ultrasound biometry measurements. Initially,
due to ultrasound-based estimates being subjected to the variation in fetal
growth, LMP-based estimates were preferred with an adjustment for ultrasound
when pregnancy duration estimates from LMP were unreliable™. Later,
ultrasound-based estimates became a standard.
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3.2.4  Population variability

The plausible range for durations of pregnancies resulting in a live baby is
between 154 and 308 days (22+0 and 44+0 weeks). However, that range might
differ between populations. In Sweden, for example, gestational duration was
distributed differently in early- and later years (Figure 3). In later years, more
common was to deliver at earlier gestational ages than later.
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Figure 3. Gestational duration distribution, Swedish Medical Birth Registry. The
figure shows the percentage of specific gestational durations from the years 1975
(black line) and 2010 (purple line).

3.2.5 Importance of gestational duration

Gestational duration is considered as the best proxy for fetal maturation and
development. Developmental maturity achieved during pregnancy determines
the adaptation ability of the newborn to extrauterine life and the neonate’s
health. From that perspective, the optimal gestational age to be born is between
37 and 42 weeks of gestation (term deliveries). Babies born before 37+0
(preterm) or after 42+0 (post-term) weeks of gestation are more likely to
require medical assistance in their first days of life. The relationship between
gestational duration and neonatal performance led to the classification of

delivery timing into three main categories; preterm, term, and post-term
(Figure 4)%,
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Figure 4. Categorization of gestational duration into preterm, term, and post-term
deliveries.

Preterm deliveries: Among preterm-born babies, the risk of death or the type
and severity of health complications is dependent on gestational age at birth,
with shorter gestational duration leading to more serious health outcomes.
With today’s medical advancements, babies born as early as 22 weeks of
gestation might survive and mature postnatally. However, the majority of
deaths (75-80%) in the neonatal period (28 days after birth) are among babies
born < 37 weeks of gestation’*’, and around half of these are among infants
born < 32 weeks of gestation”. However, even when they survive, babies born
before 37 weeks of gestation are at higher risk to suffer from short- and life-
term health consequences. Preterm born individuals that survive have a higher
risk for neurodevelopmental impairment (from reduced cognitive abilities and
behavioral problems to severe mental retardation, cerebral palsy, and
epilepsy)’®’®, respiratory problems (such as infections, asthma,
bronchopulmonary dysplasia, other chronic lung diseases)”** and visual
abnormalities®*.

Post-term  deliveries: Besides birth complications (umbilical cord
complications, shoulder dystocia, peripheral nerve damage, or traumatic
injuries), children born after 42" weeks of gestation have a higher risk of
breathing problems (asphyxia, meconium aspiration syndrome) or infections
(pneumonia, sepsis)®>*¢.

3.2.6  Can gestational duration be controlled medically?

With today’s understanding of pregnancy, the duration can be controlled
partially. It is easier to invoke delivery rather than to maintain a pregnancy that
is prone to spontaneous early delivery. The mechanisms underlying pregnancy
maintenance and factors triggering the parturition process are too little
understood to build effective preventive methods. Progesterone is a known
hormone responsible for maintaining normal pregnancy. The administration of
the antagonists of progesterone increases the risk of preterm delivery.
However, the administration of progesterone among women is not efficient
enough to prevent PTD and decrease its rates®”*,
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Different methods are available to start labor artificially (mechanical/non-
pharmacological, pharmacological, or complementary), and when induction of
labor is not viable, a cesarean section might be performed. Therefore, past-due
date pregnancies might be medically controlled, and post-terms are induced.
Until now, there is no consensus on the optimal timing, and more research is
required in that area. In Sweden, around 15 to 20% of women have pregnancies
lasting 41+0 weeks, and labor is managed at week 42+0%.

3.2.7 Possible etiologies of preterm deliveries

Preterm delivery is considered as a symptom representing different conditions
with different etiologies™. Different etiologies might explain the variability in
gestational ages at which delivery takes place, different clinical presentation’’,
and different pregnancy or neonatal outcomes. Based on the clinical features,
preterm deliveries are divided into those without any prior signs of upcoming
labor (preterm labor, PL), or with prelabor rupture of membranes (PROM), or
those which were started by medical action (iatrogenic).

Preterm iatrogenic deliveries are performed due to pregnancy
complications threatening maternal life or fetal development. The main
conditions are preeclampsia and severe intrauterine growth restriction, and
others include polyhydramnios, oligohydramnios, abruption of the placenta,
placenta previas, multiple births”>. PROM has been associated mainly with
maternal infections, while preterm labor with infection, inflammation, stress,
hemorrhage, uterine overdistension, or short cervix”.

Multiple risk factors have been associated with spontaneous deliveries (PL
and PROM). Spontaneous deliveries are more frequent among women with
extremes of maternal age (below 16 and above 35 years old) or BMI,
primiparity,”* having an imbalanced diet, low socioeconomic status,”**%
smoking during pregnancy, abusing addictive substances (alcohol, drugs),
having stress or anxiety during pregnancy,” short intervals between
pregnancies,'® % or preterm delivery history'®, with systemic infections
(e.g., pneumonia1°4, malaria'®, genital tract infection, intrauterine infection,

106

inflammation ™°, with medical disorders (asthma, diabetes, cardiovascular

diseases, nephritis, thyroid disease, or chronic hypertension)'®.
While the list of risk factors is long, early prediction of preterm delivery
is challenging. More than half of PTD happens in low-risk pregnancies'*’-'%%,

Early delivery signs such as uterine contractions lead to labor in half of women
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having them. In another half, without any interference by the obstetrician,
contractions stop. Until now, previous preterm delivery in multipara women
has been best considered as the most predictive factor. Woman whose previous
child was born with PTD has up to 6 times higher risk to deliver the next child
prematurely.

3.2.8  Familial aggregation of gestational duration

Familial aggregation, also called familial clustering, of a disease, is the
repetitive occurrence of an event within families. Familial aggregation is
represented by the risk of the diseases given family history or by the degree of
phenotypic similarity.

