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Abstract 
Lindberger, E. 2021. Studies on maternal body fat distribution in relation to infant outcomes. 
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 
1784. 98 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1331-3. 

Background: Overweight and obesity are common amongst pregnant women and associated 
with adverse pregnancy outcomes for both the mother and the infant. Today, body mass index 
(BMI), not accounting for body fat distribution, is used for risk stratification during pregnancy. 
We hypothesize that maternal central adiposity is associated with pregnancy complications, 
independent of BMI, and that blood-based protein biomarkers differ between women with 
dissimilar body fat distributions, reflecting biological discrepancies. 

Objectives: This thesis aims at 1) systematically reviewing the current knowledge on the 
relation of maternal central adiposity with infant outcomes, 2) evaluating the association of 
ultrasound measured early mid pregnancy visceral and subcutaneous fat depths with infant birth 
size and adverse neonatal outcomes, and 3) investigating the relations of fat depth measures 
with maternal blood-based protein biomarkers. 

Methods: A systematic review was performed including six databases searched from 
inception until November 2019. Studies evaluating maternal central adiposity in relation to 
infant outcomes were included. Two cohort studies were conducted during 2015–2018 at 
Uppsala University Hospital. Visceral and subcutaneous fat depths were measured by ultrasound 
at the second-trimester anomaly scan. Fat depths of 2,498 women were evaluated in relation to 
infant birth size. Body mass index and fat depths of 2,771 women were evaluated in relation 
to neonatal hypoglycaemia, a composite of adverse neonatal outcomes (5-minute Apgar score 
<7, umbilical artery pH ≤7.0, or admission to neonatal intensive care unit), and the individual 
components of the composite outcome. Olink Cardiovascular II panel was used to analyse 
92 blood-based protein biomarkers in 201 pregnant women. The protein concentrations were 
evaluated in relation to the ultrasound measured fat depths. 

Results: The systematic review demonstrated associations of maternal central adiposity with 
infant birth size and caesarean section. The results of the cohort studies showed an association 
of early mid pregnancy visceral fat depth with infant birth size. Additionally, BMI (but not 
fat depths) was associated with neonatal hypoglycaemia and adverse neonatal outcomes. Four 
blood-based protein biomarkers differed between pregnant women with dissimilar body fat 
distributions. 

Conclusions: Early mid pregnancy visceral fat depth is associated with infant birth size and 
may be useful in models predicting infant macrosomia. However, more research is needed to 
determine the usefulness of fat depth measures in addition to BMI as markers of adverse neonatal 
outcomes. Further research on blood-based biomarkers might enlighten biological mechanisms 
linking maternal body fat distribution types to neonatal outcomes. 

Emelie Lindberger, Research group (Dept. of women´s and children´s health), Perinatal, 
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Introduction 

The global burden of overweight and obesity continues unabated (1). Conse-

quently, the number of pregnant women with excessive body weight has risen 

drastically (2). In Sweden, 27.6% of women entering pregnancy were over-

weight (body mass index (BMI) 25.0–29.9) and 16.4% were obese (BMI ≥30)  

in 2020 (3). This situation is indeed problematic since excessive body weight 

is a major cause of maternal and infant morbidity (4-6). In comparison with 

normal weight mothers, pregnant women with obesity have a four to nine 

times higher risk of gestational diabetes mellitus (GDM), a three to ten times 

higher risk of hypertensive disorders of pregnancy, almost twice as high risk 

of mental illness, and a two to three times higher risk of caesarean section and 

infection after surgery. In addition, infants of obese mothers have a 30–50% 

greater likelihood of being born preterm, a two- to threefold increased risk of 

being large for gestational age (LGA), and almost a doubled risk of fetal death 

(7). 

Today, BMI is used for risk stratification of pregnant women. Unfortu-

nately, BMI does not take into consideration the distribution of body fat, and 

it cannot separate lean mass from fat tissue. Whether maternal body fat distri-

bution during pregnancy has any impact on infant outcomes is not fully clari-

fied. A few previous studies have investigated this research question, but there 

are some shortcomings in the literature. For instance, different methods are 

used to measure the distribution of body fat. Some studies use waist circum-

ference (WC) and waist-to-hip ratio (WHR), while others use ultrasound to 

estimate the fat distribution. In addition, the timing of the measurements in 

relation to conception varies, making it difficult to compare the results. Vary-

ing infant outcomes including infant anthropometry and assessment of differ-

ent perinatal morbidities further impedes direct comparison. Thus, the gener-

alisability of the results of the pre-existing literature can be questioned. 

Few investigators have evaluated the visceral fat compartment, which is 

strongly associated with several metabolic risk factors (8, 9), in relation to 

infant outcomes in the neonatal period. One previous study reports an in-

creased likelihood of preterm birth (<37 weeks of gestation) amongst women 

with a high visceral fat measure (10). Another study reports an association of 

visceral fat depth with infant birth weight, but the study only included adoles-

cent mothers (11). Yet another study demonstrates an association between vis-

ceral fat depth and birthweight percentile on ethnicity specific growth curves, 

but the study is of low quality due to inconsistency in the reported results and 
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missing information on the variables included in the statistical models (12). 

Another study shows an association between visceral fat depth and birth 

weight centile, but the study had a very small study group consisting of 45 

pregnant women (13). Lastly, another research group reports no association 

of visceral fat area with birth size, but the timing of the fat measures in relation 

to conception varied widely (range 5.8–38.7 weeks’ gestation) (14). 

Clearly, the findings reported by some of the previous studies evaluating 

the relation between maternal visceral fat and infant outcomes should be in-

terpreted with caution, and the usefulness of maternal body fat distribution as 

a risk marker of adverse pregnancy outcomes, especially for the infant, is still 

under investigation.  

Besides being an energy depot, the fat tissue has endocrine properties reg-

ulating appetite, energy expenditure, and metabolism (15). Importantly, the 

signalling molecules secreted by the visceral and subcutaneous fat tissue dif-

fer, indicating dissimilarities in metabolic functions between these fat tissue 

compartments (16). Of note, studies investigating levels of fat tissue secreted 

proteins in relation to different fat tissue compartments in pregnant women 

are lacking. 

We hypothesise that a maternal body fat distribution characterised by cen-

tral adiposity, and especially fat accumulation within the abdominal cavity, is 

associated with adverse infant outcomes. Secondly, we hypothesise that as-

sessment of body fat distribution, including its components visceral fat and 

abdominal subcutaneous fat, could be used in addition to BMI to evaluate 

metabolic risk in a pregnant population. Lastly, we hypothesise that pregnant 

women with dissimilar body fat distributions have different levels of protein 

biomarkers in peripheral blood. The overall aim of this thesis was to investi-

gate the relations of maternal body fat distribution with infant anthropometry 

and perinatal morbidity.  

The novelty of this thesis, and its contribution to the research field, is the 

combination of 

1. Large population based cohorts 

2. Ultrasound measures of central adiposity including its compartments vis-

ceral and subcutaneous fat depths 

3. Evaluation of infant outcomes whose relations to maternal body fat distri-

bution have only been scarcely investigated before 

4. Assessment of blood-based protein biomarkers in relation to visceral and 

subcutaneous fat depths in a pregnant population 

In Study I, the current knowledge on the associations of maternal central ad-

iposity with infant outcomes in the perinatal period was systematically re-

viewed. In Study II and Study III, the associations of maternal visceral fat 

depth (VF) and subcutaneous fat depth (SCF) in early mid pregnancy with 

birth size and common or adverse medical conditions in the neonatal period 
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were evaluated. In Study IV, the associations of maternal early mid pregnancy 

visceral and subcutaneous fat depths with blood-based protein biomarkers 

were studied.  
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Background 

Overweight and obesity 

The global burden of overweight and obesity is striking. Around 1.9 billion 

adults were either overweight or obese in 2016, corresponding to 39% of the 

world’s population (1). Furthermore, overweight and obesity are estimated to 

cause 4 million deaths globally each year (17). In fact, overweight and obesity 

accounted deaths have now outnumbered deaths caused by undernutrition (1). 

Excessive body weight is no longer an issue that only affects people in high-

income countries, also low- and middle-income countries are afflicted (18). 

Of note, the prevalence of overweight and obesity varies widely, and America 

and Europe are the regions with the highest prevalence. In 2015, the American 

prevalence of overweight was 35.9% and that of obesity was 28.3%. Corre-

sponding European figures were 36.7% and 22.9%, respectively (19). Glob-

ally, overweight and obesity rates increase from age 20 years and forward, 

reaching their maximum in the age group 50–65 years (19). Unfortunately, 

children are afflicted by these conditions as well. In the age group 5–19 years, 

the global prevalence of overweight and obesity has increased from 4% in 

1975 to 18% in 2016 (1). A large systematic review investigating the predic-

tive value of obesity in childhood on adult obesity reports that obese children 

have a fivefold increased risk of obesity when reaching adulthood compared 

with children who are not obese (20).  

The prevalence of overweight and obesity has increased threefold during 

the last four decades (1). The World Health Organization (WHO) points out 

two main causes to this, namely increased consumption of food and beverages 

rich in fats and sugars, and decreased physical activity due to sedentary work, 

new forms of transportation, and urbanised living (1). The result is an imbal-

ance between energy intake and energy expenditure, and the excessive calo-

ries are stored as fat tissue which leads to an increased body weight (1).  

Body mass index, the body weight in kilograms divided by the square of 

the body height in metres, is commonly used to define overweight (BMI ≥25) 

and obesity (BMI ≥30) (21). However, disadvantages of BMI include that it 

does not account for the distribution of body fat and that it is not able to sep-

arate lean mass from fat tissue. Hence, an individual with high muscle mass 

might have the same BMI as an individual with high fat mass. Since body fat 

distribution is related to later development of obesity-related complications 

(22, 23), this shortcoming is relevant indeed. 
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Overweight and obesity are associated with the development of noncom-

municable diseases such as cardiovascular disease, type 2 diabetes, and cancer 

(18). Yearly, 71% of all deaths globally are caused by noncommunicable dis-

eases (24),  and accordingly, excessive body weight could be addressed as one 

of our present time’s greatest threats against public health. 

Fat tissue 

There are two main types of fat tissue, white fat tissue and brown fat tissue. 

White fat tissue constitutes the vast majority of body fat in the adult (25), and 

its primary function is energy storage allowing intervals between feedings 

(26). It was long believed that brown fat tissue existed only in infants, but by 

the use of modern metabolic imaging techniques, investigators have demon-

strated that brown fat tissue is present in adults as well (27). The function of 

brown fat tissue is nonshivering thermogenesis (25), but it is also suggested 

to play a role in human energy balance (27).  

Fat tissue mainly consists of fat cells, adipocytes, but other cell types such 

as preadipocytes, mesenchymal cells, inflammatory cells, and immune cells, 

as well as vascular and neural tissues, are also present (15, 28). The adipocytes 

store energy rich free fatty acids and triglycerides, delivered by the blood 

stream from the digestive system (28).  

The fat tissue also functions as an important endocrine organ. Through ad-

ipokines, which are proteins mainly secreted by adipocytes, the fat tissue reg-

ulates appetite, energy expenditure, and metabolism (15). Around 600 differ-

ent adipokines have been described (29). The adipokines leptin (regulates ap-

petite and energy expenditure) and adiponectin (acts anti-inflammatory and 

insulin sensitizing) are well studied, and are also the most abundant ones (30, 

31). Additionally, the fat tissue produces cytokines, which are small proteins 

involved in cell signalling. The cytokines IL-6 and TNF-α (both inflammatory 

markers) are the most studied cytokines in relation to obesity, and their levels 

are increased in obese subjects (25). 

The production of adipokines varies depending on the total body fat vol-

ume. In obese individuals, there is an overproduction of pro-inflammatory ad-

ipokines, and a decrease in the production of adipokines that are anti-inflam-

matory or that promote insulin sensitivity (31). This dysregulated adipokine 

secretion is suggested to contribute to the development of obesity-related com-

plications (31, 32).  

Insulin and insulin resistance 

Insulin is a peptide hormone produced by the pancreatic β cells of the Lang-

erhans islets as a response to increased blood glucose concentrations. It facil-

itates glucose uptake in insulin-sensitive cells and maintains blood glucose 

levels within a normal range. Insulin also plays a role in the metabolism of 
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carbohydrates, proteins, and lipids. In addition, it is involved in cell division 

and promotes growth (33).  

When the blood glucose levels increase in the post-prandial state, insulin 

decreases hepatic glucose production by inhibiting hepatic gluconeogenesis 

and glycogenolysis. It also inhibits the breakdown of proteins in muscle tissue, 

and promotes fat storage by inducing fatty acid uptake in adipocytes (34).  

In the case of insulin resistance, insulin-dependent cells such as skeletal 

muscle cells, adipocytes, and hepatocytes do not response accurately to nor-

mal levels of insulin (35). The result is an impaired glucose disposal from the 

blood. As a response, the β cells may increase their insulin secretion in order 

to maintain normal blood glucose concentrations (33). Insulin resistance is 

seen in many metabolic disorders, for example type 2 diabetes, obesity, met-

abolic syndrome, non-alcoholic fatty liver disease, and atherosclerosis (35).  

The underlying causes of insulin resistance are not fully understood, but 

defects in the synthesis or release of insulin as well as impairment of insulin 

signalling might lead to decreased insulin sensitivity in insulin-dependent tis-

sues. Oxidative stress, inflammation, insulin receptor mutations, stress of the 

endoplasmic reticulum, and mitochondrial dysfunction have also been sug-

gested as possible mechanisms of insulin resistance (36). Nonetheless, post-

receptor defects are suggested as the cause of insulin resistance in the majority 

of cases (33). The insulin-signalling pathway is complex, and various defects 

of enzymes or modulatory proteins involved in the pathway may result in in-

sulin resistance (37).  

Obesity and blood-based protein biomarkers 

Lately, there has been a growing interest in identification and measurement of 

blood-based biomarkers associated with obesity and obesity-related compli-

cations (32). This type of research could broaden the understanding of the ae-

tiology and pathophysiology of these conditions, which could be used to de-

velop strategies for disease prevention (30, 32). Furthermore, it has been sug-

gested that blood-based biomarkers might be used in addition to anthropome-

try measures to characterise obesity phenotypes (30, 32).  

The protein levels in the peripheral blood provide information on the indi-

vidual’s physiology. Numerous blood-based protein biomarkers are already 

important tools for disease detection and patient monitoring in clinical care. 

The search for novel protein biomarkers and combinations of biomarkers, “a 

signature of proteins”, is common and indeed a promising feature of modern 

biomedicine (38).  

Several promising biomarkers associated with obesity and obesity-related 

complications have arose, such as different adipokines, cytokines, and metab-

olites (32). Thus, these biomarkers comprise a relatively heterogeneous group. 

Some of the biomarkers are secreted directly by the adipocytes, while others 

are altered indirectly depending on the total volume of body fat (31). However, 
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despite an intense exploration of biomarkers associated with obesity and obe-

sity-related complications, the results are contradictory and it is unclear which 

biomarker that is the most suited for disease diagnosis and prognosis. Moreo-

ver, proceeding from biomarker discovery to implementation in clinical prac-

tice takes time, requiring temporal evaluation, confirmatory experiments, and 

assessment of clinical utility (32). Hence, the significance of many of the obe-

sity-associated biomarkers are not yet clarified (31, 32).  

Obesity phenotypes 

In 1947, Vague (39) noticed that differences in the distribution of body fat 

could influence metabolic disease. In general, two phenotypes of  body fat 

distribution are described in the literature, the first characterised by central, 

truncal, upper abdominal, or android adiposity (“apple-shaped body”), and the 

second by gluteofemoral, peripheral, or gynoid adiposity (“pear-shaped 

body”) (28, 40). Central adiposity can be further subdivided into subcutaneous 

fat and visceral fat. Moreover, the subcutaneous fat can be further separated 

into superficial and deep subcutaneous fat, and the visceral fat can be sepa-

rated into intrathoracic and intraabdominopelvic fat. The intraabdominopelvic 

fat can in turn be separated into intraperitoneal (omental and mesenteric) and 

extraperitoneal fat (41).  

The main part of the body fat is stored subcutaneously (28). With MRI 

technique, it has been estimated that the proportion of body fat stored in the 

abdominal cavity is 15–18% for men and 7–8% for women (42). 

As previously mentioned, overweight and obesity are associated with com-

plications such as cardiovascular disease, type 2 diabetes, and certain types of 

cancers (18). In general, the risk of complications increases with increasing 

BMI (43). However, BMI is not the only factor affecting the risk. The distri-

bution of fat tissue matters (22), and individuals with high amounts of visceral 

fat seem to have a higher risk for obesity-related health complications, than 

do individuals with peripheral fat accumulation (23).  

The difference in risk between central adiposity and peripheral fat accumu-

lation is thought to be caused by both genetic and biological factors (22). Vis-

ceral fat accumulation could be a sign of the inability of the subcutaneous fat 

to fulfil its role as a protective metabolic energy container, storing derivatives 

from nutrient triglycerides. The result of its inefficiency to act as a storage 

depot is visceral fat accumulation, but also accumulation of fat in organs that 

normally are lean such as skeletal muscle, liver, and heart (23). The “tipping 

point”, when storage capacity of the subcutaneous adipocytes no longer 

matches the demand, is suggested to be reached at different levels of adiposity 

in different individuals (40). 

A body fat distribution with central adiposity, and especially visceral fat 

accumulation, is associated with a metabolic dysfunctional state (i.e. the met-

abolic syndrome) characterised by insulin resistance, dyslipidaemia, and low-
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grade inflammation (22, 44, 45). The causal pathways behind these associa-

tions are not fully elucidated, but the following mechanisms are suggested 

(16): Since adipocytes in visceral fat are hyperlipolytic (46), central adiposity 

with visceral fat accumulation increases the amount of free fatty acids passing 

through the portal vein to the liver. An increased flow of free fatty acids alters 

the hepatic metabolism, leading to an increased production of apolipoprotein-

B, lipoproteins, and glucose. Additionally, the hepatic insulin degradation 

slows down, and systemic insulin levels increase, causing an insulin-resistant 

state (23). This insulin-resistant state is further enhanced by the low-grade in-

flammation caused by macrophage infiltration of the visceral fat tissue (47).  

Visceral fat accumulation is also an important factor for the development 

of non-alcoholic fatty liver disease or metabolic associated fatty liver disease 

(hepatosteatosis) (48, 49), a condition closely related to insulin resistance, 

type 2 diabetes, obesity, and metabolic syndrome (50). Hepatic steatosis with 

metabolic dysfunction is prevalent among women of childbearing age. A 

study investigating 108 pregnant women with GDM reports metabolic associ-

ated fatty liver disease in 26.9% of the study participants (51). Moreover, a 

large UK based study including 3,768 young adults (mean age 24.0 years) 

demonstrates a prevalence of non-alcoholic fatty liver disease of 20.7% (52).  

The obesity phenotype has seemingly changed over time into one charac-

terised by central adiposity (53). In fact, the WC, a proxy for central adiposity, 

has increased for a given BMI value the last decades, according to a Canadian 

study (53). The authors report that the WC value of Canadian women with a 

BMI of 25 kg/m2 was 4.9 cm higher 2007–2009 compared with an age 

matched cohort in 1981 (53). 

