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ABSTRACT

Introduction: Increasing maternal weight gain during pregnancy, gestational weight gain
(GWG), is associated with several adverse outcomes in the child, e.g. high birth weight,
childhood overweight and obesity, as well as adult blood pressure (BP). Studies have also
shown that specific periods of pregnancy might be more sensitive in terms of influencing
these outcomes. However, the aforementioned associations could be explained by genetic
and/or environmental factors which are shared between the mother and child. As far as we
know, no studies have examined to what extent these genetic and environmental factors
explain the variation in GWG.

Aims: The overall aim of this PhD thesis was therefore to investigate the possible
associations between GWG and the children’s birth weight and body mass index (BMI)
during childhood (study 2), and BP during early adulthood (study 3), while taking
environmental and genetic factors shared between the mother and child into account (within
the twin/sibling pairs). The current thesis also aimed at exploring how much of the variation
in GWG which is determined by genetic (the heritability) and both unique and common
environmental factors (study 1).

Methods and Results: Study 1 was a register-based twin study with Swedish female
monozygotic (MZ) and dizygotic (DZ) twin pairs with children born 1982-1989 and 1992-
2010. Genetic factors accounted for 43% of the variation in GWG in the first pregnancy (N =
694 twin mother-pairs) and 26% in the second pregnancy (N = 465 twin mother-pairs).
Unique environmental factors explained the remaining variation in GWG. Studies 2 and 3
were both prospective cohort studies, where study 2 was based on a data-collection of
Swedish MZ twin mothers born 1962 to 1975 and their children (N = 82 twin mother-pairs),
and study 3 was register-based and included Swedish male sibling pairs born 1982-1989 (N =
4908 brother pairs). In study 2, the results indicated that total, and possibly also second and
third trimester weight gain, were associated with birth weight in the offspring within the twin
pairs in the fully adjusted model. In terms of GWG and offspring weight and BMI during
infancy and childhood, no associations were found. In study 3, no significant associations
were found between GWG and systolic BP, or diastolic BP, or the offspring’s risk of
hypertension, neither within nor between the sibling pairs.

Conclusions: This thesis shows that the total GWG, and specifically weight gain during the
second and third trimester, seem to be positively associated with offspring birth weight, but
no effects were seen for BMI during infancy and childhood. However, due to the limited
sample size, this requires further investigation. Moreover, no association was found between
total GWG and the male sibling pairs’ BP at the age of 18 years. The variation in GWG
seems to be largely explained by the mother’s unique environment during pregnancy and to a
smaller degree by genetic factors.
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1 BACKGROUND

1.1 GESTATIONAL WEIGHT GAIN (GWG)

1.1.1 Historical background

The concept of foetal and infant growth being sensitive periods for later development of adult
disease, due to maternal undernutrition in utero or in early postnatal life, was originally
introduced in the early nineties by D J P Barker and C N Hales. Their initial review proposed
a novel hypothesis which they named the “thrifty phenotype hypothesis” or “foetal origins
hypothesis”(1). They believed that their findings, that impaired foetal or infant growth (e.g.
low birth weight) was associated with adult cardiovascular disease and Type 2 diabetes
mellitus, were due to programming effects of undernutrition on the foetus.

The first studies to link foetal undernutrition to adult obesity were carried out in offspring of
women who were exposed to famine during the so called Dutch Hunger Winter in the last
part of the Second World War (2, 3). The findings from these studies showed that the male
offspring of the mothers with severe undernutrition during early gestation, followed by
adequate nutrition for the remaining course of the pregnancy, were more likely to become
obese in young adulthood (2). Their results also showed that the exposed female offspring
had a higher body mass index (BMI (weight (kg)/ (height (m)?)) and waist circumference
than the non-exposed (3). The authors also postulated that programming effects of the foetus
could be the mechanism behind their observations, e.g. through dysregulated hypothalamic
function affecting later appetite-control.

Due to the current disease burden from the global obesity epidemic, the focus in most upper-
middle and high income countries today is on overnutrition rather than undernutrition. In
order to possibly prevent obesity and its related co-morbidities, much attention has been
given to understanding the mechanisms behind obesity and its possible origins in foetal life.
What is known today as the “developmental overnutrition hypothesis” or “foetal
overnutrition hypothesis”, suggesting that greater supply of nutrients (such as glucose) during
pregnancy could result in later obesity in the offspring (4), was originally developed during
the 1950°s by a researcher named Jargen Pedersen (5). He proposed in his study that the
mechanism behind mothers with diabetes during pregnancy, gestational diabetes (GDM),
delivering larger babies, was that the foetus was being overfed during pregnancy. Pedersen
speculated that this was due to an increased supply of maternal glucose, resulting in increased
foetal insulin (acting as a growth stimulating factor). It has later been hypothesized that the
effects of overnutrition on the foetus could be mediated through epigenetic changes (e.g.
DNA methylation) taking place in utero (6). This theory is however still much debated as
evidence of its effects in humans is scarce (7).

A large amount of studies have been published since Pedersen’s work, supporting the
developmental overnutrition hypothesis in terms of GDM resulting in increased birth weight
through the intrauterine mechanisms previously explained (e.g. (8, 9)). More recent studies
have extended this hypothesis to also include more long-term effects of diabetes during
pregnancy on the offspring in terms of overweight and obesity and its related diseases (10) (8,
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11). It has also been suggested that it is not only GDM which could predispose the offspring
to an increased risk of overweight and obesity, but also the mother’s pre- or early-pregnancy
BMI-status and/or her weight gained during pregnancy, gestational weight gain (GWG) (12-
14). All of the latter circumstances are associated with increased adiposity and possibly also
an increased in utero supply of circulating glucose levels (as well as other nutrients), resulting
in foetal overnutrition (15, 16). The mechanisms by which these effects on the foetus could
be passed on to the next generation are not yet well understood, but the foetal overnutrition
hypothesis is proposed to be a key driver in the intergenerational cycle of obesity (see Figure

1) (17, 18).
Maternal
obesity/GDM or
— | excessive GWG -
Foetal

overnutrition

Adult
overweight/

obesity

Adolescent

overweight/ La\,rvgeE; b|'I1;th
obesity i
Childhood
overweight/
obesity

Figure 1. The intergenerational cycle of obesity. Note: GDM = Gestational Diabetes
Mellitus.

1.1.2 Descriptive epidemiology

Overweight and obesity (defined as a BMI > 25 kg/m? or > 30 kg/m? respectively) were once
considered an issue in high-income countries only, but the epidemic is currently also on the
rise in low- and middle-income countries (19). According to recent data from the World
Health Organisation (WHO), around 40% of women above the age of 18 years were
categorized as overweight and around 15% as obese, worldwide (20).

As a consequence of the obesity epidemic, the prevalence of women entering their pregnancy
being overweight or obese is increasing. In fact, the European perinatal network, Euro-
Peristat, reported that around 30-37% of women in most European countries were
categorized as overweight or obese according to their early-pregnancy BMI (recorded at the
first antenatal visit in most countries), with the exception of Poland, France and Slovenia
(which reported lower percentages) and Scotland (which reported a higher proportion of
overweight and obese women) (21). However, the latter data was only available for 13 out of
29 European countries which had < 10% missing data. Due to this incompleteness in
systematic reporting of data on pre-or early-pregnancy BMI and GWG in most European
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countries, the overall burden of maternal overweight and obesity is unclear (22). In Sweden,
maternal weight and height started to be recorded in 1992, at the time of registration at the
antenatal care clinic (around gestational weeks 8-12). Since then, the prevalence of early-
pregnancy overweight and obesity has increased from 25% in 1992 to 38% in 2013 (23).

In terms of GWG, as previously stated, nationally representative data is lacking for the
majority of countries (22). In Sweden, data on early-pregnancy weight and delivery weight
(used to calculate GWG) from the national Medical Birth Register (MBR) is available for
76% of the women who delivered between 1982 and 1989, and for 33% of the women who
delivered between 1992 and 2010. The prevalence of GWG is usually reported according to
the guidelines for healthy weight gain in pregnancy (to promote optimal health for the mother
and infant), published by the United States (US) Institute of Medicine (IOM) in 1990 and
revised in 2009 (see Table 1 below for the latest version) (24). Many of the studies including
a large amount of data on GWG come from the US. According to two of these more recent
studies, most women gained above the IOM recommendations (excessive GWG) according
to their early-pregnancy BMI (25, 26). In fact, these two latter studies found that between 44-
68% of the women gained above the guidelines. They also found that overweight and obese
women were more likely to gain an excessive weight compared to normal weight women (25,
26). A large register-based study from Sweden (N =~ 163,000) recently reported that, for
mothers who had their first or second child between 1982 and 2010, around 33-37% had an
excessive GWG according to the IOM classification (27). A recent systematic review
suggested that the majority of women who were obese in early pregnancy gained above the
IOM recommended weight (28). Johnson et al. (25) also observed a trend from 2000 to 2009
(according to their US cohort with data from 14 states), in terms of a statistically significant
increase in the proportion of women with excessive GWG.

According to a recent article, the range of GWG observed in a low-risk group of Swedish
women was considerably broader than the range currently advised by the IOM (29). The
latter study, and another recent study, both found that the weight gain of the women who
were overweight or obese in early-pregnancy was well above the IOM guidelines (30). These
results are also in line with the findings from other studies (25). The IOM guidelines have
received criticism for being too generous for overweight and obese women and it has been
suggested that especially obese women could benefit from gaining less weight than what is
currently recommended (31, 32).

Table 1. IOM 2009 Recommendations for total and rate of gestational weight gain, by
pre-pregnancy Body Mass Index (BMI) for women with singleton foetuses (24).

Total weight gain Rates of weight gain
2" and 3" trimester*
Pre-pregnancy BMI (kg/m?) Range in kg Mean (range) in
kg/week
Underweight (< 18.5 kg/m?) 12518 0.51 (0.44 — 0.58)
Normal weight (18.5 — 24.9 kg/m?) 115-16 0.42 (0.35-0.50)
Overweight (25.0 — 29.9 kg/m?) 7-115 0.28 (0.23-0.33)
Obese (> 30.0 kg/m?) 5-9 0.22 (0.17 - 0.27)

* Calculations assume a 0.5 — 2 kg weight gain in the first trimester.



1.1.3 Components and pattern

Gestational weight gain is a very complex trait influenced by both maternal and foetal
environmental and physiological factors, with its primary function being to support the
growth and development of the foetus (24). As opposed to maternal weight before pregnancy
(pre-pregnancy weight), which reflects the woman’s nutritional status and fat accumulation,
GWG reflects the growth of the foetus as well as the different components of the weight gain.

In a theoretical model of a normal weight woman (with no oedema or leg oedema) delivering
a baby with an average birth weight (= 3.4 kg), total GWG is assumed to be approximately
12.5 kg (33). The foetal components of the total weight gain at term (on average 40 weeks),
I.e. foetus, placenta and amniotic fluid, comprise approximately 3.4 kg (with large variation),
0.65 kg and 0.80 kg respectively. The maternal components, including tissue (uterus and
mammary glands), blood volume, fat stores and extracellular extravascular fluid, make up
around 1.38 kg, 1.45 kg, 3.35 kg and 1.48 kg respectively of the total GWG (33). Figure 2
gives an illustration of the different components. The components with the largest variation
are birth weight, maternal fat stores and water (due to a high variability in water retention
possibly resulting in oedema) (33, 34). According to the review from the IOM committee
(who developed the most recent version of the GWG guidelines), a large part of the variation
in GWG is due to the increase in fat mass. Just as for GWG, the fat mass during gestation is
inversely associated with pre-pregnancy BMI (24).

The pattern of the weight gain during pregnancy, in normal weight women, is usually
described as slightly sigmoidal or linear (29, 35). A recent study by Ismail and colleagues
found that GWG increased in a linear fashion in a population of normal weight women from
eight different countries around the world (35). Interestingly, they also observed that the
patterns of GWG were strikingly similar across their cohort, regardless of culture, ethnicity,
behaviours and clinical practice. Hutcheon et al. observed that the weight gain of overweight
and obese women seemed minimal until 15-20 weeks gestation and then increased in a linear
pattern until term (36). As for the rate of weight gain during pregnancy, women tend to gain
more weight during the second (on average 0.45 kg/week) and third trimester (on average
0.40 kg/week) (37) compared to the first (on average 0.24 kg/week) (38). The rate of weight
gain during the second trimester is generally higher than the third, except for women who
were obese before pregnancy who had a lower weight gain during the second compared to the
third trimester (37, 38).
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Figure 2. Components of gestational weight gain. Note: LMP = Last Menstrual Period.
Reprinted with permission from (39).