The observation of a woman having a consistent duration across her
pregnancies has been repeatedly presented in the literature. A woman’s own
history of PTD is currently the best predictor of PTD. Repeating occurrence of
PTD within a woman indicates dependence of gestational duration on maternal
characteristics or shared environmental conditions in her family. In the early
years of the research on familial aggregation of gestational duration, it was
suggested that familial aggregation is rather due to factors shared by relatives
within one generation and not factors shared between generations'”. Such
conclusion was based on the studies reporting associations between gestational
ages at birth of siblings but not among intergenerational pairs'®''°.

Intergenerational relationships, also known as transgenerational, is the
relationship between the characteristics of parents and their offspring.
Intergenerational association points toward the genetic background of a trait.
For gestational age at birth, the first significant mother-child association was
reported in 1997 by Porter et al.''' However, later reports provided mixed
results® . It was suggested that bigger pedigrees should be studied in order
to spot the possible genetic inheritance mode''?.

Pedigree studies suggested that, if genetic inheritance existed at all, it ran
only in the maternal line. Increased risk for a woman to deliver preterm was
observed if her mother or sister experienced preterm delivery, but no risk if

PTD occurred in the family of her father or partner'".
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3.3  Birthweight

3.3.1 Classification

Birthweight is the weight registered within hours of an infant’s birth''*, It is an
easy and quick measurement but otherwise powerful tool'*. It reflects a baby’s
health condition and is used to predict survival chances during the first month
or later development''®. The reverse relationship between baby’s birthweight
and mortality/morbidity (lower birthweight higher risk) led to subgrouping
babies into those with low birthweight (< 2.5kg, LBW), very low birthweight
(< 1.5kg), and extremely low birthweight (< 1kg).

On average, birthweight among live singletons born at term might vary
between around 3kg and 4kg''®. In Sweden in years 2010-2012, the average
birthweight was around 3.5kg, and 83% weighted between 3kg and 4.5kg.
Only 3% of children were LBW (Figure 5).

1000 2000 2500 3000 4000 5000
Birthweight, grams

Figure 5. Birthweight histogram, Swedish Medical Birth Registry 2010-2012,
number of births: 318 373.
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3.3.2  Fetal growth

Baby’s birthweight is reflecting its growth in the maternal uterus. Fetal growth
rate might be restricted due to some unfavorable intrauterine conditions'"’. To
a large extent, fetal growth is dependent upon adequate placenta functioning.
Improper placenta’s attachment to the uterus or poorly developed vascular
system increases the risk of limiting fetal growth''®.
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Birthweight considered alone might provide incorrect conclusions about
fetal growth. Not all children with low birthweight had disrupted growth in
utero. A fetus could have a normal growth rate but born prematurely will weigh
less than 2.5kg. On average, children born at 244 days of pregnancy weigh
around 2.5kg (Figure 6). In such a case, low birthweight is a result of
prematurity and not pathological processes affecting growth. Birthweight is
gestational duration-dependent; therefore, gestational duration-adjusted
birthweight is more informative.
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Figure 6. Average birthweight for gestational duration, Swedish Medical Birth
Registry 2010-2012, number of births: 318 373.

3.3.3  Small for gestational age

For each gestational age and sex, there is physiological variability in the
normal fetal size, which is dependent on fetal growth potential. Fetal growth
potential is genetically determined, but growth trajectory is related to maternal-
fetal nutrition exchange and maternal health'"®. It is important to understand
normal fetal growth variability in order to differentiate between baby’s who
are constitutionally small but grown to their highest potential and those who

are small due to adverse intrauterine conditions'"”.

Small for gestational age (SGA) is the neonatal outcome that combines the
information of birthweight and gestational duration. SGA are children whose
birthweight is considered too small than expected with reference to a given
growth curve for pregnancies without complications. Still, there is no
consensus on the growth curve, and three -classification-methods are
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commonly used in Sweden; ultrasound-based'?’, customized'*!, and
population-based' "¢,

Ultrasound-based growth curves were based on the study of fetal weights
estimated based on ultrasound measurements of biparietal diameter, abdominal
diameter, and femur length. Measures were taken between 76™ and 286™
gestational day. Four-degree polynomials were used to fit the data of 759 fetal
weights for gestational age. The growth curves were established separately for
female and male fetuses. In customized growth curves, except fetal sex,
maternal characteristics are included, such as maternal height or weight, parity,
and ethnicity'?'. Population-based growth curves are based on the Skjaerven’s

expected birthweights estimated for the Norwegian population'®.

The strictest SGA-classification is based on ultrasound-based definition.
Only children with birthweight above two standard deviations with ultrasound-
based growth curve as reference are classified as SGA. For population-based or
customized growth curves, children with birthweights below the 10" percentile
are classified as SGA. Between 2010 and 2012 in Sweden, there were 2.2%,
10%, and 17% of children classified as SGA according to ultrasound-based,
population-based, and customized definitions (Figure 7).
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Figure 7. Birthweight distributions with marked proportions of birthweights
classified as small for gestational age, Swedish Medical Birth Registry 2010-2012,
number of births: 318 373.
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4 Data and study populations

4.1  Introduction

The projects are based on two Scandinavian populations, Swedish (Project 1)
and Norwegian (Project 2). The advantage of doing research on Scandinavian
populations is the availability of already collected phenotype-rich data. Both
Sweden and Norway have multiple national registries established as early as
1947'%2. Personal information is collected throughout the life of an individual
and gathered in different registries. In each registry, an individual might be
identified based on the unique national personal identification number assigned
to each resident. That personal number allows to link different registries
accurately and gather comprehensive data for a particular person. That creates
unique possibilities for epidemiological research.

42  Project 1 (Papers I and II)

In this project, we used two national registries, Swedish Medical Birth Registry
(MBR) and Swedish Multi-generation Register.

