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                                                  Abstract 

Offspring of mothers with diabetes are at greater risk of adverse metabolic outcomes in later 

life. Altered adiposity in infancy is a plausible mediator. I aimed to compare the metabolic 

phenotype of infants of mothers with (IDM) and without gestational diabetes mellitus (NIDM). 

 

I performed a meta-analysis of studies examining adiposity in offspring of mothers with and 

without diabetes (all types). In a prospective cohort study, I used magnetic resonance imaging 

and spectroscopy to compare the quantity and distribution of adipose tissue (AT) and 

intrahepatocellular lipid (IHCL), in IDM and NIDM in early infancy. I also used nuclear 

magnetic resonance (NMR) spectroscopy to explore urinary metabolic profiles.  

 

Meta-analysis: Over 24,000 infants and 17,000 children were included in the body composition 

meta-analyses. Maternal diabetes was associated with greater fat mass in offspring (mean 

difference [95% CI]): 83g [49, 117], p<0.00001 in infants, and 1.69kg [0.96, 2.43], p<0.00001 

in children. 

Prospective cohort study: Mothers with gestational diabetes had good pregnancy glycaemic 

control. There was no difference in AT volume between newborn IDM and NIDM. At a median 

age of 10 weeks, and following adjustment for body size, total AT was 16% greater in IDM 

(mean % difference [95% CI]); 16.0 [6.7, 24.1], p=0.002. This difference remained significant 

following adjustment for maternal pre-pregnancy BMI. There were no differences in AT 

distribution or IHCL between groups. Urinary metabolic profiles differed in newborn IDM, 

including alterations in the tricarboxylic acid cycle. No differences were apparent at <2 weeks 

or 10 weeks of life, although there was some evidence of a relationship between newborn 

urinary metabolic profile and adiposity at 8-12 weeks of life.  

 

Adiposity in IDM is amplified in early infancy, despite good maternal glycaemic control. 

Reduction in postnatal adiposity may be a therapeutic target to reduce later health risks. 
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“The womb may be more important than the home.”  David Barker, 1990 
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Chapter 1 Background 
 

1.1 Introduction 
 

The concept that events in childhood influence the pathogenesis of disease in later life was 

first introduced over 50 years ago, (Rose, 1964) but it was David Barker who pioneered the 

‘fetal programming hypothesis’ in the early 1990s. (Barker, 1990) He postulated that “the 

nourishment a baby receives from its mother, and its exposure to infection after birth, 

determine its susceptibility to chronic disease in later life” and the ‘Barker hypothesis’ was 

born. (Barker, 1994)  

 

An association between small size at birth and cardiometabolic risk factors in later life has 

been demonstrated in a number of populations. (Law et al., 1993, Yajnik et al., 1995, 

Gennser et al., 1988) This evidence includes extensive work from the long-term follow up of 

offspring born to mothers living during the Dutch famine in 1944-1945, which clearly 

demonstrated an association between inadequate maternal nutrition during pregnancy and 

adverse metabolic health in offspring in later life, such as glucose intolerance, coronary heart 

and obesity. (Roseboom et al., 2006) Subsequently similar risks also became apparent in 

infants born preterm. (Parkinson et al., 2013) The fetal programming hypothesis was also 

supported by animal studies, which showed that poor gestational nutrition was associated 

with increased disease susceptibility and a reduced life span. (Gluckman et al., 1996, 

McMillen and Robinson, 2005)  

 

In a series of animal studies Widdowson and McCance discovered ‘critical periods’ during 

fetal growth, in which rapid cell division occurred. The timing of these critical periods varied 

in different tissues throughout the body. Developing organ systems were shown to adapt in 

response to nutritional insults, particularly during these crucial periods. (Widdowson and 

McCance, 1975, McCance and Widdowson, 1974) It was postulated that these adaptations 

led to permanent metabolic ‘programming’ and resulted from the fetus preparing for 

suboptimal postnatal nutrition. This was termed the ‘thrifty phenotype.’ (Hales and Barker, 

1992) Gluckman and Hanson extended this phenotype by proposing that the developing 

fetus predicted postnatal nutrition (inadequate or excessive) from the nutrition received in 

utero, and then made adaptations to optimise its chances of survival. Any subsequent 

mismatch between actual and predicted nutrition predisposed to disease. This was known as 

the ‘predictive adaptive response hypothesis.’ (Gluckman and Hanson, 2004) The concept of 
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the fetal origins of adult disease is now widely accepted (figure 1). Early infancy has also 

emerged as a critical period of growth and development, to influence later health, and the 

‘developmental origins of adult disease’ is commonly used to encompass both fetal and 

postnatal influences. (Barker, 2004)  

 

 

 

Figure 1.1 Front cover of Time Magazine, October 2010  

 

Obesity has reached epidemic proportions, both in developed and developing countries.  

Excessive intake of calories during pregnancy is thought to result in an imbalance of 

nutrients, which subsequently act as an insult or stimulus to the developing fetus. Attention 

has therefore turned to possible effects of maternal obesity on offspring, and studies have 

shown a clear association between overnutrition in pregnancy, and obesity, diabetes and 

cardiovascular disease in offspring. (Parsons et al., 2001, Wei et al., 2003, Whitaker, 2004) 
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Animal models support the findings in humans, and indicate intrauterine consequences of 

excessive maternal nutrition that are independent from both genetic and environmental 

factors. (Shankar et al., 2008, Bayol et al., 2008) The growing prevalence of diabetes during 

pregnancy has paralleled that of obesity, and offspring of mothers with diabetes also appear 

to have a greater risk of adverse metabolic health in later life. (Gill-Randall et al., 2004, 

Lawlor et al., 2011, Fetita et al., 2006) 

 

The exact mechanisms underpinning early life programming remain unclear. Barker argued 

that in order to tackle the worldwide epidemics of diabetes and cardiovascular disease, a 

shift in focus would be required to prioritise the health and nutrition of adolescent girls, 

pregnant women and infants. I intend to examine one important and expanding high-risk 

group; infants of mothers with gestational diabetes mellitus (GDM). I aim to determine 

characteristics that may help to identify at-risk infants in order to try to prevent later adverse 

metabolic health. 

 

Throughout this thesis I will examine the effect that maternal diabetes (in particular GDM) 

has on infant body composition and metabolism. In this chapter I first discuss diabetes 

during pregnancy and review the current literature on the metabolic effects of maternal 

diabetes on offspring. I will present evidence of the effects of altered adiposity and 

metabolism in other populations, and the potential for influencing metabolic health in 

offspring of mothers with diabetes. I will then summarise the techniques used to examine 

body composition and metabolism in order to justify the methods used throughout this thesis. 

Finally I will discuss areas of uncertainty, which determined the aims of this thesis. 

 

1.2 Diabetes in pregnancy 

1.2.1 The rising prevalence of diabetes in pregnancy 

 

It is estimated that over the next 20 years in the UK, the number of obese adults will reach 26 

million (Diabetes UK, accessed Dec 2014a) and the prevalence of diabetes is expected to 

rise to 5 million by 2025. (Diabetes UK, accessed Dec 2014b) In parallel with the worldwide 

epidemic of obesity (figure 2) and type 2 diabetes (T2D) (figure 3), diabetes during 

pregnancy has increased dramatically.  
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Figure 1.2 Percentage of adults who are overweight and obese by country (members of The 

Organisation for Economic Co-operation and Development). 

 

 

Figure 1.3 Prevalence estimates of diabetes for 2025 (mainly reflective of T2D). Diabetes 

Atlas Third edition, International Diabetes Federation 2006. 

 

Percentage (%) 
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Diabetes now affects up to 5% of pregnant women in the UK; approximately 87.5% of cases 

are GDM, 7.5% are type 1 diabetes (T1D) and 5% are T2D. (NICE, 2015) Over an eight year 

period from 1996 to 2004, the number of pregnancies in the UK complicated by pre-existing 

diabetes increased by more than 50% to five pregnancies per 1000. This reflected a 20% 

increase in T1D and a six-fold increase in T2D. (Bell et al., 2008) Over a similar time period 

the prevalence of GDM doubled and in 2002 forty pregnancies per 1000 were affected. This 

trend is set to continue. (Dabelea et al., 2005) Although the pathogenesis differs among 

diabetes types, all are associated with adverse pregnancy outcomes. 

 

1.2.2 Pathophysiology of type 1, type 2 and gestational diabetes mellitus 

 

Diabetes mellitus is a group of diseases characterised by hyperglycaemia, which result from 

defects in insulin secretion, insulin action, or a combination of both. T1D occurs following the 

autoimmune destruction of the pancreatic beta cells which produce insulin. As insulin levels 

decline, hyperglycaemia ensues. In T2D glucose intolerance results from a combination of 

insulin insensitivity and an inadequate compensatory insulin secretory response. A degree of 

hyperglycaemia sufficient to cause pathological changes, but without clinical symptoms may 

be present for a prolonged period before the diabetes is detected.  

 

Normal pregnancy is characterized by insulin insensitivity with a concurrent increase in 

insulin secretion from the pancreatic beta cells. The reduction in insulin action becomes 

apparent in the second trimester, and progresses to term with insulin sensitivity declining by 

as much as 80%. (Setji TL, 2005) Maternal overweight exacerbates the reduction in insulin 

sensitivity as demonstrated in figure 4. Placental secretion of hormones is believed to be a 

major factor in reprogramming maternal physiology to achieve an insulin-resistant state. 

(Barbour et al., 2007) Maternal energy metabolism is altered in response and lipids are more 

readily utilised than carbohydrates. This helps to guarantee an adequate supply of glucose 

for the fetus.  
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Figure 1.4 Longitudinal changes in insulin sensitivity in normal weight, overweight, and 

obese women (predominantly white Caucasian) before conception (pregravid) and in early 

(12–14 weeks) and late (34–36 weeks) gestation. (Catalano and Ehrenberg, 2006) 

 

Compared to women with normal glucose tolerance (NGT) in pregnancy, women with GDM 

display a greater degree of insulin insensitivity in combination with a reduction in the normal 

compensatory increase in insulin secretion. Although the pathogenesis is similar to T2D, 

insulin action in the body usually normalises following delivery of the infant. Women with 

GDM do however remain relatively insulin resistant, with over 9 times the risk of developing 

T2D compared to women with no history of GDM. (Lee et al., 2007) GDM has been defined 

as any degree of glucose intolerance first identified during pregnancy. (Metzger and 

Coustan, 1998) This definition encompasses women treated with insulin or diet modification 

alone. It also includes a number of women with pre-existing diabetes not identified before 

pregnancy and women in whom the condition persists after pregnancy. As the epidemic of 

obesity and diabetes has led to a greater prevalence of T2D in women of childbearing age, 

diagnostic criteria have been altered in an attempt to improve the correct identification of 

overt diabetes in early pregnancy. (American Diabetes, 2011, IADPSG et al., 2010)  

 

1.2.3 Screening for GDM 

 
GDM has adverse effects on maternal and fetal health but consensus on screening and 

diagnosis remains controversial, with variability in published guidelines from the major 

societies. The prevalence of GDM ranges from 1 to 14% of all pregnancies depending on the 

population studied and diagnostic tests used. (American Diabetes, 2004) Approaches vary 
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as to whether to adopt universal screening or to screen only women with risk factors for 

GDM or T2D. There has also been debate about whether to use a one-step diagnostic oral 

glucose tolerance test (OGTT) or a two-step procedure with an initial 1 hour 50g oral glucose 

screen. Nor has there been consensus on the dose (75g or 100g) or the duration of the 

OGTT. (American Diabetes, 2004) Lack of international agreement in the approach to 

ascertainment and diagnosis of GDM has posed difficulties, (Metzger and Coustan, 1998) 

and the benefit and cost-effectiveness of detecting and treating GDM has been questioned. 

A study undertaken by The National Institute for Health and Care Excellence (NICE) in 2008 

in the UK concluded that screening, diagnosis and treatment of GDM was cost-effective. 

(Walker, 2008) Following work by the multinational Hyperglycaemia and Adverse Pregnancy 

Outcome (HAPO) group, the International Association of the Diabetes and Pregnancy Study 

Group (IADPSG) criteria were proposed for universal screening of GDM. Glucose testing is 

recommended in early pregnancy to detect overt diabetes followed by further testing in all 

pregnancies with normal initial screening, using a 75g OGTT at 24-28 weeks. The IADPSG 

guidelines are expected to result in a substantial increase in the prevalence of GDM and pre-

existing diabetes, (IADPSG et al., 2010) and concerns have been raised that these 

recommendations are not evidence based and may cause harm. (Long and Cundy, 2013) In 

a Spanish study, adoption of these criteria resulted in a 3.5 fold increase in GDM 

prevalence, but despite this screening was cost-effective and pregnancy outcomes were 

significantly improved. (Duran et al., 2014) Screening and diagnosis of GDM varies by 

maternity unit in the UK. In a survey in 2014 by The National Diabetes in Pregnancy 

Network, 90% of units screened only women with risk factors for GDM and the IADPSG 

criteria had been adopted in just 4% of units. Diagnostic criteria used in the UK are 

illustrated in figure 5. (NHS Diabetes, Accessed Nov 2014)  

 

Figure 1.5 Diagnostic criteria for GDM used in units responding to the National Diabetes in 

Pregnancy Network/ NHS Diabetes survey on current practice for screening, diagnosis and 

59% 14% 

4% 

23% WHO

Modified WHO

IADPSG

Other
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follow up of GDM across England, 2014. WHO: World Health Organisation, IADPSG: 

International Association of Diabetes and Pregnancy Study Groups (NHS Diabetes, 

Accessed Nov 2014)  

 
The revised NICE guidelines published last year continue to recommend screening in 

women with risk factors for GDM only. (NICE, 2015) It is also unclear which outcomes 

should guide screening and diagnostic thresholds for GDM. The original O’Sullivan criteria 

were based around the maternal risk of developing T2D, whereas the IADPSG criteria 

redefine GDM in terms of adverse pregnancy outcomes with primary endpoints of birth 

weight, cord blood C-peptide, caesarean section and neonatal hypoglycaemia. Although 

these endpoints may be considered as risk factors for adverse perinatal outcomes (Long and 

Cundy, 2013), they may not equate to long-term health risks in offspring.  

 

1.3 Effects of maternal diabetes in offspring 
 

Pedersen first proposed the theory of fuel-mediated teratogenesis in the 1950s. He 

postulated that maternal hyperglycaemia results in exposure of the fetus to excess glucose, 

leading to increased fetal insulin production and fetal overgrowth. (Pedersen, 1954) In 1980 

Freinkel and Metzger modified this hypothesis by suggesting that in addition to glucose, 

alteration in other nutrients, including free fatty acids, triglycerides and certain amino acids, 

contribute to fetal overgrowth. The key role of maternal hyperglycaemia and fetal 

hyperinsulinism remained. (Freinkel, 1980, Metzger et al., 1980) More recently, maternal 

serum triglycerides have been correlated with increased fetal growth and specifically, 

adiposity. (Schaefer-Graf et al., 2008) GDM is characterised by insulin resistance and 

inflammation, both of which increase placental availability of nutrients to the fetus. Evidence 

suggests that there is an alteration of the placental transcriptome in pregnancies affected by 

diabetes, with preferential activation of genes for fetoplacental lipid metabolism in women 

with GDM. (Radaelli et al., 2009)  

 

Diabetes in pregnancy is associated with a number of complications in the mother and 

infant. These include increased rates of still birth, congenital malformations, prematurity, 

large for gestational age (LGA) infants (figure 6), shoulder dystocia and caesarean section 

deliveries. Infants are also at greater risk of respiratory distress, feeding difficulties, 

hypoglycaemia and jaundice in the neonatal period. More recently, it has become apparent 

that maternal diabetes is associated with long-term metabolic health risks in offspring. Risks 
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are additional to genetic predisposition and appear to be elevated in both pre-existing 

diabetes and GDM (Fetita et al., 2006, Weiss et al., 2000, Dabelea and Pettitt, 2001, 

Silverman B L, 1995, Clausen et al., 2008).  

 

 

Figure 1.6 Image showing an LGA or macrosomic infant classically associated with diabetes 

in pregnancy. 