1.1.4 Determinants

The weight gained during pregnancy is influenced by several complex factors such as
maternal behavioural, physiological, sociodemographic and genetic factors (24), which in
turn also influence the foetal environment (intrauterine environment). Some of the major
factors, which were considered important in terms of the maternal influence on GWG in the
studies included in this thesis, have been summarized below. These determinants are also
important to consider as potential confounding factors. This is discussed further in chapter
3.2.3. See Figure 3 for an overview of these possible determinants of GWG.

The paternal influence on GWG is for natural reasons more difficult to elucidate, thus
research in this areas is scarce. However, in terms of foetal growth, paternal factors (e.g.
paternal size at birth and adult BMI) have also been shown to have an impact, although to a
much lower extent than maternal factors (40). For these reasons the following chapter is
focused on the maternal influence on GWG.
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Figure 3. Schematic summary of potential determinants of gestational weight gain.
Note: ppBMI, pre-pregnancy BMI; PA, Physical activity. Note that the arrows indicate
associations with GWG and not causal influences on GWG.

1.1.4.1 Physiological factors

A woman’s pre-pregnancy BMI is the strongest predictor of excessive GWG (gaining above
IOM’s recommended weight ranges), where women with a high BMI (overweight or obese)
before pregnancy had significantly higher odds of having an excessive GWG compared to
normal weight women, according to two studies by Brawarsky et al. and Krukowski et al.
(41, 42). Abrams et al. found that the influence of pre-pregnancy BMI on GWG varied
according to trimester, and it seemed to be most predictive of the second trimester weight
gain (43).

A woman’s weight gain during pregnancy is also clearly determined by her energy
expenditure (the sum of the basal metabolic rate, physical activity and thermal effects of
food), and her energy intake (44). The energy cost of pregnancy (energy expenditure and the
energy from fat deposited in maternal and foetal tissues) increases gradually throughout
pregnancy, and seems to be dependent on the woman’s pre-pregnancy BMI (44). According
to a recent study by Gilmore et al., to support a healthy weight gain within the IOM
guidelines, their calculations recommended an extra intake (above their cohort’s estimated
energy requirement of 2368 kcal/day) of 129 kcal/day during the first trimester, an additional
249 kcal/day during the second trimester and an additional 108 kcal/day during the third
trimester (45). They also found that weight gain above IOM’s guidelines was due to an
increased energy intake among the women in their study, rather than reduced or maintained
energy expenditure (45).



1.1.4.2 Sociodemographic factors

The maternal sociodemographic factors, which according to the literature appear to be most
influential in determining weight gain during pregnancy, will be the focus of the following
sub-chapter, namely: maternal socioeconomic status, race, ethnicity, age and parity.

Several studies have looked at how maternal socioeconomic status (an index combining an
individual’s educational level, occupation and income) or educational level can affect GWG
(27, 46, 47). Chu et al., e.g. found that women with the highest educational level gained more
than those with < 12 years of education, independent of pre-pregnancy BMI (47). Holowko et
al. observed that, for Swedish women with a normal pre-pregnancy BMI, education was
protective against gaining excessively during both first and second pregnancies, however for
pre-pregnant overweight or obese women this was not the case (27). These latter results are
also in line with another Swedish study by Bjermo et al. (30). In fact, these authors also
observed that overweight or obese women of higher education had a somewhat higher risk of
excessive GWG (even after adjusting for pre-pregnancy BMI).

According to Krukowski et al., although African American and Hispanic women were more
likely to be overweight or obese before pregnancy, they found that these groups of women
were less likely to have an excessive GWG than white women, regardless of their pre-
pregnancy BMI (42). Similar results were also found in the study by Pawlak et al., where
Hispanic women had significantly lower odds of gaining an excessive weight during
pregnancy compared to white women (48). On the contrary, Ismail et al. described in their
study that, despite ethnical differences in their cohort of healthy women, similar patterns of
GWG were observed, although the authors did not investigate potential differences within the
GWG categories according to the IOM guidelines (35).

As for maternal age, women > 30 years of age were more likely to gain less weight during
pregnancy than younger women (49). Perry et al. and Chu et al. both found that gaining
excessively decreased with age (47, 50). As for parity, a study by Harris et al. found that
parity was independently associated with GWG (adjusted for several covariates such as age),
and this association was not explained by the pre-pregnancy weight difference between
mothers of different parities (51). The latter study also found that mothers who were pregnant
for the first time (nulliparous) gained most weight during their pregnancy compared to
mothers of higher parity. Nulliparous mothers also seemed to have higher odds of gaining an
excessive amount of GWG compared to women of higher parity (42, 47, 48).

1.1.4.3 Behavioural factors

The current literature is unclear about the association between diet and GWG, as well as the
effect of diet in limiting GWG. Several studies have found significant associations between
e.g. total energy intake and greater GWG (52, 53), whereas others have failed to find any
relationship between diet and GWG (or excessive GWG) (54, 55). A recent randomized
control trial from the UK (the UPBEAT trial) targeting both physical activity and diet, was
effective in reducing GWG in women who were obese at the beginning of their pregnancy
(BMI = 30 kg/mz), however this did not result in a reduction in their primary outcomes
(large-for-gestational age infants and GDM) (56). Several well-designed systematic reviews
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have been conducted on the effect of diet and/or exercise in limiting GWG, with conflicting
conclusions (57, 58). The Cochrane review from 2012 included 28 studies with varying
degrees of quality. As the studies had quite small effects sizes, the authors concluded that not
enough evidence was available to recommend specific interventions (both in terms of
targeting diet and exercise) to limit GWG (57). In the review by Skouteris et al., some of the
studies included reported significantly less GWG in the intervention group, however there
was no consistency in limiting the weight gain across all pre-pregnant BMI categories, or
which factors should be targeted to reduce GWG (58). In relation to exercise specifically, a
recent systematic review found that only 38% of the included interventions had statistically
significant reductions in GWG, mainly among normal weight populations (59). Another
randomized trial by Dekker et al. focused on providing exercise help to increase physical
activity among obese women (at the beginning of their pregnancy). These authors did not
find any difference between the intervention and the control group (60).

According to national statistics in Sweden, around 6% of the mothers reported to be smoking
at their first visit to the antenatal clinic (around gestational week 12) (23). Smoking during
pregnancy is associated with a lower weight gain in a dose-response manner, due to the
harmful effects of smoking on the growth of the foetus (foetal growth retardation) (61-63).
Alcohol drinking during pregnancy is also associated with decreased foetal growth even at
moderate levels (64). There are few studies on the impact of alcohol consumption on GWG,
and one study observed that alcohol consumption during pregnancy (both for women who
drank 0.5-3 drinks/week and who drank > 3 drinks/week) was more common among women
with lower GWG than women with medium GWG (65).

1.1.4.4 Genetic factors

As seen above, many studies are focusing on the environmental determinants of GWG,
however in terms of the genetic influences on GWG, evidence is scarce. There have been
very few studies assessing the genetic influences on GWG, and most of them have focused on
investigating the effects of single nucleotide polymorphisms (SNPs) on GWG (66-69). Two
studies found that obesity- and diabetes-related SNPs were also related to GWG (67, 68),
whereas another study did not find that the common obesity-related SNPs were associated
with GWG (69). In the case of obesity however, despite its generally high heritability (the
extent to which the variation in obesity is explained by genetic factors) of around 50-80%
(70, 71), according to a recent large genome wide association study, only a small part of the
genetic variation could be explained by specific genes (72). As far as we are aware, no
previous study has investigated the heritability of GWG.

1.1.5 Health consequences

Gestational weight gain, and especially excessive GWG, is associated with both short- and
long-term health consequences for both the mother and the child (e.g. (73-75)). As for the
mother, gaining more weight than what is recommended by the IOM guidelines can increase
the risk of e.g. GDM (76, 77) (defined as glucose intolerance with onset during the second or
third trimester (78)), gestational hypertension and/or preeclampsia (defined as a persistent
high blood pressure (BP) and protein in the urine developed during pregnancy) (32, 79) and
postpartum weight retention (80). Gestational diabetes and preeclampsia can also increase the
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mother’s and the child’s risk of later disease development, such as Type 2 diabetes (increased
risk for the mother) and obesity (increased risk for the child) (81, 82).

In terms of the child, larger GWG has been found to be positively associated with increased
birth weight (74, 83) and/or being born large-for-gestational age (LGA) (>90™ percentile for
that gestational age) (65, 84), as well as with more long-term effects such as child and adult
overweight and obesity (75, 85, 86). Gaining weight above the IOM guidelines has also been
associated with a shorter duration of breastfeeding or failure to initiate breastfeeding (87, 88),
although being overweight or obese before pregnancy seems to be a stronger risk factor for a
having a shorter length of breastfeeding (24, 88). As a longer breast-feeding duration can be
protective against childhood overweight and/or obesity (89), the relationship between
breastfeeding behaviour and GWG is important to recognize.

The studies included in this PhD thesis investigate the possible effects of GWG on the child,
and in particular on the offspring’s birth weight, weight/BMI during infancy and childhood
and BP in early adulthood. Previous studies focusing on these particular short- and long-term
outcomes will therefore be discussed in more detail below.

1.1.5.1 Offspring weight and BMI

As previously mentioned, GWG, and especially weight gain above the recommended
guidelines, is associated with larger birth weight and/or being born LGA (65, 90). The effects
of GWG on birth weight might differ depending on the specific time of the weight gain. Most
of the studies which have looked at trimester-specific effects of GWG found effects for all
trimesters on offspring birth weight or adiposity at birth (91-95). However, some studies
indicated stronger, or specific, effects during the second trimester (92, 93, 95, 96), whereas
others suggested that weight gain during the first and second trimesters had stronger effects
on birth weight or adiposity at birth, compared to the third trimester (94, 97).

Numerous studies have also investigated more long-term effects of GWG in terms of
children’s weight and BMI. Body mass index is a crude measure of adiposity and is
commonly used to define overweight and obesity in both children and adults (98). Even
though BMI has been criticized for not being able to detect differences in body composition
(fat mass vs muscle mass) (99), it is a simple and practical tool which can be used on a group
level. The same cut-off values for BMI which are applied in adults (see Table 1) cannot be
used for children, as e.g. growth development at different ages need to be considered. Instead,
reference values from the International Obesity Task Force have been established which are
based on sex, age, weight, height and BMI (100).

The majority of studies investigating child BMI as an outcome have found an association
both between absolute GWG (measured as a continuous variable) and offspring childhood
overweight and obesity (101), and between relative GWG (excessive GWG, measured as a
categorical variable) and offspring childhood overweight and obesity (e.g. (102-104)).
Evidence also exists for a possible association between GWG and offspring adult overweight
or obesity, both during young adulthood (18-21 years old) (12-14, 93) and later adulthood (>
30 years old) (85, 105, 106).



Several recent systematic reviews and meta-analyses have also proposed GWG to be a
potential modifiable factor to prevent childhood overweight and obesity (107-111). One of
the two identified meta-analyses found a pooled odds ratio of 1.38 (95% confidence interval
(CI): 1.21-1.57) for the association of excessive GWG and childhood overweight (110) and
the second study found an overall relative risk (RR) of 1.40 (95% ClI: 1.23-1.59) between
excessive GWG and obesity during child- and adulthood (111).

Just as for birth size, different effects of GWG on childhood overweight or obesity have also
been detected depending on the trimester of the weight gain. These studies consistently
showed stronger effects of weight gain during first and/or second trimester (or early- and
mid-pregnancy), compared to third trimester or late pregnancy weight gain (91, 101, 112-
115).

1.1.5.2 Offspring blood pressure

As many studies have demonstrated that BP (both systolic and diastolic) is strongly and
significantly associated with several cardiovascular disease outcomes, regardless of sex, age
and ethnicity (116), it is from a public health perspective important to determine whether the
aforementioned associations of GWG and offspring BMI may also increase BP and/or the
risk of hypertension in the offspring.