A recent consensus statement strongly recommend clinicians to use WC to 

identify high-risk obesity phenotype individuals (54). The authors conclude, 

after a thorough review of the literature, that WC is an independent risk marker 

of obesity complications after adjustment for BMI. Specifically, the authors 

propose that high WC predicts obesity complications by its ability to target 

individuals with increased central adiposity, i.e. visceral fat mass (54). In ad-

dition, focusing on reducing WC is proposed as an important treatment for 

reduction of morbidity associated with overweight and obesity (54).  

 

Visceral vs subcutaneous fat tissue protein secretion 

An analysis of gene expression of visceral and subcutaneous fat tissue has 

been performed, with the intention of evaluating the underlying molecular 

mechanisms behind the associations of visceral fat with cardiometabolic 

risks,. The results demonstrate that 20% of the genes in visceral fat and 30% 

of the genes in abdominal subcutaneous fat encode secretory proteins (adi-

pokines) (55).  Moreover, there are differences in the adipokine release be-

tween visceral and subcutaneous fat tissue (16). For example, concentrations 

of adiponectin (acts anti-inflammatory and insulin sensitizing) are negatively 
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correlated with visceral fat mass (56, 57), and levels of leptin (regulates appe-

tite and energy expenditure) are positively correlated with subcutaneous fat 

mass (57). Adipocytes derived from visceral fat tissue express and secrete IL-

6 (a marker of inflammation) at a higher rate compared with adipocytes de-

rived from subcutaneous fat tissue (58). The authors also report increased ex-

pression of adiponectin and leptin in adipocytes derived from subcutaneous 

fat tissue compared with those derived from visceral fat tissue (58), which is 

in line with the findings reported by others (56, 57). The differences described 

between visceral and subcutaneous adipocytes clearly indicate dissimilarities 

in metabolic functions between the fat tissue compartments. However, studies 

investigating levels of proteins released by adipocytes in relation to fat tissue 

compartments in pregnant women are lacking.   

Metabolically healthy obese 

There is a subgroup amongst obese individuals described as metabolically 

healthy obese (MHO) (59). They have a lower risk of developing cardiovas-

cular disease compared with their counterparts with a similar fat mass. Still, 

the risk is lowest amongst normal weight individuals, and hence, an MHO 

individual cannot be considered as being without risk (60, 61). An MHO in-

dividual is characterised by normal insulin sensitivity, absence of hyperten-

sion, and a favourable blood lipid profile (59). The reasons as to why an MHO 

individual has a lower risk of developing obesity-related complications are 

unknown, but phenotypic traits may play a role (59). In fact, MHO individuals 

have less visceral fat (62). There is also some evidence that the endocrine 

function of the fat tissue is different in MHO individuals (63). For example, 

the level of the adipocyte-derived cytokine adiponectin is higher in MHO in-

dividuals (63). However, some studies indicate that MHO is a transition state, 

and that MHO individuals do develop obesity-related complications when fol-

lowed during longer time periods (64). 

Assessment of body fat distribution  

Body fat distribution, i.e. central adiposity, can be evaluated by several meth-

ods, such as computed tomography (CT), magnetic resonance imaging (MRI), 

dual-energy x-ray absorptiometry, impedance analysis, WC, WHR, and ultra-

sound (65-67). Computed tomography and MRI are the gold standard methods 

for assessment of central adiposity (68). However, for a number of reasons, 

these methods are not suitable for use amongst pregnant women. Computed 

tomography involves ionizing radiation, and MRI is both time consuming and 

expensive. In addition, the confined space of the MRI machine might be prob-

lematic when scanning overweight or obese women during pregnancy. In-

stead, the anthropometry measures WC and WHR or ultrasound are feasible 

options for estimation of central adiposity in pregnant women (69). Although 
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the anthropometry measures are cheap and fast to use, they have disad-

vantages, especially for use during pregnancy. Firstly, the measures could be 

biased by the growing uterus (69). Secondly, both methods only give an indi-

rect estimate of the fat accumulation in the abdominal cavity, because the sub-

cutaneous fat tissue is included in the measures (68, 69). Thirdly, there is no 

consensus regarding how the measurement of WC should be performed, and 

there are several different protocols available describing WC assessment from 

health authorities (54).  

Ultrasound is a desirable method to use for body fat distribution assessment 

during pregnancy since it is already used in antenatal scanning. Hence, there 

is already a time point when the pregnant woman is examined by a trained 

ultrasonographer. As many as 97% of pregnant women in Sweden are attend-

ing the second-trimester anomaly scan (70), and implementation of fat depth 

measurements during the scan would accordingly result in a majority of 

women being offered the risk assessment. Moreover, ultrasound does not in-

volve any radiation, and, as far as we know, does not cause the fetus any harm. 

In contrary to WC and WHR, ultrasound can subdivide central fat into visceral 

and subcutaneous fat tissue compartments (67, 69).  

The reproducibility and validity of ultrasound assessment of central adi-

posity have been evaluated (71). When ultrasound measures of abdominal tis-

sue were compared with CT scans, a strong correlation between the measures 

was found (r =0.81, P <0.001) (71). The ability to accurately estimate visceral 

fat is important, since visceral fat is associated with metabolic risk factors such 

as high blood-pressure and insulin sensitivity in both non-pregnant (44) and 

pregnant individuals (9).  

Endocrine and metabolic changes in normal pregnancy 

Several endocrine and metabolic adaptions occur during normal pregnancy 

that aim to secure sufficient energy and nutrient supply to the placenta and the 

growing fetus (72-74). These metabolic alterations also prepare the mother for 

the upcoming delivery and breastfeeding period (73). 

During the first two trimesters of pregnancy, the woman is in an anabolic 

state. Her fat stores expand due to augmented lipogenesis and increased calo-

rie intake (72). Late pregnancy is in contrast a catabolic state characterised by 

decreased insulin sensitivity and hypertriglyceridaemia. Hence, the pregnant 

woman store energy and nutrients in early gestation, and as pregnancy pro-

ceeds, glucose and free fatty acids are released and made available for the 

placenta and the fetus (74) (Figure 1). 



 21 

Figure 1. Illustration showing adipose tissue lipolysis and metabolic pathways of 
lipolytic products, gluconeogenesis, production of very low-density lipid proteins 
and ketone bodies, as well as available nutrients for the fetus, according to Herrera 
et al. (72). TG, triglycerides; FFA, free fatty acids; VLDL, very low-density lipopro-
teins.  

Interestingly, the basal energy expenditure remains stable throughout preg-

nancy. A recent study evaluating the total daily energy expenditure in different 

ages reports that pregnant women have a stable total and basal energy expendi-

ture (adjusted for fat-free mass and fat mass). The unadjusted energy expend-

itures of pregnant women corresponds to the expected changes in body size 

and body composition (75). 

Insulin sensitivity  

Early in pregnancy, there are variations in insulin sensitivity partly depending 

on the woman’s pre-gestational insulin sensitivity (74). From the second tri-

mester until delivery, the insulin sensitivity is impaired (76, 77). In pregnant 

women with normal weight, the peripheral insulin sensitivity is decreased by 

as much as 56% in late pregnancy compared with the pre-pregnancy state. At 

12–14 weeks’ gestation, 39% of the total decrease in insulin sensitivity is al-

ready detectable (76).  
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Insulin secretion 

Normal pregnancy is characterised by a progressively increased insulin secre-

tion (76). Fasting insulin levels are unchanged in early pregnancy, but increase 

as pregnancy proceeds (78). At gestational week 34–36, a 65% increase in 

fasting insulin concentrations has been reported (78). This increase in insulin 

secretion is suggested to compensate for the impaired peripheral insulin sen-

sitivity (76). The insulin secretion reaches its maximum in the third trimester 

and returns to preconceptional levels after delivery (77, 79).  

Glucose metabolism 

The maternal glucose metabolism changes gradually throughout normal preg-

nancy (74). Fasting plasma glucose is unchanged in early pregnancy, but de-

creases as pregnancy proceeds (78), even though there is an increase in hepatic 

glucose production by 30% in late gestation (78, 80). The postprandial glucose 

levels are on the other hand increased and remain elevated for longer periods 

(73). 

Lipid metabolism 

The metabolism of triglycerides, fatty acids, cholesterol, and phospholipids 

changes during normal pregnancy (73, 74). Plasma lipid levels are lower in 

early gestation, but increase as pregnancy proceeds (73). In late gestation, 

there is a significant increase in plasma triglycerides, and the amount of tri-

glycerides in very low-density lipoproteins, low-density lipoproteins, and 

high-density lipoproteins is also increased (72). The triglycerides do not cross 

the placenta barrier, but can be used as substrate for ketone body synthesis by 

the liver. During fasting, triglycerides are broken down to free fatty acids and 

glycerol. The liver converts free fatty acids into acyl-CoA and ketone bodies, 

and glycerol is used for glucose production. Ketone bodies are able to cross 

the placenta by simple diffusion and can be used as fuels by the fetal nervous 

system (72). 

During the first two thirds of pregnancy, the maternal fat stores increase 

(72, 74), while lipolysis occurs in late pregnancy (72). A study evaluating the 

rate of lipolysis during pregnancy reports a considerable increase in lipolysis 

in late pregnancy compared with data from non-pregnant women (80). The 

breakdown of fat depots facilitates the use of lipids as energy source rather 

than glucose and amino acids. Instead, these important nutrients are trans-

ferred to the fetus (73).  

Mechanisms 

Several hormones are involved in the alterations of the intermediary metabo-

lism during normal pregnancy. The progressive increase in insulin resistance 

is induced by oestrogens, progesterone, cortisol, lactogen hormones, and 

growth hormone (GH) (73). Additionally, cytokines derived from the placenta 
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such as TNF-α, are proposed to be involved in the impaired insulin sensitivity 

during normal pregnancy (81). Levels of oestrogens and progesterone increase 

in early pregnancy and modify maternal glucose metabolism (73). 

The insulin resistance of normal pregnancy is mainly caused by post recep-

tor alterations affecting cellular transport of glucose and intracellular glucose 

metabolism. The mechanisms are multifactorial involving several steps of the 

intracellular insulin signal (73).  

Overweight and obesity in pregnancy 

Global data from the last decades demonstrate overweight in every fifth 

woman entering pregnancy and obesity in every tenth (82). According to Eu-

ropean figures from 2015, the proportion of women with overweight or obe-

sity in early pregnancy ranged from 30–50%. The lowest percentages (less 

than 30%) were reported in Austria, Croatia, and Slovenia, whilst the UK had 

the highest percentage (around 50%). The proportion of obesity ranged from 

8–26% in the twelve European countries providing data to the report (83). 

Hence, there are vast variations of overweight and obesity prevalence between 

countries and regions. Of note, most European countries do not systematically 

record data on maternal BMI, and it is therefore not possible to get a compre-

hensive overview of the situation. It has been suggested that the varying prev-

alence of maternal obesity most likely is related to socioeconomic inequalities 

(84). 

Overweight and obesity are risk factors for a number of pregnancy-related 

complications, both for the mother and the infant. Large population based 

studies demonstrate that obese mothers are at increased risk for preeclampsia, 

GDM, caesarean delivery, and instrumental delivery (85, 86). Infants of moth-

ers with overweight and obesity are larger, at increased risk of respiratory dis-

tress, hypoglycaemia, and are more often admitted to the neonatal intensive 

care unit (NICU), than are infants of normal weight mothers (87). Further-

more, infants of obese mothers are at increased risk of congenital anomalies 

(88) and stillbirth (89). In the long term, being born by an overweight or obese 

mother increases the risk of childhood obesity (90), and daughters born to 

obese mothers run an increased risk of polycystic ovary syndrome (91). In 

addition, daughters of obese mothers are more likely to become obese as 

adults (92), creating a vicious cycle of obesity (93). Amongst pregnant 

women, the incidences of overweight and obesity increase with parity and age, 

and the conditions are associated with lower socioeconomic status (89, 94). 

The metabolic changes that take place during pregnancy are slightly differ-

ent in pregnant women with overweight and obesity compared with normal 

weight women. For instance, overweight and obese women are more insulin-

resistant early in pregnancy and are also more prone to develop GDM (95). A 

study evaluating maternal body composition and metabolism in 20 nondi-

abetic pregnant women reports a positive association between maternal fat 
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mass and insulin resistance (96). An increase in plasma free fatty acids in 

overweight and obese women could possibly partly explain these findings. A 

study investigating seven nondiabetic pregnant women in early second tri-

mester demonstrates a decrease in glucose uptake with increasing plasma free 

fatty acid concentrations (97). Other differences include a greater increase in 

basal carbohydrate oxidation in obese women (95), as well as higher fasting 

triglyceride concentrations, and lower high-density lipoprotein levels (98) 

compared with normal weight women. Furthermore, lean women have a 

higher increase in fat mass during pregnancy compared with overweight and 

obese women (95). 

Today, BMI is used to estimate metabolic risk amongst pregnant women 

(99). As mentioned previously, the use of BMI is problematic, since BMI does 

not describe the distribution of fat tissue, nor distinguish fat from muscle mass. 

Thus, BMI fail to detect central adiposity and thereby the obesity phenotype 

that may imply the greatest risk of complications (54). Since overweight and 

obesity are common amongst mothers-to-be, supplying extra surveillance to 

all pregnant women with excessive weight would substantially increase the 

economic burden on health care. Therefore, a more specific risk marker than 

BMI would be highly useful in the clinic. 

Even though most research on central adiposity has been performed on 

non-pregnant study subjects, there are some evidence of associations between 

visceral fat tissue and metabolic dysfunction in pregnant women as well. Bar-

tha et al. (9) studied the relations between visceral fat and abdominal subcu-

taneous fat thickness measured by ultrasound at gestational week 11–14 and 

metabolic risk factors in 30 pregnant women. The results demonstrate corre-

lations between visceral fat thickness and diastolic blood pressure, blood glu-

cose, insulin level, hyperinsulinaemia, triglycerides, and cholesterol. On the 

contrary, subcutaneous fat thickness correlates only with diastolic blood pres-

sure. The study also evaluates the relations between pre-pregnancy BMI and 

the same metabolic risk factors, and reports that the visceral fat measure is 

better correlated (i.e. has higher r values) with insulin levels, insulin sensitiv-

ity, and triglycerides, than does pre-pregnancy BMI (9). 

Alterations of maternal fat distribution in pregnancy 

During pregnancy, the body fat distribution changes. The longitudinal varia-

tions of visceral and abdominal subcutaneous fat masses have been studied in 

32 pregnant women (100). Ultrasound measurements of preperitoneal and 

subcutaneous fat layers were performed at four occasions: at 8–12 weeks of 

gestation, 24–27 weeks of gestation, 34–36 weeks of gestation, and 4–6 weeks 

after delivery. The results show an increase in preperitoneal fat thickness and 

an increased ratio of preperitoneal/subcutaneous fat mass in the third trimester 

compared with early pregnancy. Subcutaneous fat mass declines as pregnancy 

proceeds. The authors conclude that pregnant women store fat in the preperi-

toneal area, which is a subdivision of the visceral fat compartment. 
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Guidelines for overweight in pregnancy in Uppsala County 

In Uppsala County, the body weight of the pregnant woman is measured at the 

first antenatal visit, at 25, 33, and 37 weeks of gestation, and at the after-care 

visit with the midwife. The body weight is measured on a standard scale with-

out shoes and with light clothing. The body height is assessed at the first visit. 

All women without previous illness are encouraged to practice physical activ-

ity for 30 minutes a day throughout the pregnancy, in the absence of any ad-

verse reactions. After gestational week 20, the physical activity is modified to 

avoid strain on the pelvic floor (101). 

The individual care depends on the woman’s BMI. Women with over-

weight (BMI 25–30) receive simple advice regarding diet and exercise. Addi-

tional measures include optional referral to a dietitian and an extra appoint-

ment for follow-up in early mid pregnancy. Similar measures are offered to 

women with obesity (BMI ≥30) or morbid obesity (BMI >40), but are more 

strongly encouraged in the guidelines. Additional support can be given if 

needed. With the consent of the woman, the child welfare centre is informed 

that the woman has received extra support during her pregnancy due to obe-

sity. In this way, the child welfare centre can then continue supporting the 

family after the infant has been born (101).  

Effects of lifestyle interventions in pregnancy 

The efficacy of lifestyle interventions provided to pregnant women with over-

weight and obesity has been evaluated in a systematic review and meta-anal-

ysis (102). Thirteen randomised and six non-randomised clinical trials were 

included in the review. The studies differed widely with regards to what inter-

ventions were provided, but the majority of the included studies provided di-

etary or physical activity guidance. The guidance was given individually, in 

groups, or in the form of seminars. The meta-analysis of the randomised con-

trolled trials shows a decrease in gestational weight gain after combined life-

style, dietary, and activity interventions. There is also a trend towards a reduc-

tion in the prevalence of GDM. On the other hand, the meta-analysis of the 

non-randomised clinical trials only shows weak evidence of an effect of life-

style interventions on gestational weight gain and no effect on the prevalence 

of GDM. The authors conclude that lifestyle interventions reduce gestational 

weight gain in overweight and obese women, but do not affect the risk of cae-

sarean section, high birthweight, LGA, and macrosomia. Additionally, they 

conclude that lifestyle interventions might reduce the prevalence of GDM. Of 

note, the studies included in the review were of poor to medium quality, and 

the results should therefore be interpreted with caution.  

The effect of lifestyle interventions offered to pregnant women with obe-

sity on offspring metabolic health has also been evaluated (103). The women 

received dietary advice, coaching, and exercise programs during their preg-

nancy. Metabolic risk factors such as BMI, abdominal circumference, blood 
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pressure, fasting plasma glucose, insulin, high-density lipoprotein, and tri-

glycerides were measured in the offspring at age 2.5–3.2 years. The study 

shows no effect of lifestyle interventions on early childhood metabolic risk 

factors. 

Gestational diabetes mellitus 

As overweight and obesity increase in society, a larger proportion of pregnant 

women develop GDM (104, 105). The definition of GDM is “diabetes diag-

nosed in the second or third trimester of pregnancy that is not clearly overt 

diabetes” according to the American Diabetes Association (104). The preva-

lence of GDM varies depending on the population and which diagnostic cri-

teria that are applied. Prevalence rates from 1–3% to 26% are described in the 

literature (106). Most guidelines recommend early screening in high risk preg-

nant women to exclude pre-existing diabetes mellitus (106). However, there 

is no consensus regarding which screening method that is most suitable. The 

following diagnostic tools for screening early in pregnancy are recommended 

by different national guidelines: plasma glucose (random or fasting), HbA1c, 

and oral glucose tolerance test (OGTT) (106). Later in pregnancy, an OGTT 

between 24 to 28 weeks’ gestation is recommended, but there are differences 

between the guidelines (106). Some guidelines recommend “one step” OGTT, 

while others recommend a “two step” procedure consisting of a glucose chal-

lenge test (one-hour glucose tolerance test) followed by an OGTT (106). In 

addition, there is no consensus regarding the diagnostic thresholds for GDM 

(106). Stringent diagnostic criteria were adopted by some organizations in re-

sponse to the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) study 

(106). The cohort study, evaluating the associations between maternal glucose 

levels and infant outcomes, reports a strong relation between maternal glucose 

levels and outcomes (107). In response to these results, some organizations 

updated their diagnostic criteria for GDM with new thresholds that were be-

low levels diagnostic of diabetes (106, 108). 