 

1.3.1 Effects on overweight and obesity  

 

A large body of research comes from the study of Pima Indians, who are native Americans 

living in an area of Southern Arizona and Northwestern Mexico. Pima Indians have one of 

the highest prevalences of T2D in the world (38% in US Pima Indians) and since 1965 have 

participated in a study of diabetes and its complications. (Schulz et al., 2006) Touger et al 

measured weight z-scores in Pima Indian children born to mothers with and without 

diabetes. Offspring of mothers with diabetes (ODM) were found to be heavier at birth and, 

although there appeared to be some normalisation in their weight z-scores by 1.5 years, by 

age 7.7 years, ODM were again significantly heavier. (Touger et al., 2005) In utero exposure 

to maternal diabetes has been identified as the strongest single risk factor for obesity in 

Pima children. (Pettitt et al., 1987) In the US, the Diabetes in Pregnancy study was 

undertaken at Northwestern University in Chicago by Silverman et al. In this prospective 
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study, anthropometry was performed annually in 88 offspring of mothers with pre-existing 

diabetes or GDM. The proportion of LGA infants at birth was greater in the ODM group, but 

by one year length and weight were similar to the general population. Weight then diverged 

in childhood and by age 14-17 years the mean BMI was 3.7 kg/m2 greater in ODM than non-

ODM of the same age and pubertal status. Offspring BMI correlated with amniotic fluid 

insulin levels. (Silverman et al., 1998)  

 

Our research group performed a systematic review and meta-analysis to establish the 

impact of maternal diabetes on offspring BMI z-score. Twenty-four papers reporting pre-

existing diabetes or GDM were included in the review and data from 9 studies were available 

for the meta-analysis. Studies included children from a number of different countries and 

ethnic backgrounds. At a mean age of 7 years, ODM had a mean BMI z-score which was 

0.28 higher than non-ODM (figure 7) and there was no evidence of a difference in offspring 

BMI z-score in relation to maternal diabetes type (GDM or T1D) (Appendix 8A). (Philipps et 

al., 2011)  

 

 

Figure 1.7 Forest plot showing the unadjusted association between all types of maternal 

diabetes and offspring BMI z-score, demonstrating greater BMI z-score in ODM (0.28 [0.09, 

0.47], p=0.004). (Philipps et al., 2011) 

 

A further systematic review performed by Kim et al examined the association between GDM 

(excluding pre-existing diabetes) and childhood overweight and obesity. Twelve studies were 

included and crude odds ratios for the relationship between GDM and childhood overweight 

or obesity ranged from 0.7 to 6.3. The associations were not statistically significant in 8 

studies but no meta-analysis was performed and the overall magnitude of effect could not be 

established. (Kim et al., 2011)  

 

Additional studies published in the last 2 years have reported associations between maternal 

diabetes and offspring overweight. In a study of Mexican American children with a mean age 
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of 8 years, offspring of mothers with GDM had a mean BMI z-score which was 0.7 higher 

than offspring of mothers with NGT. (Page et al., 2014) A recent prospective, UK population-

based cohort study reported that maternal pre-existing diabetes and GDM were associated 

with higher offspring BMI z-scores at age 15.5 years (0.36 and 0.39 respectively). (Patel et 

al., 2012) Nehring et al in Germany measured BMI in 7355 children at a mean age of 5.8 

years and found the prevalence of overweight to be 21% in offspring of mothers with GDM 

compared to 10% in offspring of mothers with NGT. ODM had over 3.5 times the odds of 

developing obesity in childhood. (Nehring et al., 2013) 

 

These studies strongly support an association between maternal diabetes and offspring 

overweight. In children, obesity and other features of the metabolic syndrome are strongly 

associated with premature death in later life, and prevention of childhood obesity is a key 

priority. (Franks et al., 2010) Increased weight gain in early infancy may be an independent 

risk factor for childhood overweight in ODM. Plagemann et al found that offspring of mothers 

with T1D and GDM who demonstrated rapid weight gain during the first 4 months of life had 

a 6 fold increased risk of overweight in childhood. Early infancy may therefore provide a 

window of opportunity for prevention of later obesity. (Plagemann et al., 2012)  

 

1.3.2 Effects on insulin sensitivity, glucose tolerance and the metabolic syndrome 

 

ODM are also at greater risk of insulin insensitivity, impaired glucose tolerance (IGT) and 

T2D in later life. In the prospective study by Silverman et al, the prevalence of IGT in ODM 

increased with age and reached 19.3% at 10-16 years (and 36% at 14-17 years) compared 

to a prevalence of 2.5% in 10-16 year old non-ODM. ODM also had significantly higher 2 

hour glucose and insulin concentrations. (Silverman B L, 1995) In a German cohort, 

Plagemann et al studied offspring of mothers with T1D and GDM from birth to 9 years of 

age. The frequency of IGT rose during childhood in both groups and was 17.4% in the T1D 

group and 20% in the GDM group by 5-9 years of age. (Plagemann et al., 1997) Weiss et al 

in Austria, studied offspring of mothers with T1D at age 5-15 years and non-ODM of a similar 

age and pubertal status. ODM had significantly higher BMI, insulin resistance and 

cholesterol, glucose, insulin and C-peptide concentrations than non-ODM. The authors 

calculated that the relative risk for T2D was 3.2 in ODM. (Weiss et al., 2000) In each of these 

3 studies amniotic fluid insulin or plasma insulin at birth correlated with outcomes in 

childhood. In the UK, Patel et al found that both maternal pre-existing diabetes and GDM 

were associated with higher fasting glucose levels in offspring at age 15.5 years. However 

there was no clear association between diabetes in pregnancy and fasting insulin or lipid 
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concentrations in offspring. (Patel et al., 2012) Studies in the Pima Indian population have 

also reported altered insulin sensitivity, glucose tolerance and an increased prevalence of 

T2D in ODM (figure 8). (Gautier et al., 2001, Dabelea et al., 2000b, Dabelea and Pettitt, 

2001) 

 

 

 

 

 

 

 

ODM are also at greater risk of the metabolic syndrome. Boney et al determined the 

prevalence of the metabolic syndrome in a longitudinal cohort of children in the US. The 

influences of LGA and maternal GDM were studied in 179 children by obtaining 

anthropometric and biochemical measurements at age 6, 7, 9 and 11 years. Components of 

the metabolic syndrome were defined as obesity, hypertension, hyperglycaemia, 

hypertriglyceridaemia and reduced HDL level. The prevalence at any time of >2 components 

of the metabolic syndrome was 50% for the LGA/GDM group, which was significantly higher 

than values for the LGA/control group (29%), AGA/GDM group (21%), and AGA/control 

group (18%). (Boney et al., 2005) The metabolic syndrome was also assessed in a 

Canadian cohort of 68 offspring of mothers with GDM aged 7-11 years, using adapted adult 

metabolic syndrome criteria. Despite low levels of glucose intolerance, 17% had one and 5% 

had 2 or 3 metabolic syndrome criteria. The authors therefore concluded that screening 

methods which focus on IGT may fail to identify children with other risk factors for adverse 

metabolic health. (Keely et al., 2008) 

 

Figure 1.8 Prevalence of type 2 diabetes, by mother’s diabetes status during and after 

pregnancy in Pima Indians aged 5–34 years. From (Dabelea and Pettitt, 2001).      Offspring 

of non-diabetic mothers;     offspring of pre-diabetic mothers;       offspring of diabetic mothers 
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1.3.3 Effects on blood pressure and cardiovascular risk  

 

Childhood growth and BMI are associated with higher blood pressure (BP), (Heys et al., 

2013) and children with high systolic BP are likely to have an increased risk of hypertension 

in adulthood. (Sun et al., 2007) NICE guidelines suggest that every 2mmHg rise in systolic 

BP is associated with a 7% increase in mortality from ischaemic heart disease and a 10% 

increased risk of stroke. (NICE, 2011) Several studies have reported an association between 

maternal diabetes and offspring BP or cardiovascular risk factors, but findings have been 

inconsistent. Our research group has previously performed a systematic review and meta-

analysis examining the association between maternal diabetes in pregnancy and offspring 

BP in childhood. Fifteen studies were included in the review and 13 in the meta-analysis. At 

a mean age of 8 years systolic BP was 1.88mmHg higher in ODM (figure 9). Offspring of 

mothers with GDM had similar diastolic BP to controls, but higher systolic BP. Results for 

T1D were inconclusive and there were no separate data available for offspring of T2D 

mothers. There also appeared to be a sex-specific effect with a male predisposition to higher 

BP in ODM (Appendix 8B). (Aceti et al., 2012)   

 

 

 

Figure 1.9 Forest plots showing the unadjusted association between all types of maternal 

diabetes and offspring BP (a) SBP was higher in ODM than in controls (1.88 mmHg [95% CI 

0.47, 3.28]; p = 0.009) (b) DBP was not significantly different between ODM and controls 

(0.74 mmHg [95% CI −0.14, 1.62]; p = 0.10). (Aceti et al., 2012) 
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Since publication of this meta-analysis, Patel et al reported similar BP at a mean age of 15.5 

years in offspring of mothers with pre-existing diabetes or GDM, compared to offspring of 

mothers with NGT. Although 4,678 children were included, the numbers of offspring of 

mothers with pre-existing diabetes or GDM were low (23 and 27 respectively) and the 

authors acknowledged that the power to detect differences between groups may be limited. 

(Patel et al., 2012) In the Pima Indian population, ODM have been compared to offspring of 

mothers who developed diabetes following pregnancy. ODM were found to have 11mmHg 

greater systolic BP than offspring of pre-diabetic mothers. (Bunt et al., 2005a)  

 

Maternal diabetes during pregnancy has also been associated with impaired vascular repair 

(Ingram et al., 2008) and higher cardio-sympathetic stress-responses in offspring, 

(Krishnaveni et al., 2014) factors which may contribute to higher cardiovascular disease risk.  

 

1.3.4 Effects of lesser degrees of maternal hyperglycaemia  

 

Adverse offspring outcomes are also apparent with lesser degrees of maternal 

hyperglycaemia. The largest study of maternal glucose intolerance and infant adiposity is by 

the HAPO group. (HAPO, 2009) This multinational study was designed to examine the 

effects of pre-diabetic maternal glucose intolerance on offspring outcome. It included 15 

centres from 9 countries and nearly 25,000 pregnant women. Women were excluded from 

analysis if the fasting glucose exceeded 5.8mmol/L, or if the 2 hour glucose exceeded 

11.1mmol/L. Otherwise glucose values remained blinded. This study demonstrated a strong 

association between neonatal adiposity (anthropometric derived fat mass and body fat %) 

and both cord serum C-peptide level and increasing maternal glucose concentration. The 

findings persisted following adjustment for a large number of potential confounders. The 

HAPO study highlights the importance of lesser degrees of maternal glucose intolerance. 

(HAPO, 2009) Other studies have also reported effects of increasing maternal glycaemia on 

offspring. In a US study, Hillier et al studied over 9000 women and their children and found 

that childhood obesity measured at age 5-7 years increased across the range of increasing 

maternal glucose screen results. This finding remained after adjustment for potential 

confounders. (Hillier et al., 2007) Also in the US, Deierlein et al studied the association 

between maternal glucose concentration in mothers with NGT, and BMI in their offspring at 

age 3 years. A glucose concentration at the antenatal 50g glucose challenge of >130 mg/dL 

(>7.2 mmol/L) was associated with a 2 fold greater risk of overweight or obesity in offspring 

at 3 years. (Deierlein et al., 2011) Maternal glycaemia has also been shown to correlate 
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positively with insulin insensitivity and adiposity in childhood. (Bush et al., 2011, Chandler-

Laney et al., 2011) In the Pima Indian population, Franks et al demonstrated an association 

between maternal glucose level on OGTT and T2D risk, even in mothers with NGT. (Franks 

et al., 2006) 

  

Together, these studies indicate that offspring exposed to diabetes or milder hyperglycaemia 

in utero are at increased risk of an altered metabolic phenotype, and that this may emerge in 

early life.  

 

1.3.5 The relative influences of maternal BMI and maternal diabetes in offspring  

 

Obesity is believed to account for about 85% of the risk of developing T2D, and the risk of 

developing GDM is around two, four and eight times higher among overweight, obese and 

severely obese women respectively, compared with normal weight pregnant women. (Chu et 

al., 2007) Maternal obesity is also associated with adverse metabolic effects in the offspring, 

(Ruager-Martin et al., 2010, Sewell et al., 2006) and as maternal overweight and GDM 

frequently co-exist in pregnancy, it is difficult to ascertain whether any association between 

maternal diabetes and offspring outcome is independent from confounding by maternal BMI. 

 

Morgan et al examined pre-pregnancy maternal weight (rather than BMI) and weight in 

offspring of mothers with and without diabetes. An association between maternal diabetes 

and offspring overweight was found only in mothers in the high pre-pregnancy weight tertile 

and the authors concluded that there was “little evidence that diabetes in pregnancy leads to 

long-term obesity ‘programming.’ ” (Morgan et al., 2013) In a previous meta-analysis our 

research group found that the association between maternal diabetes and offspring BMI z-

score was attenuated in studies adjusting results for maternal pre-pregnancy BMI. However, 

adjustment for maternal BMI was performed in only 3 of the 9 studies and included fewer 

than 250 offspring in total. The result of meta-regression of the difference in maternal BMI for 

each study against the difference in offspring BMI z-score was not significant. (Philipps et al., 

2011) In our systematic review examining the impact of maternal diabetes on offspring BP, 

meta-regression was again used to test the relationship between maternal pre-pregnancy 

BMI and offspring systolic BP, and was not found to be significant. (Aceti et al., 2012)  

 

The HAPO study reported independent effects of maternal BMI and maternal diabetes on 

offspring outcome. (Catalano et al., 2012) Both maternal GDM and to a lesser extent 
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maternal obesity were found to be independently associated with newborn adiposity, and 

their combination had a greater impact than either alone. (Catalano et al., 2012) Other 

studies have shown that the association between maternal diabetes or hyperglycaemia and 

offspring metabolic outcome remains significant following adjustment for maternal BMI or 

weight gain, suggesting that findings can not be attributed to maternal BMI alone. (Page et 

al., 2014, Plagemann et al., 2012, Pettitt et al., 1987, Nehring et al., 2013, Deierlein et al., 

2011, Hillier et al., 2007, HAPO, 2009, Zhao et al., 2015)  

 

Similar pathophysiology is thought to occur in both maternal obesity and GDM. In maternal 

obesity, intrauterine programming may be secondary to maternal glycaemia or alterations in 

other nutrients to a lesser degree than in overt diabetes. (Philipps et al., 2011, Schaefer-Graf 

et al., 2008) Adjustment for maternal BMI could mask a potential synergistic relationship with 

maternal diabetes along a common pathway of hyperglycaemia, and underlines the need for 

well-designed studies to examine the effects of maternal BMI, diabetes and hyperglycaemia. 

 

Conflicting findings may relate to confounding inherent to the study designs. Studies of 

offspring of mothers with T1D and sibling comparison studies help to address this complex 

issue. 

 

T1D does not have the same association with overweight in pregnancy and therefore effects 

in offspring are less likely to be attributed to maternal overweight. Compared to offspring of 

mothers with NGT, children of mothers with T1D have higher BMI, (Lindsay et al., 2010) 

systolic BP, (Rijpert et al., 2011) and glucose intolerance, and display alterations in other 

metabolic parameters. (Manderson et al., 2002, Weiss et al., 2000) Sobngwi et al 

demonstrated that adult offspring of mothers with T1D had an increased occurrence of IGT 

and a defective insulin secretory response, in comparison to offspring of fathers with T1D. 

(Sobngwi et al., 2003) There also appears to be a similar magnitude of difference in 

metabolic outcome in offspring of mothers with T1D, GDM or T2D compared to offspring of 

mothers with NGT. (Silverman B L, 1995, Plagemann et al., 1997)  

 

The comparison of siblings born before and after their mother develops diabetes provides 

particularly compelling evidence of the effect of intrauterine exposure to diabetes, as this 

minimises the possible impact of genetic and environmental influences including maternal 

overweight or obesity. Sibling studies in the Pima Indian population have shown higher 

systolic BP, HbA1C, BMI and T2D risk in children born after their mother developed diabetes 

compared to siblings born before. (Bunt et al., 2005b, Dabelea et al., 2000a) In a Swedish 



42 

 

cohort study, maternal GDM was associated with greater BMI in offspring up until 12 years. 

However, in a smaller subgroup analysis, BMI was found to be similar in siblings born before 

and after their mother developed GDM. The authors attributed the association between 

maternal GDM and offspring overweight to lifestyle and dietary habits rather than intrauterine 

factors. (Nilsson et al., 2014) This contrasts with a much larger Swedish sibling study, in 

which Lawlor et al demonstrated 0.94kg/m2 greater BMI in 17 year old men born after their 

mother developed diabetes, compared to brothers born before. As maternal BMI may 

increase with subsequent pregnancies, associations between non-siblings and siblings were 

examined separately. Although there was an association between maternal BMI and 

offspring BMI between non-siblings, there was no association within brothers, and 

adjustment for maternal BMI actually strengthened the within-sibling association between 

maternal diabetes and offspring BMI. The authors therefore suggested that the association 

between maternal BMI and offspring BMI described in many studies could be explained by 

confounding due to maternal genotype, socioeconomic class and familial obesogenic 

behaviours, as these characteristics are very similar in within-sibling comparisons. (Lawlor et 

al., 2011)  

 

Sibling comparison studies are limited in number as populations with a high prevalence of 

diabetes in pregnancy or large population studies are required. Studies in offspring of 

mothers with T1D are also infrequent compared to those in mothers with GDM. Therefore 

the majority of studies must employ careful design or statistical measures to tease out the 

relative effects of maternal diabetes and maternal overweight on offspring outcome.  

 

1.3.6 Effects of maternal diabetes treatment in offspring  

 

 

It appears that treatment of GDM may improve neonatal outcome. The Australian 

carbohydrate intolerance study in pregnant women (ACHOIS) was a randomised clinical trial 

of treatment of mild GDM involving 1000 women from 18 centres in Australia and the UK. 