MBR was established in 1973 with the purpose of collecting pregnancy-
related information for public health surveillance. MBR is maintained by the
Swedish National Board of Health and Welfare. Registry collects information
on all pregnancies occurring in Sweden. Every year, between 1 to 4 % of
pregnancies are missed'”. According to the last quality report on the MBR
available from 2003, missing data are considered random, not affecting the

association estimates'>*.

In MBR, the sources of data, as well as contents, were changing over the
years. In the first years of the registry (1973-1982), data from delivery units
were the only source. Later, information from antenatal-care clinics (i.e.,
medical care during pregnancy period) and pediatric wards were included.
Nowadays, MBR includes information on maternal demographics, maternal and
fetal diagnosis, delivery mode, information on the previous pregnancies.
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The Swedish Multi-generation Register is another national database
established in 1947 when personal identification number was implemented. It
is maintained by Statistics Sweden, and it covers all Swedish population.
Initially, the registry was collecting information on the biological parents, and
later it was extended to information on adoptive parents, date of adoption, year
and country of birth of biological/adoptive parents, date of immigration to
Sweden. In the registry, paternity was based on a marital data of a woman (a
husband is registered as a father of a child), and in other cases, paternity is
based on the acknowledgment or established by a court.

43  Project 2 (Papers III and IV)

In this project, we used the study cohort and national registry, the Norwegian
Mother, Father, and Child Cohort Study (MoBa), and the Medical Birth
Registry of Norway (MBRN).

MoBa is a study aimed to bring insights into the etiology of pregnancy-
related outcomes. The study is conducted by the Norwegian Institute of Public
Health. For its purpose, pregnant women from all over Norway were recruited.
Participation was voluntary, and women were enrolled between 1999 and
2008. At a participation rate of 41%, the final cohort included 95 200 pregnant
women. The information on potential determinants or risk factors for
pregnancy outcomes was obtained by distributing the questionnaires to the
participants. The questionnaires were handed over at multiple gestational ages.
Each questionnaire was targeting a specific topic, including a woman's life
condition (marital status, education, earnings, etc.) diet habits. Such an
approach allowed to collect comprehensive information covering a broad range
of exposures.

As studied by Nilsen et al.'”, women included in the MoBa cohort
differed from the average woman who gave birth in Norway; they are a sub-
population not representing the Norwegian population profile accurately'?.
The ones who agreed to participate in the study were more health-oriented than
the general population. In the MoBa cohort, there was a higher percentage of
non-smoking women, using supplements, older, and having their first child, in
comparison to the pregnant Norwegian population'®. Thus, as it might be
expected, adverse outcomes such as stillbirths or neonatal deaths are less

prevalent in the MoBa cohort®®. Such sub-selection might raise questions about
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whether the epidemiologic analyses performed on the cohort are subjected to
bias. Women's participation might be related to some characteristics that are
associated with both exposures and outcomes. That relationship might result
in the association between some exposure and outcome, but in such a case, the
association is statistical, not biological. Nilsen et al. compared the associations
between 8§ pairs of exposures and outcomes estimated in the MoBa cohort and
MBRN'?. They found no statistical difference between the association
estimates, but still, they did not exclude the possibility of bias occurring.

The national registry used in this project, MBRN, was established after the
world-scale disaster caused by the drug thalidomide'**'*’. Produced by a
German pharmaceutical company, the thalidomide was prescribed to a
pregnant woman resulting in birth defects such as limb deformities. This
catastrophe changed the drug development process'*® and motivated higher
epidemiological surveillance at national levels worldwide'*. Therefore, the
initial objective of MBRN was to detect and prevent pregnancy-related

outbreaks and threats in the Norwegian population'?’.

MBRN, initiated by the Central Bureau of Statistics in 1967, today is run
by the University of Bergen, maintained by the National Institute of Public
Health, and owned by the State Health Inspectorate'?®. Analogically to
Swedish MBR, MBRN collects the data from antenatal units, maternity, and
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neonatal departments ~°. Content of the MBR was adjusted and changed over

the years.

32



' | 103rodd <0



5 Project 1 —Importance of genetics for
gestational duration

5.1  Background

In the field of heritability of gestational duration, there are seven leading
studies that vary in the reported estimate (Figure 8). The overall heritability
estimate varies between 6 and 36 percent (Figure 8)"*°'*2, Differences in the
estimates can be largely attributed to different study populations used in the
studies, showing already the impact that these can have on the estimate of
interest.
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Figure 8. Variability in the estimates of heritability, maternal and fetal genetic
effects in the literature.

Wau et al."*” obtained the lowest heritability estimates, between 6 and 14
percent. The variability in the heritability estimates is due to retrieving the
estimate from different family pairs: father-child, heritability [h’] = 6.77%;
mother-child, h? = 14.21%; siblings, h* = 13.3%. In the analyses, deliveries
were restricted to spontaneous (excluded, congenital anomalies and high-risk
obstetric conditions in mothers, sample size ~ 1 800 00 births). Gestational
duration was based on the LMP date.

In Wu et al."*® study, father-child pairs served to estimate heritability,
while in the study of Lunde et al. the same pairs of relatives served to estimate
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fetal genetic effects (Table 2). Both Wu et al.'*® and Lunde et al.'** observed
higher correlation estimates between mother-child than father-child (Table 2).
Both assumed that the correlations are the results of common genetic factors
and not environmental**'**. However, they differed in the interpretation of
those correlations. Wu et al."*” expected to observe high correlation estimates
between both parents and their offspring according to the high genetic
relatedness between them (50%)'’. The observed correlation was lower-than-
expected due to the contribution of environmental factors. Wu et al.'*
explained that heritability estimates based on parent-offspring pairs are biased
by intergenerational factors. Lunde et al."** had a different perspective: they
did not focus on relatively small estimates of parent-offspring pairs, but they
considered the difference between correlation estimates of mother-child and
father-child pairs. Lunde et al.'** explained that higher estimates for mother-
child are due to the underlying additive effect of fetal and maternal genetics
while father-child pairs represent the effect of transmitted parental genes to
fetus only (fetal genetics).

