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ABSTRACT

Aims: To examine whether glycemic aspects of maternal diet, affects the risk of
preterm delivery or of having a small for gestational age (SGA) or large for gestational
age (LGA) baby.

Subjects and methods: The studies included pregnant women from the
Norwegian Mother and Child Cohort Study (MoBa). Study I included 60,761, Study I1
and Study III (part II) 66,000, Study III (partI) 65,487 and Study IV included 65,904
women. Information about maternal diet was collected in mid-pregnancy with a self-
reported, validated food frequency questionnaire. Data on covariates were obtained
from responses to two questionnaires during pregnancy. Information on gestational
length and birth weight was obtained from the Medical Birth Registry of Norway.
Binary logistic regression, Spearman’s correlation coefficient and factor analysis
were used to analyze data. Unadjusted and adjusted analyses were performed.

Results: Paper I: More than one daily serving of sugar-sweetened beverages
was associated with a 25% increased risk of preterm delivery, the same intake
of artificially sweetened beverages was associated with an 11% increased risk,
compared to non-intake. Paper II: High intake of a “prudent” dietary pattern was
associated with an 11% lower risk of preterm delivery, compared to low intake. A
high prudent intake was associated with lower risk of both late and spontaneous
preterm delivery. No independent association was found for the “Western” dietary
pattern. High adherence to the “traditional” dietary pattern was related to a 9%
reduced risk. Paper III: High adherence to a “main meal” frequency pattern was
associated with an 11% reduction in preterm delivery risk, as well as reduced
risks of late preterm delivery and of preterm delivery in overweight women. No
associations were found between preterm delivery and glycemic load, glycemic
index, carbohydrates, added sugar or dietary fiber. Paper IV: The “high prudent”
diet was associated with increased risk of SGA and decreased risk of LGA. The “high
traditional” diet was associated with increased LGA risk.

Conclusions: Maternal diet may be an important risk factor for preterm delivery.
Food quality may be relevant for SGA and LGA risks. The role of maternal diet in
adverse pregnancy outcomes requires further study.

Keywords: Preterm delivery, SGA, LGA, sugar-/artificially sweetened drinks,
dietary patterns, meal frequency, glycemic index, glycemic load, carbohydrates,

sugar, fiber.
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SAMMANFATTNING PA SVENSKA

Den gravida kvinnans kost paverkar det vixande fostret och man har boérjat
intressera sig for hur kostintag paverkar graviditetsutfallet. Syftet med den har
avhandlingen ar att studera hur mammans kost under graviditeten, sarskilt kostens
glykemiska egenskaper, paverkar risken att foda for tidigt och risken att fédas for
liten (SGA) eller for stor (LGA) for tiden. Dessa tillstand kan vara kopplade till 6kad
sjuklighet hos barn.

Vi har anvant data fran den stora norska nationella graviditetskohortstudien
"Den norske mor og barn-undersgkelsen” (MoBa), varifrain 60 761 kvinnor
inkluderades i studie I, 66 000 kvinnor i studie II och studie III (del II), 65 487 i
studie III (del I) och 65 904 kvinnor i studie IV. Kvinnorna besvarade ett detaljerat
och validerat frageformuladr angdende kostintag under graviditeten. Kostformularet
naringsvardesberdknades. Vi har dven anvidnt oss av tva andra frageformular,
som kvinnorna har svarat pa under graviditeten, for information om Ovriga
kofaktorer. Information om graviditetslangd och fodelsevikt har hamtats ur Norska
Fodelseregistret.

Delarbete I: Ett hogt intag av socker och artificiellt sotade drycker var kopplat
till en dkad risk for fortidsbord. Mer an ett glas per dag var associerat till 25 %
respektive 11 % o6kad risk for fortidsbord, jamfort med inget intag. Delarbete II:
Gravida som at rikligt med “halsosam” kost, dvs. hogt intag av raa gronsaker, frukt,
bér, olja, vatten som maltidsdryck, fullkornsflingor och fiberrikt brod, hade 11 %
minskad risk for fortidsbord, jamfért med kvinnor med lagt intag av motsvarande
kost. Sambandet var ocksad signifikant avseende sen och spontan fortidsbord.
Kvinnor som at mycket "husmanskost”, dvs. kokta gronsaker, kokt potatis, fisk och
lattmjolk, hade 9 % minskad risk for fortidsbord, jamfort med kvinnor med lagt
intag. Delarbete III: En regelbunden maltidsordning (frukost, lunch, middag) var
associerat till 11 % minskad risk for fortidsbord. Det fanns inget samband mellan
fortidsbord och glykemiskt index, glykemiskt load, kolhydrater, tillsatt socker eller
kostfiber. Delarbete IV: Hogt intag av hdlsosam mat 6kade SGA-risken och minskade
LGA-risken. Hogt intag av husmanskost 6kade LGA-risken.

Studierna visar att kosten kan paverka risken for fortidsbord och avvikande
fodelsevikt. Kostens betydelse under graviditet bor studeras ytterligare eftersom
manga kvinnor da dr motiverade till livsstilsforandringar. Forhoppningen ar att
eventuellt kunna bidra till minskad férekomst av dessa tillstand.
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PREFACE

As an obstetrician, I deal on a daily basis with complications arising from preterm
delivery and with babies who are small for gestational age (SGA) or large for
gestational age (LGA). Preterm-born infants are especially vulnerable and present
challenges for health-care staff, affected families and, not least, themselves, often
with long-term consequences. Moreover, infants who are born SGA or LGA due to
medical issues require special management.

As I am also a dietician, [ am interested in issues related to nutrition, especially
whether and how nutritional factors can affect health-related outcomes and illness,
and whether this knowledge can contribute to prevention. Therefore, I was thrilled
at the opportunity to study maternal diet in relation to adverse pregnancy outcomes.
If diet is indeed related to any of these conditions, it is exciting to think that altering
maternal diet might prevent them to some extent. However, diet is a very complex
phenomenon and not easily studied, especially in pregnant women.

In this thesis, [ have tried to comprehensively present the relationships between
maternal dietary glycemic characteristics and the phenomena of preterm delivery
and abnormal birth weight. Pregnancy is a state of insulin resistance and high
postprandial plasma glucose levels can have multiple negative long-term effects,
e.g. increased oxidative stress with endothelial dysfunction and unfavorable plasma
lipid composition, with consequent vascular damage. This could possibly affect the
risk of adverse outcomes.

Since soft drinks are a major source of sugar intake, artificially sweetened (AS)
soft drinks are usually recommended as an alternative. However, there have been
reports that women who consume AS beverages are at increased risk of preterm
delivery. Furthermore, beverage choice is usually associated with overall diet. In
a mixed diet, nutrients act together, making it difficult to assess the impact of an
individual food in relation to preterm delivery or abnormal birth weight. Assessing
overall dietary patterns is one way to overcome this problem. Furthermore, meal
frequency has been shown to affect the risk of preterm delivery in animal trials,
although meal frequency recommendations have been removed from guidelines for
humans, due to lack of supporting evidence. Assessing meal frequency patterns in
relation to preterm delivery is thus important. In this context, other components of
maternal diet/nutrition, such as glycemic index, glycemic load, total carbohydrates,
added sugar and dietary fiber, should also be considered and assessed in relation
to preterm delivery. Maternal energy intake is of major importance for fetal growth

Xi



and it affects birth weight. However, the issue of whether the quality of maternal diet
influences the risks of SGA or LGA has not been sufficiently studied.

In this thesis, my aims were to investigate glycemic properties of maternal diet
in relation to preterm delivery and abnormal birth weight, defined as SGA and LGA.
My overall motivation was to contribute new scientific knowledge that could provide

supportive evidence for preventive interventions.
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AS Artificially sweetened
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BMI Body mass index

BPD Biparietal diameter
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CNS Central nervous system
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MAD
MAR
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Matrix metalloproteinase

Missing not at random

The Norwegian Mother and Child Cohort Study
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Preterm delivery

Preterm labor

Randomized control trial

Reactive oxygen species

Small for gestational age
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BRIEF DEFINITIONS

Energy density The amount of energy stored in a food or beverage

per unit of volume or mass

HPA-axis Hypothalamic-pituitary-adrenal axis: important
in central stress responses and regulates several
bodily processes

IL-1B, IL-6, IL-8 Pro-inflammatory cytokines, important in immune

responses caused by inflammation or infection

IL-33 Pro- or anti-inflammatory cytokine with a pro-
inflammatory function in the senescence process
of maternal membranes

MCP-1 One of the key chemokines that regulate monocyte

and macrophage migration and differentiation

MMP An enzyme that is important for the regulation
of cell behaviors, e.g. proliferation, migration,
differentiation and apoptosis. A key enzyme in
the deregulation of tissues that is important for

delivery

TNF-a A cytokine involved in systemic inflammation

XV






1. INTRODUCTION

This introductory section outlines current knowledge concerning preterm delivery
and abnormal birth weight and their respective links to health problems. Risk
factors, prevalence, potential mechanisms and treatment regimens are presented,
followed by a brief explanation of the importance of maternal diet during pregnancy
and mention of some of the studies that inspired the studies reported in this thesis.
Dietary assessment methods, important for comprehending the subsequent sections

are also presented.

1.1 Preterm delivery

Pretermbabies,i.e.babiesbornbefore 37 complete gestational weeks, are atincreased
risk of several severe neonatal complications such as intraventricular hemorrhage,
bronchopulmonary dysplasia, respiratory distress syndrome and severe infections.
These babies also have a higher risk of developing lifelong complications such as
impaired vision, impaired hearing, cerebral palsy, other CNS lesions and ischemic
heart disease (1-5). Overall preterm delivery accounts for almost 75% of perinatal
mortality (6) and increases the risk of long-term consequences nine-fold (7).

Definitions of preterm delivery

Preterm delivery is defined as giving birth before the completion of 37 gestational
weeks (8), or at less than 259 days from the first day of the last menstrual period
(LMP). It can also be defined based on ultrasound assessment (9). Preterm delivery
can be further subdivided according to length of gestation and mode of delivery
onset (10).

When it comes to gestational length late to moderately preterm delivery,
occurring at gestational weeks 32+0 - 36+6, is the most common category, accounting
for about 85% of all preterm deliveries. Early preterm delivery, occurring between
gestational weeks 28+0 and 31+6, accounts for 10% of preterm deliveries, while
extremely preterm delivery, occurring at less than 28+0 weeks of gestation, accounts
for the remaining 5% of preterm births (11).

Preterm delivery can also be categorized as spontaneous or iatrogenic. More
than half of preterm births are spontaneous. A spontaneous preterm delivery
usually starts as preterm labor (PTL), with irregular or regular contractions that
cause shortening and dilation of the cervix (12) (Figure 1). However, spontaneous
preterm delivery can also start as preterm pre-labor rupture of membranes
(PPROM), in which the fetal membranes break and the amniotic fluid leaks out

17
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before onset of contractions. In most cases of PPROM, contractions start within 24

hours of membrane rupture (13).

Spontaneous preterm delivery

Figure 1. Clinical presentations of PTL and PPROM. lllustration: Jan Funke.

latrogenic preterm delivery comprises medically induced deliveries, including
cesarean sections, due to suspected or confirmed maternal or fetal medical
conditions (10).

Prevalence of preterm delivery
In total, 14.9 million babies were born preterm worldwide in 2010, representing
11% of all births, although preterm birth rates differ widely in different parts of
the world. More than 60% of preterm deliveries occurred in sub-Saharan Africa and
South Asia (14). The rate of preterm delivery in Europe is 5.5%-10% (15-17). In the
US, the prevalence is higher, about 11%, while in Canada the rate is about 8% (15).
In the Nordic countries, the prevalence is lower, 5%-7% (18).

The overall rate of preterm delivery is increasing worldwide (10), but has leveled
out in the so-called very high human development index (VHHDI) countries, e.g.
Sweden (19). The rate has declined somewhat in the US (20). Comparing preterm
delivery rates in different countries is challenging. Assessment of gestational length
and registration of birth differ, especially as countries register early deaths differently.
Furthermore, different healthcare systems and socioeconomic conditions must also

be taken into account. Differences in body mass index (BMI), maternal age, ethnicity,

18



Glycemic properties of maternal diet in relation
to preterm delivery and abnormal birth weight

multiple pregnancy rates (16), and in vitro fertilization (IVF) rates also contribute to
varying preterm delivery rates (16, 19). However, these known differences between
populations fail to fully explain why preterm delivery rates differ, and further
research is thus needed (21).

Mechanisms of preterm delivery

Delivery is a complex process involving the interplay of many different organs and
hormones. The exact mechanisms of delivery and preterm delivery are still not
known but it is believed that several systemic changes lead to preterm delivery (22).

Inflammation plays a major role in the term and preterm delivery processes,
which are both complex. Briefly; the production of pro-inflammatory cytokines,
e.g. interleukin (IL)-1p, IL-6 and IL-8, increases in the inflammatory process. This
alters transcription of proteins that promote, for example, myometrial contractility,
and increases the number of progesterone receptors, oxytocin receptors, and gap
junction connexins in the tissues. Other pro-inflammatory cytokines, e.g. IL-6, IL-8,
monocyte chemoattractant protein (MCP)-1 and tumor necrosis factor (TNF)-q, are
involved in the process, increasing the production and secretion of prostaglandins
(PG), which in turn trigger uterine contractility, ripening of the cervix and
degradation of the amniotic membranes. These pro-inflammatory cytokines also
increase the expression of matrix metalloproteinase (MMP), which is responsible
for the breakdown of collagen in the cervix and fetal membranes (23-25).

Other inflammation mechanisms are also involved. Oxidative stress is an
important factor in preterm delivery. Reactive oxygen species (ROS) are formed in
the mitochondria during cellular respiration and high levels of ROS in tissues are
linked to chronic inflammation. An excess of ROS can cause changes in cellular DNA,
leading to apoptosis or reduction of the telomeres (the very ends of the genome),
which are linked to biological ageing or senescence (26). In this process, the ROS
particles accumulate in the amniotic fluid, causing aging of the amniotic membranes.
ROS induce an anti-inflammatory signal which releases different substances, e.g. IL-
33, heat shock proteins, cell-free DNA and telomerase fragments, that affect aging
and generate sterile inflammation. This leads to progesterone withdrawal in the
myometrium and onset of contractions (27).

Progesterone is important in pregnancy, and decreased levels are associated
with delivery. Administration of vaginal progesterone to women with a short cervix

has been found to prevent some cases of PTL (28, 29).
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Imbalances in other systems may also be important for triggering preterm
delivery. The hypothalamic-pituitary-adrenal (HPA) axis is important as a director
of the maturity process leading to delivery. Corticotropin-releasing hormone (CRH)
is found in both the placenta and the membranes. It is an important hormone,
responsible for altered pathways, leading to changes in the amniotic membranes,
increased uterine contractility and shortening of the cervix (30). It is also known that
placental CRH increases the production and secretion of PG, which in turn directly
cause myometrial contraction and PTL (25). In humans, increased CRH levels have
been found as early as at gestational week 16 in women who subsequently deliver
prematurely. Therefore, CRH has been suggested as the “placental clock” that
modulates the timing of delivery (30).

Twin studies have demonstrated that stretching of the uterus increases the
number of oxytocin receptors and sensitivity to contractions (31). Interestingly,
uterine stretching also triggers an inflammatory response, involving the release of
pro-inflammatory cytokines, important for preterm delivery (32).

Another known preterm delivery mechanism is placental abruption, which is
seen in about 1% of pregnancies. Risk factors for abruption include hypertension,
smoking, and infections (33).

