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Abstract 
 
 

Background 

 

Maternal overweight and obesity are associated with well-documented maternal 

and infant risks, including high infant birth weight and delivery of an infant large 

for gestational age. However, less is known about the impact of maternal BMI on 

fetal growth and adiposity, and growth and adiposity trajectories. There is 

limited information regarding the effects of antenatal interventions to limit 

gestational weight gain on fetal growth and adiposity.  

 

Methods 

 

This thesis examines the effect of maternal BMI on fetal growth and adiposity, 

antenatal contributors to fetal growth and adiposity, and the effect of antenatal 

interventions on fetal growth and adiposity using data from a set of three 

harmonised randomised trials conducted between June 2008 and April 2017. 

Women were invited to attend for a research ultrasound at 28 and 36 weeks of 

gestation, where fetal biometry and adiposity measures were obtained. The 

analyses reported in this thesis investigate: 

1. The effect of maternal BMI, across the BMI spectrum, on fetal growth and 

adiposity; 

2. Whether this effect is mediated by (diagnosed and treated) GDM; 

3. How fetal growth and adiposity is altered among infants born LGA; and 

4. The effect of antenatal interventions to limit gestational weight gain on 

fetal growth and adiposity. 

 

Results 

 

The analyses reported in this thesis find that: 

1. Maternal BMI exerts a strong, continuous positive effect on fetal growth 

and adiposity measures, from as early as 20 weeks’ gestation; 
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2. Among women who are overweight or obese, there is no evidence of a 

mediated effect by diagnosed and treated GDM; 

3. Infants born LGA demonstrate larger fetal biometry and adiposity 

measures from as early as 20 weeks’ gestation; and 

4. There is no evidence that the antenatal interventions investigated in this 

thesis are sufficient to alter fetal growth and adiposity.  

 

Conclusions 

 

Overall, the findings presented in this thesis suggest fetal growth patterns are 

determined early in pregnancy, and any antenatal interventions to prevent the 

effects of maternal overweight and obesity on fetal growth will need to be 

commenced earlier in pregnancy, or prior to conception, to be effective in 

preventing the intergenerational inheritance of overweight and obesity.  
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Purpose and Scope 
 

The purpose of this thesis is to examine the effect of maternal overweight and 

obesity on fetal growth and body composition, as well as the effect of antenatal 

interventions aimed to improve outcomes in women who are overweight or 

obese. This literature review will identify gaps in current knowledge, and form 

the background for the prospective studies that follow.  

 

When reviewing the literature, a systematic search strategy was applied using 

the following key words and headings: Fetal development, fetal growth, fetal 

programming, fetal organ maturity, fetal wellbeing, fetal macrosomia, 

macrosomic, large for gestational age, adiposity, body composition, fat 

distribution, obesity, overweight, pregnancy, maternal obesity, maternal 

overweight, high BMI, elevated BMI, prenatal ultrasonography, ultrasound. The 

studies reviewed were assessed in keeping with the GRADE working group 

guidelines (1).  
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Chapter 1: Literature Review  

 

1.1 Overweight and Obesity 
 

1.1.1 What is overweight and obesity? 
 

Overweight and obesity are defined as “abnormal or excessive fat accumulation 

that may impair health”(2, 3). Among adults, overweight and obesity are most 

commonly classified using body mass index (BMI), which is a weight-for-height 

index, and is calculated as a person’s weight in kilograms divided by the square 

of their height in metres (kg/m2)(2, 3). Using this ratio, people are classified as 

underweight (BMI <18.5 kg/m2), normal weight (BMI 18.5 – 24.9 kg/m2), 

overweight or pre-obese (BMI 25.0 – 29.9 kg/m2), or obese (BMI ≥30.0 kg/m2)(2, 

3). Obesity can be further subdivided into obese class I (BMI 30.0 – 34.9 kg/m2), 

obese class II (BMI 35.0 – 39.9 kg/m2), and obese class III (BMI ≥40.0 kg/m2)(2, 

3).   

 

While useful as a simple classification and measure of excess body weight at a 

population level, there are limitations to using BMI(3-5). The distribution of excess 

fat is an important determinant of risk of disease, with central or abdominal 

adiposity a strong risk factor for cardiovascular disease and diabetes(6, 7). 

Measures of excess fat that take into account body fat distribution include waist 

circumference, waist:hip ratio and waist:height ratio(8). Different ethnic groups 

demonstrate different body fat distributions for the same BMI. For example, 

compared with European Australians, Indigenous Australians have higher 

percentage body fat at the same BMI(9). This may be important for risk 

identification. In children, BMI varies with age, and BMI-for-age percentiles are 

used to define overweight and obesity in this population(2, 3, 10).  

 

Despite these limitations, BMI is the most accessible and commonly used 

measure of excess fat, and is considered the most useful population-level 

measure of obesity(2, 3, 11). 
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1.1.2 Scope of the problem 
 

Overweight and obesity represent a significant global public health issue. 

Worldwide estimates suggest almost 40% of adult men and women, and almost 

25% of children, are overweight or obese(12, 13). In 2016, it was estimated that 

more than 1.3 billion adults were overweight and at least 670 million were 

obese(14). This represents a near tripling of the prevalence of obesity over the last 

40 years(15). In Australia, 67% of all adults, and 25% of all children and 

adolescents, are overweight or obese(3, 16) . This is similar to other developed 

countries, with approximately 68% of adults in the United States(17, 18) and 

United Kingdom(19) being overweight or obese. While the greatest prevalence of 

overweight and obesity is in developed countries, it is increasingly recognised as 

a problem in developing countries(12, 13), representing a “double burden of 

malnutrition”, associated with coexistence of overweight and obesity and  

significant undernutrition(20). 

 

1.1.3 Health economics of overweight and obesity 
 

Overweight and obesity represent a significant cost to the community. A survey 

of healthcare spending in the United States in 2006 estimated that overweight 

and obesity accounted for 9% of the country's total healthcare expenditure(21). At 

an individual level, obesity confers an estimated 30% increase in health care 

costs when compared with patients who are not obese(22). The Australian 

Longitudinal Study on Women’s Health reported that overweight or obesity 

among women between the ages of 50 and 55 were associated with 

progressively increasing Medicare costs(23).  

 

Data from the Australian Diabetes, Obesity and Lifestyle (AusDiab) study 

estimated that the total direct cost associated with overweight and obesity in 

Australia in 2005 was $18.8 billion ($10.5 billion for those who were overweight, 

and $8.3 billion for those who were obese), with a further $32.3 billion spent in 

government subsidies(24).  
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1.1.4 Risks associated with overweight and obesity 
 

The health effects of overweight and obesity are considerable, and contribute to 

increased morbidity and mortality(11, 25, 26). The Australian Burden of Disease 

Study reported overweight and obesity as the leading contributor to non-fatal 

disease burden in 2015(27). Globally, the major contributors to increased 

mortality among people who are overweight or obese are cardiovascular disease 

and malignancy(28, 29).  

 

1.1.5 Overweight and obesity and women’s health 
 

Women’s health can be significantly impacted by overweight and obesity. Among 

adolescents, overweight and obesity are associated with earlier onset of 

puberty(30), and increased rates of menstrual disturbances(31). Overweight and 

obesity can also affect fertility, reflected by a longer time to conception when 

compared with women of a normal BMI(32, 33), even in the setting of regular 

menstrual cycles(34). When accessing fertility services, women who are 

overweight or obese also have lower rates of successful conception compared 

with women of a normal BMI(35, 36).   

 

Women who are overweight or obese are at an increased risk of polycystic ovary 

syndrome (PCOS), with up to 28.3% of women fulfilling the diagnostic criteria 

for PCOS, compared with only 5.5% of lean women(37). Polycystic ovary 

syndrome is an endocrine disorder characterised by hyperandrogenism, 

hyperglycaemia, and infertility. Longer term, women with PCOS are recognised 

to have an increased risk of developing both type 2 diabetes and cardiovascular 

disease(38).  

 

Overweight and obesity are associated with multiple female-specific cancers. 

This includes a 1.45-fold increase in endometrial cancer for every 5 unit increase 

in BMI(39), and a doubling in the risk of developing cervical adenocarcinoma(40, 

41). The impact of overweight and obesity on risk of ovarian cancer is less clear, 
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although some have reported a 27% increased risk when compared with women 

of a normal BMI(42). 

 

1.2 Overweight and obesity during pregnancy and childbirth 
 

1.2.1 Scope of the problem 
 

Overweight and obesity in pregnancy are defined most commonly using BMI 

assessed in early pregnancy. Other measurements used for defining excess 

adiposity, overweight and obesity in non-pregnant adults – including waist 

circumference, waist-hip and waist-height ratio – have limitations in pregnancy 

due to the impact of the developing fetus on maternal girth. It is recommended 

that pregnant women have their weight and height measured, and BMI 

calculated, as early in pregnancy as possible as part of routine antenatal care(43). 

Maternal weight has been shown to vary little over the first trimester of 

pregnancy(44, 45), meaning early pregnancy BMI closely approximates pre-

pregnancy measurements. Maternal self-reported height and weight 

systematically underestimates weight and overestimates height, resulting in up 

to 13% of women being misclassified with regards to BMI category(46). In 

particular, error in self-reported maternal weight has been shown to be greater 

among women who are overweight and obese(46-48).  

 

Globally, rates of maternal overweight and obesity are increasing. In the United 

Kingdom, rates have significantly increased between 1990 and 2004 (31.4% to 

41.3%)(49). Most recently, 22.2% of women entering pregnancy in the United 

Kingdom had a BMI ≥30.0 kg/m2(50). In the United States, maternal obesity has 

increased by 70% between 1993 and 2003 (13.0% to 22.0%)(51). More recent 

examination of trends in maternal obesity in the United States suggest it 

continues to increase, with 26.1% of women entering pregnancy with a BMI 

≥30.0 kg/m2 in 2016, and 29.0% in 2019(52).  

 

Australian data indicate that 47.5% of women entering pregnancy are 

overweight or obese(53). While this varies slightly by state, South Australian 
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figures similarly identify 52.0% of women entering pregnancy overweight or 

obese(54). Nationwide, rates of maternal Class II and III obesity have significantly 

increased between 1998 and 2009, from 3.7% to 5.2%(55).  

 

1.2.2 Risks associated with maternal overweight and obesity 
 

Overweight and obesity in pregnancy confer higher risk of many adverse 

outcomes to the woman and infant throughout the antepartum, intrapartum, and 

postpartum periods, all of which increase with increasing maternal BMI(56-58). 

These risks, and estimates of the magnitude of increased risk compared with 

women of a normal BMI in pregnancy, are summarised in Table 1.1 below.  
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Table 1.1 – Risk of adverse maternal outcomes in overweight and obese 

pregnant women compared with women of a normal BMI 

 

Outcome Estimate of Increased 
Risk 

References 

Miscarriage 1.7x (42, 59) 
Gestational Diabetes 7.5x (42, 56, 57, 60) 

Hypertensive disorders of 
pregnancy 

4.9x (42, 56, 57, 60) 

Stillbirth 2.0x (58, 61) 
Induction of labour 2.0x (56, 58, 62) 

Assisted vaginal delivery 1.3x (42, 56, 63) 
Caesarean section 2.5x (42, 56, 57, 60, 62, 64) 

Postpartum haemorrhage 3.0x (58) 
Postnatal infection 6.0x (58) 

Venous thromboembolism 5.0x (65) 
 

  



 24 

Women who are overweight or obese are at an increased risk of suffering a 

miscarriage, with an OR of 1.67 (95% CI 1.25-2.25) when compared to women of 

a normal BMI(42, 59).  

 

The risk of both pre-existing type 2 diabetes and gestational diabetes mellitus 

(GDM) is progressively higher with increasing BMI(42, 56, 57). This likely reflects 

the fact that there is a similar metabolic milieu observed among women who are 

overweight or obese and those with pre-existing type 2 diabetes or GDM, made 

up of varying degrees of insulin resistance, hyperglycaemia, hyperlipidaemia, 

and low-grade chronic inflammation(66). Pregnancy is a state of increasing insulin 

resistance, and this contributes to increasing blood glucose concentrations and 

insulin requirements among women with pre-existing diabetes, or a diagnosis of 

GDM among women who do not have pre-existing diabetes(67, 68). In an 

Australian cohort, almost 3% of pregnant women who were morbidly obese had 

type 2 diabetes, which was significantly higher than among women who were of 

a normal BMI in pregnancy(57). Rates of GDM as high as 20% have been reported 

in women with a BMI ≥40 kg/m2(69).  

 

Women who are overweight or obese are at an increased risk of developing 

hypertensive disorders of pregnancy, including gestational hypertension and 

pre-eclampsia(56-58, 63). Compared with women of a normal BMI, having a BMI 

≥40 kg/m2 is associated with a 6-times greater risk of developing pre-

eclampsia(58). There are multiple theories as to the etiology underlying this 

increased risk, including pregnancy-related exacerbation of underlying insulin 

resistance among women who are overweight or obese, the low-grade chronic 

inflammation associated with overweight and obesity, and genetic 

predisposition(70).  

 

Maternal overweight and obesity are associated with a doubling of the risk of 

stillbirth (overweight vs normal BMI, OR 1.47, 95% CI 1.08-1.94; obese vs 

normal BMI, OR 2.07, 95% CI 1.59-2.74)(71), representing one of the largest 

population-attributable risk factors in high-income countries(72). This association 
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is particularly strong for term stillbirth, the risk being 4 times higher among 

obese women compared with women of a normal BMI(73).  

 

Reflecting an increased risk of pregnancy complications such as pre-eclampsia 

and GDM, women who are overweight or obese are more likely to require 

induction of labour(56, 58, 62). Women who are overweight or obese are less likely 

to achieve spontaneous vaginal birth, with a converse increase in the rates of 

both assisted vaginal and caesarean birth(56-58). Furthermore, maternal 

overweight and obesity increase a woman’s risk for both elective and emergency 

caesarean birth(56, 62, 74). Among women attempting a vaginal birth after 

caesarean section, maternal overweight and obesity contribute to an increasing 

risk of unsuccessful trial of labour and uterine rupture or scar dehiscence (75).  

 

Associations between maternal overweight and obesity, and preterm birth, are 

less clear(57, 74, 76-78). While maternal overweight and obesity have been 

associated with a decreased risk of spontaneous preterm birth compared with 

women of normal BMI(79), indicated or induced preterm birth were increased(79). 

Thus, it is likely that adverse pregnancy outcomes such as GDM and hypertensive 

disorders of pregnancy substantially contribute to the risk of preterm birth in 

this cohort of women.  

 

Women who are overweight or obese are twice as likely to require antenatal 

hospital admission and have an increased length of stay at the time of birth(57, 80, 

81). This represents a significant burden not only on women and their families, 

but also on healthcare systems, contributing to increased healthcare 

expenditure. Australian data indicates an additional 5 million dollars in 

healthcare costs over a calendar year can be attributed to maternal obesity, 

mainly as a result of increased maternal hospitalisation and length of stay after 

birth(82). 

 

In the postnatal period, women who are overweight or obese have a three times 

higher risk of postpartum haemorrhage(58). The risk of infection is also 

increased(74), as is the risk of postpartum venous thromboembolism (VTE)(65), 
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reflecting a combination of the chronic inflammatory state associated with 

obesity, longer duration of labour and increased risk of operative birth and 

infection.  

 

1.2.2.2 Fetal and neonatal risks associated with maternal overweight and obesity 
 

Infants born to women who are overweight or obese are also at increased risk of 

adverse birth outcomes. Increasing maternal BMI represents a significant 

independent risk factor for the diagnosis of a fetal congenital anomaly(57, 83), 

particularly the risk of neural tube defects (3-fold)(84), and congenital heart 

defect (1.4-fold)(85). It has been hypothesised that the abnormal metabolic 

environment associated with overweight and obesity may contribute(86). 

Increasing maternal BMI is associated with increasing technical limitations of 

antenatal ultrasound, and potentially reduced detection rates of fetal congenital 

anomalies(87, 88).  

 

Infants born to women who are overweight or obese are at an increased risk of a 

range of adverse neonatal outcomes, summarised in Table 1.2. Increasing 

maternal BMI is a well-recognised continuous risk factor for birth of a large for 

gestational age (LGA), or macrosomic, infant(56, 63, 74, 89). Among women with BMI 

≥40 kg/m2 the risk of an infant being born LGA is increased almost 4-fold, 

compared with women of a normal BMI(63). High infant birth weight also 

increases the risk of shoulder dystocia and birth trauma(63, 90). Conversely, the 

risk of delivering an infant small for gestational age (SGA) is reduced among 

women who are overweight or obese(74).  

 

At birth, infants born to women who are overweight or obese are at increased 

risk of low Apgar scores(56, 63, 74), and need for admission to the neonatal 

intensive care unit(56, 57, 74). Infants are more likely to have neonatal 

hypoglycaemia, reflecting the associations with both maternal diabetes and high 

infant birthweight(57, 81).  
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Overall, additional costs for infant care associated with maternal overweight and 

obesity are estimated in the order of 1.1 million dollars per year(82), reflecting 

predominantly increased nursery admission(82).  
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Table 1.2 – Risk of adverse fetal and neonatal outcomes in overweight and obese 

women compared with women of a normal BMI 

 

Outcome Estimate of increased risk References 

Neural tube defect 3.0x (57, 83, 84) 

Congenital heart disease 1.4x (57, 83, 85) 

Large for gestational age/macrosomia 4.0x (56, 63, 74, 89, 91) 

NICU admission 1.8x (56, 61, 74, 89) 

Neonatal hypoglycaemia 7.0x (57, 81) 
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In the longer term, maternal overweight and obesity are independent risk factors 

for childhood obesity(92-94). This may be partially mediated by high infant birth 

weight, which is itself associated with future risk of both childhood and 

adolescent obesity, and may lie on the causal pathway between maternal 

overweight and obesity and childhood obesity(95).  

 

1.3 Large for gestational age infants 
 

1.3.1 What is large for gestational age? 
 
Large for gestational age (LGA) infants are variably defined as those with a 

birthweight greater than the 90th, 95th, or 99th percentile for gestational age and 

sex. The term LGA is sometimes used interchangeably with “macrosomia”(96). 

Most commonly it is used to define those infants with birthweight ≥90th 

percentile for gestational age and sex. In comparison, “macrosomia” refers to 

infant birthweight above a specific threshold, irrespective of gestational age. 

Most commonly it is used to refer to infant birthweight >4000gm or 

>4500gm(97). Concomitant with increasing rates of maternal overweight and 

obesity worldwide, there are similar increasing trends in the birth of infants 

large for gestational age(98-101).  

 

 Women who birth an LGA infant are at increased risk of caesarean section, and 

postpartum haemorrhage(102-105). Infants born LGA are at an increased risk of 

both short and longer-term adverse outcomes. These risks, and estimates of the 

magnitude of increased risk compared with infants not born LGA, are 

summarised in Table 1.3 below.  
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Table 1.3 – Risk of adverse outcomes in infants born LGA compared with infants 

not born LGA. 

 

Outcome Estimate of increased risk References 

Shoulder dystocia 2.6x (102) 

Neonatal hypoglycaemia 2.5x (102) 

Childhood and adolescent obesity 2.2-4.6x (106, 107) 

Adult obesity 1.3x (108) 

Type 2 diabetes mellitus 1.9x (108) 
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In the short term, infants born LGA are at an increased risk of shoulder dystocia, 

birth trauma and neonatal hypoglycaemia(102). In the longer term, infants born 

LGA are at increased risk of childhood and adolescent obesity(106, 107) and type 2 

diabetes(108).  

 

1.4 Fetal growth and adiposity 
 

1.4.1 The importance of the fetal period 
 
An understanding of fetal growth, and the effects of maternal overweight and 

obesity on fetal growth, may allow for better targeting of interventions to 

prevent later metabolic effects. Almost 30 years ago, David Barker proposed the 

developmental origins of adult health and disease hypothesis(109). Under this 

hypothesis, maternal nutrition during pregnancy “programs” a phenotype that 

predisposes to an increased risk of future ill-health(109). In the setting of 

gestational diabetes and maternal overweight and obesity, it is hypothesised that 

maternal hyperinsulinaemia stimulates fetal overgrowth and adipose tissue 

deposition(110). While initially the focus was on the health effects related to 

intrauterine fetal growth restriction and low birth weight, there has been 

considerable interest in the longer term effects of maternal overweight and 

obesity and GDM, and high infant birth weight(111).  

 

1.4.2 Fetal and neonatal adiposity 
 
There is growing interest in measurement of fetal and neonatal body 

composition, as a more sensitive measure of adiposity. Among adults, it is 

acknowledged that measures reflecting central adiposity are more sensitive 

predictors of metabolic dysregulation and future cardiometabolic disease(6). 

Whether fetal and neonatal measures of relative fat distribution, and relative fat 

and lean mass, more sensitively represent the effects of an intrauterine 

environment disordered by maternal overweight and obesity remains to be 

determined.  
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It has been proposed that neonatal lean body mass is predominantly determined 

by individual genetics, and that neonatal fat mass is influenced by the variable 

maternal environment(112, 113). In reality, it is likely that the relationships 

between fetal and neonatal lean and fat mass, and the effects of dysregulated 

intrauterine environments such as those in maternal overweight and obesity are 

highly complex and inter-related.  

 

1.4.3 Physiology of fetal fat deposition  

At birth, the neonate is composed of 12-15% body fat mass, the greatest of any 

species(114). The vast majority of accumulation and growth of fetal fat occurs in 

the third trimester of pregnancy, with rates of fetal fat deposition reaching 7 

grams per day near term(114). Stem cell precursors of adipose cells can become 

either brown or white adipose tissue(115), with first, predominantly white 

adipose tissue being deposited from mid to late gestation, and then mainly 

brown adipose tissue in the late third trimester, in preparation for birth(116). The 

human neonate is born with large deposits of brown adipose tissue, which is 

vital for non-shivering thermogenesis(115). Over time, these deposits of brown 

adipose tissue are lost, and white adipose tissue deposits grow, representing a 

site for energy storage and production of hormones important for appetite 

regulation and energy homeostasis(115).  

 

Fat mass at birth is a significant determinant of overall body weight, accounting 

for approximately 46% of the variance in birthweight(117). As such, measuring 

fetal and neonatal fat mass, and determining factors that contribute to their 

deposition, represents an important area of research.  

 

1.4.4 Measuring fetal and neonatal adiposity 
 

Multiple ultrasound measures of fetal fat mass have been developed, although 

most have been evaluated only in small studies. Furthermore, assessments have 

been focused on fetuses of women with diabetes, and often only at single time 

points in the third trimester of pregnancy rather than serially. Data relating fetal 

ultrasound measures with neonatal fat mass is contradictory.  
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Fetal adiposity measures most frequently examined include abdominal wall fat 

mass, mid-thigh total mass, mid-thigh lean mass, mid-thigh fat mass, and 

subscapular fat mass. These measures have been validated and are reproducible 

across different populations(118-121). Abdominal wall fat mass is a measurement 

of the anterior subcutaneous tissue at the level of the abdominal 

circumference(119-121). Mid-thigh total, lean and fat mass measurements are 

obtained on a cross-sectional view of the mid-shaft of the fetal femur. Mid-thigh 

fat mass is obtained by subtracting the central lean limb area (consisting of 

muscle and bone) from the total cross-sectional limb area(118-120).  

 

Bernstein and colleagues investigated the pattern of growth of fetal mid-thigh 

and mid-arm fat areas over the third trimester of pregnancy(122). This study 

included 36 women between 34 and 40 weeks’ gestation, all of normal BMI. Both 

mid-thigh and mid-arm fat areas increased with increasing gestation, with 

increasing rates of fat accretion occurring later in the third trimester(122). 

Similarly, Hill and colleagues demonstrated that mid-thigh fat mass and anterior 

abdominal wall fat mass measurements all increased between 24 and 41 weeks’ 

gestation(123). However, the rate of change and reference ranges for these fetal 

adiposity measures by gestation was not reported.  

 

Larciprete and colleagues defined gestation-specific reference ranges for fetal 

subcutaneous tissue thickness measurements in an Italian population, and also 

considered the effect of GDM on fetal adiposity(119). This study included 303 

women, of whom 85 were diagnosed with GDM(119). The generated reference 

ranges from 20 to 40 weeks’ gestation demonstrated that measures of fetal 

adiposity increase over pregnancy, with the greatest rate of growth occurring in 

the late third trimester(119). In women diagnosed with GDM, fetal subcutaneous 

tissue thickness measurements at multiple time points over pregnancy were 

greater when compared with women who did not have GDM(119). While this is 

one of the largest populations in which serial measurement of fetal adiposity 

were performed, the generalisability of the findings is limited. Women enrolled 

in this study were predominantly of a normal BMI, and were recruited from a 
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group of women considered to be at higher risk for development of GDM based 

on clinical risk factors.  

  

Measures of infant body composition may represent a more sensitive measure of 

future risk of childhood obesity and cardiometabolic dysfunction than 

birthweight alone(124). Infant body composition and adiposity has been assessed 

using skinfold thickness measurements, air-displacement plethysmography, and 

total-body electrical conductivity (TOBEC). Routine ultrasound measures of fetal 

biometry have thus far only poorly correlated with neonatal adiposity 

measures(125, 126), however less is known about the association between 

ultrasound measures of fetal adiposity and neonatal adiposity measures. While 

an ability to accurately identify antenatally the fetus at risk of an adverse body-

fat distribution and future obesity would allow for early recognition and 

intervention, further development of accurate tools and appropriate assessment 

is required.  

 

O’Connor and colleagues conducted a prospective longitudinal study 

investigating the relationship between third trimester ultrasound fetal 

subcutaneous tissue measurements and neonatal body composition measured by 

air displacement plethysmography(127). This study involved 62 women with both 

pre-existing diabetes mellitus and GDM(127). The mean maternal BMI of the 

cohort was 27.5 kg/m2(127), however the distribution of women within each BMI 

category is unclear. Fetal subcutaneous tissue measurements included anterior 

abdominal wall thickness, and thigh muscle and fat thickness, assessed serially 

from 28 to 38 weeks’ gestation(127). Although a significant positive correlation 

between both anterior abdominal wall thickness and thigh fat thickness and 

infant fat mass at birth was identified, it involved only measurements obtained at 

38 weeks’ gestation, and not at earlier gestational ages(127). While the full range 

of fetal subcutaneous tissue thickness measurements were not evaluated(118, 119), 

the findings do indicate that measures obtained late in the third trimester 

correlate with infant body composition.  
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In contrast, Moore and colleagues showed that fetal adiposity measures 

performed at 28 weeks’ gestation had a moderate-strong positive correlation 

with neonatal percent body fat and skinfolds(128). This was a relatively small 

study of 44 women, and utilised 3D fractional limb volumes of the fetal thigh and 

upper arm. While this method may provide greater accuracy, the process 

requires greater technical training and is time-consuming in clinical practice, 

limiting routine clinical application(128).  

 

Anterior abdominal wall and mid-thigh tissue fat thickness measures in the third 

trimester have been well correlated with their respective skinfold performed 

within 72 hours of birth(129). The mean time between research ultrasound and 

performance of neonatal skinfold measurement was 10 days. Again, this 

significantly limits opportunity for antenatal intervention or modification of 

infant risk.  

 

Overall, late pregnancy ultrasound measures of fetal adiposity correlate 

somewhat with neonatal adiposity, however further evaluation is required. Of 

note, these results should be validated in a larger, contemporary Australian 

population, including women who are overweight or obese.  

 

1.4.5 Effect of maternal overweight and obesity on fetal and neonatal adiposity 

There is limited evidence to suggest that infants born to women who are 

overweight or obese have greater fat mass and percentage body fat than infants 

born to women with a normal BMI(112, 130). Sewell and colleagues identified that 

overweight or obese women were more likely to give birth to an infant weighing 

more than 4kg(112). While infants were found to have an increased fat mass and 

percent body fat, as determined by TOBEC, there were no differences in lean 

body mass(112). The authors hypothesised that the well recognised increased risk 

of infant macrosomia associated with maternal overweight and obesity was 

potentially as a result of increased neonatal fat mass.  
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Hull and colleagues performed a similar analysis using air-displacement 

plethysmography to measure neonatal fat and fat-free mass(130). Although the 

proportion of women with a BMI ≥25 kg/m2 was small, and the infants were up 

to 35 days of age at assessment, there were no significant differences in 

birthweight. However, infants of women who were overweight or obese were 

found to have greater body fat and fat mass(130).  

 

The Healthy Start Study involved 826 women, of whom 369 were overweight or 

obese in early pregnancy(131). Maternal BMI was positively associated with 

neonatal fat mass and percentage body fat as assessed by air displacement 

plethysmography performed within 72 hours of birth. Specifically, with every 1 

kg/m2 increase in maternal BMI there was an average 5.2 gm (95% CI 3.5-6.9 

gm)  increase in neonatal fat mass (131). 

 

While these findings suggest maternal overweight and obesity are significantly 

and positively related to neonatal adiposity measures, less information is 

available describing the effect of maternal overweight and obesity on fetal 

measures of adiposity, and whether they can be modified in the antenatal period 

by interventions such as diet and lifestyle advice, or metformin. 

 

1.4.6 Fetal growth and adiposity among infants born LGA 

There are some data on fetal growth and adiposity, and fetal growth trajectories, 

of infants born LGA to women who do not have pre-existing diabetes mellitus. 

Madendag and colleagues reported the ultrasound findings from 582 women 

without diabetes which were obtained between 26 and 28 weeks’ gestation(132). 

All women had a BMI <30 kg/m2. Mean fetal AC, FL measurements, and 

calculated EFW, were significantly greater among infants who went on to be 

born LGA(132). Anterior abdominal fat mass measurements were also obtained, 

and were significantly greater among infants born LGA(132). The findings of this 

work are limited with relatively few (64) LGA infants in the cohort. Furthermore, 

only a single time point for ultrasound was considered, precluding evaluation of 

fetal biometry and adiposity measure trajectories over pregnancy.  
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Caradeux and colleagues evaluated longitudinal measurements of AC z-scores 

over the second and third trimesters to predict LGA status(133). Both higher fetal 

AC z-scores and AC z-score velocity were associated with birth of an infant 

LGA(133). While this study included 2,696 women who did not have pre-existing 

diabetes(133), other fetal biometry measures were not reported.  

 

Together, these data suggest that infants born LGA may have altered fetal 

growth, particularly in the third trimester of pregnancy. When during pregnancy 

the fetal growth of infants born LGA differs from those infants born AGA, and 

whether these differences are seen in all, or just some, ultrasound measures of 

fetal biometry and adiposity, is not known.  

 

1.5 Determinants of fetal growth 

Fetal growth is regulated and determined by a complex interplay of genetics, 

maternal nutrition, placental function, and events occurring over pregnancy. 

While there has been significant interest in the underlying mechanisms involved 

in fetal growth restriction, less is known about the determinants of and 

mechanisms involved in LGA fetuses and infants.  

 

1.5.1 Hyperglycaemia and gestational diabetes mellitus 
 

Glucose was first proposed as a primary fuel substrate for fetal overgrowth in 

1967, when it was recognised that women with pre-existing diabetes mellitus in 

pregnancy were more likely to birth infants who were macrosomic, or LGA(134, 

135). Under the Pedersen hypothesis(134), maternal hyperglycaemia increases 

placental glucose transport, resulting in stimulation of insulin and other growth 

factor production from the fetal pancreas, which in turn stimulates increased 

fetal growth and fat deposition(134). 

 

Gestational Diabetes Mellitus (GDM) is defined as “any degree of glucose 

intolerance with onset or first recognition during pregnancy” (136-138). While this 
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condition has been recognised for many years(139, 140), significant controversy has 

existed regarding the benefits of screening, testing, diagnosing, and treating 

hyperglycaemia less severe than overt diabetes mellitus in pregnancy, as well as 

the diagnostic criterion used. The ACHOIS study(141) recruited 1000 women who 

had one or more risk factors for GDM on selective screening or a positive oral 

glucose challenge test (non-fasting 50g glucose load with 1 hour glucose level 

≥7.8 mmol/L), and had a positive oral glucose tolerance test performed between 

24 and 34 weeks’ gestation (fasting 75g glucose load with fasting glucose level 

<7.8 mmol/L and 2 hour glucose level 7.8-11.0 mmol/L). Women randomised to 

the intervention group received dietary advice, advice about self-monitoring of 

blood glucose concentrations, and treatment with insulin if blood glucose 

concentrations were persistently elevated(141). Women randomised to the 

routine care group were unaware of the results of their oral glucose tolerance 

test unless diagnostic of overt diabetes, as were their care providers(141). 

Ongoing routine clinical care was provided as per hospital guidelines at the 

time(141). The diagnosis and treatment of GDM was associated with a reduction in 

the risk of the primary neonatal adverse outcome (one or more of death, 

shoulder dystocia, bone fracture, or nerve palsy) compared with routine care 

(Intervention Group n=7 (1%) versus Routine Care Group n=23 (4%), adjusted 

relative risk 0.33 (95% CI 0.14-0.75), p=0.01), with a number needed to treat to 

prevent a serious adverse infant outcome of 34 (95% CI, 20-103)(141). While 

diagnosis and treatment of GDM was associated with an increased chance of 

requiring induction of labour, there were no differences in the rate of caesarean 

birth(141).  

 

Landon and colleagues conducted a similar trial in which women who had a 

positive oral glucose challenge test (non-fasting 50g load with 1 hour blood 

glucose concentration 7.5-11.1 mmol/L) underwent a fasting 3-hour 100g oral 

glucose tolerance test(142). A total of 958 women were diagnosed with mild GDM 

(fasting glucose level of 5.3 mmol/L, and two or three of the following: 1 hour 

blood glucose >10.0 mmol/L, 2 hour blood glucose >8.6 mmol/L, 3 hour >7.8 

mmol/L) and were randomised to receive nutritional counselling and diet 

therapy, with insulin if required, or usual antenatal care(142). Diagnosis and 
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treatment of mild GDM was not associated with a reduction in frequency of the 

primary composite neonatal adverse outcome (defined as one of perinatal 

mortality, neonatal hypoglycaemia, hyperbilirubinaemia, neonatal 

hyperinsulinaemia, and birth trauma)(142). However, diagnosis and treatment of 

mild GDM was associated with a reduction in mean birth weight, frequency of 

birth weight >4000g, frequency of LGA, shoulder dystocia and mean neonatal fat 

mass(142). Women recruited and randomised to receive treatment for mild GDM 

were less likely to require caesarean birth, or develop preeclampsia or 

gestational hypertension(142). Despite differences in inclusion criteria and 

diagnostic criteria(141, 142), the results of these two studies suggest that treatment 

of glucose intolerance less severe than overt diabetes mellitus is associated with 

improvements in maternal and infant outcomes.  

 

Although hyperglycaemia seen in overt diabetes mellitus is associated with 

adverse maternal and infant outcomes, the degree to which less severe 

hyperglycaemia is associated with adverse perinatal outcomes is less clear. The 

Hyperglycaemia and Adverse Pregnancy Outcomes (HAPO) Study was an 

observational cohort study in which 25,505 participants underwent a fasting 75g 

oral glucose tolerance test between 24 and 32 weeks’ gestation(143). Women and 

caregivers were blinded to the results of the oral glucose tolerance test, unless 

the results were diagnostic for overt diabetes mellitus (fasting plasma glucose 

level >5.8 mmol/L, 2 hour plasma glucose level >11.1 mmol/L)(143). Findings 

identified a strong continuous positive association, with no threshold effect, 

between increasing plasma glucose concentrations at fasting, 1 hour and 2 hours, 

and rates of primary caesarean section, birth weight >90th percentile, clinical 

neonatal hypoglycaemia, and cord-blood serum C-peptide(143). While these 

results provide some evidence for an adverse effect of increasing 

hyperglycaemia there was no clear threshold at which to diagnose and treat 

GDM.  