Studies Genetic effects - interpretation Correlation/regression
family pairs estimates
Wu et al. Lunde et al. Wu et al. Lunde et al.
Father-child Y2 additive 2 fetal genetics 0.03 0.06
genetics
Mother-child Y2 additive 'z fetal genetics + %2 0.07 0.13
genetics maternal genetics
Full siblings Y2 additive 2 fetal genetics + 0.25 0.32

genetics + ¥4 maternal genetics +
dominance + common

common environment

environment
Maternal Y%  additive ' fetal genetics + 0.03 0.22
half-siblings genetics + maternal genetics +

common common

environment  environment
Paternal Y4 additive Not studied 0.19 Not studied

half-siblings genetics
Table 2. Summary of the studies of Wu et al.’3" and Lunde et al.’*.

Analogically to Wu et al.'"*, Clausson et al."*' dismissed the use of
intergenerational cohorts to estimate heritability as it may be affected by
changes in environmental conditions. Instead, they used female twins and their
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offspring. The offspring of female twins were born between 1973 and 1993
(Figure 9). Both UL and LMP were used for gestational duration estimation.
Clausson et al."*' provided estimates based on subsets of primipara and
multipara twin mothers. In the case of multipara mothers, the mean of
gestational ages at birth of all children was taken into account in heritability
analysis. Furthermore, Clausson et al.'’' estimated heritability using
dichotomized (gestational duration < 37, PTD) and continuous gestational
duration. They obtained heritability estimates of 36% for PTD, 31% for
gestational duration calculated on mothers restricted to primipara, and 31%
when all children (the mean) of a mother were considered (Table 3).

Studied Clausson et al. PTD (<37) GA
family pairs  Genetic effects  Children Correlation estimate
considered
Children of additive 1st child Not studied 0.25
monozygotic genetics + The meanofall 0.40 0.31
twin mothers shared children
environment
Children of - additive  1st child Not studied 0.11
dizygotic genetics + The mean of all 0.09 0.13
twin mothers shared children
environment
Heritability
1st child Not studied 0.25
The mean of all 0.36 0.31
children
Table 3. Summary of Clausson et al.3' study.
Author,
publication year Birth years Country Used family pairs
Wu et al, 2015 1945 65 years 2010 Utah Parents-offspring,
! 1 full- and half-siblings
Clausson et al, 2000 19|7 3 19|93 cwed, Children of mono- and di-zygotic
' v 20years ! twin mothers
Treloar etal, 2000 | .ot specified Australia Any child of mono- and di-zygotic
o7 Do twin mothers
Lunde et al, 2007 } s Yol i Norway :;Z’r‘::]":;ﬂ:%“':g:i"“"gs'
Kistka et al, 2008 tspecified Netherlands | 1% child of mono- and di-zygotic
twin mothers/ brothers and their
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Figure 9. Birthyears ranges of the relatives included in the analysis of heritability in
the literature.
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Following Lunde et al.'* interpretation of the correlation, twin sisters
might be similar in their gestational durations only through their shared
genetics, whether expressed through the mother’s ability to hold pregnancy or
through genes transmitted to the fetus. In such perspective, Clausson et al.'*!
reported heritability estimates represent maternal genetic effects. Kistka et
al."** found no heritability when performing the analysis based on male-twins
(monozygotic and dizygotic) and 34% when performed on the female-twins
(analyses restricted to their first child). Analogically to Lunde et al.'**, the
difference in the estimates based on male- and female-twins Kistka et al.'**
interpreted as only maternal genetic effects and no fetal contribution to
gestational duration. Two other studies indicated higher maternal genetic
effects than fetal, regardless of the sample with the exemption of the analysis
performed on iatrogenic deliveries. Svensson et al.'** reported a heritability
estimate of 14% for fetal and 13% for maternal genetic effects when restricting

the sample to iatrogenic deliveries.

The estimates of genetic contributions are retrieved under the assumptions
of no genetic and environmental interactions, constant genetic and
environmental effects, random mating, and no transmission of life-style

factorS10,133,136

The assumption of constant environmental factors was
observed to not hold among intergenerational cohorts such as parents-
offspring. Parents and their offspring are born in distant periods of time
characterized by different environmental conditions affecting the variability of
gestational duration. As an example, in the cohorts of parents, there are fewer
cases of PTD than in the cohorts of their offspring. In part, this might be due to
lower survival chances of prematurely born children in earlier years. Also, the
number of inductions and cesarean sections increased over the years,
increasing the differences in factors affecting the variability of gestational
duration between parental and children cohorts. Thus, the parental cohorts
were dismissed as introducing bias attributed to time-related environmental

factorsl30,131,137

Time-related environmental factors might not only introduce differences
among intergenerational pairs but also among children of siblings, including
twins. The children of paired relatives might be born in the periods of time
characterized by different obstetrical practices (Figure 9). Therefore, time-
related environmental factors might also contribute to the association estimates
between pairs other than parents-offspring. It should be noticed that in the
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characterized by different obstetrical practices (Figure 9). Therefore, time-
related environmental factors might also contribute to the association estimates
between pairs other than parents-offspring. It should be noticed that in the
presented studies on the heritability of gestational duration, the analyses were
not controlled for birth year'**%,

52 Aim

In Paper I, we analyzed whether time-related environmental factors are present
and contribute to the association between full- and half-siblings. In Paper I,
we assessed the contribution of factors related to gestational duration
estimation or reporting on gestational duration variability.

5.3  Methodological aspects

QQ-plots were used to detect differences between distributions of gestational
duration in the cohorts of paired relatives; parent-offspring, full-, and half-
siblings. Next, correlations between those pairs were estimated. For the
association analyses, gestational duration was adjusted for maternal age and
parity. The analyses were performed in different subgroups according to the
age-gap categories between relatives. The stratification was used to detect the
presence of time-related environmental factors, even for non-intergenerational
relatives.