The rate of the composite primary outcome, which included serious perinatal complications, 

was found to be significantly lower among infants in the intervention group. There was also a 

reduction in mean birth weight and the proportion of LGA infants. (Crowther et al., 2005) In a 

second similar sized multicentre randomised trial of treatment of mild GDM in the US, the 

Maternal Fetal Medicine Units (MFMU) trial, no difference by treatment group was shown in 

the composite primary outcome, which included perinatal mortality, hypoglycaemia, 

hyperbilirubinaemia, hyperinsulinaemia and birth trauma. There were however reductions in 
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the secondary outcomes of mean birth weight [treatment v control, mean (SD)]; 3302g (502) 

v 3408g (589) and neonatal fat mass; 427g (197) v 464g (222) in infants in the treatment 

arm. (Landon et al., 2009)  

 

In a follow up MFMU study published last year, treatment of mild GDM did not appear to 

reduce offspring obesity measured using BMI at age 5-10 years, although interestingly 

female offspring had lower fasting glucose concentration. The follow up study was not 

planned at the time of the randomised trial and may lack power as the numbers were only 

sufficient to detect a reduction with treatment of at least a third in childhood obesity. (Landon 

et al., 2014) The ACHOIS trial also published follow up results and again showed no 

reduction in BMI in offspring at age 4-5 years with treatment. As follow up was limited to pre-

school measurements obtained through data linkage analysis, it was not possible to make 

assessments in later childhood. (Gillman et al., 2010)  

 

There are a number of potential explanations for the lack of effect on early childhood BMI 

following treatment of maternal GDM in the 2 randomised trials. Both trials included only 

mothers with mild GDM and the effects of treatment of more severe GDM could not be 

assessed. It is possible that the effect of GDM or its treatment on offspring BMI may not 

appear in early childhood, and this is supported by several longitudinal studies reporting 

emergence of higher BMI in ODM in later childhood. (Silverman et al., 1991, Dabelea et al., 

2000a, Crume et al., 2011b) In a much larger multi-ethnic US population study, two regions 

were included that used criteria with different thresholds to diagnose and treat GDM. This 

enabled assessment of the effect of treatment. The risk of childhood obesity at age 5-7 years 

in offspring of mothers with GDM diagnosed by higher thresholds (treated) was attenuated 

compared with offspring of mothers with lesser degrees of hyperglycaemia (untreated). The 

authors concluded that the increased risk of offspring obesity in childhood seen with 

increasing maternal hyperglycaemia may be modifiable by treating GDM, but that further 

research would be needed. (Hillier et al., 2007) 

 

An alternative explanation is that although offspring BMI did not differ with treatment of GDM 

in the randomised trials described, measurement of direct measures of adiposity or other 

metabolic outcomes in offspring may reveal alterations. BMI may not be the best marker of 

long-term metabolic health. Catelano et al found greater adiposity in ODM at birth, despite a 

similar mean weight to non-ODM. (Catalano et al., 2003) In the HAPO study, higher 

maternal glucose levels were associated with neonatal adiposity, (HAPO, 2009) but not with 

offspring BMI at age 2 years in a UK subgroup. (Pettitt et al., 2010) A recent meta-analysis 
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of the treatment RCTs concluded that the only pregnancy outcomes affected by detection 

and treatment of GDM, were a reduction in macrosomic or LGA infants and shoulder 

dystocia. There were insufficient data to draw conclusions on possible long-term effects of 

treatment of GDM on offspring. (Horvath et al., 2010)  

 

It is therefore unclear whether treatment of GDM will result in sustained improvements in 

offspring outcomes, or whether interventions will be required in infancy and childhood to 

reduce adverse metabolic effects. 

 

1.3.7 Breast milk in maternal diabetes 

 

Early life nutrition is believed to contribute to later metabolic health. Breast milk of diabetic 

mothers may not confer the same protection in ODM (Kerssen et al., 2004, Plagemann et 

al., 2002) as in other infants. (Harder et al., 2005) This may be related to altered breast milk 

composition, such as differences in macronutrients including glucose concentration.  (Butte 

et al., 1987, Jovanovic-Peterson et al., 1989)  

 

Plagemann et al studied weight and glucose tolerance at age 2 years in ODM who received 

either breast milk from mothers with diabetes (DBM) (predominantly T1D) or non-diabetic 

banked donor breast milk (BBM) in the first week of life. There was a positive correlation 

between the volume of DBM ingested and overweight at 2 years, and the risk of IGT reduced 

with increasing volumes of BBM. (Plagemann et al., 2002) A further study was performed to 

investigate whether DBM intake during the late neonatal period and early infancy played a 

role. Neither later DBM intake nor the duration of breastfeeding influenced outcomes, and 

the authors concluded that the first week of life appears to be a critical window for nutritional 

programming. (Rodekamp et al., 2005) Breast feeding is associated with a reduction in 

overweight in healthy populations. (von Kries et al., 1999, Harder et al., 2005, Owen et al., 

2005) In the Netherlands, Kerssen et al found no difference in BMI at one year of age in 

breast, formula or mixed fed infants of mothers with T1D, and proposed that breast milk of 

mothers with diabetes may not have the same beneficial effect on infant weight as breast 

milk of women without diabetes. (Kerssen et al., 2004) This contrasts with the results of a 

retrospective cohort study in the US. Crume et al studied breast feeding exposure and 

childhood adiposity in offspring of mothers with diabetes (predominantly GDM) and non-

ODM at age 6-13 years. Breast feeding duration was determined by maternal recall. In 

offspring in the low breast feeding category (<6 months), in utero exposure to diabetes was 
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associated with higher BMI, waist circumference and adiposity measured by MRI. In those 

with adequate breast feeding in infancy (≥6 months), the effect of prenatal exposure to 

diabetes on childhood adiposity was not significant. (Crume et al., 2011a) Adequate breast 

feeding in ODM was also associated with a slower BMI growth trajectory during childhood. 

(Crume et al., 2012) It is therefore unclear whether breast feeding exposure influences 

childhood overweight in ODM. 

 

A small number of studies have examined breast milk composition in mothers with diabetes 

(predominantly T1D). Van Beusekom et al studied 6 women considered to have tightly 

controlled T1D and 5 women with NGT. Breast milk was taken mid-feed and no differences 

in macronutrient concentrations were found in colostrum, transitional or mature milk, 

between mothers with or without diabetes. (van Beusekom et al., 1993) Butte et al studied 

milk composition at 3 months postpartum in 5 women with moderately controlled T1D and 42 

women with NGT. Milk concentrations of total nitrogen, lactose, fat and energy were not 

significantly different between the 2 groups, but glucose concentration was higher in mothers 

with diabetes. The authors acknowledged that the sample size may have limited their ability 

to detect statistically significant differences in other macronutrients. (Butte et al., 1987) 

Glucose transport into milk occurs independently from insulin concentrations (Neville M C et 

al., 1990) and maternal milk glucose levels have been shown to rise following an increase in 

plasma glucose concentration. (Jovanovic-Peterson et al., 1989) Glucose concentrations in 

milk are positively associated with weight, fat mass and lean mass in infants at 1 month of 

age, whereas insulin concentrations have a negative association with weight and lean mass. 

(Fields and Demerath, 2012) Further work is needed to establish whether macronutrient 

concentrations differ in breast milk of mothers with and without diabetes, and any potential 

effects on infant adiposity and later health. 

 

1.4 Body composition and adiposity 
 

In section 1.3, I have shown that maternal diabetes is associated with a number of altered 

metabolic outcomes in offspring and that these may be influenced by nutrition in early life. 

Although the underlying mechanisms are unclear, increased adiposity in infancy is a 

plausible mediator. A number of methods exist for the determination of body composition.   
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Anthropometric measures:  

Body weight and height are easily measured and can be used to calculate BMI, which is 

frequently utilised as an index of relative weight. This method is useful in large population 

studies and is often expressed as a standard deviation score (SDS), taking into account the 

sex and age of the child. BMI correlates well with body fat % (BF %) and metabolic health, 

but does not distinguish between fat mass (FM) and fat-free mass (FFM) and cannot 

accurately predict FM or its distribution. It has been shown to be a particularly poor indicator 

of adiposity in neonates and infants. (Wells et al., 2007, De Cunto A, 2013) 

 

Additional measures are therefore needed to provide a more accurate estimate of FM in 

infants and young children. Central and peripheral body circumferences are straightforward 

and acceptable to parents and young children. Abdominal or chest to thigh ratios can 

provide an indication of FM distribution. (Catalano et al., 2003) Waist circumference or waist 

to height ratio may be more predictive of cardiovascular disease risk factors in children than 

BMI, (Savva et al., 2000) and reference data for waist circumference exist in UK children. 

(Wells and Fewtrell, 2006) 

 

Skinfold thickness:  

Skinfold thickness measurements are simple to obtain in infants. Data can be presented as 

raw values and skinfold thickness ratios, or can be used to predict FM, FFM and BF% using 

a variety of equations. With appropriate training intra- and inter-observer variability are low 

and skinfold thickness measurements provide a reliable estimate of regional adiposity. 

(Stomfai et al., 2011, HAPO, 2009) A number of different skinfolds are commonly measured, 

but subscapular and triceps skinfolds are frequently used as an indication of central and 

peripheral adiposity respectively, and ratios may be used in comparisons between groups.  

 

Body composition determination: 

The one true direct measurement of body composition, considered to be the gold standard, 

is the chemical analysis of cadavers. However, non-invasive indirect techniques are the only 

acceptable means of measuring body composition in infants and children. The following 

body composition component models are employed (figure 10). Each technique is based on 

a theoretical model, and the accuracy of each method is dependent on the surrounding 

assumptions of the model. For example, throughout infancy and childhood, there is a 

gradual change in the chemical composition of FFM. The use of age and sex-specific 

constants for converting chemical components such as total body water, total body 
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potassium, and body density into FFM can help to reduce systematic errors in body 

composition methods. 

 

 Two-compartment model:  the body is divided into FM and FFM  

 Three-compartment model: the body is divided into fat, water and fat-free dry tissue. 

Body water is measured using hydrometry and body volume by densitometry. 

 Four component model: the body is divided into fat, water, protein and mineral.  

Bone mineral is measured using DXA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Body composition component models illustrating classic cadaver analysis, 2 

component model (2C), 3 component model (3C) and 4 component model (4C). FM (fat 

mass), FFM (fat-free mass), TBW (total body water). 
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Anthropometric or skinfold-derived body composition  

Several equations, many of which are infant or child specific, have been derived to predict 

body composition from raw skinfold thicknesses. (Slaughter et al., 1988, Dauncey et al., 

1977) Catelano et al combined birth weight, length and flank skinfold thickness in an 

anthropometric model to estimate FM, which was prospectively validated with estimates of 

FM by total body electrical conductivity (TOBEC). (Catalano et al., 1995) This model was 

used to assess neonatal adiposity in the HAPO study. (HAPO, 2009)  

 

Advantages and disadvantages: Good correlation has been shown between FM 

measurements obtained by skinfold thickness and FM values determined by DXA. 

(Schmelzle and Fusch, 2002) However, models may only be valid in the populations in which 

they were derived (Wells and Fewtrell, 2006) and may not accurately predict FM in 

individuals. The methods are suitable for comparison between groups (de Bruin et al., 

1995a, Davies and Lucas, 1990) particularly in large population studies, where expensive 

and time-consuming techniques are less feasible. (HAPO, 2009) 

 

Dual energy X-ray absorptiometry (DXA) 

DXA was originally developed to measure bone mineral mass by simultaneously scanning 

with two X-ray beams of different energy levels. This enables quantification of soft tissue 

absorption and subsequent calculation of bone mineral density. In whole body scans FM and 

FFM can therefore be estimated from the total soft tissue. FM determined by DXA has been 

shown to correlate with chemically derived FM from piglet carcasses. (Picaud et al., 1996) 

 

Advantages and disadvantages: DXA is easily performed with minimal radiation exposure 

and provides reliable body composition measurements in infants. (Godang et al., 2010) 

However, measurements can be affected by movement or altered by disease state. Group 

comparisons using DXA may not accurately quantify the magnitude, but will identify the 

direction of differences. (Wells and Fewtrell, 2006) 

 

Total body electrical conductivity (TOBEC) 

TOBEC is based on the principle that a conductive object will interact with an 

electromagnetic field and result in dissipation of a small quantity of the field's energy. 

Conductivity depends on the quantity and distribution of electrolytes and is far greater in 

FFM than in FM, which is relatively anhydrous. The infant or child is placed within a 

measurement chamber containing a solenoidal coil that produces an electromagnetic field. 

TOBEC measures the energy loss which varies according to the infant’s size and 
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conductivity. To quantify FFM a calibration equation is needed. This is generated by using 

an alternative technique to measure FFM in a reference population. FM is then derived from 

FFM and body weight. (Fiorotto and Klish, 1991, Catalano et al., 1995) 

 

Advantages and disadvantages: TOBEC is rapid and safe and has been validated in infants. 

TOBEC-derived FFM and FM correlate well with Fomon’s reference data. (Cochran et al., 

1986, de Bruin et al., 1995b) However, the signal is affected by a number of factors including 

the hydration, position and movement of the infant. Significant differences in FM estimates 

from TOBEC and other body composition methods exist. (Butte et al., 1999) TOBEC is 

expensive and not widely available. (Wells and Fewtrell, 2006) 

 

Air displacement plethysmography (ADP): 

This technique uses air displacement to measures body volume and offers an alternative 

method to hydrodensitometry which is impractical in infants. Whole body density (body 

weight/body volume) is then calculated and FM and FFM are derived assuming specific 

densities of these 2 tissues. The PEA POD was specifically designed for ADP in infants 

between birth and 6 months of age. (Urlando et al., 2003) 

 

Advantages and disadvantages: Measurements are obtained within 3 minutes and are not 

significantly affected by movement. Using a reference 4 compartment model, ADP has been 

shown to be reliable and accurate for BF % assessment in infants. (Ellis et al., 2007) It has 

greater precision than hydrodensitometry in children. However, assuming a specific density 

of FFM may introduce inaccuracies as the density of FFM varies significantly with age and 

between individual children. (Wells et al., 1999)  

 

Isotope dilution: 

Estimation of total body water requires the use of stable isotopes of either hydrogen (2H or 

3H) or oxygen (18O). The body water pool is then measured using a mass spectroscopy 

facility to quantify the enrichment of the isotope in urine. An assumed value for FFM 

hydration is used to estimate FFM from total body water. 

 

Advantages and disadvantages: Isotope dilution is easy to perform in infants and young 

children but FFM hydration may be altered in disease states. FFM estimated by 18O dilution 

was found to be slightly, but significantly lower than FFM estimated by TOBEC. The 

measurement error using 18O dilution was up to 6% and FFM estimates in individuals may 

be inaccurate. (de Bruin et al., 1995b) 
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Bioelectrical impedance analysis (BIA): 

BIA determines the electrical impedance to a weak alternating electrical current through the 

body. Electrical impedance is subsequently used to estimate total body water using empirical 

equations and following adjustment for height. 

 

Advantages and disadvantages: The technique is inexpensive, simple and portable. 

Dehydration increases the body’s electrical resistance and can lead to underestimation of 

FFM and overestimation of FM. FFM measured by BIA has not shown a significant 

advantage over basic anthropometric measures in infants and is not considered accurate for 

single measurements in individuals. (Lingwood et al., 2012)  

 

Total body potassium (TBK) 

TBK can be estimated from the isotope 40K which is naturally present in the body. As it has a 

half-life of over a billion years, high-energy gamma rays are emitted at a constant rate. 

Photon-sensitive detectors are arranged around the body in a low-background whole body 

counter and whole body counting takes around 15 minutes. Potassium is mainly intracellular 

(98%) and provides an estimate of body cell mass from which FFM can be estimated. 

 

Advantages and disadvantages: TBK measurements are relatively quick and do not appear 

to be affected by excessive movement. (Butte et al., 2000) Precision for TBK measurements 

in infants and toddlers is high. (Ellis and Shypailo, 1993) Calculation of FFM again assumes 

a constant relationship between TBK and FFM, and TBK shows poor agreement with other 

methods. TBK is not widely available and there are no existing UK reference data. (Wells 

and Fewtrell, 2006)   

 

As described, a variety of methods can be used in the examination of body composition in 

infants and young children and each method entails its own advantages and disadvantages. 

Although these techniques enable the estimation of FM and FFM, none are capable of 

quantifying regional fat or AT volume. 

 

1.4.1 Adipose tissue structure and function 

 

Fat and AT are used interchangeably in common usage. However, as shown in figure 11, 

they are overlapping, but different compartments, (Wang et al., 1992) and this is important 

for the accurate quantification of FM or AT volume. FM can be derived from AT volume, but 

http://en.wikipedia.org/wiki/Electrical_impedance
http://en.wikipedia.org/wiki/Total_body_water
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this assumes a certain density (Martin et al., 1994) and fat composition of AT, which is 

known to vary with age (Baker, 1969). Conversions may therefore introduce inaccuracy. 

 

 

 

Figure 1.11 The relationship between chemical fat (or lipid) and adipose tissue. (Shen et al., 

2003)  

 

Fat in humans is almost exclusively stored as lipid within AT depots throughout the body, but 

also exists in other tissues such as liver and skeletal muscle. AT contains around 80% fat 

and the remainder is water, protein and minerals. (Shen et al., 2003) AT is formed by loose 

connective tissue comprised mainly of adipocytes, but also nerve tissue, stromovascular 

cells and immune cells. Adipocytes store energy in the form of triglycerides (triacylglycerols), 

which are highly concentrated stores of metabolic energy because they are reduced and 

anhydrous. AT was previously thought to serve as a passive energy store, thermal insulator 

and mechanical cushion, but is now recognised to be a highly complex endocrine organ. It 

expresses many receptors and is able to respond to stimulation from both hormones and the 

central nervous system. (Kershaw and Flier, 2004) A variety of important adipokines are 

secreted by adipocytes and the non-adipocyte portion of AT, including leptin, adiponectin, 

resistin and TNF-α. Therefore, in addition to playing a central role in the regulation of energy 

storage and release, AT communicates with other organs, and is involved in immune 

regulation and neuroendocrine function including glucose homeostasis. (Rosen and 

Spiegelman, 2006) AT stores may become saturated, either due to complete or partial loss 

of AT (lipodystrophy), or the inability to expand stores sufficiently to accommodate increased 

energy intake. Ectopic lipid is defined by excess storage in locations not classically 
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associated with AT storage, such as the liver, skeletal muscle, pancreas, heart and 

vasculature. (Britton and Fox, 2011, Mehta et al., 2008) 

1.4.2 Adipose tissue, ectopic lipid and metabolic health 

 

1.4.2.1 Adipose tissue 

With the rise in obesity and metabolic disease, research in the last 20 years has increasingly 

focused on the role of AT. The quantity and distribution of AT have been shown to be 

intricately linked with long-term metabolic health. (Kershaw and Flier, 2004) AT is classically 

divided into subcutaneous and internal AT, with further separation into abdominal and non-

abdominal regions. Internal abdominal AT (often referred to as visceral AT) carries a greater 

risk of metabolic dysfunction than subcutaneous AT. (Despres and Lemieux, 2006) Depot-

specific differences in the expression of genes coding functional proteins exist in adipocytes. 