Gestational diabetes mellitus is associated with several adverse outcomes 

for the mother and the infant. According to the HAPO study, there is a linear 

relation between maternal glucose concentrations and adverse outcomes, 

without obvious thresholds (107, 108). Maternal complications include gesta-

tional hypertension, preeclampsia, polyhydramnios, and delivery by caesarean 

section (109, 110). In addition, women with GDM have an increased risk of 

later development of type 2 diabetes (111). Infants of mothers with GDM are 

at increased risk of preterm delivery, macrosomia, LGA, birth trauma, respir-

atory distress, hypoglycaemia, and NICU admission (109, 110).  



 27 

Gestational diabetes mellitus vs normal pregnancy  

It has been proposed that, because of the decrease in insulin sensitivity, 

women with subclinical dysfunctional metabolism prior to pregnancy will de-

velop clinical hyperglycaemia, i.e. GDM, in later pregnancy (112). In women 

with normal glucose tolerance, the decreased insulin sensitivity that develops 

during pregnancy is mediated by changes in the post-receptor insulin cascade 

(namely a decrease in insulin receptor substrate 1 tyrosine phosphorylation). 

In women with GDM, there is an additional decrease in tyrosine phosphory-

lation of an insulin receptor component located intracellularly (112). Post-par-

tum, the reduction in insulin sensitivity in women with normal glucose toler-

ance is reversed, whereas women with GDM seem to have a sustained chronic 

decrease in insulin sensitivity (112).  

Guidelines for gestational diabetes mellitus in Uppsala County 

The diagnostic criteria for GDM in Uppsala County is a fasting plasma glu-

cose ≥7.0 mmol/l or plasma glucose ≥9.0 mmol/l 2 hours after oral intake of 

75 grams glucose (OGTT) (113). Pregnant women are screened with non-fast-

ing capillary plasma glucose at the first antenatal visit and thereafter at gesta-

tional week 25, 28–29, 33, and 37 (114). Oral glucose tolerance test is per-

formed at gestational week 24–28 if the woman fulfil any of the following 

criteria at the first antenatal visit: parent or sibling with diabetes, BMI ≥35, or 

previously given birth to an infant LGA or an infant with a birthweight ≥4,500 

grams (114). Women with a history of GDM undergo OGTT at gestational 

week 12–14. If the result is not indicating GDM, the test is iterated at gesta-

tional week 24–28. In addition, an OGTT is performed within a week in the 

case of any of the following: accelerated fetal growth (indicated by either 

fundal height or ultrasound measurement of the fetus), polyhydramnios, or 

plasma glucose ≥8.8 mmol/l regardless of relation to food intake (114). Thus, 

the lower thresholds based on the HAPO study are not used in Uppsala 

County. 

Treatment of gestational diabetes mellitus 

The treatment of GDM includes lifestyle interventions and pharmacological 

therapy, and aims to lower maternal blood glucose concentrations and thereby 

minimise complications (106). Lifestyle interventions involve management of 

diet, physical activity, and weight. Pharmacological treatment includes insu-

lin, metformin, and glibenclamide, and the first-line drug varies between 

countries (106). Treatment of GDM has been shown to be effective in reduc-

ing adverse perinatal morbidity (115, 116). 
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Fetal growth 

The intrauterine development of the fetus is a complex process and numerous 

factors are associated with fetal growth (Figure 2). The size of the fetus is 

highly relevant since it is closely related to fetal health (117). What follows is 

a brief presentation of the principal determinants of fetal growth including 

factors related to the contents of this thesis.  

 

Figure 2. Factors associated with fetal growth, according to Sacks (118). IGFs, insu-
lin-like growth factors; pGH, placental growth hormone 

Maternal factors influencing fetal growth 

Maternal anthropometry predicts fetal growth. A low maternal weight is asso-

ciated with fetal growth restriction, as is poor weight gain during pregnancy. 

Additionally, high maternal BMI and excessive pregnancy weight gain are 

risk factors for excessive fetal growth (117). Maternal height, which can be 

considered to represent uterine growth capacity, is positively associated with 

fetal growth (119, 120). However, the effect of maternal height on estimated 

fetal weight is small, 1–2% per 10 cm (121). 

Maternal chronic disease affects fetal growth. The risk of fetal growth re-

striction is elevated in mothers with hypertensive disorders of pregnancy (ges-

tational hypertension, pre-eclampsia), certain autoimmune diseases (systemic 

lupus erythematosus, anti-phospholipid syndrome), other chronic illnesses, 
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and chronic infections (117). In addition, maternal use of substances such as 

tobacco, alcohol, and drugs (cocaine) also increases the risk for fetal growth 

restriction (117). Other maternal conditions are instead associated with in-

creased growth of the fetus. Fetuses of mothers with type 1 and type 2 diabetes 

mellitus, and GDM, run an increased risk for excessive fetal growth (109, 

110). The elevated blood glucose levels in the pregnant woman with diabetes 

mellitus stimulate the insulin production in the fetus. Subsequently, an in-

crease in fetal muscle growth occurs, as well as fetal fat deposition and exces-

sive growth of the inner organs (117).  

Another maternal factor influencing fetal growth is referred to as maternal 

constraint. This is the capacity of the mother and uterus to limit fetal growth 

and thereby avoiding dystocia during labour. For example, maternal constraint 

may be driven by the size of the mother, lack of nutrients, or by space inade-

quacy due to multiple fetuses (120). Hence, pregnancies with multiple fetuses 

increase the risk for fetal growth restriction (117). 

Ethnic and cultural factors also influence fetal growth (119). A study con-

ducted by the WHO measured fetal growth with ultrasound at seven occasions 

throughout pregnancy in 1,387 women. The participating women were re-

cruited from ten countries: Argentina, Brazil, Democratic Republic of Congo, 

Denmark, Egypt, France, Germany, India, Norway, and Thailand. The women 

were healthy, between 18–40 years old, and had BMI 18–30 kg/m2. The re-

sults show a significant influence of country on fetal growth. The lowest birth-

weight was reported in India, and the highest birthweight in Norway. The dif-

ferences in fetal growth and birthweight seen in different countries could only 

partly be explained by maternal factors. The authors conclude that fetal growth 

vary between populations even though the nutritional and environmental con-

ditions are satisfactory (119).  

Glucocorticoids play an important role in the development and maturation 

of the organs of the fetus. Studies of animals and humans have shown rises in 

cortisol levels in late pregnancy, when organ maturation takes place. Addi-

tionally, glucocorticoids have been associated with fetal growth retardation 

(118, 120).  

Placental factors influencing fetal growth 

Normal fetal growth is dependent on sufficient placental function. Placenta 

abnormalities, such as placenta previa, abnormal cord insertion, and vasa pre-

via increase the risk for fetal growth restriction (117). In multifetal pregnan-

cies, anomalous vascular structures in the placenta might cause abnormal 

growth of the fetuses (117).  

The transport of nutrients to the fetus by the placenta is a prerequisite for 

normal fetal growth (120). The transfer of the nutrients and metabolites is con-

ducted by various mechanisms such as passive diffusion (oxygen, carbon di-

oxide, free fatty acids, and urea), facilitated diffusion (glucose and lactate), 

active transport (amino acids), endocytosis, and exocytosis (120). Variations 



 30 

of the placental nutrient transport system have been associated with impaired 

fetal growth. For example, altered amino acid transportation from the placenta 

has been reported in growth restricted fetuses. Additionally, the activity of 

placental lipoprotein lipase, an enzyme that hydrolyses triglycerides, was 

lower in placentas of preterm growth restricted infants compared with controls 

(120).  

The placenta produces several hormones, and some of these hormones are 

involved in fetal growth (120). Associations of oestrogens and progesterone 

levels with infant birthweight have been reported by some studies (122, 123). 

On the contrary, Murphy et al. (120) point out that there are little data sup-

porting the theory that oestrogens and progesterone would have any direct ef-

fect on fetal growth. Another placental hormone suggested to regulate fetal 

growth is placental lactogen, where changes in maternal levels have been as-

sociated with fetal growth velocity (124). It is suggested that placental lacto-

gen influences fetal growth indirectly through insulin-like growth factor-1 

(IGF-1) and insulin (125). Additionally, placental growth hormone (pGH) is 

released in the maternal circulation and suppresses pituitary GH production 

(118, 120). As pregnancy proceeds, pGH replaces pituitary GH. The pGH has 

metabolic effects and enhances maternal insulin resistance. It stimulates glu-

coneogenesis and lipolysis, and increases thereby the amount of nutrients 

available for the growing fetus (118). 

Fetal factors influencing fetal growth 

Chromosomal abnormalities such as Down syndrome, trisomy 13, trisomy 18, 

and Turner’s syndrome are associated with fetal growth restriction (117). 

Other genetic variations such as duplications and deletions may also lead to 

compromised fetal growth (117). However, some genetic abnormalities are 

instead associated with increased fetal growth. One example is Beckwith 

Wiedemann syndrome, which causes high levels of insulin in the fetus and 

subsequently excessive growth (117). 

Fetal insulin is one of the most important regulators of fetal growth (126). 

Insulin is produced by the fetal pancreas from mid-gestation as a response to 

nutrient availability and promotes growth of the fetus (127, 128). Insulin has 

an anabolic effect and enhances the production of IGF-1. Fetal insulin levels 

are positively associated with fetal glucose concentrations as well as birth-

weight. Insulin deficiency in the fetus causes intrauterine growth restriction, 

but does not seem to disrupt the differentiation of the fetal tissues (128). Fe-

tuses of mothers with diabetes mellitus and hyperglycaemia increase their in-

sulin production as a response to the elevated glucose concentrations. The in-

creased insulin levels cause excessive fetal growth and increased birthweight 

(129).   

Insulin-like growth factor-1 and IGF-2 are produced by the liver in both the 

fetus and in the adult (118). The IGFs have a similar structure to that of insulin 
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(120). Due to large differences in maternal blood and cord blood IGFs con-

centrations at delivery, it is supposed that the IGFs are acting separately in the 

mother and the fetus. The IGFs act anabolic on fetal metabolism, promote cell-

cycle progression, and assist in the differentiation of the fetal organs (118). 

Moreover, the IGFs regulate placental transport of glucose and amino acids 

from the mother to the fetus (120). Insulin-like growth factor-2 has been sug-

gested to be of higher importance for fetal growth than IGF-1 since its con-

centration exceeds that of IGF-1 as pregnancy proceeds (130). However, lev-

els of IGF-1 have been shown to be in stronger correlation to infant birth-

weight than levels of IGF-2. In addition, fetal IGF-1 levels change depending 

on fetal insulin levels and indirectly by glucose concentration (118). In both 

animal experiments and human studies, IGF axis alterations are associated 

with restricted fetal growth (120). The actions of the IGFs are modified by six 

insulin-like growth factor binding proteins (IGFBPs). The cord blood concen-

tration of IGFBP-1 is negatively associated with birthweight, whereas cord 

blood concentration of IGFBP-3 is positively associated with birthweight 

(120).  

Thyroid hormones also play a role in the development of the fetus. Thyrox-

ine (T4) and triiodothyronine (T3) are essential for normal development of the 

central nervous system. Deficiency of iodine, which may cause hypothyroid-

ism, is associated with cretinism, a condition characterised by impaired neu-

rological development. The thyroid hormones assist in the myelination of neu-

rons as well as differentiation of neuronal and glia cells (131). Deficiency of 

thyroid hormones may also cause fetal growth restriction with reduced muscle 

mass (128). The fetus is dependent on maternal delivery of thyroid hormones 

until around gestational week 16, when the fetal thyroid gland starts to secrete 

thyroid hormones (131). 

Infant outcomes 

Macrosomia and large for gestational age  

Macrosomia can be defined as birthweight ≥4,000 or ≥4,500 grams (132). 

Large for gestational age is often defined as birthweight >90th percentile after 

adjustments for sex and gestational age (133). Macrosomia increases the risk 

for a complicated delivery (134) and fetal asphyxia (135). Furthermore, a mac-

rosomic infant is at increased risk for shoulder dystocia, and subsequently 

plexus brachialis injury (136, 137). In the neonatal period, both macrosomic 

and LGA infants run an increased risk of developing hypoglycaemia (138) and 

being admitted to NICU (134, 139, 140). Being born LGA may also have long-

term consequences. A woman born LGA has an increased risk for overweight 

and obesity as an adult (141), and an elevated risk for breast cancer (142). She 

is also twice as likely to give birth to an LGA infant herself, compared with a 
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woman who was not LGA at birth (141). For both sexes, LGA is associated 

with obesity and type 2 diabetes (143). 

Neonatal hypoglycaemia 

When the umbilical cord is cut after delivery, the continuous supply of nutri-

ents to the infant is disrupted. The infant must undergo a metabolic adaption 

in order to adjust to the postnatal situation of intermittent feeding and fasting. 

For most infants, this adaption occurs without any disturbances. However, for 

some infants, this adaption is dysfunctional and the infant might not be able 

to maintain a sufficient blood glucose level (144). Symptoms of neonatal hy-

poglycaemia include sweating, tremor, lethargy, floppiness, bradycardia, sei-

zures, and coma (145). 

Neonatal hypoglycaemia is a condition of controversy; both the definition 

and the potential damaging consequences are debated (146). The most com-

monly used definition of neonatal hypoglycaemia in clinical praxis is a blood 

glucose measurement <2.6 mmol/l (146), but <2.2 mmol/l is also used (147). 

In addition, the point in time at which the blood sample is collected is of im-

portance when evaluating the result. The infant has a physiologic decrease in 

blood glucose 1–2 hours after birth, and a significant increase is often seen by 

the age of 3 hours (148). Hence, blood glucose measures taken prior to this 

increase might reflect a nadir that is a normal physiologic event.  

A recent study evaluating the traditional threshold (<2.6 mmol/l) vs a lower 

threshold (<2.0 mmol/l) for hypoglycaemia reports similar cognitive and mo-

tor outcome scores at 18 months of age in the two groups. The study included 

689 infants identified as being at risk for hypoglycaemia. The authors con-

clude that, in otherwise healthy infants born ≥35 weeks of gestation, the lower 

treatment threshold is as least as good as the traditional threshold with respect 

to early childhood psychomotor development (149).  

There are evidence pointing towards an association between neonatal hy-

poglycaemia and adverse neurodevelopmental outcomes. A study evaluating 

477 children out of which 280 had an episode of neonatal hypoglycaemia, 

reports impaired executive function and visual motor function at age 4.5 years 

in those exposed to hypoglycaemia (150). Another study evaluating the asso-

ciation between transient neonatal hypoglycaemia and fourth grade literacy 

test scores reports lower achievement scores amongst children with a history 

of neonatal hypoglycaemia (151). 

Infants whose mothers are overweight or obese are at increased risk of ne-

onatal hypoglycaemia (6). Factors that could contribute to dysfunctional met-

abolic adaption and hypoglycaemia in these infants include insulin resistance 

and high blood glucose levels in (nondiabetic) pregnant women with high fat 

mass (96), as well as insulin resistance in fetuses of obese mothers (152). Only 
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one previous study has investigated the association between abdominal sub-

cutaneous fat during pregnancy and neonatal hypoglycaemia (153), and a pos-

itive association was found. Of note, BMI was not adjusted for in this study. 

Screening protocols for neonatal hypoglycaemia in Uppsala County 

In Uppsala County, newborn infants identified as being at risk for hypogly-

caemia undergo blood glucose testing according to screening protocols. At 

risk categories include being preterm (<36 + 0 weeks’ gestation), small for ges-

tational age (SGA, birthweight below -2 standard deviation scores of the mean 

birthweight for the gestational age (154)), and having a diabetic mother with 

pharmacological diabetes treatment. Preterm infants and infants born SGA un-

dergo a blood glucose measurement prior to the second feeding (at approxi-

mately age 3 hours) and thereafter prior to every second feeding. If the blood 

glucose measures are normal (≥2.6 mmol/l), the test frequency is reduced, and 

the screening ended after 48 hours. Infants of diabetic mothers with pharma-

cological diabetes treatment undergo a blood glucose measurement prior to 

the second feeding (at approximately age 3 hours), and thereafter prior to 

every feeding. The test frequency is reduced to every other feeding after two 

consecutive normal measures (≥2.6 mmol/l), and the screening ended after 14 

hours. Infants with neonatal hypoglycaemia (<2.6 mmol/l) undergo a blood 

glucose measurement prior to every feeding. After two consecutive normal 

measures (≥2.6 mmol/l), the test frequency is reduced. Infants of diabetic 

mothers with dietary treatment undergo blood glucose measurement at age 3 

hours and 6 hours. If the blood glucose measures are normal (≥2.6 mmol/l), 

no further testing is performed (155). 

Guidelines for neonatal hypoglycaemia in Uppsala County 

Infants at risk for neonatal hypoglycaemia are given breastmilk or formula, 

10–15 ml/kg, 30–60 minutes after birth in order to prevent hypoglycaemic 

episodes. The infant is then fed every other hour. In the case of symptoms of 

hypoglycaemia or a single low blood glucose measure (1.6–2.6 mmol/l), the 

amount of breastmilk or formula is increased and a blood glucose sample is 

controlled within 1 hour. In the case of severe hypoglycaemia (≤1.1 mmol/l), 

neurological symptoms, or two consecutive blood glucose measures 1.1–1.6 

mmol/l, intravenous infusion of Glucose 100 mg/ml is given (3.5 ml/kg/h, 

which can be increased to 7.0 ml/kg/h). In the case of very severe symptoms, 

a Glucose bolus can be given (Glucose 100 mg/ml, 2 ml/kg during 5 minutes) 

(156). 

Adverse neonatal outcomes 

In the literature, “adverse neonatal outcomes” is often defined as a composite 

of severe signs, symptoms, and diagnoses of the infant in the neonatal period. 

The purpose of using a composite outcome is to enable evaluations of a 
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smaller study group, since the components of the composite are rare events 

(157). For instance, low Apgar points, (<7 at 5 minutes of age alternatively <3 

at 5 minutes of age), umbilical artery pH ≤7.0, lactate ≥6 mmol/l, admission 

to NICU, and antepartum or neonatal death can be used to build a composite 

outcome to describe the occurrence of an adverse neonatal outcome (158-

161). 

Apgar score 

The Apgar score is used to determine the status of the newborn infant, either 

immediately after birth or to evaluate the response to resuscitation. The Apgar 

score was developed by the American physician Virginia Apgar in 1952. Five 

signs are evaluated: colour, heart rate, reflexes, muscle tone, and respiration. 

Each sign is given 0–2 points and the total score ranges from 0–10 (Table 1). 

The evaluation is generally performed at 1 and 5 minutes after birth, but if the 

score is below 7,  the evaluation is repeated every 5 minutes until the age of 

20 minutes (162). According to the Neonatal Encephalopathy and Neurologic 

Outcome report (163), a 5-minute Apgar score between 7–10 is defined as 

reassuring, a score between 4–6 as moderately abnormal, and a score between 

0–3 as low.  

Table 1. The Apgar score, according to American Academy of Pediatrics (162). 