 

Multiple groups, over many years, have proposed differing screening regimes 

and diagnostic criteria for GDM(144-147). These are summarised in Table 1.3. 

Internationally, significant variation exists with regards to whether screening is 
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universal or based on maternal risk factors, use of a one-step or two-step 

approach, and the diagnostic thresholds recommended (Table 1.3).  In 2008, the 

International Association of Diabetes and Pregnancy Study Groups (IADPSG), 

proposed screening and diagnostic criteria based on the results of the HAPO 

study(143). These recommended universal screening with a 2 hour 75 g oral 

glucose tolerance test, performed at 24-28 weeks’ gestation(136). In contrast to 

previous criteria, which were not derived in pregnancy, or were based solely on 

maternal risk of developing diabetes mellitus after pregnancy (136, 148, 149), the 

IADPSG recommended criteria identified women at an increased risk of adverse 

pregnancy outcomes(143). The diagnostic thresholds recommended represent the 

plasma glucose concentrations associated with an odds ratio of 1.75 for the risk 

of birthweight above the 90th percentile, primary caesarean delivery, neonatal 

hypoglycaemia, and cord-blood serum C-peptide above the 90th percentile(143).  

 

The IADPSG recommendations have been supported and recommended by 

multiple groups(150), however concern has remained about the widespread 

adoption of this approach. While a one-step approach to screening and diagnosis 

has advantages, the proposed diagnostic criteria have the potential to 

significantly increase the rate of diagnosed GDM creating a considerable 

healthcare burden. This concern has been borne out in two large randomised 

trials performed in the United States comparing the use of the IADPSG diagnostic 

criteria with the Carpenter-Coustan criteria(151, 152). Use of the IADPSG criteria 

was associated with a 2-3-times higher rate of GDM diagnosis (up to 16.5%(151)) 

and subsequent increased healthcare utilisation. There were no significant 

differences in perinatal adverse outcomes or risk of birth of an infant of high 

birth weight or LGA(151, 152), suggesting that the IADPSG recommendations may 

not be cost-effective in routine practice.   
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Table 1.4 – Screening and diagnostic criteria for GDM  

 

Organisation Screening 
population 

Glucose load Fasting 
plasma 
glucose 

(mmol/L) 

1-hour 
plasma 
glucose 

(mmol/L) 

2-hour 
plasma 
glucose 

(mmol/L) 

3-hour 
plasma 
glucose 

(mmol/L) 

WHO 2013(137) 
One-step 
approach 

Universal 
screening 

75 g fasting OGTT 5.1-6.9 ≥10.0 8.5-11.0 n/a 

ACOG(145) 
Two-step 
approach 

Universal 
screening 

 

1. 50 g non-
fasting OGCT 

2. 100 g fasting 
OGTT 

1. n/a 
 

2. ≥5.3 

1. ≥7.2-7.8 
 

2. 10.0 

1. n/a 
 

2. ≥8.6 

1. n/a 
 

2. ≥7.8 

Canadian 
Diabetes 

Association(153) 
Two-step 
approach 

Universal 
screening 

1. 50 g non-
fasting OGCT 
2. 75 g fasting 

OGTT 

1. n/a 
 

2. ≥5.3 

1. ≥ 7.8 
 

2. ≥10.6 

1. n/a 
 

2. ≥9.0 

1. n/a 
 

2. n/a 

NICE(146) 
One-step 
approach 

Risk factor 
based 

75 g fasting OGTT ≥5.6 n/a ≥7.8 n/a 

IADPSG(136) 
One-step 
approach 

Universal 
screening 

75 g fasting OGTT ≥5.1 ≥10.0 8.5-11.0 n/a 

ADIPS(150) 
One-step 
approach 

Universal 
screening 

75 g fasting OGTT 5.1-6.9 ≥10.0 8.5-11.0 n/a 

 
WHO, World Health Organisation. ACOG, American College of Obstetricians and Gynecologists. 
NICE, National Institute for Health and Care Excellence. IADPSG, International Association of the 
Diabetes and Pregnancy Study Groups. ADIPS, Australian Diabetes in Pregnancy Society.  
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1.5.1.1 Maternal, infant and childhood risks associated with gestational diabetes 
 
While diagnostic criteria may vary, women diagnosed with GDM are at increased 

risk of developing hypertensive disorders of pregnancy, requiring induction of 

labour, perineal trauma, and birth by caesarean section (Table 1.4)(154-156). 

Infants born to women who have GDM are at increased risk of being born 

preterm(154, 157), being born with high birth weight, or LGA(154-156), and birth 

trauma, including shoulder dystocia (table 1.5)(155, 156). Infants born to women 

with GDM are also more likely to be admitted to the neonatal intensive care unit, 

predominantly because of respiratory distress requiring support(154), or 

hypoglycaemia requiring invasive treatment(154, 157).  

 

The future risk for children born to women with GDM remains uncertain. While 

some suggest an increased risk of childhood and adolescent obesity and 

impaired glucose tolerance(158-160), others do not(124, 161). It is possible that 

maternal overweight and obesity plays a role in confounding the relationship 

between GDM and childhood and adolescent obesity(124, 162). Furthermore 

maternal overweight and obesity may represent a stronger effect on these longer 

term risks(124).  
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Table 1.5 – Risk of adverse maternal outcomes in women with GDM compared 

to women without GDM 

 

Outcome Estimate of increased 

risk 

References 

Hypertensive disorders of 

pregnancy 

1.7 (154, 157) 

Induction of labour 1.5 (157) 

Perineal trauma 1.5 (157) 

Caesarean section 1.8 (154, 157, 163) 
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Table 1.6 – Risk of adverse neonatal outcomes in women with GDM compared to 

women without GDM 

 

Outcome Estimate of increased risk References 

Preterm delivery 1.7 (154, 157) 

LGA/macrosomia 4.6 (154, 157, 163, 164) 

NICU admission 4.0 (154) 

Respiratory distress 2.0 (154) 

Hypoglycaemia 3.4 (154, 157) 
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1.5.2 Mechanisms for fetal growth in maternal overweight and obesity 
 

The mechanisms underlying the effect of maternal overweight and obesity on 

fetal growth are complex. A significant contribution is likely via increased insulin 

resistance, hyperglycaemia and hyperinsulinaemia, as outlined in the Pedersen 

hypothesis(134). Women who are overweight or obese in pregnancy have been 

shown to have higher serum glucose concentrations than women with a normal 

BMI, even below the diagnostic threshold for a diagnosis of gestational 

diabetes(165). However, maternal hyperglycaemia and hyperinsulinaemia do not 

explain the whole effect of maternal overweight and obesity on fetal growth(66). 

Women who are overweight or obese, and have well-controlled GDM, remain 

twice as likely to deliver a macrosomic or LGA infant, as compared with women 

of a normal BMI(166). In the HAPO study, maternal overweight and obesity were 

associated with an increased risk of birth of a macrosomic infant, even when 

controlling for maternal glucose concentrations and in the absence of GDM(167, 

168). 

 

Another likely contributing factor to fetal growth may lie in maternal adipose 

tissue, which is metabolically active. Adipose cells and macrophages resident in 

adipose tissue produce cytokines such as TNF-𝛂𝛂 and IL-6, which contribute to a 

state of chronic low grade inflammation among people who are overweight or 

obese(169, 170).  This low grade inflammatory state is thought to contribute to 

increased insulin resistance(169). In pregnancy, TNF- 𝛂𝛂 and IL-6 may contribute to 

increased placental nutrient transfer, thereby facilitating increased fetal 

growth(171). However, evidence is conflicting as to whether women who are 

overweight or obese have elevated concentrations of inflammatory cytokines in 

pregnancy(172-176), and whether these inflammatory cytokines are associated 

with an increased risk of delivering an infant LGA(172, 177).  

 

Another potential mechanism contributing to fetal growth among women who 

are overweight or obese is that of maternal lipids. It is hypothesised that 

maternal circulating triglycerides are converted to free fatty acids in the placenta 

and then transported into the fetal circulation, where they contribute to fetal fat 
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deposition(66, 178). In keeping with this this hypothesis, both maternal triglyceride 

concentrations and free fatty acid concentrations have been associated with 

increased risk of delivering an infant LGA(179-181). Women who are overweight or 

obese in early pregnancy have been shown to have higher concentrations of 

triglycerides and VLDL cholesterol, and lower concentrations of HDL cholesterol 

in the third trimester(177). While the external validity of these findings is limited 

as a result of small and highly select patient samples, they suggest that the 

underlying mechanisms involved in fetal growth among women who are 

overweight or obese are multifactorial and complex, requiring further 

elucidation.  

 

1.5.3 Effect of maternal overweight and obesity on fetal growth trajectories  
 

Published work to date on fetal growth trajectories has focused on women with a 

normal BMI. However, it cannot be assumed that the fetuses of women who are 

overweight or obese have similar growth trajectories to the fetuses of women 

with a normal BMI. Further data investigating the effect of maternal BMI on fetal 

growth trajectories is required.  

 

In a prospective cohort of over 4000 women, Sovio and colleagues(182) identified 

fetal abdominal circumference measures among obese women were more likely 

to be greater than the 90th percentile, an effect evident from 20 weeks’ gestation. 

Maternal obesity was also identified as an independent predictor of abdominal 

circumference greater than the 90th percentile from as early as 24 weeks’ 

gestation among women with GDM or impaired glucose tolerance(183).  

 

Ay and colleagues(184) performed a large prospective cohort study of over 8000 

women in the Netherlands, to evaluate the effect of maternal BMI on estimated 

fetal weight z-scores throughout pregnancy. Maternal BMI was self-reported 

(average 23.6 kg/m2)(184). Fetuses of women in the highest BMI quintile had 

significantly higher estimated fetal weight z-scores from 20 weeks’ gestation(184). 

Furthermore, prepregnancy BMI was associated with an increase in fetal growth 

rate over the second and third trimesters(184).  
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The US National Institute of Child Health and Human Development Fetal Growth 

Studies investigated the effect of maternal obesity on all fetal biometry 

trajectories throughout pregnancy(185). A total of 2,763 women were 

prospectively enrolled in early pregnancy, of whom 443 had a BMI ≥30 kg/m2. 

Findings indicate that estimated fetal weight was, on average, 30gm greater in 

obese women compared with normal-weight and overweight women, an effect 

evident from 30 weeks’ gestation. Furthermore, this difference in weight 

increased over the third trimester, reaching almost 100gm by 38 weeks’ 

gestation(185).  

 

In considering individual fetal biometry measures, Zhang and colleagues 

demonstrated that maternal obesity was associated with longer length of the 

femur and humerus from 21 weeks’ gestation, as well as greater head 

circumference measurements in the third trimester(185). While this is a 

contemporary population of women, it is not entirely applicable to an Australian 

population. The cohort included a large proportion of Hispanic women, and the 

actual number of obese women recruited was relatively small (468 women, 

16%). Maternal obesity was considered as a categorical variable(185), further 

limiting the statistical power to detect differences.  

 

Dodd and colleagues have published fetal biometry and estimated fetal weight 

trajectories for women prospectively recruited to the LIMIT randomised 

trial(118). This involved a contemporary Australian cohort of almost 2000 women 

who were overweight or obese in early pregnancy. The average BMI in this 

cohort was 31.2 kg/m2, with 60% of women having a BMI ≥30 kg/m2. All fetal 

biometry and estimated fetal weight z-scores were greater than population 

means(118). However, in contrast to the findings of Zhang and colleagues(185), 

these differences did not increase in the third trimester, instead following 

currently used population fetal growth curves(118). How these findings compare 

to a contemporary cohort of women with a normal BMI is unclear.  
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Taken together, this evidence suggests the fetuses of women who are overweight 

or obese may both be significantly larger at any given gestational age, and may 

have increased growth trajectories over pregnancy. However, when, over 

pregnancy, fetal growth diverges, is not known.  

 

1.5.4 Interactions of maternal overweight and obesity and gestational diabetes on 
fetal/neonatal growth 
 

An emerging clinical question is the relative contribution of maternal overweight 

and obesity and GDM on fetal and neonatal growth. Maternal overweight and 

obesity and GDM commonly coexist. They have a common metabolic milieu, 

consisting of hyperglycaemia, hyperinsulinaemia and insulin resistance (168), 

although the relative contributions and additive effects of each is difficult to 

determine.  

 

Catalano and colleagues re-analysed the HAPO data (168) to evaluate the relative 

contributions of maternal BMI and GDM on adverse pregnancy outcomes. 

Women were grouped into one of four groups– no GDM + no obesity; GDM + no 

obesity; no GDM + obesity; GDM + obesity. GDM was defined according to the 

IADPSG criteria(136). In this analysis both GDM alone and obesity alone were 

associated with an increased risk of LGA, higher newborn percentage body fat, 

cord blood C peptide >90th percentile, primary caesarean section and pre-

eclampsia, when compared with women of a normal BMI and without GDM(168). 

For women who were both obese and were diagnosed with GDM, the risk for all 

adverse pregnancy outcomes was greater than either alone, suggesting an 

additive effect(168). Strengths of this work include the prospective observational 

nature of the HAPO study, and the large numbers of women recruited. These 

findings are consistent with other reports in the literature, where women with 

both obesity and GDM, were identified to have higher rates of LGA infants 

compared with women who had GDM and were not obese(186). This study, 

however, is limited by its retrospective nature, the diagnosis and testing for GDM 

undertaken based on clinical risks factors rather than universal screening, and 

the use of different diagnostic thresholds to those currently recommended(186). 
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Furthermore, maternal BMI was determined at 28 weeks’ gestation, rather than 

measured prior to or in early pregnancy. This is also a secondary exploratory 

analysis and results require cautious interpretation.  

 

It has been suggested that maternal overweight and obesity may have a greater 

effect on fetal and offspring growth than a diagnosis of GDM. A retrospective 

study of 9,835 women estimated that maternal overweight and obesity was 

associated with a population attributable risk of approximately 20% for LGA, 

whereas GDM among women who were not overweight or obese contributed 

approximately 3% of LGA infants (187). However, the risk remained highest 

among women who were both overweight or obese and who were diagnosed 

with GDM, contributing approximately 24% of LGA infants(187). While this study 

was large, there was a high proportion of Hispanic women, and it is yet to be 

seen whether these results are relevant to different ethnic populations.  

 

A large prospective ultrasound study in the UK obtained fetal abdominal 

circumference measures and growth in a cohort of 4,069 women(182). Women 

who were obese were more likely to have a fetus with an abdominal 

circumference measurement >90th percentile at the 20 week morphology scan, a 

finding that persisted throughout the third trimester(182). Among obese women 

who developed GDM, there was a five times increased risk of the fetus having an 

abdominal circumference >90th percentile, greater than the effect of either 

maternal obesity or GDM alone(182). Abdominal circumference alone is a crude 

measure of fetal adiposity. The presence of fetal overgrowth as early as the 

routine 20 week ultrasound among obese women, and not those who go on to 

develop GDM, suggests that the effects of maternal overweight and obesity on 

fetal growth begin in very early pregnancy, and potentially are mediated through 

other pathways in addition to hyperglycaemia. 

 

1.6 Antenatal interventions to impact fetal growth and adiposity and 
prevent LGA 
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1.6.1 Diet and lifestyle interventions to improve perinatal outcomes in women 
who are overweight and obese 
 

There have been multiple studies investigating the effects of antenatal diet and 

lifestyle interventions on pregnancy outcomes in women who are overweight or 

obese. While there is significant variation with regards to the intensity and type 

of diet and lifestyle interventions investigated, overall, they demonstrate only a 

modest reduction in gestational weight gain with little or no beneficial effect on 

infant outcomes including high birth weight.  

 

The two largest randomised trials investigating the effect of antenatal diet and 

lifestyle interventions on pregnancy outcomes in obese women are the LIMIT 

randomised trial (188) and the UPBEAT Study(189). The LIMIT study was conducted 

in Adelaide, South Australia (188), and is the largest single randomised controlled 

trial evaluating antenatal diet and lifestyle interventions to improve pregnancy 

outcomes in women who were overweight or obese. The intervention was a 

combination of dietary, exercise and behavioural strategies delivered via face-to-

face meetings and phone conversations. A total of 2,122 women were 

recruited(188). Women randomised to the diet and lifestyle intervention were 

successful in modifying diet and physical activity over the course of the trial(190), 

however there was no evidence of an effect on clinical outcomes(188). There was 

no significant difference in overall average gestational weight gain between the 

Lifestyle Advice and Standard Care groups (188).  

 

The UPBEAT study was a multicentre randomised controlled trial recruiting 

1,555 women with a BMI ≥30 kg/m2 and a singleton pregnancy(189). The diet and 

lifestyle intervention was relatively intensive, with weekly group or individual 

sessions consisting of advice on behaviour change and provision of information 

about healthy patterns of eating (189). The physical activity component of the 

intervention focused on incremental increases in walking at moderate intensity 
(189). While women improved their dietary intake and increased physical activity, 

this did not impact the risk of GDM, or high infant birth weight(189), with only a 

modest effect on mean gestational weight gain (mean Standard Care 7.76 kg (SD 
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4.6 kg), mean Intervention Group 7.19 kg (SD 4.6 kg), estimated mean difference 

-0.55kg (95% CI, -1.08, -0.02), p=0.041)(189).  

 

The International Weight Management in Pregnancy (i-WiP) collaborative group 

conducted an individual patient data meta-analysis of randomised trials 

assessing the effect of diet and physical activity interventions on pregnancy 

outcomes. A total of 36 studies and data from over 12,000 women were 

included(191). While diet- and physical-activity-based interventions had a modest 

impact in reducing gestational weight gain (mean difference -0.70 kg, 95% CI -

0.92 to -0.48 kg) there was no significant difference in adverse maternal or 

fetal/neonatal outcome(191). While studies including women across the BMI 

range were included, secondary analysis indicated that the effect of the 

intervention did not significantly vary by maternal BMI(191). In an associated 

cost-effectiveness analysis diet- and physical-activity-based interventions in 

pregnancy were not cost-effective compared with usual care (191).  

 

With consideration to the variation in the type and intensity of intervention, and 

that some individual studies have shown some inconsistent differences in 

maternal and infant outcomes, strong enough evidence does not exist to support 

recommending antenatal diet and lifestyle interventions in routine clinical 

practice. Consideration of alternative antenatal interventions to improve 

outcomes among women who are overweight or obese is required.  

 

1.6.2 Metformin to improve perinatal outcomes in women who are overweight 
and obese 
 

Metformin is an oral biguanide medication that increases peripheral insulin 

sensitivity and decreases hepatic glucose production. It is commonly used in the 

treatment of type 2 diabetes mellitus. The safety and efficacy of metformin, in 

comparison with insulin, for the treatment of GDM, was demonstrated in a large 

Australian randomised, open-label trial – the Metformin in Gestational Diabetes 

Trial (MiG Trial)(192). Maternal overweight and obesity and diabetes mellitus 

(both pre-existing type 2 diabetes mellitus and GDM) commonly coexist and 
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have a common metabolic milieu, consisting of hyperglycaemia, 

hyperinsulinaemia and insulin resistance(168). This has led to a number of 

researchers evaluating the antenatal use of metformin in women who are 

overweight or obese without pre-existing diabetes mellitus(193-196).  

 

Antenatal metformin alone, as an intervention to improve pregnancy outcomes 

among women who are overweight or obese in early pregnancy, has been 

assessed in one randomised trial to date(194). The EMPOWaR randomised trial 

recruited and randomised 449 women with an early pregnancy BMI ≥30 kg/m2 

to receive either antenatal metformin (up to a maximum of 2500mg per day) or 

matching placebo(194). Chiswick and colleagues reported no significant 

differences in total gestational weight gain or other maternal outcomes, 

including risk of gestational diabetes(194). They also did not find any significant 

differences in infant birthweight or neonatal outcomes(194). 

 

Antenatal metformin as an adjuvant to diet and lifestyle advice has been 

assessed in three randomised trials(193, 195, 196). The GRoW randomised trial 

recruited and randomised 524 women with an early pregnancy BMI ≥25.0 

kg/m2 to receive either antenatal metformin (up to 2000mg daily) or matching 

placebo(193). All women recruited to the trial received an antenatal diet and 

lifestyle intervention(193). While women randomised to receive adjuvant 

metformin had lower average weekly gestational weight gain (adjusted mean 

difference -0.08 kg, 95% CI -0.14 to -0.02, p=0.007), and were more likely to have 

gestational weight gain below recommendations (aRR 1.46, 95% CI 1.10 to 1.94), 

total gestational weight gain did not differ significantly (193). There were no 

significant differences in other maternal or infant outcomes(193).  

 

In a second randomised trial, Syngelaki and colleagues recruited and randomised 

450 women with an early pregnancy BMI ≥35 kg/m2 to receive either antenatal 

metformin (up to a maximum of 3000mg per day) or matching placebo, 

commencing prior to 20 weeks’ gestation(195). While there was a small difference 

in total gestational weight gain over the trial (metformin vs placebo), infant 

birthweight and risk of delivering an infant LGA were not significantly 
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different(195). Interestingly, risk of developing preeclampsia was significantly 

lower among women who were randomised to receive antenatal metformin in 

this trial (Antenatal Metformin 3.0% vs Placebo 11.3%, OR 0.24, 95% CI 0.10-

0.61, p=0.001)(195), however this was an exploratory secondary outcome, and has 

not been consistently shown.  

 

In the third randomised trial, Nascimento and colleagues included women with 

an early pregnancy BMI ≥30 kg/m2, in which women were randomised to 

receive either low dose metformin (up to maximum 1000mg per day) or no 

metformin (Control group)(196). All women received a diet and lifestyle 

intervention focused on reducing calorie intake and increasing physical 

activity(196-198). There were no significant differences between the metformin and 

control group with regards to gestational weight gain or risk of gestational 

diabetes(197, 198). Women randomised to the metformin group were less likely to 

have a caesarean birth (Metformin 39.8% vs Control 62.9%, p<0.01)(196), 

however the very high rate of caesarean birth among women randomised to the 

Control group (62.9%) likely limits the generalisability of these findings. 

Information regarding prior mode of delivery and gestational age at delivery 

were also missing(196). Women randomised to receive adjuvant antenatal 

metformin were also less likely to be diagnosed with pre-eclampsia (Metformin 

3.5% vs Control 4.8%, p<0.01)(196). This was a secondary exploratory outcome, 

and represented only a very small absolute risk reduction.  

 

In summary, antenatal metformin, either alone or as an adjuvant to diet and 

lifestyle advice, is not associated with significant differences in maternal or 

infant outcomes, among women who are overweight or obese in early 

pregnancy. While small differences in gestational weight gain have been shown 

in some trials(193, 195) this finding is not consistent, and is not associated with 

improvement in perinatal outcomes. The effects of antenatal metformin, alone or 

as adjuvant to antenatal diet and lifestyle advice, on fetal growth and adiposity, 

are not known. The women in all three trials were recruited and commenced 

metformin between 10 and 20 weeks’ gestation. It is therefore possible that 
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interventions to improve pregnancy outcomes may require commencement 

earlier in pregnancy, or prior to pregnancy, to be effective.  

 

1.6.3 Effect of antenatal interventions on fetal growth and growth trajectories 
 

There is little data comparing the effects of antenatal diet and lifestyle 

interventions, and/or antenatal metformin on fetal growth among women who 

are overweight or obese. While the evidence suggests antenatal diet and lifestyle 

interventions have no significant effect on risk of infant macrosomia and LGA, 

little is known about intrauterine fetal growth and growth trajectories among 

women exposed to an antenatal diet and lifestyle interventions, alone or in 

conjunction with oral metformin.  

 

A secondary analysis of fetal ultrasound data from the LIMIT randomised trial 
(199) investigated the effect of an antenatal diet and lifestyle intervention on fetal 

growth and adiposity (118). Women participated in a research ultrasound at 28 

and 36 weeks’ gestation, during which routine fetal biometry, amniotic fluid 

index (AFI) and Doppler measurements were obtained, an estimated fetal weight 

calculated and ultrasound measures of fetal adiposity performed in a 

standardised manner(118). Of the 2,212 women who participated in the LIMIT 

trial, 1,847 women had a research ultrasound at one or both time points(118). 

Although there were no differences in fetal biometry measures identified, fetuses 

of women randomised to the Lifestyle Intervention had greater mid-thigh fat 

mass, and a slower rate of subscapular fat mass accumulation(118). The authors 

hypothesised that this differential location of fetal fat may represent a more 

favourable phenotype(118). Whether this effect differs among women of a normal 

BMI is uncertain, as is the the effect of a combined antenatal diet and lifestyle 

intervention and metformin.  

1.7 Research gaps identified  
 

• What is the effect of maternal BMI, across the BMI spectrum, on 

o Fetal biometry measures and estimated fetal weight? 
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o Fetal adiposity measures and fetal body composition? 

o The mediating effect of a diagnosis and treatment of GDM on fetal 

biometry and adiposity measures? 

• Do infants born LGA, compared with those not born LGA, exhibit 

differences in  

o Fetal biometry measures and fetal biometry measure trajectories? 

o Fetal adiposity measures and fetal adiposity measure trajectories? 

o When during pregnancy these differences become evident? 

• What effect does adjuvant antenatal metformin, with a diet and lifestyle 

intervention, have on fetal body composition among women who are 

overweight or obese in early pregnancy?  

• What effect does an antenatal diet and lifestyle intervention have on fetal 

body composition among women who have a normal BMI in early 

pregnancy?  
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Chapter 2: Methods 
 

2.1 The clinical cohort 
 

This thesis examines the effect of maternal BMI on fetal growth and adiposity, 

antenatal contributors to fetal growth and adiposity, and the effect of antenatal 

interventions on fetal growth and adiposity using data from a set of three 

harmonised randomised controlled trials conducted between June 2008 and 

April 2017. Study protocols were purposefully designed ensuring the studies 

were sufficiently similar to allow for valid comparisons between them, and for 

the data from the studies to be combined.   

 

The three randomised trials recruited women with a singleton pregnancy, 

between 10+0 and 20+0 weeks’ gestation, who received pregnancy care and 

birthed at one of three major maternity hospitals in Adelaide, South Australia – 

the Women’s and Children’s Hospital, Flinders Medical Centre, or the Lyell 

McEwin Hospital. Women were excluded if they had a multiple pregnancy or 

type 1 or 2 diabetes mellitus diagnosed prior to pregnancy. The antenatal 

interventions in all trials were additional to standard antenatal care, provided 

according to local hospital and state pregnancy care guidelines(200). 

Randomisation for all three trials was performed using computer-generated 

schedules, with stratification for maternal parity (0 versus ≥1)(188, 193, 201), and 

(for the LIMIT and GRoW randomised trials) additionally by BMI at antenatal 

booking (25.0-29.9 versus ≥30.0 kg/m2), and collaborating centre(188, 193).  

 

During the recruitment period, guidelines for routine pregnancy care remained 

consistent(200), with the exception of screening and diagnosis of gestational 

diabetes(202). Prior to 2015, the diagnostic criterion for gestational diabetes was 

a positive 75gm oral glucose tolerance test at 28 weeks’ gestation with fasting 

blood glucose >5.5 mmol/L or 2hr ≥7.8 mmol/L(202). From 2015, the Australian 

Diabetes in Pregnancy Society (ADIPS) recommendations were adopted, where 

women were diagnosed with gestational diabetes based on a 75gm oral glucose 

tolerance test at 28 weeks’ gestation with one or more of the following: fasting 
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blood glucose ≥5.1 mmol/L, 1hr ≥10.0 mmol/L, or 2hr ≥8.5 mmol/L(202, 203). 

This change in diagnostic criteria impacted women recruited to the GRoW and 

Optimise randomised trials (see Table 2.1). Following diagnosis, women were 

provided with dietary advice and were encouraged to perform home blood 

glucose monitoring four times daily [before breakfast (Fasting) and 2 hours after 

the start of each meal (postprandial)], with fasting blood glucose measurements 

targeted between 3.5 and 5.5 mmol/L, and postprandial blood glucose 

measurements targeted between 4.0 and 7.0 mmol/L(202). Medical treatment 

with insulin or metformin was considered if fasting blood glucose measurements 

were ≥ 5.5 mmol/L once or more per week and/or if postprandial blood glucose 

measurements were ≥7.5 mmol/L twice or more per week(202). Advice regarding 

gestational weight gain was not a part of routine pregnancy care, irrespective of 

early pregnancy maternal BMI. 

 

In all three trials, women were invited to attend for a research ultrasound at 28 

(range 26+0 to 29+6) and 36 (range 34+0 to 37+6) weeks of gestation, with fetal 

biometry and adiposity measures obtained as described below. All research 

ultrasounds were performed by a medical practitioner with specialist or 

subspecialist training in obstetric ultrasound, while blinded to the participant’s 

allocated treatment group. A small number of women who underwent a clinical 

ultrasound during these gestational windows consented to the inclusion of their 

fetal biometry measurements but did not contribute fetal adiposity measures.  
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Table 2.1 - Details of the trials from which fetal ultrasound data was obtained  

 
WCH, Women’s and Children’s Hospital. FMC, Flinders Medical Centre. LMH, Lyell McEwin Hospital.

 LIMIT(188, 190) GRoW(204) Optimise(201) 

Maternity centre WCH, FMC, LMH WCH, LMH WCH 

Maternal BMI (Kg/m2) ≥25.0 ≥25.0 18.5-24.9 

Antenatal intervention and 

comparator 

Diet and lifestyle vs. Standard 
care 

Metformin vs. placebo 
(All women received diet and 

lifestyle intervention) 

Diet and lifestyle vs. Standard 
care 

Sample size (N) 2212 524 645 

Primary outcome Infant large for gestational age (>
90th percentile for gestational 

age and gender) 

Infant birthweight >4000 gm Infant birthweight >4000 gm 

Principal findings No reduction in risk of infant LGA 
(19% vs. 21%). 

Significant reduction in risk of 
birthweight >4000 gm (15% vs. 

19%). 
No significant difference in mean 

total gestational weight gain. 
Increased daily fruit, vegetable, 
and fibre intake, and reduced 

saturated fats. 
Increased maternal physical 

activity. 

No significant reduction in risk of 
infant birthweight >4000 gm. 

Lower average weekly gestational 
weight, and more likely to have 
gestational weight gain below 

recommendations, however no 
significant difference in total 

gestational weight gain. 
No significant difference in 

maternal diet quality or physical 
activity measures. 

No significant reduction in risk of 
infant birthweight >4000 gm. 

Significant improvement in 
dietary quality. 

No significant difference in 
reported physical activity. 

No significant difference in total 
gestational weight gain. 
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2.2 Antenatal dietary and lifestyle intervention and control 
 

Women randomised to the Lifestyle Advice group of the LIMIT and Optimise 

randomised trials(188, 201), and all women recruited to the GRoW randomised 

trial(193) received a comprehensive, tailored dietary and lifestyle intervention 

over the course of their pregnancy, administered by a research dietitian and 

trained research assistants. Dietary advice was in keeping with current 

Australian standards, and included maintaining a balance of carbohydrates, fat, 

and protein intake; reducing intake of foods high in refined carbohydrates and 

saturated fats; increasing fibre intake; and aiming for intake of two serves of 

fruit, five serves of vegetables, and three serves of dairy per day(205). Physical 

activity advice focused mainly on increasing daily walking and incidental 

activity. The intervention was provided over multiple sessions, both in person 

and over the phone. Following an initial planning session, and a follow up session 

with a research dietitian at 28 weeks’ gestation, additional contact with the 

research assistants occurred at 22, 24, 32, and 36 weeks’ gestation. Women were 

encouraged to set achievable goals, identify barriers to change, and provided 

with support to problem solve and make dietary and lifestyle changes over the 

course of the pregnancy.  

 

2.3 The LIMIT randomised trial 
 

The LIMIT trial recruited women with a BMI ≥25 kg/m2 (measured in early 

pregnancy) and who had a singleton pregnancy between 10+0 and 20+0 weeks of 

gestation. In total, 2212 women were randomised (Lifestyle Advice Group 

[n=1108] or Standard Care Group [n=1104]) (Figure 2.1) using a computer-

generated schedule, with stratification for maternal parity (0 versus ≥1), BMI at 

antenatal booking (25.0-29.9 versus ≥30.0 kg/m2), and collaborating centre. Of 

these, 1,847 women (935 Lifestyle Advice, 912 Standard Care) underwent one or 

more research ultrasounds over pregnancy (Figure 2.1).  
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Figure 2.1. Participant flow: women included in the analysis of ultrasound measures 

of fetal growth and adiposity in the LIMIT randomised trial  
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approached to participate 3262 women declined 

40% not interested; 
31% too busy/other commitments; 
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image during pregnancy 

2212 women provided written 
consent and were randomised 

1108 (50.09%) women 
randomised to lifestyle 

advice 

1104 (49.91% women 
randomised to standard care 

3 women withdrew consent to use 
data 

25 women miscarriage before 20 
weeks or termination of pregnancy 
5 women suffered stillbirth after 20 

weeks 
1075 live born infants 

4 neonatal deaths (3 lethal 
anomalies) 

1 maternal death 

7 women withdrew consent to use 
data 

25 women miscarriage before 20 
weeks or termination of pregnancy 
5 women suffered stillbirth after 20 

weeks 
1067 live born infants 

1 neonatal death 
1 maternal death 

935 women with one or more 
ultrasound scans 

912 women with one or more 
ultrasound scans 

900 women with one or more 
ultrasound scans and GDM status 

included in the analysis 

12 women excluded: 
11 women with no 

information about GDM 
status 

1 woman with 
incomplete ultrasound 

data 
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2.3.1 The LIMIT randomised trial: outcomes and primary findings 
 

A summary of women primary outcomes and principal findings for women 

recruited to the LIMIT randomised trial are detailed in Table 2.1. The LIMIT 

randomised trial had a primary outcome of infant large for gestational age 

(birthweight >90th percentile for gestational age and infant sex)(188). While no 

statistically significant difference in occurrence of infants born LGA was 

identified (203/1075 (19%) Lifestyle Advice group vs. 224/1067 (21%) 

Standard Care group; adjusted relative risk 0.90, 95% confidence interval 0.77, 

1.07; p=0.24), provision of the dietary and lifestyle intervention was associated 

with a statistically significant difference in risk of delivering an infant with 

birthweight >4000gm (164/1075 (15%) Lifestyle Advice group vs. 201/1067 

(19%) Standard Care group; adjusted relative risk 0.82; 95% confidence interval 

0.68, 0.99; p=0.04)(188). Women in the Lifestyle Advice group successfully 

increased their intake of fruit and vegetables, dietary fibre and reduced intake of 

saturated fats(190). Women randomised to the Lifestyle Advice group also 

reported greater total physical activity than women randomised to the Standard 

Care group(190).  

 

2.4 The GRoW randomised trial 
 

The GRoW randomised trial recruited women with a BMI ≥25 kg/m2 (measured 

in early pregnancy) and a singleton pregnancy between 10+0 and 20+0 weeks of 

gestation(204, 206). In total, 524 women were recruited and randomised to this 

study (Figure 2.2). Women were stratified according to parity (0 versus ≥1), BMI 

at booking visit (25.0-30.0 kg/m2 versus ≥30.0 kg/m2), and collaborating centre. 