Risk factors for preterm delivery

There are several known risk factors for preterm delivery. Women with hypertension
have a significantly increased risk (34), as do women with diabetes mellitus (35).
Interestingly, maternal insulin resistance, hyperglycemia and high postprandial
glucose levels are linked to polyhydroamnios and accelerating fetal growth, in
turn related to PTL (36). Maternal underweight and obesity are also associated
with preterm delivery (37, 38). Maternal weight-related complications, e.g. LGA
or hypertension, are common reasons for induction of labor (39). Indeed, labor is
induced more frequently in glucose-intolerant women (40).

Moreover, both chronic hypertension and diabetes increase the risk of placental
changes (41), thereby affecting placental oxygen exchange (42), which in turn
increases the risk of preeclampsia (43, 44). Women with preeclampsia are at
increased risk of iatrogenic preterm delivery (45). Other known risk factors include
multiple gestation and vaginal bleeding (46, 47).

Infections increase the risk of preterm delivery (48, 49), most commonly
with bacteria colonizing the lower genital tract, e.g. Gardnerella vaginalis,
Ureaplasma urealyticum, Mycoplasma hominis and various Bacteroides spp. (50,

51). While hematogenous spread is very rare, it is a pathway through which Listeria
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monocytogenes can disseminate. Moreover, several other bacterial infections
are associated with PTL and PPROM, e.g. Escherichia coli, Staphylococcus aureus,
Klebsiella spp, Haemophilus spp. and Trichomonas vaginalis (52-54).

The potential role of maternal diet and nutritional status in relation to preterm
delivery has been studied, with particular focus on the role of long-chain poly-
unsaturated marine fatty acids (55) and seafood (56, 57) Although promising, the
results are not conclusive (58-61). Relatively few studies have examined other
dietary components or dietary patterns in relation to preterm delivery, and more
studies are warranted.

While many risk factors for preterm delivery have been identified, the cause is
unknown in most cases (62) and further research is needed to prevent this condition
and its consequences (21).

1.2 Birth weight

According to national birth registry data, the average birth weight in Sweden and
Norway is around 3,500 g (63). In addition to gestational length, birth weight is
closely related to other factors, e.g. maternal pre-pregnancy BMI, educational level
and parity (64). Moreover, it is dependent on genetic growth potential and often
reflects the body size of both parents. The term intrauterine growth restriction
(IUGR) refers to a pathological condition in which the baby has not reached its
full growth potential (65). IUGR can have placental or cord-related causes or be
generated by other maternal or fetal factors (figure 2) (66).

Maternal causes:
. age
+ socioeconomic status
" s e IUGR SGA
smoking, alcohol
« poor dietary intake Normal Growth
- disorderse.g but small
hypertension, diabetes Placental causes:
« genetic factors + placental infections
*  velamentous umbilical
cord insertion
* multiple infarctions
« placental dysfunction
e.g preeclampsia
« genetic factors

Fetal causes:
* chromosomal
abnormalities
* genetic syndrome
* congenital anomalities
+ congenital infections
* metabolic disorders
« genetic factors

Figure 2. Causes of IUGR and relationships between IUGR and SGA (67).
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Definitions of SGA and LGA

SGA and LGA are terms used for babies whose respective birth weights deviate
from the norm for the respective gestational length. Unfortunately, there is no
internationally accepted definition of SGA or LGA. Table 1 presents three different
definitions used in Nordic and other European countries but other definitions are
used in other parts of the world. It is thus important to take divergent definitions
into account when comparing SGA and LGA prevalences and birth weight-related

outcomes in studies (68-70).

Table 1: Definitions of small for gestational age and large for gestational age

SGA/LGA, ultrasound-based definition <2SD or > 2SD of the expected birth weight,
according to Marsal’s ultrasound-derived growth

curves (68)

SGA/LGA, population-based definition <10% percentile or >90% percentile, according
to growth curves derived from the Norwegian
population-based growth curves for newborns
(69)

SGA/LGA, customized definition <10% percentile or >90™ percentile, suggested
by Gardosi (70), based on Hadlock’s ultrasound-
derived growth curves (71) and infant sex and
maternal weight, height, parity and ethnicity (72)

Prevalences of SGA and LGA

In 2010, more than 32 million babies were born SGA (population based- definition).
Since SGA includes both pathological conditions and genetically smaller, normal
babies, it is difficult to discern trends but it is believed that the prevalence of
pathological SGA has declined (73). In contrast, LGA is on the increase, largely due
to increased maternal BMI and maternal diabetes.

Risks and risk factors associated with SGA and LGA
Maternal nutrition is a major contributor to fetal growth (74) but endogenous and
exogenous factors can also cause growth to digress from its potential (75-77). SGA
is common but only a fraction of cases are caused by IUGR (78). IUGR increases
the risks of intrauterine fetal death (IUFD) (79), hypoxia during delivery (80) and
neonatal complications (81) such as hypoglycemia (82) and necrotizing enterocolitis
(NEC) (83).

Among the fetal causes of SGA are genetic potential, congenital malformations
and infections. Placental dysfunction can cause SGA and is correlated to poor
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uteroplacental perfusion, occurring, for instance, in preeclampsia. Poor nutritional
status, age (84), smoking and hypertension are among the maternal causes of SGA
(85).

LGA is associated with prolonged delivery, excessive maternal hemorrhaging
and severe vaginal ruptures, as well as cesarean section (86, 87). Known risk factors
for LGA are high pre-pregnancy BMI and excessive weight gain (87). LGA is also

more common among women with diabetes (88).

Prevention of SGA and LGA

Preventing LGA and SGA would have significant clinical impact. Many of the causes
of SGA are indeed preventable, e.g. by working towards alcohol abstinence during
pregnancy, smoking cessation and more stringent management of hypertension.
The single most important risk factor for LGA is maternal overweight; maternal
nutritional status is thus a major contributor to birth weight (89), as indicated
above. There is a clear dose-response relationship between birth weight and grade
of obesity. A woman with a BMI >35 has a 13-fold higher risk of having an LGA baby
(90).

It is well known that under-nutrition is related to SGA (91). In recent years, the
focus has been not only on total energy intake but also on food quality and the overall
diary pattern (92). Some studies have shown that an overall unhealthy dietary
pattern increases the risk of SGA (93, 94), while others have found no correlations
(95). Acquiring extensive knowledge of how maternal nutrition is associated with
SGA and LGA is important in order to establish nutritional interventions aimed at
reducing both infant and maternal mortality and morbidity rates. However, few
studies have assessed associations between diet and SGA or LGA.

The respective definitions of SGA or LGA do not distinguish pathology from benign
conditions but they are the best proxy measures currently available.

1.3 The importance of maternal diet

There has been a profound change in our understanding of the importance of
nutrition during pregnancy and how it affects the baby’s health (96). Until the 1980s,
consensus was that the fetus was protected by and lived more or less as a parasite
on its mother, only being affected if maternal nutrition was extremely unbalanced
or insufficient (97). Subsequent research, mostly thanks to the emergence of
epigenetics, indicated a much more importantrole of maternal diet during pregnancy.

Diet has an effect on all systems in the body, including the fetus, and abnormalities
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well below the levels linked to malnutrition can modulate different functions (e.g.
gene expression, hormone concentrations and risk of developing disease later in
life) (98-101). Barker and colleagues established one of the most important links
between maternal diet and neonatal outcome (102), showing that fetal adaptation
to prenatal and postnatal environments influences the genes controlling cellular
and organ functions. According to the DOHaD (Developmental Origins of Health and
Diseases) principle, changes in the intrauterine environment cause changes in fetal
gene activity.

Over the last decades, people in the Western world have radically changed their
dietary habits, from consumption of whole foods to consumption of industrially
produced and processed foods. This transition has occurred in parallel with economic
and social development. The result of a sedentary lifestyle, combined with high
intakes of fat, sugar and salt, is a dramatic increase in diet-related chronic diseases
such as obesity, diabetes, cardiovascular disease and cancer, the most common global
causes of death and a great burden on society (3). Increased understanding of the
role of diet for health and disease has also prompted interest in its role in adverse
pregnancy outcomes (60), for instance abnormal birth weight (103), hypertensive
disorders in pregnancy (104) and preterm delivery (105).

1.4 Glucose metabolism in pregnancy

The placenta mediates the exchange of nutrients, oxygen and waste products
between the fetus and the mother. Two layers, the fetal endothelium and the
syncytiotrophoblast, separate the maternal and fetal circulations. Several factors
affect the exchange process, e.g. utero-placental blood flow, nutrient concentration
gradient, wall thickness, the area of exchange and placental metabolism. Amino
acids cross the placental layers via specific transporters and fatty acids in a multi-
step process. Glucose is transported by specific glucose transporter proteins called
GLUTs (Figure 3). There are at least 14 known GLUT families, several of which are
expressed in the placenta, with varying expression patterns during pregnancy. GLUT
1 is the most common placental version (106).

Glucose transport across the placenta is proportional to the maternal plasma
glucose concentration. While glucose is the main fetal energy substrate, the fetus is
incapable of gluconeogenesis so all its glucose comes from the mother. An increase in
maternal postprandial plasma glucose leads to an increase in glucose flux across the
placenta, in turn increasing fetal insulin production. An excess of insulin increases
the risk of macrosomia and possibly also of preterm delivery (107). Interestingly,
it has been found that women’s choices of diet and beverages, as well as their
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level of physical activity, alters the expression of placental glucose transporters.
Furthermore, high sugar intake increases GLUT-1 expression (108).
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Figure 3. Placental transporters. Brett et al. Maternal-Fetal Nutrient Transport in Pregnancy
Pathologies: The Role of the Placenta. Int. J. Mol. Sci. 2014, 15(9), 16153-16185.

Carbohydrates, which are responsible for the postprandial rise in plasma glucose,
are composed of monosaccharides, i.e. glucose, fructose and galactose. Glucose
generates high plasma glucose peaks due to its rapid and complete absorption.
The glycemic responses to fructose and galactose are much lower because their
absorption from the intestine is low (109), although fructose has a negative
metabolic effect by providing the backbone for triacylglycerol (110). Disaccharides
are constructed from two monosaccharides and polysaccharides are constructed

from many monosaccharides (109).

1.5 Influence of diet on glucose metabolism

High sugar intake

In this thesis, the overall focus is on characteristics of maternal diet that influence
maternal blood glucose level, in relation to adverse pregnancy outcomes. Plasma
glucose levels can be affected by specific dietary components such as high added
sugar content, overall dietary composition, meal frequency/pattern and glycemic
properties of the nutrients. Carbohydrate content and quality of the diet directly
affect plasma glucose levels, while fat and protein content indirectly affect plasma
glucose levels, for instance via delayed gastric emptying. Carbohydrates can be

divided into simple (e.g. sucrose, glucose and fructose) and complex (e.g. starch and
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fiber). Simple carbohydrates are natural ingredients in many foods, including fruit,
and are added to a number of manufactured products. In summary, the glycemic
properties of sugar-sweetened (SS) and artificially sweetened (AS) beverages,
dietary patterns, glycemic index (GI), glycemic load (GL), total carbohydrates, added
sugar and dietary fiber are covered in this thesis.

In animal studies, it has been shown that high plasma glucose levels and diet
increase PG synthesis (111), which is linked to PPROM (54). This association has
also been found in humans, since increased blood glucose levels are associated with
preterm delivery in women with gestational diabetes (112). Preterm delivery is also
more prevalent in pregnant women with blood sugar levels that are increased but
below the diagnosis level for diabetes (113). Pregnancy itself is a state of insulin
resistance (114) and especially high postprandial plasma glucose levels lead to
high insulin levels (115). In individuals with insulin resistance, the postprandial
endogenous inhibition of glucose production in the liver is impaired, resulting in
higher glucose levels (116). However, the questions of whether and how maternal
glucose intake is related to preterm delivery have not yet been fully addressed.

A Danish prospective pregnancy study showed that daily intake of AS soft drinks
exhibited a dose-dependent association with increased risk of preterm delivery.
High consumers of AS beverages had higher risk of preterm delivery, especially early
and moderately preterm delivery, but no association between consumption of SS
beverages and preterm delivery was found (117).

Soft drinks contain large amounts of sugar, causing rapid and almost total uptake,
directly inducing increased plasma glucose levels and insulin response (118). High
intake of SS beverages is correlated to excessive weight gain, obesity and diabetes
type 2 (119). Sugar in soft drinks provides a large amount of extra calories (120,
121). It has been speculated that “liquid calories” do not generate the same feeling
of satiety as solids and thus no compensatory lowering of caloric intake from other
foods (122).Indeed, beverages containing both glucose and fructose cause an overall
increase in total calorie intake (123). It is a common perception that it is healthy to
replace SS beverages with AS beverages, but the latter have been associated with
weight gain, despite containing no added calories (124). As pointed out earlier, diet
is complex and both the composition and pattern (combinations) of consumed food
affect plasma glucose levels (125). It has also been shown that individuals with high
SS beverage intake also have an overall “unhealthy” eating pattern (126).
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Glycemic properties of the diet

The GI was first introduced by Jenkins and co-workers as a tool to help choose food
that would not rapidly increase the plasma glucose level (127). The Gl is defined as
the postprandial incremental plasma glucose area under curve (AUC), up to 2 hours
after the intake of 50 g of available carbohydrates. GI is expressed as a percentage
relative to a standard serving of 50 g of carbohydrates from a reference product
(Figure 4), most commonly glucose or white bread. Thus, GI = AUC (test product) /
AUC (reference product) x 100 (128).
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Figure 4. Gl and AUC. Genyi Zhang, Bruce R. Hamaker, Slowly Digestible Starch: Concept,
Mechanism, and Proposed Extended Glycemic Index, Critical Reviews in Food Science and
Nutrition. Volume 49, 2009.

One example of food with high GI but very low carbohydrate content is watermelon.
It would be difficult to consume 50 g of carbohydrates from watermelon, since it
contains mainly water but few carbohydrates per serving. The concept of GL has
been introduced, defined as: GL = GI x grams of carbohydrates/per serving (129).

Foods have alow, medium or high GI (129). High-GI foods, i.e. foods that generate
high postprandial blood glucose levels, have been associated with several adverse
conditions, e.g. type 2 diabetes and cardiovascular disease (130, 131).

Glycemic responses are variable and complex and depend on many different
factors. The absorption rate of carbohydrates and glucose from the intestine is one
of the factors affecting peripheral plasma glucose levels. Other factors, such as the
storage time of food, affect the GI, which increases as fruit ripens, owing to rising
carbohydrate availability. Processing of food is also important. Mashed potatoes
generate higher plasma glucose levels than oven-baked potatoes; consequently, the
former have a higher GI. The same principle applies to wheat grain products; the

27



Linda Englund Ogge

more processed the grain, the higher the GI and the postprandial plasma glucose
response. Furthermore, food texture is important. Soft and farinaceous foods, e.g.
King Edward potatoes, lead to higher postprandial plasma glucose levels than
potatoes with a firmer texture, e.g. Bintje. The cooking method also affects GI. Pasta al
dente causes lower postprandial plasma glucose increases than pasta cooked longer.
The fat and fiber contents of food tend to lower postprandial plasma glucose levels
because they delay emptying of the stomach (132-134). These factors are important
to understand and consider when assessing Gl in relation to different outcomes.