Sign 0 1 2 

Colour Blue or pale Acrocyanotic Completely pink 

Heart rate Absent <100/minute >100/minute 

Reflex irritability No response Grimace 
Cry or active with-

drawal 

Muscle tone Limp Some flexion Active motion 

Respiration Absent 
Weak cry, hypoventi-

lation 
Good, crying 

The Apgar score prevalence has been evaluated by a Swedish study. Amongst 

142,419 infants born at term, the 5-minute Apgar scores were distributed as 

follows: 0–3 0.1% (n =204), 4–6 0.5% (n =687), and ≥7 99.4% (n =141,528). 

Moreover, the study reports a neonatal mortality rate of 93.1 per 1,000 for 

infants with a 5-minute Apgar score of 0–3, 16 per 1,000 for those with a 5-

minute Apgar score of 4–6, and 0.17 per 1,000 for those with a 5-minute Ap-

gar score ≥7 (164). These figures correlate fairly well with the results of an 

American study including 132,228 infants delivered at term (165). The study 

reports a mortality rate within 28 days of 244 per 1,000 for infants with 5-

minute Apgar score of 0–3, 9 per 1,000 for those with 5-minute Apgar score 

of 4–6, and 0.2 per 1,000 for those with 5-minute Apgar score ≥7. Further-
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more, the Apgar score is associated with neurodevelopment delays. An Aus-

tralian study investigating the association between the 5-minute Apgar score 

and neurodevelopment outcomes reports greater odds of gross-motor neuro-

development delay amongst children with Apgar scores of 0–6 and 7–8 (odds 

ratio (OR) 5.7, 95% confidence interval (CI) 1.2–27.8 and OR 4.1, 95% CI 

1.2–14.1, respectively) compared with those with a 5-minute Apgar score of 

10. The study included 809 children and child’s developmental maturation 

was evaluated at age 8–66 months (166). Additionally, there is an association 

between the 5-minute Apgar score and early childhood vulnerability. The de-

velopmental vulnerability was assessed is 33,883 children, born at term, at age 

5 years using an Early Development Instrument including five domains: phys-

ical health, social competence, emotional maturity, language and cognitive 

development, and communication skills. The results show associations be-

tween the 5-minute Apgar score and increased risk of vulnerability in the 

physical, social, and emotional domains (167). 

Strengths of the Apgar score include its simplicity to perform and that it 

does not require any technical means. Limitations include dependence on a 

subjective evaluation, that it reflects the infants condition only at a specific 

time point, and that the signs included in the score are affected only by distinct 

disturbances in the infant’s biochemistry. Of note, the Apgar score cannot 

solely be used to predict the outcome of an individual infant (162). In addition, 

concerns have been raised regarding the role of the Apgar score as a proxy 

endpoint because it has only been associated with, not confirmed to be predic-

tive of, long-term sequelae. The commonly used grouping of the Apgar scores, 

i.e. the ranges 0–3 (referred to as “very low”), 4–6 (“low”), and 7–10 (“nor-

mal”), has also been questioned (168). The sensitivity, specificity, positive 

and negative predictive values, as well as the area under the receiver operating 

characteristic curve for different cut-offs for 5-minute Apgar scores have been 

evaluated in respect to 18 different neonatal outcomes. The results show that 

the optimal cut off is <9 for all outcomes. However, if the cut off <9 is used, 

the false positive rate becomes too high (80%), and there are many false neg-

atives. The authors conclude that dichotomised Apgar scores are not effective 

as research outcomes and that researchers should motivate clearly why they 

choose the Apgar score as proxy endpoint (168). 

Umbilical artery pH 

In Uppsala County, umbilical cord blood acid-base analysis is routinely per-

formed on all newborn infants that are vaginally delivered >32 weeks of ges-

tation. Additionally, pH and blood gases are routinely measured in infants de-

livered >32 weeks of gestation by urgent or emergency caesarean section 

(169). Immediately after delivery, two heparinised syringes are used to collect 

1–2 ml of blood from one of the umbilical arteries and from the umbilical vein. 

The blood acid-base analysis is performed within 30 minutes (169).  
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Acid-base physiology of the fetus 

During normal fetal metabolism, carbonic acid, lactate, and organic acids are 

produced. These acids have the potential to lower the extracellular pH in the 

fetus. However, the pH is held within a narrow range because of buffers, such 

as plasma bicarbonate and haemoglobin, that continuously neutralise circulat-

ing hydrogen ions (170).  

If the fetus is delivered inadequate amounts of oxygenated blood, its me-

tabolism switches from aerobic (complete oxidative metabolism of carbohy-

drates to water and CO2) to anaerobic metabolism. The anaerobic metabolic 

pathways result in an increased production of organic acids, for example lactic 

acids and ketoacids. These organic acids are only slowly cleared from the fetal 

blood by the placenta. As a result, they accumulate in the fetus and consume 

the buffering system. When the buffering system is depleted, fetal acidaemia 

develops. The fetus is unable to cope with acidaemia the way a newborn infant 

does, because it cannot compensate by respiratory, or renal mechanisms to the 

same degree. Instead, it is dependent on the placenta for clearance of carbon 

dioxide and its compensatory responses for acidaemia (170). 

Several conditions can cause fetal hypoxia and subsequently fetal acidae-

mia. Insufficient maternal oxygenation, reduced placenta perfusion, or dis-

rupted delivery of blood from the placenta to the fetus are some examples. The 

most common cause of fetal acidaemia is an insufficient supply of oxygen, 

which might be a result of maternal disease such as pre-eclampsia, hyperten-

sion, hypovolaemia, hypotension, anaemia, and cyanotic heart defects. The 

acidaemia in the fetus progresses from respiratory (low pH, high pCO2, normal 

bicarbonate concentration) to metabolic (low pH, normal pCO2, low bicar-

bonate concentration) acidaemia. However, it is suggested that fetal acidaemia 

rather represents a mix of respiratory and metabolic acidosis (low pH, low 

pCO2, low bicarbonate concentration) (170).  

Interpretation of umbilical pH values 

The values obtained from the umbilical artery represents the acid-base status 

of the fetus, and the values from the umbilical vein represents the placenta 

(170). According to a study investigating cord pH, pCO2, and bicarbonate in 

146 infants born vaginally at 37–42 weeks’ gestation, normal umbilical artery 

pH is 7.18–7.38, and normal umbilical vein pH is 7.25–7.45 (171). Of note, 

preterm infants have higher pH compared with those born at term (172). 

The umbilical artery pH value is indicative of the amount of hypoxia the 

child was exposed to during labour, and is considered a crucial outcome meas-

ure (173). Umbilical artery pH has an inverse relationship with Apgar <7 at 5 

minutes of age, NICU-admission, and need for assisted neonatal ventilation 

(174). Additionally, a moderate degree of umbilical artery acidaemia is asso-

ciated with encephalopathy, seizures, and neonatal death (173).  
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Globally, there is no consensus regarding the threshold for umbilical artery 

acidaemia (172), and the threshold cut-off varies between <7.00 and <7.20 

(175). In Sweden, the pH-threshold <7.10 is used to define umbilical artery 

acidaemia, because this value corresponds to 2 standard deviations below the 

mean value in the population (176). On the other hand, in order to identify 

infants at risk for adverse morbidity and mortality, the threshold <7.00 is rec-

ommended by the American College of Obstetricians and Gynecologists 

(177).  

A study investigating umbilical artery cord pH from over 50,000 births in 

the UK between 1991–2009 reports that values ≤7.10 were associated with 

increased risk of adverse neurological outcomes. The authors state an umbili-

cal artery pH >7.10 as normal, and a pH between 7.26–7.30 as ideal. Never-

theless, they also report that an umbilical artery pH >7.00 was only weakly 

associated with adverse outcomes, and that most children that developed neu-

rological sequel had a normal umbilical artery pH (173). 

A study including 8,797 term infants, out of which 520 had an umbilical 

artery pH <7.10 (“acidaemic”) and 84 had an umbilical artery pH <7.00 (“se-

vere acidaemic”), demonstrates that both acidaemia and severe acidaemia are 

predictive of encephalopathy and/or death, 5-minute Apgar <7, and admission 

to the neonatal care unit. For the outcomes encephalopathy and death, 2.3% 

of acidaemic infants, and 8.5% of severe acidaemic infants, were affected 

(178). 

A systematic review and meta-analysis evaluating 51 articles including 

481,753 infants reports that a pH threshold at 7.00 is stronger associated with 

adverse outcomes, compared with the pH thresholds 7.10 and 7.20 (175). 

The association of umbilical artery pH <7.0 and encephalopathy as well as 

cerebral palsy associated with intrapartum hypoxia-ischemia has been evalu-

ated in a systematic review. The study reports neonatal neurologic morbidity 

in 17.2%, seizures in 16.3%, and neonatal death in 5.9% of infants with um-

bilical artery pH <7.0. The incidence of umbilical artery pH <7.0 was 3.7 per 

1,000 infants born at term. (179). 
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Aims 

Study I 

To review the evidence of what impact maternal central adiposity, measured 

in early to mid pregnancy or at most 365 days prior to conception, has on 

infant anthropometry and perinatal morbidity.  

Study II 

To investigate whether maternal VF and SCF measured by ultrasound in early 

mid pregnancy are associated with infant birth size in a large population based 

cohort. 

Study III 

To investigate the associations of ultrasound measured VF and SCF in early 

mid pregnancy and early pregnancy BMI with neonatal hypoglycaemia, a 

composite of adverse neonatal outcomes (Apgar <7 at 5 minutes of age, um-

bilical artery pH ≤7.0, or admission to NICU), and the individual components 

of the composite outcome. 

Study IV 

To describe the associations of ultrasound measured VF and SCF in early mid 

pregnancy with 92 blood-based protein biomarkers in a cohort of 201 pregnant 

women. 
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Subjects 

Study II–IV were approved by the Regional Ethical Review Board in Uppsala 

and by the Swedish Ethical Review Authority (Dnr: 2007/181, Dnr: 2014/353, 

and Dnr: 2019-00391). Inclusion in the studies was not considered to cause 

any invasion of privacy, or entail any risk for the individual participant. In 

addition, the statistical analyses and the presentation of the results were per-

formed on group level, and it is therefore not possible to identify individual 

study participants. The research was performed in accordance with relevant 

national and international guidelines for medical research. Furthermore, the 

studies had the potential to improve the current knowledge and subsequently 

improve public health, by directing preventive actions in the care of pregnant 

women.  

Study II 

Study population 

Eligible study participants were pregnant women undergoing a second-tri-

mester anomaly scan in early mid pregnancy at Uppsala University Hospital 

in the time period January 2015 to December 2017 (n =12,744). To be eligible 

for inclusion in the study, the scan had to be performed by a midwife trained 

in VF and SCF measurement. A total of 3,027 women had their fat depths 

measured. Exclusion criteria included inability of follow-up (giving birth else-

where or lacking a Swedish personal identity number), duplex, intrauterine 

fetal death, miscarriage, abortion, missing maternal BMI, missing birthweight 

data, and missing values of VF and SCF. Additionally, pre- and post-term 

births were excluded. After exclusions, the study population consisted of 

2,498 women who gave birth to singleton, term infants between May 2015 

and April 2018. The women were between 16–45 years of age, 1,037 (41.5%) 

were pregnant with their first child, and 1,010 (40.4%) were either overweight 

or obese (Table 2).  

Table 2. Descriptive characteristics of the study population in Study II. 

 Variable Cohort 

Women N 2,498 

 Age, years (mean, range) 30.3 (16–45) 
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 Variable Cohort 

 Nulliparous, n (%) 1,037 (41.5) 

 Early pregnancy BMI kg/m2 (mean ± SD) 25.1 ± 5.0 

 Smoking at first antenatal visit, n (%) 88 (3.5) 

 BMI <18.5 kg/m2 (underweight), n (%) 60 (2.4) 

 BMI 18.5-24.9 kg/m2 (normal weight), n (%) 1,428 (57.2) 

 BMI 25.0-29.9 kg/m2 (overweight), n (%) 621 (24.9) 

 BMI ≥30.0 kg/m2 (obesity), n (%) 389 (15.6) 

Offspring N 2,498 

 Gestational length, days (mean ± SD) 279 ± 8 

 Birthweight, grams (mean ± SD) 3,596 ± 479 

 Small for gestational age, n (%) 250 (10.0) 

 Large for gestational age, n (%) 250 (10.0) 

BMI, body mass index; small for gestational age, birthweight standard deviation score 
(BWSDS) below the 10th percentile in the study cohort; large for gestational age, BWSDS 
above the 90th percentile in the cohort. 

Study III 

Study population 

Study participants were recruited as described for Study II. However, the da-

taset for Study III was created a few months earlier than the dataset for Study 

II, and consisted of 2,844 women who had undergone fat depth measurement. 

Although the study period was the same for Study II and Study III, the sample 

size differed. When the dataset for Study III was created, subjects who deliv-

ered elsewhere or did not have a Swedish personal identity number were not 

extracted from the study population database. On the contrary, when the da-

taset for Study II was extracted, these cases were included. These cases were 

later excluded from the Study II dataset during the data preparation process. 

Subjects that delivered elsewhere or did not have a Swedish personal identity 

number (n =163) constitute nearly 90% of the difference between the two da-

tasets. The remaining difference is presumably caused by delayed input or up-

date of data in the study population database between the two time points of 

data extraction. 

Exclusion criteria included inability of follow-up (giving birth elsewhere 

or lacking a Swedish personal identity number), duplex, intrauterine fetal 

death, miscarriage, abortion, missing maternal BMI, and missing measures of 

VF and SCF. We did not exclude pre- or post-term births. The final study 

cohort consisted of 2,771 women giving birth to singleton infants between 

June 2015 and April 2018. The mean age of the women was 30.3 years (range 

16–45 years), 1,185 (42.8%) were pregnant with their first child, and 1,141 

(41.2%) were either overweight or obese. The mean early pregnancy BMI was 

25.1 kg/m2. The characteristics of the study population are shown in Table 3.  
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Table 3. Descriptive characteristics of the study population in Study III. 

 Variable Cohort 

Women N 2,771 

 Age, years (mean, range) 30.3 (16–45) 

 Nulliparous, n (%) 1,185 (42.8) 

 Early pregnancy BMI kg/m2 (mean ± SD) 25.1 ± 5.0 

 BMI <18.5 kg/m2 (underweight), n (%) 62 (2.2) 

 BMI 18.5-24.9 kg/m2 (normal weight), n (%) 1,568 (56.6) 

 BMI 25.0-29.9 kg/m2 (overweight), n (%) 703 (25.4) 

 BMI ≥30.0 kg/m2 (obesity), n (%) 438 (15.8) 

 Smoking at first antenatal visit, n (%) 99 (3.6) 

 Country of birth within the EU, n (%) 2,399 (86.6) 

 Gestational diabetes mellitus, n (%) 35 (1.3) 

Offspring N 2,771 

 Gestational length, days (mean ± SD) 278 ± 12 

 Preterm, n (%) 118 (4.3) 

 Post-term, n (%) 150 (5.4) 

 Birthweight, grams (mean ± SD) 3,576 ± 530 

 Small for gestational age, n (%) 26 (0.9) 

 Large for gestational age, n (%) 134 (4.9) 

BMI, body mass index; preterm, <37 + 0 weeks of gestation; post-term, >41 + 6 weeks of gesta-
tion; small for gestational age, birthweight below -2 standard deviation scores of the mean 
birthweight for the gestational age and sex (154); large for gestational age, birthweight above 2 
standard deviation scores of the mean birthweight for the gestational age and sex (154). 

Study IV 

Study population 

Eligible participants for the study were women attending a second-trimester 

anomaly scan at Uppsala University Hospital from January 2015 to January 

2019. To be eligible for inclusion in the study, the scan had to be performed 

by a midwife trained in VF and SCF measurement. During the study period, 

4,039 women underwent a scan including fat depth measurements, corre-

sponding to approximately 25% of the total number of women undergoing a 

second-trimester anomaly scan. By June 2019, 202 of the participants in the 

VF and SCF measurement cohort had donated a blood sample in the Uppsala 

Biobank of Pregnant Women (Figure 3). Due to blood sample analytical fault, 

one individual was excluded from further analysis. Hence, the final study pop-

ulation consisted of 201 pregnant women. The mean age of the women was 

31.0 years (range 20–45 years), 116 (57.7%) were nulliparous, and 72 (35.8%) 

had either overweight or obesity (Table 4). Body mass index was missing in 

one individual.  
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Figure 3. Venn diagram illustrating the study population of Study IV. 

 

 

Table 4. Descriptive characteristics of the study population in Study IV. 

 Variable Cohort 

Women N 201 

 Age, years (mean, range) 31.0 (20–45) 

 Nulliparous, n (%) 116 (57.7) 

 Early pregnancy BMI kg/m2 (mean ± SD) 25.3 ± 5.2 

 BMI <18.5 kg/m2 (underweight), n (%) 3 (1.5) 

 BMI 18.5–24.9 kg/m2 (normal weight), n (%) 125 (62.5) 

 BMI 25.0–29.9 kg/m2 (overweight), n (%) 38 (19.0) 

 BMI ≥30.0 kg/m2 (obesity), n (%) 34 (17.0) 

 Country of birth within the EU, n (%) 186 (92.5) 

 Diabetes mellitus type 1 or type 2, n (%) 0 (0.0) 

 Rheumatic disease, n (%) 1 (0.5) 

 Epilepsy, n (%) 0 (0.0) 

 Inflammatory disease, n (%) 3 (1.5) 

 Essential hypertension, n (%) 1 (0.5) 

 Endocrine diseasea, n (%) 11 (5.5) 

BMI, body mass index; SD, standard deviation 
aHypothyroidism, thyrotoxicosis 
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Methods 

Systematic literature review 

Study I was a systematic literature review performed according to the recom-

mendations of the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) 2009 guidelines (180). A trained librarian at the 

Medical Library at Uppsala University assisted in the modelling of the search 

algorithms. After completion of database search, two authors independently 

screened the titles and the abstracts of the articles. After discussion between 

the authors, it was decided which articles that should be reviewed in full-text. 

Next, the same two authors independently read the articles in full-text, ex-

tracted their data using a standardised extraction form, and performed a qual-

ity evaluation of the articles using  The Newcastle-Ottawa Quality Assessment 

Scale for cohort studies (NOS) (181). 

The PRISMA statement 

In 2009, a group of experts presented a statement “Preferred Reporting Items 

for Systematic reviews and Meta-Analyses: the PRISMA statement”, a report-

ing system for systematic reviews and meta-analyses. The overall aim of the 

PRISMA statement is to provide authors of systematic reviews and meta-anal-

yses with a set of tools to improve the reporting quality (180). The PRISMA 

statement consists of a checklist with 27 items to include when reporting a sys-

tematic review or a meta-analysis. In addition, PRISMA includes a flow dia-

gram that should be used to describe the four phases of the systematic literature 

research, namely identification, screening, eligibility, and inclusion (180).  