A total of 10 women withdrew, underwent a termination of pregnancy, or 

suffered a miscarriage before 20 weeks’ gestation, resulting in 256 women and 

their infants in the Metformin Group and 258 women and their infants in the 

Placebo group who were included in primary analyses(193) (Figure 2.2). A total of 

511 women attended for one or more research ultrasound over the course of 

their pregnancy, 255 women from the Metformin Group and 256 women from 
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the Placebo Group (Figure 2.2). All women recruited to the GRoW randomised 

trial received the antenatal dietary and lifestyle intervention as described above 

for the LIMIT trial.  
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Figure 2.2: Participant flow: women included in the analysis of ultrasound 

measures of fetal growth and adiposity in the GRoW randomised trial 
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2.4.1 The GRoW randomised trial: Intervention and control 
 

In addition to the dietary and lifestyle advice, women recruited to the Metformin 

Group received a supply of oral metformin tablets (500mg) and were instructed 

to start taking one tablet per day for the first week, then increase to a maximum 

of two tablets twice daily (maximum 2000mg daily) over four weeks as 

tolerated, and to continue over the course of the pregnancy. Women allocated to 

the Placebo Group received a supply of placebo tablets identical in taste and 

appearance to the metformin tablets, and similarly instructed to start taking one 

tablet per day for the first week, then increase to a maximum of two tablets twice 

daily over four weeks as tolerated and continue over the course of the 

pregnancy. The metformin and placebo tablets were packaged by an 

independent pharmaceutical packaging company (Pharmaceutical Packaging 

Professionals, Victoria).  

 

2.4.2 The GRoW randomised trial: Outcomes and primary findings 
 

A summary of women recruited to the GRoW randomised trial, the primary 

outcome and principal findings are shown in table 2.1. The primary outcome of 

the GRoW randomised trial was delivery of an infant with birthweight >4000 

g(204). No statistically significant effect of adjuvant metformin on birthweight 

>4000g was identified (Metformin group 40/256 [15.63%] versus Placebo group 

37/258 [14.34%]; adjusted treatment effect 0.97; 95% CI 0.65 to 1.47; p = 

0.899)(204). While antenatal treatment with oral metformin was associated with a 

reduction in average weekly gestational weight gain, this difference was small 

and unlikely of clinical relevance, particularly as there was no difference in total 

gestational weight gain(204). There were no statistically significant differences in 

other secondary maternal or infant outcomes(204). 

  

2.5 The Optimise randomised trial 
 

The Optimise randomised trial recruited women who had a normal BMI (18.5-

24.9 kg/m2) at their first antenatal booking visit, and were recruited only from 
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WCH (201, 207).  As for the LIMIT and GRoW trials, women could be included if they 

had a  singleton pregnancy between 10+0 and 20+0 weeks’ gestation and did not 

have diabetes or other health problem precluding dietary change. 

Randomisation was stratified by parity (0 versus ≥1). A total of 641 women were 

recruited and randomised to the Optimise trial (319 women Lifestyle Advice 

group, 322 women Standard Care group). A total of 4 women withdrew consent, 

4 women suffered a miscarriage or underwent a termination of pregnancy prior 

to 20 weeks’ gestation, and 4 women suffered a stillbirth after 20 weeks’ 

gestation (Figure 2.3). In total, 633 women and their infants (316 women 

Lifestyle Advice group and 317 women Standard Care group) were included in 

the primary analysis(201). All 633 women underwent at least one research 

ultrasound over the course of their pregnancy, and contributed clinical and 

ultrasound data to the analyses (Figure 2.3).  
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Figure 2.3: Participant flow: women included in the analysis of ultrasound 

measures of fetal growth and adiposity in the Optimise randomised trial 
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the analysis 
 



 67 

2.5.1 The Optimise randomised trial: Intervention and control 
 

In total, 641 women were randomised to either Lifestyle Advice (n=319) or 

Standard Care (n=322)(201).  The Lifestyle Advice group received the same 

antenatal dietary and lifestyle advice as for the LIMIT trial, described above(199).  

Women randomised to the Standard Care group were managed per current 

state-based and local hospital guidelines(200).  

 

2.5.2 The Optimise randomised trial: Outcomes and primary findings 
 

Details about the women recruited to the Optimise trial, the primary study 

outcome, and principal findings are shown in Table 2.1. The primary outcome of 

the Optimise randomised trial was delivery of an infant with birthweight >4000 

g(201, 208). There was no statistically significant difference in the proportion of 

infants born with birthweight >4000g between the Lifestyle Advice and 

Standard Care groups (24/316 (7.59%) versus 26/313 (8.31%) respectively; 

adjusted relative risk (aRR) 0.91; 95% confidence interval (CI) 0.54, 1.55; p = 

0.732)(201). Women randomised to the Lifestyle Advice group reported 

improvements in their dietary quality over pregnancy, compared with women 

who were randomised to Standard Care(201). However, there were no statistically 

significant differences for total gestational weight gain (11.32 ± 3.96 kg Lifestyle 

Advice versus 11.70 ± 3.78 kg Standard Care; adjusted mean difference (aMD) -

0.37; 95% CI -0.97 to 0.23; p=0.227), or any other pregnancy, birth, or neonatal 

outcomes between the Lifestyle Advice or Standard Care groups(201). 
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2.6 Ultrasound measures – fetal biometry  
 

Ultrasound assessment included measurements of fetal biometry, measured in 

accordance with national and international standards of practice (209, 210), and 

consisting of biparietal diameter (BPD), head circumference (HC), abdominal 

circumference (AC), and femur length (FL).  

 

2.6.1 Head circumference and biparietal diameter 
 

Measurements of HC and BPD were taken from the same image, in a transverse 

axial section of the fetal head (figure 2.4). The cavum septum pellucidum and 

thalami were visualised, and the falx cerebri was seen anteriorly and posteriorly. 

The BPD was measured in centimetres, by placing callipers at the outer edge of 

the nearer parietal bone to the inner edge of the distal parietal bone(211). The HC 

was measured in centimetres, by placing an ellipse around the edge of the outer 

skull bone (211).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Ultrasound image of fetal biparietal diameter (BPD; blue arrow) and 

head circumference (HC; white arrow). Participant image used with permission.  
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2.6.2 Abdominal circumference 
 

The AC was measured by obtaining a transverse image of the fetal abdomen at 

the level of the fetal liver and stomach, including the left portal vein at the 

umbilicus (211) (figure 2.5). The AC was measured in centimetres.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Ultrasound image of fetal abdominal circumference (AC). Participant 

image used with permission.  

 

2.6.3 Femur length 
 

Fetal FL was measured with the fetal thigh in a longitudinal view, and the bone 

imaged across the ultrasound beam axis and taking up the majority of the view. 

Callipers were placed along the diaphyseal shaft, excluding the epiphysis, and FL 

was measured in centimetres (figure 2.6). 
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Figure 2.6. Ultrasound image of fetal femur length (FL). Participant image used 

with permission.  

 

Fetal biometry measures were assessed at three time points: 20, 28, and 36 

weeks’ gestation. Fetal biometry velocities were calculated as the difference 

between 28 and 36 week measures, calculated as total change / number of actual 

days between measurements.  

 

2.6.4 Estimated fetal weight 
 

Estimated fetal weight (EFW) was calculated from standard biometry measures 

using the Hadlock C formula(211, 212), defined as:  

𝐸𝐸𝐸𝐸𝐸𝐸 (𝑔𝑔𝑔𝑔)

=  10(1.5662 − 0.0108 × 𝐻𝐻𝐻𝐻 +0.0468 × 𝐴𝐴𝐴𝐴 +0.171 × 𝐹𝐹𝐹𝐹 +0.00034 × 𝐻𝐻𝐻𝐻 × 10 −0.003685 × 𝐴𝐴𝐴𝐴 × 𝐹𝐹𝐹𝐹)  

 

2.6.5 Fetal growth – calculation of fetal biometry z-scores 
 

Fetal biometry measures were converted to z-scores where appropriate 

reference values existed, to allow for comparison to a standard reference 

Australian population (211, 213, 214). Z-scores are calculated by taking the difference 

between the observed value and the reference mean, then dividing by the 

reference standard deviation; they therefore represent a measurement in units 

of reference standard deviations from the reference mean. The reference values 

are relative to sex and gestational age. Z-scores >0 therefore represent values 

that are above the reference population mean, while negative z-scores represent 

values that are below the reference population mean. 
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Fetal biometry velocity z-scores were also calculated, with reference to fetal 

growth velocity in a standard reference population (214). 

 

2.7 Ultrasound measures – fetal adiposity  
 

Fetal adiposity measurements obtained included mid-thigh total mass (MTTM), 

mid-thigh lean mass (MTLM), mid-thigh fat mass (MTFM), abdominal fat mass 

(AFM), and subscapular fat mass (SSFM)(118-121, 123, 215).  

 

2.7.1 Mid-thigh total mass, mid-thigh lean mass, and mid-thigh fat mass 
 

Measurements of MTTM, MTLM and MTFM were obtained by taking a 

longitudinal view of the femur, then rotating the transducer through 90 degrees 

to obtain a cross-sectional view of the mid-thigh (119, 120). MTFM was measured by 

taking the total cross-sectional limb area (MTTM) and subtracting MTLM 

(consisting of the central lean area comprising muscle and bone) (Figure 2.7).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Ultrasound image of fetal mid-thigh total mass (MTTM; blue arrow), 

mid-thigh fat mass (MTFM; white arrow), and mid-thigh lean mass (MTLM). 

Participant image used with permission.  
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2.7.2 Abdominal fat mass 
 

Fetal AFM was measured at the same level as for the AC (described above), 

between fetal mid-axillary lines and anterior to the margins of the ribs (Figure 

2.8)(119, 121). This was measured in millimetres and using magnification.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Ultrasound image of fetal abdominal fat mass (AFM; blue arrow). 

Participant image used with permission.  

 

 

2.7.3 Subscapular fat mass 
 

The SSFM was obtained by a sagittal view of the fetal trunk, to view the entire 

longitudinal section of the scapula (Figure 2.9). The subcutaneous fat tissue 

measurement was taken at the level of the end of the scapula (119), and measured 

in millimetres.  
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Figure 2.9. Ultrasound image of fetal subscapular fat mass (SSFM; blue arrow). 

Participant image used with permission.  

 

These measurements have demonstrated good inter-observer variability, 

including among women who are overweight or obese(118). 

 
Fetal ultrasound measures of adiposity were taken at two time points – 28 and 

36 weeks’ gestation. 

 

Fetal adiposity velocities were calculated as the difference between 28 and 36 

week measures, calculated as total change / number of actual days between 

measurements.  

 

 

2.8 Sample size 
 

The sample size available for the analyses were fixed by the number of women 

who underwent research ultrasounds for at least one time point in the three 

randomised trials. Additionally, some analyses utilised only results from women 

randomised to the Standard Care groups of the LIMIT and Optimise randomised 

trials (188, 201) Each of the three harmonised randomised trials had their own 

prespecified sample sizes calculated to provide sufficient power for their 

respective primary outcomes(188, 193, 201). Detectable difference calculations 
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relevant to the research questions are presented in each of the chapters that 

follow.  
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Chapter 3: Effect of increasing maternal BMI on fetal growth 
and adiposity 
 

The analyses in this chapter have been accepted and presented as a poster 

presentation at the International Society of Ultrasound in Obstetrics and 

Gynaecology (ISUOG) Virtual World Congress 2021 (Appendix 1).  

 

3.1 Background 
 

While it is well recognised that the infants born to women who are overweight 

or obese are at an increased risk of being born LGA or with high birthweight, less 

is known about fetal growth and fetal growth trajectories in this high risk 

population. In particular, it is unclear whether the growth of fetuses of women 

who are overweight or obese differs from that of women who are of a normal 

BMI(182, 185, 216). Such knowledge has potential implications for timing of antenatal 

interventions to reduce the risk of infants being born LGA.  
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What is known?   

• Women who are overweight or obese in pregnancy are at an increased 

risk of delivering an infant with high birthweight, and with increased fat 

mass 

What is not known?   

• Which fetal biometry measures differ and when, during pregnancy, fetal 

growth diverges with increasing maternal BMI 

• The effect of increasing maternal BMI on fetal subcutaneous fat mass 

measures over the third trimester 

What do these analyses add to previous knowledge?  

• There is a continuous, positive linear relationship between increasing 

maternal BMI and fetal growth measures, with no evidence of threshold 

effects 

• The effect of increasing maternal BMI on fetal growth measures is seen as 

early as 20 weeks’ gestation, and impacts fetal growth velocity over the 

third trimester 

• Maternal BMI is associated with increased fetal subcutaneous fat 

measures at 36 weeks’, but not 28 weeks’ gestation 

 

3.2 Aims  
To describe the effect of increasing maternal BMI, across the BMI spectrum, on 

fetal growth and adiposity. 

 

3.3 Objectives 
To describe: 

• The effect of maternal BMI on fetal biometry measures and estimated 

fetal weight; 

• The effect of maternal BMI on fetal adiposity measures; and 

• The effect of maternal BMI on fetal growth velocity. 
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3.4 Methods pertaining to this chapter 
 

3.4.1 Description of the cohort 
 

The analyses reported in this chapter use data obtained from research 

ultrasounds of participants randomised to the Standard Care groups of the 

LIMIT(199) and Optimise(201) randomised controlled trials.  

 

3.4.2 Detectable difference calculation 
 

The total sample size available for these analyses was 1,377 participants. 

Calculations were performed for 80% power at one time point, using n=1,121 

(the number of 36 week ultrasounds) and n=1,126 (the number of 28 week 

ultrasounds). The effect of interest was defined as the slope of the regression 

line, with power to detect a difference from 0 (indicating no relationship). Based 

on these calculations, the analyses presented have 80% power to detect, at a 

single time point (either 28 weeks or 36 weeks), a slope of 0.08, corresponding 

to a change in the fetal measure of 0.08 units for each unit increase in maternal 

BMI.  

 

3.4.3 Analyses 
 

As the aim of this study was to characterise and estimate the effect of maternal 

BMI on fetal growth and adiposity measures, a range of statistical analyses were 

performed. Firstly, to explore whether the relationship between maternal BMI 

and fetal growth and adiposity measures was linear in nature, and secondly, to 

estimate this relationship.  

 

3.4.3.1 Analysis 1. What is the nature of the relationship between increasing 

maternal BMI and fetal growth and adiposity measures?    
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Fractional polynomial models(217) were used to investigate whether the 

relationship between maternal BMI and fetal growth and adiposity was best 

described by a linear, or nonlinear, relationship. Each time point was modelled 

separately. A series of models were fitted including a predefined set of candidate 

polynomial transformations allowing for up to two polynomial terms per model, 

using the mfp package(218) in R v.4.0 (R Foundation for Statistical Computing). 

The models were then compared using the deviance difference compared to a 

‘full’ model, in order to select the ‘optimal’ model (the model which best balances 

good fit with parsimony, i.e. fewer parameters). The models were adjusted for 

maternal age, BMI, parity, smoking and Socioeconomic Indexes for Areas Index 

of Relative Socioeconomic Disadvantage (SEIFA IRSD) quintile.  

 

3.4.3.2 Analysis 2. What is the effect of increasing maternal BMI on fetal growth 

and adiposity? 

 

Analyses were performed using linear regression models, with Generalised 

Estimating Equations (GEEs) to account for repeated measures where relevant. 

Both adjusted and unadjusted models were fitted, with adjusted models 

including maternal age, parity, SEIFA IRSD Quintile and smoking status as 

covariates. For outcomes measured at multiple time points, a time-by-BMI 

interaction term was included, and the effect of BMI was estimated separately for 

each time point, regardless of the significance of the interaction term.  

 

Results are presented as the estimated difference in mean fetal growth measure 

corresponding to a 5 kg/m2 increase in maternal BMI, and 95% confidence 

interval, at each time point. The p value for the interaction term is also given 

(indicated by an asterisk).  
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3.5 Results 
 

3.5.1 Baseline characteristics 
 

The cohort consisted of 1,377 women who underwent one or more fetal 

ultrasound assessments. A total of 1,060 women participated in the LIMIT, and 

317 women participated in the Optimise randomised trials. Baseline 

characteristics are presented in Table 3.1, and are similar to the respective full 

randomised cohorts(188, 201).  

 

There were differences in baseline characteristics between the women in the 

LIMIT randomised trial and the Optimise randomised trial. Maternal BMI at trial 

entry differed between the two groups, as a result of the different inclusion 

criteria of the respective trials (Table 3.1). Women recruited to the Standard 

Care group of the LIMIT randomised trial were more likely to be in their second 

or subsequent pregnancy (635 women (59.91%) versus 131 women (41.32%)), 

report being smokers (122 women (11.51%) versus 13 women (4.10%)), and to 

be of Caucasian ethnicity (962 women (90.75%) versus 215 women (67.82%)), 

than women recruited and randomised to the Standard Care group of the 

Optimise randomised trial (Table 3.1). Approximately half of the women in the 

Standard Care groups of both randomised trials came from the two most 

disadvantaged socioeconomic quintiles (569 women (53.68%) versus 151 

women (47.64%) (Table 3.1).   
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Table 3.1 – Participant baseline characteristics: effect of maternal BMI on fetal 

growth and adiposity  

 

Characteristic LIMIT 
Randomised Trial 

Optimise 
Randomised Trial 

Overall numbers 1,060 317 

BMI (kg/m2): Mean (SD) 32.40 (5.94) 22.15 (1.66) 
BMI category: N(%) 

18.5-24.9 
25.0-29.9 
30.0-34.9 
35.0-39.9 
≥40.0 

 
0 (0.00) 

457 (43.11) 
306 (28.87) 
175 (16.51) 
122 (11.51) 

 
317 (100.00) 

0 (0.00) 
0 (0.00) 
0 (0.00) 
0 (0.00) 

Parity: N(%) 
0 

  1+ 

 
425 (40.09) 
635 (59.91) 

 
186 (58.68) 
131 (41.32) 

Smoking Status: N(%) 
Non-smoker 

Smoker 
Missing 

 
913 (86.13) 
122 (11.51) 

25 (2.36) 

 
302 (95.27) 

13 (4.10) 
2 (0.63) 

Quintile of Relative Socioeconomic 
Disadvantage: N(%) 

 
Q1 (most disadvantaged) 

Q2 
Q3 
Q4 

Q5 (least disadvantaged) 

 
 
 

311 (29.34) 
258 (24.34) 
167 (15.75) 
169 (15.94) 
155 (14.62) 

 
 
 

58 (18.30) 
93 (29.34) 
39 (12.30) 
76 (23.97) 
51 (16.09) 

Ethnicity: N(%) 
Caucasian 

Non-Caucasian 

 
962 (90.75) 

98 (9.25) 

 
215 (67.82) 
102 (32.18) 

 
BMI, body mass index. SD, standard deviation. N, number.  
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3.5.2 What is the nature of the relationship between increasing maternal BMI and 

fetal growth and adiposity measures?   

 

Table 3.2 shows the recommended polynomial terms for each outcome at each 

time point, and each outcome velocity, where applicable. These findings support 

a linear relationship between maternal BMI and fetal growth and adiposity 

measures, and fetal growth and adiposity measure z-scores. The model fit was 

not significantly improved by the addition of nonlinear terms for any outcome at 

all time points.  
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Table 3.2 - Recommended polynomial models for fetal growth and adiposity, 

and growth velocities  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, abdominal 
circumference. EFW, estimated fetal weight. MTLM, mid-thigh lean mass. MTFM, mid-thigh fat 
mass. AFM, abdominal fat mass. SSFM, subscapular fat mass.  
  

Outcome 20 weeks 28 weeks 36 weeks 

BPD 2, 3 1 1 

HC 3 3, 3 1 

FL 1 1 1 

AC 1 1 1 

EFW - 1 1 

MTLM - 1 1 

MTFM - 1 1 

AFM - 1 1 

SSFM - 1 -2 

BPD z-score 3 1 1 

HC z-score 1 0.5, 0.5 3 

AC z-score 1 1 1 

FL z-score 1 1 1 

EFW z-score - 1 1 

BPD velocity 1 

HC velocity 1 

FL velocity 1 

EFW velocity 1 
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3.5.3 Effect of maternal BMI on fetal growth and biometry measures  
 
Results of linear regression models are presented in Table 3.3, and are presented 

as estimated difference in means of fetal growth measures corresponding to a 5 

kg/m2 increase in maternal BMI, and 95% confidence interval. There is a positive 

relationship between maternal BMI and all fetal biometry measures. As EFW is 

calculated from the aforementioned fetal biometry measures, there is also a 

positive relationship between maternal BMI and calculated EFW. With regards to 

the effect of maternal BMI on calculated EFW, for every 5 kg/m2 increase in 

maternal BMI, mean EFW increases by 20.76 g (95% CI 7.04, 24.48 g; p=0.003) at 

28 weeks’ gestation, and by 43.33 g (95% CI 25.20, 61.46 g; p<0.001) at 36 

weeks’ gestation. In the case of fetal HC, FL, and calculated EFW, this positive 

relationship with increasing maternal BMI varied with time. The relationship 

between increasing maternal BMI and fetal AC measurements, however, did not 

vary significantly with time, and remained statistically significant at all time 

points assessed.  
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Table 3.3 – Effect of maternal BMI on fetal growth measures 

 

 

BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, abdominal 
circumference. EFW, estimated fetal weight. Unadj Est, unadjusted estimate. Unadj p, unadjusted 
p value. Adj Est, adjusted estimate. Adj p, adjusted p value. CI, confidence interval. * denotes the p 
value for the interaction term (a test of whether the relationship differs between time points). 
Adjusted models included maternal age, parity, SEIFA IRSD Quintile and smoking status as 
covariates.  
  

Outcome Unadj Est (95% CI) Unadj p Adj Est (95% CI) Adj p 
BPD (cm)  0.294*  0.242* 
 20 Weeks 0.04 (0.02, 0.05) <0.001 0.04 (0.02, 0.05) <0.001 
 28 Weeks 0.02 (0.00, 0.04) 0.020 0.02 (0.00, 0.04) 0.049 
 36 Weeks 0.03 (0.01, 0.04) <0.001 0.03 (0.01, 0.04) 0.001 
HC (cm)  0.015*  0.013* 
 20 Weeks 0.14 (0.09, 0.19) <0.001 0.16 (0.11, 0.21) <0.001 
 28 Weeks 0.05 (-0.01, 0.11) 0.103 0.07 (-0.00, 0.13) 0.052 
 36 Weeks 0.06 (0.01, 0.12) 0.019 0.08 (0.03, 0.14) 0.004 
FL (cm)  0.001*  0.001* 
 20 Weeks 0.04 (0.03, 0.05) <0.001 0.04 (0.03, 0.05) <0.001 
 28 Weeks 0.02 (0.00, 0.03) 0.040 0.01 (-0.00, 0.03) 0.106 
 36 Weeks 0.01 (-0.01, 0.03) 0.205 0.01 (-0.01, 0.03) 0.271 
AC (cm)  0.151*  0.080* 
 20 Weeks 0.14 (0.09, 0.20) <0.001 0.14 (0.08, 0.20) <0.001 
 28 Weeks 0.12 (0.04, 0.19) 0.004 0.11 (0.02, 0.19) 0.011 
 36 Weeks 0.20 (0.12, 0.28) <0.001 0.21 (0.13, 0.29) <0.001 
EFW (g)  0.018*  0.006* 

28 Weeks 16.80 (5.24, 28.35) 0.004 20.76 (7.04, 34.48) 0.003 
36 Weeks 36.35 (18.99, 53.72) <0.001 43.33 (25.20, 61.46) <0.001 
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3.5.4 Effect of maternal BMI on fetal growth measure z-scores 
 
There is a positive relationship between increasing maternal BMI and all fetal 

biometry and calculated EFW z-scores, at all time points assessed (Table 3.4). 

Results are presented as estimated difference in mean fetal biometry measure z-

score for an increase in maternal BMI of 5 kg/m2, and 95% confidence interval. 

The relationship between increasing maternal BMI and fetal AC z-score showed 

evidence of change with time, such that, at 20 weeks’ gestation, this relationship 

was not statistically significant (adjusted estimate 0.02 (95% CI -0.02, 0.07), 

p=0.314), whereas there was a statistically significant positive relationship at 

both 28 (adjusted estimate 0.08 (95% CI 0.04, 0.12), p<0.001) and 36 weeks’ 

gestation (adjusted estimate 0.15 (95% CI 0.10, 0.19), p<0.001)(Table 3.4). The 

relationship between increasing maternal BMI and calculated EFW z-score was 

also statistically significant, and varied with time, having a greater effect size 

estimate at 36 weeks’ (adjusted estimate 0.12 (95% CI 0.08, 0.16), p<0.001) than 

at 28 weeks’ gestation (adjusted estimate 0.08 (95% CI 0.08, 0.16), p<0.001). 

There was no evidence of the relationship between increasing maternal BMI and 

fetal BPD z-score, HC z-score, or FL z-score changing with time.  
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Table 3.4 – Effect of maternal BMI on fetal growth z-scores 

 

Outcome Unadj Est (95%CI) Unadj p Adj Est (95% CI) Adj p 
BPD z-score  0.117*  0.153* 
 20 Weeks 0.06 (0.02, 0.10) 0.006 0.06 (0.02, 0.11) 0.006 
 28 Weeks 0.07 (0.01, 0.13) 0.019 0.08 (0.01, 0.14) 0.018 
 36 Weeks 0.11 (0.06, 0.16) <0.001 0.11 (0.06, 0.16) <0.001 

HC z-score  0.290*  0.319* 
 20 Weeks 0.04 (0.01, 0.06) 0.012 0.06 (0.03, 0.09) <0.001 

 28 Weeks 0.03 (-0.01, 0.07) 0.177 0.05 (0.01, 0.09) 0.016 

 36 Weeks 0.06 (0.02, 0.09) 0.003 0.08 (0.04, 0.12) <0.001 

AC z-score  <0.001*  <0.001* 
 20 Weeks 0.01 (-0.03, 0.06) 0.544 0.02 (-0.02, 0.07) 0.314 
 28 Weeks 0.07 (0.03, 0.10) 0.001 0.08 (0.04, 0.12) <0.001 

 36 Weeks 0.13 (0.09, 0.17) <0.001 0.15 (0.10, 0.19) <0.001 

FL z-score  0.670*  0.571* 
 20 Weeks 0.06 (0.04, 0.09) <0.001 0.07 (0.04, 0.10) <0.001 
 28 Weeks 0.05 (0.00, 0.09) 0.031 0.05 (0.01, 0.10) 0.027 

 36 Weeks 0.05 (0.00, 0.10) 0.036 0.05 (0.01, 0.10) 0.030 

EFW z-score  0.041*  0.027* 
28 Weeks 0.07 (0.03, 0.11) <0.001 0.08 (0.04, 0.13) <0.001 
36 Weeks 0.11 (0.07, 0.15) <0.001 0.12 (0.08, 0.16) <0.001 

 
 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, abdominal 
circumference. EFW, estimated fetal weight. Unadj Est, unadjusted estimate. Unadj p, unadjusted 
p value. Adj Est, adjusted estimate. Adj p, adjusted p value. CI, confidence interval. * denotes the p 
value for the interaction term (a test of whether the relationship differs between time points). 
Adjusted models included maternal age, parity, SEIFA IRSD Quintile and smoking status as 
covariates.  
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3.5.5 Effect of maternal BMI on fetal adiposity measures 
 

The effect of maternal BMI on fetal adiposity measures at 28 and 36 weeks of 

pregnancy is presented in Table 3.5. Data are presented as estimated difference 

in means for every 5 kg/m2 increase in maternal BMI. At 28 weeks’ gestation, 

increasing maternal BMI was associated with a statistically significant positive 

effect on MTTM and MTLM, but not MTFM, AFM or SSFM (Table 3.5). A 

significant positive relationship between maternal BMI and measures of fetal 

adiposity (MTFM, AFM, and SSFM) was observed at 36 weeks’ gestation.  
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Table 3.5 – Effect of maternal BMI on fetal adiposity measures  

 

Outcome Unadj Est (95% CI) Unadj p Adj Est (95% CI) Adj p 
MTTM (cm²)  0.707*  0.740* 
 28 Weeks 0.23 (0.11, 0.35) <0.001 0.22 (0.09, 0.35) 0.001 
 36 Weeks 0.28 (0.00, 0.56) 0.048 0.27 (-0.01, 0.55) 0.060 
MTLM (cm²)  0.139*  0.130* 
 28 Weeks 0.17 (0.11, 0.23) <0.001 0.17 (0.10, 0.24) <0.001 
 36 Weeks 0.06 (-0.08, 0.19) 0.389 0.06 (-0.08, 0.19) 0.424 
MTFM (cm²)  0.121*  0.127* 
 28 Weeks 0.06 (-0.01, 0.14) 0.112 0.05 (-0.03, 0.14) 0.202 
 36 Weeks 0.22 (0.02, 0.42) 0.035 0.21 (0.00, 0.41) 0.045 
AFM (mm)  0.005*  0.006* 
 28 Weeks 0.04 (-0.02, 0.10) 0.171 0.02 (-0.04, 0.08) 0.580 
 36 Weeks 0.20 (0.10, 0.30) <0.001 0.17 (0.07, 0.28) 0.001 
SSFM (mm)  <0.001*  <0.001* 
 28 Weeks 0.01 (-0.04, 0.06) 0.615 -0.01 (-0.07, 0.04) 0.630 
 36 Weeks 0.28 (0.19, 0.36) <0.001 0.26 (0.17, 0.35) <0.001 

 
MTTM, mid-thigh total mass. MTLM, mid-thigh lean mass. MTFM, mid-thigh fat mass. AFM, 
abdominal fat mass. SSFM, subscapular fat mass. Unadj Est, unadjusted estimate. Unadj p, 
unadjusted p value. Adj Est, adjusted estimate. Adj p, adjusted p value. CI, confidence interval. * 
denotes the p value for the interaction term (a test of whether the relationship differs between 
time points). Adjusted models included maternal age, parity, SEIFA IRSD Quintile and smoking 
status as covariates. 
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3.5.6 Effect of maternal BMI on fetal growth velocity  
 

The effect of maternal BMI on fetal growth velocity is presented in Table 3.6. 

Data are presented as mean change in measure for every 5 kg/m2 increase in 

maternal BMI. A positive relationship between maternal BMI and BPD, AA, and 

EFW velocities was observed, but there was no evidence of a relationship with 

FL or HC velocity (Table 3.6).  
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Table 3.6 – Effect of maternal BMI on fetal biometry and estimated fetal weight 

velocities 

 

Outcome Unadj Est (95% CI) Unadj p Adj Est (95% CI) Adj p 

BPD Velocity (cm/wk) 0.003 (0.001, 0.004) 0.005 0.002 (0.000, 0.004) 0.026 

HC Velocity (cm/wk) 0.005 (-0.002, 0.011) 0.139 0.005 (-0.003, 0.012) 0.205 

FL Velocity (cm/wk) 0.000 (-0.001, 0.002) 0.605 -0.000 (-0.002, 0.001) 0.766 

AA Velocity (cm²/wk) 0.111 (0.072, 0.150) <0.001 0.110 (0.066, 0.155) <0.001 

EFW Velocity (g/wk) 4.360 (2.837, 5.884) <0.001 4.409 (2.704, 6.115) <0.001 

 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AA, abdominal area. EFW, 
estimated fetal weight. Unadj Est, unadjusted estimate. Unadj p, unadjusted p value. Adj Est, 
adjusted estimate. Adj p, adjusted p value. CI, confidence interval.  
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3.5.7 Effect of maternal BMI on fetal growth velocity z-scores 
 

The effect of increasing maternal BMI on fetal growth velocity z-scores is 

presented in Table 3.7.  Data are presented as change in the measure for every 5 

kg/m2 increase in maternal BMI. As with fetal growth velocity, increasing 

maternal BMI was associated with increasing BPD, AA, and EFW velocity z-

scores. There was no evidence of a relationship between increasing maternal 

BMI and FL or HC velocity z-score.  
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Table 3.7 – Effect of maternal BMI on fetal biometry and estimated fetal weight 

velocity z-scores 

 

Outcome Unadj Est (95% CI) Unadj p Adj Est (95% CI) Adj p 

BPD Velocity z-score 0.066 (0.021, 0.111) 0.004 0.072 (0.021, 0.123) 0.006 
HC Velocity z-score 0.005 (-0.002, 0.011) 0.139 0.005 (-0.003, 0.012) 0.205 
FL Velocity z-score 0.013 (-0.035, 0.061) 0.598 0.000 (-0.053, 0.054) 0.987 
AA Velocity z-score 0.106 (0.068, 0.145) <0.001 0.109 (0.065, 0.153) <0.001 

EFW Velocity z-score 0.132 (0.086, 0.178) <0.001 0.134 (0.082, 0.185) <0.001 
 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AA, abdominal area. EFW, 
estimated fetal weight. Unadj Est, unadjusted estimate. Unadj p, unadjusted p value. Adj Est, 
adjusted estimate. Adj p, adjusted p value. CI, confidence interval.  
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3.6 Discussion 
 

These analyses identify a positive linear relationship between increasing 

maternal BMI and measures of fetal growth, and measures of fetal adiposity 

beyond 28 weeks’ gestation. There is also a strong positive relationship with 

maternal BMI for most fetal biometry measure velocities over the course of 

pregnancy.  

 

These findings are consistent with published literature to date. Specifically, the 

findings demonstrate increasing maternal BMI is associated with increasing fetal 

biometry measures evident from 20 weeks’ gestation. Sovio and colleagues(182) 

have reported similar findings, where the rate of abdominal circumference 

measurements greater than the 90th percentile was higher among women who 

were obese, compared with women who were not obese, as early as 20 weeks’ 

gestation. While this group only reported on abdominal circumference (AC) and 

head circumference (HC), the current analyses extend this to include additional 

fetal biometry measures (FL and BPD), and estimated fetal weight (EFW). Ay and 

colleagues(184) have also demonstrated in Dutch women in the highest BMI 

quintile, estimated fetal weight z-scores were higher from mid-pregnancy, 

compared with women with a BMI in the reference BMI quintile (3rd quintile). 

Similarly, Zhang and colleagues identified increased fetal biometry measures 

from 21 weeks’ gestation among women who were obese, in comparison to 

fetuses of women who were of a normal BMI or overweight(185). 

 

In the current analyses maternal BMI was considered as a continuous variable, 

demonstrating a linear relationship between maternal BMI and fetal growth 

measures, with no threshold effects. Previously published studies have 

considered maternal BMI as a categorical variable(182, 184, 185, 219), with 

categorisation reducing statistical power. These studies also had relatively small 

numbers of women at the extremes of maternal BMI(182, 184, 185), and therefore 

may have been underpowered to characterise the relationship between maternal 

BMI and fetal growth measures.   
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Consideration of when, over the course of pregnancy, maternal BMI begins to 

exert an effect on fetal growth measures is of importance in considering 

antenatal interventions, as most interventions commence in the late first or early 

second trimester(188, 220, 221). The ultrasound findings reported here suggest 

divergence of fetal growth from as early as 20 weeks’ gestation, thus 

interventions commencing in very early pregnancy, or targeting the 

preconception period, may be more effective.  

 

Furthermore, infant anthropometry has been adopted as a surrogate marker of 

intrauterine fat deposition and has not considered longitudinal patterns of 

adipose accumulation(112, 222, 223).  The findings presented here are the first to 

investigate the effect of maternal BMI on measures of fetal adiposity over the 

course of pregnancy, demonstrating increasing maternal BMI is significantly 

associated with increasing fetal measures of abdominal fat mass, subscapular fat 

mass, and mid-thigh fat mass, at 36 weeks’ gestation, but not 28 weeks’ 

gestation. The third trimester of pregnancy is a time of rapid and proportionally 

increasing fetal fat deposition(224). Thus it is possible that 28 weeks gestation is 

too early to see clinically relevant differences in fetal subcutaneous tissue fat 

thickness measures.  