Most of the studies investigating the association of GWG with childhood BP have found
positive associations for childhood systolic BP (SBP) (101, 113, 117). However, two studies
found an inverse association between GWG and SBP (118, 119), although one of them only
investigated GWG during mid-pregnancy and their findings indicating an inverse association
were not statistically significant (119).

In terms of longer follow-up into adulthood, few studies have examined the association of
GWG and offspring BP with inconsistent results (13, 120-123). Hrolfsdottir et al. and
Hochner et al. both found weak statistically significant positive associations of GWG and
offspring SBP at 20 and 32 years respectively (120, 122). Only the smaller study by
Hrolfsdottir et al. found a significant association with DBP, but only in the male offspring
(122). On the contrary, Laor et al., Wander et al. and Mamun et al. failed to identify any
significant associations between GWG and SBP or DBP (13, 121, 123). The latter study by
Mamun et al. also examined if there was an association in the higher ranges of BP
(offspring’s risk of hypertension), but found no significant associations (13).
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1.2 FAMILIAL CONFOUNDING

One important limitation with the majority of the observational studies discussed in the
previous chapter is confounding from shared genetic and/or environmental factors, so called
familial confounding. The observed associations between GWG and e.g. childhood BMI or
adult BP may be explained by various shared (family-based) socio-demographic, lifestyle-
related and genetic factors.

Well conducted randomized controlled trials (RCTs) are considered to be the “gold standard”
of study designs to reduce confounding, but they are often very costly and time-consuming.
There are however several non-experimental study designs (so called quasi-experimental
designs) which can be used in order to take confounding from shared environmental and/or
genetic factors into account. Some of these study designs are family-based, meaning that the
offspring are related to different degrees, such as full-siblings, half-siblings and offspring of
monozygotic (MZ) twins (124). More specifically, the associations between the exposures
and outcomes of interest are compared in the offspring and if the association remains after
adjusting for these shared genetic and/or environmental characteristics, the association could
be due to intrauterine mechanisms (supporting the foetal overnutrition hypothesis, explained
in chapter 1.1.1). On the contrary, if the association disappears, it is most likely due to shared
genetics and/or environment. Figure 4 illustrates the possible associations between GWG and
the short- and long-term negative outcomes in the offspring studied in this thesis, and the
possible confounding from shared genes and/or environment.

In terms of weight at birth and weight and/or BMI during childhood, as discussed earlier,
studies have found effects across all trimesters for birth weight and stronger effects for first
and/or second trimester (or early- and mid-pregnancy) weight gain for childhood weight
and/or BMI, but confounding by shared genetic and/or environmental factors cannot by
excluded. The studies which have attempted to adjust for these shared factors using sibling
pairs, found that the association between total GWG and offspring birth weight remained
after adjustment (12, 125, 126), where one of the studies found trimester-specific effects for
the second trimester after controlling for shared genes and/or environment (125). Studies
which have used similar study designs with longer follow-up of weight and/or BMI into
childhood are very few (125, 127, 128). In the study by Branum and colleagues, no
association was found between GWG and offspring BMI at age 4 years (127), while Ludwig
et al. detected a positive association between GWG and BMI in the children at around 12
years of age — after controlling for shared genetic and environmental factors (128). Berglind
and colleagues did not detect any significant associations between total, or trimester-specific,
GWG, neither within nor between the sibling pairs (125).

As far as | am aware, no family-based studies have been able to investigate the association
between GWG and adult BP. However, one study by Wander et al. attempted to take
maternal genetic variation into account in the models by adjusting for genetic risk scores, and
they failed to find any associations between GWG and SBP or DBP at 32 years of age both
before and after the adjustment (121).
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Figure 4. The possible associations between gestational weight gain and the short- and
long-term health consequences in the offspring (which are studied in this thesis), and
possible confounding by shared genetic and/or environmental factors.
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2 AIMS

2.1 OVERALL AIMS

The overarching aim of this thesis was two-fold:

e The first objective was to explore the extent to which genetic and environmental factors
influence the variation in GWG.

e The second objective was to investigate if total GWG (and trimester-specific GWG) are
associated with health outcomes in the offspring at birth, during early childhood
(weight/BMI) and early adulthood (BP/hypertension), when taking shared genetic and
environmental factors into account.

2.2 SPECIFIC RESEARCH QUESTIONS

The specific research questions of this thesis were:

1. To which extent is the variation in GWG determined by genetic and environmental
factors, and does it differ between two consecutive pregnancies (study 1)?

2. s there an association between total and trimester-specific GWG and weight/ BMI in
the offspring at birth and during childhood, when taking genetic and environmental
characteristics, shared between the mother and child, into account (Study 2)?

3. s there an association between GWG and BP, and the risk of hypertension, in the
offspring during early adulthood, when taking shared genetic and environmental
factors into account (study 3)?

See Figure 5 for an overview of the different outcome variables of the three studies in a
timeline.
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3 MATERIAL AND METHODS

3.1 STUDY POPULATIONS

The current thesis consisted of three different materials: study 2 was based on a data
collection procedure (described in chapter 3.1.2), whereas studies 1 and 3 were based on two
separate register-linkages of several national Swedish registers (described in chapter 3.1.1
below). The study population of study 1 consisted of female MZ and dizygotic (DZ) twin
pairs, where each woman had given birth to at least one child (univariate analysis), or two
children (bivariate analysis), born 1982-1989 and 1992-2010. In terms of study 2, a register-
linkage was carried out to identify women born on the same day (i.e. twins) between 1962 -
1975, and who had given birth to at least one child. These women could later be contacted for
recruitment to the study. As for study 3, the study population was based on mothers who had
given birth to at least two male children between 1982 -1989. An overview of the three
studies, and the materials and methods used, can be found in Table 2.

3.1.1 National registers and register-linkages

Sweden has access to several nation-wide registers, and in research they are often referred to
as a “gold-mine” (especially in terms of longitudinal studies), since the unique personal
identification number, assigned to all Swedish citizens, makes it possible to link detailed
high-quality data on a large number of individuals. Statistics Sweden and the National Board
of Health and Welfare administer the majority of these national registers.

For study 1, a register-linkage was made between the MBR, the Swedish Twin Registry
(STR) and the Multi-Generation Register (MGR). The twin mothers and their offspring were
identified in the MGR, while data on the mothers’ zygosity was collected from the STR.

The target population of the second study, including the female twins and their children (both
boys and girls), was also identified through a register-linkage of the Register of Total
Population (RTP), the MGR and the MBR.

In terms of the third study, a register-linkage was carried out between the MBR, MGR,
Military Service Conscription Register (MSCR) and Statistics Sweden’s Register of
Education (SRE) in order to identify and collect data on the biological parents and their male
offspring (sibling pairs).
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Table 2. Overview of the design and methods of the three studies

Study 1

Study 2

Study 3

To which extent is the

Is there an association

Is there an

of-twins cohort study

Research variation in GWG determined | between total and association between
guestions by genetic and environmental | trimester-specific GWG and BP, and
factors, and does it differ GWG and weight/ the risk of
between two consecutive BMI in the offspring hypertension, in the
pregnancies? at birth and during offspring during
childhood, when early adulthood,
taking shared genetic | when taking shared
and environmental genetic and
factors into account? | environmental
factors into account?
Study design Register-based twin study Prospective children- | Prospective register-

based cohort study

Participants

Swedish female twin pairs

Swedish female MZ

Swedish mothers

with children born 1982-1989 | twin pairs born 1962- | with two male

and 1992-2010. 1975. children born 1982-
Univariate analyses: N = 82 (birth weight) | 19809.

N = 694 pairs (1% pregnancy) | N =71 (weight 1yr) N = 4908 full

N = 465 pairs (2™ pregnancy)
N = 143 (bivariate analyses)

N =69 (BMI 5yrs)
N =57 (BMI 10yrs)

brother-pairs.

with robust variance
using GEE.

Data sources | STR, MBR and MGR TPR, MGR, MBR, MGR, MBR, SRE
STR and self- and MSCR
collected data

Exposures GWG Total and trimester- Total GWG
specific GWG

Outcomes - Offspring birth Offspring SBP, DBP
weight, weight at 1 and risk of
year and BMI at 5 and | hypertension at 18
10 years. years.

Methods Measured objective data from | Measured objective Measured objective

nation-wide registers. data from medical data from nation-
records and growth wide registers.
charts.

Statistical SEM (A-C-E models) and Linear regression Linear and Poisson

methods Cholesky decomposition. (fixed-effects) models | regression (fixed-

effects) models with
robust variance
using GEE.

Note: See the List of abbreviations at the beginning of this thesis for the definitions of the acronyms.

An outline of the registers (as well as the specific variables) used in the studies, can be found
on the following pages.

3.1.1.1 Medical Birth Register (MBR)

The MBR, which is administered by the Swedish National Board of Health and Welfare,
covers more than 99% of all births in Sweden (129) and includes data surrounding the
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pregnancy, delivery and birth of the child (130). The data is registered by health professionals
working in the pre- and perinatal care units as part of normal clinical practice. The quality of
the data has generally been shown to be good (ranging from acceptable to good for the
variables used in this thesis) (131). In studies 1 and 2, data on GWG (or early-pregnancy
weight and delivery weight) was collected from the MBR. In terms of using these variables
for analysis, it is important to be aware of some of the limitations with the register. All
maternal early-pregnancy or delivery weights, during the years 1982-1989, above 98 kg were
coded as 99 kg in the MBR. During the years 1990-1991, all values on early-pregnancy
weight (from which GWG was calculated) were incorrect and were therefore deleted, hence
no data on GWG was available during these two years. Moreover, data on early-pregnancy
and delivery weight was available for 76% of the women delivering between 1982 and
1989, compared to only around 33% for the women delivering during the years 1992 to
2010. The missing data during the later years was due to limited resources in the antenatal
care, hence not being able to prioritize monitoring and reporting of GWG to the MBR.

The other variables obtained from the MBR include gestational age, date of birth, birth order,
birth weight, birth length, mother’s parity, maternal age, maternal smoking in early
pregnancy, and maternal diseases during pregnancy (preeclampsia and GDM).

3.1.1.2 Swedish Twin Registry (STR)

The STR is an on-going population-based register which collects information on twins born
1886 onwards (132). The register can be divided into five different birth cohorts, with
information on twins born 1886 — 1925, 1926 — 1958, 1959 — 1986, 1987 — 1992 and 1992 —
2007 (latest update at the time of writing). The data on zygosity used in this thesis was
collected from two studies based on these cohorts, namely Screening Across the Lifespan
Twin study (SALT) and Study of Twin Adults: Gene and Environment (STAGE). The SALT
study includes twins born 1886-1958 and the response rate of the later part of this cohort,
born 1926 — 1958, was 74%. STAGE includes twins born 1959 — 1985 and the response rate
for this study was approximately 60% (133).

Zygosity was determined, in both SALT and STAGE, from a set of classical and widely used
questions based on the twin pairs’ physical resemblance in childhood (134, 135). The first
question was: “During childhood, were you and your twin partner as alike as “two peas in a
pod” (in Swedish “as alike as two berries”) or not more alike than siblings in general?”. If
both of the individuals in the pair responded “alike as two peas in a pod” they were classified
as MZ and if both of them responded “not alike” they were classified DZ. If the twins
disagreed or if only one twin responded to the question, the zygosity was considered “not
determined”. These undetermined pairs were asked a second question: “How often did
strangers have difficulty in distinguishing between you and your twin partner when you were
children?”, and if they answered “almost always or always” or “often” to this question, they
were classified as MZ twins. If both twins responded “seldom” or “almost never or never”,
they were classified as DZ twins. This method has in previous studies, using DNA markers as
a validation, shown to have a high accuracy (around 99%) (135, 136).
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3.1.1.3 Multi-Generation Register (MGR)

The MGR holds information on the biological parents (97% of the fathers and 95% of the
mothers) of almost all individuals born in Sweden from 1932 onwards and those still alive in
1961 (137). The link between the mothers and fathers and their biological children was
identified through a record-linkage to this register.

3.1.1.4 Military Service Conscription Register (MSCR)

The military service conscription was mandatory for all Swedish men to participate in until
the year 2010. Only those with severe disabilities or disabling conditions were exempted. The
Swedish MSCR keeps data from the conscription induction tests which usually took place at
the ages of 18 to 19 years. The induction tests were completed in one or two days and
included a medical examination by health professionals (weight, height, BP and resting heart
measurements), physical strength tests (endurance and muscular strength) and psychological
tests (including 1Q tests). The main variables from this register which were used in this thesis
(study 3) were BP, weight and height (BMI).