Babies of both diabetic and non-diabetic pregnant women with higher plasma
glucose levels are at higher risk of high birth weight (135-137). An Australian study
found that women with a medium-/high-GI diet during pregnancy had babies with
significantly higher birth weights than those consuming a low-GI diet. The low-GI
diet has been recommended for pregnant women (138). However, Scholl et al. found,
in a prospective study of over 1,000 healthy pregnant women, that low-GI foods
doubled the risk of having a SGA baby (139). According to a meta-analysis, more
studies regarding the safety of consuming low-GI foods during pregnancy (140)
are needed. A study from the US found that high dietary GI was associated, with
borderline significance, with a higher risk of preterm delivery (141). Another study
found that dietary GL was associated with preterm delivery among overweight and
obese women (142).

Meal frequency

Irregular meals are related to adverse effects on postprandial glucose concentrations
and increased insulin resistance (143, 144). The importance of meal frequency
for human health and the prevention of disease is under debate (145-147).
Recommendations regarding meal regularity and frequency may be important
during pregnancy (148), since animal studies have shown that longer periods of
food withdrawal increase PG production (149) and uterine contractions (150).

Mediterranean-type diet

A Mediterranean-type diet is characterized by high intakes of fish, vegetable oils,
fruit, vegetables and nuts, and low intakes of red meat, dairy products, and eggs
(151). The Mediterranean-type diet or components thereof have been shown reduce
the risks of atherosclerosis, type 2 diabetes (125) and major cardiovascular events,
probably due to beneficial effects on lipoproteins (152). This type of diet is rich in
natural antioxidants and dietary fiber and entails a balanced fat intake (153). It has

been speculated that since lipoprotein production increases during pregnancy (154),
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the maternal lipid profile might be associated with adverse obstetric outcomes, e.g.
preterm delivery (155).

Foods with prebiotic or probiotic properties

In a sub-study of 18,000 women participating in the Norwegian Mother and Child
Cohort Study (MoBa), it was found that high intakes of dried fruit and garlic were
associated with reduced risk of spontaneous preterm delivery and PPROM. It was
speculated that food with antimicrobial or prebiotic characteristics accounted
for this reduced risk (156). Dietary fiber, resistant starches and oligosaccharides
that can alter gut microflora composition in favor of potentially health-promoting
bacteria, with consequent beneficial systemic effects, are regarded as prebiotic
foods (157). The definition of a probiotic food is not entirely standardized but the
term refers to live microbes that either impact on the gut microbiota or enhance
immune responses (158). A high intake of milk-based probiotic products has been
associated with a significantly reduced risk of spontaneous preterm delivery (159)
and preeclampsia (160).

1.6 Dietary assessment methods
Accurate assessment of the “true” habitual diet in large population groups is a
challenge, as all available dietary assessment methods have shortcomings. Studies
of diet-disease relationships receive much attention and criticism because the
exposure is both of immediate interest and notoriously difficult to measure (161).

Information about dietary intake can be collected either through objective or
subjective observations (162). One objective method is to analyze specific biological
markers in blood, urine, hair, nails or other tissues (163, 164). However, the high
cost of sampling and analysis and the existence of only a few validated biomarkers
are major limitations. Moreover, the biomarker method captures only a single
component of the diet, while the habitual diet contains substances acting together
(162, 165). The duplicate diet approach is another objective dietary assessment
method, in which study subjects (or staff observing what subjects eat) weigh and put
aside a duplicate portion of all the food consumed throughout a defined period. This
method is mostly used for analysis of contaminant concentrations. It is expensive
and not suitable for assessing diet in large populations (162).

Subjective dietary assessment methods include the “24-hour recall”, “dietary
record”, “dietary history” and “food frequency questionnaire” (FFQ) approaches
(162). The 24-hour recall method entails an interview-based survey to collect

detailed information about dietary intake during the previous 24 hours. Trained
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interviewers typically ask participants about food type, brand, levels of intake (in
cups, bowls, glasses, etc.), food preparation, timing, etc. This in-depth interview
usually takes 20 to 30 minutes. The disadvantages of this method relate to the
risk of the subject’s possibly defective memory and to the interviewer’s skill in
accurately eliciting the subject’s dietary intake. The method is not applicable for
assessing intake over long periods of time. However, if two or more 24-hour recalls
are achieved, the usual intake of specific nutrients or substances can be modelled
using probabilistic models that take between-person and with-person variation into
account (166).

The dietary record method is based on the same principle, i.e. that all foods
and beverages should be recorded, although it differs in that the study participant
prospectively records all items he or she consumes throughout a defined period. This
requires some training or initial instructions. The dietary records are usually filled
out over several days, e.g. three consecutive weekdays and one Saturday and Sunday.
The record should preferably represent “typical” days for the participant. This
method is cheap and the fact that reported intake will mirror actual intake, if typical
days are recorded, is also an advantage. However, there are also disadvantages, for
instance that highly motivated participants are needed, since all intakes must be
measured and weighed. This usually means that a specific group of participants is
selected, so results may not be representative of the overall population. This method
can also affect the actual intake, since the study participant may consider it too
tedious to record all intakes, with the consequent risk that some will be skipped
(167).

The FFQ method was introduced in the nineties and consists of a food list with
frequency responses. Selection of food items and the length of the food list are
central when creating a FFQ. The FFQ has been heavily criticized because of doubts
related to its accuracy (168-170). However, it is now considered to be an important
tool for investigating dietary intake in large populations. The FFQ is usually semi-
quantitative, meaning that the study participant should report both amounts and
intake frequencies of food and beverages. Information about serving sizes, e.g. cups
or tablespoons, should be provided in the questionnaire and clear to the participants.
The FFQ must be well-structured so that it accurately reflects intakes of the main
foods and beverages consumed by the study population. Competently implemented,
it can effectively record dietary intake data from a very large cohort (167, 171). In
our four studies, we have used a FFQ specifically developed and validated for use in
the MoBa.
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2. AIMS

The primary aims of this thesis were to study associations between the glycemic
properties of maternal diet during pregnancy and the risks of preterm delivery and
abnormal birth weight.

The objectives of the specific papers were to:

¢ investigate the associations between maternal consumption of AS and
SS beverages and preterm delivery (Paper I)

e determine whether maternal dietary patterns are associated with
preterm delivery (Paper II)

¢ examine whether meal frequency patterns are related to preterm de-
livery, as well as study associations between preterm delivery and GI/
GL, consumption of total carbohydrates, added sugar and dietary fiber
in maternal diet (Paper III)

e explore the associations between maternal dietary patterns and the
risks of SGA and LGA (Paper IV)
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3. METHODS

The Norwegian Mother and Child Study

This thesis comprises four observational studies, all based on data from the MoBa.
MoBa is a population-based pregnancy cohort study with a prospective design,
conducted by the Norwegian Institute of Public Health. Its overall aims are to detect
early signs of disease and to investigate the development of disease. Participants
were recruited from all over Norway between 1999 and 2008. Women were invited
to participate in connection with the routine ultrasound examination offered free of
charge to all women in Norway around gestational week 17-19. Consent was given by
41% ofthese pregnant women. The MoBa cohort currently includes 114,500 children,
95,200 mothers and 75,200 fathers. Follow-up is conducted by questionnaires and
by linkage to national health registries. The MoBa cohort database is linked to the
Medical Birth Registry of Norway (MRBN). Blood samples are obtained from both
parents during pregnancy and from mothers and babies (umbilical cord) at birth
(Figure 5). A broader discussion of MoBa aims and methods is found in Magnus et
al. (172).

Child

Umbillical cord

Mother

Father

Figure 5. MoBa data collection points for data used in Papers I-IV. lllustration by Jan Funke.

In our four studies, we used MoBa data from three questionnaires answered during
pregnancy, i.e. at gestational weeks 15-17 (questionnaire 1), 22 (questionnaire
2) and 30 (questionnaire 3). Questionnaires 1 and 3 cover women’s lifestyle,
sociodemographic variables, illness and health-related factors (173). Questionnaire
2 is a semi-quantitative FFQ, in which women reported eating habits during the

current pregnancy, i.e. the average frequencies of food, drink and dietary supplement
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intakes since the start of pregnancy. Information about gestational length and birth
weight was obtained from the MRBN.

3.1 Study population

Total MoBa Sample (Version 5), 1999-2008, n=108,264 children

|

Study I: Excluded (24,561):

Multiple births: n=3,805
Not answered Q1:  n=5,230
Not answered FFQ: n=14,129
Invalid energy intake: n=1,397

Study II-VI: Excluded (24,878):

Multiple births: n=3,805
Not live births: n=624
Not answered Q1:  n=5,193
Not answered FFQ: 7n=13,920
Invalid energy intake: n=1,336

Total n=83,703 eligible for analysis
Excluded (22,942)

Missing data covariates:  n=6,630

Not live birth: n=317
Restrict first participation: 1n=6,871
Diabetes n=931
Pregnancy duration n=8,193

<154 or >293 days:

v

Total n=83,386 eligible for analysis.
Excluded (17,386):

Missing information parity: n=51
Missing information PTD: n=42
Not first enrollment: n=9,488
Diabetes n=1,007
Pregnancy duration n=6,798

<154 or >293 days:

Study sample study I
Total n=60,761 mother-infant pairs

Study sample II and III part 2:
Total n=66,000 mother-infant pairs

Excluded, inaccurate infant
anthropometric data

“Excluded, missing meal
frequency information

1n=65,904 mother-infant pairs

n=96 frequency: n=513
Study sample study IV: Study sample study III part 1:

n=65,487 mother-infant pairs

Figure 6. Flow chart of the inclusion process of the study population from the Norwegian

Mother and Child Cohort study




Glycemic properties of maternal diet in relation
to preterm delivery and abnormal birth weight

In Study I, women (Figure 6) were eligible for inclusion if they were registered in
the MBRN with a singleton live delivery and had answered questionnaires 1 and 2.
The FFQ developed for MoBa was introduced in 2002 and the number of women
excluded due to “not answered FFQ” is thus high. Around 10,000 women answered
a different FFQ, covering intakes during the year prior to pregnancy. To be included
in the study, women had to have an energy intake within a plausible range (4.5 M]
to 20 MJ), described in detail elsewhere (173). Women with missing information
about covariates (previous preterm delivery, maternal age, smoking, pre-pregnancy
BM], height, total energy intake, marital status, parity and educational level) were
excluded. Birth between gestational weeks 22+0 and 41+6 was an additional
inclusion criterion. To avoid the use of multiple dependent observations, only the
first pregnancy enrolled in the MoBa was included, irrespective of parity. Finally,
we decided to exclude women with any type of diabetes mellitus (type 1, type 2,
gestational diabetes and other subtypes), because dietary modification is a vital part
of management. This resulted in a study population of 60,761 women.

In Studies II and III (both part I and II), we decided not to exclude women with
missing information on pre-pregnancy BMI and maternal education, instead placing
them in a category of their own.

In Study III, part I, women with missing information about meal frequency were
also excluded, resulting in a study sample of 65,487 women.

Study IV was based on the 66,000 women from Study II but we also excluded an
additional 96 women, due to inaccurate information about infant anthropometric

measurements, resulting in a total study cohort of 65,904 women.

3.2 Study design

All four studies in this thesis have a observational prospective study design, in which
all participants provided information about the exposure (dietary intakes) before
the outcomes occurred (174).

3.3 Exposure variable: maternal diet

Data in this thesis are based on MoBa data. As mentioned above, the FFQ in these
studies has been used from March 2002 and onward. It was validated in a subsample
including 119 cohort participants (175). The FFQ has a semi-quantitative design,
meaning that participants fill in intake frequencies and amounts for the included food
and beverage items. It was designed to provide information on eating and drinking
habits during the first 4-5 months of pregnancy. A total of 255 food and beverage

items are covered in the FFQ. Women were instructed to indicate frequency by
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choosing one of 8-10 options ranging from several times daily, weekly, or monthly, to
never. The FFQs were optically read and food frequencies were converted into daily
intakes grams/day. Intakes of energy and nutrients were calculated with FoodCalc
and the Norwegian Food Composition Table (176).

Study |

In Study I, we assessed associations between intake of carbonated and non-
carbonated soft drinks and preterm delivery. The FFQ contained six questions for
reporting intake of AS and SS beverages (Figure 7). Women reported intake of AS
and SS carbonated cola, as well as other carbonated soft drinks and non-carbonated
beverages, e.g. fruit juice. The eligible frequencies were servings per day (between 1
and 8), servings per week (between 1-2 and 5-6) and servings per month (between
0 and 2-3). A serving was defined as 250 mL.

How many glasses

per day or perweek or per month

Juice/ soft drink/ water/ alcohol 8+ 67 45 23 1 56 34 12 (23 1 0

13. Orange juice fgess) 0 O O O OO0 O OO0 O O
14. Other fruit juices, nectar fgess)| 0 O O O OO0 O O |0 O O
15. Tomato-and vegetablejuices (1gless)| 0 [0 O O O | O O O (O O O
16. Cordial, with sugar gess)| J O O O O/ 0O O O/ 0O O O
17. Cordial, with sweetener (gess) 0 O O O OO0 O OO0 O O
18.Coca Cola/Pepsiwithsugar  (1gess)| 0 O O 0O O | O 0O O O O O
19.Other softdrinkswithsugar  (1gless)| (0 (0 O 0O O | 0 O 0O (O O 0O
20. Diet Coke/Diet Pepsi (gess) 0 O O O OO0 O O |0 O 0O
21. Other light/diet soft drinks fgess) 0 O O O OO0 O OO0 O O
22. Caffeine drinks (Batteryetc). (1gless)| (0 (O O O O | 0 O O | O O 0O
23. Tap water (gess) 0 O O O OO0 O OO0 O O
24.Uncarbonated bottledwater ~ (1gless)| (1 [0 O O O | O O 0O O O O
25. Carbonated bottled water (ges) 0 O O O OO0 O OO0 O O
26. Non/low -alcoholic beers (qgess) O O O O O/ 0 O OO O O
27. Pilsner (gess) 0O O O O OO0 O O |0 O O
28. Wine (gess)| 1 O O O O 0 O O 0 O 0O
29. Spirits, liqueur adink)| 0 O O O O| 0 O O |0 O O

Figure 7. The MoBa FFQ beverage question, translated from the original Norwegian

We grouped carbonated and non-carbonated AS beverages into an “AS beverages”
group. We similarly combined intakes of carbonated SS soft beverages and
noncarbonated SS beverages into a “SS beverage” group. These two groups were
then further divided into 6 intake categories (never, 1 serving per week, 1-6
servings per week, 1 serving per day, 2-3 servings per day and 4 or more servings
per day). Intake groups were compared to each other in dose-response correlations
with preterm delivery. When assessing beverage intake and secondary outcomes
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(gestational age, mode of delivery and preterm delivery in different BMI groups),
the frequency alternatives were reduced to 1 serving per week, 1-6 servings per
week and more than 1 serving per day. This distribution was chosen since we aimed
to compare our results with a another similar cohort study of Danish women (117).

Studies Il and IV

In Study II, we examined the associations between three maternal dietary patterns
and the risk of preterm delivery. All participants had scores on all patterns and each
of the three patterns were adjusted for the other patterns. In Study IV, we started with
the same dietary patterns but divided the participants into non-overlapping dietary
pattern groups and examined the associations between these groups and SGA and
LGA. Defining dietary patterns, rather than focusing on single foods or nutrients, is
a well-established method of studying overall dietary behavior in a population. The
foods and beverages in the FFQ were combined into 58 non-overlapping food groups.
These new groups were similar in nutritional content, common characteristics and
culinary use. For instance, the “white bread” group contained white bread, low-fiber
bread, baguette and ciabatta and the “fruit juice” group contained orange juice,
apple juice, etc. The “oily fish” group contained mackerel, herring, salmon and trout.
Extraction of dietary patterns using principle component factor analysis is described
in more detail later in this section.