 

Previous work investigating fetal fat deposition by ultrasound subcutaneous 

tissue fat thickness measures has comprised small numbers of women, who have 

largely been diagnosed with pregestational(225) or gestational diabetes(119, 226, 227). 

Per the Pederson hypothesis, maternal hyperglycaemia increases placental 

glucose transport that, via fetal production of insulin, stimulates increased fetal 

growth and fat deposition(134). While this relationship has been shown among 

women with pregestational or gestational diabetes, it is plausible that alternative 

pathways to hyperglycaemia may be acting to promote fetal growth and fat 

deposition in the setting of maternal overweight and obesity.   
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Chapter 4: The mediating effects of gestational diabetes on 
fetal growth and adiposity in women who are overweight or 
obese  
 

The analyses reported in this chapter have been presented as a poster 

presentation at the Royal College of Obstetrics and Gynaecology (RCOG) 

World Congress, 2017, and published in the British Journal of Obstetrics 

and Gynaecology(228). The poster and published manuscript are included as 

appendices 2 and 3.   

 

4.1 Background 

Women who are overweight or obese in pregnancy are at an increased risk of 

adverse pregnancy outcomes that may act in combination with GDM to affect 

fetal growth and adiposity. GDM is defined as carbohydrate intolerance 

diagnosed during pregnancy, increases in prevalence with increasing maternal 

BMI(56), and is independently associated with adverse perinatal outcomes(143, 154, 

155), including an increased risk of birth of an infant LGA or of high birth weight. 

Maternal overweight or obesity and GDM commonly coexist, and have many 

similar metabolic and endocrine characteristics(168, 229).  

 

It is unclear whether the combination of maternal overweight or obesity and 

GDM represents an additive risk in pregnancy, and whether diagnosis and 

treatment of GDM among women who are overweight or obese modifies this 

risk. It is also unclear how much of the increased risk of adverse outcomes 

attributable to maternal overweight or obesity reflects the increased prevalence 

of GDM. While both conditions have independent effects on fetal growth, 

maternal overweight or obesity may confer additional risk of adverse outcome.  
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4.2 Aim 
To evaluate, among pregnant women who are overweight or obese, the degree to 

which the association between maternal BMI and fetal growth and adiposity is 

mediated via diagnosed and treated GDM 

4.3 Objectives  
The objectives of this chapter are to describe, among women who are 

overweight or obese in early pregnancy: 

• The mediating effect of diagnosed and treated GDM on fetal biometry 

• The mediating effect of diagnosed and treated GDM on fetal adiposity 

measures  

• The mediating effect of diagnosed and treated GDM on fetal biometry 

measure velocity; and 

• The mediating effect of diagnosed and treated GDM on fetal adiposity 

measure velocity 

 

What is known?   

• Both maternal overweight and obesity, and GDM, are independently 

associated with an increased risk of delivering an infant with high 

birthweight, and with increased neonatal fat mass 

What is not known?   

• The relative contribution, and combined effects, of GDM and increasing 

maternal BMI on fetal growth and adiposity 

What do these analyses add to previous knowledge?  

• Increasing maternal BMI is directly associated with increasing fetal 

biometry measures 

• There is no evidence of an additional mediated effect due to diagnosed 

and treated GDM 

• Among women who are overweight or obese, there is no evidence that 

either higher BMI category or diagnosed and treated GDM is associated 

with ultrasound measures of fetal adiposity  
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4.4 Methods pertaining to this chapter 

4.4.1 Description of the cohort  
 

The analyses reported in this chapter use data obtained from research 

ultrasounds of participants from the Standard Care group of the LIMIT 

randomised trial(188), who also had data on GDM diagnosis.  

 

4.4.2 Detectable difference calculation 
 

The sample size for these analyses was 900 participants in the Standard Care 

group of the LIMIT trial. Of the 1,104 women randomised to the Standard Care 

group, 900 women underwent one or more ultrasound scans and had GDM 

status recorded (Figure 2.1). As mediation analyses such as those presented here 

are most commonly secondary exploratory analyses, detectable difference 

calculations are not usually performed. Nevertheless, to ascertain how much 

power there was to detect biologically plausible mediation effects, simulation 

studies were run. These simulation studies were used to determine the power to 

detect the presence of indirect (i.e. mediated via GDM) effects ranging from 10% 

to 90% of the total effect on the outcome of interest. The Stata program paramed 

was used to estimate this effect(230, 231). Overall, the simulation studies identified 

that there was very low power to detect anything but very large indirect effects 

(and therefore presence of mediation). It is likely that only analyses involving 

many thousands of participants would be adequately powered to detect anything 

other than very large indirect effects. However, the effect estimates presented 

here are considered valid estimates and patterns across the different outcomes 

may suggest whether or not mediation is present.  

 

4.4.3 Statistical analysis 
 

Regression-based mediation analyses were performed to investigate the extent 

to which any effect of maternal BMI on fetal biometry and adiposity measures at 

36 weeks’ gestation were mediated via diagnosed and treated GDM. For the 

purposes of analysis, BMI was divided into 2 categories (25.0-29.9 kg/m2 and 
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≥30.0 kg/m2). Regression-based causal mediation models using an extension of 

the Baron-Kenny method(230) were fitted to determine the effect of BMI category, 

and any mediating effect of diagnosed and treated GDM, on measures of fetal 

growth and adiposity, resulting in 3 estimates for each outcome (see Figure 4.1): 

• Total Effect i.e. the total effect of  BMI ≥30.0 (versus BMI 25.0-29.9 kg/m2) 

on the outcome, including any effect that occurs due to the increased risk 

of a diagnosis of GDM; 

• Direct Effect i.e. the effect of BMI ≥30.0 kg/m2, versus BMI 25.0-29.9 

kg/m2, on the outcome, excluding any effect that occurs via the effect of 

BMI on risk of diagnosis of GDM; and  

• Indirect Effect i.e. the effect of BMI ≥30.0 kg/m2 on the outcome which 

occurs via its effect on GDM (i.e. via increased risk of GDM). 
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Figure 4.1. Hypothesised relationship between maternal BMI, GDM diagnosis, 
and fetal growth and adiposity 
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In summary, effect estimates represent the difference in mean outcome values at 

36 weeks’ gestation between BMI categories. Diagnosed and treated GDM was 

investigated as a potential mediator, that is, a factor that lies along the causal 

pathway from increased maternal BMI to effect on fetal growth. Maternal BMI 

was the direct effect, diagnosed and treated GDM was the mediator, and the total 

effect was the combination of the effect of BMI along all causal pathways other 

than GDM, and the effect of maternal BMI via the effect of GDM.  

 

Analyses were adjusted for hospital, parity, SEIFA IRSD Quintile, maternal 

smoking and maternal age at consent. All analyses were performed using the 

paramed program in Stata v14 (StataCorp, College Station, Texas, USA)(230, 231).  
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4.5 Results 
 

4.5.1 Baseline characteristics  
 

These results pertain to the 1,104 women randomised to the Standard Care 

group of the LIMIT study, of whom 912 had at least one research ultrasound 

performed at 28 and/or 36 weeks of gestation. Twelve women were excluded 

from mediation analyses as GDM status was missing (11 women) or ultrasound 

data were missing for all measures used in these analyses (one woman; Figure 

2.1). Baseline characteristics of participants are presented in Table 4.1.The mean 

BMI of women at trial entry was 32.56 (SD 5.95) kg/m2, with a diagnosis of GDM 

made in 102 women (11.33%). The majority of women were of Caucasian 

ethnicity [825 women (91.67%)], in their second or subsequent pregnancy [534 

women (59.33%)], and were non-smokers [782 women (86.89%)]. These are 

similar to the baseline characteristics of the full recruited and randomised 

cohort(188).  
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Table 4.1 – Participant baseline characteristics: the mediating effect of GDM on 

fetal growth and adiposity in women who are overweight or obese  

 

Characteristic LIMIT Standard Care 
Overall numbers 900 

BMI (kg/m2): Mean (SD) 32.56 (5.95) 
BMI Category (kg/m2): N(%) 

25.0-29.9 
30.0-34.9 
35.0-39.9 
≥40.0 

 
372 (41.33) 
269 (29.89) 
152 (16.89) 
107 (11.89) 

Diagnosis of GDM: N(%) 
No 
Yes 

 
798 (88.67) 
102 (11.33) 

Parity: N(%) 
0 

  1+ 

 
366 (40.67) 
534 (59.33) 

Smoking Status: N (%) 
Non-smoker 

Smoker 
Missing 

 
782 (86.89) 
99 (11.00) 
19 (2.11) 

Quintile of Relative Socioeconomic Disadvantage: N (%) 
Q1 (most disadvantaged) 

Q2 
Q3 
Q4 

Q5 (least disadvantaged) 

 
260 (28.89) 
220 (24.44) 
142 (15.78) 
142 (15.78) 
136 (15.11) 

Ethnicity: N (%) 
Caucasian 

Non-Caucasian  

 
825 (91.67) 

75 (8.33) 
 
 
BMI, body mass index. SD, standard deviation. N, number. GDM, gestational diabetes, Q, quintile.  
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4.5.2 Effect of maternal BMI, and diagnosed and treated GDM, on fetal biometry 

measures at 36 weeks’ gestation 

 

Results of this analysis are presented in Table 4.2. Among women who were 

overweight or obese in early pregnancy, higher maternal BMI category was 

directly associated with higher HC, AC, and EFW z-scores (direct effect). 

However, there was no evidence of an additional mediated effect due to 

diagnosed and treated GDM on any of these fetal biometry, or EFW, z-scores 

(indirect effect).  
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Table 4.2 – Effects of maternal BMI and GDM, on fetal biometry  

 

Outcome Unadj (95% CI) Unadj p Adj (95% CI) Adj p 
BPD z-score     

Total Effect 0.13 (-0.05, 0.30) 0.156 0.10 (-0.08, 0.28) 0.271 
Direct Effect 0.14 (-0.03, 0.30) 0.104 0.11 (-0.06, 0.28) 0.198 
Indirect Effect -0.01 (-0.03, 0.01) 0.266 -0.01 (-0.03, 0.01) 0.315 

HC z-score     
Total Effect 0.16 (0.03, 0.29) 0.017 0.17 (0.02, 0.31) 0.018 
Direct Effect 0.17 (0.05, 0.29) 0.007 0.18 (0.05, 0.31) 0.005 
Indirect Effect -0.01 (-0.02, 0.01) 0.223 -0.01 (-0.02, 0.00) 0.183 

AC z-score     
Total Effect 0.25 (0.10, 0.40) 0.001 0.26 (0.11, 0.42) 0.001 
Direct Effect 0.25 (0.10, 0.40) 0.001 0.26 (0.11, 0.41) 0.001 
Indirect Effect 0.01 (-0.01, 0.02) 0.466 0.01 (-0.01, 0.02) 0.532 

FL z-score     
Total Effect 0.11 (-0.04, 0.26) 0.150 0.09 (-0.06, 0.24) 0.244 
Direct Effect 0.11 (-0.04, 0.25) 0.159 0.09 (-0.06, 0.24) 0.256 
Indirect Effect 0.00 (-0.01, 0.02) 0.793 0.00 (-0.01, 0.02) 0.832 

EFW z-score     
Total Effect 0.22 (0.08, 0.35) 0.002 0.22 (0.08, 0.35) 0.002 
Direct Effect 0.21 (0.08, 0.35) 0.002 0.22 (0.08, 0.35) 0.002 
Indirect Effect 0.00 (-0.01, 0.02) 0.790 0.00 (-0.01, 0.02) 0.901 

 

BPD, biparietal diameter. HC, head circumference. AC, abdominal circumference. FL, femur 
length. EFW, estimated fetal weight. Unadj, unadjusted. Adj, adjusted. CI, confidence interval. P, p 
value. Analyses were adjusted for centre, parity, SEIFA IRSD quintile, maternal smoking status, 
and maternal age at consent.  
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4.5.3 Effect of maternal BMI, and diagnosed and treated GDM, on fetal adiposity 

measures at 36 weeks’ gestation 

 

Results of this analysis are presented in Table 4.3. Among women who were 

overweight or obese in early pregnancy, higher maternal BMI category was 

neither directly nor indirectly (via diagnosed and treated GDM), associated with 

a significant effect on any measures of subcutaneous fetal adiposity. All possible 

effect estimates were small, and 95% confidence intervals crossed zero, thus a 

clinically relevant effect is unlikely.  
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Table 4.3 – Effects of maternal BMI and GDM, on fetal adiposity 

 

Outcome Unadj (95% CI) Unadj p Adj (95% CI) Adj p 
MTFM (cm2)     

       Total Effect 0.17 (-0.37, 0.71) 0.542 0.07 (-0.50, 0.64) 0.802 
Direct Effect 0.14 (-0.38, 0.65) 0.604 0.04 (-0.49, 0.58) 0.877 
Indirect Effect 0.03 (-0.03, 0.10) 0.308 0.03 (-0.03, 0.10) 0.352 

AFM (mm)     
       Total Effect 0.22 (-0.09, 0.53) 0.157 0.18 (-0.11, 0.48) 0.223 

Direct Effect 0.20 (-0.08, 0.47) 0.159 0.17 (-0.11, 0.45) 0.236 
Indirect Effect 0.03 (-0.01, 0.06) 0.157 0.01 (-0.02, 0.05) 0.402 

SSFM (mm)     
       Total Effect 0.32 (-0.12, 0.38) 0.316 0.12 (-0.14, 0.39) 0.362 

Direct Effect 0.13 (-0.11, 0.38) 0.291 0.13 (-0.12, 0.39) 0.306 
Indirect Effect -0.01 (-0.04, 0.02) 0.689 -0.01 (-0.04, 0.02) 0.508 

 
 

MTFM, mid-thigh fat mass. AFM, abdominal fat mass. SSFM, subscapular fat mass. Unadj, 
unadjusted. Adj, adjusted. CI, confidence interval. P, p value. Analyses were adjusted for centre, 
parity, SEIFA IRSD quintile, maternal smoking status, and maternal age at consent.  
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4.5.4 Effect of maternal BMI, and diagnosed and treated GDM, on fetal growth 
velocity 
 

Results of these analyses are presented in Table 4.4. Among women who were 

overweight or obese in early pregnancy, there was no significant direct effect of 

higher maternal BMI category and fetal growth velocity for any of the measures 

assessed, or EFW. There was no evidence of a mediated effect due to diagnosed 

and treated GDM on any of the fetal biometry measure velocity or EFW velocity 

z-scores in the cohort.  
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Table 4.4 – Effect of maternal BMI and GDM, on fetal biometry velocity 

 

 
BPD, biparietal diameter. HC, head circumference. AC, abdominal circumference. FL, femur 
length. EFW, estimated fetal weight. Unadj, unadjusted. Adj, adjusted. CI, confidence interval. P, p 
value. Analyses were adjusted for centre, parity, SEIFA IRSD quintile, maternal smoking status, 
and maternal age at consent.  
  

Outcome Unadj (95% CI) Unadj p Adj (95% CI) Adj p 
BPD Velocity z-score     

Total Effect 0.08 (-0.07, 0.23) 0.301 0.07 (-0.08, 0.23) 0.364 
Direct Effect 0.08 (-0.06, 0.23) 0.262 0.08 (-0.07, 0.23) 0.296 
Indirect Effect -0.01 (-0.02, 0.01) 0.520 -0.01 (-0.03, 0.01) 0.396 

HC Velocity z-score     
Total Effect 0.003 (-0.00, 0.01) 0.107 0.002 (-0.00, 0.01) 0.176 
Direct Effect 0.003 (-0.00, 0.01) 0.088 0.002 (-0.00, 0.01) 0.145 
Indirect Effect -0.000 (-0.00, 0.00) 0.518 -0.000 (-0.00, 0.00) 0.511 

AA Velocity z-score     
Total Effect 0.08 (-0.05, 0.21) 0.239 0.10 (-0.04, 0.23) 0.160 
Direct Effect 0.08 (-0.05, 0.21) 0.246 0.10 (-0.04, 0.23) 0.165 
Indirect Effect 0.00 (-0.01, 0.02) 0.923 0.00 (-0.02, 0.02) 0.961 

FL Velocity z-score     
Total Effect -0.01 (-0.17, 0.15) 0.892 -0.02 (-0.18, 0.14) 0.829 
Direct Effect -0.01 (-0.18, 0.15) 0.878 -0.02 (-0.18, 0.14) 0.818 
Indirect Effect 0.00 (-0.02, 0.02) 0.878 0.00 (-0.02, 0.02) 0.896 

EFW Velocity z-score     
Total Effect 0.14 (-0.02, 0.29) 0.086 0.13 (-0.02, 0.29) 0.095 
Direct Effect 0.14 (-0.02, 0.29) 0.084 0.14 (-0.02, 0.30) 0.089 
Indirect Effect -0.00 (-0.02, 0.02) 0.890 -0.00 (-0.02, 0.02) 0.780 
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4.5.5 Effect of maternal BMI, and diagnosed and treated GDM, on fetal adiposity 
velocity 
 

Results of these analyses are presented in Table 4.5. Among women who were 

overweight or obese in early pregnancy, there was no significant direct effect of 

maternal BMI category and fetal adiposity measure velocity in any of the 

subcutaneous tissue fat thickness measurements performed, and no mediation 

effect by diagnosed and treated GDM. Again, all effect estimates were small, and 

95% confidence intervals crossed zero, making a true, clinically relevant, effect 

unlikely.  
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Table 4.5 – Effect of maternal BMI and GDM, on fetal adiposity velocity 

 

Outcome Unadj (95% CI) Unadj p Adj (95% CI) Adj p 
MTFM Velocity     

Total Effect 0.004 (-0.007, 0.015) 0.474 0.003 (-0.008, 0.015) 0.603 
Direct Effect 0.003 (-0.007, 0.013) 0.547 0.002 (-0.008, 0.012) 0.685 
Indirect Effect 0.001 (-0.000, 0.002) 0.138 0.001 (-0.000, 0.002) 0.173 

AFM Velocity     
Total Effect 0.003 (-0.004, 0.009) 0.427 0.003 (-0.003, 0.009) 0.385 
Direct Effect 0.002 (-0.003, 0.007) 0.490 0.002 (-0.003, 0.008) 0.424 
Indirect Effect 0.001 (-0.000, 0.001) 0.096 0.000 (-0.000, 0.001) 0.212 

SSFM Velocity     
Total Effect 0.004 (-0.001, 0.010) 0.136 0.005 (-0.002, 0.011) 0.150 
Direct Effect 0.005 (-0.001, 0.010) 0.079 0.005 (-0.000, 0.011) 0.065 
Indirect Effect -0.000 (-0.001, 0.000) 0.243 -0.001 (-0.001, 0.000) 0.170 

 
MTFM, mid-thigh fat mass. AFM, abdominal fat mass. SSFM, subscapular fat mass. Unadj, 
unadjusted. Adj, adjusted. CI, confidence interval. P, p value. Analyses were adjusted for centre, 
parity, SEIFA IRSD quintile, maternal smoking status, and maternal age at consent.  
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4.6 Discussion 

 

In a population of overweight and obese women, while higher maternal BMI 

category was directly associated with an increase in fetal biometry measures, 

there was no evidence of an additional mediated effect due to diagnosed and 

treated GDM. There was no evidence that maternal BMI category was directly or 

indirectly (via diagnosed and treated GDM) associated with ultrasound measures 

of fetal adiposity. 

 

While maternal overweight or obesity and GDM are both recognised risk factors 

for fetal overgrowth and birth weight >4kg(56, 154, 232), their relative contribution 

and combined effects on fetal growth has been uncertain. In a secondary analysis 

of the HAPO study(168), both maternal obesity and GDM were independently 

associated with infant birth weight and adiposity. Notably, the combination of 

both maternal obesity and GDM resulted in a greater risk than either factor 

alone, suggesting the effect of maternal BMI is not entirely due to the mediating 

effect of GDM(168). This was an observational study, in which clinicians were 

blinded to maternal glucose tolerance test results, with treatment only offered 

when blood glucose concentrations were extremely elevated. In contrast, the 

data presented in this chapter include all women offered screening, and those 

with an abnormal glucose tolerance test, diagnostic of GDM, subsequently 

receiving treatment according to state-wide guidelines.  

 

Schaefer-Graf and colleagues investigated the correlation between maternal BMI, 

maternal glucose concentrations and fetal and newborn large for gestational age 

status, in a group of women of all BMI ranges, who were offered treatment 

following a diagnosis of GDM or impaired glucose tolerance(186). While the risk of 

a LGA infant was significantly higher among women who were obese, this did not 

appear to be attributable to differences in maternal blood glucose 

concentrations(186). Although this was a relatively small retrospective cohort of 

women, the findings are consistent with the current analyses, providing further 

evidence to support the clinical importance of treatment of GDM in this high-risk 

population.  
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The Pedersen hypothesis of fetal overgrowth(135) suggests that infant 

macrosomia among women with diabetes reflects the effects of fetal 

hyperglycaemia and subsequent hyperinsulinaemia, resulting from maternal 

hyperglycaemia. The net effect of increasing birth weight is attributable to the 

growth-promoting effects of both insulin and glucose. Furthermore, there is 

strong evidence to indicate that appropriate treatment and adequate control of 

blood glucose concentrations in women diagnosed with GDM ameliorates these 

effects on fetal growth(141, 142).  

 

It is possible that the current findings represent “saturation” in the direct effect 

of maternal BMI on fetal biometry and adiposity, and that additional effects of 

treated GDM in an already disordered intra-uterine milieu as observed in women 

who are overweight or obese, results in no discernable additional effects. Fetuses 

of women who are overweight or obese are more likely to have abdominal 

circumferences >90th percentile as early as 20 weeks’ gestation, predating the 

diagnosis and potential effects of GDM(182). It has been reported that fetuses of 

women who are overweight or obese are consistently larger than average, for all 

ultrasound biometry measures, when using standard population based growth 

charts(118). Data presented here further support that maternal overweight and 

obesity is associated with an early, substantial effect on fetal growth, which is 

not further exacerbated by diagnosed and treated GDM. 

 

There is growing evidence that maternal overweight and obesity influences fetal 

growth through pathways beyond glucose transport. Obesity is a complex 

condition in which multiple metabolic pathways are altered and adipose tissue 

represents a metabolically active tissue(233). Metabolic factors including 

circulating triglycerides(180, 234), leptin(223, 235, 236) and adiponectin(68, 237) have 

been associated with higher infant birth weight and adiposity, specifically in 

women who are overweight or obese, and in women with GDM. The associations 

with, and relative contributions of these factors to fetal fat accumulation, 

however, are not yet known. These results may represent an effect of maternal 
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overweight or obesity on fetal growth operating outside of the glucose/insulin 

pathway.  

 

The findings presented reveal no evidence that maternal BMI of 30 kg/m2 or 

more (compared to BMI 25.0-29.9 kg/m2) has a direct or indirect (via diagnosed 

and treated GDM) effect on ultrasound measures of fetal adiposity measures at 

36 weeks’ gestation. While not directly comparable with the population of 

women reported here, and using different fetal ultrasound measures of 

adiposity, Akiba and colleagues showed that the fetuses of women with GDM had 

statistically significantly greater fractional arm volumes, compared with fetuses 

of women with normal glucose tolerance, from 32 weeks’ gestation(238). The 

cohort of women reported on by Akiba and colleagues were predominantly of a 

normal BMI(238) and had fewer numbers, increasing the risk of type 1 and type 2 

error in their findings, with very large numbers required for such mediation 

analyses.  

 

These analyses, and those presented in chapter 3, provide important information 

on the effects of maternal BMI on fetal biometry, with increased maternal BMI 

associated with increased fetal growth. However, an association between 

increased maternal BMI category and fetal adiposity measures, in this cohort of 

women who were overweight or obese in early pregnancy was not identified. 

While this may seem in contrast to the findings on association between maternal 

BMI and fetal growth and biometry (chapter 3 of this thesis), it is likely a result 

of the current analyses being confined to women who were overweight or obese 

in early pregnancy, a smaller sample size, and use of BMI categories rather than 

BMI as a continuous variable. Furthermore, the effect of increasing maternal BMI 

category on fetal biometry and adiposity was not shown to be due to its effect on 

diagnosed and treated GDM. While this may reflect "saturation" in the risk 

attributable to the direct effects of BMI on fetal growth, it may also represent the 

effects of a universal policy of screening for and treatment of GDM.  

 

 



 114 

Chapter 5: Exploring fetal growth of LGA and non-LGA infants 
 

The analyses reported in this chapter have been submitted for peer review 

and publication to JAMA Network Open. The submitted manuscript is 

included as appendix 4. 

 

5.1 Background 
 

The analyses in this chapter will consider fetal growth and adiposity, and fetal 

growth patterns, of infants born large for gestational age (LGA). An 

understanding of the fetal growth patterns of infants born LGA may allow for 

targeting of interventions during pregnancy, in particular timing, to prevent 

aberrant growth. While fetal growth has been studied in infants born LGA to 

women with diabetes(239-241), there is little published work on fetal growth of 

infants born LGA to women who do not have diabetes.  
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What is known? 

Infants born LGA are at an increased risk of both short and long term adverse 

outcomes.  

What is not known? 

During pregnancy, when fetal growth and fetal growth patterns diverge among 

infants born LGA, compared with those who are not born LGA.  

What do these analyses add to previous knowledge?  

Infants born LGA have larger fetal biometry measures, and higher fetal growth 

trajectories, from as early as 20 weeks’ gestation. Infants born LGA have 

consistently larger fetal adiposity measures from 28 weeks’ gestation, and these 

differences increase over time.  

 

 

5.2 Aim 
To determine whether the discrepancy in fetal growth and adiposity measures, 

between infants born LGA and those born not LGA is primarily due to a larger 

size throughout gestation, or reflect different trajectories of growth. 

 

5.3 Objectives 
The objectives of this chapter are to compare across pregnancy between infants 

born LGA and those who are not:  

• differences in fetal growth measures 

• differences in fetal adiposity measures; and 

• the impact of maternal BMI on fetal growth patterns. 
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5.4 Methods pertaining to this chapter  

5.4.1 Description of the cohort 

The analyses reported in this chapter use data obtained from research 

ultrasounds of participants in three harmonised randomised controlled trials, 

the LIMIT(199), GRoW(193) and Optimise(201) trials, from both Standard Care and 

intervention groups. The relationship between fetal growth and adiposity and 

LGA was not expected to differ according to intervention (or any other baseline 

characteristics), thus it was considered appropriate to use participants from 

both groups in order to maximise statistical power.  

 

5.4.2 Fetal ultrasound measures  

Fetal biometry measures were obtained as described previously (Chapter 2), and 

included measurements of fetal BPD, HC, AC, and FL. From these measurements, 

EFW was calculated, as previously described (Chapter 2). Fetal biometry 

measures, and calculated EFW, were converted to z-scores, using a standard 

reference Australian population chart(211, 213, 214), as previously described 

(Chapter 2).  

 

5.4.3 Definition of LGA 

Infants were considered large-for-gestational age (LGA) if birth weight was >90th 

percentile for gestational age and infant sex(242).  

 

5.4.4 Detectable effect calculation 

The total available sample size for these analyses was all participants from all 

three studies who had a fetal ultrasound measure for at least one time point. A 

total of 3,260 women were included. The overall rate of LGA in this cohort was 

17.58%. As a conservative estimate, 2,700 participants at a single time point, 

with the assumed rate of LGA, gives 80% power (with two-sided alpha 0.05) to 

detect a difference of approximately 0.12 SD in fetal biometry and adiposity 

measures between LGA and non-LGA infants.  
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For combined LGA and time effects (i.e. a difference between LGA and non-LGA 

infants in fetal measures at individual time points, and also a change in this 

difference over time), data were simulated using a range of effect sizes. The 

sample size was set at 2,700, with two time points, and an LGA rate of 17.58%. 

Based on 1,000 simulations (utilising a linear regression model with time-by-

LGA interaction term and Generalised Estimating Equations to account for 

correlation due to repeated measures), the power to detect the range of effect 

sizes was >80% to detect >0.1 SD of difference between LGA and non-LGA, and 

time-by-LGA interaction effects between 0.5x and 0.75x those of the LGA effect.  

 

5.4.5 Analysis 1: 2-way interaction models 

These analyses investigated whether differences in fetal biometry measures 

between LGA infants and non-LGA infants were evident from 20 weeks’ 

gestation, or whether diverging growth trajectories occur later in pregnancy. 

Fetal biometry measures at 20, 28, and 36 weeks’ gestation; fetal adiposity 

measures at 28 and 36 weeks’ gestation; and fetal growth velocities were 

available for analysis. Linear regression models were constructed, with LGA, 

time and their interaction, with GEEs to account for correlation due to repeated 

measures. Models were additionally adjusted for maternal BMI, parity, age, 

intervention group, smoking status, and quintile of socioeconomic disadvantage. 

A test of interaction between LGA status and time was performed for each 

growth measure, and the mean difference between LGA and non-LGA infants was 

estimated separately for each time point. Results are presented as difference in 

means (LGA – non-LGA), and 95% Confidence Interval. 

 

5.4.6 Analysis 2: 3-way interaction models 

Based on the results of the above 2-way interaction analyses, 3-way interaction 

analyses were performed. This was to investigate whether fetal growth patterns, 

over time, of infants born LGA, versus infants born non-LGA, varied according to 

maternal BMI.  
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These analyses incorporated a three-way interaction between LGA status, time, 

and maternal BMI. Otherwise, these models were constructed the same as the 2-

way interaction models. BMI was modelled as a continuous variable, but three 

different BMI values (22.0, 27.0 and 35.0 kg/m2) were used for deriving 

estimates. There are two sets of interaction p values reported: the first is a test of 

3-way interaction. The second set consists of the three tests of LGA-by-time 

interaction at each level of BMI (that is, at BMI 22.0 kg/m2, does the difference 

between LGA and non-LGA vary over time; similarly, at BMI 27.0 kg/m2, and at 

BMI 32.0 kg/m2, does the difference vary over time).  
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5.5 Results 

5.5.1 Baseline characteristics 
 

Baseline characteristics of women included in these analyses are presented in 

Table 5.1. The overall mean BMI at trial entry was 30.71 kg/m2 (SD 6.92 kg/m2). 

The majority of women were in their second or subsequent pregnancy, were 

non-smokers, and were of Caucasian ethnicity. More than half of the women 

were from the two most socioeconomically disadvantaged quintiles of the Index 

of Relative Socioeconomic Disadvantage(243). These baseline demographics are 

similar to those of the three randomised trials from which the women were 

recruited(188, 201, 204). There were 573 LGA infants (17.58%) included.  
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Table 5.1 – Participant baseline characteristics: LGA vs. non-LGA infant fetal 

growth and adiposity 

 

Characteristic Overall Cohort* 
Overall numbers 3260 

BMI (kg/m2): Mean (SD) 30.71 (6.92) 
BMI Category (kg/m2): N(%) 

18.5-24.9 
25.0-29.9 
30.0-34.9 
35.0-39.9 
≥40.0 

 
628 (19.26) 

1064 (32.64) 
772 (23.68) 
478 (14.66) 
318 (9.75) 

Parity: N(%) 
0 

  1+ 

 
1411 (43.28) 
1849 (56.72) 

Smoking status: N(%) 
Non-smoker 

Smoker 
Missing 

 
2848 (87.36) 
363 (11.13) 

49 (1.50) 
Quintile of Relative Socioeconomic Disadvantage: N(%) 

Q1 (most disadvantaged) 
Q2 
Q3 
Q4 

Q5 (least disadvantaged) 

 
913 (28.01) 
836 (25.64) 
480 (14.72) 
565 (17.33) 
464 (14.23) 

Ethnicity: N(%) 
Caucasian 

Non-Caucasian 

 
2770 (84.97) 
490 (15.03) 

LGA: N(%) 573 (17.58) 
 
*The overall cohort includes all women who had one or more ultrasound scans during pregnancy 
in the LIMIT, GRoW and Optimise randomised trials, from both Standard Care and intervention 
groups.  
BMI, body mass index. SD, standard deviation. N, number. IRSD, Index of Relative Socioeconomic 
Disadvantage(243). LGA, large for gestational age.  
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5.5.2 Fetal growth measures of LGA vs. non-LGA infants  
 

Results of the 2-way interaction of LGA and timing of ultrasound analysis are 

presented in Table 5.2. Infants born LGA, in comparison with those born non-

LGA, were larger in all fetal growth measures, at all time points assessed, and 

these differences increased over time. The greatest differences in fetal biometry 

measures between infants born LGA, and those born non-LGA, were seen for 

fetal AC measures at all time points (Table 5.2). Calculated EFW, which is a 

function of the fetal biometry measures of BPD, HC, FL, and AC(244), similarly was 

greater among infants born LGA, compared with those born non-LGA, at both 28 

and 36 weeks’ gestation.  
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Table 5.2 – Fetal biometry of LGA vs. non-LGA infants 

 

Outcome LGA 
Mean (SD) 

Non-LGA 
Mean (SD) 

Estimate 
Mean difference (95% CI) 

 

P value 

BPD (cm)    <0.001* 
20 weeks 4.67 (0.34) 4.60 (0.33) 0.06 (0.03, 0.09) <0.001 
28 weeks 7.35 (0.43) 7.18 (0.42) 0.16 (0.12, 0.20) <0.001 
36 weeks 9.15 (0.35) 8.87 (0.39) 0.27 (0.23, 0.30) <0.001 

HC (cm)    <0.001* 
20 weeks 17.38 (1.17) 17.09  (1.13) 0.25 (0.15, 0.36) <0.001 
28 weeks 27.02 (1.39) 26.43 (1.33) 0.55 (0.41, 0.68) <0.001 
36 weeks 32.84 (1.09) 32.02 (1.22) 0.78 (0.67, 0.89) <0.001 

FL (cm)    <0.001* 
20 weeks 3.26 (0.28) 3.19 (0.29) 0.06 (0.03, 0.08) <0.001 
28 weeks 5.40 (0.34) 5.28 (0.32) 0.11 (0.08, 0.14) <0.001 
36 weeks 7.05 (0.30) 6.85 (0.32) 0.19 (0.16, 0.22) <0.001 

AC (cm)    <0.001* 
20 weeks 15.57 (1.28) 15.14 (1.23) 0.35 (0.23, 0.47) <0.001 
28 weeks 25.49 (1.72) 24.36 (1.58) 1.05 (0.88, 1.21) <0.001 
36 weeks 34.39 (1.91) 32.28 (1.70) 2.02 (1.83, 2.20) <0.001 

EFW (g)    <0.001* 
28 weeks 1390.21 (253.48) 1248.15 (215.33) 131.99 (107.78, 156.20) <0.001 

36 weeks 3258.66 (399.93) 2813.16 (355.66) 435.44 (396.66, 474.22) <0.001 

 
LGA, large for gestational age. CI, confidence interval. SD, standard deviation. BPD, biparietal 
diameter. HC, head circumference. FL, femur length. AC, abdominal circumference. EFW, 
estimated fetal weight. * denotes the p value for the interaction term.  
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5.5.3 Fetal growth measure z-scores of LGA vs. non-LGA infants 
 

In keeping with the above, fetal BPD, HC, FL, AC, and EFW z-scores were 

significantly greater among infants born LGA, compared with those born non-

LGA, at all time points assessed, and these differences increased over time (Table 

5.3).  