Newcastle-Ottawa Quality Assessment Scale  

The NOS is a grading system for quality evaluation of studies that are non-ran-

domised, i.e. cohort studies and case-control studies (181). The NOS for cohort 

studies focuses on three aspects of the study being evaluated: selection of study 

groups, comparability of the study groups, and that both the exposure and the 

outcome are assessed properly. A grading system with stars is used, and the 

study can achieve a score ranging from 0–9 stars. The study can be graded as 

good, fair, or poor depending on the number of stars awarded in each category 

(181). 
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Fat depth measurements 

In Study II–IV, VF and SCF were measured at the second-trimester anomaly 

scan by the method first described by Armellini et al. (67), with a minor mod-

ification regarding the placement of the ultrasound probe (Figure 4). The 

measurements were taken with the woman in supine position. The measuring 

point was located at the body’s midline 10 cm superior to the umbilicus. The 

VF was defined as the distance in millimetres from the inner border of the 

rectus abdominis muscle to the anterior border of the aorta. The SCF was de-

fined as the distance in millimetres from dermis to the surface of the rectus 

abdominis muscle. The fat depth measurements were performed using a GE 

Voluson E6, E8 or E10 ultrasound machine (GE Medical Systems, Zipf, Aus-

tria). All midwives that assessed the measures were certified obstetric ultra-

sonographers. During the study period, additional training sessions were held 

to maximise the quality of the scans. Furthermore, the intraclass correlation 

coefficient of the inter-examiner variation was 0.83 for VF measures, and 0.85 

for SCF measures, indicating good reliability (182). 

 

Figure 4. Illustration showing the method of fat depth measurement used in Study 
II−IV. The measures were taken at the body’s midline with the measuring point 10 
cm above the umbilicus. Visceral fat depth was defined as the distance in mm from 
the inner border of the rectus abdominis muscle to the anterior border of the aorta. 
Subcutaneous fat depth was defined as the distance from dermis to the surface of the 
rectus abdominis muscle, and measured in mm.  

Swedish Neonatal Quality Register 

Data from the Swedish Neonatal Quality Resister (SNQ) were used in Study 

III. This is a national Internet based quality register for neonatal health care. 



 45 

It started in 2001 and aims to collect information on infants that are admitted 

to inpatient care within the first 4 weeks of life (183). Yearly, around 10% of 

newborns in Sweden are admitted to NICU and registered in SNQ. Infant data 

are manually registered in SNQ at the end of the hospital admission. Data from 

the quality register are used for evaluation and improvement of the neonatal 

health care in Sweden, but SNQ is also an important information source for 

researchers (184). 

The completeness and the validity of SNQ have been evaluated (183). The 

authors report excellent completeness for preterm infants and high agreement 

between data from SNQ and Swedish medical birth register (Swedish: 

medicinska födelseregistret)/inpatient register (Swedish: slutenvårdsregis-

tret).  

Uppsala Biobank for Pregnant Women 

In study IV, blood samples from the population-based Uppsala Biobank for 

Pregnant Women were analysed. Since 2007, blood samples are collected in 

conjunction with the second-trimester anomaly scan. Eligible women are ≥18 

years, Swedish-speaking, and without blood-borne disease (HIV, hepatitis C 

and hepatitis B). Invitations to participate in the Biobank are done at random, 

when a research nurse is available. Around 30% of the respondents decline to 

participate, and the Biobank covers approximately half of the pregnant popu-

lation of Uppsala County (185). Following written informed consent, a blood 

sample is collected and centrifuged within 2 hours. Thereafter, the sample is 

stored at -70°C.  

Proteomics assay  

The Olink Cardiovascular II panel was used to measure 92 protein biomarkers 

either known to be or suspected to be markers of inflammatory and cardiovas-

cular disease in humans in Study IV. The method is based on a proximity assay 

technology developed at the Clinical Biomarkers Facility, Science for Life 

Laboratory, Uppsala. Individual protein profiles are measured by the Olink 

proximity extension assay. Pairs of antibodies marked with unique DNA tags 

bind to specific proteins in the blood sample. If two matched DNA tags come 

in close proximity, they bind to each other. The hybridised DNA tags are then 

extended to an amplicon and a unique code is generated for each protein. The 

protein profile is then read by qPCR. The number of qPCR cycles is used to 

calculate the protein concentration, and the relative concentration is reported. 

The results are presented as Normalized Protein eXpression (NPX) values, an 

arbitrary unit in log2 scale in which high protein value corresponds to a high 

protein concentration (38, 186).  
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Study design 

Study I 

The literature search was carried out in the following electronic databases: 

PubMed/MEDLINE, Web of Science Core Collection, CINAHL, SCOPUS, 

Clinical Trials, and Open Grey. The search included studies published from 

inception until November 2019. Eligible studies were evaluating the associa-

tion between maternal central adiposity, measured in early to mid pregnancy 

or at most 365 days prior to conception, and infant outcomes in the neonatal 

period. The infant outcomes included in the search algorithms were preterm 

delivery (<37 weeks of gestation), birthweight, macrosomia (birthweight 

≥4,000 or ≥4,500 grams), LGA, congenital malformations, hypoglycaemia, 

hyperbilirubinaemia, care at NICU, and death. 

Study II 

A cohort study performed between January 2015 and April 2018 at Uppsala 

University Hospital. Measurement of VF and SCF was implemented as a new 

clinical routine, and ethical approval was obtained to evaluate this routine by 

linkage to standardised hospital electronic medical records on maternal, ob-

stetric, and perinatal health care. The study population database was anony-

mised after linkage. 

The following maternal data were obtained from the standardised antenatal 

electronic medical records: early pregnancy BMI (kg/m2), age (years), smok-

ing status at first antenatal visit (yes or no), parity (nulliparous or parous), and 

country of birth (EU or outside EU). The midwife filled in information on 

chronic illnesses at the first antenatal visit using checkboxes in the standard-

ised antenatal electronic medical record. Additionally, data were obtained 

from the women’s standardised antenatal electronic medical records on the 

following diagnoses according to the International Classification of Diseases 

10 (ICD-10): diabetes mellitus type 1 and type 2 (E10, E11), rheumatic disease 

(L40, M05, M32, M35, M45), epilepsy (G40), inflammatory disease (D69, 

K50, K51, K90), essential hypertension (I10), endocrine disease (E03), gesta-

tional diabetes (O244), gestational hypertension (O13), and preeclampsia 

(O14). Gestational diabetes was defined as fasting plasma glucose ≥7.0 
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mmol/l or plasma glucose ≥9.0 mmol/l 2 hours after oral intake of 75 grams 

glucose. 

Infant data on birthweight, gestational age, and sex were extracted from the 

standardised paediatric electronic medical records. Birthweight standard de-

viation score (BWSDS) was calculated using Swedish reference standards for 

birthweight with respect to sex and gestational age (154). Infants with 

BWSDS above the 90th percentile in the cohort were considered as LGA. Term 

birth was defined as delivery between 37 + 0 and 41 + 6 weeks of gestation. 

The exposures were VF and SCF (categorised into 5 millimetre intervals) 

and the ratio VF:SCF. The outcomes were infant birthweight (in grams) and 

LGA. A directed acyclic graph (DAG) (187) was used in the process of se-

lecting covariates. Variables were included in the DAG if they were known to 

be associated with the exposures and outcomes, or if they were considered 

clinically relevant.  

Study III 

A cohort study performed at Uppsala University Hospital between January 

2015 and April 2018. Visceral fat depth and SCF were assessed as described 

for Study II. Maternal characteristics and diagnoses were obtained as de-

scribed for Study II.  

The following information was extracted from the standardised paediatric 

electronic medical records: gestational age, sex, birthweight, umbilical artery 

pH, Apgar score, and blood glucose concentrations. Data on admission to 

NICU were obtained from SNQ.  

Blood samples for blood glucose measurement were collected according to 

clinical praxis (i.e. according to screening protocols for infants at risk for ne-

onatal hypoglycaemia or if the medical team suspected hypoglycaemia (for 

example because of feeding problems or jitteriness)). Due to a very large num-

ber of blood glucose measures, one measure per infant (if available) was ex-

tracted for the following time intervals: 60 min intervals from age 2–12 hours, 

120 min intervals from age 12–48 hours, and 360 min intervals thereafter. If 

more than one blood glucose value was available in the specified time interval, 

the following priority for extraction was applied: firstly, blood sample ana-

lysed on a blood gas analyser (ABL800 Radiometer) at the ward, and sec-

ondly, by Abbott Architect c16000 at the hospital laboratory. If two or more 

blood glucose measures in a specified time interval were analysed by the same 

method, the lowest blood glucose measure was chosen. 

Exposures were VF and SCF (categorised into 5 millimetre intervals) and 

early pregnancy BMI. Outcomes were neonatal hypoglycaemia (blood glu-

cose concentration <2.6 mmol/l) between the age of 2 hours and 7 days, a 

composite of adverse neonatal outcomes (Apgar <7 at 5 minutes of age, um-

bilical artery pH ≤7.0, or admission to NICU), and the individual components 
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of the composite outcome. Since many infants have a physiological nadir in 

blood glucose level 1–2 hours after birth (148), we only evaluated hypogly-

caemic episodes after the age of 2 hours.  

The selection of the variables constituting the composite outcome was 

based on a literature search conducted in December 2019 in PubMed. A search 

algorithm consisting of the following terms was used: “birth, term” (Medical 

Subject Headings (MeSH)), “critical illness” (MeSH), “composite variable”, 

and “adverse neonatal outcomes”. In addition, synonyms for the MeSH terms 

were included. Twelve articles published 2018–2019 that used a composite 

for adverse neonatal outcomes were selected, and the components of the com-

posite outcome were extracted. Next, the most commonly used components 

were compared with the available variables in our material. In conclusion, 5-

minute Apgar score <7, umbilical artery pH ≤7.0, and admission to NICU 

were chosen. A DAG was used to select covariates as described for study II. 

Study IV 

Data for this cross sectional study were obtained from two studies at the De-

partment of Women’s and Children’s Health, Uppsala University Hospital. 

The VF and SCF measurements were performed as described for Study II. 

Information on maternal characteristics and chronic illnesses was extracted 

as described for Study II. Blood samples collected in conjunction with the 

second-trimester anomaly scan were analysed by the Olink Cardiovascular II 

panel, and the results from the blood analyses were linked to the study popu-

lation database. Following linkage, the study population database was anony-

mised. 

Visceral fat depth and SCF were categorised in quartiles (VF quartiles 1–4 

and SCF quartiles 1–4). A threshold point was set at quartile 4 (VF ≥52 mm 

and SCF ≥22 mm, referred to as “elevated”), and quartiles 1‒3 constituted the 

reference group (referred to as “normal”). The levels of protein biomarkers 

were then compared between women with normal versus elevated VF, and 

between women with normal versus elevated SCF.  

Statistical analysis 

The statistical analyses were performed using IBM SPSS Statistics version 27. 

A nominal two-side P-value <0.05 was considered to indicate statistical sig-

nificance.  
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Study I 

The aim was to perform a meta-analysis on the included studies in the system-

atic literature review study. Unfortunately, different measures of maternal 

central adiposity were used amongst the included studies, and the studies were 

also evaluating different infant outcomes. The studies also used different sta-

tistical methods in the data analyses. The potential to perform a meta-analysis 

on a subgroup of studies that were similar methodically was explored with 

input from a statistician. However, the conclusion was that the studies were 

too heterogeneous to be included in a meta-analysis in a statistically proper 

way. 

Study II 

Simple linear regression analyses followed by multiple models were used to 

evaluate the association between VF (5 mm intervals) and SCF (5 mm inter-

vals) and infant birthweight. Adjustments were made for maternal age, early 

pregnancy BMI, parity, smoking status at first antenatal visit, maternal coun-

try of birth, infant sex, and gestational age. Simple logistic regression analyses 

and subsequently multiple models were used to evaluate the associations be-

tween VF and LGA, and between SCF and LGA. In addition, logistic models 

were performed with the ratio VF:SCF as exposure. In the multiple models, 

adjustments were made for maternal age, early pregnancy BMI, parity, smok-

ing status at first antenatal visit, and maternal country of birth. Sensitivity 

analyses were subsequently performed in which we restricted the population 

to healthy pregnancies (n =2,261). 

Information on smoking status at first antenatal visit was missing in 51% 

of the pregnant women. With the intention to not lose power in the regression 

analyses, missing data on smoking status were imputed by the random hot 

deck method (188). 

Study III 

Sample size tables for logistic regression (189) were used to determine the 

required sample number. The outcome prevalence was estimated to be 10%. 

For simple logistic regression with α =5%, a sample size of 2,236 would result 

in a power of 80% to detect an OR 1.20 at 1 standard deviation above the mean 

of the exposure.  

To separately examine the association between VF (5 mm intervals), SCF 

(5 mm intervals), and BMI (kg/m2) and the likelihood of neonatal hypogly-

caemia, simple and multiple logistic regression analyses were performed. Ad-

ditionally, simple and multiple logistic regression models were performed to 

evaluate the likelihood of the composite outcome, (Apgar <7 at 5 minutes of 

age, umbilical artery pH ≤7.0, or admission to NICU), as well as the individual 

components of the composite outcome. In the multiple logistic regression 

model, adjustments were made for early pregnancy BMI (not in the model 
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with BMI as exposure), age, parity, smoking status at first antenatal visit, and 

country of birth. Sensitivity analyses were subsequently performed in which 

we restricted the population to healthy pregnancies (n =2,496).  

Information on smoking status was imputed by the random hot deck 

method (188), as described for Study II. Data were missing on Apgar score 

and umbilical artery pH on some of the infants. Only cases with available data 

were analysed. Hence, the number of mother-child dyads differed between the 

different outcomes studied. 

Study IV 

Non-parametric Mann-Whitney U tests with adjustment for multiple testing 

(false discovery rate (FDR), 5%) were used to identify biomarkers that were 

different between groups (quartiles 1–3 vs quartile 4). In addition, multiple 

linear regression analyses were performed adjusting for early pregnancy BMI, 

age, and parity to correct for potential confounding factors. Only biomarkers 

differing between quartile-groups (normal versus elevated fat depth) were an-

alysed by multiple linear regression.  

Statistical notes 

Random hot deck method (imputation) 

In Study II and Study III, data on smoking status were imputed by the random 

hot deck method (188). Matched controls for women with known smoking 

status were identified amongst women with unknown smoking status. The var-

iables age, BMI, and country of birth were used in the matching process. A 

random control with unknown smoking status was drawn for every woman 

with known smoking status, and the control was given the same smoking sta-

tus as its match. Ideally, socioeconomic status should have been used in the 

matching process (190). Unfortunately, we did not have access to this infor-

mation. Instead, we chose to use age, BMI, and country of birth as proxies for 

socioeconomic status. Around 5% of individuals between 16–44 years of age 

are smokers in Sweden (191). Since many of Scandinavian women who are 

smokers stop using tobacco when they become pregnant (192), the prevalence 

in the pregnant population is probably lower. After imputation, the prevalence 

of smoking at first antenatal visit in Study II and Study III was 3.5% and 3.6%, 

respectively. 

The multiplicity concern 

When many endpoints are studied in the search for statistically significant dif-

ferences between groups, one should be aware of the multiplicity concern or 

multiple comparison problem. This occurs when each endpoint is evaluated 

separately with the hypothesis that there is no difference between the groups. 

When tests like these are performed, the level of statistical significance (α) is 
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often set at 0.05. The problem is that when multiple comparisons are con-

ducted, the probability of getting a false positive results increase beyond the 

0.05 level. The explanation to this is that every time a comparison is made, 

the probability of getting a false positive result is 5% (when α =0.05). If 100 

comparisons are made, and there are few “true” differences between the 

groups, on average around 5 false positive results will be reported (0.05x100) 

(193).  

Bonferroni correction  

With Bonferroni correction, the multiple comparison problem is solved by 

controlling the likelihood of getting even one false positive result. In the Bon-

ferroni correction, the α (which often is set at 0.05) is divided by the number 

of tests conducted. However, a problem with the Bonferroni correction is that 

the probability of discovering a true difference between the groups is reduced 

when many endpoints are being evaluated, i.e. power is lost (193). For exam-

ple, if 100 tests are performed, the P-value needs to be <0.0005 to indicate 

statistical significance.  

False discovery rate 

The false discovery rate (194) is the expected proportion of false positive re-

sults amongst the results. Hence, if there are few true positive findings, we 

want only a few, if any, false positive findings. On the other hand, when we 

have many true positive findings, we can accept some false positive amongst 

them, since the false discoveries most likely will have a smaller impact on the 

conclusions drawn from the study. The difference between controlling false 

discovery rate in comparison with Bonferroni correction is that it is less con-

servative. False discovery rate can be seen as a compromise between the un-

adjusted model and the traditional adjustments, for example Bonferroni cor-

rection (193).  



 52 

Results 

Study I 

The systematic database literature search resulted in a total of 713 studies. 

Subsequently, 161 duplicates were removed, leaving 552 titles and abstracts 

for screening. In addition, seven studies were obtained after contact with au-

thors, by the authors of this review prior to performing the database search, or 

amongst the references in the reviewed full-text studies. After screening, 20 

studies were included for full-text reviewing and evaluation by NOS for co-

hort studies. After full-text-review and quality evaluation, 10 cohort studies 

published from 1996 to 2019 fulfilled the inclusion criteria and were included 

in the systematic review (10, 153, 195-202), Figure 5.  

Nine of the included studies evaluate maternal central adiposity and birth-

weight or infant macrosomia (153, 195-202). Six studies report a positive as-

sociation between maternal central adiposity and infant birthweight or macro-

somia (153, 195-198, 202), three of them adjusting for either pre-pregnancy 

or early pregnancy BMI (195, 197, 198), and one for pre-pregnancy obesity 

(BMI ≥30 kg/m2) (196). Six studies evaluate the likelihood of caesarean sec-

tion (153, 196, 198-200, 202), and report greater odds if the mother had high 

abdominal subcutaneous fat thickness (153, 198, 199), WC >80 cm (202) or 

WHR >0.80 (196, 200). Four studies evaluate preterm delivery (10, 153, 198, 

199), and report contradictory results. One study reports that high visceral ad-

ipose tissue at 11–14 weeks of gestation increases the risk for preterm delivery 

(10). The second study shows an association of increased subcutaneous fat 

thickness at 18–23.9 weeks of gestation with greater odds of preterm delivery 

(153). The third study reports greater odds for preterm delivery in mothers 

with high subcutaneous fat thickness at 11–14 weeks of gestation (199). The 

fourth study does not report any association of subcutaneous fat thickness 

measured at 18–22 weeks of gestation with preterm delivery (198). Two stud-

ies evaluate NICU admission, and an increased likelihood is noted for infants 

born to mothers with high subcutaneous fat thickness (153, 199). 
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Figure 5. Flow diagram for study selection. NOS, Newcastle-Ottawa Quality As-
sessment Scale for cohort studies. 

To summarise, the systematic literature review found positive associations of 

maternal central adiposity in early to mid pregnancy, or at most 365 days prior 

to conception, with infant birthweight and delivery by caesarean section. In 

addition, there was some evidence of associations of maternal central adipos-

ity with preterm delivery (<37 weeks of gestation), and NICU admission. 

The most commonly evaluated infant outcomes amongst the included stud-

ies were birthweight, macrosomia, and LGA. Only a few studies investigated 

perinatal morbidity, for example preterm birth, low Apgar score, acidosis (low 

umbilical pH), neonatal hypoglycaemia, and admission to NICU.  
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Study II 

The VF measures ranged from 3–116 mm and SCF measures from 1–52 mm. 