Due to reorganization of the Swedish Armed Forces, after around year 2000 fewer men
needed to carry out all the medical examinations involved in the military service conscription,
which resulted in missing data for BP and BMI. As the cohort of men included in study 3
underwent the military conscription tests between the years 2000 to 2008, we explored the
potential bias from this missing data by means of multiple imputation analyses using (among
other) data on the men’s 1Q as well as their fathers’ conscription BMI and BP (explained in
more detail in the corresponding manuscript).

3.1.1.5 Statistics Sweden’s Register of Education (SRE)

Statistics Sweden keeps information on the highest educational level for all citizens registered
in Sweden through the SRE. Data on the mothers’ highest education was collected from this
register for study 3.

3.1.1.6 Register of Total Population (RTP)

The purpose of this register is to collect basic demographic information (e.g. name, sex, age,
country of birth and marital status) on the entire Swedish population (138). Data used in this
thesis on, e.g., date of birth (the personal identification number), sex and age were drawn
from this register.

3.1.2 Recruitment and data collection for study 2

3.1.2.1 Recruitment process

As previously mentioned, a register-linkage was carried out to identify female twin mothers
born 1962 — 1975 (who were old enough to have given birth to at least one child who was at
least ten years old at the time of carrying out the linkage). The resulting database included
5836 twin individuals (both MZ and DZ twins), to whom information letters were sent out
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containing information about the research question, study design and implications of
participating in the study. Approximately ten days after the information letters were sent out,
an attempt was made to contact the mothers by telephone. They were asked if they wished to
take part in a structured telephone interview.

For those women who gave oral consent, the interview began by asking questions to assess
the twins’ zygosity (based on the STR’s validated questions mentioned earlier), as we only
wanted to include MZ twins in the study. These questions were “During childhood, were you
and your twin partner as alike as “two peas in a pod” (in Swedish “as alike as two berries™) or
not more alike than siblings in general?” and “How often did strangers have difficulty in
distinguishing between you and your twin partner when you were children?”. If both twins
within a pair responded that they were as alike as “two peas in a pod” to the first question and
“almost always” or “often” to the second question, they were classified as MZ. On the
contrary, if both twins replied “not alike” to the first question or “seldom”, “almost never”, or
“never” to the second question, they were categorized as DZ. All other twins were considered
to be “not determined”. To match the twins into pairs, the co-twin was also asked to

participate and went through the same interview process.

The self-reported zygosity of the twin sisters was validated by comparing this data to the data
on zygosity from the STR (as described earlier). Only around 12% had unknown
(undetermined) zygosity in our cohort according to this data. These pairs were categorized as
MZ twin pairs according to the answers we retrieved from our own interviews. Almost 21%
(17 out of 82 pairs) of the data on zygosity from the STR had been validated by DNA
analysis in one of our final cohorts (the cohort with complete data on GWG and birth weight).
According to our interviews, all of the twin pairs said that they had been reared together. This
was also validated against information from the STR.

As a next step, the women were asked to provide the names of the antenatal clinics where
they had been registered with their children (to acquire information on pre-pregnancy weight,
gestational weight gain, delivery weight and on any complications/diseases during
pregnancy). They were also asked for the names of the hospitals where they had given birth
(to gather information on weight and length at birth and possible complications during the
birth), as well as the child health care centres and/or schools where their children were
registered (for length and weight measurements).

After the interview, the women were sent consent forms along with a questionnaire (or given
the option to answer the questionnaire electronically). The questionnaire contained questions
about the women’s pregnancy/pregnancies. More specifically we asked questions regarding
their: physical activity and eating habits, the year before they got pregnant with their first
child and the year after their last pregnancy, pre-pregnancy weight, total GWG, smoking
habits, complications/diseases during pregnancy (such as GDM and preeclampsia),
child’s/children’s birth weight and length, complications at birth and breastfeeding duration.
Separate consent forms were sent to the children who were between 15 and 18 or above 18
years of age. Up to three attempts were made to gather the consent forms. Answering the
guestionnaire was not a compulsory part of participating in the study, as many women found
it too time-consuming and therefore considered not participating. For the same reason, the
questions concerning the names of the health care centres, hospitals and schools necessary to
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acquire the weight and length data for the study were asked over the phone in the initial
interview. The women who did not want to complete the questionnaires were asked to only
return the consent forms in order for us to be able to acquire the data necessary for the study
(as described below). Unfortunately, as only 48 complete twin pairs (with data on GWG and
birth weight on at least one child of each twin) filled in the questionnaire, this data could not
be included as covariates in the final analyses.

3.1.2.2 Data collection

The information letters were sent out in November 2012 and the telephone interviews
commenced shortly after. The last interviews with the mothers were conducted at the
beginning of 2014. At the same time as the interviews were taking place, we also carried out
the acquisition of the medical records and growth charts. This data collection process started
as soon as we received the first signed consent form at the end of August 2013, and was
concluded approximately two years later.

In terms of weight and height data on the children, growth charts were collected from child
health care centres, school health care services or from municipality or county archives
(depending on the age of the child at the time). Maternal health care centres (where the
women had received their antenatal care) were also contacted to acquire the mothers’ medical
records (for data such as early-pregnancy weight and weight measures throughout the
pregnancy). Data regarding the delivery of the child (such as birth weight and length) was
acquired from the hospitals.

In order to try to take the fathers’ weight and height (BMI) into account in the analyses, we
also made an attempt to contact the mothers of the complete twin pairs (164 twin mothers)
and ask for their child’s/children’s father’s contact details. Information letters and consent
forms were sent to the fathers where we asked for their current weight, as well as for their
consent for us to collect data on their BMI at conscription (if they had conscripted) from the
MSCR. This data collection was carried out in July 2015. Unfortunately, as we only had
complete data on the fathers for 21 twin pairs, this could not be included in the analyses.

When we concluded the data collection in the summer of 2015, we had managed to gather
complete data on 82 twin mother pairs and their children (for the outcome birthweight). For a
more detailed description of the recruitment and data collection process, including numbers
of twin individuals and twin pairs, see Figure 6 on the following page.
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No telephone number
or address (N = 544)

Eligible MZ and DZ twin
individuals born 1962-1975
(N =5836)

DZ twin (N = 1800)
No answer (N = 794)

Contacted by telephone
(N =5292)

Unmatched twin
individuals (N = 399)

MZ twin individuals who gave oral
consent and completed the interviews
(N =1251)

Declined participation (N = 1410)
Non-Swedish speaking (N = 16)
Other, e.g. illness (N = 21)

Pairs with children of different
parity within a twin pair at birth,
1, 5 and 10yrs

Matched MZ twin pairs
(N = 426)

Pairs who failed to return consent
forms or declined participation

MZ twin pairs with
written informed consent
from both mother and child (> 15yrs)
(N = 276)

(N = 150)

Pairs with missing pregnancy or
offspring data (including
exclusion criteria, see paper 2) at
birth, 1, 5 or 10yrs

(N =24,22,32and 24
respectively)

(N =170, 183, 175 and 195

Final cohorts for analyses

respectively)

MZ twin pairs and children with
complete data on
birthweight (N = 82)

MZ twin pairs and children with
complete data on
weight at 1y (N =71)

MZ twin pairs and children with

complete data on

BMI at 5 and 10yrs (N = 69, 57 respectively)

Figure 6. Flow chart of the recruitment and data collection procedure. Note: MZ = Monozygotic twins; DZ = Dizygotic twins
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3.2 STUDY VARIABLES AND DEFINITIONS

3.2.1 Exposures

The main exposure in all the studies included in this thesis was total GWG. In study 2 we also
measured the average weight gain in each trimester (trimester-specific GWG), at 10-14
gestational weeks (first trimester), 14-27 gestational weeks (second trimester) and at 27
gestational weeks to the week of delivery (third trimester). We defined total GWG as the
delivery weight subtracted by the early-pregnancy weight. The delivery weight was measured
before and in the same gestational week as delivery and the early-pregnancy weight was
measured at the first antenatal visit (on average around week 10 for study 2, and within the
first 12 weeks of pregnancy for 90% of the women for studies 1 and 3 (129). Both of these
variables were collected either ad hoc, from archived medical records or extracted from the
MBR.

3.2.2 Outcomes

As study 1 is a quantitative twin study investigating the heritability of GWG (analyzing the
variation of GWG), there is no exposure or outcome defined as in conventional
epidemiological studies.

In study 2, the outcome variables were offspring birthweight, weight and BMI (continuous
measure) at the ages of 1, 5 and 10 years. As mentioned in the introduction, the cut-off values
for categorizing the children’s BMI values (only for descriptive statistics) were used
according to the International Obesity Task Force’s reference values (100). In order to
account for the differences in birthweight in terms of sex and gestational age, we created sex-
specific and gestational-age adjusted z-scores using a reference from the MBR’s nationwide
data. Similarly, we also calculated internal sex-specific z-scores using means and standard
deviations from predicted growth curves of infant and childhood weight and BMI in our
cohort.

The outcome variable for study 3 was BP at conscription (mean age of 18.3 years), which
was analyzed both as a continuous and categorical variable (occurrence of hypertension).
Hypertension in the offspring was defined as SBP > 140 mmHg or DBP > 90 mmHg,
according to the WHO/International Society of Hypertension (139). The BP was measured in
the supine position after 5 — 10 minutes rest with a suitably sized cuff at heart level according
to a written protocol. This procedure has for many decades been viewed as the gold standard
of measuring BP in clinical settings in Sweden. If the SBP was < 145 mmHg and the DBP
was 50 - 85 mmHg, it was only measured once. In case the measurements were outside of
these limits, the BP was measured again on the next day and this second result was entered in
the MSCR (140).

3.2.3 Covariates

As described earlier in the introduction, confounding from shared unmeasured environmental
and genetic factors were adjusted for by the “fixed effects” design used in studies 2 and 3.
There are, however, a number of other measured covariates which should be considered when
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investigating the associations between GWG and weight/BMI and BP in the offspring, as
well as when estimating the heritability of GWG. We have, based on a priori knowledge,
decided to include the covariates outlined on the following page in the analyses of each study.
As written in the introduction (chapter 1.1.4), there are more covariates which could possibly
influence GWG (possible determinants), however the variables on the following pages were
the ones for which there were data available.

3.2.3.1 Physiological factors

Maternal early-pregnancy BMI (weight and height were recorded at the first assessment at
the antenatal clinic), parity, birth order, gestational age (assessed by ultrasound scans since
the 1980’s in the majority of cases, with an accuracy of + 7 days (23)), maternal age at birth,
birth year (date of birth), GDM and preeclampsia were all measured by midwives,
obstetricians, or medical doctors as part of normal clinical practice. These variables were
attained from the MBR for the register-based studies, or directly from the medical records for
study 2. The brothers’ age at conscription and conscription centre, accounted for in study 3,
were obtained from the MSCR.

We decided not to adjust for birthweight and BMI at conscription in the final analyses of
study 3 as we believe that they were most likely mediating factors (on the causal pathway
between GWG and offspring blood pressure at age 18). For the same reason, we did not
include birthweight as a covariate in the analyses of study 2.

3.2.3.2 Sociodemographic factors

Maternal education (highest level obtained for the years 1990-2010) was extracted from the
SRE for studies 2 and 3. The variable was categorized into five levels: 1) primary or lower
secondary (< 10 years), 2) secondary (< 12 years), 3) full secondary (12 years), 4) higher
education < 15 years, and 5) higher education > 15 years.

3.2.3.3 Behavioural factors

The mothers’ smoking habits in early pregnancy were recorded by the midwives at the first
antenatal visit (within the first 12 weeks of pregnancy for the majority of women). The
mothers were asked if they had been smoking three months before pregnancy and whether or
not they were currently smoking (if they were smoking, they were asked how many cigarettes
per day they smoked). Data on maternal smoking was obtained for studies 1 and 2.

As previously mentioned, we asked the mothers about their pre-pregnancy and post-partum
physical activity and dietary habits in the questionnaire, however due to the low response rate
we were unable to use these variables in the analyses.