For defining time-related environmental factors in the Swedish
population, we studied the distribution of gestational duration. We analyzed
temporal changes in distribution’s shape and in the interval between LMP-date
and due date.

54  Results and discussion

The distributions of full siblings differed regardless of the age gap between
them. A higher rate of PTD was observed in the cohort of earlier born siblings
if the age gap was lower than seven years (Figure 10, left panel). This pattern
was reversed if we restricted the graphical analysis to spontaneously delivered
neonatal period survivors (Figure 10, right panel); higher PTD rates were
observed in the later-born cohorts. Following the reasoning presented in the

130

literature ", the QQ-plots of full siblings showed that there are environmental
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factors contributing to the differences in the duration of pregnancies of a single
woman. It is possible that PTD in one pregnancy might motivate for more
antenatal visits or adjust her lifestyle in the next pregnancy. Also, a woman's
body undergoes changes during the pregnancy that might affect the outcomes
in the next pregnancy. After uterine vascular remodeling, the trophoblast
invasion thus, placentation in the next pregnancy is easier. Better placentation
results in better nutrient flow. Besides the flow of nutrients, there is also cell
exchange between the mother and fetus, which is progressing with gestational
age (phenomena called “microchimerism”). Fetal cells might be found in
various maternal tissues, including the liver, lymph nodes, intestines, lungs,
skin, or spinal cord'*®. They remain in a woman's body for decades after giving
birth. In the next pregnancy, the mother transfers her own and previous child
cells to a new fetus'*®. Such physiological changes create that assumption in
heritability analysis of constant environment between pregnancies of a woman
does not hold.

All births Spontaneously delivered,
neonatal period survivors

1 2-7 8-11 12-29 Age gap 1 2-7 8-11  12-29
158 738 1791493 225027 71804 Sample size 112565 1276 520 154 688 47 996
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Gestational age at delivery of earlier born child Gestational age at delivery of earlier born child

Figure 10. QQ-plots between the cohorts of older and younger full siblings. Left
panels: all births from the Swedish Medical Birth Registry 1973-2012, right panel:
cohort restricted to spontaneously delivered neonatal period survivors.

The lack of constant environmental conditions could also be supported by
the correlation analyses. Correlation estimates were decreasing with an
increasing age gap between full siblings and maternal half-siblings (Figure 11).
Furthermore, the correlation between full siblings born at different hospitals
have lower correlation estimates than siblings born in the same. Different
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hospitals might report or estimate gestational duration differently, contributing
to lower correlation estimates. Also, the correlation between full siblings born
a maximum of two years apart increased over the years (Figure 12).
Differences in obstetrical practices over the years might underlie the
correlation trend among full siblings with a small age gap. Standardization of
the estimation methods and obstetrics practices might lower the variability of
gestational duration and increase the association estimates between relatives.
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Figure 11. Correlation between siblings
with regard to their age gaps.

Despite that distributions between paired relatives differed in a similar
manner, the correlation estimates varied. For example, mother-child and
maternal half-siblings had similar QQ-plots but different correlation estimates
(Figure 13). In heritability analysis, correlation between mother-offspring pairs
is assumed to be due to the sum of half fetal- and half maternal genetic effects,
while the correlation between maternal half-siblings is due to the sum of a
quarter of fetal- and whole maternal genetic effects and shared environmental
conditions'®'**, Maternal half-siblings may share more environment compared
to mother-child pairs, creating higher correlation estimates.
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Figure 13. QQ-plots and correlation estimates of relatives: mother-child and
maternal half-siblings.

The distribution of gestational duration was constantly changing over the
years. Those changes are related to different approaches taken to estimate or
report gestational duration. Among the most acknowledged is the shift of the
whole distribution towards lower values of gestational duration. The shift was
due to the change in the estimation method: from LMP- to ultrasound-based.
Subtle and less noted sources of gestational duration variability also exist and
belong to changes in reporting. Before around 1995, it was frequent to report
gestational duration in weeks instead of days. The estimates transferred to the
Swedish Registry were converted into days by multiplication by seven and
adding three (half week). This reduced the natural variability in gestational
durations and artificially created peaks at some durations: these were more
frequently reported (every seventh day starting from 157 day) (Figure 14).
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Figure 14. Gestational duration distribution, the Swedish Medical Birth Registry,
1973-1990.

Analyzing the median value of the interval between LMP-date and LMP
due date depicted the changes in the assumed expected gestational duration
and gestational duration variability related to leap years. Plotting the median
over the years showed that before 1990, the common expected gestational
duration was 280 days and later 279 (Figure 15). The expected gestational
duration is used to define the due date, and the due date is, in turn, used to
estimate gestational duration. Hence, variability in the expected gestational
duration contributes to the variability in gestational duration estimate.
Furthermore, until 2004, the interval between LMP-date and LMP due date was
commonly one day longer every leap year in comparison to neighboring years
(Figure 15). A bigger interval was the result of not accounting for an extra 29™
day in February of leap years when estimating the due date. Again, it added
noise to the gestational duration variability.
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Figure 15. The median value of the interval between last menstrual period day and
due date over the years.

Plotting the median interval between LMP-date and LMP due date over the
month and year in which a woman gave birth allows to see the above-
mentioned larger variability before 1990 (Figure 16). Women who gave birth
between December and February tend to have longer intervals than women
delivering in other months. The variability resulted from estimating a due date
by adding expected gestational duration in months (+days) units and not days.
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Figure 16. The median value of the interval between the last menstrual period day
and the due date for women giving birth in given month and year.
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5.5  Summary

In this project, we observed variability in the association in gestational age at
delivery between relatives with respect to their birth years or age gaps. Such
observation suggests the presence of temporally changing environmental
factors even between relatives born or delivering within a small-time frame.
Next, we showed that data handling or obstetrical practices change over time,
contributing to the gestational duration variability. Heritability estimates,
which are designed to assess the importance of genetics for any trait, rely on
the assumption of constant environmental conditions. Two studies included in
this thesis suggest that the assumption might not hold.