  

With the exception of fetal BPD z-score at 36 weeks’ gestation among non-LGA 

infants (-0.04 (SD 1.15) cm), all z-scores were positive at all time points, 

indicating that, even among those infants not born LGA, fetuses were larger, on 

average, than the reference population, likely because of the comparatively 

disproportionate number of women included in this cohort who were 

overweight or obese (Table 5.1).  
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Table 5.3 – Fetal biometry z-scores of LGA vs. non-LGA infants 

 

Outcome LGA 
Mean (SD) 

Non-LGA 
Mean (SD) 

Estimate 
Mean difference (95% CI) 

 

P value 

BPD z-score    <0.001* 
20 weeks 0.40 (1.03) 0.12 (1.02) 0.26 (0.17, 0.36) <0.001 
28 weeks 1.19 (1.44) 0.46 (1.47) 0.71 (0.57, 0.85) <0.001 
36 weeks 0.82 (1.06) -0.04 (1.15) 0.84 (0.74, 0.95) <0.001 

HC z-score    <0.001* 
20 weeks 0.93 (0.73) 0.67 (0.71) 0.25 (0.18, 0.31) <0.001 
28 weeks 1.23 (0.95) 0.70 (0.90) 0.51 (0.42, 0.61) <0.001 
36 weeks 1.20 (0.78) 0.57 (0.86) 0.62 (0.54, 0.70) <0.001 

FL z-score    <0.001* 
20 weeks 0.59 (0.66) 0.35 (0.71) 0.22 (0.15, 0.28) <0.001 
28 weeks 0.63 (1.03) 0.15 (0.94) 0.45 (0.35, 0.54) <0.001 
36 weeks 0.80 (0.97) 0.06 (0.99) 0.71 (0.62, 0.81) <0.001 

AC z-score    <0.001* 
20 weeks 1.29 (1.03) 0.79 (1.03) 0.46 (0.36, 0.55) <0.001 
28 weeks 1.21 (0.98) 0.35 (0.88) 0.83 (0.73, 0.92) <0.001 
36 weeks 1.50 (1.02) 0.23 (0.87) 1.22 (1.12, 1.31) <0.001 

EFW z-score    <0.001* 
28 weeks 0.95 (1.00) 0.09 (0.78) 0.82 (0.72, 0.91) <0.001 
36 weeks 1.31 (0.92) 0.07 (0.77) 1.19 (1.11, 1.28) <0.001 

 
LGA, large for gestational age. CI, confidence interval. SD, standard deviation. BPD, biparietal 
diameter. HC, head circumference. FL, femur length. AC, abdominal circumference. EFW, 
estimated fetal weight. * denotes the p value for the interaction term.  
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5.5.4 Fetal adiposity measures of LGA vs. non-LGA infants  
 

With the exception of AFM measures at 28 weeks’ gestation, all adiposity 

measures were greater among infants born LGA, compared with those born non-

LGA,  at all time points, and these differences increased over time (Table 5.4). 

The magnitude of these estimated mean differences ranged from 0.12 mm (95% 

CI 0.00, 0.24) for SSFM measurements at 28 weeks’ gestation, up to 2.01 cm2 

(95% CI 1.53, 2.48) for MTLM measurements at 36 weeks’ gestation (Table 5.4).  
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Table 5.4 – Fetal adiposity measures of LGA vs. non-LGA infants 

 
Measure LGA 

Mean (SD) 
Non-LGA 

Mean (SD) 
Estimated 

Mean difference 
(95% CI) 

 

P value 

MTLM (cm2)    0.003* 
28 weeks 5.34 (1.07) 4.82 (1.04) 0.50 (0.36, 0.64) <0.001 
36 weeks 9.79 (2.07) 8.80 (1.93) 0.98 (0.68, 1.27) <0.001 

MTFM (cm2)    <0.001* 
28 weeks 5.06 (1.35) 4.46 (1.19) 0.58 (0.41, 0.75) <0.001 
36 weeks 12.76 (3.42) 10.74 (2.74) 2.01 (1.53, 2.48) <0.001 

AFM (mm)    <0.001* 
28 weeks 3.67 (0.95) 3.54 (1.00) 0.08 (-0.05, 0.21) 0.229 
36 weeks 6.32 (1.72) 5.46 (1.58) 0.80 (0.57, 1.04) <0.001 

SSFM (mm)    <0.001* 
28 weeks 3.36 (0.95) 3.16 (0.85) 0.12 (0.00, 0.24) 0.047 
36 weeks 5.55 (1.60) 4.89 (1.38) 0.59 (0.38, 0.79) <0.001 
 
MTLM, mid-thigh lean mass. MTFM, mid-thigh fat mass. AFM, abdominal fat mass. SSFM, 
subscapular fat mass. LGA, large for gestational age. SD, standard deviation. CI, confidence 
interval. * denotes the p value for the interaction term.  
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5.5.5 Effect of maternal BMI - Fetal biometry measures and fetal biometry measure 

z-scores 

There was no evidence that the relationships described in 5.5.2 and 5.5.3 

differed by maternal BMI (data not shown).  

 

5.5.6 Effect of maternal BMI - Fetal adiposity measures 

There was no evidence that the relationships described in 5.5.4 differed by 

maternal BMI (data not shown).  
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5.6 Discussion 
 

The analyses presented suggest that infants born LGA have larger fetal biometry 

measures, and higher growth trajectories, evident from 20 weeks’ gestation.  

Similarly, fetal adiposity measures are consistently larger among infants born 

LGA and these differences increase over time. There was no evidence that the 

differences in biometry and adiposity measurements, including changes in 

magnitude over time, varied according to maternal BMI. These findings add to 

the growing body of evidence that fetal growth and growth trajectories are “set” 

and that infants born LGA exhibit differences from early in pregnancy.  

 

Previous work investigating altered fetal growth and fetal growth trajectories 

among infants born LGA have focused on fetal AC measurements. Wong et al 

demonstrated that fetal AC z-scores of infants born LGA were larger on average 

than those of infants not born LGA, evident from as early as 18 weeks’ 

gestation(245). Madendag et al showed that infants born LGA had greater mean 

AC, and thus EFW, measurements at 26-28 weeks’ gestation(132). Similarly, 

Caradeux et al have shown both fetal AC z-score and AC z-score velocity are 

predictive of risk of birth of LGA infants(133). Higher fetal growth rate between 

the first and second trimester has been associated with an increased risk of 

infant birth weight greater than 4500gm, or greater than 2 standard deviations 

above the mean(246). Taken together, these findings suggest differences in fetal 

growth may be evident from early in the first trimester of pregnancy.  

 

In comparison to this previous work, however, the analyses presented here 

considered all fetal biometry measures, and have shown significant differences 

in all aspects of fetal growth from as early as 20 weeks’ gestation. Taken 

together, this suggests that fetal skeletal, organ, and adipose tissue growth are all 

impacted by factors contributing to LGA.   

 

These analyses demonstrate that all fetal adiposity measures performed were 

greater among infants born LGA from early in pregnancy, and that this difference 

increased with time. These data represent the largest cohort of women who have 



 129 

had longitudinal ultrasound scans assessing fetal adiposity measures. 

Interestingly, these results are in agreement with other published cohorts. 

Among a group of 702 Chinese women who had fetal biometry and adiposity 

measures performed at 28 and 36 weeks’ gestation, population and ethnicity-

specific reference ranges were defined for AFM and SSFM measures(247). In 

comparison with this Chinese cohort, the mean AFM measurements among both 

LGA and non-LGA infants in these analyses were significantly larger(247). There 

were differences in mean SSFM measurements between the data presented here 

and those presented by Chen et al, with infants born LGA having generally larger 

SSFM measurements in comparison(247). There are some important differences 

between the population of women undergoing research ultrasounds in the 

analyses presented in this chapter and the women recruited to the study by 

Chen(247) that may account for some of these differences. In particular, the 

current analyses included predominantly Caucasian women (n=2,770; 84.97%), 

with the mean maternal BMI 30.71 kg/m2. In comparison, the population 

described by Chen consisted of Asian women, all with a normal BMI (18.5-24.9 

kg/m2)(247).  

 

With regards to fetal subcutaneous tissue thickness measurements, most interest 

in the literature has focused on AFM, and the utility of these measurements in 

predicting birthweight and risk of LGA infants(121, 248-250).  Abdominal fat mass 

measures taken during the third trimester have variably been associated with 

birthweight and neonatal adiposity measures(127, 129, 251), suggesting that fetal 

AFM measurements may not be the most reliable fetal subcutaneous tissue 

measurement to identify the fetus at risk of being born LGA. Additional 

investigations of other fetal subcutaneous tissue measurements, and overall fetal 

body composition, are required.   

 

Being born LGA represents an independent risk factor for childhood obesity(252), 

and may lie on the causal pathway of the intergenerational cycle of obesity(253). 

There has been significant interest in the literature on prevention of LGA birth 

by antenatal interventions, usually commenced after the first trimester of 

pregnancy(188, 193, 201, 220, 254). The findings of this current study, which indicate 
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that accelerated growth of infants born LGA occur as early as 20 weeks’ 

gestation, provides insight into why antenatal interventions have thus far been 

ineffective. That is, antenatal interventions commencing around or after 20 

weeks’ gestation may commence after these aberrant growth patterns are “set”. 

Future chapters will consider antenatal interventions for prevention of LGA, and 

improvement of perinatal outcomes among women who are overweight or 

obese.  
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Chapter 6: effect of an antenatal diet and lifestyle 
intervention on fetal growth and adiposity among women 
who are of a normal BMI 
 

 

6.1 Background 
 

The Optimise trial evaluated an antenatal diet and lifestyle intervention, 

compared to standard care, among women of a normal BMI in early 

pregnancy(201). In this cohort, exposure to an antenatal diet and lifestyle 

intervention was associated with an improvement in maternal diet quality, but 

there was no difference in risk of birth of a LGA infant, or birthweight >4kg(201). 

However, whether an antenatal diet and lifestyle intervention affects fetal 

growth and adiposity in this cohort is not known.  
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What is known? 

Among women of a normal BMI in early pregnancy, an antenatal diet and 

lifestyle intervention is not associated with differences in rates of birth of a LGA 

infant.     

What is not known? 

Whether an antenatal diet and lifestyle intervention is associated with 

alterations in fetal adiposity and body composition among women who are of a 

normal BMI in early pregnancy. 

What do these analyses add to previous knowledge?  

Among women who are of a normal BMI, there was no evidence that an antenatal 

diet and lifestyle intervention altered fetal biometry or adiposity measures, or 

their velocities over the third trimester.  

 

6.2 Aim 
To assess the effects of an antenatal dietary and lifestyle on fetal growth and 

adiposity among women who were of a normal BMI in early pregnancy 

 

6.3 Objectives 
The objectives of this chapter are to compare the effect of an antenatal dietary 

and lifestyle intervention to standard care, among women of a normal BMI in 

early pregnancy, on: 

• fetal biometry measures  

• fetal biometry measure velocity  

• fetal adiposity measures in the third trimester 

• fetal adiposity measure velocity 
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6.4 Methods pertaining to this chapter 

6.4.1 Description of the cohort 
The analyses reported in this chapter use data obtained from research 

ultrasounds of participants recruited to the Optimise randomised trial(201, 207), 

and randomised to either the Standard Care group or the Lifestyle Advice group. 

Details regarding the intervention and antenatal care have been discussed 

previously (Chapter 2 – Methods).  

 

6.4.2 Detectable difference calculation 
There were 633 participants with fetal ultrasound data for at least one time 

point. Calculations were performed using only the number of participants with 

ultrasounds at both 28 and 36 weeks, which was 257 in each group. Additionally, 

a conservative correlation between repeated measures of 0.7 was assumed. 

These values were used as inputs to the power repeated function in Stata v16 

(StataCorp, TX) to estimate detectable effect size, and showed that a total of 390 

participants provide 80% power, with two-sided alpha 0.05, to detect differences 

between the intervention groups of 0.14 SD.  

 

6.4.3 Statistical analysis 
The effect of the diet and lifestyle intervention, compared to standard care, on 

fetal growth outcomes, and fetal growth velocity outcomes, was assessed using 

linear regression models. Generalised Estimating Equations (GEE) were used to 

account for correlation due to repeated measures, and a timepoint-by-

intervention interaction term to allow for differences in intervention effect 

between time points. The effect of the intervention, as the difference in means 

(Lifestyle Advice – Standard Care) and 95% Confidence Interval, was estimated 

at each time point. Biometry and adiposity measure velocities between 28 and 

36 weeks did not include time-by-intervention interaction terms or GEEs, as 

these are not repeated measures. Analyses were adjusted for parity (0 vs. 1+), 

maternal prepregnancy BMI (as a continuous variable), maternal age at 

randomisation, smoking status, and SEIFA IRSD quintile as covariates. In 

addition, models for fetal growth outcomes other than z-scores included 

adjustment for the actual gestational age at ultrasound.  



 134 

6.5 Results 

6.5.1 Baseline characteristics 
These analyses pertain to the 633 women recruited and randomised to the 

Optimise randomised trial who attended for at least one research ultrasound 

over the course of their pregnancy (317 in the Lifestyle Advice group, and 316 in 

the Standard Care group) (Figure 2.3). Baseline demographic characteristics of 

participating women who underwent at least one research ultrasound over 

pregnancy are shown in Table 6.1, and were comparable between the two 

groups. The median BMI in the cohort was 22.20 kg/m2 (IQR 20.87 – 23.60 

kg/m2). The majority of women were in their first ongoing pregnancy, were non-

smokers, and of Caucasian ethnicity.  
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Table 6.1 – Baseline characteristics: participants in the Optimise randomised 

trial who attended for one or more research ultrasounds 

 

Characteristic Lifestyle Advice 

Group 

Standard Care 

Group 

Total Cohort 

Overall numbers 317 316 633 

BMI (kg/m2): Median (IQR) 22.17 (20.81, 23.70) 22.20 (20.90, 23.46) 22.20 (20.87, 23.60) 

Parity: N(%) 

0 

 1+ 

 

189 (59.81) 

128 (40.19) 

 

186 (58.68) 

130 (41.32) 

 

375 (59.24) 

258 (40.76) 

Smoking Status: N(%) 

Non-smoker 

Smoker 

Missing 

 

301 (95.25) 

15 (4.75) 

0 (0.00) 

 

302 (95.27) 

13 (4.10) 

2 (0.63) 

 

603 (95.26) 

28 (4.42) 

2 (0.32) 

Quintile of Relative 

Socioeconomic 

Disadvantage: N(%) 

Q1 (most disadvantaged) 

Q2 

Q3 

Q4 

Q5 (least disadvantaged) 

 

 

 

48 (15.19) 

78 (24.68) 

48 (15.19) 

80 (25.32) 

62 (19.62) 

 

 

 

58 (18.30) 

93 (29.34) 

39 (12.30 

76 (23.97) 

51 (16.09) 

 

 

 

106 (16.75) 

171 (27.01) 

87 (13.74) 

156 (24.64) 

113 (17.85) 

Ethnicity: N(%) 

Caucasian 

Non-Caucasian 

 

212 (67.09) 

105 (32.91) 

 

215 (67.82) 

101 (32.18) 

 

427 (67.46) 

206 (32.54) 

 

SD, standard deviation. IQR, interquartile range. N, number, Q, quintile.  
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6.5.2 Effect of an antenatal diet and lifestyle intervention on fetal biometry 
measures, among women of a normal BMI 
 

Among women who were of a normal BMI in early pregnancy, there was no 

significant effect of the antenatal intervention on fetal biometry measures, or 

calculated EFW, at any of the time points assessed (Table 6.2). The estimates of 

effect size for fetal biometry measures were all less than 0.30 cm and crossed 

zero (Table 6.2), suggesting that the true difference in average fetal biometry 

measures between the Lifestyle Advice and Standard Care groups was small in 

absolute terms, and that the true effect of treatment is therefore unlikely to be 

clinically relevant.   
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Table 6.2 – Effect of intervention on ultrasound measures of fetal biometry among women who a normal BMI 

 

Outcome Lifestyle 
Advice Group 

Mean (SD) 

Standard Care 
Group 

Mean (SD) 

Unadj treatment 
effect (95% CI) 

Unadj P-
value 

Adj treatment effect 
(95% CI) 

Adj P-
value 

BPD (cm)    0.726*  0.229* 
20 weeks 4.55 (0.26) 4.56 (0.28) -0.01 (-0.05, 0.03) 0.593 -0.01 (-0.04, 0.02) 0.555 

28 weeks 7.17 (0.42) 7.16 (0.42) 0.01 (-0.05, 0.08) 0.685 0.02 (-0.03, 0.07) 0.385 

36 weeks 8.85 (0.39) 8.86 (0.44) -0.01 (-0.08, 0.06) 0.774 -0.01 (-0.08, 0.05) 0.694 

HC (cm)    0.781*  0.729* 
20 weeks 16.90 (0.84) 16.89 (0.87) 0.00 (-0.13, 0.14) 0.986 0.01 (-0.09, 0.11) 0.842 

28 weeks 26.56 (1.32) 26.54 (1.28) 0.04 (-0.18, 0.25) 0.740 0.06 (-0.09, 0.21) 0.400 

36 weeks 32.24 (1.17) 32.15 (1.25) 0.08 (-0.12, 0.28) 0.438 0.06 (-0.12, 0.24) 0.507 

FL (cm)    0.598*  0.514* 

20 weeks 3.10 (0.21) 3.11 (0.23) -0.01 (-0.04, 0.03) 0.626 -0.01 (-0.03, 0.02) 0.573 

28 weeks 5.28 (0.33) 5.28 (0.32) -0.00 (-0.05, 0.05) 0.995 0.01 (-0.03, 0.04) 0.642 
36 weeks 6.91 (0.29) 6.89 (0.33) 0.02 (-0.03, 0.07) 0.460 0.01 (-0.03, 0.05) 0.518 
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AC (cm)    0.820*  0.959* 
20 weeks 14.96 (0.94) 14.93 (0.95) 0.02 (-0.13, 0.17) 0.801 0.03 (-0.08, 0.14) 0.623 

28 weeks 24.37 (1.40) 24.39 (1.43) -0.02 (-0.25, 0.21) 0.854 0.01 (-0.15, 0.17) 0.888 

36 weeks 32.26 (1.71) 32.17 (1.71) 0.07 (-0.21, 0.35) 0.625 0.03 (-0.19, 0.26) 0.771 

EFW (g)    0.588*  0.723* 

28 weeks 1248.45 
(201.89) 

1250.03 
(204.74) 

-1.41 (-34.90, 32.08) 0.934 5.67 (-14.54, 25.88) 0.583 

36 weeks 2833.38 
(353.04) 

2815.63 
(378.80) 

14.60 (-46.21, 75.42) 0.638 12.28 (-33.49, 58.05) 0.599 

 
 
 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, abdominal circumference. EFW estimated fetal weight. Unadj treatment effect, unadjusted treatment effect. 
Unadj p-value, unadjusted p value. Adj treatment effect, adjusted treatment effect. Adj p-value, adjusted p value. SD, standard deviation. Adjusted models include parity (O vs. 1+), 
prepregnancy BMI (as a continuous variable), maternal age at randomization (as a continuous variable), smoking status, SEIFA IRSD quintile, and actual gestational age at ultrasound 
as covariates. * denotes the p value for the test that the interaction term = 0.  
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6.5.3 Effect of an antenatal diet and lifestyle intervention on fetal biometry 
measure z-scores  
 

There were no statistically significant differences in the fetal biometry measure 

or calculated EFW z-scores between the treatment groups, at any of the time 

points assessed (Table 6.3). There was no evidence that the treatment effect 

differed between time points. All fetal biometry measure, and calculated EFW, z-

scores were positive, suggesting the fetuses in this cohort were larger, on 

average, than the reference population used.  
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Table 6.3 – Effect of intervention on fetal biometry z-scores among women with a normal BMI 

 

Outcome  Lifestyle 
Advice group 

Mean (SD) 

Control 
group 

Mean (SD) 

Unadj treatment 
effect (95% CI) 

Unadj P-
value 

Adj treatment 
effect (95% CI) 

Adj P-
value 

BPD z-score    0.161*  0.174* 

20 weeks 0.10 (0.86) 0.16 (0.99) -0.06 (-0.21, 0.08) 0.383 -0.06 (-0.20, 0.09) 0.446 
28 weeks 0.54 (1.49) 0.43 (1.53) 0.12 (-0.12, 0.37) 0.324 0.13 (-0.12, 0.37) 0.303 

36 weeks 0.10 (0.86) 0.16 (0.99) -0.06 (-0.21, 0.08) 0.383 -0.06 (-0.20, 0.09) 0.446 

HC z-score    0.529*  0.580* 

20 weeks 0.68 (0.58) 0.67 (0.61) 0.00 (-0.09, 0.10) 0.949 0.01 (-0.08, 0.10) 0.820 

28 weeks 0.90 (0.88) 0.83 (0.88) 0.08 (-0.06, 0.22) 0.270 0.08 (-0.06, 0.22) 0.260 
36 weeks 0.71 (0.82) 0.66 (0.90) 0.05 (-0.09, 0.19) 0.495 0.05 (-0.09, 0.19) 0.458 

FL z-score    0.353*  0.390* 

20 weeks 0.21 (0.59) 0.23 (0.59) -0.02 (-0.11, 0.07) 0.709 -0.01 (-0.11, 0.08) 0.789 

28 weeks 0.24 (0.87) 0.18 (0.93) 0.07 (-0.07, 0.22) 0.330 0.07 (-0.07, 0.22) 0.316 

36 weeks 0.24 (0.87) 0.19 (0.94) 0.06 (-0.09, 0.21) 0.448 0.06 (-0.09, 0.20) 0.455 
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AC z-score    0.961*  0.951* 
20 weeks 0.88 (0.95) 0.86 (0.94) 0.02 (-0.13, 0.17) 0.760 0.03 (-0.12, 0.18) 0.680 

28 weeks 0.41 (0.81) 0.41 (0.77) 0.00 (-0.13, 0.13) 0.979 0.01 (-0.12, 0.13) 0.921 

36 weeks 0.16 (0.85) 0.14 (0.86) 0.01 (-0.13, 0.15) 0.882 0.01 (-0.13, 0.15) 0.875 

EFW z-score    0.833*  0.872* 

28 weeks 0.18 (0.76) 0.15 (0.75) 0.03 (-0.09, 0.16) 0.584 0.03 (-0.09, 0.16) 0.579 

36 weeks 0.08 (0.76) 0.05 (0.83) 0.02 (-0.11, 0.15) 0.723 0.03 (-0.10, 0.15) 0.683 
 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, abdominal circumference. EFW estimated fetal weight. Unadj treatment effect, unadjusted treatment 
effect. Unadj p-value, unadjusted p value. Adj treatment effect, adjusted treatment effect. Adj p-value, adjusted p value. SD, standard deviation. Adjusted models include parity 
(O vs. 1+), prepregnancy BMI (as a continuous variable), maternal age at randomization (as a continuous variable), smoking status and SEIFA IRSD quintile as covariates. * 
denotes the p value for the test that the interaction term = 0. 
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6.5.4 Effect of an antenatal diet and lifestyle intervention on fetal adiposity 
measures, among women of a normal BMI 
 

There was no statistically significant treatment effect of Lifestyle Advice, 

compared to Standard Care, on any of the measures of fetal adiposity, at either 

28 or 36 weeks’ gestation (Table 6.4). Estimates of effect size for all adiposity 

measures were close to zero, and the range of the 95% confidence intervals were 

small, suggesting a clinically meaningful effect is unlikely.  
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Table 6.4 – Effect of intervention on ultrasound fetal adiposity measures among women with a normal BMI 

 

Outcome Lifestyle 
Advice 
group 

Mean (SD) 

Standard 
Care group 
Mean (SD) 

Unadjusted 
treatment effect 

(95% CI) 

Unadj 
P-value 

Adj treatment 
effect (95% CI) 

Adj 
P-

value 

MTFM (cm2)    0.905*  0.928* 

28 weeks 4.47 (1.22) 4.47 (1.18) -0.02 (-0.28, 0.24) 0.874 -0.06 (-0.29, 0.18) 0.631 

36 weeks 10.63 (2.65) 10.66 (2.69) 0.02 (-0.61, 0.64) 0.956 -0.03 (-0.63, 0.57) 0.922 

AFM (mm)    0.664*  0.552* 

28 weeks 3.51 (0.88) 3.52 (0.93) -0.01 (-0.19, 0.18) 0.946 -0.02 (-0.20, 0.17) 0.847 

36 weeks 5.20 (1.68) 5.09 (1.62) 0.07 (-0.29, 0.44) 0.691 0.09 (-0.27, 0.45) 0.615 
SSFM (mm)    0.201*  0.263* 

28 weeks 3.13 (0.70) 3.11 (0.73) 0.02 (-0.13, 0.17) 0.786 0.01 (-0.14, 0.16) 0.890 

36 weeks 
 
 

4.09 (1.23) 4.25 (1.31) -0.16 (-0.43, 0.10) 0.224 -0.15 (-0.42, 0.11) 0.263 

 
MTFM, mid-thigh fat mass. AFM, abdominal fat mass. SSFM, subscapular fat mass. SD, standard deviation. Unadj treatment effect, unadjusted treatment effect. Unadj 
p-value, unadjusted p value. Adj treatment effect, adjusted treatment effect. Adj p-value, adjusted p value. SD, standard deviation. * denotes the p value for the 
interaction term. Adjusted models include parity (0 vs. 1+), prepregnancy BMI (continuous), maternal age at randomization (continuous), smoking status, SEIFA 
IRSD quintile, and actual GA at ultrasound as covariates. * denotes the p value for the test that the interaction term = 0
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6.5.5 Effect of antenatal diet and lifestyle intervention on fetal growth velocity, 
among women of a normal BMI 
 

With regards to fetal biometry velocities, and estimated fetal weight velocity, 

there were no statistically significant differences by treatment group, either in 

the raw velocity measurements or velocity z-scores (Table 6.5). Again, estimates 

of effect size were small, and the confidence intervals crossed zero, making a 

true clinically relevant difference unlikely.  
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Table 6.5 – Effect of intervention on fetal biometry velocities among women with a normal BMI 

 

Outcome Lifestyle 

Advice group 

Mean (SD) 

Standard Care 

group 

Mean (SD) 

Unadj treatment 

effect (95% CI) 

Unadj P-

value 

Adj treatment effect 

(95% CI) 

Adj P-

value 

BPD (cm/wk) 0.03 (0.01) 0.03 (0.01) -0.00 (-0.00, 0.00) 0.151 -0.00 (-0.00, 0.00) 0.180 

HC (cm/wk) 0.10 (0.02) 0.10 (0.02) -0.00 (-0.01, 0.00) 0.309 -0.00 (-0.01, 0.00) 0.269 

FL (cm/wk) 0.03 (0.00) 0.03 (0.00) 0.00 (-0.00, 0.00) 0.703 0.00 (-0.00, 0.00) 0.678 

AA (cm2/wk) 0.64 (0.10) 0.64 (0.10) -0.00 (-0.02, 0.02) 0.995 0.00 (-0.02, 0.02) 0.891 

EFW (g/wk) 28.49 (3.73) 28.50 (4.25) -0.00 (-0.70, 0.69) 0.990 0.06 (-0.63, 0.75) 0.862 

BPDv z-score 0.53 (0.99) 0.65 (1.02) -0.13 (-0.30, 0.05) 0.153 -0.11 (-0.29, 0.06) 0.204 

AAv z-score 0.24 (0.68) 0.25 (0.70) -0.00 (-0.12, 0.12) 0.978 0.01 (-0.11, 0.13) 0.901 

FLv z-score 0.67 (0.80) 0.63 (0.99) 0.05 (-0.11, 0.20) 0.558 0.05 (-0.11, 0.21) 0.524 

EFWv z-score 0.39 (0.78) 0.40 (0.91) -0.01 (-0.16, 0.14) 0.898 0.00 (-0.14, 0.15) 0.957 

 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AA, abdominal area. EFW, estimated fetal weight. BPD, biparietal diameter velocity. AAv, 
abdominal area velocity. FLv, femur length velocity. EFWv, estimated fetal weight velocity. SD, standard deviation. Unadj treatment effect, unadjusted treatment 
effect. Unadj p-value, unadjusted p value. Adj treatment effect, adjusted treatment effect. Adj p-value, adjusted p value. SD, standard deviation. 
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6.6 Discussion 
 

These results demonstrate that, among pregnant women who have a normal BMI 

in early pregnancy, there was no significant effect of an antenatal diet and 

lifestyle intervention on fetal biometry and adiposity measures, or growth 

velocities in late pregnancy.  

 

The cohort of women recruited to the Optimise trial represent a large, 

prospective cohort of women at low risk for adverse pregnancy outcome, in 

particular a low risk of giving birth to an infant LGA. As a result, fetal growth and 

growth trajectories would be expected to approximate “normal”, or the mean for 

a given gestational age, compared to a reference population in women of a 

normal BMI at low risk of pregnancy complications. However, z-scores of fetal 

biometry measures were generally >0 in this cohort (Table 6.4), suggesting the 

fetuses were, on average, larger than the reference population used to generate 

the z-scores(255). This may be a result of alterations in population “normal” fetal 

growth and biometry measures over time, with mean birthweight and rates of 

LGA birth increasing temporally(100, 101). The reference ranges used to generate z-

scores in these results are in common clinical use, however were constructed 25 

years ago, using data from less than 400 women who were described as 

“predominantly middle-class white” women(255). There has been debate as to 

whether these reference ranges are still appropriate for assessing fetal growth 

and fetal growth abnormalities in contemporary patient populations(256).  

 

Alternative, contemporary fetal growth standards have been published, however 

are not in wide-spread clinical use(257, 258). Papageorghiou and colleagues 

published prospectively gathered fetal growth standards, and estimated fetal 

weight, among an ethnically diverse cohort of 4,607 women(257, 259). Mean 

maternal BMI in this cohort (23.3 kg/m2)(257) was similar to that presented here. 

Mean fetal biometry measures and estimated fetal weights presented here are 

close to the 50th percentile, and for some measures, at some gestations, below 

the 50th percentile(257, 259).  
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The World Health Organisation (WHO) similarly performed a contemporary 

international prospective study to determine fetal growth standards(258). Mean 

maternal BMI in this cohort (23.1 kg/m2)(258) was similar to that presented here. 

Again, mean fetal biometry measures and estimate fetal weights presented here 

are close to the 50th percentile, and for some measures at some gestations, just 

below the 50th percentile(258). This reinforces the external validity and 

generalisability of the results presented here.  

 

With regards to fetal adiposity measures, Larciprete and colleagues reported 5th, 

50th, and 95th percentiles for mid-thigh fat mass, mid-thigh lean mass, abdominal 

fat mass, and subscapular fat mass over pregnancy among 218 “healthy” 

pregnant women(119). In comparison with the current cohort, mean maternal BMI 

was slightly higher among those “healthy” pregnant women (24.3 kg/m2), and 

mean maternal age was lower (27.4 years)(119). However, despite these baseline 

characteristic differences, all mean fetal adiposity measures reported here are 

similar to the 50th percentile measurements at 28 and 36 weeks’ gestation 

reported by Larciprete and colleagues(119).  

 

In comparison to the fetuses born to women who are overweight or obese from 

the LIMIT trial, z-scores of fetal biometry measures were closer to 0 in this 

cohort, although they were still generally >0 (Table 6.4). With the exception of 

abdominal fat mass measures at 28 weeks’ gestation, mean fetal adiposity 

measures were generally smaller among this cohort of women with a normal 

BMI in early pregnancy, compared with women who were overweight or 

obese(118). This is in keeping with the findings presented in Chapter 3, where a 

continuous effect of increasing maternal BMI on fetal biometry and adiposity 

measures, with no threshold effect (Table 3.3 and 3.5). This further emphasises 

the strong effect of increasing maternal BMI on fetal growth and adiposity. 

 

These results are the first to investigate the effects of an antenatal diet and 

lifestyle intervention on fetal biometry and adiposity measures over pregnancy 

among women who are of a normal BMI. Previous randomised trials of antenatal 
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diet and lifestyle interventions that have included women of a normal BMI in 

early pregnancy have not assessed the effects on fetal growth(260-264). These 

results demonstrate that, among women who are of a normal BMI in early 

pregnancy, there is no evidence of an effect of an antenatal diet and lifestyle 

intervention on fetal biometry or adiposity measures over pregnancy, compared 

to those receiving standard care. Taken together with the findings presented 

earlier in this thesis, that maternal overweight and obesity exerts a strong 

positive effect on fetal growth and adiposity from as early as 20 weeks’ gestation, 

it is also possible that fetal growth is “set” from very early in pregnancy, and 

interventions to alter this may need to be commenced earlier in pregnancy, or 

prior to pregnancy, to be effective.  
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Chapter 7: The effect of metformin in addition to an antenatal 
diet and lifestyle intervention on fetal growth and adiposity: 
the GRoW randomised trial 
 

The analyses reported in this chapter have been published in BMC 

Endocrine Disorders(265). The published manuscript is included as 

appendix 5.   

 

7.1 Background 
 

Antenatal dietary and lifestyle interventions have not been shown to be effective 

in reducing the risk of adverse clinical pregnancy and birth outcomes(189, 191, 266), 

and in particular, have not reduced the risk of high infant birthweight(191). Oral 

metformin, a commonly used hypoglycaemic agent, has been evaluated as a 

strategy to improve pregnancy outcomes for overweight and obese women, 

given similarities in the metabolic environment between both obesity and GDM. 

However, studies investigating the effects of antenatal metformin have not 

reported fetal growth and adiposity(192, 267).  
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What is known? 

Increasing maternal BMI is associated with increasing fetal growth and 

adiposity. Antenatal diet and lifestyle interventions alone have not been 

demonstrated to be effective at reducing the risk of high infant birthweight.  

What is not known? 

The effect of adjuvant metformin, in addition to an antenatal diet and lifestyle 

intervention, on fetal growth and adiposity, and fetal growth trajectories.  

What do these analyses add to previous knowledge?  

The addition of metformin to dietary and lifestyle advice in pregnant women 

who are overweight or obese has no evidence of a clinically relevant effect on 

fetal biometry or adiposity measures, or their velocities in late pregnancy.  

 

7.2 Aim 
To investigate, among overweight or obese pregnant women, the effect of a 

combined antenatal dietary and lifestyle intervention, and metformin, on fetal 

growth and adiposity.  

 

7.3 Objectives 
The objectives of this chapter are to assess, among women who are overweight 

or obese in pregnancy, the effect of metformin, as an adjunct to an antenatal 

dietary and lifestyle intervention on: 

• fetal biometry measures; 

• fetal biometry measure velocities; 

• fetal adiposity measures in the third trimester; and 

• fetal adiposity measure velocities. 

 

  



 151 

7.4 Methods pertaining to this chapter 

7.4.1 Description of the cohort 
The analyses reported in this chapter use data obtained from research 

ultrasounds of participants of the GRoW randomised trial(204), and randomised to 

one of two treatment groups - the Metformin group or the Placebo group. Details 

regarding the intervention and antenatal care have been discussed previously 

(Chapter 2 – Methods).  

 

7.4.2 Detectable difference calculation 
In total, 511 participants provided fetal ultrasound data for at least one time 

point. The power repeated function in Stata v16 (StataCorp, TX) was used to 

perform effect size estimations. To provide a conservative estimate of detectable 

effect size, calculations were performed using an assumption of 2 time points, 

and using only the number of participants with ultrasounds at both 28 and 36 

weeks, thus a sample size of 195 per group was used. These calculations showed 

that 390 participants provide 80% power, with two-sided alpha 0.05, to detect 

differences between the intervention groups of 0.14 SD.  