Data on the mothers’ breast-feeding duration was also collected from the child health centre
records for study 2. Data on possible diseases during pregnancy (preeclampsia and GDM)
were also collected from the antenatal records for study 2 and extracted from the MBR for
study 3. However, due to a big percentage of missing data on breast-feeding, and due to very
few cases being diagnosed with diseases during pregnancy, we did not include these
covariates in the analyses.
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3.3 STATISTICAL ANALYSIS

3.3.1 Family studies

As explained in the introduction, shared genetic and environmental factors can confound the
associations found in previous studies (based on unrelated individuals) between GWG and
birthweight and childhood weight/BMI and BP. Studies which are family-based, e.g. studies
of mothers and their offspring, offer the possibility to take shared mother-child genetic and
environmental factors into account. More specifically, within and between associations can
be compared to quantify possible effects. The focus, on the following pages, will be on
explaining the two methods used in this thesis to address these types of confounding, as well
as the methods used to analyze the heritability of GWG.

3.3.1.1 Offspring-of-MZ-twins design

Based on the assumption that MZ twins are genetically identical, many studies have analyzed
offspring of MZ twins discordant for a certain disease or disorder, to understand how the
environment and the genetics influence the intergenerational transmission of the trait (see e.g.
(141, 142)). In this thesis (study 2), we took advantage of both the genetic similarity of the
offspring of MZ twins (sharing 25% of their segregating genes) and the environment which
the mothers shared during their upbringing, as well as prenatally, to study the relationship
between the GWG of the MZ twin mothers and the weight and BMI of their children.

In more detail, to understand if any possible associations detected between GWG and
offspring birthweight/childhood BMI were due to shared environmental or genetic factors
(within-pair effects) or to non-shared factors (between-pair effects), we used generalized
estimating equations (GEE) to account for the correlation between co-twins. The between-
pair association was estimated by calculating the means of the GWG of the twin pairs and the
means of the offspring birth weight or infants’/childhood weight/BMI. The within-pair
association on the other hand, was based on the difference from the mean of the exposure and
the outcome variables.

In terms of interpretation, the within-pair estimate takes all factors (both genetic and
environmental) which the twins within a pair share/shared into account, e.g. lifestyle patterns
established during childhood (such as physical activity and eating habits) which can later
influence both their GWG pattern and their children’s weight/BMI. Therefore, if an effect
observed in the between-pair analysis remains in the within-pair analysis, this could indicate
that the association between GWG and birthweight or childhood weight/BMI might have a
foetal origin (due to an in utero programming of the foetus) (143-145). It should however be
mentioned that, as the offspring only share 25% of their segregating genes, genetic
confounding cannot be ruled out completely. Other limitations/assumptions of the offspring
of MZ twins-design (as well as of the sibling pair design) are described on the following
pages (chapters 3.3.1.4 and 3.3.1.5).
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3.3.1.2 Sibling-design

Full siblings share, on average, 50% of their segregating genes and, due to the high number of
sibling pairs easy accessible in national registers (in contrast to twin pairs), sibling-
comparison design is a popular and powerful method used in family-based quasi-
experimental design studies to account for shared genetic and environmental confounding
(124, 146).

In this thesis, we applied sibling-comparison design to study the association between GWG
(in the same mother in two separate pregnancies) with BP in her male offspring (full-sibling
pair), at approximately 18 years of age (study 3). We applied the same linear regression
analysis as described for study 2, comparing between sibling pair (based on the mean values
of the exposure and outcome variables) and within sibling pair regression estimates (based on
the difference from the mean values of exposure and outcome variables) (147).

Similar to the offspring-of-twins design previously explained, the within-pair estimate
adequately controls for all fixed factors in the mother and factors which are shared by both
siblings in the pair. These fixed factors are factors which do not change from the first
pregnancy to the second (e.g. maternal education, maternal and paternal genetics, and
possibly pregnancy and postnatal eating and physical activity habits). This means that, if we
would observe within-pair effects it would suggest that the association of GWG and later BP
in the offspring reflects intrauterine environmental factors (factors unique to each individual
must be involved). Conversely, if we observed between-pair effects and these would diminish
or disappear in the within-pair analysis, factors common to the sibling pair would be
responsible for the association (148).

In the third study, we also adopted the fixed effects regression design as detailed above, using
modified Poisson regression with robust variance to estimate the association of GWG and the
RR of hypertension in the male sibling pairs.

3.3.1.3 Quantitative genetic analyses of twins

Human quantitative genetic methods are applied to estimate how much the variation in a
specific trait of a population is due to genetic or environmental differences between
individuals. These are based on comparing the resemblance (co-variance) of MZ and DZ
twins (due to the underlying assumption that MZ twins share 100% of their segregating genes
and DZ twins share 50% of their segregating genes). The total variation of a trait, in our case
GWG (study 1), was decomposed into the following latent variables: A (additive genetic
factors), C (common/shared environmental factors, D (dominance genetic factors) and E
(unique environmental factors and random measurement error) using structural equation
modelling (SEM) (as seen in the univariate model in Figure 7). With our MZ and DZ data
with twins raised together, the SEM models cannot simultaneously estimate the D and C
components (149) which is why we started off by estimating ACE and ADE models
separately in the first and second pregnancies.

We also estimated the covariance of genetic and/or environmental factors between GWG of
two consecutive pregnancies (Figure 8). This was carried out in order to detect possible
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genetic or environmental overlapping or distinct effects, using a bivariate approach by means
of the Cholesky decomposition model (150).

1 MZ/DZ
1 MZ/0.25DZ

1 MZ/0.5DZ

GWGTWINl GWGTWINZ

Figure 7. Schematic presentation of the univariate model. Note: A = additive genetic
factors; D = dominance genetic factors; C = common environmental factors; E = unique

environmental factors

- Xlg e
Xit X
GWG Pregnancy 1 GWG Pregnancy 2
Eqy E)
E 12

Figure 8. Schematic presentation of the bivariate Cholesky decomposition and its path
coefficients for one twin only. Note: A = additive genetic factors; E = unique environmental
factors; Ei1, 12 and 2, = path coefficients of the unique environmental factors; X1, 12 and 2, =

path coefficients of the additive genetic factors
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3.3.1.4 Assumptions of quantitative genetic twin studies

The assumptions made in quantitative genetic twin studies can be divided into technical
(based on the way the model is specified) and interpretative (do not affect the model but the
interpretation of the results) assumptions. The following assumptions were considered most
important in terms of the studies included in thesis.

The most essential technical assumption is that means and variances are the same for both
MZ and DZ twins, as well as for both the first and the second twin within the pair. This was
tested by carrying out X? tests, where a non-significant result (p > 0.05) would indicate that
these assumptions have not been violated. The other core assumptions of twin modelling
include equal environment assumption, random (non-assortative) mating, no gene-
environment interaction and that the results from twin studies can be generalized to the
general population (151).

The equal environment assumption means that MZ and DZ twins (where the twin pairs are
reared together) experience equally similar environments (both non-shared and shared), i.e.
the size of the environmental variation is similar in both MZ and DZ twins. This assumption
can be tested by comparing the fit of the current model to the fit of the saturated model. If the
fit of the suggested model is not statistically significantly worse than that of the saturated
model, this assumption is fulfilled.

Assortative (as opposed to random) mating exists in two ways. The first type is based on
genetic relatedness (inbreeding), which is not so common in Western countries today. The
second type is the tendency for people to choose a partner who is similar to themselves
(phenotypic assortment), or who come from a similar environment (social homogamy).
Normal weight women e.g., could be more likely to choose partners who also are of normal
weight, with similar eating and physical activity habits. This similarity however, does not
necessarily have to be due to assortative mating but rather due to social interaction (partners
tend to become more similar with time). Phenotypic assortment and inbreeding would
increase the genetic correlation of DZ twins, more than the assumed 0.5, which would make
them more similar compared to MZ twins. As the twin design is based on the comparison of
the genetic and environmental correlations of MZ and DZ twins, assortative mating would
result in an overestimation of the C component and underestimation of the A or D
components (152).

The assumption of lack of gene-environment interaction in twin studies would mean that
genetic and environmental factors do not interact with each other and therefore have separate
effects on the trait. However, lack of gene-environment interaction is not an issue in terms of
the model itself, as gene-environment interaction is modelled as part of the additive genetic
component if the environment is shared or as part of the unique environmental component if
the environment is not shared. Due to this, any effects of a gene-environment interaction
cannot be separated from the effects of the A or E components. Therefore, this assumption is
difficult to test, and should rather be considered when interpreting the results.

Generalizing the results from twin studies and assuming that twins are representative of the
general population is more or less correct depending on the trait. As twins are, on average,
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lighter than singletons and are born around three weeks pre-term, the generalizability of the
results from a heritability study on birth weight is more limited than studies carried out in
adult traits. In the case of this thesis, we made the assumption that the twins included in
studies 1 and 2 are representative of singletons as there is no evidence that twins are different
to singletons for most traits after early childhood (153).

3.3.1.5 Assumptions of sibling-comparison and offspring-of-MZ-twins studies

Like quantitative genetic studies, there are also several assumptions and limitations to fixed
effects regression design when estimating within- and between-pair effects using both
siblings and offspring of MZ twin pairs. To my knowledge, there have been more articles
written on the assumptions of sibling-comparison design compared to offspring-of-MZ-twin
design, which is why this sub-chapter will focus on the former. Nonetheless, as we have used
the same statistical method for both designs (studies 2 and 3), the following assumptions can
also be applied to the within-pair design using offspring of MZ twins.

As the within-pair design controls for all factors which are fixed within the sibling pair (e.g.
home environment), it is assumed that these family factors are stable and that the pair shared
a similar environment as they were reared together (154). Factors which were not completely
shared by the sibling pair or were not stable, e.g. birth order and maternal age, are most often
controlled for in the analyses. However, other non-shared factors (e.g. pregnancy-related
lifestyle habits, if these have changed from one pregnancy to the next) are more difficult to
control for (often due to lack of data) (146, 155). A relatively short pregnancy interval
between the two pregnancies (e.g. 2 to 4 years) reduces the likelihood of a change in the
environment (both pre- and postnatally) and therefore also the introduction of bias from such
non-shared factors. According to Frisell et al. (146), a limitation to the possible within-pair
estimate (if a within-pair association is observed) is that bias from any measurement error (or
misclassification) in the data is increased compared to the unpaired (between) estimate.

3.4 ETHICAL CONSIDERATIONS

All three studies were granted ethical approval by the Regional Ethical Review Board in
Stockholm (ref no 2011/691-31/2 and 2011/666-31/3).

With regards to the two register-based studies (1 and 3), the unique identity number of each
individual was replaced by unique numbers by which we could link the mothers to their
children and the twins to their co-twins (de-identification). This was done by Statistics
Sweden before the datasets were delivered to the research team. All subjects were therefore
anonymous and no individual consent was possible to obtain (or needed), in accordance with
the Public Access to Information and Secrecy Act and the Personal Data Act.

When it comes to the data collection for study 2, written informed consent was obtained for
all participating mothers and their children > 15 years of age (the mothers also consented for
their children < 15 years of age with their consent form). The majority of women who chose
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to participate did not express any concern about granting us access to their medical records.
However, a couple of participants did not want us to retrieve their entire antenatal and
delivery records (the pages where the inscription date, gestational age, and weights at the
different time points during pregnancy are filled in), but only the specific data we requested.
As they still wanted to participate, they acquired the medical records themselves and sent us
only the information we had requested, which we naturally respected. It should also be added
that the majority of women we were in contact with at the time of recruitment showed a
genuine interest in our research questions and wanted to contribute with their data. The
possible risks of participating in this study must therefore be considered minimal, and the
potential benefits of the research for the society were thought to outweigh any such risks.
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4 RESULTS

In this chapter I will present the main findings of each study included in this PhD thesis.

4.1 HERITABILITY OF GWG (STUDY 1)

To which extent is the variation in GWG determined by genetic and environmental factors,
and does it differ between two consecutive pregnancies?

For the univariate analyses, we had complete data on GWG and the relevant covariates of the
first pregnancy for 380 MZ and 314 DZ twin mother pairs, and for the second pregnancy we
had complete data on 242 MZ and 223 DZ twin pairs. As for the bivariate analysis, 143 twin
pairs (81 MZ and 62 DZ twin pairs) had complete data on both the first and the second
(consecutive) pregnancies.