Variability in the heritability estimate might be explained by the complex
combination of factors constructing correlation estimates. Simplified
covariance composition underlying heritability analysis might not be valid in
normal life conditions, leading to biased heritability estimates and missing
heritability. Even if genetically identical, relatives might differ if affected by
the environment. For example, monozygotic twins (i.e., twins having the same
genome) are born already with different fingerprints and iris patterns all due to
differences in their uterus’ microenvironments'*’.

In research, heritability remains to be one of the controversial concepts.
The concept involves the idea that organism’s development might be predicted
by understanding separately the average effects of genes or environments. It
opens a debate on what is more important for a trait development, nature
(genes) or nurture (environment). That has been a source of controversy for a
long time.

In the 1970s, one of the biggest heritability opponents, Richard Lewontin,
emphasized that the nature-nurture split arose from the misunderstanding of
the causes of variability in a phenotype'*. The alterations in a phenotype might
be due to a single gene effect when a phenotype is a result of homozygosity
for a rare deleterious gene or due to many genes with small effects. Lewontin'*
suggested that misunderstanding lies in associating the importance of the
environment only for the second cause, while the interactions between
genotypes and environment are present in both cases. Such one-sided

association led to erroneous perception that phenotypic variability is due to
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environmental or genetic forces, while variability in a phenotype arises from
the two alternative genetic bases.

Lewontin'* suggested the misconception introduced with the heritability
concept. The heritability concept was used to discuss the causes for phenotypic
variability, but in fact, it relates to the components underlying every
phenotype. Furthermore, he pointed out that the misconception was maintained
and strengthened by misunderstanding the analysis of variance. The
heritability concept was supported by presenting analysis of variance as a tool
to draw conclusions about the causality. Lewontin'*’ argued that analysis of
variance is unable to differentiate the reasons for the estimate of genetic
variance. Small genetic variance might be due to a lack of functional
relationship between the genotype and phenotype or due to population
homogeneity for the specific gene of interest.

Arguments against the heritability concept were dismissed as driven by
the fear of potential social and political consequences of such dichotomization
and not scientific exploration'?. Instead, the concepts used in heritability
analysis were used to claim the legitimacy and relevance of the analysis.
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6 Project 2 — Maternal caffeine/selenium intake
and neonatal outcomes

6.1  Background

When studying the effect of prenatal exposures on neonatal outcomes, often
birthweight and gestational duration are taken into account'*'. Birthweight and
gestational duration are included in regressions with the aim of removing
potential bias attributed to confounding or to improve the precision of the

4! However, as suggested by Hernandez-Diaz et al.’ such model

estimates
adjustment is inappropriate as both birthweight and gestational duration are not

confounders but potential predictors.

By definition, a confounder is a variable that affects both exposure and
outcome, and a predictor is the factor affecting the outcome. Birthweight and
gestational duration are occurring after the exposure; thus, they cannot affect
it, but both are considered as strong determinants for neonatal outcomes'".
Hernandez-Diaz et al.” suggested that adjusting for predictors is inappropriate
when the aim of a study is to assess the overall effect of prenatal exposure on

neonatal outcomes.

Hernandez-Diaz et al.” pointed that by adjusting the exposure-outcome
model for birthweight or gestational duration, we enter into the assessment of
causal rather than overall association. If the exposure is associated with
birthweight and birthweight with a specific neonatal outcome, the observed
association between the exposure and the neonatal outcome might be due to its
effect on birthweight. In such a case, the effect of the exposure on the outcome
is called indirect (Figure 17). An indirect effect might be observed if the
adjustment for birthweight in the model of exposure on outcome results in a
lack of association (Figure 17, column ‘Expected odds ratio’). If the
association after birthweight adjustment remains significant but differs from
the unadjusted model, it is interpreted as the exposure has a direct effect on the
outcome.
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Figure 17. The concept of overall and causal associations. Abbreviations: directed
acyclic graphs, DAG; unadjusted odds ratio, naOR; adjusted odds ratio, aOR

In our research group, there was an interest in the effect of maternal
nutrition on perinatal outcomes. Sengpiel et al.' found an association between
caffeine intake and SGA, and Barman et al.? reported a relationship between
selenium intake and PTD, and Sole-Navais® between selenium intake and SGA.
Both SGA and PTD are associated with neonatal outcomes. Therefore, maternal
caffeine or selenium intake were expected to be at least indirectly associated
with neonatal outcomes.

6.2 Aim

The aim of the two papers was to assess the association between maternal
consumption of caffeine (Paper IIl) and selenium (Paper IV) on neonatal
outcomes. The results were discussed in the perspective of Hernandez-Diaz et
al.” methodological considerations.

6.3  Methodological aspects

6.3.1  Exposures
Maternal intakes of caffeine and selenium were estimated based on maternal
self-reported diet habits (covering pre- and pregnancy periods). Diet habits
were reported once in a questionnaire handed over to women in week 22 of
gestation.

The effect of caffeine was assessed based on the continuous variable of
total or source-specific caffeine intake (sources: coffee, energy drinks, tea,
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Figure 18. Graphical presentation of the exposure variables.

6.3.2  Neonatal outcomes

The health condition of a newborn might be represented in two ways, by the
ICD-code reflecting specific health issues or by the medical intervention the
baby has received after birth. In such a way, we created two complex variables
that we called ‘neonatal mortality/morbidity’ and ‘neonatal intervention.’. To
represent poor neonatal health, to the neonatal mortality/morbidity we included
the most frequently occurring adverse health events (Table 4), and to medical
intervention, admission to neonatal intensive care units, or application of
respiratory or antibiotics treatments.