Study Ill

In Study III, we aimed to study whether meal frequency patterns were associated
with preterm delivery. The FFQ covered how often women consumed meals on a
weekly basis and included questions about eight meals: breakfast, morning snack,
lunch, afternoon snack, dinner, evening snack, supper and, night meal (Figure 8).
Response alternatives ranged from zero to seven times weekly. In this study, other
glycemic properties of maternal diet were also assessed and a GI database was
constructed based on the FFQ, using values from international GI reference tables
(177). Dietary GL for each participant was calculated by adding the GI of each food
item, divided by the amount of carbohydrates from the foods. We also calculated
daily intake of total carbohydrates, added sugar and dietary fiber, based on the FFQ
data.
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Your meal pattern
3. How often have you had the following meals per week since you became pregnant?
A snack is a smaller meal consisting of for example a fruit, biscuit, bun, cake, yoghurt or sweets/candy. A snack
consisting only of a drink should not be included as you will be asked about beverages later. (Mark only one box
per line).
Number of meals per week

7 6 5 4 3 2 1 0
1. Breakfast O 000 0 0 0o 0
2. Snack, morning O o 0o o oo o0
3. Lunch O 0O O 0O O 0O 0 0O
4, Snack, afternoon O 0 oo o0o0oo o
5. Dinner O 0 a o O O 0O O
6. Snack, evening o o 0o o o 0o 6o 0O
7. Supper O 0 00 060 o 0
8. Night meal O 0O 0 0 0 0O o0 0

Figure 8. MoBa FFQ meal frequency question, translated from the original Norwegian
3.4 Outcome variables

Preterm delivery

The primary outcome in Studies I-III was preterm delivery, defined as delivery
between gestational weeks 22+0 and 36+6 or at 154-258 days of gestation. In Study
I, all 60,761 women'’s gestational ages were calculated based on fetal biparietal
diameter and femur length on routine ultrasound at gestational week 17-19. In
Studies II-1V, information about ultrasound was missing in 1,154 cases (1.7%)
and gestational age was therefore calculated based on the LMP. Preterm delivery
was sub-divided into late (34+0 - 36+6 wks.), moderately (32+0 - 33+6 wks.) and
early (22+0 - 31+6 wks.) preterm. Preterm delivery was also studied according
to subgroups based on onset, i.e. spontaneous or iatrogenic. In Studies II-1V, the
material was also separately analyzed for PPROM.

Birth weight

In Study IV, our primary outcomes were the prevalences of SGA and LGA, according
to three definitions of SGA and LGA, i.e. ultrasound-based population-based and
customized ultrasound-based growth standards (see Introduction).

Stratifications and sensitivity analyses

Stratification and sensitivity analyses are performed to examine whether
associations observed in the full sample are consistent in all subgroups of the study
population, or whether the characteristic for which the population was stratified
interacts with exposure. In sensitivity analyses, the robustness of the association
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is tested by excluding a subgroup. In stratified analyses, on the other hand, the
associations are studied separately by subcategories of another variable (e.g. age,
educational level, etc.). When analyses are performed in separate strata, it is more
important to evaluate whether the effect estimates are comparable than whether
associations are statistically significant. BMI is one example of a relevant variable to
examine by sub-strata, as overweight/obesity is associated with insulin resistance,
low-grade systemic inflammation (178, 179), and increased risk of preterm delivery
(37). BMl is also closely associated with birth weight (180). In Studies 1I-111, we also
stratified the analyses by parity since it is known that food and beverage intakes
differ with increasing parity (181). In Study IlI, the association between glycemic
properties of maternal diet and preterm delivery was also stratified by age (<35
years and 35+ years), as the “older” women usually have more risk factors for
cardiovascular disease (182) and are therefore more vulnerable to food that quickly
increases plasma glucose levels. There were 54,792 women under the age of 35 and
11,208 women aged over 35 in this study. In Studies II-11], stratified analyses were
performed for time of delivery (subgroups: late, moderately and early preterm) and

for mode of delivery (subgroups: iatrogenic and spontaneous preterm).

3.5 Statistical Methods

All statistical analyses were performed with Statistical Package for the Social Sciences
(SPSS), version 19 for Windows (IBM SPSS Statistics). For assessment of normal
distribution, we used the Kolmogorov-Smirnov test. Moreover, we visually inspected
histograms and curves in addition to descriptive statistics (skewness and kurtosis).
P values were 2-sided, and values <0.05 were considered statistically significant.
Continuous variables were described as means and # standard deviations (SD),
whereas categorical variables were described as frequencies. Logistic regression
models, presented below, were used to examine associations between exposures
and the outcomes preterm delivery and SGA/LGA. P values for linear trend were
obtained by incorporating the categorical exposure variable as a linear term in the
respective regression model.

Study |

We used binary logistic regression analyses to examine the associations between
intake of AS and SS beverages and preterm delivery. All regression analyses were
performed crudely as well as with adjustment for maternal age, pre-pregnancy
BM]I, height, total energy intake, marital status, parity, smoking, education, previous

preterm delivery and the other beverage.
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Studies Il and IV

Principle component factor analysis was used to extract dietary patterns. This is a
common method for dietary pattern identification. The method is used to reduce a
large number of variables to new linear factors by grouping correlated variables.
The dietary patterns (components) derived by principle component factor analysis
reflect the combinations of foods consumed by individual participants.

When food and beverage intakes were input variables, we extracted three
patterns that were respectively named “prudent”, “Western” and “traditional”, based
on the food items and beverages with high factor loadings in the pattern. Factor
loadings are the correlations of each input variable (food item) with that factor.
The total cumulative variance from these patterns was 16%. Food items with factor
loadings = + 0.25 were considered important for interpretation of patterns. The
number of patterns to extract is a subjective decision made by evaluation of a Scree
plot and the interpretability of the patterns. A Scree plot shows the proportion of
the variance in the input variables (total consumption) explained by each pattern/
component (183). Figure 9 is the Scree plot for evaluation of dietary patterns in
Studies I and IV.

Scree Plot

Eigenvalue

o

T 1 1T 1 T ©* T T T+ T T 1 T T T T T T T ©T T T T T T
1 3 5 7 9 11131517 19 21 23 25 27 28 31 33 35 37 39 41 43 45 47 49 51 53 55 57

Component Number

Figure 9. Scree plot for identification of dietary components factor analysis in Studies Il
and IV. Published by the BMJ 2014;348 doi: https://doi.org/10.1136/bmj.g1446.
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We used Bartlett’s Test of Sphericity and the Kaiser-Mayer-Olkin test (KMO) to
assess sampling accuracy and to test whether the input variables were sufficiently
correlated for principle component factor analysis to be appropriate. Bartlett’s Test
of Sphericity should be significant and this was the case in our study (p<0.001). KMO
values between 0.8-1 are considered good, values between 0.6-0.8 are considered
acceptable, values between 0.5-0.6 can be acceptable depending on the number of
input variables, while values < 0.5 indicate that the other methods should be used
(184, 185).

When food and drink items were input variables, the KMO value was 0.67. Dietary
pattern scores/factor scores are created by multiplying the factor loading for each
input variable with the corresponding standardized value of the variable, i.e. food
and beverage items, and adding all these items. Factor scores indicate the extent
to which a participant’s diet conformed to the respective dietary patterns. SPSS
calculates factor scores for the number of patterns determined by the researchers,
i.e. three patterns in the case of Studies Il and IV. These factor scores served as the
exposure variables and were used both as continuous variables and divided into
tertiles. In Study II, we used the Cox regression model and results were presented
as hazard ratio (HR) and 95 % confidence interval (95% CI). We adjusted data for
maternal age, pre-pregnancy BM], height, total energy intake, marital status, parity,
smoking, education, previous preterm delivery and the alternative beverage, as in

Study I, but we also additionally adjusted for total household income.

Study lll (part | and Il)

The meal frequency patterns were also extracted by principle component factor
analysis in the SPSS. Bartlett’s Test of Sphericity was significant (p <0.01) and the
KMO value was 0.50, which was acceptable, given the relatively low number of input
variables (n= 8 meals) and the low number of alternative meal frequency responses
(ranging from 0 to 7 times per week). To compensate for the low KMO value, we
considered meals with factor loadings >+ 0.50 important for the interpretability
of each meal frequency pattern’s characteristics. From the Scree plot, we extracted
three meal frequency patterns (Figure 10) and we named them: “main meal” pattern,
“snack meal” pattern and “evening meal” pattern.
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Scree Plot
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Figure 10. Scree plot for identification of dietary components factor analysis used in Study
M.

These three patterns accounted for 52% of the variation in reported meal
frequencies. Meal frequency pattern scores were divided into quartiles as well as
mean daily intake of the glycemic properties, i.e. GI, GL, total carbohydrates, added
sugar and dietary fiber. In this study, we also applied the Cox regression model.
Crude and adjusted data were used and results were presented as HR with 95% CI.
All meal frequency patterns were entered into the same model. The models were
adjusted for the same confounding factors as in Studies II and IV, but with additional
adjustments for dietary fiber. In additional analyses, we also adjusted for alcohol
intake, first- trimester nausea and working irregular hours. Since we did multiple
testing, we also performed a modified Bonferroni correction in which the sum of all
p values were added and then divided by the total number of analyses. Moreover,
we also performed a Bonferroni post hoc test to analyze differences between BMI

categories in relation to the main meal pattern.

Study IV

In the fourth study, we used tertiles of the three dietary pattern scores assessed
in Study Il to create non-overlapping dietary patterns comprising individuals with
the highest scores in each pattern. We named these non-overlapping patterns “high
prudent”, “high Western” and “high traditional” (Table 2). Women with pattern scores

that did not fit into any of these predefined groups were classified as the “mixed”
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group. To be included in the high prudent group, women had to be in the highest
tertile of the prudent pattern group, as well as scoring in the middle or lowest tertile
of the other two patterns. The high Western and high traditional patterns were
similarly defined. The high Western group was set as the reference category in the
regression analyses.

We used the four non-overlapping dietary pattern groups as the exposure
variable in multiple logistic regression models, with SGA or LGA as the outcome.
Results are presented as odds ratios (OR) and 95% CI. Variables included in the
adjusted models were: maternal age, height, BMI, parity, smoking, alcohol intake,
maternal education, household income and total energy intake.

Table 2. Composition of the non-overlapping patterns

High prudent * Third tertile of the prudent dietary pattern
* Second tertile of the Western dietary pattern
* Second tertile of the traditional dietary pattern
* First tertile of the Western dietary pattern

* First tertile of the traditional dietary pattern
High Western *Third tertile of the Western dietary pattern

* Second tertile of the prudent dietary pattern
* Second tertile of the traditional dietary pattern
* First tertile of the prudent dietary pattern

* First tertile of the traditional dietary pattern
High traditional * Third tertile of the traditional dietary pattern

* Second tertile of the prudent dietary pattern
* Second tertile of the Western dietary pattern
* First tertile the dietary pattern

* First tertile of the Western dietary pattern
Mixed *All other combinations of dietary patterns

3.6 Ethical and other approvals

The Regional Committee for Ethics in Medical Research (REK2010/2683) (S-06075)
and the Data Inspectorate in Norway approved the study. Written informed consent
was obtained from all participants. Data from MoBa are available to all qualified
researchers/research groups in Norway, as well as to international researchers
collaborating with a Norwegian researcher. All researchers wishing to access MoBa
data must obtain a project-specific approval from the Regional Committee for
Medical and Health Research Ethics before questionnaire data can be released. All
manuscripts, including syntax files, must also be submitted to MoBa and approved
before publication (186).
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4. RESULTS

The main results in the four papers are summarized in this introductory section.

In Study I, we assessed associations between AS and SS beverages and preterm
delivery (187). We found that high intakes of AS and SS beverages were both
associated with preterm delivery. Drinking SS beverages on a daily basis was also
associated with a higher risk of preterm delivery in overweight women. Trend tests

were positive for both beverages.

In Study II, we aimed to investigate whether the observed associations in Study I
could be explained by overall maternal dietary patterns. Associations between
dietary patterns and preterm delivery were analyzed (188). We found that an
overall prudent dietary pattern was associated with a significantly decreased risk of
preterm delivery, as well as with a significantly lower risk of late and spontaneous
preterm delivery. No independent association between the Western dietary pattern
and preterm delivery was found. The traditional dietary pattern was associated with
a small but significantly decreased risk of preterm delivery.

Overall meal frequency is important for glycemic control and in Study III, we
assessed potential associations between maternal meal frequency patterns and
preterm delivery. We found that women with high adherence to a main meal pattern
(breakfast, lunch and dinner) had a significantly reduced risk of preterm delivery,
compared to low adherence to the same pattern. High adherence to the main meal
pattern was also associated with a lower risk of late preterm delivery and a lower
risk of preterm delivery in overweight women. No significant associations between
the glycemic properties (GI, GL, total carbohydrates, added sugar and dietary fiber)

and preterm delivery were observed.

In Study IV, we wanted to assess whether maternal diet was associated with SGA/
LGA. We studied associations between non-overlapping maternal dietary patterns
and risks of SGA and LGA. A high prudent diet was associated with increased risk of
SGA and decreased risk of LGA, compared to a high Western diet. High adherence to
a traditional diet was associated with increased risk of LGA.
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4.1 Study I.

Associations between intake of artificially sweetened and sugar-
sweetened beverages and preterm delivery: a large prospective
cohort study

Our primary outcome was preterm delivery, which occurred in 5.2% of the women
in the cohort (3,185 cases). Of these, 3.9% (2,358 cases) were late preterm, 438
(0.7%) were moderately preterm, and 389 (0.6%) were early preterm deliveries.
1,828 (3.0%) delivered spontaneously preterm and 1,278 (2.1%) had an iatrogenic
preterm delivery. In 79 cases (0.1%), information about mode of delivery was

missing.

Beverage intake in relation to preterm delivery

Daily consumption of 1 serving or more of AS beverages was significantly associated
with anincreased risk of preterm delivery (adjusted OR 1.11;95% CI: 1.00, 1.24; p for
trend 0.025) (Table 3). The same daily intake of SS beverages was also significantly
associated with preterm delivery (adjusted OR 1.25; 95% CI: 1.08, 1.45; p for trend
0.009). Women consuming 4 or more servings daily of SS beverages had an adjusted
OR0f1.37 (95% CI: 1.08, 1.74). After mutual adjustment for AS and SS beverages, the
linear trend for SS beverages was strengthened, with a p for trend at 0.008. In order
to ascertain whether the observed association between SS beverages and preterm
delivery could be explained by a correlation with other sugar calorie sources, we
added calculated daily intake of sugar from other sources than SS beverages to the
confounding variables. This did not change the results; an independent association
remained between high intake of SS beverages and preterm delivery, with an
adjusted OR of 1.41 (95% CI: 1.11, 1.79) for 4 or more servings daily, compared with
no SS beverage intake. We also analyzed carbonated and noncarbonated AS and SS
beverages separately in relation to preterm delivery, failing to find any significant
associations in either the crude or adjusted model, possibly due to lack of power or
under-reporting of carbonated beverage intake.
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Stratification by sub-groups according to time of delivery revealed a positive dose-
response effect for both AS and SS beverages and late preterm delivery. p for trend
was 0.022 for AS beverages and 0.046 for SS beverage (see tables presented in the
manuscript). Furthermore, the highest AS beverage intake group (= 1 serving daily)
was associated with late preterm delivery (adjusted OR: 1.14; 95% CI: 1.00, 1.29).
The same intake of SS beverage was associated only with early preterm delivery
(adjusted OR: 1.75; 95% CI: 1.13, 2.73). When women were stratified into different
BMI groups, we found that overweight and obese women (BMI > 25 kg/m?) had
significantly increased risk of preterm delivery in all higher consumption groups,
compared to non-consumers. Women with the highest consumption (= 1 serving
daily) had a significantly higher OR for preterm delivery (1.41; 95% CI: 1.10, 1.82;
p for trend 0.024). Estimates in the other BMI groups pointed in the same direction,
but effect estimates were weaker.