In terms of model fit, the univariate ADE and ACE models showed very similar results in
both pregnancies. However, the dominance genetic component of the ADE model was zero in
both the first and second pregnancies and was therefore discarded. Subsequently, we tested
the model fit of the AE and CE models and compared these to the fit of the ACE models (see
the corresponding manuscript for detailed data on the model fit (156)). We found that the AE
models had a better fit compared to the saturated ACE model, meaning that additive genetic
factors and unique environmental factors seemed to explain the variation of GWG in both the
first and the second pregnancy in the univariate analyses.

First pregnancy Second pregnancy

A 26% A

37% 74% E

Figure 9. Variance component estimates of the first and the second pregnancy. Note: A
= additive genetic factors; E = unique environmental factors

As shown in Figure 9 above, according to the adjusted AE models, 43% (95% CI: 36-51%)
of the variation in the mothers’ GWG in the first pregnancy and 26% (95% CI: 16-36%) in
the second pregnancy, was explained by additive genetic factors, and consequently the
remaining variation was explained by unique environmental factors (first pregnancy, 57%,
95% CI: 50-64% and second pregnancy, 74%, 95% CI: 64-84%).
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0.67 (0.41, 0.92)
0.40 (0.25, 0.56) 0.34 (0.17, 0.52)

GWG Pregnancy 1 GWG Pregnancy 2

0.60 (0.44, 0.75) 0.66 (0.49, 0.83)
0.33 (0.08, 0.59)

Figure 10. Cholesky decomposition AE model with relative variance and covariance
component estimates. Note: A = additive genetic factors; E = unique environmental factors

In the bivariate (best-fitting) AE model, we found that there was an overlap (covariance) in
both the additive genetic (A;) and unique environmental (E;) factors, although specific
additive genetic (A,) and unique environmental (E;) components also seemed to influence the
variation in GWG in the second pregnancy (as illustrated in Figure 10 above, where the
amount of variance and covariance is also displayed by the relative variance components).
The additive genetic correlation (ra) (standardized covariance) was 0.81 (95% CI: 0.55, 1.08)
and the unique environmental correlation (rg) was 0.24 (95% CI: 0.06, 0.42). The squared
correlations (ra> and re?) (indicating the proportion of shared genetic and unique
environmental factors) showed that 66% of the genes and 6% of the unique environment
were shared between the two pregnancies.

4.2 GWG AND OFFSPRING WEIGHT AT BIRTH AND BMI DURING
CHILDHOOD (STUDY 2)

Is there an association between total and trimester-specific GWG and weight/ BMI in the
offspring at birth and during childhood, when taking genetic and environmental
characteristics, shared between the mother and child, into account?

From the extensive data collection of MZ twin mother-pairs and their children, we managed
to retrieve data on GWG on both mothers in the pair, as well as birth weight on the children
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for a total of 82 twin pairs. In terms of the later outcomes: weight at 1 year and BMI at 5 and
10 years, complete data was available for 71, 69 and 57 twin pairs respectively. For
information on exclusion criteria and details of the data collection, see Figure 6 in the
Methods section.

The mean early-pregnancy BMI of the mothers was 22.5 kg/m? (SD = 2.8 kg/m?) and about
17% were defined as overweight or obese at the beginning of their pregnancy. The mothers’
pregnancy weight gain was on average 14 kg (SD = 4.4 kg). As for the children, the mean
birth weight was approximately 3600 g (SD =479 g) and at 5 and 10 years respectively, only
around 9% and 11% of the girls, and around 6% at both ages of the boys, were categorized as
overweight or obese.

As seen in Table 3, the adjusted results from the main analyses showed that each kg of the
total GWG resulted in an increase of 0.08 (95% CI: 0.001, 0.17) z-score units (corresponding
to approximately 43 g) in birth weight within the twin pairs. In terms of the trimester-specific
effects, we found that GWG was statistically significantly associated with BW across all
trimesters between the twin mothers, and the strongest effects were seen in the second and
third trimester (p = 1.63, 95% CI: 0.68, 2.59 and = 1.64, 95 % CI: 0.71, 2.58 z-score units
per 1-kg mean weight increase per week respectively, corresponding to approximately 782 g
and 776 g respectively). However, when adjusting for shared genetic and environmental
factors in the within-pair analysis, the results became non-significant. Due to the size of the
respective coefficients though, these findings might indicate that the second and third
trimester were associated with offspring birth weight (second trimester, B = 1.42 (95% CI: -
0.29, 3.14) and third trimester, p = 1.02 (95% ClI: -0.50, 2.54) z-score units, corresponding to
approximately 682 g and 490 g respectively per 1-kg mean weight increase per week).

The results for total GWG and weight at 1 year in the offspring showed similarly weak
effects within (B = 0.04 z-score units, 95% CI:-0.06, 0.15) and between (B = 0.04 z-score
units, 95% CI: -0.01, 0.09) the twin pairs. As for the first trimester weight gain and weight at
1 year, no associations were found (see Table 3). The beta coefficients of the second and
third trimester were overall larger than the first trimester, although with wide confidence
intervals. In terms of the later outcomes of BMI at 5 and 10 years of age, we found similar
statistically weak (with large confidence intervals) results for both total and trimester-specific
GWG, both within and between the twin-mother pairs (see the corresponding manuscript for
details (157)).
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Table 3. Within- and between-pair effects of 1-kg greater gestational weight gain and
mean growth rate (kg/week) during each trimester on children’s birth weight (n = 164
children, 82 twin pairs) and weight at 1 year (n = 142 children, 71 twin pairs) in z-
scores.

Offspring birth weight (z-scores)

Gestational 1 trimester 2" trimester 3" trimester
weight gain (kg) | (mean increase in | (mean increase in | (mean increase in
kg/week) kg/week) kag/week)
B (95% CI) B (95% CI) B (95% CI) B (95% CI)
Within 0.08 (0.001,0.17) | -0.15(-0.98,0.67) | 1.42(-0.29,3.14) | 1.02 (-0.50, 2.54)
Between 0.08 (0.04, 0.12) 0.77 (0.07, 1.47) 1.63 (0.68, 2.59) 1.64 (0.71, 2.58)
Wald test for p=091 p =0.06 p=0.83 p=0.49
difference

Offspring weight at 1 year (z-scores)

Gestational 1% trimester 2" trimester 3" trimester
weight gain (kg) | (mean increase in | (mean increase in | (mean increase in
kg/week) kg/week) kag/week)
B (95% CI) B (95% CI) B (95% CI) B (95% CI)
Within 0.04 (-0.06,0.15) | 0.08 (-0.78,0.94) | 0.78 (-1.21,2.78) | 0.72(-0.74, 2.18)
Between 0.04 (-0.01,0.09) | 0.12(-0.51,0.76) | 0.86 (-0.35,2.07) | 0.71(-0.23, 1.64)
Wald test for p=0.96 p=0.94 p=0.94 p=0.99
difference

Note: Both analyses were adjusted for maternal age at birth, birth year, parity (only included in the between model), early-
pregnancy BMI and maternal education.

4.3 GWG AND OFFSPRING BLOOD PRESSURE IN YOUNG ADULTHOOD
(STUDY 3)

Is there an association between GWG and BP, and the risk of hypertension, in the offspring
during early adulthood, when taking shared genetic and environmental factors into account?

Data on exposure and outcome variables for all men born in Sweden between 1982 and 1989
was available for 89,829 individuals. These men conducted their military conscription
induction tests from 2000 to 2008. After we had applied several exclusion criteria (e.g.
limiting the cohort to the mothers’ first and second male pregnancies (i.e. sibling pairs)
during the study period), we ended up with a study population of 9,816 full brothers for the
main analyses who were at a mean age of 18.3 years when carrying out the induction tests.

Descriptive statistics showed that the mean GWG was somewhat lower for the mothers’
second pregnancy compared the first (13.8 kg (SD = 4.0 kg) and 14.0 kg (SD = 4.2 kg)
respectively). In terms of the sons, most were normal weight at conscription (79%) and had a
mean SBP of 131 mmHg (SD = 11.1 mmHg) and a mean DBP of 69 mmHg (8.4 mmHg),
and the unadjusted prevalence of hypertension was 17% (SBP mean = 146 mmHg (SD = 5.0
mmHg) and DBP mean = 75 mmHg (SD = 7.7 mmHg)).

In the larger population of men (N = 89,829), we found an overall statistically significant
association between GWG and SBP (adjusted as per model 3, as seen in Table 4 below)
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(SBP: B = 0.03 mmHg per 1-kg greater GWG (95% CI: 0.01, 0.04). This motivated further
analyses within sibling pairs, as this association might have been confounded by shared
genetic and environmental factors. However, as displayed in Table 4, no evidence was found
of any associations between GWG and BP, or the risk of hypertension, in the offspring at age
18 years, neither within sibling pairs (SBP: f = 0.03 mmHg (95% CI: -0.08, 0.14); DBP: 3 = -
0.03 mmHg (95% CI: -0.11, 0.05) and RR = 1.00 (95% CI: 0.99, 1.01)), nor between
unrelated families, after adjustments for several covariates (as per model 3). Similar null-
results were also seen when stratifying the BP analyses by the mother’s early-pregnancy BMI
(see the corresponding manuscript for details (158)).

Table 4. Associations of gestational weight gain with offspring systolic and diastolic
blood pressure, as well as the risk of hypertension, at 18 years.

Systolic blood pressure
Within effect” Between effect®
Statistical model® N B (95% CI) B (95% CI) P-value®
9,816
Model 1 0.03 (-0.06, 0.13) 0.03 (-0.04, 0.09) 0.93
Model 2 0.03 (-0.08, 0.14) 0.02 (-0.05, 0.09) 0.93
Model 3 0.03 (-0.08, 0.14) 0.03 (-0.04, 0.10) 0.95
Diastolic blood pressure
Within effect” Between effect®
Statistical model® N B (95% CI) B (95% CI) P-value®
9,816
Model 1 -0.05 (-0.12, 0.02) -0.05 (-0.10, 0.004) 0.91
Model 2 -0.03 (-0.12, 0.05) -0.05 (-0.10, 0.004) 0.79
Model 3 -0.03 (-0.11, 0.05) -0.04 (-0.09, 0.01) 0.79
Risk of hypertension
Within effect” Between effect®
Statistical model® N RR (95% CI) RR (95% CI) P-value®
9,816
Model 1 1.00 (0.98, 1.02) 1.01 (1.00, 1.02) 0.54
Model 2 1.00 (0.98, 1.03) 1.01 (1.00, 1.02) 0.66
Model 3 1.00 (0.98, 1.03) 1.01 (1.00, 1.02) 0.61

® Model 1 was adjusted for maternal age at birth, birth year, birth order and gestational age. Model 2 was
adjusted as for model 1 plus early-pregnancy BMI, maternal education and parity. Model 3 was adjusted as for
model 2 plus offspring’s age of conscription and conscription centre.

® Difference in offspring SBP or DBP (in mmHg) or risk of hypertension per 1-kg difference in GWG.

¢ Difference in offspring SBP or DBP (in mmHg) or risk of hypertension per 1-kg greater GWG.

¢ p-value to test whether the within and between effects differ, obtained by a Wald test.
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5 DISCUSSION

5.1 HERITABILITY OF GWG (STUDY 1)

To which extent is the variation in GWG determined by genetic and environmental factors,
and does it differ between two consecutive pregnancies?

5.1.1 Main findings

According to the model with the best fit, data from 380 MZ and 314 DZ twin mother pairs
showed that the variation in GWG for the mothers’ first pregnancy was explained to 43% by
additive genetic factors and to 57% by unique environmental factors. As for the second
pregnancy, with data from 242 MZ and 223 DZ twin pairs, the additive genetic component
was lower than the first pregnancy and explained 26% of the variation of GWG. The
remaining 74% was explained by unique environmental factors. For the bivariate analysis, we
had data on a smaller group of twin pairs (143 twin pairs), as they needed to have complete
data on both their first and second pregnancies. We found that both additive genetic and
unique environmental factors influenced both of the pregnancies, although separate and
specific additive genetic and unique environmental factors also seemed to influence the
second pregnancy.

5.1.2 Results in relation to previous research

To my knowledge, this is the first study which has investigated the heritability of GWG —
direct comparisons with the results from previous research can therefore not be made. The
main focus of previous studies has been on examining the environmental determinants of
GWG (as discussed in more detail in chapter 1.1.4) (126, 159, 160), very little is therefore
known about its influences from genetic factors. A few studies have looked into the relation
between specific genetic variants and GWG (or increasing GWG) (67-69). Two studies found
that genes which previously have been linked to obesity or Type 2 diabetes were also
associated with GWG (67, 68), whereas a study by Lawlor et al. did not find that neither
maternal nor foetal adiposity-related genetic variants were related to GWG (69).