In the unadjusted model, an increase in VF of 5 mm was associated with an 

increase in birthweight by 19.5 grams (B coefficient (β) 19.5, 95% confidence 

interval (CI) 13.8–25.2) (Table 5). After adjustments for covariates, the asso-

ciation was attenuated (8.3 grams, (β 8.3, 95% CI 2.5–14.1)) (Table 5). The 

unadjusted model showed that for every 5-mm increase in SCF, birthweight 

increased by 28.2 grams (β 28.2, 95% CI 15.9–40.6), but this association dis-

appeared (β -0.7, 95% CI -15.4 to 13.9) after covariate adjustment (Table 5).  

Table 5. Associations of maternal visceral fat depth (VF), subcutaneous fat depth 
(SCF), and the ratio VF:SCF with infant birthweight. 

Outcome  Unadjusted model Adjusted modela 

 Fat type β CI P β CI P 

Birthweight (g) VF 19.5  13.8–25.2 0.000 8.3  2.5–14.1 0.005 

 SCF 28.2  15.9–40.6 0.000 -0.7  -15.4 to 13.9 0.921 

 
Ratio 
VF:SCF 

5.8  -4.7 to 16.3 0.277 7.2  -2.4 to 16.8 0.139 

Data are B coefficients (β) and 95% confidence interval (CI) for the change in outcome per 5 
mm increase in fat depth and per unit increase in the ratio VF:SCF. 
aData were analysed using multiple linear regression models. Adjustments in the model for VF: 
early pregnancy BMI, age, parity, smoking at first antenatal visit, country of birth, SCF, infant 
sex, and gestational age. Adjustments in the model for SCF: early pregnancy BMI, age, parity, 
smoking at first antenatal visit, country of birth, VF, infant sex, and gestational age. Adjust-
ments in the model for ratio VF:SCF: early pregnancy BMI, age, parity, smoking at first ante-
natal visit, country of birth, infant sex, and gestational age. 

A 5 mm increase in VF in the unadjusted model was associated with a 13% 

increase in the odds of having a LGA infant (odds ratio (OR) 1.13, 95% CI 

1.09–1.17), but this association was attenuated after adjustments (OR 1.06, 

95% CI 1.02–1.11) (Table 6). An increase in SCF of 5 mm was associated 

with a 16% increase in the odds of having an infant born LGA (OR 1.16, 95% 

CI 1.07–1.26), but this association disappeared in the adjusted model (OR 

0.95, 95% CI 0.85–1.07) (Table 6).  

Table 6. Associations of maternal visceral fat depth (VF), subcutaneous fat depth 
(SCF), and the ratio VF:SCF with the likelihood of giving birth to an infant large for 
gestational age (LGA). 

Outcome  Unadjusted model Adjusted modela 

 Fat type OR CI P OR CI P 

LGA VF 1.13  1.09–1.17 0.000 1.06  1.02–1.11 0.009 

 SCF 1.16  1.07–1.26 0.000 0.95 0.85–1.07 0.412 

 
Ratio 
VF:SCF 

1.05  0.99–1.13 0.130 1.09  1.02–1.17 0.015 

Data are odds ratios (OR) and 95% confidence interval (CI) for the change in outcome per 5 
mm increase in fat depth and per unit increase in the ratio VF:SCF. 
Data were analysed using logistic regression models.  
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aAdjustments in the model for VF: early pregnancy BMI, age, parity, smoking at first antenatal 
visit, country of birth, and SCF. Adjustments in the model for SCF: early pregnancy BMI, age, 
parity, smoking at first antenatal visit, country of birth, and VF. Adjustments in the model for 
ratio VF:SCF: early pregnancy BMI, age, parity, smoking at first antenatal visit, and country of 
birth. 

For every unit increase in the ratio VF:SCF in the adjusted model, there was 

a 9% increase (OR 1.09, 95% CI 1.02–1.17) in the odds of having a LGA 

infant. There was no association between the ratio VF:SCF and LGA in the 

unadjusted regression model (Table 6). In the sensitivity analyses, including 

only healthy pregnancies (n =2,261), the results from the linear and logistic 

regression models were similar except that there was no association between 

the ratio VF:SCF and LGA. 

Study III 

Out of 2,771 infants, 64 (2.3%) had neonatal hypoglycaemia. Six (9.4%) of 

the 64 infants with hypoglycaemia had a mother with gestational diabetes, 8 

(12.5%) were SGA, and 1 (1.6%) was born preterm (<37 weeks of gestation). 

Data on the composite outcome were complete in 2,077 infants, and out of 

these, 137 (6.6%) had the composite outcome.  

Visceral and subcutaneous fat depths were not associated with any of the 

outcomes in the BMI-adjusted analyses (Table 7). For every unit increase in 

BMI, the likelihood of neonatal hypoglycaemia increased by 5% (OR 1.05, 

95% CI 1.01–1.10), the composite outcome by 5% (OR 1.05, 95% CI 1.01–

1.08), and admission to NICU by 6% (OR 1.06, 95% CI 1.02–1.10), after ad-

justment for covariates (Table 7). In the sensitivity analyses, including only 

healthy pregnancies (n =2,496),   the results were similar except that there was 

an association between SCF and neonatal hypoglycaemia after covariate ad-

justments (OR 1.27, 95% CI 1.01–1.60).
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Table 7. Comparison of visceral fat depth, subcutaneous fat depth, and early pregnancy BMI between groups defined by neonatal outcomes. 

Outcome 

Visceral fat depth Subcutaneous fat depth BMI 

Unadjusted model Adjusted modelb Unadjusted model Adjusted modelb Unadjusted model Adjusted modelc 

 OR CI P OR CI P OR CI P OR CI P OR CI P OR CI P 

Neonatal hy-

poglycaemia 
1.05 0.97–1.13 0.215 1.01 0.93–1.10 0.849 1.20 1.04–1.38 0.013 1.11 0.91–1.36 0.307 1.05 1.00–1.09 0.033 1.05 1.01–1.10 0.024 

Composite 

outcomea 
1.01 0.96–1.07 0.618 0.97 0.91–1.03 0.296 1.10 1.00– 1.23 0.061 1.00 0.86–1.15 0.942 1.04 1.01–1.08 0.007 1.05 1.01–1.08 0.005 

Apgar <7 at 5 

minutes of age 
0.99 0.90–1.09 0.835 0.96 0.86–1.07 0.460 1.03 0.85–1.24 0.798 0.95 0.73- 1.24 0.717 1.01 0.96–1.07 0.651 1.02 0.96–1.08 0.571 

Umbilical ar-

tery pH ≤7.0 
0.95 0.83–1.10 0.499 0.95 0.81- 1.12 0.553 0.83 0.60–1.15 0.260 0.71 0.46–1.11 0.129 1.00 0.91–1.09 0.937 1.00 0.91–1.09 0.959 

Admission to 

NICU 
1.05 0.99–1.11 0.146 1.00 0.93–1.07 0.911 1.22 1.08–1.36 0.001 1.14 0.97–1.34 0.125 1.06 1.02–1.09 0.002 1.06 1.02–1.10 0.001 

Data are odds ratios (OR) and 95% confidence interval (CI) for the change in outcome per 5 mm increase in fat depth and per unit increase in BMI (kg/m2). 
Data were analysed using logistic regression models.  
aApgar <7 at 5 minutes of age, or umbilical artery pH ≤7.0, or admission to NICU 
bAdjustments in the model: early pregnancy BMI, age, parity, smoking at first antenatal visit, and country of birth.  
cAdjustments in the model: age, parity, smoking at first antenatal visit, and country of birth. 
NICU, neonatal intensive care unit; BMI, body mass index 
Bold text indicate significant results. 
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Study IV 

Due to a substantial proportion of the women having values below the limit of 

detection, the following biomarkers were excluded from further analysis: 

ITGB1BP2 (Melusin) (48.8% below level of detection), BNP (Natriuretic 

peptides B) (43.3% below level of detection), and CA5A (Carbonic anhydrase 

5A, mitochondrial) (37.3% below level of detection), leaving 89 protein bi-

omarkers for analysis. 

There were differences in three biomarkers between women with elevated 

versus normal VF (Figure 6). One biomarker, LEP (Leptin), was higher in 

women with elevated VF, and two biomarkers, PTX3 (Pentraxin-related pro-

tein PTX3), VEGFD (Vascular endothelial growth factor D), were lower com-

pared with women with normal VF.  

Seven biomarkers differed between women with elevated versus normal 

SCF (Figure 7). In women with elevated SCF, two biomarkers were higher 

(LEP, FGF-21 (Fibroblast growth factor 21)), and five biomarkers were lower 

(MMP-12 (Matrix metalloproteinase-12), LPL (Lipoprotein lipase), RAGE 

(Receptor for advanced glycosylation end products), VEGFD, XCL1 (Lym-

photactin)) compared with women with normal SCF.
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Figure 6. Individual levels of three blood-based protein biomarkers differing between pregnant women with normal and elevated visceral fat 
depth. Data are given as normalized protein expression (NPX) log2. Data were analysed using Mann-Whitney U tests with false discovery rate 
(FDR) adjustments. Horizontal bars represents mean ±SD. P <0.001 for LEP and PTX3, P =0.001 for VEGFD. LEP, Leptin; PTX3, Pentraxin-
related protein PTX3; VEGFD Vascular endothelial growth factor D. 
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Figure 7. Individual levels of seven blood-based protein biomarkers differing between pregnant women with normal and elevated subcutane-
ous fat depth. Data are given as normalized protein expression (NPX) log2. Data were analysed using Mann-Whitney U tests with false dis-
covery rate (FDR) adjustments. Horizontal bars represents mean ±SD. P <0.001 for FGF-21, LEP, VEGFD, and XCL1, P =0.003 for LPL, 
MMP12, and RAGE. FGF-21, Fibroblast growth factor 21; LEP, Leptin; LPL, Lipoprotein lipase; MMP12, Matrix metalloproteinase-12; 
RAGE, Receptor for advanced glycosylation end products; VEGFD (Vascular endothelial growth factor D); XCL1, Lymphotactin. 
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In order to correct for potential confounding factors, multiple linear regression 

analyses adjusting for early pregnancy BMI, age, and parity were conducted. 

After adjustments, one biomarker (PTX3) remained different between women 

with elevated versus normal VF (β -0.18, 95% CI -0.26 to -0.02) (Table 8). 

Additionally, three biomarkers remained different between women with ele-

vated versus normal SCF (FGF-21 (β 0.19, 95% CI 0.03–1.27), LPL (β -0.21, 

95% CI -0.40 to -0.03), and XCL1 (β -0.26, 95% CI -0.51 to -0.10)). 

Table 8. Associations between body fat distribution and blood-based biomarker lev-
els. 

Body fat distribution 
Biomarker Adjusted modela 

 β CI P 

Elevated (≥52 mm) vs normal 
(<52 mm) visceral fat depth 

LEP 0.00 -0.23 to 0.23 0.997 

PTX3 -0.18 -0.26 to -0.02 0.026 

VEGFD -0.08 -0.23 to 0.07 0.288 

Elevated (≥22 mm) vs normal 
(<22 mm) subcutaneous fat depth 

FGF-21 0.19 0.03–1.27 0.039 

LEP 0.07 -0.14 to 0.37 0.391 

LPL -0.21 -0.40 to -0.03 0.022 

MMP-12 -0.13 -0.47 to 0.07 0.154 

RAGE -0.07 -0.21 to 0.10 0.453 

VEGFD -0.09 -0.25 to 0.08 0.308 

XCL1 -0.26 -0.51 to -0.10 0.004 

Data are B coefficients (β) and 95% confidence interval (CI) for the change in outcome depend-
ing on body fat distribution. Significant results are in bold. 
aAdjustments were made for early pregnancy BMI, age, and parity.  
FGF-21, Fibroblast growth factor 21; LEP, Leptin; LPL, Lipoprotein lipase; MMP-12, Matrix 
metalloproteinase-12; PTX3, Pentraxin-related protein PTX3; RAGE, Receptor for advanced 
glycosylation end products; VEGFD, Vascular endothelial growth factor D; XCL1, Lympho-
tactin. 
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General discussion 

The main findings in the presented studies are: 1) the relations between ma-

ternal fat distribution and infant outcomes are scarcely studied, 2) maternal 

early mid pregnancy VF is associated with infant birth size, 3) early pregnancy 

BMI is associated with neonatal hypoglycaemia and adverse neonatal out-

comes, whereas VF and SCF are not, 4) blood-based protein biomarkers differ 

between pregnant women with different abdominal fat distributions.  

Methodological limitations 

It is plausible that a number of limitations could have influenced the results 

obtained. A shortcoming of Study I was that the database search only included 

articles in English, and publications written in other languages were therefore 

not captured by the search. In addition, a meta-analysis was not possible to 

perform because of the studies’ heterogeneity regarding how exposures and 

outcomes were defined, and which statistical methods were used to analyse 

the data. 

A limitation of Study II and Study III was that smoking status at first 

antenatal visit was missing in the majority of the women, and therefore im-

puted. Furthermore, in Study II, data on pregnancy weight gain, which could 

have influenced infant birthweight (90, 203), was not accessible and therefore 

not included in the statistical models. Yet another possible limitation to Study 

II and Study III was that only one fourth of all pregnant women who was 

undergoing a second-trimester anomaly scan in Uppsala during the study pe-

riod had their fat depth measures taken. However, it was unlikely that selection 

bias took place since the personnel booking the ultrasound appointments was 

not involved in this research. Consequently, it was a matter of coincidence 

which midwife performed the examination (one educated in fat depth meas-

urement or not) and, hence, if the examination included these measures. 

Moreover, in Study II and Study III, the second-trimester anomaly scans 

were conducted over a wide time range (67 days) in relation to gestational age. 

However, the vast majority of the study participants had their scan performed 

in a narrower time interval, and there was no correlation between the timing 

of the scan and the fat depths. Hence, the timing of the second-trimester anom-

aly scan should not affect the overall results. 
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Other limitations of observational, register-based studies include risk of 

printing errors and missing values. On the other hand, this is compensated by 

the large sample size. We were not able to follow up the participants who 

underwent a second-trimester anomaly scan at Uppsala University Hospital 

but delivered elsewhere (lost to follow-up). Although DAGs were used to se-

lect potential confounding factors, there might be other residual confounders 

that we could not compensate for. Lastly, the findings reported in Study II 

and Study III, are associations and not proof of causality. 

In Study III, we did not measure blood glucose concentrations on all in-

fants in the cohort, and we presumed that those who did not have any blood 

glucose measures taken were normoglycaemic. Hence, a limitation to Study 

III is that we did not know for sure whether these untested infants had any 

episodes of hypoglycaemia or not. Nonetheless, blood sampling is painful, and 

it would have been unethical for us to measure blood glucose concentrations 

in infants that did not belong to a risk group for hypoglycaemia or show any 

clinical signs that could indicate a hypoglycaemic episode. We reasoned that 

the blood glucose measures we had access to were the best ones available, and 

that this assumption justified performing the study. 

A limitation of Study IV was that the biomarkers included in the Olink 

Cardiovascular II panel did not mirror insulin sensitivity, which might have 

been of interest to evaluate. However, we did not have access to any other 

blood sample analyses besides the Olink Cardiovascular II panel. If a similar 

study would be conducted in the future with the aim to evaluate dissimilarities 

in metabolic pathways between pregnant women with different body fat dis-

tributions, the inclusion of OGTT or HbA1c should be considered. Another 

possible source of error is that the pregnancy itself is a state characterised by 

mild maternal systemic inflammation mediated by the placenta through im-

munomodulatory hormones and cytokines (204, 205). Inflammation, espe-

cially low-grade inflammation, is also associated with obesity (206). Hence, 

associations might not solely be linked to the fat tissue distribution. 

Lastly, in Study II–IV, we evaluated VF and SCF by ultrasound. Both 

these fat compartments are part of the central/truncal adiposity (“apple-shaped 

body”). According to a study including 3,001 adults, visceral and abdominal 

subcutaneous fat are both associated with several metabolic risk factors (blood 

pressure, impaired fasting glucose, triglycerides, and (lower) high-density lip-

oprotein levels) as well as diabetes mellitus and the metabolic syndrome (45). 

Nevertheless, the study demonstrates stronger relations between the visceral 

fat compartment and metabolic risk factors in women. Overall, the visceral fat 

correlates better with most of the risk factors included in the study than does 

the abdominal subcutaneous fat. Of note, we did not evaluate any measures in 

Study II–IV that would represent the other, lesser metabolic dysfunctional, 

obesity phenotype characterised by subcutaneous fat accumulation in the glu-

teofemoral region (“pear-shaped body”). These measures are not readily avail-

able during the second-trimester anomaly scan to the same extent. 
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Discussion 

Study I was a systematic review aiming at evaluating the background of the 

research field. In summary, the results of the systematic review demonstrated 

that a maternal fat distribution characterised by central adiposity was associ-

ated with infant birth size and delivery by caesarean section. Additionally, 

there was some evidence of associations between maternal central adiposity 

and preterm delivery (<37 weeks of gestation), and admission to NICU. No-

tably, there was a considerable variation regarding the methods used to assess 

maternal body fat distribution, as well as the timing of the measurement in 

relation to conception. Ultrasound was adopted to measure abdominal subcu-

taneous fat tissue by three studies (153, 198, 199), and visceral fat tissue by 

one study (10). Waist circumference was used by two studies (201, 202), and 

WHR by four of the studies (195-197, 200). Although most studies performed 

the measurements in early mid pregnancy, the timing ranged from 365 days 

before conception (195) to gestational week 28 (196).  

Advantages of the anthropometry measures WC and WHR include that 

they are cheap, fast, and easy to carry out. The WC measure represents both 

visceral and subcutaneous fat, while the hip circumference represents subcu-

taneous fat (68). Thus, a high WHR indicates a high amount of visceral fat 

tissue (68). Nevertheless, WC and WHR do not assess central adiposity di-

rectly; they are only proxies providing estimates (68, 69). For example, a study 

comparing WC and WHR with dual energy X-ray absorptiometry scans re-

ports that the anthropometry measures were poor predictors of trunk fat mass 

(207). Of note, WC and WHR measurement might also be problematic in 

pregnant women, in particular in later pregnancy when the growing uterus 

could influence the measures (69). One article included in Study I (196) as-

sessed waist and hip circumferences in late mid pregnancy (gestational week 

24–28). While the authors state negligible effect of the uterus on the minimal 

abdominal girth measure at this time point, another researcher (69) clearly ad-

vises against the use of WC and WHR in pregnancy because of the possible 

impact of the uterus on the measures. Yet another issue related to WC and 

WHR measurement is where to place the measuring tape. Several different 

measuring points for examination of the waist were used by the articles in-

cluded in Study I: 1 inch above the umbilicus (195), the narrowest point 

around the waist (196, 197), and the midpoint between the lowest rib and the 

iliac crest (202). To summarise, if anthropometric measurements (i.e. WC and 

WHR) would be implemented to assess fat distribution amongst pregnant 

women, the measures should preferably be assessed in early pregnancy to min-

imise measuring fault due to the growing uterus. In addition, the personnel 

performing the measurements should be trained to provide standardised 

measures. 
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In contrast, ultrasound assessment of abdominal body fat distribution has 

the potential to distinguish the visceral from the subcutaneous fat compart-

ment (67). Additionally, ultrasound is a favourable method for medical imag-

ing during pregnancy since it does not involve ionizing radiation (69). A study 

evaluating the validity and reproducibility of ultrasound estimates of ab-

dominal adipose tissue (71) reports a strong correlation (r =0.81; p <0.001) 

with measures obtained from CT scans. 