(Vidal, 2001) In comparison to subcutaneous AT, internal abdominal AT displays lower 

insulin effect and higher catecholamine effect, and releases fatty acids more extensively. 

(Wajchenberg et al., 2002)  

 

Weight loss improves insulin sensitivity but it is the reduction in internal abdominal AT that 

appears to be the critical factor. (Gabriely et al., 2002) There is evidence that higher 

proportions of subcutaneous AT may in fact lower the risk of T2D. (Snijder et al., 2003) It has 

been demonstrated that mice with subcutaneous AT transplanted intra-abdominally, exhibit a 

reduction in body weight, total FM, glucose and insulin levels, and display improved insulin 

sensitivity. (Tran et al., 2008) The ratio of internal abdominal AT to abdominal subcutaneous 

AT may have a greater correlation with cardiometabolic risk than internal abdominal AT 

alone, (Kaess et al., 2012) and this ratio has frequently been employed in adult studies and 

in a smaller number of studies in children. (Benfield et al., 2008)  

 

Abdominal subcutaneous AT is also divided by the Scarpa’s fascia into deep subcutaneous 

AT and superficial subcutaneous AT, and these depots appear to have distinct metabolic 

functions. Increased internal abdominal AT and deep subcutaneous AT are both markers of 

insulin resistance in adults. (Smith et al., 2001, Kelley et al., 2000) Walker et al found deep 

subcutaneous AT to have metabolic functions which were more similar to internal abdominal 

AT than superficial subcutaneous AT. (Walker et al., 2007) Golan et al showed that a greater 

volume of deep subcutaneous AT was associated with increased HbA1C, whereas a greater 

proportion of superficial subcutaneous AT was associated with reduced HbA1C and BP, and 

increased HDL cholesterol. (Golan et al., 2012) A recent study by Marinou et al examined 
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the contribution of deep subcutaneous AT and superficial subcutaneous AT to 

cardiovascular risk profiles in Caucasian and Asian adults. Deep subcutaneous AT was the 

strongest predictor of insulin resistance in men and independent of other obesity indices. 

Although this depot was also related to insulin resistance in women, it did not offer additional 

predictive value over indices such as BMI. (Marinou et al., 2014) The possibility that deep 

subcutaneous AT displays sex-specific effects on metabolic health has been supported 

elsewhere. (Smith et al., 2001, Miyazaki et al., 2002)  

 

Therefore it is clear that the assessment of both the quantity and distribution of AT are key in 

studies of body composition and metabolic outcomes.  

 

1.4.2.2 Ectopic lipid 

Ectopic lipid accumulation also appears to play a crucial role in insulin resistance and this is 

evident from the study of inherited lipodystrophies. In this condition triglycerides accumulate 

in non-AT sites including the liver, and despite low AT mass, affected individuals have a 

substantial risk of insulin resistance and T2D. (Monajemi et al., 2007) 

 

Internal abdominal AT has a direct relationship with hepatic lipid (Thomas et al., 2005) and 

similar metabolic abnormalities are seen with increased hepatic lipid as with raised internal 

abdominal AT. (Jakobsen et al., 2007) In a study by Fabbrini et al using MRI and MRS, 

obese adults were matched on internal abdominal AT volume, but separated into high or 

normal hepatic lipid groups. Insulin sensitivity was significantly lower and the VLDL-

triglyceride rate almost doubled in the group with high hepatic lipid (figure 12). There was 

however no difference seen in either metabolic parameter between the 2 groups matched for 

hepatic lipid, but with high or normal internal abdominal AT volume. The authors therefore 

concluded that hepatic lipid is a better marker of metabolic derangement than internal 

abdominal AT. (Fabbrini et al., 2009)  
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Figure 1.12 A Hepatic insulin sensitivity in subjects matched on visceral adipose tissue 

(VAT) volume with either normal or high intrahepatic triglyceride (IHTG) content and subjects 

matched on IHTG content who had either low or high VAT volume. Values are means +/-  

SEM. *value is significantly different from the corresponding value in the normal IHTG group, 

p<0.05. B Very-low-density lipoprotein–triglyceride (VLDL-TG) secretion rate in subjects 

matched on VAT volume with either normal or high IHTG content and in subjects matched 

on IHTG content who had either low or high VAT volume. Values are means +/- SEM. *value 

is significantly different from corresponding value in the normal IHTG group, p<0.001. 

(Fabbrini et al., 2009) 

 

1.4.3 Techniques to measure adipose tissue and ectopic lipid 

 

1.4.3.1 Adipose tissue  

Three main techniques are available for the assessment of AT; ultrasound, computerised 

tomography (CT) and magnetic resonance (MR) techniques. 

 

Ultrasound (US) 

 

The technique was first developed clinically by the obstetrician Professor Ian Donald (Donald 

et al., 1958) and was based on the wartime use of ASDIC (Sonar) for the detection of 

submarines. Subsequent investigations failed to demonstrate any deleterious effects on 

human tissues at the high-frequency and low power of the sonar employed. US images are 

created by the transmission and reception of mechanical high-frequency waves applied 

through a transducer. The US waves produce an echo where density changes occur, such 

as signal passing from AT to muscle. In order to quantify AT, thickness as opposed to 

volume is measured. In adolescents and adults, visceral and abdominal subcutaneous depth 

measured by US have been shown to be reliable and reproducible estimates of internal 
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abdominal AT and subcutaneous AT respectively, measured using CT or MRI. (Kim et al., 

2004, De Lucia Rolfe et al., 2010)  

 

Advantages and disadvantages: In comparison to CT or MRI, US equipment is inexpensive 

and portable and does not require specialist technicians. The technique can be used 

throughout early childhood when CT and MRI are more difficult without the use of sedation. 

In a recent study in infants, intra- and inter-observer variability were low. Although US 

performed better than anthropometric measures, visceral and subcutaneous US depths were 

found to have only moderate correlations with MRI quantified internal abdominal (r=0.48) 

and subcutaneous abdominal AT mass (r=0.71) respectively (Figure 13). US may not 

therefore accurately predict regional AT volumes, but the authors suggested the technique 

may be suitable for ranking infants with higher or lower abdominal AT volumes, or could be 

applicable to large epidemiological studies. (De Lucia Rolfe et al., 2013)  

Figure 1.13 A Scatterplot of ultrasound visceral depth against MRI intra-abdominal adipose 

tissue mass. Correlation coefficient: r=0.48; p=0.02. B Scatterplot of ultrasound 

subcutaneous-abdominal depth against MRI subcutaneous-abdominal adipose tissue mass. 

Correlation coefficient: r=0.71; p<0.001. (De Lucia Rolfe et al., 2013) 

 

Computerised tomography (CT) 

CT uses computer-processed X-rays to produce tomographic transverse images of the body. 

Structures in the body can be visualised based on their differential absorption of X-rays. CT 

acquisition is relatively quick and enables accurate quantification of AT volume. (Kullberg et 

al., 2009)  
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Advantages and disadvantages: Measurements of regional AT compartments have been 

shown to be reliable in 5-10 year old girls. (Figueroa-Colon et al., 1998) However as the 

technique involves exposure to ionising radiation, a single or limited number of image slices 

are often used, reducing the accuracy of whole body AT estimation. The estimated lifetime 

mortality risk from carcinoma following an abdominal CT in a 1 year old is 0.1% (Furlow, 

2010) and the technique is not appropriate in infant research. 

 

Magnetic resonance (MR) techniques 

MR is an analytical technique which has been used by chemists for about 70 years. It 

exploits the property of elements such as 1H, 13C, 15N, 19F, 23Na and 31P, all of which contain 

an unequal number of protons. The unpaired proton behaves like a dipole displaying 

magnetic dipole moment. This results from the charged proton spinning round its axis. Since 

hydrogen (1H) constitutes up to 80% of the body as H2O, and lipid is rich in methylene 

groups (-CH2-), hydrogen is the logical choice for the application of MR in human subjects. In 

a MR scanner, the z-axis is the direction along the length of the bore, parallel to the main 

magnetic field. The x-axis is perpendicular to the main magnetic field horizontally (left to 

right) and the y-axis is perpendicular to the main magnetic field vertically (top to bottom). 

When placed in a large external magnetic field, protons line up either parallel to the magnetic 

field or anti-parallel to it, depending on their energy status. In addition the protons begin to 

wobble (as with a spinning top) around the z-axis of the external field, a process called 

precession (spin). (McRobbie et al., 2011) The rate at which the proton spins is given by the 

Larmor equation, which is a product of the gyromagnetic ratio of the element and the 

magnetic field strength. (Hashemi R H et al., 2004)  

Application of a pulsatile radiofrequency signal at 90˚ to the main field (i.e. along the x-axis) 

and at the precessional frequency achieves resonance, with absorption of energy by the 

protons. This results in ‘flipping’ of the protons perpendicular to the main magnetic field. For 

nuclei with spin=½, such as hydrogen, there are 2 possible orientations i.e. aligned with (low 

energy) or against (high energy) the applied magnetic field. A greater number of protons 

align in the low energy state (9ppm in 1.5T systems). This difference increases with magnet 

strength and explains the improved image quality obtained with higher field strengths. The 

protons spin at a higher energy and in phase, known as excitation. Discontinuation of the 

pulse causes the protons to revert to their out-of-phase lower energy state. The energy is 

released over a period of relaxation. T1 (the spin-lattice relaxation time) and T2 (the spin-spin 

relaxation time) describe how long the tissue takes to reach equilibrium. With T1 relaxation 

the energy absorbed by the nuclei is released into the surrounding tissue in the form of radio 
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frequency waves. T2 relaxation is the time taken for the in-phase nuclei to return to out-of-

phase and is much quicker than T1. During relaxation the radio frequency waves are 

detected by a receiver coil positioned at 90˚ to the main magnetic field. The signal is called 

free induction decay and can be resolved by Fourier analysis into its components, yielding 

either a frequency spectrum (MRS) (described in section 1.4.3.2) or an image (MRI). (Mehta 

et al., 2008) It is generally acknowledged that the first clinically useful images produced 

using MRI were by Professor John Mallard and his team in Aberdeen in 1982. He had been 

aware of the technique being used by chemists and foresaw the huge potential of applying 

this clinically. (Mallard, 2006) 

 

Magnetic resonance imaging (MRI) 

As described, T1 and T2 relate to energy exchange between molecules. Loosely bound 

protons (such as in water) will release their energy much more slowly to their surroundings 

than protons which are tightly bound. At any given time, only a small fraction of water 

molecules spin at the correct speed for efficient energy exchange, and the T1 of water is long 

in accordance with the length of time it takes for the protons to relax. If proteins are present, 

these interact with water molecules and cause them to slow. This results in more efficient 

energy exchange and a shorter T1. In fat, the protons are more tightly bound to long carbon 

chains, and the carbon-carbon bonds rotate at a frequency close to the Larmor frequency. 

Fat protons therefore have a very efficient spin-lattice exchange and a short T1. Similarly to 

T1, the T2 characteristics of a tissue are strongly determined by molecular rotation speeds, 

which are influenced by neighbouring molecules. T1 and T2 therefore vary depending on the 

tissue and this is used to create the contrast seen between different tissues on MR. 

Scanning parameters can be selected to emphasize certain image contrast properties. This 

is known as weighting. In a T1-weighted image, the contrast is more dependent on the T1 

relaxation process, and therefore tissues with a short T1 give the highest signal i.e. fat-based 

tissues. There are two main types of pulse sequence; spin echo and gradient echo. Spin 

echo sequences produce higher quality images but involve a longer imaging time (minutes) 

than gradient echo sequences (seconds). T1-weighted spin echo sequences are frequently 

used in the delineation of regional AT depots.  

 

Whole Body MRI 

Cross sectional MR images enable quantification of AT area in each slice. By scanning 

consecutive transverse images of the whole body, regional and total AT volumes can be 

calculated. AT volumes measured by MRI and CT have high correlation, (Kullberg et al., 

2009) and MRI can accurately estimate subcutaneous and internal abdominal AT mass 
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obtained by dissection in human cadavers. (Abate et al., 1994) As imaging the whole body 

can be time consuming, particularly in adults, single slice measurements in the abdominal 

region offer an alternative method. This technique has not been shown to accurately 

determine internal abdominal AT volume, (Thomas and Bell, 2003) and has not been 

validated in infants. 

 

Advantages and disadvantages: MR images are affected by movement and additional time 

is required to settle infants to sleep prior to scanning, but we have previously shown that 

whole body MRI is feasible in infants without the use of sedation (Appendix 8C). (Gale et al., 

2013) As no ionising radiation is involved, this provides an ideal measure for the assessment 

of AT distribution in smaller groups of infants. 

 

1.4.3.2 Ectopic lipid  

 

Magnetic resonance spectroscopy (MRS) 

A number of MRI techniques are available for the quantification of hepatic lipid, but these 

usually involve breath holding sequences to minimise movement, and are not feasible in 

infants. (Cassidy et al., 2009) In MRS, protons in different environments experience 

shielding of the magnetic field by the electron clouds of neighbouring atoms. This influences 

the resonance frequency; for example protons in fat release energy much more quickly than 

protons in water, resulting in a different chemical shift value for fat and water and a typical 

fat-water spectrum. The resonance frequency of each molecule is represented in parts per 

million (ppm) which provides a universal reference scale. Water is used as the conventional 

standard for in vivo 1H MR spectroscopy, with a resonance frequency of 4.7ppm. The lipid-

derived peaks are located between 1.0 and 1.5ppm although the most abundant of these 

groups (CH2) is located at 1.3ppm. (Cassidy et al., 2009) An MR spectrum is therefore a plot 

of the metabolites and their relative signal intensity (represented by the area under each 

peak) within a given voxel.  

 

1H MRS is considered the most accurate non-invasive method to measure hepatic lipid. 

(Charatcharoenwitthaya and Lindor, 2007) The two main sequences used are PRESS (point 

resolved spectroscopy) and STEAM (stimulated echo acquisition mode). The signal to noise 

ratio is greater in PRESS, but STEAM is less sensitive to J coupling effects (an interaction 

between the 1H nuclei on neighbouring atoms which causes splitting of the resonance peak). 

Both sequences are considered gold standards in clinical studies, but hepatic lipid 

measurements in adults differ depending on the sequence used. (Hamilton et al., 2009) 
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PRESS has been utilised in a number of infant studies, (Thomas et al., 2008, Modi et al., 

2011, Brumbaugh et al., 2013) but to our knowledge STEAM has not. Each technique is 

preferentially performed as a single breath hold sequence to reduce scanning time, but free 

breathing sequences are also possible, by ensuring that the voxel remains in the liver 

throughout respiration and using a large number of averages to quantify overall hepatic lipid. 

Hepatic water is known to be relatively constant (Emery and Finch, 1954) and hepatic lipid 

can be quantified by expressing the total lipid relative to the water peak, also known as the 

fat water signal ratio.  

 

MRS can also be used to examine in vitro samples. This is known as nuclear magnetic 

resonance (NMR) spectroscopy. Higher magnetic field strengths are used for in vitro 

samples, providing greater spectral resolution. In combination with water suppression, this 

enables identification of thousands of metabolites based on their local chemical 

environment, with an electron-rich environment conferring a degree of shielding from the 

external magnetic field. (Lindon et al., 2004) The technique is termed metabolic profiling and 

will be discussed in section 1.5. 

 

1.4.4 Effects of maternal diabetes on offspring body composition and adiposity  

 

As described in section 1.4.2, both the quantity and distribution of AT are known to affect 

metabolic health. Research investigating the long-term health effects of alterations in fat-free 

mass is more limited. (Wolfe, 2006, Eriksson et al., 2002) Body composition has been 

described in ODM in a number of studies spanning the last 50 years. 

 

Historical cadaver studies in deceased newborn infants have examined the relative 

contributions of FM and FFM in ODM. Fee et al found that there was a greater proportion of 

FM than FFM in ODM compared to non-ODM, (Fee and Weil, 1963) whereas Naeye et al 

found increased FFM in fetuses or neonates whose mothers had GDM. (Naeye, 1965) 

Although the chemical analysis of cadavers is considered to be the gold standard for the 

determination of body composition, neither study described AT distribution. Both studies 

involved small numbers of individuals and there was wide variation in a number of clinical 

characteristics, including gestational age, infant weight and cause of death.  