In terms of assessing the heritability of other growth-related traits, earlier twin studies have
primarily looked at the heritability of BMI and the estimates have generally been quite high,
around 50-80% (70, 71, 161-163). Despite the rather high heritability, the located genetic
variants related to BMI were, in a recent genome wide association study, shown to explain
only < 3% of the total variation in BMI (72). Due to this difficulty in locating genetic variants
(even for traits with a high heritability), taking into account that our results suggest that the
heritability of GWG is moderate, it is perhaps not surprising that the earlier studies
identifying genes related to GWG had conflicting results (67-69). Furthermore, these studies
have focused on adiposity- or diabetes-related genetic variants, and as GWG includes other
components (e.g. foetus and placenta) than the maternal increase in adipose tissue, GWG is
most likely also influenced by other biological and genetic pathways.
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5.1.3 Methodological considerations

5.1.3.1 Strengths

The main strength of this study is that we had access to unique data from national registers
enabling us to conduct, what we know as, the first study investigating the heritability of
GWG. Due to the rather large sample size of the univariate analyses we also had the
opportunity to estimate the heritability in two consecutive pregnancies. The data on GWG
and on all covariates, apart from maternal height (used to calculate early-pregnancy BMI),
was register-based and to a large degree objectively measured. The extent of self-report in
terms of data on early-pregnancy and delivery weight from the MBR is unknown, as the time
it takes to measure the women highly depends on each individual situation and the priorities
made. As for self-reported maternal height, the validity of this measure has previously been
reported to be high and the magnitude of the likely overestimation small (164).

The generalizability of our results based on adult MZ twin mothers to a more general
population of singleton mothers (with similar demographic characteristics) should be fairly
good, as adult twins are highly representative of the general population for almost all traits
(153).

5.1.3.2 Limitations

A general limitation with the classic twin design used in this study (SEM models) is that the
shared environmental (C) and dominance genetic (D) components cannot be estimated
simultaneously (in a hypothetical ACDE model) (165), which might be a reason why we
were unable to detect effects from these components in our models. As a consequence of
underestimating some of the non-additive (dominance) genetic effects, we might have
overestimated the additive genetic component (A) (i.e. the heritability estimate of GWG), as
well as underestimating the effects from common environmental effects. In fact, a recent
study by Chen et al., which investigated the heritability of anthropometric traits such as
weight and BMI by using both the classic twin-based design and Single Nucleotide
Polymorphism (SNP)-based models, showed that the role of the dominance genetic effect
was greater than previous studies had estimated (166).

If we believe that common environment plays a role in the variation of GWG, one should
consider the biological plausibility behind these possible common environmental effects. As
the twin mothers have not shared the same environment during their pregnancies (common
environment), the possibility of this type of environmental influence is therefore small, if
even existing. In order to investigate this issue further, hence simultaneously estimating C
and D, future studies would require additional information from other relatives (e.g. adopted
siblings and non-twin siblings) or from SNP-based models (although challenging in terms of
achieving adequate sample sizes) (166).

We found that the unique environmental component was rather large (compared to other
weight traits such as BMI, as discussed in chapter 5.1.2) in both the first and the second
pregnancies (57% and 74% respectively). However, due to the fact that any potential
measurement error is also being modelled as part of this unique environmental component
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(e.g. variation in the measurement procedures and the reporting of the early-pregnancy and
delivery weights, such as self-reported weights and different scales being used), the influence
from this component might be overestimated. Another aspect which is part of the unique
environment (specific to each twin mother) is the genetic contribution, in terms of growth
potential, from the father. This has been shown, by taking the paternal birth weight into
account, to also influence the offspring’s birth weight (which is a proxy for the foetal growth
and size) (40, 167).

Although the generalizability of results from studies on adult twin mothers to a more general
population of singleton mothers appears to be good (as previously discussed), the external
validity in terms of the representativeness of the women included in this specific study is
uncertain for several reasons. As mentioned in the introduction, data on GWG was available
for 76% of the women who gave birth between 1982 and 1989, compared to only 33% who
gave birth between 1992 and 2010, from the national birth register (MBR). As for all issues
with missing data, it is difficult to tell whether this underreporting is systematic (i.e. the
mothers who gained a healthy amount of pregnancy weight were less closely monitored and
therefore lacked data), or non-systematic (i.e. mothers’ weight, regardless of BMI or amount
of weight gain, was underreported due to e.g. the general time constraint in health care
settings). Due to this, the possibility of selection bias cannot be excluded.

5.1.4 Interpretations and Implications

The moderately high heritability estimate of GWG means that unique environmental maternal
factors such as diet and physical activity during pregnancy explain more than the majority of
the variation in GWG and therefore play a large role in influencing the trait. This could be
interpreted as supporting the concept of the pregnancy period often seen as a “window of
opportunity” when it comes to being able to change lifestyle habits which could possibly
influence the long-term health of both mother and child (168).

Although not statistically ascertained, the heritability estimate of the second pregnancy of the
twin mothers was considerably lower than the estimate of the first pregnancy (h?= 0.26 and
0.43 respectively). As the female body goes through larger physiological adaptations (which
could be determined by genetic factors to a large extent), during the first compared to the
second and consecutive pregnancies, this could be a possible biological mechanism
explaining the lower heritability estimate of the second pregnancy.

In terms of the bivariate results, it should firstly be mentioned that the results need to be
interpreted with caution due to the small sample size. One may speculate that the distinct
genetic and unique environmental influences, on the observed variation in GWG for the first
and second pregnancies, could be due to epigenetic changes from one pregnancy to the next
(e.g. genes being switched on or off). As for the unique environmental factors, it is likely that
lifestyle factors which influence the variation of weight gain during the first pregnancy (such
as maternal dietary habits), are similar to those of the second pregnancy. Therefore they could
possibly also play a role in influencing the variation of GWG during the second pregnancy.
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However, we also found evidence for separate non-shared environmental factors influencing
only the variation in GWG of the second pregnancy.

5.2 GWG AND OFFSPRING WEIGHT AT BIRTH AND BMI DURING
CHILDHOOD (STUDY 2)

Is there an association between total and trimester-specific GWG and weight/ BMI in the
offspring at birth and during childhood, when taking genetic and environmental
characteristics, shared between the mother and child, into account?

5.2.1 Main findings

From the vast data collection on MZ twin mother-pairs and their children, we managed to
retrieve complete data on GWG and birth weight, weight at 1 year and BMI at 5 and 10 years
for 82, 71, 69 and 57 twin pairs, respectively. We found that birth weight was associated with
total GWG (0.08 z-score units per 1-kg mean increase in GWG, corresponding to
approximately 43 g) when taking shared genetic and environmental factors into account. As
for the effects of GWG specific to each trimester, no statistically significant findings were
found once adjusting for genetic and environmental factors shared between the mother and
child.

However, due to the magnitude of the effect sizes of the second (approximately 682 g in birth
weight per 1-kg mean increase in GWG) and third trimester weight gains (approximately 490
g in birth weight per 1-kg mean increase in GWG), these results could indicate that GWG
during these specific trimesters could be associated with children’s birth weight. In terms of
longer follow-up in the children, although statistically weak, no associations were found
between both total and trimester-specific GWG and offspring’s weight at 1 year and BMI at 5
and 10 years.

5.2.2 Results in relation to previous research

In line with the results from study 2, the majority of studies have found significant
associations between offspring birth weight and weight gain during all trimesters, as well as
with total GWG (43, 93-95). A few studies however found that only the effects during the
beginning and/or the middle of the pregnancy period were associated with the birth weight
(96, 97).

As mentioned in the introduction, some studies have also detected associations between total
GWG and offspring birth weight after controlling for shared genetic and/or environmental
factors, using within sibling pair analyses (12, 125, 126). The results from our study also
confirmed this independent association between total GWG and birth weight. We are only
aware of one previous study which has been able to take shared genetic and/or environmental
factors into account when investigating the possible trimester-specific effects of GWG on
offspring birth weight (125). In a cohort of full siblings born before and after maternal
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bariatric surgery, the researchers found stronger effects specifically during the second
trimester within the sibling pairs (B = 0.93 z-score units, 95 % CI: 0.26, 1.59). Although not
statistically significant, our results also indicated that the weight gained during the second
trimester had the strongest effects on offspring birth weight, although our findings also
suggested that third trimester GWG could possibly also affect offspring birth weight.

The studies which have attempted to investigate the association of GWG and childhood
weight and/or BMI, independent of shared mother-child genetic and/or environmental factors,
are very scarce and their findings inconsistent (125, 127, 128). In the study by Ludwig et al.
(128), the authors found that total GWG was associated with offspring BMI at around 12
years of age (B = 0.02 kg/m? per 1-kg increase in GWG, 95% CI: 0.01, 0.03), even when
adjusting for common genetic and/or environmental factors by means of full sibling pairs. On
the contrary, Branum et al. (127) failed to detect any within-sibling pair association between
total GWG and BMI in the children at 4 years. Berglind and colleagues (125), who also
looked at sibling pairs at the ages 4 and 6 years, found no statistically significant associations,
neither before nor after adjusting for shared genetic and/or environmental factors. However,
as the effect size of the positive within-sibling pair association found in the study by Ludwig
et al. (128) was very small and might be explained by unmeasured confounding (from
unshared factors), it is difficult to determine whether or not this result could be clinically
relevant. Similar to the null-findings of the study by Branum et al. (127), we did not detect
any associations of total or trimester-specific GWG and infant or childhood weight/BMI
within-sibling pairs, although we could not validate these findings as null-results were also
found in the between-sibling pair analyses.

5.2.3 Methodological considerations

5.2.3.1 Strengths

One of the major strengths of this study was that we were able to reduce confounding from
shared genetic and environmental factors by analyzing within-pair differences of GWG and
child weight/BMI. As the offspring of MZ twin mothers are genetically like half-siblings, i.e.
they share only 25% of their genotype, we were unable to eliminate confounding from shared
genetics completely. In comparison, studies conducted in full-siblings are able to control for
more of the shared genetic confounding as they share 50% of their segregating genes. Yet, the
offspring-of-MZ-twins design has a potentially larger exposure variability (generally
requiring a smaller sample size (169)), due to the fact that the twin mothers within each pair
had separate and unique environments during pregnancy (perhaps including different eating
habits and lifestyles). Moreover, we were also able to control for parity, which is a known
confounding factor, by restricting our analytical cohort to include only children of the same
parity in each twin pair. This is another advantage of using MZ twin mother-pairs compared
to full sibling pairs.

As we collected the data ourselves, we had the possibility to extract detailed data on GWG
from medical records, which enabled us to investigate both total and trimester-specific effects
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of GWG. Although gathering data from registers would have given us an increased power
and population-based data, the national registers which we had access to do not offer detailed
measurements of GWG, as well as infant and childhood weight and height data in the
offspring.

5.2.3.2 Limitations

There are several limitations which should be taken into account when interpreting the results
of this study. First of all, due to several difficulties in the recruitment phase, as well as with
the tedious data collection, the sample size of the study ended up being relatively small. As
seen in the flow chart in Figure 6, the largest number of twins whom we lost during the
recruitment phase was due to the fact that they declined participation in the study (either
actively through a decline during the first telephone contact, or passively by not picking up
the phone). Twins, and especially monozygotic twins, are a popular subject group in research
and highly sought after by twin researchers. Many twin mothers have already participated in
plenty of studies throughout their lifetime and it is therefore likely that the majority of women
we contacted did not pick up the phone, or actively declined participation, for this reason. In
fact, a large number of the women we spoke to during the telephone interviews reported that
they participated in other studies during that time, or simply that they had decided not to
participate in any research projects at all (mostly due to time constraints). At the point of
retrieving the data from medical records, we had trouble locating the medical records (at the
national archives or health care centres), especially for the older children as many of their
records had been destroyed or lost by the archives.