Category Specific morbidities (ICD-10)

Vascular Reduced oxygen and Birth asphyxia (P21), other disturbances
issues nutrient transport to the in the cerebral status of the newborn
brain and other organs (P910-916)

Bleeding in the brain Intracranial (non-traumatic) hemorrhage
caused by rupture or leak of the fetus and newborn
of vessels
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Abnormal vessels Retinopathy of prematurity (H351)
development in the eye
leading to blindness

Intestinal diseases Meconium ileus/necrotizing enterocolitis
(P75, P76, P77, P780, P781)

Infections Bacterial sepsis in the newborn (P36),
other infections occurring in the perinatal
period (P39)

Respiratory diseases Chronic respiratory disease originating
in the perinatal period (P27)

Neonatal death

Table 4. Morbidities included to the variable neonatal mortality/morbidity.

6.3.3 Cohort

In both studies on caffeine and selenium, we included only singleton live-born
babies. In the caffeine study, the cohort was additionally restricted to term-
born babies. Data cleansing involved removal of women with invalid energy
intakes (Paper III and IV), missing dietary reports (Paper III and IV),
questionable gestational duration (< 22+0 and > 41+6 weeks), and outliers for
birthweight or selenium intake (> 4 standard deviations, Paper IV).

6.3.4  Data analyses
Logistic regression was used to assess the association between food
components and neonatal outcomes. Both studies used a similar set of variables
as confounders (Table 5).

Confounders . Selenium study (Paper V)
Caffeine
study .
I
. Specific Se emgm Whole-blood
Categories . from diet or .
characteristics (Paper Ill) concentration
supplements
Maternal BMI X X X
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Maternal

X
education
Household X
Maternal basic income
characteristic
Marital status X
Maternal age at
. X
delivery
Smoking during X
pregnancy
Substance Passive smoking
abuse
Alcohol
consumption X
during pregnancy
Nausea in 22nd X
week of gestation
Parit X
Pregnancy- y
related Planned X
pregnancy
Baby’s sex X
Dietary fiber
intake
lodine intake
Diet-related

Protein intake

Total energy

n-3 intake
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Folic acid
supplementation

Other sources of
the exposure

Table 5. Confounders included in the models studying the effect of caffeine, selenium from diet
and supplements, or selenium whole-blood concentration.

6.4  Results and discussion

After controlling for the set of confounders, there was no association between
total caffeine or selenium intake and neonatal outcomes when selenium was
considered at the continuous scale (Figure 19). Only maternal caffeine intake
from chocolate was associated with neonatal intervention (Figure 19). This
association might be due to unobserved confounding factors. Increasing
chocolate intake might be associated with other unreported diet habits that are
associated with neonatal outcomes (snacking, sweets consumption). Low
maternal selenium intake (< 30 pg/day) was associated with both neonatal
outcomes. Since selenium is an essential nutrient protecting cells against free
radicals, the association could indicate the importance of this element for

ASSOCIATION

pregnancy and a child’s health.

[ EXPOSURE ] [ SCALE ] [ MORTALITY/MORBIDITY ] [ INTERVENTION ]
C | total not significant not significant
A | T
Fls
F Z coffee . not significant not significant
f r| @ . contintious not significant not significant
N[ energy drinks not significant not significant
g [2] chocote not significant 1.59 (1.07-2.36)

“ . - <30 pg/day 1.36 (1.08-1.69) 1.16 (1.01-1.34)
L categorical

g | total | 9 >120 pg/day not significant not significant
EfF——————

s
Ele diet _— -
Elu : . not significant not significant
'r "; lnorgénlc supplements continuous not significant not significant
ule organic supplements not significant not significant
M|s

Figure 19. Odds ratio of neonatal outcomes (mortality/morbidity or intervention) for
different exposures in the adjusted models. ‘Not significant’ indicates statistically
insignificant odds ratios.
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Given the intermediate associations (caffeine or selenium intake with SGA
or PTD in the case of selenium) and SGA with neonatal outcomes, the lack of
association in this study was unexpected. We anticipated that the food
components we studied would be associated with neonatal outcomes indirectly
through SGA (or PTD), regardless of whether the intermediate associations were
causal or due to residual confounding (Figure 20). Additional adjustment for
SGA (in the caffeine model) or SGA and PTD (in the selenium model) did not
affect the results (Figure 21). A possible explanation is that SGA babies vary in
their health condition due to the underlying cause leading to SGA (Figure 20).
Also, SGA might not be a determinant of neonatal outcome but a feature
indicating a condition of disease (a symptom) (Figure 20).

Concept Graphical presentation, DAGs
Intermediate associations foo d“:g:s":: ents - ------ , SGA  _______ ,  Neonatal
due to confounding por (PTD) outcomes
consumption
Confounders Confounders
Maternal
Possible association: food components » SGA et
different SGA types consumption (;TD) P
SGA _ Neonatal
Another factor —» (PTD) type2 —» outcomes
Possible association: Neonatal outcomes
SGA as a symptom Exposure (symptom: SGA/PTD)
Legend: ------- » Non-causal ~—— Causal

Figure 20. Possible associations between maternal food components, SGA, and
neonatal outcomes. Abbreviations: SGA, small for gestational age; PTD, preterm
delivery; directed acyclic graphs, DAG.
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Figure 21. Odds ratio of neonatal outcomes (mortality/morbidity or intervention) for
continuous caffeine and selenium intakes. Two types of models were presented.:
adjusted for standard set of confounders (open dot) and additionally adjusted for
SGA (in caffeine models) or SGA and PTD (in selenium models).

6.5  Summary

Methodological consideration of Hernandez-Diaz et al.” relates to the problem
of model specification. Model specification should be considered according to
the goal of the study. We might be interested in the overall association for
predictive purposes that might be of interest to both clinical and public health
communities. Understanding whether the association is due to causal effects
(unbiased) might be useful to build effective interventions. In exploring causal
associations, we might aim to just detect causal factors (assessing the
significance), or we might be interested in understanding the change they
introduce in the studied outcome (assessing the size effect).