4.2 Study Il.

Maternal dietary patterns and preterm delivery: results from a
large prospective cohort study

In this study (as well as in Study III), a total of 3,505 (5.3%) women had preterm
deliveries. Late preterm delivery occurred in 2,558 (3.9%), 478 (0.7%) were
moderately preterm and 469 (0.7%) were early preterm. Spontaneous preterm
deliveries occurred in 2,003 (3.1%) and 1,414 (2.2%) were iatrogenic. Information

about onset of delivery was missing in 88 (0.13%) cases.

Dietary patterns

Three dietary patterns were extracted. The first pattern had high positive factor
loadings for raw and cooked vegetables, salad, onion/leek/garlic, fruit and berries,
nuts, vegetables oils, water as beverage, whole grain cereals, poultry and fiber-
rich bread, and negative factor loadings for processed meat products (hot dogs,
hamburgers, etc.), white bread and pizza/tacos. We named this pattern “prudent”,
based on the characteristics of the food and beverages with high factor loadings it
included (Figure 11).
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Figure 11. The content of the prudent dietary pattern. Photo: Linda Englund-Ogge, 2014

To assess whether the extracted pattern was appropriately labeled, we examined
Spearman correlation coefficients between the prudent pattern scores and certain
nutrients. The prudent pattern scores correlated with folic acid (r=0.61), dietary
fiber (r=0.57), B-carotene (r=0.53), potassium (r=0.52) and ascorbic acid (r=0.48).
Energy density was inversely correlated with the prudent pattern scores (r=-0.48).
The correlation coefficient was interpreted as indicating appropriate labeling.

The second extracted pattern had high positive factor loadings for salty snacks,
chocolate and sweets, cakes, French fries, white bread, ketchup, SS beverages,
processed meat products and pasta, and negative factor loadings for lean fish and
fiber-rich bread. This pattern was interpreted as a typically Western dietary pattern
and it was thus labeled “Western”. The Western pattern scores correlated with
total fat (r=0.55), saturated fat (r=0.55) and added sugar (r=0.59). The correlation
between energy density and the Western dietary pattern was r=0.30. The pattern
labeling was considered to be appropriate.

The third pattern had positive factor loadings for boiled potatoes, fish products,
gravy, lean fish, margarine, rice pudding, low-fat milk and cooked vegetables, as well
as negative factor loadings for poultry and pizza/tacos. These foods with positive
factor loadings are typically traditional in Norway and this pattern was named
“traditional” (Figure 12). A Spearman correlation was also run for this pattern, which
was correlated with potassium (r=0.42), magnesium (r=0.39), protein (r=0.38)
and dietary fiber (r=0.33). Energy density was not associated with the traditional
pattern (r=0.01).
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Figure 12. Content of the traditional dietary pattern. Photo: Linda Englund-Ogge, 2014.

The factor scores for each participant indicated the extent to which her diet
conformed to each respective dietary pattern. A high factor score for a given pattern
indicated high adherence to the pattern, while a low score indicated low adherence.
It was possible for a participant to have high scores (or low scores) for more than
one pattern.

Dietary patterns in relation to maternal characteristics

Dietary habits and preferences are closely linked to other behaviors and are known
to differ with age, educational level, smoking habits and other parameters. This was
also evident when the pattern scores were examined by maternal characteristics.
Typically, the prudent pattern score increased with increasing maternal age and
education and was lower in women with higher BMI and in smokers. On the other
hand, the Western pattern score was higher in younger women, in smokers, in
women with less education, in parous women and in those with previous preterm
delivery. Both underweight and overweight women had higher scores in the Western
pattern than did normal- weight women. When it came to the traditional pattern,
mean factor scores were higher in the younger (<20 years) and older (240 years)
age groups than in the intermediate age groups. The traditional pattern scores also
increased with decreasing education and were higher in parous women, in smokers

and in women with a history of preterm delivery.
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Dietary patterns and preterm delivery

In the adjusted analysis, the prudent dietary pattern was associated with a
significantly reduced risk of preterm delivery. The HR for the highest, compared
with the lowest, tertile was 0.88 (95% CI: 0.80, 0.97; p for trend 0.006). There was
no independent significant association between the Western dietary pattern and
preterm delivery. The third tertile of the traditional dietary pattern was significantly
associated with lower risk of preterm delivery, compared to the first tertile (HR
0.91; 95% CI: 0.83, 0.99; p for trend 0.043) (Table 4).

Table 4. Associations between tertiles of dietary pattern scores’ and preterm delivery in
66,000 pregnant women in the Norwegian Mother and Child Cohort Study

Dietary Preterm Mean? Model 1* Model 2°
pattern! delivery (min-max) Hazard ratio Hazard ratio
n (%% (95% CI) (95% CI)
All 3,502 (5.3)
Prudent Tertile
1 1,249 (5.7) -0.97 (-2.70,-0,51) 1 1
Tertile 2 1,141 (5.2) -0.14 (-0.51, 0.27) 0.92 (0.85 to 0.99) 0.94 (0.86 to 1.02)
Tertile 3 1,115 (5.1) 1.10 (0.27,10.56) 0.89 (0.82 t0 0.97) 0.88 (0.80 to 0.97)
p for trend® 0.007 0.006
Western
Tertile 1 1,110 (5.0) -0.99 (-3.77,-0.47) 1 1
Tertile 2 1,166 (5.3) 0.10 (-0.47, 0.29) 1.04 (0.95 to 1.12) 1.04 (0.95 to 1.13)
Tertile 3 1,229 (5.6) 1.09 (0.29, 12.04) 1.11 (1.01 to 1.19) 1.02 (0.92 to 1.13)
p for trend 0.021 0.695
Traditional
Tertile 1 1,224 (5.6) -1.04 (-3.46,-0.49) 1 1
Tertile 2 1,171 (5.3) -0.08 (-0.49, 0.35) 0.96 (0.88 to 1.04) 0.98 (0.90 to 1.06)
Tertile 3 1,110 (5.0) 1.12 (0.35, 6.05) 0.90 (0.83 t0 0.98) 0.91 (0.83 t0 0.99)
p for trend 0.015 0.043

'Dietary pattern scores created by multiplying factor loadings with the corresponding

standardized value for intake of each food and then adding all these items

Zpercentage of preterm delivery in each tertile

3Mean (min-max) scores for each dietary pattern

*Adjusted for the other dietary patterns, HR and (95% CI), calculated by Cox regression
Adjusted for maternal age, pre-pregnancy BMI, height, parity, total energy intake, maternal
education, marital status, smoking, previous preterm delivery, household income and the
other dietary patterns. HR and (95% CI) calculated by Cox regression
¢p values for linear trend were obtained by incorporating the variable as a linear term in Cox

regression models.
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We wanted to test whether the identified associations were still significant after
adjusting for additional covariates (potential confounders) that could affect both
exposure and outcomes. Additional adjustment for physical activity, nausea, alcohol
intake, passive smoking and planned pregnancy did not change the results, nor did
adjustment for energy density, confirming that properties reflected by the energy
density variable were already represented by the dietary patterns.

Women were stratified into two BMI groups (<25 kg/m?and =25 kg/m?). In the
low-BMI group, the adjusted HR for preterm delivery in the third tertile of the prudent
dietary pattern was 0.88 (95% CI: 0.78, 0.99), while the corresponding adjusted
HR in the high-BMI group was 0.92 (95%CI: 0.78, 1.08), the latter indicating lower
risk, but with a weaker effect estimate that did not reach statistical significance.
Women in the low-BMI group had a significantly reduced risk of preterm delivery
if they adhered to a traditional dietary pattern (HR 0.87; 95% CI: 0.78,0.98), but no
significant association was seen in the high-BMI group.

In our study population, 34,217 (51.8%) women were nulliparous. In the
nulliparous group, the adjusted HRs for the prudent dietary pattern in the second
and third tertiles were 0.86 (95% CI: 0.78, 0.96) and 0.75 (95% CI: 0.67, 0.85),
respectively (p for trend <0.001). However, in parous women, there were no
statistically significant associations between the dietary patterns and preterm
delivery, but the corresponding estimates pointed in the same direction.

The prudent dietary pattern was associated with late preterm delivery.
HRs were significant for the second and third tertiles: 0.91 (95% CI: 0.82, 0.99)
and 0.86 (95% CI: 0.78, 0.96), respectively (p for trend 0.007). There was also a
significant association between the third tertile of the traditional dietary pattern
and late preterm delivery (HR 0.89; 95% Cl: 0.80, 0.99). None of the patterns were
significantly associated with increased risk of moderately or early preterm delivery,
although the corresponding trends were similar.

Finally, the prudent dietary pattern was also associated with a reduced risk of
spontaneous preterm delivery (adjusted HR 0.85; 95% CI: 0.75, 0.96). We also found
areduced risk of iatrogenic preterm delivery with high adherence to the traditional
dietary pattern; the adjusted HR for the highest versus the lowest tertile was 0.85
(95% CI: 0.74, 0.99).
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4.3 Study lil.

Meal frequency patterns and glycemic properties of maternal diet
in relation to preterm delivery: results from a large prospective
cohort study

Meal patterns in relation to maternal characteristics

The main meal pattern score was higher in women in the highest age group (= 35
years), in normal-weight women, in cohabiting women and in women in the highest
income group. The evening meal pattern score was higher in younger women, in
women with low educational level (<12 years) and in daily smokers. Main meal
pattern scores were low in overweight and obese women.

When other glycemic properties were analyzed in relation to maternal
characteristics, we found lower GL, lower total carbohydrate intake, lower added
sugar intake and higher fiber intake in women aged 235 years and in women with
higher educational level. Intake of added sugar and of total carbohydrates were
higher in smokers than in non-smokers, while intake of dietary fiber was lower in
smokers than in non-smokers.

Meal frequency patterns and preterm delivery

The main meal frequency pattern was associated with lower risk of preterm delivery.
The adjusted HRs for the third and fourth quartiles were 0.89 (95% CI: 0.80, 0.98)
and 0.90 (95% CI: 0.81, 0.99), respectively, with p for trend 0.028 (Table 5).

To exclude the possibility of confounding by an overall healthier diet in women
with a main meal pattern we re-ran the analyses, adjusting for fiber as well as the
prudent dietary pattern from Study II; this did not change the results.

Stratification of the outcome by time of delivery showed that the main meal
frequency pattern was associated with lower risk of late preterm delivery (adjusted
HR 0.88; 95% CI: 0.78, 0.99) when the highest and lowest quartiles were compared.
The trends were in the same direction for early preterm delivery, but these
associations were not significant. (See manuscript, Tables 3 and 4).

As in Study II, women were stratified into two BMI groups (<25 kg/m?and =25
kg/m?). High adherence to the main meal frequency pattern was associated with
lower risk of preterm delivery in both groups, but reached statistical significance
only in the high-BMI group. The adjusted HR for the highest versus the lowest
quartile was 0.92 (95%CI: 0.81, 1.05) in the low- BMI group and 0.89 (95% CI: 0.80,
0.98) in the high-BMI group. The results did not change after additional adjustment
for dietary fiber as proxy for a healthy diet, or after adjustment for the prudent
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associated with preterm birth, either in the crude or adjusted analysis.

Table 5. Associations between meal frequency patterns and preterm delivery in 65,487
pregnant women in the Norwegian Mother and Child Cohort Study (MoBa)

Meal frequency Preterm delivery Model 13 Model 2*
pattern® n (%?) HR (95% CI) HR (95% CI)
All 3,473 (5.3)
Snack meal pattern
Quartile 1 875 (1.3) 1 1
Quartile 2 842 (1.3) 0.98 (0.89, 1.07) 0.98 (0.89,1.07)
Quartile 3 873 (1.3) 1.01 (0.92,1.11) 1.00 (0.91, 1.10)
Quartile 4 883 (1.3) 1.04 (0.94, 1.14) 1.00 (0.90, 1.10)
p for trend® 0.566 0.821
Main meal pattern
Quartile 1 979 (1.5) 1 1
Quartile 2 905 (1.4) 0.93 (0.85,1.02) 0.99 (0.90, 1.08)
Quartile 3 779 (1.2) 0.80 (0.72, 0.88) 0.89 (0.80, 0.98)
Quartile 4 807 (1.2) 0.79 (0.72,0.87) 0.90 (0.81, 0.99)
p for trend® <0.001 0.028
Evening meal pattern
Quartile 1 829 (1.3) 1 1
Quartile 2 879 (1.3) 1.08 (0.98, 1.19) 1.06 (0.96, 1.17)
Quartile 3 892 (1.4) 1.14 (1.02, 1.26) 1.10 (0.99, 1.23)
Quartile 4 873 (1.3) 1.06 (0.96, 1.17) 1.03 (0.93, 1.14)

p for trend®

0.083

0.403

!Meal frequency pattern scores analyzed as categorical data, divided into quartiles

2 Percentage of preterm delivery in each quartile

3 Unadjusted hazard ratio, but adjusted for the other meal frequency patterns

*HRs adjusted for maternal age, pre-pregnancy BMI, height, parity, total energy intake,
maternal education, marital status, smoking, income, previous preterm delivery and the
other meal frequency patterns

5p values for linear trend were obtained by incorporating the variable as a linear term in Cox
regression models

We found no associations between the assessed glycemic properties (GI, GL, total
carbohydrates, added sugar and dietary fiber) and overall preterm delivery. GL was
associated with increased risk of late preterm delivery, with adjusted HR 1.31 (95%
CI: 1.06, 1.63; p for trend 0.015) for the highest versus the lowest quartile. In the
case of younger women (aged under 35), the highest quartile of dietary fiber intake
was associated with reduced risk of preterm delivery (adjusted HR 0.84; 95% CI:
0.73, 0.97; p for trend 0.017), while trends toward higher GL and increased risk of
preterm birth were found in women aged 35 years and up. However, after adjusting
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eight p values according to the Bonferroni correction, none of the associations
remained significant.

No other significant associations were found in sub-analysis for spontaneous
versus iatrogenic preterm delivery or after stratification based on pre-pregnancy
BMI or for PPROM. Adjusting for nausea in early pregnancy, alcohol intake during
pregnancy, IVF and shift work did not change the results.

The meal frequency scores were weakly correlated with GI and GL. The highest
correlations (Spearman’s rho) were r=0.12 (p<0.001) for the evening meal pattern
and GL and r=0.44 (p<0.001) for the main meal pattern and GL.

4.4 Study IV.

Maternal dietary patterns in relation to birth weight and increased
risks of SGA and LGA

Our primary outcomes in this study were prevalences of SGA and LGA. Rates of SGA
and LGA varied according to the three definitions (Figures 13 and 14).

SGA Ultrasound
based

n=0
n=0 n=12
n=1,312
n=4,158
n=513 n=4,015
SGA Popuation SGA Customized

based

Figure 13. Distribution of babies born SGA in Study IV, according to the three definitions
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LGA Ultrasound

based
n=9
n=192 n=41
n=2,204
n=2,173 RaBUES
n=1,228
LGA Population LGA Customized

based
Figure 14. Distribution of babies born LGA in Study IV, according to the three definitions

Maternal characteristics in the study population

The study population comprised 65,904 pregnant women. Their mean age was 30
years, their mean BMI was 24.0 kg/m?and they had a calculated mean daily energy
intake of 2,313 kcal (9727 kJ). When it came to BMI, the low- BMI group (<25kg/
m?) included 46,077 (69.9%) women and the high-BMI group (=25 kg/m?) included
19,825 (30.1%) women. Women in the low-BMI group reported higher average daily
energy intake (2,335 kcal (9,820 kJ)) than those in the high-BMI group (i.e. 2,261
kcal (9,511 k]J)).