 

Many of the different body composition techniques described in section 1.4 have been used 

to compare infants and children of mothers with and without diabetes. These include skinfold 



60 

 

thickness, (Beyerlein et al., 2012) TOBEC, (Catalano et al., 2003) DXA, (Chandler-Laney et 

al., 2012) ADP, (Au et al., 2013b) bioelectrical impedance (Hunter et al., 2004) and isotope 

dilution. (Salbe et al., 1998) A limited number of studies have utilised MRI to assess AT. One 

small study used whole body MRI in infants (Brumbaugh et al., 2013) and others used single 

abdominal slices to provide an estimate of regional adiposity in children. (Crume et al., 

2011b, Davis et al., 2013) All identified studies will be summarised in a systematic review 

and meta-analysis of maternal diabetes and offspring adiposity in chapter 3. 

 

Identifying differences in total and regional adiposity in ODM, will lead to a greater 

understanding of the potential mechanisms leading to disease in later life. As metabolic 

screening of ODM is not routine in childhood, predicting those children most likely to develop 

T2D is not possible at present. Therefore, simple, minimally-invasive and inexpensive 

techniques are required in order to screen and monitor at-risk infants and children.   

 

1.5 Metabolic profiling 

1.5.1 Metabolic profiling in disease prediction and treatment 

 

Metabolic research has traditionally involved the analysis of blood samples for pre-selected 

compounds, and given the sample volume required for each assay, this has limited research 

in newborn infants. Although multi-biomarker approaches may reveal mechanisms of pre-

diabetes pathophysiology, these models have resulted in only small improvements in the 

prediction of T2D over established clinical risk factors, and have not obviated the need for 

blood samples. (Herder et al., 2011) Thousands of metabolites can now be measured 

simultaneously using small volumes of biological tissues and fluids, and regressed against 

phenotypic characteristics. Metabolites correlating with these characteristics can then be 

identified as putative biomarkers; this process is termed “metabonomics”, also known as 

metabolomics or metabolic profiling. (Lindon et al., 2004) In essence metabonomics 

measures chemical phenotypes that are a net result of genomic, transcriptomic and 

proteomic variability and takes environmental interactions into account. It is therefore the 

most integrated profile of biological status, providing opportunity to study metabolic 

responses in relation to normal development and disease. Recent studies have provided 

interesting insights into disease mechanisms and have demonstrated the potential of 

metabonomics in the prediction of poor pregnancy and neonatal outcomes, (Diaz et al., 

2013) such as hypoxic ischaemic encephalopathy in newborn infants. (Walsh et al., 2012) 
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1.5.2 Techniques to assess metabolic profile 

 

The techniques commonly used are NMR spectroscopy, gas or liquid chromatography-mass 

spectrometry, Fourier transform infrared spectrometry and capillary electrophoresis-mass 

spectrometry. NMR spectroscopy has a number of advantages. It is non-selective and has a 

very high reproducibility. Small sample volumes are needed, the acquisition time is short and 

the technique is non-destructive. (Atzori et al., 2009) Conversely, NMR analysis has 

relatively low sensitivity when applied to low-abundance molecular species (for example 

31P), and can produce overlapping metabolite signals. However, other appropriate 

spectroscopic and chromatographic techniques can be utilised in tandem to aid metabolite 

identification. Individual metabolites are identified from the outputs of techniques by several 

methods including; the use of further 2-dimensional pulse sequences to generate information 

on connectivities between protons or between protons and other nuclei such as 13C, spiking 

standards into the sample, or by comparison with known standards in metabolite databases 

which continue to expand (e.g. the Human Metabolome Database (HMDB) – www.hmdb.ca).  

 

One of the difficulties with all these techniques is that large numbers of metabolites from 

multiple subjects generate complex datasets. Their analysis and interpretation relies on 

statistical software and multivariate data analysis to classify spectra into groups by common 

metabolites. This will be discussed in more detail in chapter 2, section 2.6.10. Following 

analysis, metabolites which discriminate between two or more phenotypic groups can be 

identified and these can be considered as biomarkers for the phenotype of interest. By 

matching metabolites with specific enzymes and metabolic pathways using the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database, it may be possible to examine the 

underlying metabolic mechanisms potentially driving the phenotype of interest. Targeted 

interventions such as the addition of metabolites or inhibition of certain enzymes can 

therefore be tested. 

 

NMR spectra of dried blood spots have shown clear discrimination of subjects with inborn 

errors of metabolism from controls. (Constantinou M A, 2004) The increased use of dried 

blood spots in metabonomics offers the potential for sample collection by finger or heel prick, 

but further investigation is needed to optimise storage and to assess sample stability. 

(Michopoulos, 2011) Urine is widely used in metabolic studies as a snapshot of whole body 

metabolism. Its metabolic profile in particular may show changes in response to disease-

induced stress, because of the body’s attempt to maintain homeostasis. Collection of urine is 



62 

 

minimally-invasive and is therefore of particular use in serial measurements of infants and 

children. 

 

1.5.3  Effects of hyperglycaemia and diabetes on metabolic profile 

 

In adults characteristic patterns of metabolites are seen in individuals with specific 

phenotypes. (Calvani et al., 2010) Nicholson et al first described H1 NMR urine spectra from 

adults with T1D and NGT. (Nicholson et al., 1984) A number of years later, Messana et al 

analysed urine samples in adults with T2D and control subjects using NMR, and found clear 

differences in metabolic profiles between the groups and in relation to glucose control. 

(Messana et al., 1998) Zhang et al also used NMR to compare serum of adults with NGT, 

IGT or T2D. Progressive metabolic profile changes were demonstrated with reduced glucose 

tolerance and greater insulin resistance, (figure 14) including elevation in glucose 

concentration and reduced levels of citrate. (Zhang et al., 2009) Suhre et al used NMR and 

tandem mass spectrometry to compare blood from adults with and without T2D. Discriminant 

metabolites associated with T2D suggested perturbations of metabolic pathways associated 

with kidney dysfunction (3-indoxyl sulfate), lipid metabolism (glycerophospholipids, free fatty 

acids), and gut microflora (bile acids). (Suhre et al., 2010) Intestinal microbiota have 

previously been shown to influence metabolic disease. (Cani et al., 2007) Clear differences 

in metabolic profile have also been demonstrated in adults with pre-diabetes using mass 

spectrometry techniques. (Lucio et al., 2010, Zhao et al., 2010)  

 

 

Figure 1.14 A OPLS scores plot and B regression coefficient plot for the correlation between 

NMR data and insulin resistance (IR) index including low IR (black squares), intermediate IR 

(red dots), and high IR (blue triangles). (Zhang et al., 2009) 
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Few studies have utilised metabonomics in infants and children, particularly in relation to 

markers associated with diabetes. (Oresic et al., 2008, Dani et al., 2013, Peng et al., 2015) 

The diabetes prediction and prevention study is a prospective study in children with a genetic 

predisposition to T1D. In order to identify early metabolic disturbance, chromatography-mass 

spectrometry techniques were used to compare serum metabolic profiles between children 

who progressed to T1D and matched controls who did not. Children who developed T1D 

demonstrated metabolite alterations at birth and prior to the onset of disease. Elevated levels 

of glutamic acid preceded the development of glutamic acid decarboxylase antibodies. 

Intestinal microbiota were implicated in metabolite alterations. (Oresic et al., 2008) A 

subsequent murine model replicated the design of the human study and showed similar 

metabolic profile alterations. (Sysi-Aho et al., 2011) The same mouse model for T1D was 

also compared with the non-diabetic reference strain. Affected mice displayed an altered 

metabolic profile partly resembling the changes seen in children who progressed to T1D. 

Glutamic acid was again identified to be one of strongest discriminative metabolites in 

addition to several TCA cycle intermediates. (Madsen et al., 2012) These studies suggest 

that metabolic dysregulation in T1D can be detected prior to biochemical or clinical 

manifestations. Earlier prediction of T1D may offer an extended opportunity for preventative 

strategies, which have proven more effective than T1D reversion. (Madsen et al., 2012)  

 

T2D is also characterised by a prodromal pre-diabetic phase, providing the opportunity to 

delay or prevent the onset of disease. Recently, differences in metabolic profiles obtained 

from cord serum have been shown in infants of mothers with GDM. (Dani et al., 2013) Peng 

et al examined meconium and first urine samples in newborn infants of mothers with and 

without GDM using liquid chromatography-mass spectrometry. Urinary metabolic profiles did 

not clearly separate the 2 groups, whereas the meconium metabonome discriminated infants 

of mothers with GDM. (Peng et al., 2015)  

 

Together these studies demonstrate the potential of metabonomics in the prediction of T2D. 

To our knowledge urinary profiles have not been studied in infants of mothers with and 

without GDM using NMR spectroscopy. 

 

1.6 Summary and further research 
 

In this chapter I have discussed the worldwide epidemic of obesity and T2D and the 

increasing number of women affected by diabetes during pregnancy. GDM accounts for the 

vast proportion of diabetes in pregnancy, but T1D, T2D and GDM are all associated with 
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adverse metabolic effects in offspring. Figure 15 demonstrates how this may contribute to a 

viscous circle of increasing obesity and T2D.  

 

 

 

 

 

 

 

 

 

Figure 1.15 The cycle of increasing obesity and T2D 

 

Although treatment of GDM appears to improve neonatal outcomes, GDM diagnostic 

thresholds and screening policies have not been universally agreed, and may not ameliorate 

long-term metabolic effects in offspring. If aberrant trajectories of later health are to be 

attenuated, the first step is to define the impact of maternal diabetes on the infant 

phenotype. I have discussed the associations between total AT, AT distribution and 

metabolic health, and described techniques available for the assessment of body 

composition in infants, concluding that MR techniques offer the best method to assess AT 

and IHCL in infants. Metabonomics and in particular NMR spectroscopy of urine, provides a 

minimally-invasive technique to monitor the potential impact of maternal diabetes in infants 

and children. Together these techniques will help to identify mechanisms and markers of 

later T2D risk. In the future this may enable the evaluation of dietary, lifestyle and 

pharmacological interventions in infancy and childhood, in order to prevent the onset of 

obesity and T2D.  

 

Using the techniques described, I therefore intend to compare the metabolic phenotype of 

infants of mothers with and without GDM.  
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Chapter 2 Methods  
 

I used systematic review and meta-analysis to examine the available evidence of the 

association between maternal diabetes and adiposity in infants and children.  

 

In a longitudinal prospective cohort study, I used magnetic resonance (MR) techniques to 

study the effects of maternal GDM on infant adiposity. In addition, I used MR and mid-

infrared techniques to explore infant metabolism and maternal breast milk composition 

respectively.  

 

2.1  Systematic review and meta-analysis 
 

2.1.1  Literature search and data extraction 

 

I undertook a systematic review of published studies following the MOOSE guidelines for 

systematic reviews of observational studies (Stroup et al., 2000). I conducted the search in 

PubMed (www.ncbi.nlm.nih.gov) and aimed to encompass both pre-existing diabetes and 

GDM, and all body composition techniques used to compare adiposity in infants and children 

of mothers with and without diabetes. Abstracts or full text articles were reviewed and 

reference lists were searched to identify relevant articles. I extracted data from each paper 

including participant numbers, maternal diabetes type, diagnosis and treatment, and body 

composition technique. Offspring fat mass, fat-free mass, body fat % and skinfold thickness 

data were extracted from each paper and authors were contacted for additional data where 

necessary. 

 

2.1.2  Meta-analysis 

 

The associations between diabetes during pregnancy and offspring fat mass, fat-free mass, 

body fat %, and triceps and subscapular skinfold thickness were examined by meta-

analyses, conducted in RevMan 5, (5.2) (Collaboration, 2008) using the inverse variance 

method. I investigated potential sources of heterogeneity (type of maternal diabetes, body 

composition technique and study quality) and performed subgroup analysis by offspring sex. 

I also evaluated the effect of maternal pre-pregnancy BMI on offspring adiposity.  

http://www.ncbi.nlm.nih.gov/
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A detailed description of the methods used for the literature search and meta-analysis is 

provided in chapter 3, section 3.3 and 3.4. 

 

2.2  Prospective cohort study 
 

2.2.1  Study design 

Infants underwent whole body imaging and hepatic spectroscopy at two time points (within 

two weeks of birth and aged 8-12 weeks). In addition, urine samples were collected shortly 

after birth, and at both scan points for metabonomic analysis. 

 

2.2.2  Patient involvement 

The Northwest London Perinatal Network has a well-established Parent Representative 

Group who are involved in reviewing studies in our research group. I also utilised parental 

feedback obtained during my pilot study.  

2.2.3  Regulatory approvals 

Approval was obtained from the Bloomsbury Committee in London of the National Research 

Ethics Service on the 10th October 2011, REC number: 11/LO/1167 (appendix 2A) and the 

Chelsea and Westminster Hospital Research & Development Office on 24th October 2011, 

C&W11/079 (appendix 2B) and from consultant staff involved in the care of mothers and 

newborn babies at Chelsea and Westminster Hospital (appendix 2C).  

 

2.2.4  Research participants 

 

2.2.4.1  Recruitment 

Infants and mothers were recruited from the postnatal wards of Chelsea & Westminster 

Hospital (CWH) in London. The study was explained and written, informed consent was 

obtained. The parent information sheet and consent form are included in the appendix 

(appendix 2D and 2E). 

 

2.2.4.2 Eligibility 

Healthy, term (37-42 weeks), singleton infants of mothers with and without GDM, were 

eligible. 
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2.2.4.3 Exclusion criteria  

Small for gestational age newborns and infants of mothers with pre-existing diabetes were 

ineligible. The rationale for this is as follows: 

1. Excluding small for gestational age infants: using MRI, our group has previously shown 

that infants with intrauterine growth restriction have an altered AT distribution in the neonatal 

period. (Harrington et al., 2004)  

2. Restricting inclusion to mothers with GDM: although both infants of mothers with pre-

existing diabetes or GDM appear to have long-term risks to metabolic health, (Fetita et al., 

2006) I recruited only infants of mothers with GDM because maternal diabetes type may 

have independent effects on the neonate. GDM is the most prevalent type of diabetes in 

pregnancy and is responsible for approximately 87.5% of cases in the UK. T1D and T2D 

account for a small proportion of cases, (NICE, 2015) and it would not have been feasible to 

achieve adequate power to examine the effect of different diabetes types within the time 

period and constraints of my study.  

 

2.2.5  Collection of demographic data 

Relevant data were collected from both the infant and maternal hospital notes. Additional 

information was obtained by questioning parents and recorded using a standardised data 

collection form (appendix 2F).  

 

2.2.5.1 Collection of GDM data 

At Chelsea and Westminster Hospital all women with risk factors for GDM (previous GDM, 

BMI >30kg/m2, previous baby weighing >4.5kg, 1st degree relative with diabetes, history of 

polycystic ovarian syndrome, or family origin with a high prevalence of diabetes (South 

Asian, black Caribbean and Middle Eastern)) receive a standard 75g oral glucose tolerance 

test (OGTT) at 26 weeks gestation. If this is normal it is repeated at 30 weeks in women with 

previous GDM. 

All women without risk factors undergo a 26-28 week, 1 hour 50g glucose screening test. 

Those with abnormal screening (≥7.8 mmol/L) then have a standard 75g OGTT. 

GDM was defined as any degree of glucose intolerance with onset or first recognition during 

pregnancy. (Metzger and Coustan, 1998) Mothers were diagnosed with GDM by the 

obstetric team following a standard 2 hour 75g OGTT using the following criteria (revised 

WHO criteria): fasting plasma glucose ≥5.3mmol/L or 2 hour plasma glucose ≥7.8mmol/L. 

(WHO, 1999) Women were referred to the antenatal diabetes clinic for dietary and exercise 
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advice, and were requested to monitor pre- and post-meal blood glucose levels. Target 

blood glucose levels were <5.5mmol/L pre-meal and <7.8mmol/L 1 hour post-meal. 

Metformin was considered in obese or severely insulin resistant women, and insulin 

treatment was commenced if blood glucose exceeded target ranges.  

2.2.5.2 Definition of diabetes groups and maternal glucose control 

 Primary analysis: women were classified into 2 groups; GDM or NGT  

 Secondary analysis: the HAPO study found no specific time (fasting, one or two hour) 

after OGTT more predictive of neonatal outcome. (HAPO, 2009) The 1 hour 50g glucose 

screening test was recorded as this allowed a formal continuous measure of maternal 

glucose handling.  

2.2.5.3 Anthropometric data 

Infant weight, length and head circumference were documented at birth and at the time of 

imaging. Weight was obtained using scales accurate to 2g (Marsden Professional Baby 

Scale, London, UK), length was measured using a Rollametre which is accurate to 1mm 

(Raven Equipment Ltd., Dunmow, Essex, UK), and head circumference was recorded using 

a tape measure accurate to 1mm (Child Growth Foundation, London, UK). 

2.2.5.4 Maternal pre-pregnancy body mass index (BMI) 

Maternal height recorded at the antenatal booking, and pre-pregnancy weight obtained by 

maternal recall, were used to calculate pre-pregnancy BMI. Good correlation has been 

shown between measured and recalled pre-pregnancy BMI. (Maseiro et al., 2015) 

2.2.5.5 Feeding 

Although no differences were detected in AT or hepatic lipid between breastfed and formula 

fed infants up to 2 months of age, (Gale et al., 2014b) it is possible that breast milk of 

mothers with diabetes may have adverse metabolic effects on the offspring due to an altered 

composition. (Kerssen et al., 2004, Plagemann et al., 2002) This is discussed in chapter 1, 

section 1.3.7. To explore potential effects of differences in feed type on infant metabolism 

and adiposity, infants were classified as follows; exclusively or predominantly breastfed, 

exclusively or predominantly formula fed, or mixed fed (similar proportions of breast and 

formula milk).  