 

7.4.3 Statistical analysis 
Baseline characteristics of women included in the analysis were compared 

descriptively between treatment groups (Metformin group versus Placebo 

group). Continuous variables were reported as means and standard deviations, 

or as medians and interquartile ranges if not normally distributed. Categorical 

variables were reported as frequencies and percentages.  

 

Outcomes measured at multiple time points were analysed using linear 

regression models, with Generalised Estimating Equations to account for 

correlation due to repeated measures, and a time-by-treatment interaction term 

to test for differences in treatment effect between time points. Estimates are 

reported as differences in means (Metformin group – Placebo group) and 95% 

confidence intervals for each time point separately, regardless of the significance 

of the interaction term. Growth velocity outcomes were analysed using linear 

regression models, with estimates again reported as differences in means 
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(Metformin Group – Placebo Group) and 95% confidence intervals. Analyses 

were adjusted for stratification variables (study centre, BMI category and 

parity), maternal age at trial entry, smoking status, and SEIFA IRSD quintile as 

covariates.  

 

  



 153 

7.5 Results 

7.5.1 Baseline characteristics 
 

The present study includes a total of 511 women who attended for one or more 

research ultrasounds; 255 women from the Metformin group and 256 women 

from the Placebo group (Figure 2.2). Baseline demographic characteristics of 

participating women are shown in Table 7.1, and were comparable between treatment 

groups. The median gestational age at trial entry was 16.29 weeks (Interquartile 

Range (IQR) 14.43 - 18.00 weeks). The median BMI of the cohort was 32.30 kg/m2 

(IQR 28.90 - 37.20 kg/m2), with most women in their second or subsequent 

pregnancy, non-smokers, and 62.63% from the highest two quintiles of social 

disadvantage(243). These characteristics are similar to the full randomised cohort(204).  
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Table 7.1 – Baseline characteristics: participants in the GRoW randomised trial who attended for one or more research ultrasounds 

 

Characteristic Metformin Group Placebo Group Total 

Overall Numbers 255 256 511 

BMI (kg/m2): Median (IQR) 32.40 (28.70, 37.57) 32.05 (29.10, 36.80) 32.30 (28.90, 37.20) 

BMI category (kg/m2): N(%) 

25.0-29.9 

30.0-34.9 

35.0-39.9 

≥40.0 

 

83 (32.55) 

74 (29.02) 

58 (22.75) 

40 (15.69) 

 

83 (32.42) 

83 (32.42) 

48 (18.75) 

42 (16.41) 

 

166 (32.49) 

157 (30.72) 

106 (20.74) 

82 (16.05) 

Parity: N(%) 

0 

 1+ 

 

88 (34.51) 

167 (65.49) 

 

91 (35.55) 

165 (64.45) 

 

179 (35.03) 

332 (64.97) 

Smoking Status: N(%) 

Non-smoker 

Smoker 

Missing 

 

230 (90.20) 

24 (9.41) 

1 (0.39) 

 

208 (81.25) 

43 (16.80) 

5 (1.95) 

 

438 (85.71) 

67 (13.11) 

6 (1.17) 

Quintile of Relative Socioeconomic 

Disadvantage: N(%)  
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Q1(most disadvantaged) 

Q2 

Q3 

Q4 

Q5(least disadvantaged) 

75 (29.41) 

78 (30.59) 

31 (12.16) 

52 (20.39) 

19 (7.45) 

93 (36.33) 

74 (28.91) 

30 (11.72) 

43 (16.80) 

16 (6.25) 

168 (32.88) 

152 (29.75) 

61 (11.94) 

95 (18.59) 

35 (6.85) 

Ethnicity: N(%) 

Caucasian 

Non-Caucasian 

209 (81.96) 

46 (18.04) 

219 (85.55) 

37 (14.45) 

428 (83.76) 

83 (16.24) 

SD, standard deviation. IQR, interquartile range. BMI, body mass index. N, number. ATSI, Aboriginal or Torres Strait Islander. SEIFA IRSD, socio-economic Indexes 
for Areas Index of Relative Socio-economic Disadvantage, Q, quintile.  
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7.5.2 Effect of adjuvant metformin on fetal biometry measures 
 

There were no significant differences in fetal biometry measures of BPD, HC or 

AC at any of the time points assessed (Table 7.2). Although measurements of FL 

were not statistically significantly different at 20 or 28 weeks’ gestation, average 

femur length was greater in the Metformin group at 36 weeks’ gestation 

compared to the Placebo group (Table 7.2). However the magnitude of the 

difference was small – only 0.07 (95% CI: 0.01, 0.14) cm – and, while statistically 

significant (p=0.019), it is considered unlikely to be clinically relevant. There 

were no differences in calculated EFW at 28 or 36 weeks’ gestation, by treatment 

group (Table 7.2). The estimates of effect size for fetal biometry measures were 

all less than 0.50 cm and the 95% confidence intervals crossed zero (Table 7.2), 

suggesting that the true effect of treatment is unlikely to be clinically relevant. 

Similarly, the estimated effect size for estimated fetal weight was only 17.61 

(95% CI -57.67, 92.88) gm (Table 7.2), again suggesting that the true effect is not 

clinically relevant. 
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Table 7.2 – Effect of adjuvant antenatal metformin on ultrasound measures of fetal biometry 

 

Outcome Metformin group 
Mean (SD) 

Control group 
Mean (SD) 

Unadj treatment 
effect (95% CI) 

Unadj P-
value 

Adj treatment 
effect (95% CI) 

Adj P-
value 

BPD (cm)    0.138*  0.102* 

20 weeks 4.66 (0.34) 4.69 (0.35) -0.03 (-0.09, 0.03) 0.328 -0.04 (-0.09, 0.02) 0.232 

28 weeks 7.13 (0.50) 7.15 (0.41) -0.02 (-0.10, 0.06) 0.645 -0.02 (-0.10, 0.07) 0.671 

36 weeks 8.94 (0.42) 8.88 (0.39) 0.06 (-0.01, 0.14) 0.110 0.07 (-0.01, 0.14) 0.076 
HC (cm)    0.299*  0.200* 

20 weeks 17.38 (1.20) 17.45 (1.36) -0.07 (-0.29, 0.16) 0.551 -0.09 (-0.31, 0.13) 0.431 

28 weeks 26.46 (1.55) 26.43 (1.26) 0.04 (-0.22, 0.30) 0.744 0.05 (-0.22, 0.31) 0.727 

36 weeks 32.36 (1.23) 32.20 (1.21) 0.17 (-0.05, 0.40) 0.134 0.19 (-0.04, 0.42) 0.100 

FL (cm)    0.018*  0.012* 
20 weeks 3.26 (0.30) 3.28 (0.30) -0.03 (-0.08, 0.02) 0.267 -0.04 (-0.09, 0.01) 0.127 

28 weeks 5.29 (0.37) 5.29 (0.30) 0.01 (-0.06, 0.07) 0.841 0.00 (-0.06, 0.07) 0.909 

36 weeks 6.92 (0.32) 6.85 (0.33) 0.08 (0.01, 0.14) 0.015 0.07 (0.01, 0.14) 0.019 

AC (cm)    0.992*  0.959 

20 weeks 15.56 (1.37) 15.65 (1.29) -0.09 (-0.32, 0.14) 0.457 -0.10 (-0.32, 0.12) 0.368 
28 weeks 24.62 (1.75) 24.70 (1.56) -0.07 (-0.37, 0.24) 0.669 -0.05 (-0.36, 0.26)) 0.747 

36 weeks 32.82 (1.87) 32.92 (1.99) -0.07 (-0.43, 0.29) 0.690 -0.07 (-0.43, 0.29) 0.707 



 158 

 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, abdominal circumference. EFW, estimated fetal weight. Unadj treatment effect, unadjusted 
treatment effect. Unadj p-value, unadjusted p value. Adj, treatment effect, adjusted treatment effect. Adj p-value, adjusted p value.  
 

EFW (g)    0.720*  0.756* 

28 weeks 1272.36 (248.33) 1268.81 (201.23) 5.05 (-36.72, 46.82) 0.813 5.40 (-36.93, 47.74) 0.803 

36 weeks 2932.32 (399.97) 2914.27 (417.68) 18.98 (-56.99, 94.95) 0.624 17.61 (-57.67, 92.88) 0.647 
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7.5.3 Effect of adjuvant metformin on fetal biometry measure z-scores 
 

There were no significant differences in the fetal biometry z-scores of BPD, HC, 

FL or AC between the treatment groups, at any of the time points assessed, or 

calculated estimated fetal weight z-score at 28 or 36 weeks’ gestation (Table 

7.3). All fetal biometry measure z-scores were positive in both groups, at all time 

points, suggesting the fetuses of women in this study were larger on average 

than that of the reference population(213, 268).  
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Table 7.3 – Effect of adjuvant antenatal metformin on fetal biometry z-scores 

 

Outcome Metformin 
group 

Mean (SD) 

Control 
group 

Mean (SD) 

Unadj treatment 
effect (95% CI) 

Unadj P-
value 

Adj treatment 
effect (95% CI) 

Adj 
P-value 

BPD z-score    0.138*  0.102* 

28 weeks 0.41 (1.54) 0.56 (1.47) -0.14 (-0.41, 0.14) 0.333 -0.13 (-0.41, 0.14) 0.335 
36 weeks 0.18 (1.23) 0.10 (1.14) 0.04 (-0.18, 0.26) 0.697 0.06 (-0.16, 0.28) 0.564 

HC z-score    0.788*  0.708* 

28 weeks 0.82 (1.02) 0.83 (0.88) 0.02 (-0.15, 0.20) 0.817 0.02 (-0.15, 0.20) 0.801 

36 weeks 0.85 (0.89) 0.79 (0.86) 0.05 (-0.12, 0.21) 0.583 0.06 (-0.11, 0.22) 0.493 

FL z-score    0.036*  0.031* 
28 weeks 0.30 (0.89) 0.37 (0.95) -0.06 (-0.23, 0.11) 0.496 -0.09 (-0.26, 0.08) 0.316 

36 weeks 0.36 (1.03) 0.21 (1.03) 0.14 (-0.05, 0.32) 0.161 0.12 (-0.07, 0.30) 0.230 

AC z-score    0.743*  0.696* 

28 weeks 0.61 (0.92) 0.75 (0.98) -0.13 (-0.31, 0.04) 0.134 -0.12 (-0.30, 0.05) 0.165 

36 weeks 0.56 (1.06) 0.73 (1.01) -0.16 (-0.35, 0.03) 0.098 -0.16 (-0.35, 0.03) 0.104 
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EFW z-score    0.890*  0.901* 
28 weeks 0.32 (0.85) 0.40 (0.89) -0.07 (-0.23, 0.09) 0.399 -0.07 (-0.23, 0.09) 0.398 

36 weeks 0.42 (0.97) 0.48 (0.93) -0.06 (-0.23, 0.12) 0.513 -0.06 (-0.23, 0.11) 0.500 

 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, abdominal circumference. EFW, estimated fetal weight. Unadj treatment effect, unadjusted 
treatment effect. Unadj p-value, unadjusted p value. Adj, treatment effect, adjusted treatment effect. Adj p-value, adjusted p value.
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7.5.4 Effect of adjuvant metformin on fetal adiposity measures 
 

There was no significant treatment effect on any of the measures of fetal 

adiposity, at either 28 or 36 weeks’ gestation (Table 7.4). Estimates of effect size 

for all adiposity measures were close to zero, and the range of the 95% 

confidence intervals were small, suggesting that the true effect is not clinically 

meaningful. 
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Table 7.4 – Effect of adjuvant antenatal metformin on ultrasound fetal adiposity measures 

 

Outcome Metformin 
group 

Mean (SD) 

Control 
group 

Mean (SD) 

Unadj treatment 
effect (95% CI) 

Unadj 
P-value 

Adj treatment 
effect (95% CI) 

Adj P-
value 

MTFM (cm2)    0.845*  0.843* 

28 weeks 4.24 (1.03) 4.21 (1.09) 0.04 (-0.27, 0.35) 0.805 0.02 (-0.29, 0.33) 0.902 

36 weeks 9.87 (2.79) 9.95 (2.47) -0.05 (-0.95, 0.84) 0.908 -0.07 (-0.94, 0.80) 0.870 
AFM (mm)    0.144*  0.199* 

28 weeks 3.60 (1.17) 3.60 (1.08) 0.01 (-0.31, 0.34) 0.935 0.06 (-0.27, 0.39) 0.718 

36 weeks 6.42 (1.41) 5.98 (1.51) 0.42 (-0.05, 0.88) 0.077 0.42 (-0.05, 0.89) 0.079 

SSFM (mm)    0.919*  0.655* 

28 weeks 3.22 (0.80) 3.20 (0.88) 0.02 (-0.21, 0.25) 0.863 0.03 (-0.19, 0.25) 0.760 
36 weeks 

 
4.84 (1.44) 4.85 (1.48) -0.00 (-0.42, 0.41) 0.985 -0.07 (-0.48, 0.34) 0.740 

 
MTFM, mid-thigh fat mass. AFM, abdominal fat mass. SSFM, subscapular fat mass. Unadj treatment effect, unadjusted treatment effect. Unadj p value, unadjusted p 
value. Adj treatment effect, adjusted treatment effect. Adj p-value, adjusted p value. * denotes the p value for the interaction term.  
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7.5.5 Effect of adjuvant metformin on fetal growth velocity  
 

With regards to fetal biometry velocities and estimated fetal weight velocity, there 

were no significant differences between treatment groups, either in the raw velocity 

measurements or velocity z-scores for any measurement (Table 7.5). 
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Table 7.5 – Effect of adjuvant antenatal metformin on fetal growth velocities 

 

Outcome  Metformin 
group 

Mean (SD) 

Control 
group 

Mean (SD) 

Unadj treatment 
effect (95% CI) 

Unadj 
P-

value 

Adj treatment effect 
(95% CI) 

Adj 
P-

value 

BPD velocity 
(cm/wk) 

0.22 (0.04) 0.22 (0.04) 0.000 (-0.008, 0.009) 0.967 -0.003 (-0.011, 0.006) 0.555 

HC velocity 
(cm/wk) 

0.11 (0.02) 0.11 (0.02) -0.002 (-0.006, 0.002) 0.398 -0.003 (-0.007, 0.001) 0.150 

FL velocity 
(cm/wk) 

0.03 (0.00) 0.03 (0.01) 0.000 (-0.001, 0.001) 0.403 0.000 (-0.001, 0.001) 0.491 

AA velocity 
(cm2/wk) 

0.67 (0.14) 0.70 (0.14) -0.021 (-0.048, 0.005) 0.118 -0.021 (-0.049, 0.006) 0.127 

EFW velocity 
(g/wk) 

29.93 (5.20) 30.32 (5.32) -0.384 (-1.412, 0.645) 0.465 -0.405 (-1.460, 0.650) 0.452 

BPD velocity 
z-score 

0.80 (1.08) 0.69 (1.08) 0.104 (-0.106, 0.314) 0.331 0.034 (-0.175, 0.242) 0.751 

AA velocity 
z-score 

0.47 (0.94) 0.60 (0.97) -0.132 (-0.317, 0.054) 0.164 -0.133 (-0.322, 0.057) 0.170 

FL velocity z-
score 

0.70 (0.98) 0.56 (1.12) 0.144 (-0.061, 0.349) 0.168 0.128 (-0.081, 0.337) 0.231 

EFW velocity 
z-score 

0.69 (1.10) 0.77 (1.14) -0.080 (-0.298, 0.139) 0.476 -0.084 (-0.309, 0.140) 0.462 

 
BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, abdominal circumference. EFW, estimated fetal weight. AA, abdominal area. BPDv, 
biparietal diameter velocity. AAv, abdominal area velocity. FLv, femur length velocity. EFWv, estimated fetal weight velocity. Unadj treatment effect, unadjusted 
treatment effect. Unadj p-value, unadjusted p value. Adj, treatment effect, adjusted treatment effect. Adj p-value, adjusted p value.  
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7.6 Discussion 
 

These findings demonstrate that, among pregnant women who are overweight 

or obese, antenatal treatment with oral metformin as an adjunct to dietary and 

lifestyle advice did not appreciably impact measures of fetal biometry or 

adiposity, or fetal biometry growth velocities over the third trimester of 

pregnancy.  

 

Metformin has been used increasingly in the treatment of GDM. The Metformin 

in Gestational Diabetes (MiG) Trial confirmed the safety and efficacy of 

metformin use in women with GDM(192). Oral metformin was not associated with 

an increased rate of the composite neonatal adverse outcome (comprising 

neonatal hypoglycaemia, respiratory distress, need for phototherapy, birth 

trauma, 5-minute Apgar <7, or preterm birth)(192). Rowan et al also found no 

significant differences between metformin and insulin with regards to neonatal 

biometry, circumferences, or skin-fold thickness measurements(192).  

 

Subsequent childhood follow up at two years of age, however, revealed selected 

differences with children exposed to metformin in pregnancy having statistically 

significantly greater upper arm circumference, subscapular and biceps skinfold 

thicknesses, and greater fat free mass measurements, in comparison with 

children exposed to insulin antenatally(269). It was hypothesised that antenatal 

metformin contributed to fat being stored in subcutaneous sites, resulting in less 

ectopic or visceral fat(269). However, these differences were no longer evident at 

7-9 years of age follow-up(270), suggesting the possibility of a chance finding and 

limited clinical relevance. Women recruited to the MiG study had an average 

early pregnancy BMI of 32 kg/m2(192), similar to women in the GROW 

randomised cohort(193). In contrast to the MiG study, however, women recruited 

to the GRoW randomised trial commenced treatment much earlier in pregnancy, 

with an average gestational age at trial entry of 16 weeks(204). Furthermore, the 

MiG trial did not report fetal measures of growth and adiposity.  
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The findings of the current analysis are in contrast to those reported in a 

secondary analysis of the PregMet randomised trial, investigating the effect of 

adjuvant antenatal metformin treatment among women with polycystic ovary 

syndrome (PCOS) on fetal and neonatal biometry(267). In this study the fetuses of 

women exposed to antenatal metformin were found to have larger BPD 

measurements at 32 weeks’ gestation, and greater HC measurements at 

birth(267). However, the magnitude of these differences was small – on average, 

less than one centimetre. This study had fewer participants than the GRoW 

randomised trial, and the average BMI at trial entry was 29 kg/m2, compared 

with 32 kg/m2 for women in the GRoW randomised trial(193), which may have 

contributed to the variability between studies.  

 

All women randomised to the GRoW trial were exposed to the same dietary and 

lifestyle intervention as was provided in the LIMIT randomised trial(188). The 

LIMIT randomised trial identified that the dietary and lifestyle intervention was 

associated with greater fetal mean mid-thigh fat mass, and a significantly slower 

rate of subscapular adipose tissue deposition, with no difference in lean thigh 

mass or abdominal fat mass(118). Of interest, results of fetal biometry z-scores, 

estimated fetal weights and subcutaneous fat measures obtained from fetuses of 

women randomised to the GRoW trial placebo group were similar to those found 

in fetuses randomised to the diet and lifestyle group of the LIMIT randomised 

trial(188), providing further support for the robustness of the measurements in 

these very similar populations.  

 

Women recruited to the GRoW randomised trial were, on average, 16 weeks’ 

gestation. Sovio and colleagues(182) demonstrated that the fetuses of women who 

were obese were more likely to have an abdominal circumference measurement 

greater than the 90th percentile which was already evident at 20 weeks’ 

gestation. There is increasing evidence that the preconception period is of vital 

importance to healthy growth and development(271, 272). It is possible that 

interventions, such as the diet and lifestyle intervention investigated here, need 

to be commenced prior to conception, to have an appreciable effect on fetal 

growth and adiposity.  
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Among pregnant women who are overweight or obese, antenatal treatment with 

oral metformin as an adjunct to dietary and lifestyle advice did not appreciably 

impact measures of fetal biometry or adiposity, or fetal biometry growth 

velocities over the third trimester of pregnancy. As all women participating in 

the GRoW randomised trial received an antenatal diet and lifestyle intervention, 

it possible that the pathways involved in fetal fat deposition have been 

“saturated”, and cannot be further affected by the addition of metformin. It is 

also possible that the intervention is commenced too late for appreciable effects 

to be seen in this high risk cohort. Future work should consider the importance 

of the preconception period in mitigating the effects of maternal overweight and 

obesity on fetal growth and adiposity.  
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Chapter 8: Overall conclusions 
 

The analyses presented in this thesis investigate the effect of maternal BMI, 

across the BMI spectrum, on fetal growth and adiposity; whether this is 

mediated by GDM diagnosis and treatment; how fetal growth and adiposity are 

altered among infants born LGA; and finally, the effect of antenatal interventions 

to limit gestational weight gain on fetal growth and adiposity. Overall, these 

analyses demonstrate that maternal BMI exerts a strong, continuous positive 

effect on fetal growth and adiposity, from as early as 20 weeks’ gestation. Among 

women who are overweight or obese, there is no evidence that the effect of BMI 

>30.0, vs BMI 25.0-29.9 kg/m2, is mediated via diagnosed and treated GDM. 

Infants born LGA demonstrate larger fetal biometry and adiposity measures 

from as early as 20 weeks’ gestation. And finally, the antenatal interventions 

investigated in this thesis have not demonstrated an ability to alter fetal growth 

and adiposity, most likely because the interventions are commenced too late in 

pregnancy to be clinically effective.  

 

Overall, the findings presented in this thesis suggest fetal growth patterns are 

determined early in pregnancy, and any antenatal interventions to prevent the 

effects of maternal overweight and obesity on fetal growth will need to be 

commenced earlier in pregnancy, or prior to conception, to be effective.  
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The effect of maternal BMI, across the BMI spectrum, on fetal growth 

and adiposity 

• The relationship between maternal BMI and fetal growth and 

adiposity measures is linear in nature, with no threshold effect seen 

• Increasing maternal BMI is associated with increasing 

o Fetal biometry measures and calculated EFW, and fetal 

biometry and EFW z-scores, as early as 20 weeks’ gestation 

o Fetal biometry measure and calculated EFW velocity in late 

pregnancy 

o Measures of fetal adiposity at 36 weeks’, but not 28 weeks’ 

gestation 

Mediation of fetal growth and adiposity by GDM among women who are 

overweight or obese 

• Among pregnant women who are obese, compared to women who are 

overweight, there is no evidence that the effect of BMI on fetal 

biometry or adiposity measures is mediated via diagnosed and 

treated GDM  

Exploring fetal growth and adiposity of LGA and non-LGA infants 

• Infants born LGA 

o Have larger fetal biometry measures and higher fetal biometry 

velocities from as early as 20 weeks’ gestation 

o Have larger fetal adiposity measures at 28 and 36 weeks’ 

gestation, with the exception of AFM measurements at 28 

weeks’ gestation 

Effect of antenatal dietary and lifestyle advice on fetal growth and 

adiposity among women who are of a normal BMI 

• Among pregnant women who have a normal BMI, there is no evidence 

of effect of an antenatal diet and lifestyle advice intervention on 

o fetal biometry or fetal biometry velocities in the third 

trimester 

o fetal adiposity or the rate of fetal adipose tissue accumulation 

in the third trimester 
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Effect of antenatal adjuvant metformin on fetal growth and adiposity 

among women who are overweight or obese 

• Among pregnant women who are overweight or obese, there is no 

evidence that antenatal treatment with oral metformin as an adjunct 

to dietary and lifestyle advice  

o Alters fetal biometry, or fetal biometry growth velocities, over 

the third trimester of pregnancy 

o Impacts measures of fetal adiposity over the third trimester of 

pregnancy 

 

8.1 Strengths and limitations  
 

When combined, the three harmonised randomised trials that contributed data 

to the work in this thesis(188, 193, 201) represent one of the largest longitudinal, 

prospectively recruited cohorts of pregnant women published. This enabled the 

robust examination of fetal growth and adiposity during pregnancy in women, 

across the BMI spectrum. In particular, the large number of women included 

who were overweight or obese is a significant strength. Previously published 

work has included relatively small numbers of women at the upper range of 

maternal BMI, limiting statistical power and reliable conclusions to be made 

about the effects of maternal overweight and obesity on fetal growth. While it is 

known that increasing maternal BMI is associated with reduced accuracy in fetal 

ultrasound measures, good inter-observer agreement in measurements among 

women in this cohort who were overweight or obese has been shown(118).  

 

A limitation of the studies presented here is that they represent secondary 

analyses, albeit made up of outcomes that were specified prior to the analysis. 

Despite this, the large number of women contributing ultrasound data results in 

significant power to detect clinically important differences in fetal growth and 

adiposity measures, should they exist. The women recruited drew from 

populations of women booking their pregnancy care at three major public 

maternity hospitals in South Australia, contributing to the generalisability of 

these findings to the state and national populations of pregnant women. 
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However, women recruited and randomised to the studies were predominantly 

of Caucasian ethnicity, and over half of the women were from the highest two 

quintiles of socioeconomic disadvantage. This may not be truly representative of 

the demographics of the state and country, as a whole, and may somewhat limit 

the generalisability of these findings.  

8.2 Implications for clinical practice 

There are currently no evidence-based antenatal interventions recommended 

for the prevention of adverse maternal and infant outcomes among women who 

are overweight or obese. In particular, there are no antenatal interventions to 

prevent birth of LGA infants, either among women who are overweight or obese, 

or those of a normal BMI. The three harmonised studies(188, 193, 201) contributing 

data for this thesis did not report clinically significant effects of an antenatal diet 

and lifestyle intervention or adjuvant metformin on pregnancy outcomes, 

including LGA. By exploring in detail the fetal growth and adiposity of these 

infants, this thesis provides strong evidence that fetal growth patterns are likely 

“set” early in pregnancy and before antenatal interventions such as those 

described have commenced.  

It is possible that the antenatal interventions presented in this thesis were 

commenced too late to be effective, and that interventions to impact fetal growth 

must be started earlier in pregnancy, or prior to pregnancy, to have an effect. The 

data presented in this thesis suggests that maternal BMI exerts an effect on fetal 

growth from as early as 20 weeks’ gestation, however data from ultrasounds 

prior to this gestation were not part of these studies. However, given these data 

show such early effects on fetal growth, it is likely that interventions will need to 

be commenced prior to pregnancy to be effective.  

8.3 Implications for future research 
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With increasing rates of maternal overweight and obesity worldwide, there is an 

urgent need for evidence-based interventions to improve outcomes among this 

group of women who are at an increased risk of adverse maternal and infant 

outcomes. While antenatal interventions have been shown to be generally 

ineffective, future research focused on prepregnancy interventions to improve 

outcomes is required. Additionally, further work investigating fetal growth 

earlier than 20 weeks’ gestation is important, to accurately determine if and 

when fetal growth is altered. Investigation of which, if any, of the fetal 

subcutaneous tissue fat measures of adiposity accurately predict newborn 

adiposity are required, as well as childhood and adolescent follow up to 

determine whether fetuses identified as having increased adiposity are at risk of 

subsequent childhood and adolescent obesity. Childhood and adolescent follow 

up of the children born to women included in both prepregnancy and antenatal 

intervention trials are required, to better elucidate the determinants of the 

intergenerational cycle of obesity, and how to prevent it.  
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Objective To describe the mediating effect of maternal gestational

diabetes on fetal biometry and adiposity measures among

overweight or obese pregnant women.

Design Secondary analysis of the LIMIT randomised trial.

Setting Public hospitals, metropolitan Adelaide, South Australia.

Population Pregnant women with body mass index (BMI) ≥25
kg/m2 and singleton gestation.

Methods Fetal ultrasound measures at 36 weeks of gestation and

baseline BMI from women randomised to the LIMIT trial

Standard Care group (n = 912 women) were used to conduct

causal mediation analyses using regression-based methods.

Main outcomes measures Ultrasound measures of fetal biometry

and adiposity at 36 weeks of gestation.

Results Increased maternal BMI was associated with increased

measures of fetal head circumference [direct (unmediated) effect

0.18 (95% CI: 0.05–0.31), P = 0.005; total effect 0.17 (95% CI:

0.02–0.31), P = 0.018], abdominal circumference [direct effect

0.26 (95% CI: 0.11–0.41), P = 0.001; total effect 0.26 (95% CI:

0.11–0.42), P = 0.001] and estimated fetal weight [direct effect

0.22 (95% CI: 0.08–0.35), P = 0.002; total effect 0.22 (95% CI:

0.08–0.35), P = 0.002], with no evidence of mediation by treated

gestational diabetes. There was no apparent association between

maternal BMI and fetal adiposity measures, or mediation by

treated gestational diabetes.

Conclusions We show an important association between increased

maternal BMI and fetal growth, not mediated by treated

gestational diabetes. There was no association between increased

maternal BMI and fetal adiposity measures, or mediation by

treated gestational diabetes. Whether these findings represent

‘saturation’ in the effect of maternal BMI on fetal growth or the

effect of treatment of GDM is unclear.

Funding This project was funded by a 4-year project grant from

the National Health and Medical Research Council (NHMRC),

Australia (ID 519240); The Channel 7 Children’s Research

Foundation, South Australia; and the US National Institutes of

Health (R01 HL094235-01).

Keywords Fetal adiposity, fetal growth, fetal ultrasound,

gestational diabetes, maternal obesity.

Tweetable abstract Increased fetal growth associated with

maternal obesity is not mediated by gestational diabetes.

Linked article This article is commented on by W Lee, p. 1567 in

this issue. To view this mini commentary visit https://doi.org/10.

1111/1471-0528.15303.

Please cite this paper as: Poprzeczny AJ, Louise J, Deussen AR, Dodd JM. The mediating effects of gestational diabetes on fetal growth and adiposity in

women who are overweight and obese: secondary analysis of the LIMIT randomised trial. BJOG 2018;125:1558–1566.

Introduction

Overweight and obesity, defined as body mass index (BMI)

≥25 and ≥30.0 kg/m2, respectively, represent a significant

public health burden globally.1 Across developed nations,

Clinical trial registration: Australian and New Zealand Clinical Trials

Registry (ACTRN12607000161426).
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rates of maternal overweight and obesity are rapidly

increasing, with a doubling over the past 20 years.2,3 In

Australia, approximately 50% of women entering preg-

nancy are overweight or obese.4,5

Overweight and obesity are associated with increased

risks of adverse maternal and infant outcomes in pregnancy

and childbirth.5 In addition to well-recognised maternal

morbidity,5–7 maternal overweight and obesity are associ-

ated with an increased risk of being born large for gesta-

tional age or having birthweight over 4 kg,7,8 perinatal

morbidity and mortality,5,7 and longer term risks of child-

hood obesity.9,10

Gestational diabetes mellitus (GDM) is defined as carbo-

hydrate intolerance diagnosed during pregnancy and

increases in prevalence with increasing maternal BMI.7

GDM is associated with adverse perinatal outcomes similar

to those seen among women who are overweight or obese

in pregnancy, including need for induction of labour and

caesarean section, and having an infant born large for

gestational age or birthweight over 4 kg.11–13

It is unclear whether the combination of maternal over-

weight or obesity and GDM represents an additive risk in

pregnancy, and whether diagnosis and treatment of GDM

among women who are overweight or obese modifies this

risk. It is also unclear how much of the increased perinatal

risk associated with maternal overweight and obesity is

attributable to the increased prevalence of GDM. Maternal

overweight or obesity and GDM commonly coexist, and

have many shared metabolic characteristics. Therefore, it is

possible that GDM is on the causal pathway between

maternal overweight or obesity and adverse infant

outcomes.

We have previously reported that increased maternal

BMI is associated with increased fetal growth as measured

by ultrasound fetal biometry.14 The aim of this secondary

analysis from the LIMIT randomised trial15 was to evaluate,

among overweight and obese pregnant women, the degree

to which the association between maternal BMI and fetal

growth and adiposity was mediated via diagnosed and trea-

ted GDM.

Methods

Participants
The study protocol and major findings of the LIMIT ran-

domised trial have been published previously.15–18 Briefly,

pregnant women were recruited from three major public

metropolitan maternity hospitals in Adelaide, South Aus-

tralia (Women’s and Children’s Hospital, Lyell McEwin

Hospital and Flinders Medical Centre). Women with a

BMI ≥25 kg/m2 (measured in early pregnancy) and who

had a singleton pregnancy between 10+0 and 20+0 weeks of

gestation were eligible for inclusion. Women were excluded

if they had a multiple pregnancy, or type 1 or 2 diabetes

mellitus diagnosed prior to pregnancy. Written informed

consent was obtained from all women, and ethics approval

was provided by each hospital review board.

Randomisation
All women presenting for a booking antenatal visit to their

participating hospital had their height and weight measured,

and BMI calculated. Participating women were randomised

to the Lifestyle Advice Group or Standard Care Group using

a computer-generated schedule, with stratification for mater-

nal parity, BMI at antenatal booking (25.0–29.9 versus

≥30.0 kg/m2), and collaborating centre.16 Briefly, 5474 eligi-

ble women were approached to participate, and 2122 women

consented and were randomised to the lifestyle advice group

(1018 women) or standard care (1104 women).15 Only data

from women randomised to the Standard Care Group were

included in the current analyses.

Intervention
Women who were randomised to the Standard Care Group

received their pregnancy care according to statewide clinical

guidelines, which did not include the routine provision of

dietary and lifestyle advice, or information relating to ges-

tational weight gain in pregnancy.15

Diagnosis and management of gestational diabetes
Consistent with statewide clinical practice at the time, all

women were encouraged to have a fasting 75 g oral glucose

tolerance test at 28 weeks of gestation.19 Using the clinical

criteria in place at the time,19 gestational diabetes was diag-

nosed if the fasting blood glucose concentration was

≥5.5 mmol/l or the 2-hour blood glucose concentration

was ≥7.8 mmol/l. As per clinical practice at the time,

women and their care providers were made aware of their

results and diagnosis of GDM. Following diagnosis, women

were provided with dietary advice and were encouraged to

perform home blood glucose monitoring four times daily

[before breakfast (fasting) and 2 hours after the start of

each meal (postprandial)], with fasting blood glucose mea-

surements targeted between 3.5 and 5.5 mmol/l, and post-

prandial blood glucose concentrations between 4.0 and

7.0 mmol/l.19 Medical treatment with insulin or metformin

was considered if fasting blood glucose concentrations were

≥5.5 mmol/l once or more per week and/or if postprandial

blood glucose concentrations were ≥7.5 mmol/l twice or

more per week.19

Ultrasound assessment
Women participating in the LIMIT trial attended for a

research ultrasound scan at 28 (range 26+0 to 29+6) and 36

(range 34+0 to 37+6) weeks of gestation, with fetal biometry

and body composition measures obtained as reported
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previously.14 Accurate early assessment of gestational age

and estimated date of confinement were calculated based

on early pregnancy ultrasound and menstrual period dat-

ing. All research ultrasounds were performed by a medical

practitioner with specialist or subspecialist training in

obstetric ultrasound, while blinded to the participant’s allo-

cated treatment group.