In the study population as a whole, 91.4% reported that they were non-smokers
and 89% reported no alcohol intake during pregnancy. The infant sex distribution
was 49.7% girls and 50.3% boys. The mean average birth weight was 3,497 g for
girls and 3,607 g for boys.

Characteristics of the non-overlapping dietary pattern groups

Energy and nutrient intakes in the high prudent, high Western and high traditional
dietary pattern groups reflected the respective quality and quantity of the food items
with high loadings in the original dietary patterns described in Study II (Table 6).
Energy intake was highest in the high Western group and lowest in the high prudent
group. Women in the high Western group had the highest intake of fat, carbohydrates

56



Glycemic properties of maternal diet in relation
to preterm delivery and abnormal birth weight

and added sugar and the lowest intake of dietary fiber. Women in the high prudent
group contrasted with the high Western group concerning all these variables, with
the lowest intake of fat, carbohydrates and added sugar and highest intake of dietary
fiber. Women in the high traditional group had the highest mean intake of protein.

The mixed dietary pattern group was most similar to the Western pattern group.

Table 6. Distribution of energy and macronutrient intakes in the non-overlapping dietary
pattern groups

High Western High prudent High Mixed
traditional

Energy (kcal/day) 24345191 2197466 2227+469 2336700
Fat (g/day) 86+20 7420 77+20 81+ 27
Protein (g/day) 84+18 87+18 88+19 88+23
Carbohydrate (g/day) 329485 294472 296+70 313+104
Dietary fiber (g/day) 28+8 34+10 27+8 31+12
Sugar (g/day) 86+49 4924 5127 63+35

1 Mean and standard deviation

Maternal characteristics in the dietary pattern groups

There were an unequal number of participants in the four non-overlapping dietary
pattern groups: 9,562 (14.5%) in the high Western, 10,150 (15.4%) in the high
prudent, 9,754 (14.8%) in the high traditional and 36,438 (55.3%) in the mixed
dietary pattern group. Mean maternal age was highest in the high prudent group
and lowest in the high Western group. The highest mean BMI was found in the high
Western group and the lowest mean BMI was found in the high prudent group. The
mean birth weight was highest in the high traditional group (3,605+561g), while
the lowest mean birth weight was found in the high prudent group (3,549+577g)
(Tables 2-4 in manuscript).

The infants of women adhering to the high Western pattern had a higher mean
birth weight than those born to women in the high prudent pattern group and a
lower mean birth weight than the infants of women in the high traditional group.
Birth weight in the mixed group did not differ much from that in the high Western
group (Figure 15).
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Dietary group ES Mixed B3 High-pi ES Higl B Higl

1004

Birthweight percentiles
@
g

' ' '
Customized Ultra-sound based Population based

Figure 15. Boxplot of mean birth weight percentiles and 25th and 75th percentiles of
weight in the four dietary pattern groups. Definitions of birth weight as described in the
Introduction section (68-70). Figure legend created by Julius Juodakis.

Dietary patterns in relation to SGA and LGA

Women in the high prudent group had an increased risk of SGA. Risk estimates for
the high prudent group were in the same direction for all definitions of SGA, but the
association was only significant for the ultrasound-based definition (adjusted OR
1.25; 95% Cl: 1.08, 1.54) The lower risk of LGA was significant for the population-
based and customized-based definitions (adjusted ORs 0.84 (95% CI: 0.75, 0.94)
and 0.88 (95% CI: 0.78, 0.99), respectively). The ultrasound-based definition is the
strictest definition with the fewest number of cases (Table 7).

The high traditional pattern was associated with reduced risk of SGA according
to the customized definition (adjusted OR 0.92; 95% CI: 0.84, 0.99). However, the
same pattern was associated with increased risk of LGA according to the population-
based and customized definitions (adjusted ORs 1.12 (95% CI: 1.02, 1.24) and 1.14
(95% CI: 1.03, 1.27), respectively).
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The mixed dietary pattern was not significantly associated with abnormal birth
weight according to any of the definitions.

Furthermore, we repeated the analyses after stratification by pre-pregnant BMI.
The association between the prudent dietary pattern and increased risk of SGA was
indicated in both BMI groups, but reached statistical significance only in the low-
BMI group (See Table 4 in manuscript).

In additional analyses after adjustment for nausea and physical activity during
pregnancy, the associations remained unchanged. Finally, we repeated the analyses
in a group with term deliveries (n=62,415) and found that the associations between
the dietary pattern groups and SGA were unchanged.
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5. DISCUSSION

The aim of observational studies, as in the four studies comprising this thesis, is
to establish associations between exposures and outcomes. The long-term goal
is to contribute new scientific knowledge and provide supportive evidence for
prevention of adverse outcomes, i.e. preterm delivery and SGA/LGA in this thesis.
Associations can be further evaluated and results can be compared to other types
of studies. The randomized controlled trial (RCT), considered the best study design
for establishing causal evidence, is not always applicable (189), especially when
an RCT involves dictating everything a woman is supposed to eat or avoid. This is
obviously not feasible in a large population over a long time period. Indeed, most
RCTs investigating diet have studied dietary supplementation or dietary counseling
during a limited time period (190).

Prevention would the best, cheapest and most lenient way to reduce preterm
delivery and abnormal birth weight. While it will never be possible to prevent all
cases, prevention of at least some would make a considerable difference. Dietary
changes are cheap and might decrease other adverse health outcomes as well.
Furthermore, pregnancy is a period in a woman'’s life when she is open to lifestyle
changes. Implementing dietary changes might benefit both the woman and her baby
during pregnancy but might also, if maintained, yield long-term benefits. If women
change their diet, other family members may switch to the same diet, which can
impact the whole family and, ultimately, public health. If diet matters when it comes
to these adverse obstetric outcomes, medical practitioners might be convinced that
dietary recommendations are important and be inspired to devote more time and
attention to dietary counseling. But before drawing any of these conclusions, the
methods, bias, validity, generalizability and plausibility of these findings must be
considered.

Importantly, this thesis assesses associations. Causality cannot be verified by
observational studies. Discussion of possible mechanisms linking maternal diet to
preterm delivery or abnormal birth weight thus relies on theories and hypotheses
derived from experimental in-vitro and in-vivo studies in humans and animals.

5.1 Discussion of main results
Intake of sweet beverages

We found associations between high intakes of AS beverages and SS beverages and
preterm delivery. Plasma glucose levels rise after high consumption of SS beverages
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(177). It is possible that pregnant women have a higher plasma glucose response
due to their higher insulin resistance (GI tables lack information about pregnant
women). Scholl et al (191) reported an increased risk of preterm delivery in non-
diabetic women with elevated plasma glucose levels. High plasma glucose is related
to elevated levels of several inflammatory cytokines, e.g. IL-6 and TNF-a (192, 193),
that have been shown to be elevated in preterm labor (24, 48, 54, 194).
Associations between intake of SS beverages and preterm delivery were
stronger in the overweight group than in the normal-weight or underweight group.
These differences in significance may be biologically explained by the fact that obese
women are more insulin-resistant than lean women (195), with a consequently
higher risk of elevated plasma glucose levels (196, 197) and increased inflammation
(192, 198), which could be linked to preterm delivery. We also found that high
intake of SS beverages was especially associated with early preterm delivery. An
early pregnancy is generally sensitive to inflammation and infection (199). The
Scholl study found that the combination of high maternal plasma glucose levels and
choriamnionitis increased preterm delivery 12-fold (191). However, there is a loss
of power when stratifying the study population into the subgroups high and low
BMI and early, moderately and late preterm. The magnitude and direction of the
associations must be evaluated, not only the degree of statistical significance in the
sub-groups. The risk estimates for all three weight groups showed the highest risks

in the high-intake groups and the same trend was seen for time of delivery.

Dietary patterns

A prudent dietary pattern was associated with reduced risk of overall preterm
delivery. The prudent dietary pattern was also associated to a reduced risk of
preterm delivery subgroups and stratified groups; in late preterm, spontaneous
preterm delivery and preterm delivery among nulliparous women. It is possible that
both early and moderately preterm delivery could have a more serious underlying
cause than late preterm delivery or that a prudent dietary pattern might not modify
intra-amniotic infection, for instance. It is also conceivable that the prudent dietary
pattern might reduce the progression to preterm delivery only marginally, and that
the association thus is most detectable in the late preterm delivery group. But the
association and the “protective effect”, only in the late preterm group, could also
reflect the lack of statistical power due to the low number of cases in the moderately
and early preterm groups. All risk estimates pointed in the same direction in this
case as well; the group with the highest prudent diet intake exhibited a lower risk.

The prudent pattern was only significantly associated with reduced risk in the
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normal-weight group; however, risk estimates for both groups indicated lower
risk. From a biological perspective, it might be speculated that the negative effect
of overweight is greater than the positive protective effect of a prudent diet. It is
also known that overweight pregnant women tend to underreport dietary intake,
especially “unhealthy” foods, to a larger degree than normal-weight women, which
may be another explanation for these findings (200).

It is not known how diet affects biological mechanisms linked to preterm
delivery. As mentioned above, the HPA axis is involved in the process of delivery.
A high-fat diet can act as a stressor on the HPA axis and increase the production
of glucocorticoids (201). The HPA axis is susceptible to maternal diet during fetal
development, which can lead to permanent changes in glucocorticoid receptors
and glucocorticoid regulatory enzymes, especially pronounced in cases of maternal
under-nutrition (202). However, the impact of high plasma glucose from high sugar
intake or that of a prudent, low-fat diet on the HPA axis in pregnancy has not been
studied.

Modification of gut microbiota is among other possible explanations for the effect
of diet on preterm delivery risk. While gut microbes were once considered either
neutral or harmful, new knowledge has revealed that they are crucial for optimal
functioning of the digestive and immune systems (203). Gut microbial gene richness
is a key feature of a healthy flora (204). A study on dietary quality and microbial
gene richness showed that participants with high gene counts consumed more fruit,
vegetables and fish and had lower inflammatory marker levels than subjects with
low gene counts (205). The metabolites of the microbiota are important factors
for an individual’s health, due to local and systemic effects on inflammation (206).
Certain metabolites are likely to reduce the risk, for instance, of insulin resistance
(207). The type of microbes colonizing the gut is also associated with reduced risk
of systemic inflammation (208). In terms of dietary patterns, this fits well with the
prudent and traditional dietary patterns being associated with lower prevalence
of preterm delivery. Milk and yoghurt products enriched with probiotics such as
Lactobacillus have been reported to be associated with a reduced risk of preterm
delivery (159, 209), and probiotic-enriched milk products had positive loading in
the prudent dietary pattern in our study.

It was previously believed that the fetal environment was relatively sterile (210),
but there has been a recent paradigm shift and it is now believed that the fetus is
exposed to the maternal microbiome from an early stage. The current hypothesis is
that the fetus may be inoculated with maternal microbes already before birth (211).

Aagaard et al (212) have shown that the fetal placenta harbors a microbiome similar
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to that in the maternal oral cavity (tongue, throat, tonsils), as well as that in the
airways, stool and vagina. This is an interesting hypothesis that might represent
one important link between maternal diet and adverse pregnancy outcomes. The
mechanism behind this transmission is as yet unknown but I believe that much

more will be known in only a few years.

Meal frequency patterns

The main meal frequency pattern, with a regular intake of breakfast, lunch and
dinner, was associated with lower risk of preterm delivery. This association was
found for overall preterm delivery and late preterm delivery, and was also found
in overweight/obese women. It has been shown in mares that food withdrawal
increased late preterm delivery. Levels of free fatty acids rose and PG production
increased, leading to uterine contractions, changes that were reversed when food
was provided (149). In humans, it has been shown that women skipping meals
had a significantly increased risk of preterm labor or PPROM 24 hours later (213).
Furthermore, pregnant women who ate fewer than three main meals and more
than two snacks daily during pregnancy had a significantly increased risk of PPROM
(214). It has also been shown that pregnant women had an increased risk of preterm
labor after the Jewish fasting period of Yom Kippur (215). Another study from MoBa
found that women with high adherence to a Nordic diet, defined as eating regular
meals in combination with an overall healthy eating pattern, had a significantly
reduced risk of preterm delivery (148).

Other glycemic properties

We found no association between any of the glycemic properties and preterm
delivery after adjusting p values for multiple testing. However, other studies have
found such associations. High GL has been linked to preterm delivery in overweight
women (142) and other studies have found associations between high dietary GI
and preterm delivery (216). However, while GI values are calculated for one food
at a time, the actual plasma glucose response will differ substantially when foods
are eaten in combination, as is the case in reality. Importantly, the FFQ used in our
study was not validated with regard to GI and GL. Furthermore, the use of FFQs to
study GI and GL has been questioned due to limitations in the number of questions
asked, aggregation of several food items and lack of day-to-day variation. Other
assessment methods might have been better for assessing GI and GL, e.g. a food diary
or repeated 24-hour recalls. In the MoBa FFQ, calculation of GI and GL was based on
the questions covering different types of bread, buns, crisp bread and crackers, with
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a single GI value for each question. Therefore, it could be argued that this FFQ is
not sensitive enough for correct estimation of GI and GL. We found no association
between maternal intake of added sugar and preterm delivery, despite having found
a significant association between high intake of SS beverages and preterm delivery
in our first study. It can be challenging to assess added sugar in the diet with a FFQ.
It is difficult to adequately assess varying amounts of added sugar in some foods,
e.g. sugar intake from cereals differs greatly between different brands. Assessing SS
beverage intake is actually a good method of assessing overall intake of added sugar,

since the amount of added sugar does not vary between different brands (217).

Non-overlapping dietary patterns

The high prudent pattern comprised the lowest intake of total fat, carbohydrates and
added sugar, as well as the highest intake of dietary fiber. Women eating according
to this prudent pattern were regarded as extremely health-conscious. The high
Western pattern contrasted with the prudent pattern. There are sound biological
explanations for the findings that food quality affects the risk of abnormal birth
weight. A high intake of dietary fat in early pregnancy is associated with increased
birth weightand reduced risk of SGA (218). Food with easily accessible carbohydrates
causes increasing postprandial plasma glucose levels (219), correlated to a higher
risk of high birth weight (113). Dietary fiber counteracts the rise in postprandial
plasma glucose (219, 220) and lower plasma glucose levels are correlated to lower
risk of high birth weight (221). A high fiber intake also generates satiety (222),
which could benefit weight management (223) during pregnancy. Excessive weight
gain increases the risk of LGA (224) and obesity is one of the strongest risk factors
for LGA (180). Sadly, many of the negative obstetric outcomes in obese women are
not preventable, despite lifestyle changes during pregnancy, as prevention might
require important metabolic alterations prior to pregnancy (225). However, healthy
eating can reduce the risk of negative pregnancy outcomes, e.g. gestational diabetes,
macrosomia, hypertension and birth defects, all related to both preterm delivery and
abnormal birth weight (96). The high traditional dietary pattern was associated with
increased prevalence of LGA. This finding concurred with another MoBa study that
assessed maternal adherence to an a priori-defined New Nordic Diet Score, finding
that women with high scores had increased risk of LGA (148). Despite the fact that
the New Nordic Diet Score differs substantially from the traditional dietary pattern
in our study, they do have similar qualities; both patterns reflect high intake of fish
and other food items shown to be associated with increased fetal growth (226).
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5.2 Methodological considerations

Selection bias

Forty percent of all pregnant Norwegian women chose to participate in the MoBa,
which could be considered a low rate. Participants were older; better educated and
less often smokers than the general pregnant population. A very selected cohort
can affect interpretation of results and enable the drawing of wrong conclusions,
if this issue is not addressed (227). Nilsen et al. evaluated the potential bias due
to self-selection in the MoBa study, compared to the overall pregnant population
in Norway. The authors evaluated eight exposure-outcomes in MoBa participants
using data from the MBRN. Despite the difference in prevalence of both exposures
and outcomes between the two groups, there were no substantial differences in
exposure-outcome associations, among which were preterm delivery and low birth
weight (228).