2.2.5.6 Ethnicity 

There is a higher prevalence of GDM in women from ethnic minority groups in London. 

(Dornhorst et al., 1992) Ethnicity was reported by parents and categorised as Asian, Afro-

Caribbean, Caucasian, African and mixed. 
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2.3  Clinical techniques  
 

2.3.1  Magnetic resonance (MR) procedures 

Infants were scanned in natural post-prandial sleep, without sedation, in accordance with a 

protocol we have previously published (Appendix 8C). (Gale et al., 2013) The use of oral 

sedation would not be justified for this study and as movement degrades image quality it was 

very important that babies remained settled for the duration of the scan. To ensure the 

infants were asleep, families were invited to arrive at least 45 minutes before the scan at a 

time convenient to them. They were made comfortable in a private room adjacent to the 

scanner where pre-scan preparation took place. The baby was weighed and checklists were 

performed (research metal check and health questionnaire, appendix 2G and 2H), and the 

procedure again explained. The parents were asked to plan that their infant was due a feed 

shortly after their arrival. To reduce the acoustic noise, putty (Coltène/Whaledent, Altstätten, 

Switzerland; reducing sound levels by 22dB) was placed inside the infant’s ears and then 

protective earmuffs (MiniMuffs, Natus Medical Incorporated, San Carlos, CA, USA; further 

reducing sound levels by 7dB) were applied, and a hat was used to secure these. The baby 

was then swaddled in a blanket and the parents fed and settled the baby to sleep. Once 

asleep, the infant was transferred to the MR scanning room. One parent was invited to 

remain in the MR scanning room during the scan. The infant was placed in a Siemens 

vacuum bag immobiliser. This was shaped around the infant’s head and body, providing a 

secure, comfortable and warm mould which helped to prevent movement during scanning, 

and also helped with further noise reduction (figure 1A). The infant could be visualised 

during the scan using the internal MRI camera (figure 1B). Infants were monitored 

throughout by a paediatrician trained in neonatal resuscitation (myself). Using a Nonin 7500 

FO table top pedal pulse oximeter, heart rate and oxygen saturation were monitored 

continuously and documented every 5 minutes in the infant’s research file (appendix 2I). If 

movement was noted or the infant’s heart rate increased, this prompted us to listen to the 

scan intercom to ascertain whether the baby had woken. The emergency buzzer was also 

given to the parent inside the scan room to alert us if the baby had woken up. If this 

occurred, scanning was stopped to allow the baby to be resettled by the parents. 
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Figure… (A) demonstration of a doll secured using the vacuum bag immobiliser and  

Figure 2.1A Siemens vacuum bag used to keep the baby secure in scanner B View 

obtained from the internal MRI camera. 

 

2.3.2  Incidental findings 

As with many research investigations, MRI has the potential to detect incidental findings of 

uncertain significance. (Vasu et al., 2011) This was explained in detail to parents during 

recruitment. I emphasised the difference between whole body MRI for research and 

diagnostic imaging, so that parents did not participate in the belief that their baby would 

receive a ‘total body screen’. This information was included in the parent information sheet 

and approved by the research ethics committee. A paediatric radiologist reviewed all of the 

MRI research scans and I contacted the parents with the results. Parents were aware that a 

paediatrician would contact them should any unexpected finding be identified, and that their 

general practitioner would be informed and any further investigations arranged. 

 

2.3.3  Whole body MRI 

Imaging data were acquired on a 1.5T magnet (Magnetom Avanto, Siemens Medical 

Systems, Erlangen, Germany) using the integral body coil. Image acquisition was performed 

in the axial plain during free breathing. Infants were scanned supine with head first entry. A 

T1-weighted fast spin echo sequence with a repetition time (TR) of 514ms, echo time (TE) of 

11ms, echo train length (ETL) of 3, and 3 signal averages was used. The serial isocenter 

technique was used, in which the infant was moved through the magnet on a mobile platform 

for full body imaging. Slice number varied between 48 and 60 slices (in groups of 12) 

depending on the length of the infant (usually 48 slices for the initial scan and 60 slices for 

the follow up scan). Each slice was 5mm thick with a 5mm gap. Gaps that do not exceed 

one slice thickness have been shown to have little effect on the overall quantification of AT. 

(Thomas et al., 1998) A field of view (FOV) of 300x300mm was used with a matrix of 

320x320mm leading to pixel sizes of 0.9375x 0.9375mm. Parameters were consistent 
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irrespective of the infant’s weight or length, to enable comparison of AT volumes. The phase 

encode direction was set from right to left in an attempt to reduce pulsatile motion of the 

heart and respiratory motion degrading image quality. If movement degraded the image 

quality (figure 2), sections were repeated and replaced within the whole body imaging. 

Scans lasted approximately 20-25 minutes depending on the number of slices and 

movement of the infant. 

 

 

 

 

 

 

 

Figure 2.2 MR slice showing the double image obtained following movement.  

 

2.3.4  Classification of adipose tissue compartments  

As previously discussed in chapter 1, section 1.4.2, AT depots have different metabolic 

properties and therefore AT volume was calculated for different regional depots as shown in 

the diagram below (figure 3). AT was classified as either subcutaneous (SCAT) or internal 

(IAT). SCAT was further separated into superficial (SSCAT) or deep subcutaneous AT 

(DSCAT). The 3 compartments were then classified as either abdominal (image slices from 

the sacrum to the top of the liver) or non-abdominal. Individual compartments were summed 

to give total AT volume. 

 

Main image  

Double image  



73 

 

 

Figure 2.3 Adipose tissue compartments. SC: subcutaneous.  

 

AT area (cm2) for each slice was calculated as the sum of the pixels multiplied by the pixel 

area. AT volume (cm3) for each slice was calculated by multiplying the area by the sum of 

the slice thickness (0.5 cm) and the interslice distance (0.5 cm). An MR image of a single 

abdominal slice in an infant is illustrated below (figure 4).  

 

 

 

 

 

 

Calculation of AT area and volume  

 

 

Figure 2.4 MRI abdominal cross-section of an infant delineating regional AT compartments. 

 

2.3.5  Adipose tissue analysis 

Images were analyzed by a single observer using a commercially available software 

program (SliceOMatic, Version 4.2, Tomovision, Montreal, Canada) that has been widely 

used in body composition studies. This was undertaken independently of the investigators by 

VardisGroup (London, UK, www.vardisgroup.com) and blinded to diabetes group status. 

Initially a filter was used to distinguish between different grey level regions on each slice. 

The observer then used an interactive slice editor program to verify and, where necessary, 

edit the segmentation (figure 5). In house analysis performed in infants has previously been 

 

Superficial 

subcutaneous AT   

Internal AT 

Deep 

Subcutaneous AT 

http://www.vardisgroup.com/
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demonstrated to introduce unacceptable intra-observer variability (up to 7%) and inter-

observer variability (up to 17.6%), (Harrington et al., 2002) therefore all body composition 

data were analysed by VardisGroup. Evaluation of variability within data analysed by 

VardisGroup is performed by the periodic inclusion of a random known pre-analysed set. 

The coefficient of variation for total AT volume measurements is <3%, and for measurement 

of subcutaneous and internal abdominal AT is 1% and 5% respectively. (Modi et al., 2009)  If 

there were differences in a test dataset above these thresholds, this would initiate a review, 

and if necessary re-analysis.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Analysis by Vardisgroup using Sliceomatic showing stages in the process and 

colouring of regional AT compartments. 

 

2.3.6  MRS of the liver 

A 3 plane HASTE localiser of the liver was acquired using small flex and spine coils to 

provide optimal image quality (figure 6). This ensured accurate positioning of the voxel in the 

liver, avoiding blood vessels, the gall bladder and fatty tissue. 1H MR spectra were acquired 

at 1.5T from the right lobe of the liver. As discussed in chapter 1, section 1.4.3.2, both 

PRESS and STEAM are considered gold standards for the quantification of hepatic lipid. 

PRESS has double the signal to noise ratio but is more sensitive to J coupling effects. 

PRESS was performed using the following parameters; TR 1500ms, TE 135ms without 

water suppression and with 128 signal averages, and a 15x15x15mm voxel. To compare the 

performance of STEAM this was undertaken in a small subgroup of infants who remained 

subcutaneous fat coded green original grey-scale image first pass analysis 

internal fat coded red manual editing of internal fat 
manual recoding of deep 
subcutaneous fat (blue) 
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settled at the end of the MR sequence. The following parameters were used for STEAM; TR 

3000ms, TE 20ms without water suppression and with 64 signal averages, and a 

20x20x20mm voxel to improve the signal to noise ratio. 

 

 

Figure 2.6 3 plane HASTE localizer showing placement of the voxel within the liver, avoiding 

other tissues. 

 

2.3.7  Analysis of liver spectra 

Spectra were analysed in the time domain using the AMARES algorithm included in the 

MRUI software package version 5. (Naressi et al., 2001, Stefan D, 2009) Peak areas for all 

resonances were obtained (figure 7) and lipid resonances were quantified with reference to 

water resonance. For spectra acquired using PRESS, T1 correction was performed as fat 

and water have not completely reached equilibrium by TR 1500ms. Water and lipid peaks 

have different T2 values and therefore accurate fat quantification also required correction for 

T2. (Szczepaniak et al., 1999) T1 and T2 corrections were performed using previously 

published T1 and T2 values. (Thomas et al., 2005) In the STEAM sequence the longer TR 

(3000ms) minimised T1 weighting. The TE was also much shorter and therefore mostly 

independent of the T2 variability of fat and water. However, assuming a water T2 of 35ms 

and fat T2 of 64ms, (Hamilton et al., 2009) a 30% overestimate of the fat signal relative to 

water would remain, therefore correction for T2 effects was performed. As described in 

chapter 1, section 1.4.3.2, hepatic water was used as an internal standard with results 

expressed as a ratio of CH2 lipid peak/water peak x 100 (fat water signal ratio). Spectra were 

analysed by a single research radiographer who was blinded to study group. Intra-observer 

variability was calculated and in order to assess inter-observer variability, I remained blinded 

to previous results and analysed a subgroup of spectra.  
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Figure 2.7 Hepatic MRS of an infant in week 1 and again at 10 weeks of life showing the 

lipid peaks quantified using AMARES. 

 

2.4  Metabonomic analysis 
 

2.4.1  Sample collection and storage 

 

Infant urine samples were collected directly into a sterile container or using cotton wool and 

immediately frozen at -80oC. Two separate sample sets were collected: 

1. Pilot study samples: urine was collected as part of preliminary work from newborn 

infants within the first week of life 

2. Prospective cohort samples: urine was obtained on the ward prior to discharge and 

when infants attended for MR investigations (around 2 weeks and 8-12 weeks) 

 

2.4.2  NMR spectroscopy 

 

2.4.2.1 Pilot urine study samples 

A small proportion of urine samples had been frozen directly on the cotton wool, and these 

samples were defrosted and centrifuged at 3000g for 20mins in order to remove the urine 

from the cotton. Samples were otherwise thawed and centrifuged at 12000g at 4°C for 5 min 

to sediment insoluble material. All infant urine samples were defrosted together to avoid 

potential variation. Urine samples were pipetted manually into 5mm NMR tubes (Bruker, 



77 

 

Biospin). Buffer containing trimethylsilyl propanoic acid (TSP) as a chemical shift reference 

was prepared using the protocol described in the appendix (appendix 2J). 600μL samples 

were prepared by pipetting and mixing 400μL of urine supernatant and 200μL of urine buffer 

into 5mm NMR tubes. NMR tubes were loaded into the spectrometer and run in a random 

order. 

 

2.4.2.2 Prospective cohort urine samples 

Urine samples were defrosted and centrifuged as described above and prepared using a 

protocol recently published by our research group. (Dona et al., 2014) To provide an 

estimate of the total variation across the preparation and analysis stages, a quality control 

was prepared by aliquoting 50μL of each sample into a large glass beaker. The composite 

mix was then prepared as a regular sample. Urine samples were pipetted manually into 96 

plate NMR racks (Bruker, Biospin). One quality control sample was run per rack line i.e. 

every 12th sample and otherwise urine samples were randomly positioned within 2 NMR 

racks. Buffer containing TSP was again prepared using the protocol described (appendix 

2J). Aliquots of 600μL were prepared by pipetting and mixing 540μL of urine supernatant 

and 60μL of urine buffer into 5mm NMR tubes. NMR tube caps with preparation holes were 

sealed with POM balls pressed firmly into the tube caps. 

  

2.4.2.3 Analysis 

Samples collected during preliminary work and during the prospective cohort study were 

analysed using the same NMR techniques. 

 

A Bruker DRX-600 spectrometer (Bruker Biospin, Rheinstetten, Germany) was used to 

acquire one and two dimensional 1H NMR spectra. The NMR probe was tuned to the proton 

transmitter resonance frequency prior to each experiment and spectra were acquired at 

600.13 MHz, with a probe temperature of 300 Kelvin. An automation device was used to 

deliver samples to the spectrometer (Samplejet, Bruker) operated by IconNMR 4.7 (Bruker 

BioSpin).  

 

A standard 1D pulse sequence with saturation of the water resonance was used. This 

sequence consists of the following pulse sequence: RD - 90o - t - 90o - tm – 90o - ACQ; where 

RD is the relaxation delay (2 secs), 90o represents the applied 90o degree radiofrequency 

pulse, t is the first increment in a NOE sequence with a fixed interpulse delay (3 ms), tm is 

the mixing time (100ms) and ACQ is the free induction decay (FID) acquisition period. 
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During RD and tm the water resonance is selectively irradiated with a low power continuous 

wave in order to pre-saturate and attenuate its resonance by a factor of 105 or more before 

FID acquisition. (McKay, 2011) 

 

Each spectrum was acquired using 4 dummy scans and 32 scans, giving 32,000 time 

domain points with a spectral width of 20,000 Hz. The acquisition time was 2.73secs. To 

improve signal to noise ratio, the FIDs were multiplied by an exponential weight function 

corresponding to a line broadening of 0.3Hz before Fourier transformation.  

 

Spectra were automatically referenced to TSP at δ 0.0. Spectra were corrected for any 

phasing or baseline distortions. Each spectrum in the raw dataset was examined using 

Topspin 3.2 (Bruker Biospin) to ensure that it had analysed correctly. This was done by 

checking the water signal and the width of the TSP peak at half height, with a threshold of 

1Hz. If the TSP peak had a greater width than this then the sample was re-measured. 

 

Data were then exported to Matlab 7.12 (MathWorks Inc. USA), for further processing. In 

Matlab the portion of the spectra containing no signals above δ 10 and below δ -0.2 was 

removed. Samples which had been identified as not running correctly, for example where 

suppression of the water resonance was inadequate, were excluded in Matlab at this point.  

 

2.4.2.4 Alignment 

A number of parameters can influence the chemical shifts of peaks in urine including 

alterations in pH, ion concentration and temperature. This can cause difficulty with 

subsequent analysis and metabolite identification. Various sophisticated alignment methods 

have been developed, (Vu and Laukens, 2013) and if alignment was deemed necessary, an 

in house script was used (Author, Kiril Veselkov, 2010). However, alignment may introduce 

artefact, and normalisation alone may be more appropriate in some data sets. 

 

2.4.2.5 Normalisation 

Variations in the overall concentrations of metabolites due to dilution can obscure specific 

metabolite changes caused by real metabolic events, making the interpretation of 

differences between groups difficult. This can be a particular problem when considering 

samples with marked variation in concentration such as occurs with infant urine. 

Normalisation is a pre-processing method, which attempts to compensate for the differences 

in sample concentration. It accounts for different dilutions of samples by scaling the spectra 
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to the same virtual overall concentration. The importance of normalisation is shown in figure 

8. Integral normalisation has previously been used as the standard, with spectra scaled to 

the same total integral, but this method has been shown to be suboptimal, particularly if high 

concentrations of metabolites are present. The probabilistic quotient normalization (PQN) 

method calculates the most probable concentration of a sample based on the majority of 

metabolites observed. It has been shown to be robust and accurate in 1H NMR analysis of 

urine and was therefore the method selected for my analysis. (Dieterle et al., 2006) 

 

 

Figure 2.8 NMR urine spectra before normalisation (left side) and after normalisation (right 

side). The black spectrum is diluted by a factor of 3 compared to the grey spectrum. After 

normalisation, it is clear that few differences in the relative concentrations of metabolites 

exist between spectra. (Dieterle et al., 2006) 
 

2.4.2.6 Data transfer for modelling 

Data were analysed in SIMCA-P+ 13.0.2 (Umetrics, Sweden). To enable transfer from 

Matlab the spectral data were digitized and reduced using an in house script in Matlab 

(Author, Rachel Cavill). Once pre-processed, data were imported into SIMCA-P+ for analysis 

using multivariate modelling techniques (described in section 2.6.10). 

 

2.4.2.7 Metabolite identification  

Chemical shift values, peak number and the multiplicity of peaks were used to identify 

discriminant metabolites. Online reference databases of standard compounds were used 

including the Human Metabolome Database (HMDB) and the Biological Magnetic 

Resonance Bank (BMRB).  

If peak identity remained obscure or required confirmation, statistical total correlation 

spectroscopy (STOCSY) was employed. As resonances from the same molecule have fixed 

proportionality, STOCSY uses Pearson’s correlation coefficient to calculate spectral regions 

(resonances) that correlate with a peak of interest. A pseudo-two dimensional NMR 
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spectrum is generated which displays the correlation between the intensities of the peaks. 