Incorrect model specification might introduce bias to the estimates or
reduce its precision. An unbiased estimate is the one that would be equal to the
real value if there are no random effects. Estimate’s precision is represented by
its standard error or confidence interval; the higher the precision, the lower the
standard error. Bias and precision of the estimate are differently affected in
different models. Hernandez-Diaz et al.” pointed at the importance of both
confounders and predictors in the logistic models. The estimates of logistic
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regression are sensitive to the presence/absence of confounders'*’. In fact,
these are also sensitive to predictors. The nature of logistic regression makes
accurate estimates more difficult to obtain when the outcome is affected by a
broad set of different factors. The multifactorial background is anticipated in
the case of a majority of perinatal or neonatal outcomes. Furthermore, as the
outcome of interest in different populations or groups of individuals might be
affected by different sets of factors, comparing the odds ratios from different
strata might lead to incorrect conclusions about the association between a given
exposure and the outcome'*. In contrast to the logistic regression, coefficients
in the linear regression are affected only by confounders'*’. Such property
supports the use of perinatal outcomes on a continuous scale, where possible.
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7 Summary

Epidemiological research on pregnancy outcomes is challenging due to the
complexity of pregnancy. Pregnancy, like no other medical subject, includes
two individuals, the fetus and mother. Perinatal outcomes are the results of the
interplay of signals between them. The normal chain of reactions might be
affected by multiple factors over the pregnancy. The sensitivity of the
pregnancy varies over time and relates to the development stage of the fetus
and placenta. Furthermore, every next pregnancy might differ from the
previous; primiparity alone is considered as a risk factor for PTD. The
complexity of pregnancy gives rise to multiple questions on how to perform
epidemiological research to obtain unbiased estimates. How should we assess
the familial aggregation of a trait? Should we take the mean of all pregnancies
of a woman, pick one gestation of a specific parity, or consider multilevel
modeling? What can we gain or lose when we dichotomize the outcomes? The
answer depends on the scientific question. The projects in this thesis relate to
the two questions: 1) is it feasible to assess the extent to which genetics
contribute to the variability, 2) how does the model adjustment affect our
estimates?

In the first project, we aimed to contribute to the reasons for the
occurrence of missing heritability. Commonly, the occurrence of this
phenomenon is attributed to the limitations of GWA studies. In this project, we
took a step back to consider the validity of heritability analysis. Estimates of
heritability are established for a population in very specific conditions: Hardy-
Weinberg equilibrium, mating at random, allele frequencies equal in the sexes,
no migration, no mutation, and constant environment between compared
relatives. In this thesis, we considered the last assumption, constant
environment.

The assumption of constant environment is important because it underlies
assumed composition for the covariance between the relatives. For example,
the covariance between parents-offspring pairs is defined as half additive
variance, while between full siblings as the combination of additive variance,
dominance effect, and shared environments. In the studies included in this
thesis, we reported temporal variability in the relationships between gestational
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ages at birth of different relatives. This variability suggests the presence of
changing environmental conditions. Also, we presented that gestational
duration varies to a substantial extent due to factors related to data
management. Differences in the obstetrical practices between health centers
and overtime might contribute to the differences between the relatives.
Therefore, Project 1 might point at the possible limitations of heritability
analysis and motivate further research on its validity.

In the second project, we followed the methodological consideration of
Hernandez-Diaz et al.”, who pointed at the difference between the study of the
overall exposure-outcome association and causality. She pointed that if we aim
to study the overall association, we might omit the adjustment for predictors in
the logistic regression. In our study, we observed no difference between the
estimates for caffeine or selenium and neonatal outcomes whether we included
or not predictors (SGA or PTD) to the regression. Lack of the changes might
suggest diversity in SGA or PTD translated in different neonatal outcomes.
Interpreting the results accordingly to Hernandez-Diaz et al.” discussion, we
assumed that previous associations between maternal diet and SGA were causal
or due to confounding. However, we cannot rule out the possibility that
associations were due to selection bias. Associations between maternal
caffeine intake and SGA were substantial for ultrasound-based definition of
SGA (OR = 1.24, 95%cI: 1.16, 1.31) and population-based or customized
definitions in the selenium study (OR = 0.92, 95%cI: 0.90, 0.95)'. Change of
SGA definition resulted in the decreased odds ratio to 1.17 (95%cCI: 1.13, 1.20)
for population-based and 1.07 (95%CI: 1.04 to 1.11) for customized'. The
association between maternal selenium intake and SGA based on ultrasound-
based definition resulted in a non-statistically significant estimate of OR = 0.93
(95%C1:0.84, 1.04)°. Further studies on this topic are required.
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8 Ethical approvals

Studies included in this thesis are registry-based; thus, ethics consider mainly
data privacy of included individuals. Nordic national registries collect the data
with the rule of confidentiality. The information that is stored in the registries
is never used for the reasons that could violate the privacy of an individual.
Data are released to scientists whose research plan is approved by Ethical
Board. Approvals are released to the groups whose research topic and
methodology are ethically acceptable and scientifically relevant.

The studies in Project 1 obtained approval from the Regional Ethics
Committee of the Western Health Care Region in Sweden (Dnr. 576-13 and
Dnr. 091-06). Two datasets were used in Project 1, the Swedish Medical Birth
Registry and the Swedish Multi-generation Register. Data were
pseudonymized, meaning that the personal identification numbers are known
only to data managers, the Swedish National Board of Health and Welfare and
Statistics Sweden. Statistics Sweden linked two datasets.

The studies in Project 2 were approved by the Regional Committee for
Medical and Health Research Ethics South East in Norway (REK/Ser-Ost
2010/2683). Data in the MoBa cohort were prospectively collected, and
participation in the study was preceded by signing informed written consent.
The consent applies to biological material, questionnaires, and medical
records. The Norwegian Data Inspectorate approved data collection.
Participants had the rights to withdraw from the study at any point with the
consequence of removing their data from the database.
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