Selection bias might also have arisen in the exclusion process. The initial dataset
for this study comprised a total of 108,000 deliveries (including triplets, twins,
stillborn, etc.). The exclusion process was carefully considered and extensively
discussed in our research group. Women with factors, such as multiple pregnancies,
that might cause result errors were excluded. Furthermore, almost 14,000 women
were excluded from the overall cohort because information about eating and
drinking habits was missing. The MoBa study was initiated in 1999. During 1999-
2002, 8,955 participants completed a FFQ covering diet during the year prior to
pregnancy. The new FFQ developed specifically for MoBa was not ready for use
until March 2002, which is why so many were excluded due to missing dietary data.
Moreover, more than 1,000 women were excluded because of invalid energy intake,
since accuracy of data could not be trusted. Women with diabetes mellitus prior
to pregnancy or diagnosed during pregnancy were excluded in all four studies due
to dietary modification and increased risk of spontaneous and iatrogenic preterm
delivery, as well as abnormal birth weight, associated with the condition (229-231).
Table 8 presents differences in characteristics in the overall MoBa cohort, compared
to the included women in our four studies.
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Table 8. Overview of maternal characteristics in eligible participants as well as study

participants in Studies I-IV.

Participants, n

Maternal age at
delivery, y
<35
>35
BMI (kg/m2)
<18.5
18.5-24.9
25-29.9
230
missing cases
Parity
Nulliparous
Parous
Marital status
Cohabiting
Single
Maternal
education, y
<13
13-16
217
missing cases
Smoking
No
Occasional
Daily
missing cases
Previous PTD,
n (%)
No
Yes
missing

MoBa women*

72,344

59,929 (82.8)
12,415 (17.2)

2149 (3.0)
46,365 (64.1)
15,254 (21.1)
6698 (9.3)
1,878 (2.6)

38,568 (53.3)
33,717 (46.6)

69,520 (96.1)
2824 (3.9)

22,543 (31.2)
29,983 (41.4)
18,274 (25.3)
1544 (2.1)

66,053 (91.3)
1967 (2.7)
3911 (5.4)
413 (0.6)

69,827 (96.5)
2482 (3.4)
35

I
60,761

50, 651 (83.4)
10,110 (16.6)

1,901 (3.1)
40,315 (66.4)
13,026 (21.4)
5,519 (9.1)

32,258 (53.3)
28,403 (46,7)

58,712 (96.6)
2,049 (3.4)

19,184 (31.6)
25,881 (42.6)
15,696 (25.8)

55,561 (91.4)

5,200 (8,6)§

58,569 (96.4)
2,192 (3.6)

IIand III (2)
66,000

54,792 (83.0)
11,208 (17.0)

2,029 (3.1)
42,704 (64.7)
13,754 (20.8)
5,824 (8.8)
1,689 (2.6)

34,217 (51.8)
31,783 (48.2)

63,446 (96.1)
2554 (3.9)

20,472 (31.0)
27,432 (41.6)
16,704 (2.1)
1,401 (2.1)

60,321 (91.4)
1748 (2.6)
3553 (5.4)
378 (0.6)

63,667 (96.5)
2,333 (3.5)

111 (1)
65,487

54,381 (83.0)
11,106 (17.0)

2,017 (3.1)
42,398 (64.7)
13,643 (20.8)
5,769 (8.9)
1,660 (2.5)

33,968 (51.9)
31,519 (48.1)

62,964 (96.1)
2,523 (3.9)

20,255 (30.9)
27,267 (41.6)
16.594 (25.3)
1,371 (2.1)

20,255 (91.4)
1,725 (2.6)
3,520 (5.4)
371 (0.6)

63,667 (96.5)
2,333 (3.5)

v
65,904

54,715 (83.0)
11,189 (17.0)

2,025 (3.1)
42,644 (64.9)
13,729 (20.8)
5,819 (8.8)
1,687 (2.6)

34,164 (51.8)
31,740 (48.2)

63,354 (96.1)
2,550 (3.9)

20,444 (31.0)
27,388 (41.6)
16,672 (25.3)
1,400 (2.1)

60,235 (91.4)
1,744 (2.6)
3,547 (5.4)
378 (0.6)

*Source population (n=83,386), of which 72,344 were first enrolled pregnancies in MoBa
§Reported occasional or daily smoking

The prevalences of preterm delivery in our study sample (Studies II-IV) and those
in the 17,386 pregnancies excluded from MoBa were compared, revealing that the
prevalence was actually higher in the study population (5.3%; 3,505 cases) than in
the excluded group (3.8%; 660 cases). It is difficult to explain this discrepancy since
one of the reasons women were excluded was missing information. It is likely that
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women with lower education and lower socio-economic status more often return
incomplete reports than those with more a favorable socio-economic profile.

Covariates

As previously mentioned, conclusions about causality cannot be drawn based
on observational studies, since adjustment cannot be made for all potential
confounding factors (236). The MoBa dataset contains much information about
possible covariates, which we have thoroughly considered and adjusted for. Previous
preterm delivery is one of the strongest risk factors for current preterm delivery
(237); we have thus adjusted for this in all studies in which preterm delivery was the
outcome. As this data was obtained from the MBRN, it is considered to be reliable.
Different socio-economic factors are also well-known risk factors for preterm
delivery (238, 239). We adjusted for many of the important ones: years of education
(all four studies), cohabiting or single (all four studies) and total household income
(all four studies). Another important covariate for preterm delivery is smoking
(240), which was also adjusted for. The risk of unreported smoking (241), because
it is considered “shameful”, is, however, well known. Under- or misreporting of
smoking habits can lead to validity problems and the risk of faulty conclusions if
association measurements are incorrect (242). However, maternal smoking during
pregnancy reported in the first MoBa questionnaire was evaluated by Kvalvik et al,
using plasma cotinine concentration as an objective reference measure (243). This
study showed that, the questionnaire sensitivity was 82% and specificity was 99%
for self-reported smoking, interpreted as reliability for representing smoking habits
correctly. It is also known that alcohol intake during pregnancy is a risk factor for
preterm delivery (244). It could be speculated that women adhering to a prudent
dietary pattern also consume some alcohol, since especially smaller amounts of red
wine have been part of a “health awareness” concept. Adjusting for alcohol intake
did not change the results. In all our studies, we adjusted for total energy intake.
In Study II, additional adjustment for energy density made it possible to evaluate
intakes of food and nutrients independently of total energy intake (245). Additional
adjustments suitable for the specific exposure were made in the respective studies,
e.g.added sugar in Study [ and shift work in Study II1. Nausea is common in pregnancy
and can affect both what is eaten and possibly also outcome, especially birth weight,
with a higher risk of SGA (246). Adjustment for nausea was performed in additional
analyses in all studies, with no change in results. Maternal height was adjusted for in
all four studies, as height was associated with both the exposure and the outcome.
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Tall women had a more healthy intake, reflected by higher adherence to a prudent
diet, and height is correlated to both preterm delivery and birth weight (247).

Associations versus causal effects in observational studies
Observational studies are important for promoting new theories, to improve
understanding and acquire deeper knowledge. It would be unethical to expose
pregnant women to foods known to be unhealthy or to a high-glucose diet during
pregnancy.

Observational studies cannot determine causality. A cause is a factor that
contributes to or is responsible for the development of a disease or condition. A
confounding factor is associated with both exposure and outcome. Confounding
occurs when the observed relationship between exposure and disease differs from
the truth due to the influence of a third variable. However, when the confounding
variables are known, their effects can be taken into account. How variables are
believed or known to be correlated with the exposure, the outcome and the other
variables can be illustrated in a DAGitty diagram (Figure 16). The underlying DAG
model must be defined in order to create the regression model and to determine
which confounders must be included in the model.
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Figure 16. DAG diagram, showing the complexity and possible relationships between
exposure, outcomes and confounding variables (pink) in our studies.
Green arrows indicate causal links and pink arrows confounding links.
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The British epidemiologist Austin Bradford Hill listed the following key criteria for
evaluating association versus causation in epidemiological studies (248): strength,
consistency, temporality, biological gradient (dose-response), plausibility, coherence
and experimental evidence. Applying these criteria to observational studies provides
further insight into the nature of the observed associations. The papers included
in this thesis were written according to guidelines for reporting of observational
studies (Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) (249). These guidelines are designed to improve the quality of research
and clearly show the reader what was planned, what was done, what was found
and what the results mean (see Appendix for the STROBE checklist). Moreover, new
guidelines, termed STROBE-nut, have recently been published, aiming to improve
the quality of nutritional research. They stipulate that the methodological details,
such as recruitment, dropout, compliance, statistical methods and dietary intake
assessment, be clearly reported (250).

Multiple testing and errors

In all our studies, several exposures were assessed and different stratifications and
sub-analyses, i.e. multiple testing, were undertaken. The problem with multiple
testing is that when a number of statistical analyses are performed, there is a risk
that some significant p values will emerge. A p value set at 0.05 means that 20% of all
p values would be significant just by chance. If 20 different analyses are performed,
there is a 64% risk that the results are due to chance findings. This is called a type
[ error, finding false significance and falsely rejecting the null hypothesis (251). In
our studies, associations were found both in both the overall analyses and in the
subgroup analyses, which we interpreted as a decreased risk of chance findings.

In Study III, we found an association between dietary fiber and reduced risk of
preterm delivery only in the younger women. We also found a positive association
between higher GL and increased risk of preterm birth in women aged 35 years
and up. But we found no association, either in the overall analysis, after any other
stratifications or in any other subgroup analysis. Therefore, p values from all the
separate analyses for each variable were added and divided with the total number of
p values (a type of Bonferroni adjustment). With these stricter criteria for statistical
significance, the results for GL and dietary fiber were no longer significant. However,
one of the general problems with Bonferroni adjustment it that it increases the risk
of type Il errors, that is that the null hypothesis is not rejected despite the existence
of a true association (252).
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Food frequency questionnaire

In this thesis, information about diet was based on a self-reported FFQ in which
women were asked to report daily dietary intake during the first four months of
pregnancy. This covers an important period of fetal development during which
maternal nutrition may affect fetal well-being, but could also negatively impact long-
term health later in the child’s life (96, 253). As mentioned in Section 1.6, dietary
assessment is particularly challenging, as there is no method without errors and
shortcomings. First, there is the possibility for responders to over- or underreport
intake. Misreporting can be conscious or unconscious and “dietary image” (254)
may be distorted in the same way as body image. Foods perceived as unhealthy
are most likely to be underreported and foods perceived as healthy are most likely
to be over-reported. In MoBa, participants with a large amount of missing data or
gross misreporting of intake are eliminated by only including participants with a
reasonable calculated energy intake. Exclusion of subjects with improbable energy
intakes omits approximately 1% at each end of the energy distribution curve (98%
CI) and will not correct for any misreporting or bias (173). As the intake of nearly
all foods and nutrients correlates with energy intake, dietary exposures must be
adjusted for energy intake (255).

Secondly, there is always a risk of memory bias when filling in a FFQ. The
prospective design of the studies is an advantage since women were at least
unaware of pregnancy outcomes when they responded to the FFQ, minimizing the
risk of memory bias. Certain groups of women, especially overweight pregnant
women, are known to underreport intake in FFQs (200). A prospective design study
is especially important in those cases, but does not entirely solve the problem. The
risk of misreporting of data should be kept in mind when interpreting results.

Thirdly, it is crucial that the FFQ cover all the existing foods and beverages in a
country, without being too extensive, which could cause carelessness in responses
and missing data, as previously mentioned. However, the nutritional specialists
responsible for the development of this FFQ are extremely knowledgeable about
available food and beverage items in Norway. Missing data in the FFQ must be
treated with especial consideration. In the MoBa FFQ, minor “missing data”, due
to participants’ failing to check any of the boxes, was interpreted as zero intake.
Poor-quality FFQs, due to a large amount of missing data or gross misreporting of
intake, were excluded using the pre-defined filter for biologically implausible intake,
specifically developed for MoBa (173).

Fourthly, filling in an FFQ challenges respondents with rather complex cognitive
tasks. Individuals that are willing and able to answer may be more interested in
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healthy practices than the average individual and may thus have different dietary
habits than non-participants. The MoBa FFQ was available only in Norwegian (the
English version is available only for researchers), and some groups were unable to
participate due to language barriers. This might have affected the external validity
of the study, but it was a conscious choice on the part of the study initiators. Other
studies have been carried out in subgroups of immigrants.

From the start, MoBa was intended to include a large number of participants,
and the FFQ was the only realistic alternative for assessing maternal diet during
pregnancy. However, before dietary data can be used in diet-outcome studies, every
new FFQ must be validated, in order to obtain an impression of the degree to which
it is accurate in the target population. One hundred nineteen women participated in
the validation study of the MoBa FFQ. Their reported intakes of food items, energy
and nutrients in the FFQ were compared with intake records from a four-day weighed
food diary. This prospective recording of all food and drink intakes during four days
is considered to be the best model for dietary assessment. In addition to keeping
the food diary, women in the validation study were also asked to wear a motion
sensor for assessing total energy expenditure, to give blood samples and to collect
24-hour urine specimens (175). Urinary nitrogen excretion was used to evaluate
the relative validity of the calculated protein intake (175), urinary iodine excretion
was used to evaluate the relative validity of the calculated iodine intake and the
main food sources of iodine (256), and urinary excretion of flavonoids was used to
evaluate the relative validity of fruit, vegetables and tea (257). Blood concentrations
of arsenic, mercury and selenium, as well as long-chain n-3 polyunsaturated fatty
acids in red blood cells were used to evaluate the calculated intakes of different
fish and seafood items (258). Furthermore, plasma concentrations of 25-hydroxy-
vitamin D and serum folate were used to evaluate the calculated intakes of vitamin D
and folate, including the calculated amount of these vitamins contributed by dietary
supplement use (259). The validation study showed that the MoBa FFQ is accurate,
relative to the reference methods (food diary and biomarkers), for ranking pregnant
women according to high and low intakes of energy, nutrients and food (175).

Factor analysis

The three dietary patterns extracted by principal component factor analysis for
Studies II and IV accounted for 16% of the total variance in the input variables,
which can be regarded as quite low. However, this is totally acceptable since dietary
patterns are qualitative indices reflecting food choices and major variation in eating

habits. The Scree plot also revealed three distinct meal frequency patterns, which
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accounted for 52% of the variance in the input variables. This is high, compared with
16% in Study II, but the level is due to the fact that combinations of fewer variables
yield higher explained variance. In Study II, we had 255 food and beverage variables,
too many for this method, and we ended up with 58 non-overlapping groups. A study
describing this process showed how aggregation of food items into fewer variables
increased the explained variance, but also attenuated the association with disease
outcome (260). This study was instrumental for our decisions on how to aggregate
food and beverage items.