A strength of Study I was the large number of databases included in the 

search for relevant references. The selected databases included one database 

with references from the biomedical and health fields (PubMed/MEDLINE), 

two multidisciplinary databases including medical sciences (Web of Science 

Core Collection, SCOPUS), one database with references from the nursing 

and allied health fields (CINAHL), one database of clinical trials (Clinical 

Trials), and one multidisciplinary database of grey/unpublished literature 

(Open Grey). A combination of different databases was used with the inten-

tion to identify as much of the available literature as possible related to the 

topic. An additional strength of Study I was that the search algorithms were 

created with the input from a trained librarian. 

In Study II and Study III, we evaluated the associations of ultrasound es-

timated early mid pregnancy VF and SCF with infant outcomes. In addition, 

a model with early pregnancy BMI as exposure was included in Study III. 

The following infant outcomes were evaluated: birthweight (Study II), LGA 

(Study II), neonatal hypoglycaemia (Study III), a composite of adverse neo-

natal outcomes (Apgar <7 at 5 minutes of age, umbilical artery pH ≤7.0, or 

admission to NICU) (Study III), and the individual components of the com-

posite outcome (Study III). Both studies evaluated a large population based 

cohort of pregnant women. Both cohorts had a mean BMI of 25.1 kg/m2. The 

proportions of overweight and obese women were 24.9% and 15.6% in Study 

II, and 25.4% and 15.8% in Study III. The proportion of overweight women 

was slightly lower, and the proportion of obese women was a little higher, in 

our cohorts, compared with national data from the same period. According to 

the Swedish Pregnancy Register, 26.3% of women entering pregnancy were 

overweight and 14.3% were obese in Sweden 2015–2017 (3). 

Study II showed a positive association of maternal early mid pregnancy 

VF with infant birth size. This was true both for birthweight in grams and for 

the odds of giving birth to an LGA infant. Importantly, the results maintained 

after adjustment for early pregnancy BMI, indicating an independent associa-

tion of maternal early mid pregnancy VF with infant birth size.  

The results of Study II are in agreement with those from a smaller study 

evaluating early pregnancy abdominal subcutaneous and visceral adipose tis-

sue thickness in relation to birthweight centile (13). The study included 45 

women, and the fat measures were assessed at 12.4 weeks’ gestation at mean. 

The results demonstrate an association of first trimester visceral adipose tissue 
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thickness with birthweight centile, but no association of abdominal subcuta-

neous adipose tissue thickness or first trimester BMI with the same outcome. 

Additionally, triglycerides in cord plasma were measured at delivery in 23 of 

the infants. The results show an association of maternal visceral adipose tissue 

thickness and cord plasma triglycerides. The authors propose that in women 

with increased amounts of visceral fat tissue, fatty acids are transported to the 

fetus by the placenta instead of being accumulated in maternal ectopic organs, 

resulting in excessive fetal growth (13). 

There are two main hypotheses regarding in what way visceral fat accumu-

lation in the pregnant woman could influence infant birth size. The result of 

both theories is a rise in the availability of substrates for fetal growth: 1) Vis-

ceral fat tissue is lipolytic, and a large amount of visceral fat would result in 

more free fatty acids in the blood stream. Subsequently, energy rich free fatty 

acids that could be used for fetal growth reach the fetus through the placenta 

(13, 197). 2) Visceral fat accumulation is associated with insulin resistance, 

and a woman with visceral fat accumulation might have higher blood glucose 

levels. Consequently, more glucose is transported to the fetus and used as a 

substrate for fetal growth (197). Increased early pregnancy fasting glucose 

concentrations are reported in women delivering macrosomic and LGA in-

fants (208). In 1954, Pedersen (129) suggested that insulin resistance and hy-

perglycaemia in the pregnant woman cause fetal hyperinsulinaemia, which in 

turn stimulates fetal growth. These physiological findings are in good agree-

ment with the association between VF and fetal growth demonstrated by 

Study II. Moreover, our results from Study IV showing lower levels of the 

protein biomarker PTX3 (Pentraxin-related protein PTX3) in women with an 

elevated VF measure are also in line with the association between VF and 

birth size. PTX3 is seemingly involved in metabolic control and its levels are 

inversely correlated with fasting triglyceride concentrations. There are also 

inverse correlations between PTX3 levels and insulin secretion and glucose 

concentration after oral and intravenous administration of glucose (209). 

Hence, low PTX3 levels as were seen in women with elevated VF could pos-

sibly indicate hypertriglyceridaemia, hyperinsulinaemia, and hyperglycaemia, 

which are metabolic disturbances suggested to stimulate fetal growth (13, 129, 

197).  

Jarvie et al. (13) suggest that maternal BMI, visceral fat tissue, and ab-

dominal subcutaneous fat tissue influence birth size through the following 

pathway. The abdominal subcutaneous fat tissue in pregnant women without 

overweight and obesity contains insulin-sensitive adipocytes that are able to 

expand and store fatty acids by secreting sufficient amounts of LPL (Lipopro-

tein lipase). Such a state promotes adequate maternal glucose and triglyceride 

levels and hence, supports healthy growth of the fetus. In contrast, the subcu-

taneous fat tissue of pregnant women with overweight or obesity contains in-

sulin-resistant, hypertrophic adipocytes that are unable to expand further. 

These adipocytes secrete insufficient amounts of LPL, leading to a decreased 
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capacity to store fatty acids. Instead, fatty acids are transported to the liver, 

causing increased plasma triglyceride levels, and more fat is stored ectopically 

in the visceral fat tissue compartment. Furthermore, this insulin-resistant state 

induces maternal hyperglycaemia. The authors conclude that excessive fetal 

growth in pregnant women with overweight or obesity might be driven by an 

increased supply of both fatty acids and glucose (13). In Study IV, lower lev-

els of LPL were noted in pregnant women with elevated SCF compared with 

women with a normal SCF measure. One could speculate that a high SCF 

measure, independent of BMI, might indicate that the abdominal subcutane-

ous fat tissue is close to its maximal storing capacity, and that the adipocytes 

therefore secrete LPL at a lower rate leading to decreased circulating LPL 

levels. 

We performed sensitivity analyses in Study II on a subgroup of healthy 

pregnancies. The results were similar to those of the main analysis and showed 

an independent association of VF with infant birth size. Hence, women with 

GDM did not confound the association between VF and infant birth size in the 

main analysis. However, we could not rule out milder forms of insulin re-

sistance or pre-diabetes driving the association between VF and infant birth 

size. Hyperglycemia is a continuous physiological phenomenon, and the diag-

nosis GDM is based on a cut-off at a certain point on this continuum. There 

will be women with less severe hyperglycemia that are not fulfilling the crite-

ria for GDM, which still might have a higher risk of increased infant birth size. 

This hypothesis is supported by the findings of the HAPO study (210), which 

demonstrates associations between maternal hyperglycemia (below the cut-

off for diabetes) and fetal overgrowth. The data from this study show a strong 

and continuous relation between maternal plasma glucose levels at 24–32 

weeks’ gestation and infant birth weight >90th percentile, infant fat content, as 

well as C-peptide (proxy for insulin) in blood samples from the umbilicus. 

The authors conclude that the hypothesis presented by Pedersen (129) seems 

to be valid for the full range of maternal glycaemia, and that it explains a fun-

damental relation between maternal biology and fetal growth. 

Moreover, the results of Study II showed a positive association between 

VF and the likelihood of giving birth to an infant LGA. As far as we know, 

this has not been evaluated earlier. Inconsistent results have been shown in 

other studies, using different proxies of central adiposity. An increased WHR 

is associated with higher odds of LGA according to two studies (196, 197), 

while another study reports no associations of WHR ≥0.85 with LGA or WHR 

0.80–0.84 with LGA (200). Furthermore, one study reports associations be-

tween WC and LGA (202), but another one does not (201). These contrasting 

results could possibly be explained by differences in study population charac-

teristics, as well as variations in timing of the anthropometry measures in re-

lation to conception. In fact, before gestational week 9, there is only a little 

maternal fat accumulation, but from gestational week 9 to week 22, fat accu-

mulation is fast (211). Additionally, the anthropometry measures used by 
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these studies to determine central adiposity are less specific in estimating the 

amount of visceral fat compared with ultrasound, since both WC and WHR 

include subcutaneous fat (68).  

Lastly, the results of Study II demonstrated that maternal early pregnancy 

SCF was not associated with birthweight or LGA after adjustments for covari-

ates. These results are in line with the theory that subcutaneous fat is less met-

abolically dysfunctional compared with visceral fat tissue. Subcutaneous fat 

accumulation is not associated with insulin resistance, hyperlipidaemia, and 

low-grade inflammation to the same degree as is visceral fat accumulation (22, 

45). Our finding that VF, but not SCF, was associated with infant birth size 

indicates that there might be differences in factors influencing fetal growth 

between women with dissimilar body fat distributions. 

Strengths of Study II include a large population-based cohort of around 

2,500 mother and child-dyads, making the results representative of the re-

gional population. In addition, the fat depth measures were assessed by ultra-

sound, a method that can distinguish the visceral from the subcutaneous fat 

compartment in contrast to anthropometry measures.  

The results of Study III confirmed previous studies reporting associations 

of maternal BMI with neonatal hypoglycaemia (6). The possible mechanisms 

linking maternal overweight and obesity with neonatal hypoglycaemia include 

insulin resistance and high blood glucose levels in pregnant women with in-

creased fat mass (96), as well as insulin resistance in fetuses born to obese 

mothers (152). Fetuses exposed to increased levels of glucose in utero adapt 

to this hyperglycaemic state and increase their insulin production slightly 

(129). A birth, the continuous supply of glucose though the umbilical cord 

stops, and the infant must adapt to intermittent feeding and fasting (144). An 

infant that has been exposed to hyperglycaemia in utero might be more sus-

ceptible to neonatal hypoglycaemia due to its increased insulin levels (212).  

Additionally, the results of Study III demonstrated a positive association 

of early pregnancy BMI with the composite of adverse neonatal outcomes, as 

well as admission to NICU. These results are also in line with previous find-

ings (89, 213-215). The causal mechanisms behind the association of maternal 

BMI with adverse neonatal outcomes are unknown, but several hypotheses 

have been proposed on this matter. One possible explanation could be im-

paired antenatal health surveillance of mothers with overweight and obesity 

(87). For instance, standard procedures used to determine fetal growth (fundal 

height) and health (fetal movements), could be less reliable in overweight and 

obese mothers (87). Furthermore, in women with overweight and obesity, in-

effective uterine contractility (85, 216) and fetal macrosomia (87) could con-

tribute to intrapartum complications. In fact, infants with macrosomia are at 

increased risk of complicated delivery (134), shoulder dystocia (136), fetal 

asphyxia (135), and NICU admission (134, 139, 140). 

Unexpectedly, maternal early mid pregnancy VF and SCF were not asso-

ciated with neonatal hypoglycaemia or adverse neonatal outcomes. These 
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findings were contrary to our hypotheses that infants of mothers with central 

adiposity, especially visceral fat accumulation, would have an increased like-

lihood of these outcomes.  

Our results are in contrast with those of a similar study reporting associa-

tions of abdominal subcutaneous fat thickness at 18–23.9 weeks’ gestation 

with neonatal hypoglycaemia, low Apgar score, admission to intensive care 

nursery or special care nursery, and resuscitation (153). The fat thickness was 

measured by ultrasound and the study included 997 pregnant women. Dissim-

ilarities between the study populations could possibly explain the contrasting 

results. Although maternal age, BMI, and the timing of subcutaneous fat thick-

ness measurement in relation to conception were similar in both study cohorts, 

there might be differences in ethnicity, general health, and maternal health 

care availability. Moreover, there are quite large discrepancies between the 

prevalence of infant outcomes between the study populations. Eley et al. (153) 

report an admission rate to intensive care nursery or special care nursery that 

was considerably higher compared with ours (28.4% vs 3.6%). In addition, 

the prevalence of hypoglycaemia was almost six times higher in their study 

population (13% vs 2.3%). Clearly, our infants were healthier and a larger 

study sample might have been required to demonstrate a difference in out-

come. Additionally, they did not adjust for maternal BMI in the model evalu-

ating 5-minute Apgar <7. Another dissimilarity between the studies is that the 

abdominal subcutaneous fat thickness was measured closer to the symphysis 

pubis by Eley et al. This might influence the measure, but we do not believe 

that it would affect the relation to the outcome.   

Likewise, the results of Study III are in contrast to those reported by an-

other study evaluating maternal abdominal subcutaneous fat thickness at 11–

14 and at 18–24 weeks’ gestation (199). The study included 1,510 pregnant 

women and demonstrates associations between the early measure and admis-

sion to NICU, and between the later measure and neonatal respiratory distress 

as well as admission to NICU. Once again, differences between the study co-

horts might explain the different results. In the study cohort evaluated by Ken-

nedy et al. (199), the prevalence of obesity was almost twice as high as in our 

study population (27.0% versus 15.8%). I addition, a slightly higher percent-

age of the women in the other study cohort were parous (63.5% versus 57.2%). 

Hence, abdominal subcutaneous fat thickness could possibly be predictive of 

adverse neonatal outcomes in a pregnant population consisting of a larger pro-

portion of obese women and parous women, compared with our cohort.  

Surprisingly, the sensitivity analysis in Study III including only healthy 

women demonstrated an association of SCF with neonatal hypoglycaemia. 

This finding is in contrast to our hypothesis that VF, rather than SCF, would 

be related to neonatal hypoglycaemia. On the other hand, this result is in good 

agreement with the findings of Eley et al. (153) described above. The reasons 

as to why this association is seen in a subgroup of healthy women and not in 

the original study population including women with chronic illnesses and 
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pregnancy complications are unclear. One can speculate that infants of women 

with GDM (included in the main analysis) have a lesser risk of neonatal hy-

poglycaemia compared with those of mothers with milder forms of insulin 

resistance (included in the sensitivity analysis), since women with GDM re-

ceive treatment during their pregnancy aiming to normalise the blood glucose 

levels. In addition, the newborn infants of mothers with GDM are fed with 

breast milk or formula regularly to prevent any hypoglycaemic episodes. If 

insulin resistance (below the cut-off for GDM) is the mechanism underpinning 

the association between SCF and neonatal hypoglycaemia in the subgroup of 

healthy pregnancies, this might not be captured in the main analysis in which 

women with high SCF and the most severe type of insulin resistance (i.e. 

GDM) are treated and thereby protected from the outcome (neonatal hypogly-

caemia (217)). Besides, the abdominal subcutaneous fat compartment is also 

considered to be metabolic dysfunctional, although to a lesser degree com-

pared with the visceral fat compartment (45). In fact, there are controversies 

regarding to what extent the visceral and the abdominal subcutaneous fat com-

partment contribute to insulin resistance. A study investigating visceral adi-

pose tissue and subcutaneous adipose tissue volume at L4/5-level in relation 

to cardiometabolic risk factors in 232 healthy adults reports strong correlations 

of both fat volumes with most risk factors. However, insulin, lipid profile, and 

CRP were more significantly related to subcutaneous adipose tissue volume, 

whereas glucose, HbA1c, and hepatosteatosis predicted the volume of visceral 

adipose tissue (218). Hence, the metabolically dysfunction of abdominal sub-

cutaneous fat might be of greater importance than that of visceral fat for the 

postnatal adaption of the newborn.  

In our cohort, the prevalence of neonatal hypoglycaemia was 2.3%. This 

figure correlates fairly well with the prevalence of neonatal hypoglycaemia 

(1.5%) reported by a large Swedish register based study (219). On the con-

trary, a recent study investigating hypoglycaemic episodes during the first 5 

days of life in 67 term asymptomatic infants reports a prevalence of blood 

glucose measures <2.6 mmol/l in one third of the subjects (220). The blood 

glucose sampling began 2 hours after birth, and the nadir in glucose concen-

trations described soon after birth (148) was not observed in this study. The 

results indicate that seemingly healthy infants may have undetected hypogly-

caemic episodes, and implies that there might have been infants with hypo-

glycaemia (although asymptomatic) in our material that were not detected. An 

important difference between the study by Harris et al. (220) and ours is that 

they repeatedly sampled infants with no risk factors or symptoms, whereas 

only infants identified as being at risk were tested in our study. About one 

quarter of the infants with hypoglycaemia in our study were screened accord-

ing to protocols due to risk factors for hypoglycaemia (i.e. being preterm, 

SGA, or having a diabetic mother).  

Furthermore, there is no consensus regarding which threshold that should 

be used to define neonatal hypoglycaemia (146). According to a recent study 



 70 

evaluating the traditional threshold (<2.6 mmol/l) vs a lower threshold (<2.0 

mmol/l), the lower treatment threshold is as least as good as the traditional 

threshold with respect to early childhood psychomotor development (149). 

In our cohort, 1.6% of the infants had a 5-minute Apgar <7. This prevalence 

is higher compared with that presented by Cnattingius et al. (164), who report 

a 5-minute Apgar <7 in 0.8% of all infants born in Stockholm-Gotland County 

2008–2013. A low Apgar score at 5 minutes of age is more common amongst 

preterm infants, but our study populations had the same proportion of preterm 

delivered infants (4.3%). However, a large Swedish register based study re-

pots increasing prevalence of Apgar score <7 at 5 minutes with increasing 

maternal BMI (221). Since the study by Cnattingius et al. includes births from 

2008–2013 and early pregnancy BMI has increased since then (3, 222), this 

might explain the different results. The prevalence of umbilical artery pH ≤7.0 

amongst infants fulfilling the criteria for umbilical blood sampling was 0.9% 

in our material. In a large Finnish study including 84,588 singleton term in-

fants, 0.5% had an umbilical artery pH <7.00 (223). Of note, in Finland, um-

bilical blood sampling is performed routinely on all newborn infants, which 

presumably will result in a lower prevalence compared with our study popu-

lation consisting of more infants at risk for acidaemia. If we assume that the 

infants in our cohort that did not undergo umbilical blood sampling had nor-

mal pH-values, the prevalence of umbilical artery pH ≤7.0 would be 0.7%. 

Lastly, the prevalence of admission to NICU was 3.6% in our material. This 

is a lower admission rate compared with that reported by Uppsala County dur-

ing the same period (5.6%) (224), implying a healthy study cohort. 

Strengths of Study III include a large study cohort consisting of 2,771 

mother and child-dyads, representing the regional population. Moreover, hy-

poglycaemic episodes were identified from the actual blood glucose concen-

trations, and not from ICD-10 codes. By using this method, we could identify 

hypoglycaemic episodes that had been overlooked at discharge and that had 

not been registered with an ICD-10 code in the standardised paediatric elec-

tronic medical record. 

Study IV aimed to evaluate differences in biological pathways between 

pregnant women with a body fat distribution characterised by either visceral 

or abdominal subcutaneous fat accumulation. We hypothesised that differ-

ences in blood-based biomarkers potentially could reflect metabolic changes 

induced by the visceral and abdominal subcutaneous fat tissue compartments. 

To the best of our knowledge, blood-based biomarkers in relation to ab-

dominal body fat distribution have not previously been studied in pregnant 

women.  