Ultrasound assessment included measurements of stan-

dard biometry (head circumference, biparietal diameter,

abdominal circumference and femur length), measured in

accordance with national and international standards of

practice.20 All standard biometry measures were converted

to z-scores to allow for variation in gestational age and

fetal sex, using published Australian population stan-

dards.20,21 Estimated fetal weight was calculated using the

Hadlock C formula.22 Fetal body composition measure-

ments included mid-thigh lean mass (MTLM), mid-thigh

fat mass (MTFM), abdominal fat mass (AFM), and sub-

scapular fat mass (SSFM), and were obtained by methods

described previously.23–27 In brief, mid-thigh total mass

(MTTM), MTLM and MTFM were obtained by taking a

longitudinal view of the femur, then rotating the trans-

ducer through 90� degrees to obtain a cross-sectional view

of the mid-thigh.24,25 MTFM was measured by taking the

total cross-sectional limb area (MTTM) and subtracting

MTLM (consisting of the central lean area comprising

muscle and bone). Fetal AFM was measured at the level of

the abdominal circumference, between fetal mid-axillary

lines and anterior to the margins of the ribs.23,24 This was

measured in millimetres and using magnification. The

SSFM was obtained by a sagittal view of the fetal trunk, to

view the entire longitudinal section of the scapula. The

subcutaneous fat tissue measurement was taken at the level

of the end of the scapula.24 We have previously shown

good inter-observer variability for these measurements in

this cohort.14

There was no relevant, published core clinical outcome

sets available at the time of planning and performing the

LIMIT randomised trial.15,16

Statistical analysis
Mediation analyses were performed to investigate the

extent to which any associations between maternal BMI

and fetal biometry and adiposity measures at 36 weeks of

gestation were mediated via diagnosed and treated GDM.

For the purposes of analysis, BMI was divided into two cat-

egories (25.0–29.9 kg/m2 and ≥30.0 kg/m2). When analys-

ing our results using BMI as a continuous variable (data

not shown), there was no appreciable difference from the

results presented here; therefore, we do not present them

here. Regression-based causal mediation models using an

extension of the Baron–Kenny method28 were fitted to

determine the effect of BMI category, and any mediating

effect of diagnosed and treated GDM, on measures of fetal

growth and adiposity, resulting in three estimates for each

outcome (Supporting Information Figure S1):

� Total effect, i.e. the total effect of increased BMI on the

outcome, including the effect that occurs due to the

increased risk of a diagnosis of GDM;

� Direct effect, i.e. the effect of increased BMI on the out-

come, without any effect that occurs via the effect of BMI

on risk of diagnosis of GDM; and

� Indirect effect, i.e. the effect of GDM on the outcome,

independent of any effect of BMI.

In summary, effect estimates represent the difference in

mean outcome values at 36 weeks of gestation between

BMI categories. Diagnosed and treated GDM was investi-

gated as a potential mediator, that is, a factor that lies

along the causal pathway from increased maternal BMI to

effect on fetal growth. Maternal BMI was the direct effect,

diagnosed and treated GDM was the indirect effect, and

the total effect was the combination of the effect seen as a

result of increased maternal BMI and GDM.

Analyses were adjusted for centre, parity, SEIFA IRSD

Quintile, maternal smoking and maternal age at consent.

All analyses were performed using the paramed program in

STATA v14 (StataCorp, College Station, TX, USA).28,29

Participant involvement
Women who participated in the LIMIT randomised trial

provided written and verbal feedback relating to their expe-

riences, including attendance for research-based ultrasound

examinations, which has informed the design of subsequent

studies. Women participating in the trial have also been

involved in media events to assist in dissemination of the

results to the wider public.

Funding
J. M. Dodd is supported through NHMRC Practitioner

Fellowship (ID 627005). This project was funded by a

project grant from the National Health and Medical

Research Council (NHMRC), Australia (ID 519240); The

Channel 7 Children’s Research Foundation, South Aus-

tralia; and the US National Institutes of Health (R01

HL094235-01).

Results

Participant characteristics
These results pertain to the 1104 women randomised to

the Standard Care group of the LIMIT study, of whom 912

had at least one research ultrasound performed at 28 and/

or 36 weeks of gestation. Twelve women were excluded

from mediation analyses as GDM status was missing (11

women) or ultrasound data were missing for all measures

used in these analyses (one woman; Figure 1).
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Baseline characteristics of participants are presented in

Table 1. The mean maternal age at trial entry was 29.6 (SD

5.5) years, and mean gestational age at trial entry was 14.6

(SD: 3.0) weeks. The mean BMI of women at trial entry

was 32.6 (SD: 6.0) kg/m2, with a diagnosis of GDM made

in 102 women (11.3%). The majority of women were of

Caucasian ethnicity [825 women (91.7%)], in their second

or subsequent pregnancy [534 women (59.3%)], and were

nonsmokers [782 women (86.9%)].

Fetal biometry measures
Maternal BMI was directly associated with fetal head cir-

cumference z-score, with higher BMI associated with higher

head circumference z-scores [direct effect 0.18 (95% CI

0.05–0.31), P = 0.005; total effect 0.17 (95% CI 0.02–0.31),
P = 0.018]. However, there was no evidence of an addi-

tional mediated effect due to diagnosed and treated GDM

[indirect effect �0.01 (95% CI �0.02 to 0.00), P = 0.183].

Similar findings were evident for both fetal abdominal

5474 eligible women 
approached to participate 

3262 women declined 

40% not interested; 

31% too busy/other commitments; 

20% unable to contact; 

9% other complications/belief in own 
diet/concern about diet focus/body 

image during pregnancy 

2212 women provided written 
consent and were randomised 

1108 (50.09%) women 
randomised to lifestyle advice 

1104 (49.91% women 
randomised to standard care 

3 women withdrew consent to use data 

25 women miscarriage before 20 weeks
or termination of pregnancy 

5 women suffered stillbirth after 20 
weeks 

1075 liveborn infants 

4 neonatal deaths (3 lethal anomalies) 

1 maternal death 

7 women withdrew consent to use data 

25 women miscarriage before 20 weeks 
or termination of pregnancy 

5 women suffered stillbirth after 20
weeks 

1067 liveborn infants 

1 neonatal death 

1 maternal death 

935 women with one or more 
ultrasound scans 

912 women with one or more 
ultrasound scans 

900 women with one or more 
ultrasound scans and GDM status 

included in the analysis 

12 women excluded: 

11 women with no 
information about GDM 

status 

1 woman with incomplete 
ultrasound data

Figure 1. Flow of women eligible for inclusion in the analysis of ultrasound measurements and fetal growth and adiposity.
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circumference z-scores [direct effect 0.26 (95% CI 0.11–
0.41), P = 0.001; total effect 0.26 (95% CI 0.11–0.42),
P = 0.001] and estimated fetal weight z-scores [direct effect

0.22 (95% CI 0.08–0.35), P = 0.002; total effect 0.22 (95%

CI 0.08–0.35), P = 0.002], again with no evidence of an

additional mediated effect due to diagnosed and treated

GDM [abdominal circumference z-score indirect effect 0.01

(95% CI �0.01 to 0.02), P = 0.532; estimated fetal weight

z-score indirect effect 0.00 (95% CI �0.01 to 0.02),

P = 0.901, respectively; Table 2].

Fetal adiposity measures
For women who were overweight or obese, there was no sig-

nificant association between maternal BMI and fetal adiposity

[MTFM direct effect 0.04 cm2 (95% CI �0.49 to 0.58 cm2),

P = 0.877 and total effect 0.07 cm2 (95% CI �0.50 to

0.64 cm2), P = 0.802; AFM direct effect 0.17 mm (95% CI

�0.11 to 0.45 mm), P = 0.236 and total effect 0.18 mm

(95% CI �0.11 to 0.48 mm), P = 0.223; SSFM direct effect

0.13 mm (95% CI �0.12 to 0.39 mm), P = 0.306 and total

effect 0.12 mm (95% CI �0.14 to 0.39 mm), P = 0.362].

There was no evidence of a mediated effect due to diagnosed

and treated GDM [MTFM indirect effect 0.03 cm2 (95% CI

�0.03 to 0.10 cm2), P = 0.352; AFM indirect effect 0.01 mm

(95% CI �0.02 to 0.05 mm), P = 0.402; SSFM indirect effect

�0.01 mm (95% CI �0.04 to 0.02 mm), P = 0.508; Table 3].

Discussion

Main findings
Our findings demonstrate that in this population of over-

weight and obese women, although higher maternal BMI

Table 1. Baseline characteristics of Standard Care group

participants who attended for one or more research ultrasounds in

the LIMIT study

Characteristic Standard care

n = 900

n %

Maternal age at trial entry, years* 29.6 5.5

Gestational age at trial entry, weeks* 14.6 3.0

BMI, kg/m2* 32.56 6.0

BMI category, kg/m2**

25.0–29.9 372 41.3

30.0–34.9 269 29.9

35.0–39.9 152 16.9

≥40.0 107 11.9

Diagnosis of GDM**

No 798 88.7

Yes 102 11.3

Parity

0 366 40.7

≥1 534 59.3

Smoking status**

Yes 99 11.0

No 782 86.9

Unknown 19 2.1

Index of socio-economic disadvantage*,***

Quintile 1 260 28.9

Quintile 2 220 24.4

Quintile 3 142 15.8

Quintile 4 142 15.8

Quintile 5 136 15.1

Ethnicity**

Caucasian 825 91.7

Asian 25 2.8

Aboriginal or TSI 10 1.1

Indian/Pakistani/Sri Lankan 27 3.0

African 7 0.8

Other 6 0.7

Public patient**

Yes 880 97.8

No 20 2.2

BMI, body mass index.

Women were included in the analysis if they had an ultrasound at

28 or 36 weeks of gestation, or both.

*Mean and standard deviation.

**Number and %.

***Socio-economic index as measured by SEIFA: www.abs.gov.au/

websitedbs/censushome.nsf/home/seifa2011?opendocument&na

vpos=260

Table 2. Effects of BMI and GDM on ultrasound measures of fetal

biometry

Outcome Adjusted (95% CI) P-value

BPD z-score

Direct effect 0.11 (�0.06 to 0.28) 0.198

Indirect effect �0.01 (�0.03 to 0.01) 0.315

Total effect 0.10 (�0.08 to 0.28) 0.271

HC z-score

Direct effect 0.18 (0.05–0.31) 0.005

Indirect effect �0.01 (�0.02 to 0.00) 0.183

Total effect 0.17 (0.02–0.31) 0.018

AC z-score

Direct effect 0.26 (0.11–0.41) 0.001

Indirect effect 0.01 (�0.01 to 0.02) 0.532

Total effect 0.26 (0.11–0.42) 0.001

FL z-score

Direct effect 0.09 (�0.06 to 0.24) 0.256

Indirect effect 0.00 (�0.01 to 0.02) 0.832

Total effect 0.09 (�0.06 to 0.24) 0.244

EFW z-score

Direct effect 0.22 (0.08–0.35) 0.002

Indirect effect 0.00 (�0.01 to 0.02) 0.901

Total effect 0.22 (0.08–0.35) 0.002

AC, abdominal circumference; BMI, body mass index; BPD,

biparietal diameter; EFW, estimated fetal weight (Hadlock C

formula); FL, femur length; HC, head circumference.

Values are adjusted for centre, parity, SEIFA IRSD Quintile, maternal

smoking, and maternal age at consent.
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was directly associated with an increase in fetal biometry

measures, there was no evidence of an additional mediating

effect due to diagnosed and treated GDM. There was no

evidence that either maternal BMI category or diagnosed

and treated GDM was associated with ultrasound measures

of fetal adiposity.

Strengths and limitations
A major strength of our study is the large sample size and

prospective data collection. To our knowledge, this is the

largest cohort of overweight and obese women who have

had serial ultrasound assessment of fetal biometry and adi-

posity, and the first study to investigate the independent

effects of both maternal obesity, and diagnosed and treated

GDM on these measurements. We have used a robust

research methodology and have obtained standardised

ultrasound measures of growth and adiposity, with high

levels of inter-observer reliability.14 Furthermore, diagnosis

and management of GDM were standardised according to

the local statewide clinical practice in operation during the

LIMIT trial.

Our study is not without limitations. This is a secondary

analysis of a randomised trial, and validation using other

contemporary and appropriately powered cohorts is

needed. Although nearly 20% of women are missing some

or all of the data required for these analyses, we consider

the risk of selection bias to be low, as baseline demographic

features of included women are similar to those of the

complete randomised cohort.15 Missing ultrasound data

were predominantly due to inability to perform an ultra-

sound within the specified gestational age window, and

unrelated to factors such as maternal BMI, GDM status or

fetal abnormalities.

Ultrasound examination in women who are obese is

recognised as technically challenging, with increased margins

of error at the extremes of fetal growth in particular. Accu-

racy of fetal anomaly scans has been shown to be

reduced,30,31 and margins of error up to 20% have been

reported for estimates of fetal weight in the third trimester.32

Poor image quality and attenuation of ultrasound by adi-

pose tissue necessitate the use of low-frequency and lower

resolution ultrasound settings, often resulting in poorer

quality images. Despite this, our measures are robust, with

acceptable inter-observer variability in both biometry and

adiposity measures in this study population.14

Interpretation
Although maternal overweight or obesity and GDM are

recognised as risk factors for fetal overgrowth and birth-

weight ≥4 kg,7,8,12 their relative contribution and combined

effects on fetal growth remain unclear. In a secondary anal-

ysis of the HAPO study,33 both maternal obesity and GDM

were independently associated with infant birthweight and

adiposity. Notably, the combination of both maternal obe-

sity and GDM resulted in a greater risk than either factor

alone, suggesting the effect of maternal BMI is not entirely

due to the mediating effect of GDM.33 This was an obser-

vational study, in which clinicians were blinded to maternal

glucose tolerance test results, with treatment only offered

when blood glucose concentrations were extremely elevated.

In contrast, we present data where all women were offered

screening, and those with an abnormal glucose tolerance

test and diagnosed with GDM, were subsequently offered

treatment according to statewide guidelines.

Schaefer-Graf et al.34 investigated the correlation between

maternal BMI, maternal glucose concentrations and fetal

and newborn large-for-gestational-age status, in a group of

women of all BMI ranges, who were offered treatment fol-

lowing a diagnosis of GDM or impaired glucose tolerance.

Although the risk of a large-for-gestational-age infant was

significantly higher among women who were obese, this

did not appear to be attributable to differences in maternal

blood glucose concentrations.34 Although this was a rela-

tively small retrospective cohort of women, the findings are

consistent with our study, providing some evidence to sup-

port the clinical importance of treatment of GDM in this

high-risk population.

The Pedersen hypothesis of fetal overgrowth35 suggests

that infant macrosomia among diabetic women reflects the

effects of fetal hyperglycaemia and subsequent hyperinsuli-

naemia, resulting from maternal hyperglycaemia. The net

effect of increasing birthweight is attributable to the

growth-promoting effects of both insulin and glucose. Fur-

thermore, there is strong evidence to indicate that

Table 3. Effects of BMI and GDM on ultrasound measures of fetal

adiposity

Outcome Adjusted (95% CI) P value

MTFM

Direct effect 0.04 (�0.49 to 0.58) 0.877

Indirect effect 0.03 (�0.03 to 0.10) 0.352

Total effect 0.07 (�0.50 to 0.64) 0.802

AFM

Direct effect 0.17 (�0.11 to 0.45) 0.236

Indirect effect 0.01 (�0.02 to 0.05) 0.402

Total effect 0.18 (�0.11 to 0.48) 0.223

SSFM

Direct effect 0.13 (�0.12 to 0.39) 0.306

Indirect effect �0.01 (�0.04 to 0.02) 0.508

Total effect 0.12 (�0.14 to 0.39) 0.362

AFM, abdominal fat mass; BMI, body mass index; MTFM, mid-thigh

fat mass; SSFM, subscapular fat mass.

Values are adjusted for centre, parity, SEIFA IRSD Quintile, maternal

smoking, and maternal age at consent.
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appropriate treatment and adequate control of blood glu-

cose concentrations in women diagnosed with GDM ame-

liorate these effects on fetal growth.36,37

It is possible that our findings represent ‘saturation’ in

the effect of maternal BMI on fetal biometry and adiposity

and that additional effects of treated GDM in an already

disordered intrauterine milieu, as observed in women who

are overweight or obese, result in no additional effects.

Fetuses of women who are overweight or obese are more

likely to have abdominal circumferences >90th percentile as

early as 20 weeks of gestation, predating the diagnosis and

potential effects of GDM.38 We have previously shown that

fetuses of women who are overweight or obese are consis-

tently larger than average, for all ultrasound biometry mea-

sures, when using standard population-based growth

charts.14 Maternal overweight and obesity are associated

with an early, substantial effect on fetal growth, which is

not further attenuated by a diagnosis and treatment of

GDM.

There is growing evidence that maternal overweight and

obesity influence fetal growth through pathways beyond

glucose transport. Obesity is a complex condition in which

multiple metabolic pathways are altered, and adipose tissue

represents a metabolically active tissue.39 Metabolic factors

including circulating triglycerides,40,41 leptin42–44 and adi-

ponectin45,46 have been associated with higher infant birth-

weight and adiposity, specifically in women who are

overweight or obese, and in women with GDM. The associ-

ations with and relative contributions of these factors to

fetal fat accumulation, however, are not yet known. Our

results may represent an effect of maternal overweight or

obesity on fetal growth operating outside of the glucose/in-

sulin pathway.

Conclusion and future work

Our study provides important information on the effects of

maternal BMI on fetal biometry, with increased maternal

BMI associated with increased fetal growth. However, we

did not identify an association between increased maternal

BMI and fetal adiposity measures. Furthermore, diagnosed

and treated GDM did not appear to confer any additional

risk above that associated with maternal BMI alone, and

there was no evidence that the effect of maternal BMI on

fetal biometry or adiposity was mediated via diagnosed and

treated GDM. While this may reflect ‘saturation’ in the risk

attributable to the effects of BMI on fetal growth, it may

also represent the effects of a universal policy of screening

for and treatment of GDM.

Our work has evaluated the effects of maternal over-

weight or obesity, and GDM on fetal growth and adiposity,

but would be enhanced through comparison of ultrasound

parameters of fetal growth among women with a healthy

BMI. Future work could also include correlation of ultra-

sound markers of fetal adiposity with neonatal measures of

adiposity in this high-risk population. Other information

of interest in determining the pathophysiological mecha-

nisms of fetal overgrowth includes determination of meta-

bolic markers such as triglycerides, leptin, adiponectin and

cytokines in women who are overweight or obese, and their

associations with fetal and neonatal growth. To this end, it

will be possible to interrogate the extensive biobank, which

has been established in parallel with the LIMIT trial.47
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ABSTRACT: 
Objective: To compare fetal growth and adiposity measures of infants born LGA 

with those born not LGA, in order to determine whether the discrepancy at birth was 

primarily due to a larger size throughout gestation, or instead to different trajectories 

of fetal growth.  

 

Design: An exploratory analysis of secondary outcomes of fetal growth and adiposity 

from three harmonized randomized trials – the LIMIT randomized trial, the GRoW 

randomized trial, and the Optimise randomized trial.  

 

Setting: Three major public metropolitan Adelaide maternity hospitals.  

 

Population: Women were recruited in early pregnancy, with a singleton gestation. 

Maternal BMI ranged from 18.5-≥40.0 kg/m2.  

 

Methods: Data were obtained from enrolled women who underwent research 

ultrasounds at 28 and 36 weeks’ gestation. Ultrasound measures of fetal biometry and 

subcutaneous tissue fat thickness were obtained.  

 

Main outcome measures: Ultrasound measures of fetal biometry and adiposity.  

 

Results: infants born LGA have larger fetal biometry measures, and higher 

growth trajectories, from 20 weeks’ gestation. Similarly, fetal adiposity measures 

are consistently larger among infants born large for gestational age and these 

differences increase over time. We did not find evidence that the differences in 

biometry and adiposity measurements, including changes in magnitude over 

time, varied according to maternal BMI. 

 

Conclusions: Based on our study results, infants born LGA show differences in fetal 

biometry and adiposity measures, and growth trajectories, compared to infants born 

not LGA. These differences are evident from early in pregnancy, suggesting any 

interventions to prevent LGA likely need to commence earlier in pregnancy, or prior 

to conception.  
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Tweetable abstract 

Infants born LGA show differences in fetal biometry and adiposity measures, and 

growth trajectories, compared to infants born not LGA 
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INTRODUCTION  

 

Large for gestational age (LGA) infants are variably defined as those with a 

birthweight greater than the 90th, 95th, or 99th percentile for gestational age and 

sex. Most commonly, LGA infants are defined as those with a birthweight greater 

than the 90th percentile for gestational age and sex, when compared to a 

reference population. The incidence of infants born LGA is increasing, with some 

hypothesizing that this increase is driven by increasing rates of maternal 

overweight and obesity(98-101, 232). An infant who is LGA is at an increased risk of 

shoulder dystocia(103, 104), neonatal hypoglycemia(103, 273), and requiring 

admission to the nursery(103, 273). Women who deliver an LGA infant are at an 

increased risk of requiring delivery by caesarean section(103, 104) and postpartum 

haemorrhage(103, 273). Longer term, infants born LGA are at an increased risk of 

abnormal infant and childhood growth patterns that potentially put them at 

greater risk of obesity(106, 274-276). 

 

Maternal overweight and obesity, defined as a body mass index (BMI) ≥25 and 

≥30 kg/m2, respectively, represents an independent risk factor for delivering a 

large for gestational age infant(56, 232, 277, 278). Across developed nations, rates of 

maternal overweight and obesity are rapidly increasing, with a doubling over the 

past 20 years(49, 51). In Australia, approximately 50% of women entering 

pregnancy are overweight or obese(57, 279).  

 

An understanding of the fetal growth patterns of infants born LGA may allow for 

targeting of interventions, in particular timing, to prevent aberrant growth. 

However, while fetal growth has been studied in infants born LGA to women 

with diabetes (239-241), there is little published work on fetal growth of infants 

born LGA to women who do not have diabetes, or among women who are 

overweight or obese.  

 

This exploratory analysis compared fetal growth and adiposity measures of 

infants born LGA to those born not LGA, in order to determine whether the 

discrepancy at birth was primarily due to a larger size throughout gestation, or 
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instead to different trajectories of growth. Additionally, the potential for these 

patterns to differ by maternal BMI was explored.  
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METHODS 

 

The clinical cohort 

The analyses reported here use data obtained from research ultrasounds of 

participants who underwent one or more research ultrasounds in three 

harmonized randomized controlled trials, the LIMIT(199), GRoW(193) and 

Optimise(201) randomized trials. Data from women randomized to both standard 

care and intervention groups were included, from all three trials. The 

relationship between fetal growth and adiposity and LGA was not expected to 

differ according to intervention, thus it was considered appropriate to use 

participants from both groups.   

 

Briefly, women were recruited to one of the three harmonized randomized trials 

between June 2008 and April 2017 in metropolitan Adelaide, South Australia. 

Study protocols were purposefully designed so that the studies were sufficiently 

similar to allow for valid comparisons between them, and for data from the 

studies to be combined.  

 

Over the time of recruitment of the three randomized trials, local hospital and 

state guidelines for routine pregnancy care remained consistent(200), with the 

exception of screening and diagnosis of gestational diabetes(202). Prior to 2015, 

the diagnostic criterion for gestational diabetes was a positive 75gm oral glucose 

tolerance test at 28 weeks’ gestation with fasting blood glucose >5.5 mmol/L or 

2hr ≥7.8 mmol/L (202). This change in practice and diagnostic criteria only 

impacted women recruited to the GrOW and Optimise randomized trials. From 

2015, in line with Australian Diabetes in Pregnancy Society (ADIPS) 

recommendations (203), women were diagnosed with gestational diabetes based 

on a 75gm oral glucose tolerance test at 28 weeks’ gestation with one or more of 

the following: fasting blood glucose ≥5.1 mmol/L, 1hr ≥10.0 mmol/L, or 2hr 

≥8.5 mmol/L(202, 203). Women diagnosed with gestational diabetes remained in 

the studies. As per clinical practice at the time, women and their care providers 

were made aware of their results and diagnosis of GDM. Following diagnosis, 

women were provided with dietary advice and were encouraged to perform 
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home blood glucose monitoring four times daily(202). Advice regarding 

gestational weight gain was not a part of routine pregnancy care, irrespective of 

early pregnancy maternal BMI. 

 

In all three trials, women were invited to attend for a research ultrasound at 28 

(range 26+0 to 29+6) and 36 (range 34+0 to 37+6) weeks of gestation, with fetal 

biometry and adiposity measures obtained as described  below. All research 

ultrasounds were performed by a medical practitioner with specialist or 

subspecialist training in obstetric ultrasound, while blinded to the participant’s 

allocated treatment group. A small number of women who underwent a clinical 

ultrasound during these gestational windows consented to the inclusion of their 

fetal biometry measurements and did not have a research ultrasound.  

 

Antenatal dietary and lifestyle intervention and control 

Women randomized to the Lifestyle Advice group of the LIMIT and Optimise 

randomized trials(188, 201) received a comprehensive, tailored dietary and lifestyle 

intervention over the course of their pregnancy, administered by a research 

dietitian and trained research assistants. The dietary and lifestyle intervention 

has been described in detail elsewhere(188, 280).  

 

Antenatal metformin as an adjuvant to dietary and lifestyle intervention 

All women recruited and randomized to the GRoW randomized trial were 

overweight or obese in early pregnancy(193) and received the dietary and lifestyle 

intervention referenced above(199, 280). In addition, women recruited to the 

Metformin Group received a supply of oral metformin tablets (500mg) and were 

instructed to start taking one tablet per day for the first week, then increase to a 

maximum of two tablets twice daily (maximum 2000mg daily) over four weeks 

as tolerated, and to continue over the course of the pregnancy. Women allocated 

to the Placebo Group received a supply of placebo tablets identical in taste and 

appearance to the metformin tablets, and similarly instructed to start taking one 

tablet per day for the first week, then increase to a maximum of two tablets twice 

daily over four weeks as tolerated and continue over the course of the 

pregnancy. The metformin and placebo tablets were packaged by an 



 196 

independent pharmaceutical packaging company (Pharmaceutical Packaging 

Professionals, Victoria).  

 

 

Fetal ultrasound measures  

An accurate gestational age and estimated date of confinement was calculated 

for each woman based on early pregnancy ultrasound and last menstrual period. 

Women underwent a routine fetal anomaly scan at 18-20 weeks’ gestation, in 

keeping with South Australian Perinatal Practice Guidelines(200). Participating 

women gave permission for fetal biometry results from this scan to be made 

available to the researchers. All women were invited to attend for a research 

ultrasound at 28 (range 26+0 to 29+6) and 36 (range 34+0 to 37+6) weeks' 

gestation. A medical practitioner with specialist or subspecialist training in 

obstetric ultrasound performed all research ultrasounds, and was blinded to the 

woman’s allocated treatment group.   

 

Fetal biometry measures 

Fetal biometry measures collected from the routine fetal anomaly scan at 18-20 

weeks’ gestation included standard measurements of head circumference (HC), 

biparietal diameter (BPD), abdominal circumference (AC) and femur length (FL). 

At the research ultrasounds, measurements of standard fetal biometry (HC, BPD, 

AC, and FL) were obtained in accordance with national and international 

standards of practice(209). Biometry measures obtained from the research 

ultrasounds were converted into z scores to allow for variation in gestational age 

and fetal sex, using recognised Australian population standards(209, 213, 268). 

Estimated fetal weight (EFW) was calculated using the Hadlock C formula(212).  

 

Fetal growth velocities 

Fetal growth velocities are presented as the difference between 28 week 

measures and 36 week measures, calculated as total change / actual number of 

days between measurements. Velocity z-scores were likewise calculated using 

recognised Australian population standards where available(281). 
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Fetal adiposity measures 

Fetal subcutaneous tissue fat thickness measurements were obtained at both 

research ultrasounds. These measurements included mid thigh lean mass 

(MTLM), mid thigh fat mass (MTFM), abdominal fat mass (AFM), and 

subscapular fat mass (SSFM), and were obtained by methods described 

previously (118-121, 123, 215, 228). Mid thigh total, lean and fat mass were obtained by 

taking a longitudinal view of the femur, then rotating the transducer through 90 

degrees to obtain a cross-sectional view of the mid-thigh(119, 120). MTFM was 

measured by taking the total cross-sectional limb area (MTTM) and subtracting 

MTLM (consisting of the central lean area comprising muscle and bone). Fetal 

AFM was measured at the level of the abdominal circumference, between fetal 

mid-axillary lines and anterior to the margins of the ribs(119, 121). This was 

measured in millimetres and using magnification. The SSFM was obtained by a 

sagittal view of the fetal trunk, to view the entire longitudinal section of the 

scapula. The subcutaneous fat tissue measurement was taken at the level of the 

end of the scapula(119). We have previously shown good inter-observer 

variability for these measurements in a similar cohort of women who were 

overweight or obese in early pregnancy(118).  

 

Definition of LGA 

Infants were considered large-for-gestational age (LGA) if their birth weight was 

>90th percentile for gestational age and infant sex(242).  

 

Statistical analysis 

Baseline characteristics of women included in this exploratory analysis were 

described for the combined cohort. Continuous variables were reported as 

means and standard deviations, or as medians and interquartile ranges if not 

normally distributed. Categorical variables were reported as frequencies and 

percentages.  

 

Detectable effect calculation 

The total available sample size for these analyses was all participants from all 

three studies who had a fetal ultrasound measure for at least one time point. A 
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total of 3,260 women were included. The overall rate of LGA in this cohort was 

17.58%. As a conservative estimate, 2700 participants at a single time point, 

with the assumed rate of LGA, gives 80% power (with two-sided alpha 0.05) to 

detect a difference of approximately 0.12 SD in fetal biometry and adiposity 

measures between LGA and non-LGA infants.  

 

For combined LGA and time effects (i.e. a difference between LGA and non-LGA 

infants in fetal measures at individual time points, and also a change in this 

difference over time), data were simulated using a range of effect sizes. The 

sample size was set at 2700, with two time points, and an LGA rate of 17.58%. 

Based on 1000 simulations (utilizing a linear regression model with time-by-LGA 

interaction term and Generalised Estimating Equations to account for correlation 

due to repeated measures), the power to detect the range of effect sizes was 

>80% to detect >0.1 SD of difference between LGA and non-LGA, and time-by-

LGA interaction effects between 0.5x and 0.75x those of the LGA effect.  

 

Analysis 1: 2-way interaction models 

These analyses investigated whether differences in fetal biometry measures 

between LGA infants and non-LGA infants were evident from 20 weeks’ 

gestation, or whether diverging growth trajectories occur later in pregnancy. 

Fetal biometry measures at 20, 28, and 36 weeks’ gestation; fetal adiposity 

measures at 28 and 36 weeks’ gestation; and fetal growth trajectories were 

available for analysis. Linear regression models were constructed, with LGA, 

time and their interaction, with GEEs to account for correlation due to repeated 

measures. Models were additionally adjusted for maternal BMI, parity, age, 

intervention group, smoking status, and quintile of socioeconomic disadvantage. 

A test of interaction between LGA status and time was performed for each 

growth measure, and the mean difference between LGA and non-LGA infants was 

estimated separately for each time point. Results are presented as difference in 

means (LGA – non-LGA), and 95% Confidence Interval. 

 

Analysis 2: 3-way interaction models 
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Based on the results of the above 2-way interaction analyses, 3-way interaction 

analyses were performed. This was to investigate whether fetal growth patterns, 

over time, of infants born LGA, versus infants born non-LGA, varied according to 

maternal BMI.  

 

These analyses incorporated a three-way interaction between LGA status, time, 

and maternal BMI. Otherwise, these models were constructed the same as the 2-

way interaction models. BMI was modeled as a continuous variable, but three 

different BMI values (22.0, 27.0 and 35.0 kg/m2) were used for deriving 

estimates. There are two sets of interaction p values reported: the first is a test of 

3-way interaction. The second set consists of the three tests of LGA-by-time 

interaction at each level of BMI (that is, at BMI 22.0 kg/m2, does the difference 

between LGA and non-LGA vary over time; similarly, at BMI 27.0 kg/m2, and at 

BMI 32.0 kg/m2, does the difference vary over time).  
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RESULTS 

 

Participant characteristics 

We included data from 3,260 women, with baseline characteristics described in 

table 1. The overall mean BMI at trial entry was 30.71 kg/m2 (SD 6.92 kg/m2). 

The majority of women were in their second or subsequent pregnancy, were 

non-smokers, and were of Caucasian ethnicity. More than half of women were 

from two of the most socioeconomically disadvantaged quintiles of the Index of 

Relatively Socioeconomic Disadvantage(243). These baseline demographics are 

generally similar to those of the three randomized trials from which the women 

were recruited(188, 193, 201). There were 573 LGA infants (17.58%) born to women 

in this combined cohort.  
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Characteristic Overall Cohort 
N = 3260 

BMI (kg/m2): Mean (SD) 30.71 (6.92) 
BMI Category: N(%) 

18.5-24.9 
25.0-29.9 
30.0-34.9 
35.0-39.9 
≥40.0 

 
628 (19.26) 

1064 (32.64) 
772 (23.68) 
478 (14.66) 
318 (9.75) 

Age at trial entry: Mean (SD) 29.92 (5.41) 
Weight at trial entry: Mean (SD) 83.58 (19.96) 
Height at trial entry: Mean (SD) 164.86 (6.68) 

Multiparous: N(%) 1849 (56.72) 
Smoking status: N(%) 

Nonsmoker 
Smoker 
Missing 

 
2848 (87.36) 
363 (11.13) 

49 (1.50) 
IRSD Quintile: N(%) 

Q1 
Q2 
Q3 
Q4 
Q5 

 
913 (28.01) 
836 (25.64) 
480 (14.72) 
565 (17.33) 
464 (14.23) 

Ethnicity: N(%) 
Caucasian 

Non-Caucasian 

 
2770 (84.97) 
490 (15.03) 

LGA: N(%) 573 (17.58) 
Table 1. Baseline characteristics of women from LIMIT, GRoW and Optimise 

randomized trials who contributed research ultrasound data to the analysis of 

fetal growth.  

BMI, body mass index. SD, standard deviation. N, number. IRSD, Index of Relative 

Socioeconomic Disadvantage(243). LGA, large for gestational age.  
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Fetal biometry measures 
 

Results of the 2-way interaction of LGA and timing of ultrasound analysis are 

presented in table 2 below. Infants born LGA, in comparison to those born not 

LGA, were larger in all fetal growth measures, at all time points assessed, and 

these differences increased over time (table 2). The greatest differences in fetal 

biometry measures between infants born LGA, and those born not LGA, were 

seen for fetal AC measures at all time points (table 2). Calculated EFW, which is a 

function of the fetal biometry measures of BPD, HC, FL, and AC(244), similarly was 

greater among infants born LGA, compared with those born not LGA, at both 28 

and 36 weeks’ gestation.  
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Measure Not LGA 

Mean (SD) cm 
LGA 

Mean (SD) 
cm 

Estimate 
Mean difference 

(95% CI) 
 

P value 

BPD    <0.001* 
20 weeks 4.60 (0.33) 4.67 (0.34) 0.06 (0.03, 0.09) <0.001 
28 weeks 7.18 (0.42) 7.35 (0.43) 0.16 (0.12, 0.20) <0.001 
36 weeks 8.87 (0.39) 9.15 (0.35) 0.27 (0.23, 0.30) <0.001 

HC    <0.001* 
20 weeks 17.09  (1.13) 17.38 (1.17) 0.25 (0.15, 0.36) <0.001 
28 weeks 26.43 (1.33) 27.02 (1.39) 0.55 (0.41, 0.68) <0.001 
36 weeks 32.02 (1.22) 32.84 (1.09) 0.78 (0.67, 0.89) <0.001 

FL    <0.001* 
20 weeks 3.19 (0.29) 3.26 (0.28) 0.06 (0.03, 0.08) <0.001 
28 weeks 5.28 (0.32) 5.40 (0.34) 0.11 (0.08, 0.14) <0.001 
36 weeks 6.85 (0.32) 7.05 (0.30) 0.19 (0.16, 0.22) <0.001 

AC    <0.001* 
20 weeks 15.14 (1.23) 15.57 (1.28) 0.35 (0.23, 0.47) <0.001 
28 weeks 24.36 (1.58) 25.49 (1.72) 1.05 (0.88, 1.21) <0.001 
36 weeks 32.28 (1.70) 34.39 (1.91) 2.02 (1.83, 2.20) <0.001 

EFW    <0.001* 
28 weeks 1248.15 

(215.33) 
1390.21 
(253.48) 

131.99 (107.78, 
156.20) 

<0.001 

36 weeks 2813.16 
(355.66) 

3258.66 
(399.93) 

435.44 (396.66, 
474.22) 

<0.001 

 

Table 2. fetal biometry measures of infants born LGA versus those born not LGA, 

at 20, 28, and 36 weeks’ gestation.  