We used different factor loadings for the interpretability of patterns in the
different studies. In Studies II and IV, factor loadings were set at £0.25, while they
were set at +0.5 or above in Study III. One reason for this difference is the lower
number of variables in Study III (261). Furthermore, we were initially investigating
which groups the SS and AS beverages belonged to in Study III. We set the factor
loadings low as we found that SS beverages had a factor loading of 0.36 in the
Western dietary pattern. Factor loadings for the AS beverages were less than 0.25,
and they were thus not found to be related to any specific dietary pattern.

There are other available methods when assessing patterns, e.g. cluster analysis.
Cluster analysis is a method in which individuals with similar patterns are clustered
into one group depending on the mean intake of a food or beverage variable. There
are several different methods for cluster analysis, of which k-mean analysis is the
most common when aiming at determining input variables efficiently in nutritional
research. However, the number of clusters must be determined before performing
k-mean analysis, often with a hierarchical cluster analysis (262).

We chose factor analysis instead of cluster analysis for several reasons. Factor
analysis yields information, by the factor-loading coefficient, about how all food,
beverages and meals are associated with a specific pattern. The factor loading
coefficient score provides a better understanding of which specific variables have the
highest impact on the pattern in question. In factor analysis, all women are included
in all patterns, an important difference from cluster analysis. The complexity of
dietary habits leads to women sometimes adhering to more than one specific
pattern, e.g. high adherence to both the prudent and traditional dietary pattern. One
disadvantage of cluster analysis is that there can also be extremely uneven numbers
of participants in each cluster, making comparison between groups difficult. This
difficulty can, however, be avoided with factor analysis. Moreover, factor analysis
provides information about variables with negative factor loadings, i.e. very low
intakes of a specific food, beverage or meal. This information is, on the other hand,

unavailable in cluster analysis. In a study comparing dietary patterns assessed
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with principle component analysis and cluster analysis, no significant differences
between recorded food and beverage items were found (262), and we thus chose
factor analysis for processing our data.

Validity and generalizability

Internal validity means that the conclusion is correct for the study population and
is based on bias, confounding factors, chance findings and cause. External validity
and generalizability refer to whether the conclusion would also be true for other
populations (263).

Bias and confounding factors affect internal validity and have been discussed
previously. The ORs, HRs and Cls (often close to 1) in these studies affect internal
validity. It has been suggested that the relative risk (RR) should be under 0.5 or
above 2.0; otherwise, associations are likely to be due to bias or chance (264). In our
studies, the OR and HR estimates are close to 1. However, the models were stable
despite all the adjustments for covariates. Furthermore, diet is usually not a matter
of “intake: yes or no”, but rather of comparing food amounts or diet quality, with
considerable overlap among groups for many nutrients. It is thus not unexpected
to only find small effect sizes. Due to the imprecise measurements in nutrition
studies, true findings tend rather to be underestimated. Imprecision in exposure
measurements in nutrition studies is likely to attenuate a “true” exposure-outcome
association (265). It has been argued that weak associations in epidemiological
studies should not be published (264). However, taking the nature, complexity and
challenges related to dietary assessment into account, this criticism should not be
directed at nutrition studies. A study within the Norwegian Women and Cancer
study explored how measurement errors could affect estimates of disease risk, using
alcohol intake and high blood pressure as the example (266). The authors showed
that the most common effect of measurement error was an attenuation of the risk
estimate. However, when the measurement error is systematic, e.g. underreporting
fatintake, bias in the risk estimate can instead result in an overestimated association,
as demonstrated in a sub-sample of adult Danish men (267). Although the effect
estimates are weak, the studies included in this thesis add supporting evidence for
current dietary guidelines, as was acknowledged in an accompanying editorial to
our Study II in the British Medical Journal (268).

The findings in Study I have partly been confirmed by other studies. In a
Danish study (117) with a similar pregnancy cohort, AS intake, but not SS intake,
was associated with preterm delivery. More women in the Danish study than in the
MoBa reported that they never drank either SS or AS beverages during pregnancy,
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and more women reported high intake of both SS and AS beverages in the latter,
compared to the former. The FFQ questions regarding intake of these two beverage
types were identical but the assessed time period was different. In the MoBa FFQ
filled out at gestational weeks 17-22, women reported intake of these beverages
during the first four months of pregnancy. In the Danish study, women filled out
the FFQ at gestational week 25 and they were asked to report intake during the
preceding four weeks. We wanted to assess whether women might have shifted from
SS to AS beverages before answering the FFQ, based on the possibility that women
with early pregnancy complications had changed their lifestyle. Therefore, we
performed an analysis comparing intakes of AS and SS beverages before pregnancy,
reported in the first (from questionnaire 1) and third trimesters (from questionnaire
3), but these results did not indicate such a shift in consumption. There were other
differences between the studies as well. In our study, we adjusted for previous
preterm delivery (269), as well as combining carbonated and noncarbonated soft
drinks and excluding women with diabetes. The two studies are thus not exactly
comparable. Another similar cohort study of a multi-ethnic cohort of over 8,000
pregnant women in Bradford UK found an association between a high intake of
SS beverages, but not AS beverages, and preterm delivery (270). Observational
studies such as the MoBa and the Danish National Birth Cohort are not suitable for
establishing diet-disease causality, but are important for discovering associations
requiring further investigation, especially in the case of nutrients that are freely
available on the market and consumed by women during pregnancy.

Studies Il and IV raise the question of whether Norwegian dietary patterns differ
from those in other countries. Are Norwegian pregnant women in general healthier
than other populations? This is an important question for evaluating generalizability.
In Norway, a high fish intake and consumption of cod liver oil is typical and considered
part of a healthy diet. But the prudent dietary pattern was also rich, for instance, in
fruit and vegetables, cooking oil and nuts, resembling the typically Mediterranean
pattern (151). Studies do not show that a typical Nordic diet, either in the general
population or in pregnant women, contains more prudent-pattern foods than
diets elsewhere (271, 272). However, differences in dietary patterns in different
countries could partly be explained by differences in socio-economic factors and
maternal characteristics, e.g. BMI, smoking, etc. (273). Differences in gestational
length assessment also affect results (16) and must be considered when comparing
prevalences between populations. Our findings are likely to be generalizable outside
Norway and can contribute to the general body of research on diet and health, but

the issue of population-specific dietary patterns must be kept in mind.
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Study III raises the issue of how meal frequency patterns differ between
different countries in Europe (274), which could make comparison difficult, as well
as affecting the external validity and the possibility to reproduce the findings in
other populations.

When comparing the results of Study IV to others, we found that exposure-
outcome relationships were greatly dependent on the applied definitions of
exposure and outcome. In a similar Danish cohort of almost 45,000 women, it was
found that women adhering to a high prudent dietary pattern, similar to our prudent
pattern but with fewer variables, had reduced risk of SGA according to the same
ultra-sound based definition (93). Comparison of this Danish study to ours revealed
that women in the “health-conscious” group had higher energy intake than in the
MoBa prudent dietary pattern group. It could be speculated that Norwegian women
are more health-conscious, contributing to a higher prevalence of SGA in this group.
A study from China showed that women with a diet high in fruit, nuts and desserts
delivered babies with higher birth weight and had lower risk of SGA than women
with low intakes of these food items. That study used a SGA/LGA definition similar
to the customized definition in our study (275). A New Zealand study including
2,000 pregnant women reported that a traditional dietary pattern was associated
with lower risk of SGA. However, this pattern was more like our prudent pattern,
since it was rich in fruit, but with a higher content of cheese and dairy products
(276). In another study of the MoBa cohort, it was shown that high scores for a
New Nordic Diet, characterized by traditional Nordic foods, e.g. apples, pears, root
vegetables, whole grains, potatoes, fish, milk and water as beverage, was associated
with a reduced risk of SGA (148). The New Nordic Diet score is an a-priori score,
but it resembles the traditional dietary pattern in Studies II and IV. The findings for
the New Nordic Diet group are comparable to ours for the high traditional group,
i.e. reduced risk of SGA according the customized definition. Finally, in a smaller US
study of 1,151 participants with seven different dietary patterns, no associations
were reported for any of the patterns and SGA or LGA (277). The main difference
between our study and others seems to be that our prudent pattern is associated
with increased risk of SGA, while the others found a decrease in risk. Different
populations with varied genotypes have been assessed and birth weight is one of
the variables that is strongly correlated with genetic factors (278). However, there
are also differences in other factors, such as maternal BMI and age, that can affect
birth weight, probably through epigenetic mechanisms (279). Discrepancies in
definitions of SGA and LGA must also be kept in mind when comparing results.
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6. CONCLUSIONS

This thesis adds the knowledge that diet seems to matter when it comes to preterm
delivery and abnormal birth weight, although birth weight was assessed less
extensively.

High intake of artificially and sugar-sweetened beverages may increase the risk of
preterm delivery; the higher the intake, the greater the risk.

High intake of a prudent dietary pattern may reduce the risk of preterm delivery.

A main meal frequency pattern, consisting of breakfast, lunch and dinner, may
reduce the risk of preterm delivery. However, other glycemic properties, i.e. GI, GL,
total carbohydrates, added sugar and dietary fiber, do not seem to be associated with
preterm delivery.

A high prudent dietary pattern may increase the risk of SGA and reduce the risk of
LGA. A high traditional diet may increase the risk of LGA.

Despite the observational nature of these data, all results thus indicate that diet
matters, especially for preterm delivery. Maternal dietary habits should be further
studied and evaluated, as a possible component in the studied conditions.

The clinical implications of our results are that medical practitioners working with

pregnant women may be inspired to devote more attention to the importance of
dietary counselling.

77






7. FUTURE PERSPECTIVES

These hypothesis-generating observational studies cannot constitute the basis on
which to draw conclusions about causality. A next step might be an observational
study with the same exposures in another cohort. If more studies, carried out with
the same exposures in different cohorts, find the same results, guidelines could
be created despite the observational character of the data. This is an example of a
clinical issue for which health care authorities must rely on results of observational
studies only, as RCTs are neither feasible nor ethical.

The pathophysiology behind a probable causal association can be established
by preclinical studies or animal models. Mechanistic studies provide important
information about biological processes and could generate knowledge about how
sugar affects, and perhaps initiates, processes in placental cells. Our hypothesis is
that a high level of sugar, in women who are already insulin-resistant, causes an
increase in the inflammatory response linked to preterm delivery. This could be
assessed by exposing healthy placental cells from pregnant women, without a history
of preterm delivery or diabetes, to different concentrations of glucose respectively
mimicking euglycemia, moderate hyperglycemia and severe hyperglycemia in
maternal blood. It is important to assess placental macrophages because they are
regulators in the immune response and have an important function in maintaining
a normal and healthy pregnancy (280). It is conceivable that they respond to high
glucose levels and increase cytokine production, which might conceivably be the
link to preterm delivery. Is it possible that glucose alters the balance between pro-
and anti-inflammatory macrophages toward a more inflammatory type? Studies
like this are important for assessing links between diet and pregnancy outcome,
but are also an important piece of the puzzle of understanding the mechanisms
underlying pregnancy complications. The ROS pathway also warrants more detailed
study. Is maternal diet linked to premature aging of the fetal membranes? This
question could be addressed by fetal membranes being exposed to hyperglycemia
with subsequent measurement of IL-33, DAMP, HMGB1, heat shock protein, cell-free
DNA and telomerase fragment responses. Furthermore, does maternal diet affect
the amniotic fluid?

If observational, mechanistic and clinical studies show that maternal diet affects
the risk of preterm delivery and SGA/LGA, guidelines must be changed and more
emphasis must be put on dietary counseling during, and perhaps prior to, pregnancy
in order to prevent preterm delivery and abnormal birth weight. Prevention of these
conditions is the safest and cheapest way to address this major clinical problem.
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APPENDIX

Supplementary table 1. Mean (+SD) daily intake food in the four non-overlapping dietary

pattern groups.

Food group (g)
White bread

Dark bread
Butter

Margarine

Cheese

Fish spread

Fish liver/roe
Meat spread
Mayonnaise/spread
Jam/honey
Nutspread

Eggs

Cereals, high grain
Corn flakes

Full fat milk

Low fat milk
Yoghurt/biola
Juice

Artificially sweetened
drinks

Sugar drinks
Coffee
Decaffeinated coffee
Tea

Herbal tea

Water for drinking
Processed meat
Red meat

Organ meat
Poultry

Lean fish

Oily fish

Fish products
Pizza/tacos

Boiled potatoes

High Western
159+98
44+72

2.8+x7.4

2.7+¢7.1
48+128
274+295
67+102
177+196
261£447

289+400
81+152
2.6x27
924156
20+64
969+681
9430
18+11
0.1+0.7
2013
3.6x4.4
2.6%3.5
12+10
2612
3723

High prudent
52+68
120497
3.4+7.6
6.0+9.6

25+19

1.1+4.7
23.5%72
219+243
139£170
182+177
86191

60107
113+146
7.3+41
142+199
118+219
1500+£700
55+27
14£10
0.1+1.1
31+17
8.8+7.3
6.4+6.1
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High traditional
118+103
106+110
3.2+8.0
15.6+15
24+20
12+16
0.6+3.1
25+21
11+11
11+15
2.8+7.5
9.3+9.8
2233
2.0£5.6
41+123
404+357
71+100
146x172
78+182

140202
100£169
2.0+22
112+175
33+90
1103656
68+25
15+9.8
0.4+1.9
13+9.8
13+11
5.5+5.8
33+£18
15+8.6
6529

Mixed
111+100
90+99
3.4+8.2
12+14
2320

2.1+6.4
42+123
303+316
97+139
178+197
131+267

152+154
103+168
3.5£29
124+189
54+141
1198+725
73+29
16+11
0.3£1.6
2115
7.8+8.0
4.8+5.3
2015
2010
44+31
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French fries 12+10 5.1+4.9 6.1£5.1 7.9+8.2
Rice 26%22 36.4+29 18+12 27+24
Pasta/spaghetti 26£20 24+18 16x11 22+18
Ketchup 2.5+2.7 1.1+£1.2 1.3+£1.3 1.6+1.9
Olive oil 0.6+0.8 1.4+1.1 0.5+0.7 0.8+0.9
Cooking oil 0.9+1.5 4.2+454 0.7+1.1 1.7£3.1
Raw vegetables other 1616 4132 18+17 26+28
than leafy greens

Green leafy vegetables  56+43 104+59 53+40 72+55
Cooked vegetables 34+23 6240 45+29 50+43
Onion/leek/garlic 7.5+7.3 15+12 5.6+5.4 9.5+10
Mushroom 3.0£3.6 6.1+6.7 2.3+2.4 4.0+5.7
Gravy 15+11 8.3x6.9 18+14 15+14
Fruit/berries 223+163 351+206 241+161 2854215
Dried fruits 1.3+3.2 6.7+13 2.1+5.1 3.242.5
Nuts 1.4+2.8 5.3+12 1.242.5 2.3+6.0
Milk desserts 2422 18+15 15+12 2121
Waffles/pancakes 12+9.2 8.316.6 11+7.6 11+10
Buns 7.4+11 4.9+5.6 42+4.8 5.9+8.6
Cakes 9.9+8.3 7.2+5.9 6.9+5.5 8.9+9.8
Chocolate sweets 6752 37+27 32+24 45+39
Salty snacks 2016 11+8.6 11+7.8 14+14
Rice pudding 6.5+7.6 4.5%6.7 12+11 7.5+8.5
Crisp bread 11+16 16+19 13+18 15+19
Sweet biscuits 4.0+£8.0 2.6%4.6 2.1+35 3.3+6.9
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