This highlights peaks potentially belonging to the same molecule and can therefore 

contribute to chemical assignment. (Cloarec et al., 2005)  

A further recent multivariate statistical approach to aid metabolite identification is subset 

optimization by reference matching (STORM). This method selects subsets of spectra 

containing signals from a discriminant metabolite to display a correlation matrix. Smaller 

spectral subsets help to reduce false positive associations and can improve the visualisation 

of more abundant NMR peaks compared to STOCSY. (Posma et al., 2012) 

 

2.4.3  Capillary electrophoresis–mass spectrometry (CE-MS) 

 

No single technique can detect and identify all the metabolites present in a particular biofluid. 

Using additional analytical platforms increases the coverage of metabolites and can provide 

confirmation of metabolite identification. Capillary electrophoresis-mass spectrometry (CE-

MS) combines the liquid separation process of capillary electrophoresis with mass 

spectrometry. The technique delivers high separation efficiency, and provides molecular 

mass information and structural information of metabolites in a single analysis. Minimal 

volumes are required and the technique has high sensitivity and throughput. The sample is 

injected into a small diameter capillary and a high electric field is applied to produce electro-

osmotic flow, resulting in positively and negatively charged ions migrating through the 

capillary. The migration time of an ion varies depending on its charge and size, with small, 

highly charged ions having the shortest migration times. CE-MS requires direct coupling of 

CE to MS using an ionization method. Various ionization techniques are available but 

electrospray ionization (ESI) is particularly useful for the analysis of biological samples as 

there is little fragmentation of metabolites, which aids metabolite identification (figure 9). Ions 

are created by the addition (positive mode) or removal (negative mode) of a proton and 

these are then separated by the electrical or magnetic field of mass spectrometry. Ions of the 

same mass to charge ratio will undergo the same amount of deflection, and can be 

measured and identified using their mass information or fragmentation pattern. 
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Figure 2.9 Schematic Diagram of capillary electrophoresis-mass spectrometry (CE-MS) with 

electrospray ionization (ESI) coupling. 

 

2.4.3.1 Pilot urine study sample preparation and analysis 

The initial preparation of urine samples is described above in section 2.4.2.1. Samples were 

prepared by pipetting 100μL urine supernatant into vials and these were analysed in a 

randomised run order. CE-MS experiments were performed using an Agilent 7100 CE 

system coupled to an Agilent 6224 Accurate-Mass time-of-flight (TOF) mass spectrometer 

system (Agilent Technologies, Wilmington, Delaware, USA). The coupling was achieved 

using ESI as described above. The acquisition parameters and data processing methods 

used are similar to methods previously described by the group, (Garcia-Perez et al., 2014) 

and are detailed in the appendix (appendix 2K).  

2.4.3.2 Metabolite identification  

To identify discriminant metabolites, loadings column plots were generated from partial least 

squares-discriminate analysis (PLS-DA) models. The regression coefficients from the PLS-

DA model were divided by the jack-knife interval standard errors to give an estimate of the t-

statistic. The variables were then sorted by the t-statistic score. Any variables with a t-

statistic ≥1.96 z score (corresponding to the 97.5th percentile) were considered significant 

and categorised according to the group in which their expression was highest. (Garcia-Perez 

et al., 2014) Identification of compounds was performed using the exact mass data in 

METLIN (Metabolite and Tandem MS database). If several compounds matched the same 

mass, the isotopic pattern, chemical structure and migration time were all used to aid 

metabolite identification. Wherever possible, authentic standards were used to confirm the 

identity of metabolites. 
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2.5  Breast milk macronutrient analysis  
 

2.5.1  Maternal breast milk collection and storage 

At each scan visit, the mother expressed breast milk directly into a container after feeding 

her baby. Mothers were not fasted prior to expressing. Hind milk samples were obtained 

whenever possible and samples were immediately frozen at -80oC. 

 

2.5.2  Maternal breast milk analysis  

The MIRIS Human milk analyser (HMA) was used for milk analysis (kindly donated by 

MIRIS, Uppsala, Sweden). The technique uses mid-infrared transmission spectroscopy 

principles to analyse several milk components simultaneously in a small volume of breast 

milk. Resonances in the spectrum are associated with different chemical groups, which are 

directly correlated to fat, protein and lactose. The wavelengths are specific for each of the 

chemical groups measured; carbonyl groups (5.7mm) and carbon–hydrogen groups (3.5mm) 

for fat determination; amide groups (6.5mm) for protein determination, and hydroxyl groups 

(9.6mm) for lactose determination. (Casadio et al., 2010) As hydroxyl groups are present in 

oligosaccharides, total carbohydrate is measured (lactose and oligosaccharides), and true 

protein measurement is calculated from crude protein minus non-protein-nitrogen.  

 

The instrument operates at 40oC, and prior to analysis samples were heated to this 

temperature in the water bath. After defrosting milk, fat separation and protein aggregation 

can occur. Milk was therefore homogenized using an ultrasound homogenizer (MIRIS 

Sonicator). This led to the dispersion of fat globules throughout the emulsion resulting in a 

more repetitive, accurate and representative measurement. Sonication exposure for every 

ml of milk was 1.5 seconds with an amplitude of 70% full scale using the micro-tip.  

After sonication, the setting for thawed (homogenized) milk was selected and 3mls of milk 

were injected into the HMA instrument. The radiation from an infrared source penetrates a 

transparent cuvette containing the liquid sample. After passing through the chamber the 

spectral contents of the infrared signal are evaluated. The macronutrient constituents are 

then calculated using calibration models derived from a set of reference milk samples with 

different concentrations of macronutrients present. 

 

The analytical accuracy of the mid-infrared milk analyser has been reported as <0.1g/100ml, 

with a repeatability of <0.05g/100ml (Casadio et al., 2010), and was found to be more 

precise and accurate in the measurement of breast milk lipid and protein compared to an 
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alternative commercial near-infrared milk analyser (Unity SpectraStar, USA). (Fusch et al., 

2014) 

 

2.6  Statistics 
 

2.6.1  General statistical methods 

Data were analysed using SPSS version 22 (IBM, Armonk, NY, USA). 

 

Histograms and Q-Q plots were visualised to assess the distribution of data. The Shapiro-

Wilk test, which is appropriate for small sample sizes, was utilised with a threshold of p>0.05 

to indicate normal distribution.   

 

If data were normally distributed, parametric tests were used (independent sample t-tests). If 

data were not normally distributed, non-parametric tests were used (Mann-Whitney U test), 

or data were log-transformed and if this resulted in a normal distribution, parametric tests 

were employed. Chi-squared tests were used for categorical data. Data were presented as 

mean (SD) if normally distributed or median and interquartile ranges. 

 

2.6.2  Calculation of growth 

Weight, head circumference and length were expressed as standard deviation scores (SDS) 

using the LMS growth programme incorporating the WHO 2006 growth charts. Reference 

centile curves represent the distribution of a growth measurement as it changes with age. 

LMS is a method which summarises this changing distribution using 3 curves; the median 

(M), coefficient of variation (S) and skewness (L). (Pan and Cole, 2012) Change in weight 

was also calculated as SDS between birth and scan 2 using the LMS software.   

 

2.6.3  Adjustment of adiposity 

AT is related to body size and therefore an adjustment for size is required if meaningful 

comparisons are to be made among individuals and between groups. Fat mass is frequently 

adjusted for weight and presented as body fat %. However, as the denominator, body weight 

contains the numerator, fat mass, the index is flawed. Body fat % underestimates adiposity 

in individuals with high adiposity, including infants. (Wells and Victora, 2005) An ideal index 

will adjust for body size but have minimal correlation with the denominator. An index is 

considered valid with minimal bias if the denominator explains <10% of the variation in the 
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index. (Wells et al., 2002) Statistically optimal indices for adjusting AT volume have recently 

been published by our research group. These are AT volume/length3 in the neonatal period 

and ATV/length2 in early infancy. These indices are valid as length explains <2% of the 

variance in the index in the majority of AT compartments. (Gale et al., 2014a) Therefore I will 

use these indices and I will also present unadjusted AT volume. This will allow easy 

visualisation of differences between groups and the effects of covariates, and enable 

comparison with other studies.  

 

2.6.4  Adipose tissue ratios 

As described in section 1.4.2, both the quantity and distribution of AT are important in 

relation to metabolic health. Internal abdominal AT is associated with higher metabolic risk, 

(Despres and Lemieux, 2006) whereas abdominal or non-abdominal superficial 

subcutaneous AT may be protective. (Golan et al., 2012, Manolopoulos et al., 2010) 

Therefore using these depots with opposing metabolic functions, the following ratios will be 

examined: 

 Internal abdominal AT: abdominal superficial subcutaneous AT 

 Internal abdominal AT: non-abdominal superficial subcutaneous AT 

 

2.6.5  Calculation of fat mass and fat-free mass from adipose tissue volume 

To assess fat mass and fat-free mass and to enable the comparison of results with other 

studies, I also converted AT volume into fat mass. As described in chapter 1, section 1.4.1, 

AT volume was converted to mass based on a density of AT of 0.9kg/l (Martin et al., 1994) 

and assuming 1g of AT contains 0.47g of fat. (Baker, 1969) The following equation was 

used: 

 

Fat mass (kg) = AT volume (l) х 0.9 х 0.47  

 

Fat-free mass (kg) was calculated by subtracting fat mass from infant weight. 

 

2.6.6  Change in adiposity 

The change in adiposity between the first and second scan was examined using 2 methods. 

First, I calculated the difference in unadjusted total AT volume between scan 1 and 2. 

Second, I applied the index of adiposity (ATV/length2) to the change in adiposity to adjust for 

body size, accepting that there may be a small degree of correlation between the adjusted 

measure and length within the first month of life. (Gale et al., 2014a)  
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2.6.7  Confounders and covariates 

Potential confounders and covariates were pre-defined. As the sample size was small, these 

were limited to factors known to influence offspring adiposity, and included adjustment for 

infant size (described above, section 2.6.3), infant sex and maternal pre-pregnancy BMI. The 

results were displayed in a step wise manner using multivariable regression analysis so that 

the effect of covariates could be visualised.  

 

Ethnicity affects AT distribution in infants, (Modi et al., 2009) and therefore to assess 

whether differences in ethnicity influenced results, sensitivity analysis was also performed in 

Caucasian infants (the predominant ethnic group at Chelsea and Westminster Hospital). 

 

IHCL in infants has been shown to correlate with postnatal age, but not with infant size (Modi 

et al., 2011). Therefore in addition to adjustments for infant sex and maternal pre-pregnancy 

BMI, adjustment for postnatal age was performed. 

 

2.6.8  Maternal pre-pregnancy BMI 

A confounder is a variable which is (A) associated with the exposure in the population, (B) 

associated with the outcome conditional on the exposure (e.g. among the unexposed) and 

(C) not in the causal pathway between the exposure and the outcome. (Hernan et al., 2002) 

These criteria were applied to maternal pre-pregnancy BMI: 

 

(A) maternal pre-pregnancy BMI is associated with GDM 

(B) maternal pre-pregnancy BMI is associated with offspring adiposity 

(C) maternal pre-pregnancy BMI precedes GDM and is therefore not on the causal 

pathway 

 

Therefore maternal pre-pregnancy BMI fulfils the criteria of a confounder. However, as 

discussed in chapter 1, section 1.3.5, (B) and (C) may be more complex. 

 

(B) The association between maternal BMI and offspring outcome may itself be explained by 

confounding due to maternal genotype, socioeconomic class and familial behaviours such as 

diet and physical activity. 

 

(C) Although maternal pre-pregnancy BMI is not on the causal pathway between maternal 

GDM and infant adiposity, causal mechanisms of infant adiposity are likely to be similar, and 
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adjustment for maternal pre-pregnancy BMI could mask a potential synergistic relationship 

with maternal GDM along a common pathway of hyperglycaemia. 

 

I have illustrated these points in figure 10 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Maternal overweight/obesity and maternal GDM and their associations with 

infant adiposity showing potential causal pathways (blue lines) and confounding (red line). 

 

My study did not include comparisons of siblings born before and after their mother 

developed GDM which could help to minimise the potential sources of confounding 

described above. (Lawlor et al., 2011) Therefore, to determine the effects of maternal GDM 

and maternal pre-pregnancy BMI on infant adiposity, I have presented both unadjusted 

results and results adjusted for maternal pre-pregnancy BMI, but with the acknowledgement 

that effects may be underestimated following adjustment. 

 

To further assess any possible influence of maternal pre-pregnancy BMI on the association 

between maternal GDM and infant adiposity, I performed a subgroup analysis in women with 

normal pre-pregnancy BMI (<25kg/m2).  

 

 

Maternal overweight/ 
obesity 

Maternal GDM Infant adiposity 

Confounding related to 
maternal genotype, 
socioeconomic class and 
familial obesogenic 
behaviours 

Contribution to 
GDM due to 
insulin 
insensitivity 

Maternal glycaemia 
or alterations in 
other nutrients to a 
lesser degree than 
in overt GDM 

Maternal glycaemia or 
alterations in other nutrients 
to a greater degree than in 
maternal overweight alone 
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2.6.9  Assessment of variability 

To assess the inter-observer variability for the measurement of IHCL using hepatic 

spectroscopy, the difference between each paired measurement and its corresponding 

mean was calculated. A t test was performed to detect any significant difference between the 

means of the 2 observers, before constructing a Bland-Altman plot. This enabled 

visualisation of the data, and assessment of proportional bias (consistent over or under 

reading by one observer) was performed using linear regression. Intra-observer variability 

was assessed using identical methods. 

 

To examine regional IHCL variability I presented scatter plots and used Pearson correlation 

to determine agreement between IHCL measurements. R2 was presented which indicates 

the proportion of variance explained by the results. Similar methods were used to compare 

IHCL measurements obtained using 2 different techniques (PRESS and STEAM).  

 

2.6.10  Multivariate data analysis  

Metabonomic analysis provides a global quantitative description of the hundreds of 

metabolites present in urine. The high-resolution datasets produced by techniques such as 

NMR spectroscopy or CE-MS are represented as complex matrices with thousands of 

signals originating from the various metabolites. Their analysis and interpretation relies on 

statistical software and multivariate data analysis. The high dimensionality of the data is first 

reduced, and then inherent patterns are identified among sets of spectral measurements and 

spectra are classified into groups by common metabolites. SIMCA-P and matrix laboratory 

(Matlab) software programmes are frequently used for multivariate modelling of data. There 

are two main modes of chemometric techniques employed to interrogate omics datasets; 

unsupervised approaches such as principal component analysis (PCA), where no a priori 

information about the class of the sample or object is used to model the data, and 

supervised approaches such as partial least squares-discriminate analysis (PLS-DA), where 

knowledge of class-membership is used to train and optimize the model. I intend to use the 

strategy outlined in figure 11 to examine the infant urinary metabolic profile. 

 

 

Figure 2.11 Flow diagram describing the analysis strategy used in order to identify 

metabolites associated with IDM, and their possible biological relevence.  
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Unsupervised approaches 

PCA is a statistical technique that summarizes multivariate data in a smaller number of latent 

variables. This allows identification and visualization of groupings, trends and outliers in the 

data. The data matrix produced consists of n (the number of samples) and K (the number of 

variables i.e. points along the ppm axis). Data are represented as points in multidimensional 

space and transformed into a few principal components, which describe the maximum 

variation within the data. This representation of the samples within the data space is known 

as a scores plot. The first principal component describes the largest possible variance in the 

dataset. Each additional component is orthogonal (not correlated) to preceding components 

and accounts for decreasing proportions of the variability in the data. Principal components 

continue to be calculated until the model ceases to account for systematic variation in the 

data. Each scores plot has a corresponding loadings plot. This displays the spectral peaks 

accounting for the distribution of samples or groups, thereby enabling identification of the 

responsible metabolites. 

 

Supervised approaches 

In human studies numerous factors contribute to variance in the data. For example infant 

sex, gestational age and type of feed may all lead to greater variance in the data than the 

outcome of interest. Therefore although PCA will describe the components that best explain 

variance in the data, these components may relate to other clinical characteristics and may 

mask more subtle differences in the outcome of interest. In order to address this issue 

supervised approaches are also employed and include partial least square-discriminant 

analysis (PLS-DA) and orthogonal projection to latent structure discriminant analysis (OPLS-

DA). In PLS-DA samples are separated into groups by modelling the relationship between 

projections of dependent factors (pre-defined groups of interest) and independent responses 

(metabolites). In OPLS-DA an orthogonal filter is incorporated to remove systematic variation 

from the dataset that is unrelated to the outcome of interest. OPLS-DA can therefore be 

useful for identifying more subtle alterations in metabolic profiles, and may be used to 

determine the combination of metabolites that provides the optimal discrimination between 

groups. Data are again presented as scores plots and loadings plots. Mathematical 

modelling can be employed, using training sets to produce the model, and then testing the 

reproducibility and predictive strength of the model using the remaining samples in the 

dataset. R2 indicates the proportion of variation in the data explained by the components of 

the model, whereas Q2 indicates the predictability of the model. Both values range between 

0 and 1, where 1 accounts for 100% of the variance explained (R2) or predicted (Q2), and 
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may be close to 1 in animal studies, but typically in human studies a model with R2 >0.50 

and Q2 >0.40 is considered robust.  

 

Both Matlab and SIMCA-P+ were used to perform PLS-DA, OPLS-DA and OPLS regression. 