We cannot exclude a certain amount of selection bias in terms of the women who chose to
participate, as the majority of the mothers participating were of normal weight at the
beginning of their pregnancy (~ 80%) and gained a healthy amount of weight during
pregnancy (mean weight was ~ 14 kg). For these reasons, it is fair to assume that the
participants might generally be healthier than the non-participants. As many studies have
found that educational level is inversely associated with weight and BMI (170), we asked the
mothers’ who did not want to participate about their educational level during the first
telephone interviews to find out whether the non-participants differed from the participants in
this aspect. However, most women did not want to disclose this information. Nonetheless,
according to the descriptive statistics of our cohort, the distribution was fairly equal across all
four categories of the highest educational level achieved (see Table 1 in the corresponding
manuscript for details). The twin mothers may therefore be representative of the general
population in terms of educational level. As for ethnicity, a recent study found that the
association of GWG and birth weight differed by ethnic origin (171), and as the participating
women were mostly white Caucasian our findings might therefore not be generalizable to
other ethnic groups.

5.2.4 Interpretations and Implications

Although statistically non-significant, our results suggested that both total and trimester-
specific GWG during the second and third trimester may be associated with offspring birth
weight, partially independent of common genetic and/or environmental factors. An
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explanation for these possible trimester-specific associations could be that weight gained
during mid- and late pregnancy represents a larger increase in foetal mass, and is therefore
more strongly associated with the foetus’ weight at birth, compared to the weight gained
during early pregnancy which mainly comprises maternal body fat accumulation (73).

The effect sizes of these suggested trimester-specific associations were approximately 682 g
and 490 g in birth weight for the second and third trimesters respectively per 1-kg mean
weight increase per week in GWG. It has been found that a 1-kg increment in birth weight
can increase the prevalence of overweight in childhood and adolescence of about 30% (172).
Our findings may therefore be interpreted as both total GWG and weight gain specifically
during the second and third trimester could be important for reducing the risk of childhood
overweight and possibly obesity in the offspring.

5.3 GWG AND OFFSPRING BLOOD PRESSURE IN YOUNG ADULTHOOD
(STUDY 3)

Is there an association between GWG and BP, and the risk of hypertension, in the offspring
during early adulthood, when taking shared genetic and environmental factors into account?

5.3.1 Main findings

We found that there was a statistically significant association between GWG and SBP in the
offspring at 18 years in a larger population of non-brothers. However, in the smaller cohort of
around 10,000 full brothers, no evidence was found of an association between GWG and
offspring BP, or the risk of hypertension, between the sibling pairs (158). Similarly, no
associations were found when taking shared genetic and environmental factors into account.

5.3.2 Results in relation to previous research

As discussed briefly in the introduction, few studies have investigated the association of total
GWG and BP in the adult offspring. These studies were conducted among unrelated
individuals and show conflicting results (13, 120-123). Two studies found that GWG was
statistically significantly associated with SBP at 20 and 32 years respectively (120, 122),
although the effect sizes were rather small and only borderline significant (B = 0.21 mmHg
per 1-kg increase in GWG, 95% CI: 0.003, 0.41 and p = 0.3 mmHg, 95% CI: 0.0, 0.6
respectively). Contradictory to these positive findings, the other three studies found no
significant associations with offspring SBP/DBP at the ages of 17, 21 and 32 years (13, 121,
123). Mamun et al. (13) also looked into the possible association of GWG and the risk of
hypertension at 21 years but found no significantly increased risk. Although we did find an
overall association between GWG and BP at 18 years in unrelated individuals, the effect size
was very small ( = 0.03, 95% CI: 0.01, 0.04) and only borderline significant. Therefore, in
line with these studies which have shown null-findings, our results from the analyses carried
out in the offspring who were unrelated also indicated that GWG seemed to have a very small
effect on offspring’s BP.
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To my knowledge, only one study has attempted to take possible confounding from shared
genetics into account when studying the relationship between GWG and offspring BP (121).
Wander et al. added genetic risk scores to the analyses to adjust for maternal genetic variation
(121). These were created by using SNPs which were most predictive of pre-pregnancy BMI,
GWG and the outcome of cardiometabolic risk in the offspring. However, no associations
were found between GWG and offspring BP (neither SBP nor DBP) at age 32, both before
and after this adjustment. Similar to this study, our results also showed that GWG was not
related to BP in the children at 18 years, both between and within sibling pairs.

5.3.3 Methodological considerations

5.3.3.1 Strengths

The prospective design with follow-up in the offspring at 18 years, the population-based
nature, and the ability to examine the association of total GWG and BP, as well as the risk of
hypertension, in the offspring while taking unmeasured shared environmental and genetic
factors into account, were the major strengths of this study. The unmeasured confounding
which we could, by design, adjust for includes fixed maternal factors (such as height and
possibly socioeconomic status and to some extent lifestyle-related factors). It also includes
offspring-related risk factors associated with BP and hypertension in young adulthood, (such
as a high alcohol intake and low physical activity (173, 174)) which are likely to be more
concordant within than between sibling pairs.

In contrast to many of the earlier studies, we obtained objectively measured data (for the
majority of variables) on both exposure and outcome measures from national registers, hence
reducing possible bias from self-reported data. As written previously, data on GWG (early-
pregnancy and delivery weight) extracted from the MBR was available for 76% of the
women in our cohort (delivering between 1982 and 1989), compared to around 33% for the
women delivering during the later years (1992 to 2010). This implies that the
representativeness of this Swedish cohort of mothers seem fairly good in terms of their GWG
measures.

5.3.3.2 Limitations

One of the limitations of this study is that we did not know the true values of the early-
pregnancy and delivery weights above 98 kg (due to errors in the coding in the MBR, all
values above 98 kg have been coded as 99 kg for the children born 1982-1989). As a
consequence, the variation in GWG (exposure variability) of our study is likely to be smaller
(especially in the higher ranges of GWG and the early-pregnancy weight) than that of other
studies, and we can therefore not extrapolate our results beyond our population of mothers
weighing up to 98 kg. This limited exposure variability, together with the fact that we
generally had a very small discordance in GWG between the two pregnancies (0.2 kg
difference in mean GWG), could be possible explanations for the null-associations we
observed between GWG and offspring BP and/or risk of hypertension. Additionally, in terms
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of external validity, as the study was carried out in a Swedish setting and due to that the
military service inscription tests were only mandatory for men, we cannot generalize our
results to women and to other ethnicities than white European.

A possible explanation for the rather high unadjusted prevalence of hypertension (~ 17%)
(defined as SBP > 140 mmHg or DBP > 90 mmHg) in this cohort of young men could be the
tendency for rounding up the BP measurements to the nearest 5 or 10 digit, which we
identified when observing the distribution of the BP measurements of our cohort. As an
example, there were around 100-200 individuals who had a SBP of 136 to 139 mm Hg, but
1164 individuals who had a SBP of 140 mmHg. Similar patterns also existed for SBP of 120,
125, 130 and 135 mmHg. However, this limitation is likely to only affect the validity of the
specific measurements of the BP (which therefore affects the prevalence of hypertension) and
not our main analyses of the associations of GWG with BP.

The sibling-comparison design accounts for all unmeasured shared genetic and environmental
factors which are fixed from one pregnancy to the next (as explained in chapter 3.3.1.2).
However, the model does not control for unmeasured factors which make the siblings
dissimilar (e.g. pregnancy-specific factors such as different lifestyle factors), which is why
we further adjusted the analyses for possible confounding factors (such as early-pregnancy
BMI, maternal age and parity). However, we cannot exclude the possibility of residual
confounding from factors which we lacked data on. Although, as we observed null-
associations, and these potential confounding factors are likely to dissimilate any true
associations, this limitation seems to be less of an issue.

5.3.4 Interpretations and Implications

The null-associations which we observed between total GWG and young adult BP in the
offspring could either be a true null-finding or due to other mechanisms in which GWG is
related to offspring BP. The findings from two large studies suggest that one such mechanism
could be that cardiometabolic traits, such as BP, are related to the weight gain only during
specific trimesters of the pregnancy. In the study by Fraser and colleagues (101), the
association between weight gain during pregnancy and cardiovascular risk factors at age 9 in
the offspring was only observed during mid-pregnancy (gestational weeks 14-36). Similarly,
Gaillaird and colleagues (113) also found an association between GWG and SBP in 6-year
old children only during gestational weeks 13.4-29.9 (early- (up to 14 weeks) to mid-
pregnancy (around weeks 14-27)). Nonetheless, these studies were only conducted in
unrelated children, and at a young age — it therefore remains to be investigated whether these
associations exist in offspring of older ages, as well as after adjustment for familial
confounding.

In order to understand whether or not GWG is in fact associated with BP and other
cardiometabolic risk factors in the adult offspring, it is important to gather a collective
understanding from all studies which have been conducted in this field. This is however
difficult as an overall understanding requires all findings, regardless of the result, to be
published. Publication bias, i.e. studies which have not been published due to their findings of
no association between GWG and offspring BP, is therefore an important issue to consider.
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6 CONCLUSIONS

The overarching aim of this PhD thesis was to examine the effects of weight gain during
pregnancy in terms of the children’s body size (during infancy and childhood), and blood
pressure (in young adulthood). We also wanted to estimate how much genetic and
environmental factors influence the variation in GWG. As an attempt to address these aims
we conducted the three studies included in this thesis, from which we may draw some
tentative conclusions:

Gestational weight gain seems to have a small effect on the children’s birth weight, even after
accounting for familial (genetic and environmental) factors. When investigating the weight
gain in each trimester of the pregnancy, there might be effects on children’s birth weight only
during the second and third trimester. There seems to be no effects of GWG in terms of the
children’s weight and BMI during infancy and childhood (ages 1, 5 and 10 years).

As for more long-term effects, the total weight gain during pregnancy does not seem to be
associated with the blood pressure, or the risk of hypertension, in 18-year old male siblings.
This is true also when taking genetic or environmental factors shared between the mother and
child into account.

Unique environmental factors, such as the mother’s lifestyle during pregnancy, seem to
explain a large part of the variation in the weight gained during pregnancy. The genetic
influence on the variation of GWG appears to be relatively small (around 30-40%).

The aforementioned unique environmental factors seem to influence the variation of the
weight gain during mothers’ second pregnancy to a larger extent than the first. It also appears
that the same environmental and genetic factors affect the variation in GWG during both the
first and the second pregnancy (so called overlap). Separate/unique environmental and
genetic factors also influence the variation in the weight gain only during the second
pregnancy.

Overall, according to the collective evidence from previous studies in unrelated individuals,
GWG (both total and trimester-specific) seems to be positively associated with the children’s
weight and BMI. However, when taking familial confounding into account, evidence is still
inconclusive — especially in terms of children’s weight and/or BMI after the infancy period
and in terms of more long-term effects into adulthood. Although this thesis adds some
knowledge to this important area (despite its rather inconclusive results), further large,
family-based studies with long follow-up in the children are still needed.

6.1 FUTURE RESEARCH

As mentioned previously, small sample sizes, where we had detailed data on GWG (study 2),
and the resulting low statistical power clearly hindered us from achieving our research aims.
In order to obtain larger sample sizes with detailed data of good quality, routine
measurements of weight gain during pregnancy in the antenatal care is crucial.

However, as written in the conclusion, strong, unbiased evidence on the long-term effects of
GWSG in the children is still scarce. Due to this, many countries such as the UK, have decided
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not to introduce routine weighing during pregnancy as part of their antenatal care services
(175). The dilemma is therefore that in order to gather more conclusive evidence from valid
data, monitoring and measuring the weight gain during pregnancy at different time points (at
least once in each trimester) is crucial. Ideally, to achieve this, detailed and objectively
measured data could be gathered in the antenatal care and routinely reported to a national
birth register (as is the case for Sweden, although trimester-specific weight measurements are
lacking). Alternatively, self-weighing and self-monitoring by the women themselves, e.g.
through simple smartphone applications, could be another option to reduce the burden on the
already resource-restricted antenatal care and its staff (176, 177).

The same type of objective data on the children’s weight and height could also be collected
(and reported to a national register) from the child health care centres and schools. Matching
and linking these data on both mother and child from national registers would allow
researchers to obtain sufficient power in studies with long-term follow-up. This is important
in order to be able to provide more robust and valid results, thus more conclusive evidence.
Applying methods which can address the genetic and shared environmental confounding,
such as the sibling-comparisons’ design used in this thesis, is also important to attain a better
understanding of the underlying pathways and mechanisms behind the observed associations
between GWG and children’s weight/BMI and other health outcomes.
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