LGA, large for gestational age. CI, confidence interval. SD, standard deviation. 

BPD, biparietal diameter. HC, head circumference. FL, femur length. AC, 

abdominal circumference. EFW, estimated fetal weight. * denotes the p value for 

the interaction term.  
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Fetal growth z-scores of LGA vs not LGA infants 
 

In keeping with the above, fetal BPD, HC, FL, AC, and EFW z-scores were 

significantly greater among infants born LGA, compared with those born not 

LGA, at all time points assessed, and the difference increased over time (data not 

shown).  

  

With the exception of fetal BPD z-score at 36 weeks’ gestation among non-LGA 

infants [-0.04 (SD 1.15) cm], all z-scores were positive at all time points, 

indicating that, even among those infants not born LGA, fetuses were larger, on 

average, than the reference population (data not shown), likely because of the 

comparatively disproportionate number of women included in this cohort who 

were overweight or obese. We have previously shown that these women 

consistently have mean fetal biometry z-scores greater than 0(118).  

 
 
Fetal adiposity measures of LGA vs not LGA infants 
 

With the exception of AFM measures at 28 weeks’ gestation (not LGA mean 3.54 

(SD 1.00)mm versus LGA mean 3.67 (SD 0.95)mm; estimated mean difference 

0.08 (95% CI -0.05, 0.21)mm; p=0.229], all adiposity measures were statistically 

significantly greater among infants born LGA, compared with those born not 

LGA,  at all time points, and these differences increased over time (table 3). The 

magnitude of these estimated mean differences ranged from 0.12 mm (95% CI 

0.00, 0.24) for SSFM measurements at 28 weeks’ gestation, up to 0.98 mm (95% 

CI 0.68, 1.27) for MTLM measurements at 28 weeks’ gestation (table 3).  
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Measure Not LGA 
Mean (SD) 

mm 

LGA 
Mean (SD) 

mm 

Estimate 
Mean difference 

(95% CI) 
 

P value 

MTLM (cm2)    0.003* 
28 weeks 4.82 (1.04) 5.34 (1.07) 0.50 (0.36, 0.64) <0.001 
36 weeks 8.80 (1.93) 9.79 (2.07) 0.98 (0.68, 1.27) <0.001 

MTFM (cm2)    <0.001* 
28 weeks 4.46 (1.19) 5.06 (1.35) 0.58 (0.41, 0.75) <0.001 
36 weeks 10.74 (2.74) 12.76 (3.42) 2.01 (1.53, 2.48) <0.001 

AFM (mm)    <0.001* 
28 weeks 3.54 (1.00) 3.67 (0.95) 0.08 (-0.05, 0.21) 0.229 
36 weeks 5.46 (1.58) 6.32 (1.72) 0.80 (0.57, 1.04) <0.001 

SSFM (mm)    <0.001* 
28 weeks 3.16 (0.85) 3.36 (0.95) 0.12 (0.00, 0.24) 0.047 
36 weeks 4.89 (1.38) 5.55 (1.60) 0.59 (0.38, 0.79) <0.001 

 
Table 3. Fetal adiposity measures in infants born LGA versus those born not 
LGA.  
MTLM, mid-thigh lean mass. MTFM, mid-thigh fat mass. AFM, abdominal fat 

mass. SSFM, subscapular fat mass. LGA, large for gestational age. SD, standard 

deviation. CI, confidence interval. * denotes the p value for the interaction term.  
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Impact of maternal BMI on fetal growth and adiposity measures among 

infants born LGA, versus those born non-LGA 

 

Fetal biometry measures and fetal biometry measure z-scores 

Maternal BMI was not associated with further difference between fetal biometry 

measures or fetal biometry measures z-scores in infants born LGA, compared 

with those born not LGA (data not shown) 

 
 

Fetal adiposity measures 

Again, increasing maternal BMI was not associated with further differences seen 

between fetuses born LGA, compared with those born not LGA, with regards to 

fetal adiposity measures shown (data not shown) 
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DISCUSSION  
 

Main findings 

Our findings suggest that infants born LGA have larger fetal biometry measures, 

and higher growth trajectories, evident from 20 weeks’ gestation.  Similarly, fetal 

adiposity measures are consistently larger among infants born large for 

gestational age and these differences increase over time. We did not find 

evidence that the differences in biometry and adiposity measurements, including 

changes in magnitude over time, varied according to maternal BMI.  

 

Strengths and limitations 

There are many strengths to our work. These results come from a large, 

prospectively collected cohort of women. While the women whose data were 

included in this analysis were from multiple trials, they represent a cohort of 

women whose pregnancies were managed similarly, allowing for such cross-

study work to be carried out. Another strength of our work is the inclusion of 

women across the BMI spectrum, from those with a normal BMI in early 

pregnancy, to women who were overweight or obese in early pregnancy, 

allowing consideration of the effect of maternal BMI, across the BMI spectrum, 

on fetal growth and fetal growth trajectories. While it is known increasing 

maternal BMI is associated with increasing fetal ultrasound error, we have 

previously shown good inter-observer correlation between measures obtained 

in this cohort of women(118). We acknowledge, however, that this is an 

exploratory analysis only, and the results should be considered with caution.  

 

Interpretation 

These findings add to the growing body of evidence that fetal growth and growth 

trajectories are “set” from early in pregnancy, and that infants born LGA exhibit 

differences early. Wong et al showed that fetal AC z-scores of infants born LGA 

were larger on average than those of infants not born LGA, from as early as 18 

weeks’ gestation(245). Higher fetal growth rate between the first and second 

trimester has been associated with an increased risk of infant birth weight 

greater than 4500gm, or greater than 2 standard deviations above the mean(246). 
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Taken together, these findings suggest differences in fetal growth may be evident 

from as early as the first trimester of pregnancy.  

 

Previous work investigating altered fetal growth and fetal growth trajectories 

among infants born LGA have focused on fetal AC measurements. Madendag et al 

showed that infants born LGA had greater mean AC, and thus EFW, 

measurements at 26-28 weeks’ gestation(132). Similarly, Caradeux et al have 

shown both fetal AC z-score and AC z-score velocity are predictive of risk of birth 

of LGA infants(133). However, the analyses presented here considered all fetal 

biometry measures, and have shown significant differences in all aspects of fetal 

growth from as early as 20 weeks’ gestation, suggesting fetal skeletal, organ, and 

adipose tissue growth is impacted by factors contributing to LGA.   

 

Our findings demonstrate that fetal adiposity measures were consistently larger 

among infants born LGA from early in pregnancy, and that this difference 

increased with time. These data represent the largest cohort of women who have 

had longitudinal scans assessing fetal adiposity measures. Interestingly, these 

results are in agreement with smaller research cohorts. Among a group of 702 

Chinese women who had fetal biometry and adiposity measures performed at 28 

and 36 weeks’ gestation, Chen et al defined population and ethnicity-specific 

reference ranges for abdominal fat mass and subscapular fat mass measures(247). 

The mean AFM measurements among both LGA and not LGA infants in these 

analyses were significantly larger than the mean AFM measurements in the 

Chinese population at both 28 and 36 weeks’ gestation(247). The subscapular fat 

mass measurements among infants born not LGA in these analyses were closer 

to the population mean subscapular fat mass measurements presented by Chen 

et al, however the mean SSFM measurements among infants born LGA in our 

population were larger than the population mean’s presented by Chen et al at 28 

and 36 weeks’ gestation(247). There are some important differences between the 

population of women undergoing research ultrasounds in our studies and the 

women recruited to the study by Chen et al(247) that may account for some of 

these differences. The population providing data here was mainly made up of 

Caucasian women (n=2770; 84.97%), and mean maternal BMI was 30.71 kg/m2. 
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In comparison, the population recruited by Chen et al was made up of solely 

Asian women, all with a normal BMI (18.5-24.9 kg/m2)(247).  

 

With regards to fetal subcutaneous tissue thickness measurements, most interest 

in the literature has focused on abdominal fat mass measurements, and the 

utility of this measurement in predicting birthweight and risk of LGA infants(121, 

248-250).  Abdominal fat mass measures taken during the third trimester have only 

variably been associated with birthweight and neonatal adiposity measures(127, 

129, 251).  This suggests that fetal AFM measurements may not be the most reliable 

fetal subcutaneous tissue measurement for defining a fetal population at an 

increased risk of being born LGA, and additional work on other fetal 

subcutaneous tissue measurements, and overall fetal body composition, are 

required.   

 

Being born LGA represents an independent risk factor for childhood obesity(252), 

and may lie on the causal pathway of the intergenerational cycle of obesity(253). 

There has been significant interest in the published literature on prevention of 

LGA birth by antenatal interventions, usually commenced after the first 

trimester(188, 193, 201, 220, 254). The findings of this current study, that accelerated 

growth trajectories of infants born LGA was observed as early as 20 weeks’ 

gestation, provides insight into why antenatal interventions have thus far been 

ineffective at preventing LGA. 

 

Conclusions and future work 

Infants born LGA show increased fetal biometry and adiposity measures, and 

increased growth trajectories, from early in pregnancy. Antenatal interventions 

to prevent LGA have potentially started too late to alter fetal growth and growth 

trajectories. Preconception interventions are an important next step.  
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Abstract

Background: The infants born to women who are overweight or obese in pregnancy are at an increased risk of
being born macrosomic or large for gestational age. Antenatal dietary and lifestyle interventions have been shown
to be ineffective at reducing this risk. Our aim was to examine the effects of metformin in addition to a diet and
lifestyle intervention on fetal growth and adiposity among women with a BMI above the healthy range.

Methods: Women who had a body mass index ≥25 kg/m2 in early pregnancy, and a singleton gestation, were
enrolled in the GRoW trial from three public maternity hospitals in metropolitan Adelaide. Women were invited to
have a research ultrasounds at 28 and 36 weeks’ gestation at which ultrasound measures of fetal biometry and
adiposity were obtained. Fetal biometry z-scores and trajectories were calculated. Measurements and calculations
were compared between treatment groups. This secondary analysis was pre-specified.

Results: Ultrasound data from 511 women were included in this analysis. The difference in femur length at 36
weeks’ gestation was (0.07 cm, 95% CI 0.01–0.14 cm, p = 0.019) and this was was statistically significant, however the
magnitude of effect was small. Differences between treatment groups for all other fetal biometry measures, z-
scores, estimated fetal weight, and adiposity measures at 28 and 36 weeks’ gestation were similar.

Conclusions: The addition of metformin to dietary and lifestyle advice in pregnancy for overweight and obese
women has no clinically relevant effect on ultrasound measures of fetal biometry or adiposity.

Trial registration: Australian and New Zealand Clinical Trials Registry (ACTRN12612001277831).
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Background
Women commencing pregnancy overweight or obese,
defined as a body mass index (BMI) of ≥ 25 kg/m2 and ≥
30 kg/m2, respectively,have an increased risk of adverse
pregnancy and birth outcomes. These adverse outcomes
include gestational diabetes (GDM) [1, 2] and hyperten-
sive disorders, including pre-eclampsia [1, 2], during
pregnancy and an increased risk of both induction of
labour [1, 3] and birth by caesarean section [1, 4]. In de-
veloped countries, overweight and obesity effects ap-
proximately 50% of women of reproductive age [5–7].
Infants born to women who are overweight or obese

are at increased risk of being born macrosomic or large
for gestational age (LGA) [1, 8–10], of birth trauma in-
cluding shoulder dystocia [10, 11], low Apgar scores, re-
quiring resuscitation at birth [1, 8, 10], hypoglycaemia
[12, 13] and requiring neonatal intensive care admission
[1, 8, 12]. Longer term, maternal overweight and obesity
are independent risk factors for childhood obesity [14–
16], which may be partially mediated through an in-
creased risk of infant macrosomia [17].
Antenatal dietary and lifestyle interventions have not

been effective in reducing the risk of adverse clinical
pregnancy and birth outcomes [18–20]. In particular,
such interventions have not reduced infant birthweight
or risk of an infant born LGA [18].
Oral metformin, a commonly used insulin sensitising

agent, has been evaluated as a strategy to improve preg-
nancy outcomes for overweight and obese women, given
similarities in the metabolic environment between both
obesity and GDM. However, studies investigating the ef-
fects of antenatal metformin have either not reported
growth and development in utero [21], or been limited
in their analyses [22], resulting in a dearth of informa-
tion about the fetal effects of antenatal metformin use.
Our group performed a randomised controlled trial in-

vestigating the effects of antenatal metformin therapy as
an adjuvant to diet and lifestyle advice for women who
were overweight or obese in early pregnancy [23]. We
have previously reported that adjuvant antenatal metfor-
min therapy is not associated with any differences in
birth weight or risk of infants being born large for gesta-
tional age [23]. However, whether adjuvant antenatal
metformin therapy has an effect on fetal growth, adipos-
ity, and growth velocity, is not known. The aim of this
pre-specified analysis of secondary outcomes was to in-
vestigate the effect of this combined antenatal interven-
tion on fetal growth and adiposity.

Methods
Participants
The primary findings of the GRoW randomised trial [23]
have been published. Women with a singleton, live gesta-
tion who were overweight or obese (BMI ≥25.0 kg/m2)

and between 10 and 20 weeks’ gestation, were eligible to
participate. Women with a multiple pregnancy, pre-
existing type 1 or type 2 diabetes mellitus, or a contraindi-
cation to taking metformin were excluded from the study.

Randomisation
Potentially eligible women were identified and recruited
from three major public maternity hospitals in metro-
politan Adelaide – the Women’s and Children’s Hos-
pital, the Lyell McEwin Hospital, and Flinders Medical
Centre. Informed consent was obtained. Randomisation
used a central computer-based randomisation service,
with variable blocks of four. Women were stratified ac-
cording to parity (0 vs ≥1), BMI at booking visit (25–
29.9 kg/m2 vs ≥30 kg/m2), and collaborating centre.
Women, their caregivers, and research staff were blinded
to treatment allocation.

Intervention
Participating women were randomised to either the met-
formin group or placebo group. Women recruited to the
metformin group received a supply of oral metformin
tablets (500 mg) and women allocated to the placebo
group received a supply of placebo tablets identical in
taste and appearance to the metformin tablets. All
women were instructed to start taking one tablet per day
increasing to a maximum of two tablets twice daily over
four weeks as tolerated, and to continue over the course
of the pregnancy [23].
All women received a dietary and lifestyle intervention

over the course of the study, which we have described in
detail previously [23]. This was an individually tailored
intervention, and involved three face-to-face sessions
over the course of pregnancy (the initial two with a
dietitian, and one with a research assistant at 36 weeks’
gestation) and phone calls. Dietary advice was provided,
in keeping with Australian dietary standards. This in-
cluded maintaining a balance of carbohydrates, fat and
protein, and reducing energy dense foods high in refined
carbohydrates and saturated fats. Women were recom-
mended to consume two servings of fruit, five servings
of vegetables, and three servings of dairy each day.
Women were encouraged to set and review achievable
diet and lifestyle goals and self monitor their progress.

Ultrasound assessment
An accurate gestational age and estimated date of con-
finement was calculated for each woman based on early
pregnancy ultrasound or last menstrual period. Women
underwent a routine fetal anomaly scan at 18–20 weeks’
gestation, in keeping with South Australian Perinatal
Practice Guidelines [24]. Participating women gave per-
mission for fetal biometry results from this scan to be
made available to the researchers. All women were
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invited to attend for a research ultrasound at 28 (range
26+ 0 to 29+ 6) and 36 (range 34+ 0 to 37+ 6) weeks’ gesta-
tion. A medical practitioner with specialist or subspecial-
ist training in obstetric ultrasound performed all
research ultrasounds, and was blinded to the woman’s
allocated treatment group.

Fetal biometry measures
Fetal biometry measures collected from the routine fetal
anomaly scan at 18–20 weeks’ gestation included stand-
ard measurements of head circumference (HC), biparie-
tal diameter (BPD), abdominal circumference (AC) and
femur length (FL). At the research ultrasounds, measure-
ments of standard fetal biometry (HC, BPD, AC, and FL)
were obtained in accordance with national and inter-
national standards of practice [25]. Biometry measures
obtained from the research ultrasounds were converted
into z scores to allow for variation in gestational age and
fetal sex, using recognised Australian population stan-
dards [25, 26]. Estimated fetal weight (EFW) was calcu-
lated using the Hadlock C formula [27].

Fetal growth velocities
Fetal growth velocities are presented as the difference
between 28 week measures and 36 week measures, calcu-
lated as total change / actual number of days between
measurements. Velocity z-scores were likewise calcu-
lated using recognised Australian population standards
where available [28].

Fetal adiposity measures
Fetal subcutaneous tissue fat thickness measurements
were obtained at both research ultrasounds. These mea-
surements included mid thigh lean mass (MTLM), mid
thigh fat mass (MTFM), abdominal fat mass (AFM), and
subscapular fat mass (SSFM), and were obtained by
methods described previously [29–34]. Mid thigh total,
lean and fat mass were obtained by taking a longitudinal
view of the femur, then rotating the transducer through
90 degrees to obtain a cross-sectional view of the mid-
thigh [30, 31]. MTFM was measured by taking the total
cross-sectional limb area (MTTM) and subtracting
MTLM (consisting of the central lean area comprising
muscle and bone). Fetal AFM was measured at the level
of the abdominal circumference, between fetal mid-
axillary lines and anterior to the margins of the ribs [29,
30]. This was measured in millimetres and using magni-
fication. The SSFM was obtained by a sagittal view of
the fetal trunk, to view the entire longitudinal section of
the scapula. The subcutaneous fat tissue measurement
was taken at the level of the end of the scapula [30]. We
have previously shown good inter-observer variability for
these measurements in a similar cohort of women who
were overweight or obese in early pregnancy [33].

Statistical analysis
Baseline characteristics of women included in the ana-
lysis were compared descriptively between treatment
groups. Continuous variables were reported as means
and standard deviations, or as medians and interquartile
ranges if not normally distributed. Categorical variables
were reported as frequencies and percentages. Analyses
were performed on available data on an intention-to-
treat basis, with women analysed according to the treat-
ment group into which they were randomised.
Outcomes measured at multiple time points were ana-

lysed using linear regression models, with Generalised
Estimating Equations to account for correlation due to
repeated measures, and a time-by-treatment interaction
term to test for differences in treatment effect between
time points. Estimates are reported as differences in
means (metformin group – placebo group) and 95%
confidence intervals for each time point separately, re-
gardless of the significance of the interaction term.
Growth velocity outcomes were analysed using linear re-
gression models, with estimates again reported as differ-
ences in means (metformin group – placebo group) and
95% confidence intervals. Both unadjusted and adjusted
analyses were performed, with adjusted analyses includ-
ing stratification variables (study centre, BMI category
and parity), maternal age at trial entry, smoking status,
and Socio-Economic Indexes for Areas Index of Relative
Socio-Economic Disadvantage (SEIFA IRSD) quintile as
covariates. All analyses were performed using SAS v9.4
(SAS Institute, Cary, NC).

Results
Participant characteristics
A total of 524 women were recruited and randomised in
the GRoW randomised trial, with 261 (49.8%) women
randomised to the metformin group, and 263 (50.2%)
women randomised to the placebo group. Overall, 10
women withdrew, underwent a termination of preg-
nancy, or suffered a miscarriage before 20 weeks’ gesta-
tion, resulting in a total of 256 women and their infants
in the metformin group and 258 women and their in-
fants in the placebo group who were included in primary
analyses (Fig. 1). The present study includes a total of
511 women who attended for one or more research ul-
trasounds, 255 women from the metformin group and
256 women from the placebo group (Fig. 1).
Baseline demographic characteristics of participating

women are shown in Table 1, and were comparable be-
tween treatment groups. The median gestational age at
trial entry was 16.29 weeks (Interquartile Range (IQR)
14.43–18.00 weeks). The median BMI of the cohort was
32.30 kg/m2 (IQR 28.90–37.20 kg/m2), with most women
in their second or subsequent pregnancy, non-smokers,
and 62.63% from the highest two quintiles of social
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disadvantage [35]. These characteristics are similar to
the full randomised cohort [23].

Fetal biometry measures
There were no statistically significant differences in
fetal biometry measures of BPD, HC or AC at any of
the time points assessed (20 weeks’, 28 weeks’, and
36 weeks’ gestation; Table 2). Measurements of FL
were not statistically significantly different at 20 or
28 weeks’ gestation (Table 2). Average femur length
was statistically significantly greater in the metfor-
min group at 36 weeks’ gestation, however the mag-
nitude of the difference was small – only 0.07 (95%
CI: 0.01, 0.14) cm. There were no statistically signifi-
cant differences seen in calculated EFW at 28 or 36
weeks’ gestation, by treatment group (Table 2). The
estimates of effect size for fetal biometry measures
were all less than 0.50 cm and crossed zero (Table
2), suggesting that there were little to no absolute
differences in average fetal biometry measures be-
tween the metformin and placebo groups, and that
the true effect of treatment is not clinically relevant.

Similarly, the estimated effect size on estimated fetal
weight was only 17.61 (95% CI -57.67, 92.88) gm
(Table 2), again suggesting a clinically relevant effect
is unlikely.
In keeping with the above findings, there were no

statistically significant differences in the fetal biometry
z-scores of BPD, HC, FL or AC between the treat-
ment groups, at any of the time points assessed (sup-
plementary Table 1). There were no statistically
significant differences in calculated estimated fetal
weight z-score at 28 or 36 weeks’ gestation, by treat-
ment group (supplementary Table 1). There was no
evidence that the treatment effect differed between
time points. All fetal biometry measure z-scores were
positive in both groups, at all time points, suggesting
the fetuses of women in our study were larger on
average than the reference population used [26]. With
regards to fetal biometry velocities and estimated fetal
weight velocity, there were no statistically significant
differences by treatment group, either in the raw vel-
ocity measurements or velocity for z-score (supple-
mentary Table 2).

Fig. 1 Flow of women eligible for inclusion in the analysis of ultrasound measurements of fetal growth and adiposity in the GRoW
randomised trial
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Fetal adiposity measures
There was no statistically significant treatment effect on
any of the measures of fetal adiposity, at either 28 or 36
weeks’ gestation (Table 3). Estimates of effect size for all
adiposity measures were close to zero, and the range of
the 95% confidence intervals were small, suggesting a
clinically meaningful effect is unlikely.

Discussion
Main findings
Our findings demonstrate that, among pregnant women
who are overweight or obese, antenatal treatment with
oral metformin as an adjunct to dietary and lifestyle ad-
vice did not appreciably impact measures of fetal biom-
etry or adiposity, or fetal biometry growth velocities over
the third trimester of pregnancy.

Interpretation
Metformin has been used increasingly in the treatment
of GDM. The Metformin in Gestational Diabetes (MiG)

Trial confirmed the safety and efficacy of metformin use
in women with GDM [21]. Oral metformin was not as-
sociated with an increased rate of a composite neonatal
adverse outcome (made up of neonatal hypoglycaemia,
respiratory distress, need for phototherapy, birth trauma,
5-min Apgar < 7, or preterm birth) [21], confirming its
safety in pregnancy. Rowan et al also found no signifi-
cant differences between metformin and insulin with
regards to neonatal biometry, circumferences, or skin-
fold thickness measurements [21].
Subsequent childhood follow up at two years of age,

however, revealed selected differences with children ex-
posed to metformin in pregnancy having statistically sig-
nificantly greater upper arm circumference and
subscapular and biceps skinfold thicknesses, and greater
fat free mass measurements, in comparison with chil-
dren exposed to insulin antenatally [36]. It was hypothe-
sised that antenatal metformin caused fat to be stored in
subcutaneous sites, resulting in less ectopic or visceral
fat [36]. The MiG trial did not report fetal measures of

Table 1 Baseline characteristics of women recruited to the GRoW randomised trial who attended for one or more research
ultrasounds

Characteristic Metformin Group
N = 255

Placebo Group
N = 256

Total
N = 511

Maternal age (years; mean (SD)) 29.88 (5.55) 30.15 (5.38) 30.02 (5.46)

Gestational age at trial entry (weeks) Median (IQR) 16.29 (14.43, 18.00) 16.21 (14.57, 18.07) 16.29 (14.43, 18.00)

BMI (kg/m2) Median (IQR) 32.40 (28.70, 37.57) 32.05 (29.10, 36.80) 32.30 (28.90, 37.20)

BMI category (kg/m2) N (%):

BMI 25.0–29.9 83 (32.55) 83 (32.42) 166 (32.49)

BMI 30.0–34.9 74 (29.02) 83 (32.42) 157 (30.72)

BMI 35.0–39.9 58 (22.75) 48 (18.75) 106 (20.74)

BMI ≥ 40.0 40 (15.69) 42 (16.41) 82 (16.05)

Nulliparity N (%) 88 (34.51) 91 (35.55) 179 (35.03)

Smoker N (%) 24 (9.41) 43 (16.80) 67 (13.11)

Height at trial entry (cm)
Mean (SD)

165.24 (6.76) 164.89 (6.78) 165.07 (6.76)

Weight at trial entry (kg) Mean (SD) 92.86 (19.79) 91.87 (19.76) 92.36 (19.76)

Ethnicity N(%)

Caucasian 209 (81.96) 219 (85.55) 428 (83.76)

Asian 5 (1.96) 7 (2.73) 12 (2.35)

Aboriginal/Torres Strait Islander 6 (2.35) 7 (2.73) 13 (2.54)

African 6 (2.35) 0 (0.00) 6 (1.17)

Other/unknown 29 (11.38) 23 (8.98) 52 (10.18)

SEIFA IRSD Quintile N(%)

Quintile 1 75 (29.41) 93 (36.33) 168 (32.88)

Quintile 2 78 (30.59) 74 (28.91) 152 (29.75)

Quintile 3 31 (12.16) 30 (11.72) 61 (11.94)

Quintile 4 52 (20.39) 43 (16.80) 95 (18.59)

Quintile 5 19 (7.45) 16 (6.25) 35 (6.85)
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growth and adiposity, however, and our findings refute
this hypothesis, as adjuvant antenatal metformin started
in the second trimester among women who were over-
weight or obese in early pregnancy was not associated
with any differences in subcutaneous tissue fat measures
results in our cohort. Women recruited to the MiG
study had an average early pregnancy BMI of 32 kg/m2

[21], similar to women in the GRoW randomised cohort
[23]. In contrast to the MiG study, however, women re-
cruited to the GRoW randomised trial commenced

treatment much earlier in pregnancy, with an average
gestational age at trial entry of 16 weeks [23].
Our findings are in contrast to those reported in the

PregMet2 randomised trial [37], investigating the effect
of adjuvant antenatal metformin treatment among
women with polycystic ovary syndrome (PCOS), starting
in early pregnancy. While the primary outcome of this
study was late miscarriage and preterm birth, fetal and
neonatal biometry measures were performed in the third
trimester and after birth as a secondary outcome [37].

Table 3 Effect of adjuvant metformin treatment on ultrasound fetal adiposity measures over pregnancy

Outcome Time
point

Metformin group
Mean (SD)

Control group
Mean (SD)

Unadjusted
treatment effect
(95% CI)

Unadjusted
P-value

Adjusted
treatment
effect (95% CI)

Adjusted
P-value

Mid-thigh fat mass (cm2) 0.845* 0.843*

28 weeks 4.24 (1.03) 4.21 (1.09) 0.04 (−0.27, 0.35) 0.805 0.02 (− 0.29, 0.33) 0.902

36 weeks 9.87 (2.79) 9.95 (2.47) −0.05 (− 0.95, 0.84) 0.908 − 0.07 (− 0.94, 0.80) 0.870

Abdominal fat mass (mm) 0.144* 0.199*

28 weeks 3.60 (1.17) 3.60 (1.08) 0.01 (−0.31, 0.34) 0.935 0.06 (−0.27, 0.39) 0.718

36 weeks 6.42 (1.41) 5.98 (1.51) 0.42 (−0.05, 0.88) 0.077 0.42 (−0.05, 0.89) 0.079

Subscapular fat mass (mm) 0.919* 0.655*

28 weeks 3.22 (0.80) 3.20 (0.88) 0.02 (−0.21, 0.25) 0.863 0.03 (−0.19, 0.25) 0.760

36 weeks 4.84 (1.44) 4.85 (1.48) −0.00 (− 0.42, 0.41) 0.985 − 0.07 (− 0.48, 0.34) 0.740

*denotes p value for test of interaction between treatment and time, i.e. whether treatment effect varies over time

Table 2 Effect of adjuvant metformin on ultrasound measures of fetal biometry over pregnancy

Outcome Time
point

Metformin group
Mean (SD)

Control group
Mean (SD)

Unadjusted
treatment effect
(95% CI)

Unadjusted
P-value

Adjusted
treatment
effect (95% CI)

Adjusted
P-value

Biparietal diameter (cm) 0.138* 0.102*

20 weeks 4.66 (0.34) 4.69 (0.35) 0.328 0.232

28 weeks 7.13 (0.50) 7.15 (0.41) −0.02 (− 0.10, 0.06) 0.645 − 0.02 (− 0.10, 0.07) 0.671

36 weeks 8.94 (0.42) 8.88 (0.39) 0.06 (−0.01, 0.14) 0.110 0.07 (− 0.01, 0.14) 0.076

Head circumference (cm) 0.299* 0.200*

20 weeks 17.38 (1.20) 17.45 (1.36) −0.07 (−0.29, 0.16) 0.551 −0.09 (− 0.31, 0.13) 0.431

28 weeks 26.46 (1.55) 26.43 (1.26) 0.04 (−0.22, 0.30) 0.744 0.05 (−0.22, 0.31) 0.727

36 weeks 32.36 (1.23) 32.20 (1.21) 0.17 (−0.05, 0.40) 0.134 0.19 (−0.04, 0.42) 0.100

Femur length (cm) 0.018* 0.012*

20 weeks 3.26 (0.30) 3.28 (0.30) −0.03 (−0.08, 0.02) 0.267 −0.04 (− 0.09, 0.01) 0.127

28 weeks 5.29 (0.37) 5.29 (0.30) 0.01 (−0.06, 0.07) 0.841 0.00 (−0.06, 0.07) 0.909

36 weeks 6.92 (0.32) 6.85 (0.33) 0.08 (0.01, 0.14) 0.015 0.07 (0.01, 0.14) 0.019

Abdominal circumference (cm) 0.992* 0.959

20 weeks 15.56 (1.37) 15.65 (1.29) −0.09 (−0.32, 0.14) 0.457 −0.10 (− 0.32, 0.12) 0.368

28 weeks 24.62 (1.75) 24.70 (1.56) −0.07 (− 0.37, 0.24) 0.669 − 0.05 (− 0.36, 0.26) 0.747

36 weeks 32.82 (1.87) 32.92 (1.99) −0.07 (− 0.43, 0.29) 0.690 − 0.07 (− 0.43, 0.29) 0.707

Estimated fetal weight (g) 0.720* 0.756*

28 weeks 1272.36 (248.33) 1268.81 (201.23) 5.05 (−36.72, 46.82) 0.813 5.40 (−36.93, 47.74) 0.803

36 weeks 2932.32 (399.97) 2914.27 (417.68) 18.98 (−56.99, 94.95) 0.624 17.61 (−57.67, 92.88) 0.647

*denotes p value for test of interaction between treatment and time, i.e. whether treatment effect varies over time
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This group found that the fetuses of women exposed to
antenatal metformin had statistically significantly larger
BPD measurements at 32 weeks’ gestation, and greater
HC measurements at birth [22]. However, the magnitude
of these differences was small – on average, less than
one centimetre – and the authors concluded that these
differences, while statistically significant, were not likely
to be clinically relevant [37]. The population of women
recruited to the PregMet2 randomised trial are different
to those women recruited to the GRoW randomised
trial, in that they all had a diagnosis of PCOS and, while
the average BMI at trial entry was 29 kg/m2, this is lower
than the average BMI at trial entry in the GRoW rando-
mised trial, which was 32 kg/m2 [23]. This study was also
smaller than the GRoW randomised trial, recruiting ap-
proximately half the number of the GRoW Trial.
Our work builds on that of two other published rando-

mised trials investigating the effect of antenatal metfor-
min among women who were obese in early pregnancy
[38, 39]. The Effect of Metformin on Maternal and Fetal
Outcomes in Obese Pregnant Women (EMPOWaR) ran-
domised trial [38] randomised women with a BMI ≥ 30
kg/m2 between 12 and 16 weeks’ gestation to receive ei-
ther metformin up to 2.5 g per day or placebo. They
found no significant difference in mean birthweight or
birthweight z-score [38], similar to the primary outcome
of the GRoW trial [23]. The second trial, Metformin in
Obese Nondiabetic Pregnant Women (MOP) trial [39],
randomised women with a BMI ≥ 35 kg/m2 between 12
and 18 weeks’ gestation, to metformin up to 3 g daily or
placebo. Similarly, they found no statistically significant
difference in birthweight z-score or incidence of neo-
natal LGA [39].
Our group has previously shown, in the LIMIT rando-

mised trial [40], that an antenatal diet and lifestyle inter-
vention in women who were overweight or obese was
associated with greater fetal mean mid-thigh fat mass,
and a significantly slower rate of subscapular adipose tis-
sue deposition, with no difference in lean thigh mass or
abdominal fat mass [33]. All women randomised to the
GRoW trial were exposed to the same dietary and life-
style intervention as was provided in the LIMIT rando-
mised trial [40]. Of interest, results of fetal biometry z
scores, estimated fetal weights and subcutaneous fat
measures obtained from fetuses of women randomised
to the GRoW trial placebo group were similar to those
found in fetuses randomised to the diet and lifestyle
group of the LIMIT randomised trial [40], providing fur-
ther support for the robustness of our measurements in
these very similar populations. While we have hypothe-
sised previously that an antenatal diet and lifestyle inter-
vention for women who were overweight or obese in
early pregnancy may be associated with a more
favourable fetal fat phenotype [33], our current findings

do not suggest that there is any further effect on fetal
adiposity with the addition of metformin to the afore-
mentioned antenatal diet and lifestyle intervention. It is
possible that the pathways involved in fetal fat depos-
ition have been “saturated” by the effect of the diet and
lifestyle intervention and cannot be further affected by
the addition of metformin.
Women recruited to the GRoW randomised trial were,

on average, 16 weeks’ gestation (Table 1). There is in-
creasing evidence that the preconceptual period is of
vital importance to healthy growth and development [41,
42]. Sovio and colleagues [43] demonstrated that the fe-
tuses of women who were obese were more likely to
have an abdominal circumference measurement greater
than the 90th percentile which was already evident at 20
weeks’ gestation. It is possible that interventions need to
be commenced prior to conception, to have an appre-
ciable effect on fetal growth and adiposity.

Conclusions
Based on our study results, there is no evidence that the
addition of metformin to dietary and lifestyle advice in
pregnancy for overweight and obese women has a clinic-
ally relevant effect on ultrasound measures of fetal biom-
etry or adiposity.
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