The results of Study IV demonstrated differences in four blood-based bi-

omarkers between pregnant women with different abdominal body fat distri-

butions. Out of 92 blood-based protein biomarkers, one biomarker differed 
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between pregnant women with elevated versus normal VF, and three bi-

omarkers differed between pregnant women with elevated versus normal SCF 

after adjustments for early pregnancy BMI, age, and parity.  

In our analysis, levels of PTX3 were lower in pregnant women with ele-

vated VF compared with women with a normal VF measure. PTX3 belongs 

to the same family as C-reactive protein (CRP) and functions as a soluble pat-

tern recognition receptor. It is involved in innate immune responses, inflam-

matory reactions, and female fertility by organizing the extracellular matrix of 

the cumulus oophorus (225, 226). Others have suggested that PTX3 could be 

a biomarker of oocyte quality (227). In normal pregnancy, there is an increase 

in PTX3 levels, but no change between the trimesters (228). Moreover, PTX3 

levels are further elevated in women with pre-eclampsia compared with nor-

mal pregnancies (228). It is suggested that elevated PTX3 levels seen in 

women with pre-eclampsia could be an indicator of impaired function of the 

endothelium. PTX3 seems to be involved in metabolic control as its levels are 

inversely correlated with fasting triglyceride levels, and an inverse association 

of PTX3 levels with insulin secretion and glucose concentration after oral and 

intravenous administration of glucose have been reported (209). These results 

are in coherence with ours showing lower PTX3 levels in women with ele-

vated VF, since VF accumulation is associated with insulin resistance and in-

creased blood glucose levels in both non-pregnant and pregnant subjects (22, 

23). This is also in concurrence with the positive association between maternal 

VF and infant birth size reported in Study II, as hyperinsulinemia and hyper-

glycaemia are proposed to stimulate fetal growth (129). Furthermore, our re-

sults are in line with previous findings that plasma PTX3 levels are inversely 

associated with body weight and WHR (209, 229).  

We found that levels of FGF-21 (Fibroblast growth factor 21) were higher 

in pregnant women with elevated SCF compared with women with a normal 

SCF measure. FGF-21 stimulates adipocyte glucose uptake (230), and is pro-

posed to be preventive of development of diabetes mellitus and obesity due to 

its contribution to glucose and lipid homeostasis (231). Nonetheless, increased 

FGF-21 levels are seen in subjects with type 2 diabetes, obesity, and cardio-

vascular disease. Therefore, FGF-21 is suggested to be a biomarker of these 

conditions (231). In pregnant women, FGF-21 is positively correlated with 

BMI and adiposity (232). The FGF-21 levels increase throughout pregnancy, 

but the changes are not associated with pregnancy weight gain. Moreover, 

FGF-21 levels are inversely related to maternal glucose concentration. The 

authors, outlining the above findings, speculate that FGF-21 seems unrespon-

sive to changes in energy stores, but could possibly reflect macronutrient sta-

tus during pregnancy (232). Another study evaluating FGF-21 levels in rela-

tion to abdominal subcutaneous fat measured by MRI in non-pregnant subjects 

reports no association between the protein levels and the fat measures (233). 

This result differs from ours showing higher levels of FGF-21 in pregnant 

women with elevated SCF. However, since FGF-21 levels increase during 
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pregnancy and the other study studied non-pregnant individuals, it might not 

be possible to compare the results. To the best of our knowledge, associations 

of VF and SCF measures during pregnancy with FGF-21 levels have not pre-

viously been evaluated. 

Additionally, we found lower levels of LPL in pregnant women with ele-

vated SCF compared with women with a normal SCF measure. The enzyme 

LPL hydrolyses the triacylglycerol component in circulating lipoproteins (for 

example chylomicrons and very low density lipoproteins (VLDL)). Moreover, 

LPL plays a role in the uptake of chylomicron components, cholesterol con-

taining lipoproteins, and free fatty acids (234). Several cell types and tissues 

produce LPL, for example white blood cells, fat tissue, heart, skeletal muscle, 

(235), and placenta (236). Both nutritional status and hormonal changes affect 

LPL activity (235). Early in pregnancy, there is an increase in fat tissue LPL 

activity (237). This stimulates storage of lipids in maternal fat tissues (238). 

In late pregnancy, there is instead a decrease in fat tissue LPL activity (239), 

and a breakdown of maternal fat depots takes place (238). Preheparin serum 

LPL mass is negatively associated with body weight, triglycerides, fasting 

blood glucose, and HbA1c, and has been proposed as a biomarker of obesity, 

dyslipidaemia, and insulin resistance. In addition, an inverse relation between 

LPL mass and the metabolic syndrome has been reported (235, 240). Our re-

sults, that women with elevated SCF had lower levels of LPL, are similar to 

the findings of a study demonstrating a negative correlation of second-tri-

mester LPL mass with early pregnancy abdominal subcutaneous fat tissue 

(13). The authors suggest that the low LPL levels could be a marker of de-

creased LPL production by abdominal subcutaneous fat tissue adipocytes with 

insulin resistance. If we assume that the  normalized protein expression of LPL 

correlates with preheparin serum LPL mass, our result indicate that pregnant 

women with elevated SCF in early mid pregnancy might have insulin re-

sistance and dyslipidaemia, since low preheparin serum LPL levels are in-

versed related to these cardiometabolic risk factors (235, 240). This specula-

tion is strengthened by the results of a previous study reporting stronger cor-

relations of abdominal subcutaneous fat volume, relative to visceral fat vol-

ume, with insulin and lipid profile (218). In the light of this, insulin resistance 

in pregnant women with elevated SCF (indicated by the lower LPL levels) 

could possibly explain the association between SCF and neonatal hypoglycae-

mia reported in the sensitivity analysis in Study III. It is suggested that ma-

ternal hyperglycaemia and insulin resistance cause an increase in fetal insulin 

levels (129), which in turn could make the infant more susceptible for hypo-

glycaemic episodes during the postnatal metabolic adaption (107). It is unclear 

why this association was seen only in the cohort of healthy pregnancies.  

Our analysis showed lower levels of XCL1 (Lymphotactin) in pregnant 

women with elevated SCF compared with women with a normal SCF meas-

ure. The cytokine XCL1 is a member of the XC chemokine family. It activates 

lymphocytes and is involved in inflammatory and immunological responses 
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(241). In women with obesity, the levels of XCL1 are down-regulated in the 

receptive endometrium during the implantation window (242). In obese pa-

tients with infertility, altered gene expression in the endometrium could pos-

sibly contribute to a lower implantation rate and a higher likelihood of mis-

carriage (242). A study evaluating protein levels in biopsies of abdominal sub-

cutaneous fat tissue in normal weight and obese subjects reports higher levels 

of XCL1 in biopsies from obese individuals (243). The obese subjects had 

insulin resistance, but did not fulfil the criteria for diabetes. Since the protein 

analyses were performed on fat biopsies and not peripheral blood, these results 

cannot directly be compared to ours. However, it is important to consider the 

possibility that changes in protein expression within tissues might not be cap-

tured in blood or plasma analyses. In addition, inflammatory responses may 

differ between non-pregnant and pregnant subjects since pregnancy is a state 

characterised by mild inflammation (204). To the best of our knowledge, the 

relation of XCL1 with body fat distribution has not previously been investi-

gated, and our result, that pregnant women with elevated SCF had lower cir-

culating XCL1 levels, has not been demonstrated before. 

The strengths of Study IV were the large study sample and the number of 

blood-based biomarkers included in the Olink proteomics assay. The fat depth 

measures were assessed by ultrasound, a method that can reliably distinguish 

the visceral from the subcutaneous fat compartment. In addition, to avoid false 

positive results, false discovery rate was controlled for.  
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Conclusions 

Study I 

Maternal central adiposity in early to mid pregnancy, or at most 365 days prior 

to conception, is associated with infant birthweight and delivery by caesarean 

section. There is also some evidence of associations of maternal central adi-

posity with preterm delivery (<37 weeks of gestation), and admission to neo-

natal intensive care unit. Measures of central adiposity may be used in addition 

to BMI in prediction of metabolic risk during pregnancy. However, more stud-

ies are needed to further elucidate the relation between maternal central adi-

posity and infant morbidity. 

Study II 

The VF, but not SCF, measured by ultrasound in early mid pregnancy is inde-

pendently associated with infant birth size, and may be useful in models pre-

dicting infant macrosomia. 

Study III 

Measures of VF and SCF by ultrasound in early mid pregnancy are not asso-

ciated with neonatal hypoglycaemia or adverse neonatal outcomes. However, 

the results confirm an association of early pregnancy BMI with these out-

comes. Further research is needed to determine the usefulness of fat depth 

measures in addition to BMI as markers of adverse pregnancy and neonatal 

outcomes. 

Study IV  

Pregnant women with dissimilar body fat distributions have different levels of 

blood-based protein biomarkers, which could indicate disparities in biological 

pathways. Further exploration of blood-based biomarkers during pregnancy 

might elucidate biological patterns that link body fat distribution types to per-

inatal outcomes. 
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Future studies 

Ideas for future studies  

 To compare VF and SCF with simpler anthropometry measures, such as 

WC and WHR, in relation to mother or infant outcomes 

 To evaluate associations of VF and SCF with other outcomes for the 

mother and the infant 

 To evaluate the relation between VF and insulin sensitivity in a pregnant 

population 

 To evaluate associations of blood-based protein biomarkers with infant 

outcomes. In Study IV, the relations between maternal body fat distribu-

tion and blood-based biomarkers were studied. It would be of interest to 

study blood-based biomarkers in relation to infant outcomes as well, for 

example birthweight, neonatal hypoglycaemia, and adverse outcomes. 

These infant outcomes are feasible to include in a study since they are 

measured/registered and therefore possible to extract to a study database. 

If such a study shows associations between biomarkers and infant out-

comes, those biomarkers have the potential to be used in prediction mod-

els for infant outcomes in the future. 



 76 

Summary in Swedish – svensk 
sammanfattning  

Bakgrund 

Övervikt (BMI, body mass index ≥25) och fetma (BMI ≥30) är ökande hälso-

problem i världen (18). Globalt var 1,9 miljarder vuxna överviktiga eller feta 

2016, vilket då motsvarade 39 % av jordens befolkning. I Europa 2015 var 

30–50 % av blivande mödrar överviktiga eller feta (83). Det är dock stora va-

riationer mellan europeiska länder och regioner, till exempel varierar andelen 

med fetma i tidig graviditet mellan 8–26 %. År 2020 var 27,6 % av blivande 

mödrar i Sverige överviktiga och 16,4 % feta i tidig graviditet (3). Övervikt 

och fetma är välkända riskfaktorer för graviditetsrelaterade komplikationer, 

både för modern och för barnet (89, 213). För barnet ökar risken för skador i 

nervsystemet och skelettet, andningssvårigheter efter födelsen, blodförgift-

ning, kramper och lågt blodsocker (6). Risken att barnet är stort är också för-

höjd, vilket kan medföra att det fastnar med skuldrorna under förlossningen 

(85). Mödrar med fetma har också en ökad risk för att barnet är dödfött (85).  

Idag används BMI i riskbedömningen av gravida (99). Dock är BMI ett 

trubbigt mått som inte tar hänsyn till muskelmassa eller hur fettet är fördelat i 

kroppen. Studier om övervikt och fetma har visat att fördelningen av fettet i 

kroppen påverkar risken för överviktsrelaterade komplikationer, där större 

mängd fett kring de inre organen i buken (bukfetma/central fetma) ökar kom-

plikationsrisken, medan fett under huden inte gör det i samma utsträckning 

(22). Hur bukfetma hos den gravida kvinnan påverkar barnets risk för kompli-

kationer i nyföddhetsperioden är sparsamt studerat. Viss evidens finns för att 

barn till gravida med bukfetma löper en ökad risk för olika sjukdomstillstånd 

i samband med födelsen (10, 153, 199). Tidigare studier har visat samband 

mellan bukfetma hos modern och barnets storlek vid födelsen (195-198). 

Dessa resultat indikerar att det kan finnas biologiska olikheter hos gravida 

kvinnor med olika fettfördelning och att dessa skillnader också påverkar fost-

ret. Det är till exempel visat att mängden proteiner som utsöndras från cellerna 

skiljer sig mellan olika fettdepåer i kroppen (16). 

Syfte och frågeställningar 

Syftet med avhandlingen är att öka kunskapen om övervikt och fetma under 

graviditet och hur övervikt och fetma hos den gravida kvinnan påverkar det 

nyfödda barnet. Målet är att kunna identifiera vilka överviktiga gravida som 
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löper störst risk att föda barn som drabbas av sjukdom för att bättre kunna 

styra förebyggande åtgärder och minska sjukdomsförekomst på sikt.  

Följande undersöks 

 Vad som tidigare studerats avseende sambandet mellan den blivande mo-

derns fettfördelning och utfall för barnet i nyföddhetsperioden 

 Sambandet mellan den gravida kvinnans fettfördelning och barnets födel-

sevikt samt diagnosen tung för tiden (LGA) 

 Sambandet mellan den gravida kvinnans fettfördelning och förekomst av 

lågt blodsocker (neonatal hypoglykemi) hos det nyfödda barnet 

 Sambandet mellan den gravida kvinnans fettfördelning och allvarlig sjuk-

dom hos det nyfödda barnet (låg Apgar-poäng (ett poängsystem som an-

vänds för att bedöma vårdbehov hos ett nyfött barn), lågt pH i navel-

strängsblod samt behov av inläggning på neonatalavdelning) 

 Sambandet mellan den gravida kvinnans fettfördelning och nivåer av bio-

markörer i moderns blod 

Metoder  

Studie I var en systematisk litteraturöversikt med syftet att undersöka vilken 

kunskap som finns gällande sambandet mellan central fetma hos den blivande 

modern och barnutfall i nyföddhetsperioden. Den systematiska litteraturöver-

sikten genomfördes enligt PRISMA-riktlinjerna (Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses (180)). Sex databaser söktes ige-

nom till och med november 2019. Studier inkluderades ifall de undersökte 

sambandet mellan central fetma hos modern i anslutning till graviditet och 

något av följande barnutfall: underburenhet (< 37 v), födelsevikt, makrosomi 

(”stor kropp”), LGA, medfödda missbildningar, hypoglykemi, hyperbiliru-

binemi, inläggning på neonatalavdelning och död.  Sökningen resulterade i 

559 unika studier vars sammanfattningar lästes igenom. Tjugo av dessa be-

dömdes relevanta och lästes i fulltext. Efter kvalitetsbedömning med hjälp av 

Newcastle-Ottawa Quality Assessment Scale (181) inkluderades tio kohort-

studier i litteraturöversikten. Vi ämnade genomföra en meta-analys, men ty-

värr var det inte möjligt på grund av för stor variation i metodik mellan studi-

erna. 

Studie II var en kohortstudie med syftet att undersökta sambandet mellan 

central fetma hos den gravida kvinnan i tidig mittgraviditet och barnets födel-

sestorlek. I studien ingick 2 498 gravida kvinnor. Visceralt fett och abdominalt 

subkutant fett mättes med ultraljud vid rutinultraljudet i tidig mittgraviditet. 

Information om BMI i tidig graviditet, moderns ålder, rökvanor, om kvinnan 

var först- eller omföderska samt kvinnans födelseland inhämtades från 

elektroniska journaler. Barnets kön, gestationsålder och vikt inhämtades från 

barnets journal. Med hjälp av linjära och logistiska regressionsmodeller be-
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räknades eventuella associationer mellan de båda fettmåtten och barnets fö-

delsevikt samt LGA. Justeringar gjordes för moderns BMI, ålder, om kvinnan 

var först- eller omföderska, rökvanor och födelseland. 

Studie III var en kohortstudie med syftet att undersöka eventuella associat-

ioner mellan central fetma i tidig mittgraviditet, BMI i tidig graviditet och 

följande barnutfall: neonatal hypoglykemi (blodglukos < 2,6 mmol/l) samt all-

varligt sjukt barn i nyföddhetsperioden (definierat som en komposit av Apgar-

poäng < 7 vid 5 minuters ålder, navelartär-pH ≤ 7,0 och/eller inläggning på 

neonatalavdelning). I studien ingick 2 771 gravida kvinnor. Mätning av visce-

ralt och abdominalt subkutant fett genomfördes vid rutinultraljudet. Informat-

ion om BMI i tidig graviditet, moderns ålder, om kvinnan var först- eller om-

föderska, rökvanor samt kvinnans födelseland inhämtades från journaler. In-

formation om gestationsålder, födelsevikt, blodglukosvärden, Apgar-poäng 

och navelartär-pH inhämtades från barnets elektroniska barnjournal. Inform-

ation om eventuell inläggning på neonatalavdelning inhämtades från Svenskt 

Neonatalt Kvalitetsregister (SNQ). Logistiska regressionsmodeller användes 

för att utvärdera eventuella associationer mellan BMI och barnutfall samt mel-

lan de respektive fettmåtten och barnutfall. 

Studie IV var en tvärsnittsstudie med syftet att undersöka ifall proteinbio-

markörer i perifert blod skiljer sig mellan kvinnor med olika fettfördelning i 

tidigt mittgraviditet. I studien ingick 201 gravida kvinnor. Visceralt och abdo-

minalt subkutant fett mättes hos modern vid rutinultraljudet. Ett blodprov togs 

i anslutning till rutinultraljudet. Olink Cardiovascular II panel (38, 186) an-

vändes för att mäta 92 olika proteinbiomarkörer i perifert blod. Mann-Whitney 

U test med false discovery rate (FDR) korrektion för multipel testning använ-

des för att utvärdera associationer mellan fettmåtten och biomarkörerna. Lin-

jära regressionsmodeller med justering för BMI i tidig graviditet, ålder och 

om kvinnan var först- eller omföderska genomfördes för att kontrollera för 

möjliga förväxlingsfaktorer. 

De viktigaste resultaten 

I Studie I påvisades en association mellan central fetma i anslutning till gravi-

ditet och barnets födelsevikt, LGA och kejsarsnitt. Det fanns också viss evi-

dens för en association mellan central fetma i anslutning till graviditet och 

underburenhet (< 37 v).  

I Studie II påvisades en oberoende association mellan det viscerala fettmåt-

tet i tidig mittgraviditet och barnets födelsevikt samt LGA. Det fanns ingen 

oberoende association mellan det abdominala subkutana fettmåttet och bar-

nets födelsevikt eller LGA.  

I Studie III påvisades oberoende associationer mellan BMI i tidig graviditet 

och neonatal hypoglykemi, kompositen för allvarligt sjukt barn, samt inlägg-

ning på neonatalavdelning. Det fanns inga associationer mellan fettmåtten och 
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barnutfallen. Resultaten konfirmerade således den sedan tidigare kända asso-

ciationen mellan BMI under graviditet och allvarligt sjukt barn i nyföddhets-

perioden.  

I Studie IV påvisades skillnader i nivåer av en biomarkör mellan kvinnor 

som hade ett normalt visceralt fettmått (< 52 mm) jämfört med ett högt (≥ 52 

mm). Det fanns skillnader i nivåer av tre biomarkörer mellan kvinnor med ett 

normalt abdominalt subkutant fettmått (< 22 mm) jämfört med ett högt (≥ 22 

mm).  
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