To compute OPLS-DA models, an in-house Matlab code (author, Olivier Cloarec, 2007) was 

used. A variable loadings plot is produced with metabolites displayed on the X-axis in ppm/δ, 

which enables easier identification of metabolites contributing to separation in the model. An 

upward metabolite deflection indicates a greater concentration of that metabolite in one 

group compared to the other. An example of an OPLS-DA loadings plot is shown in figure 

12. This plot is displaying discriminant metabolites in the comparison of NMR spectra in 

preterm and term groups in adult life.  

 

Figure 2.12 OPLS-DA loadings plot showing metabolites contributing to the differences in 

NMR spectra between preterm and term groups in adult life. (Thomas et al., 2011) 

 

It is possible that a good model could be obtained by chance and be overfitted i.e. the model 

fits the training set well, but does not predict Y for new observations. In order to validate 

PLS-DA or OPLS-DA models, permutation validation or seven fold cross-validation was 

performed. In permutation validation the R2X and Q2Y of the original model are compared 

with R2X and Q2Y obtained from several new models where the order of the Y-observations 

has been randomly permuted. A permutation plot is generated and the original model is 

considered valid if the Y-permuted Q2Y values are lower than the original value and the 

regression line of the Q2Y points intersects the vertical axis below zero. The model is further 

validated if the R2X values are lower than the original value.  
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Another method is seven-fold cross validation. Every seventh sample is removed from the 

dataset to calculate the model. For a fixed number of components the Y values of all 

individuals of each subset are predicted using a submodel built with the 6 other subsets 

(calibration subset). The differences between the predicted Y values and the observed Y 

values are used to calculate Q2. A cross-validation scores plot is generated with 

corresponding R2Y and Q2Y. If clear separation between groups remains, the original model 

is validated.  
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Chapter 3 Systematic review and meta-

analysis of adiposity in offspring of mothers 

with and without diabetes 

 

3.1  Introduction 
 

As described in chapter 1, the number of women affected by pre-existing diabetes or GDM 

during pregnancy is increasing. (Getahun D, 2008, Bell et al., 2008) Offspring of mothers 

with diabetes have greater risks of adverse metabolic sequelae. This includes higher blood 

pressure and body mass index (BMI) in childhood, and higher prevalence in later life of 

glucose intolerance and T2D. (Philipps et al., 2011, Aceti et al., 2012, Dabelea and Pettitt, 

2001, Silverman et al., 1991, Fetita et al., 2006) Risks appear to be elevated in both pre-

existing diabetes and GDM and are additional to genetic predisposition. (Fetita et al., 2006, 

Weiss et al., 2000, Bunt et al., 2005a, Dabelea et al., 2000a, Lawlor et al., 2011) 

Although underlying mechanisms are unclear, increased adiposity in infancy and childhood 

is a plausible mediator. Adiposity may track through infancy and childhood, (Ay et al., 2008, 

Catalano et al., 2009a) and therefore a small increase in early life may lead to significantly 

altered adiposity in childhood and adult life. This may impact metabolic health including the 

risk of T2D and cardiovascular disease. (Juonala et al., 2011, Falaschetti et al., 2010) 

Our research group has previously shown that maternal diabetes in pregnancy is 

associated with an increased offspring BMI z-score in childhood. (Philipps et al., 2011) 

Although widely used, BMI is limited as an index of adiposity as it reflects both fat and lean 

mass. Large variations of body fat for a given BMI have been shown in infants and children, 

and BMI is a poor predictor of adiposity. (Wells et al., 2007, De Cunto A, 2013) The 

Hyperglycaemia and Adverse Pregnancy Outcome (HAPO) study identified a strong 

association between maternal glycaemia and infant anthropometry-derived adiposity. 

(HAPO, 2009) However, using more direct techniques to measure body composition in 

IDM, findings are inconsistent. (Catalano et al., 2003, Lingwood et al., 2011, Au et al., 

2013b, Brumbaugh et al., 2013, Lee et al., 2012, Zhao et al., 2013) The strength of the 

association between diabetes during pregnancy and adiposity in infancy and childhood is 

unclear, as many studies to date have been small and of limited power.  
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The primary aim of this systematic review and meta-analysis was to quantify the magnitude 

of the difference in adiposity between offspring of mothers with and without diabetes, 

derived from all body composition techniques. Secondary objectives were to distinguish the 

effect of type of maternal diabetes and offspring sex on adiposity, as adiposity and long-

term metabolic risks have sex-specific features. (Geer and Shen, 2009) I also aimed to 

investigate the role of maternal pre-pregnancy BMI as a potential influence of the 

relationship between maternal diabetes and offspring adiposity. (Catalano et al., 2012, 

Philipps et al., 2011, Lawlor et al., 2011) 

 

The main results from the infant analysis are summarised in a recent publication (Appendix 

8E). (Logan et al., 2016b)  

 

3.2  Hypothesis 
 

I aimed to test the null hypothesis that there is no association between diabetes in 

pregnancy, and adiposity in infancy and childhood.  

 

3.3  Literature search 
 

I undertook a systematic review of published studies reporting adiposity in offspring of 

mothers with and without diabetes following the MOOSE guidelines for systematic reviews of 

observational studies. (Stroup et al., 2000) I considered T1D, T2D, and GDM as exposures. 

Inclusion criteria were infants below one year of age or children between one year and 19 

years at the time of body composition assessment. I registered the protocol on PROSPERO, 

an international prospective register for systematic reviews (appendix, 3A). (PROSPERO)  

I conducted a search in PubMed (www.ncbi.nlm.nih.gov) for studies published before the 1st 

February 2014, with no language restriction, using the following search strategy:  

((Gestation* OR Pregnan*) AND (Diabet*)) AND ((total body electrical conductivity) OR (total 

body potassium) OR (air-displacement plethysmography) OR (isotope dilution) OR (skinfold) 

OR (skin fold) OR (the following [MESH] or [All fields] terms: (body composition) OR 

(bioelectrical impedance) OR (Tomography, X-Ray Computed) OR (absorptiometry, photon) 

OR (magnetic resonance imaging)) AND ((Child*) OR (infan*) OR (neonat*) OR (offspring) 

OR (adolescen*) OR (ped*) OR (paed*)).  

http://www.ncbi.nlm.nih.gov/
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I excluded review articles after searching reference lists. I conducted the search with 

assistance from Matthew James Hyde (MJH); relevant studies were identified from the 

abstract or the full paper if no abstract was available. We searched the reference lists of 

retrieved papers for further studies and attempted to trace forward citations. Where 

measures of adiposity were mentioned but not published, maternal diabetes status was 

unclear, or mean and SD values were not provided, I contacted authors for additional data. If 

no response was received to two requests, or the author was unable to provide data, I 

excluded the study. 

 

3.4  Data extraction and analysis 
 

I extracted information on individual study populations, exposure, outcome, results and 

covariates, and this was independently checked by Chris Gale (CG). Study quality was 

examined independently by myself, CG and MJH using a modified Newcastle-Ottawa Quality 

Assessment Scale (Appendix, 3B).  (Wells et al.)  

The associations between diabetes during pregnancy and each of offspring fat mass, fat-free 

mass, body fat %, and triceps and subscapular skinfold thickness were examined by meta-

analyses. These were conducted by myself and Shalini Santhakumaran (SS) in RevMan 5, 

(5.2) (Collaboration, 2008) using inverse variance and random effects methods as all studies 

were observational. I presented differences between groups as pooled mean difference 

(95% CI).  

Body composition results derived from skinfold thickness or other techniques are presented 

as separate subgroups and as a pooled result. Raw skinfold thickness data were presented 

separately. Where data were obtained from the same population using different methods, 

techniques other than skinfold thickness were selected in preference, and the method with 

the smallest SD was included in the meta-analysis. If studies only reported different types of 

diabetes separately, pooled means and SD were calculated for all types combined. Where 

studies provided adjusted results, I performed separate meta-analyses of adjusted and 

unadjusted data to check whether any differences were due to a subgroup effect rather than 

the adjustment for confounders. 

I used forest plots to illustrate results, and funnel plots to investigate publication/small study 

bias. I used the pooled result from a fixed effect analysis as the reference line for the funnel 

plot as the random effects result is more affected by publication bias, making visual 
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detection difficult. (Poole and Greenland, 1999) If funnel plots showed asymmetry, I 

performed Egger’s test, a numerical measure of funnel plot asymmetry.  

 

Between study heterogeneity 

I assessed heterogeneity using the Chi-squared test for the Q statistic (Cochran, 1954) and 

calculated I-squared, an estimate of the proportion of variance due to between-study 

heterogeneity. (Higgins and Thompson, 2002) If there was no evidence of heterogeneity (p 

value from Chi-squared test >0.05) and there were at least 5 studies (because the test for 

heterogeneity is known to have low power when the number of studies is small), (Hardy and 

Thompson, 1998) I additionally performed a fixed effects meta-analysis to check the 

sensitivity of the conclusions to method choice.  

 

I investigated potential sources of heterogeneity according to pre-specified subgroups (type 

of maternal diabetes, body composition technique, study quality and age in children). I 

checked whether conclusions remained the same when only high quality studies were 

analysed, by conducting a meta-analysis restricted to studies with a high Modified 

Newcastle-Ottawa score (5 out of 5). I categorized children into 3 age groups and requested 

that authors separate their data by age; 1-4 years for early childhood, 5-10 years for pre-

pubertal children and 11-19 years, to reflect alterations in fat mass during childhood. 

(Veldhuis et al., 2005) 

 

I also performed subgroup analysis of large for gestational age (LGA)/macrosomic infants 

and by offspring sex. I performed a separate meta-analysis of all studies providing results 

adjusted for maternal BMI. I requested maternal pre-pregnancy BMI whenever possible, but 

also included studies providing maternal BMI taken during or post-pregnancy as these are 

closely correlated. (Gillman et al., 2003) I calculated the mean difference in maternal pre-

pregnancy BMI between mothers with and without diabetes for each individual study, and 

plotted this against the mean difference in offspring fat mass or body fat %. If the plots 

suggested that studies with larger differences in maternal BMI had larger differences in 

offspring adiposity, I performed a meta-regression. 
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3.5  Results in infants 
 

3.5.1  Literature search 

 

I identified 431 papers, of which 45 matched the inclusion criteria (Figure 1). I identified two 

additional studies from the reference lists of included papers, (Enzi et al., 1980, Schaefer-

Graf et al., 2011) giving 47 papers in total. Original published cohort results were included; 

seven cohorts were reported more than once and nine papers were excluded on this basis. 

(Enzi et al., 1982, Ortega-Senovilla et al., 2013, Au et al., 2013a, Freathy et al., 2010, 

Okereke et al., 2002, Sadeh et al., 1996, Krew et al., 1994, Basu et al., 2009, Simmons et 

al., 1992) I contacted one author for additional body composition data in infants (Dube et al., 

2012) and four authors for body composition data by maternal diabetes status. (Holzhauer et 

al., 2009, Sletner et al., 2013, Brunner et al., 2013, Huang et al., 2012) Two authors 

responded providing data (Sletner et al., 2013, Brunner et al., 2013); the remaining 3 were 

excluded. Thirty five papers remained for inclusion in the systematic review.  
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Figure 3.1 Flow chart of the search strategy used. The relevant number of papers at each 

point is given. 

 

Seven authors provided unadjusted means and SD of outcomes on request. (Sletner et al., 

2013, Lee et al., 2012, Au et al., 2013b, Lingwood et al., 2011, Buhling et al., 2012, HAPO, 

2009, Krishnaveni et al., 2005) Skinfold thickness data in a form suitable for meta-analysis 

were unavailable in 10 studies. (Brans et al., 1983, Brumbaugh et al., 2013, Clarson et al., 

1989, Enzi et al., 1980, Mohamed et al., 2010, Nasrat H, 1997, Ng et al., 2004, Petersen et 

al., 1990, Whitelaw, 1977, Verma et al., 1991) However two of these studies reported 

suitable body composition data. (Enzi et al., 1980, Brumbaugh et al., 2013) Final data for 

inclusion in the meta-analysis were available from 14 studies for fat-mass, fat free mass or 

body fat % and 19 studies for triceps or subscapular skinfold thickness. Six studies reported 

Search terms: ((Gestation* OR Pregnan*) AND (Diabet*)) AND ((total 
body electrical conductivity) OR (total body potassium) OR (air-
displacement plethysmography) OR (isotope dilution) OR (skinfold) 
OR (skin fold) OR (the following [MESH] or [All fields] terms: (body 
composition) OR (bioelectrical impedance) OR (Tomography, X-Ray 
Computed) OR (absorptiometry, photon) OR (magnetic resonance 
imaging)) AND ((Child*) OR (infan*) OR (neonat*) OR (offspring) OR 
(adolescen*) OR (ped*) OR (paed*)).  

Search results      
n =431 Inclusion criteria: 

• human studies 

• exposed and 
unexposed group 

• body composition 
data available 

• < 1 year of age 

Studies meeting inclusion 
criteria from initial search (45) 

and reference search (2)  
n=47 Excluded studies: 

• duplicated cohort 
(9) 

• contacted but no 
body composition 
data (1) 

• contacted but 
maternal diabetes 
not recorded (2) Studies included in the 

systematic review 
n=35 

Studies included in the meta-
analysis n=27  

(14 with body composition data,  
19 with skinfold thickness data) 

Authors supplying additional 
data following request 

n=12 

Data available and suitable for 
inclusion in meta-analysis  

n=15 
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both body composition and raw skinfold data and therefore there were 27 studies in total. 

One study was a randomised control trial (control arm data included only), one study was 

cross-sectional and all others were prospective cohort studies. One study reported 

measurements at one year only, (Vohr and McGarvey, 1997) whilst all other studies included 

neonatal measurements. Two additional studies reported body composition or skinfold 

thickness measurements at one year of age. (Brunner et al., 2013, Krishnaveni G V et al., 

2005) I analysed neonatal and one year data separately. Three studies were limited to LGA 

or macrosomic infants and I also examined these separately. (Durnwald et al., 2004, 

Hammami et al., 2001, McFarland et al., 1998)  

Fourteen studies reported body composition data (Catalano et al., 2003, Aman et al., 2011, 

Enzi et al., 1980, Brunner et al., 2013, Zhao et al., 2013, Lingwood et al., 2011, Durnwald et 

al., 2004, Au et al., 2013b, Schaefer-Graf et al., 2011, McFarland et al., 1998, HAPO, 2009, 

Brumbaugh et al., 2013, Hammami et al., 2001, Lee et al., 2012) and 10 reported skinfold 

measurements in offspring of mothers with GDM separately. (Sletner et al., 2013, Buhling et 

al., 2012, Westgate et al., 2006, Vohr and McGarvey, 1997, Vohr et al., 1995, Stevenson et 

al., 1991, Hollingsworth et al., 1991, Brunner et al., 2013, Zhao et al., 2013, Krishnaveni et 

al., 2005) Two studies presented separate body composition data (Aman et al., 2011, Enzi et 

al., 1980) and one presented skinfold measurements in offspring of mothers with T1D. 

(Nelson et al., 2007) No study reported body composition outcomes in infants of mothers 

with T2D separately. One study included pooled skinfold measurements for offspring of 

mothers with both T1D and GDM, (Rossi et al., 2000) and six studies included data from 

mothers with T2D in their pooled diabetic group. (Lee et al., 2012, Westgate et al., 2006, 

Greco et al., 2003, Simmons, 1995, Wurster et al., 1984, Hammami et al., 2001) 

One study reported sex-specific data for offspring adiposity (Lingwood et al., 2011). I 

received sex-specific data from 9 authors. (Brunner et al., 2013, Au et al., 2013b, Catalano 

et al., 2003, Lee et al., 2012, Sletner et al., 2013, Vohr and McGarvey, 1997, Vohr et al., 

1995, Zhao et al., 2013, Krishnaveni et al., 2005) Eight studies reported maternal pre-

pregnancy BMI (Lingwood et al., 2011, Schaefer-Graf et al., 2011, Au et al., 2013b, Catalano 

et al., 2003, Brunner et al., 2013, Brumbaugh et al., 2013, Zhao et al., 2013) or BMI at the 

time of the OGTT. (HAPO, 2009) Four studies reported infant adiposity data adjusted for 

maternal BMI. (Au et al., 2013b, Zhao et al., 2013, Lingwood et al., 2011, HAPO, 2009) I 

provide a description of included studies in Table 1, and report body composition data in 

Table 2 and skinfold thickness data in Table 3. 
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Author, 

year, 

reference 

Study details 

 

Diabetes definition and treatment Body composition measurement Details of adjusted 

analyses 

Aman, 2011 

(Aman et 

al., 2011) 

 

PC; single centre, Sweden; GDM and T1D. 

Control: term infants of mothers with negative 

screening for GDM in pregnancy matched for 

gestational age and mode of delivery. 

Blinding not stated. 

Newcastle-Ottawa score 4. 

GDM defined as 2h glucose >11 mmol/l 

on 75g OGTT. 

All GDM mothers treated with diet and 

multiple pre-meal insulin injections. BG 

self-monitored daily and mothers 

monitored twice monthly in clinic with 

treatment adjusted to blood glucose. 

 

Examined by single study nurse. 

Harpenden caliper used for skinfold 

thickness. Body fat mass calculated from 

birth weight, birth length and flank skinfold 

thickness using equation proposed by 

Catelano. (Catalano et al., 1995) 

No 

 

 

Au, 2013 

(Au et al., 

2013b) 

(additional 

data 

provided by 

authors) 

Cross-sectional; single centre, Sydney, Australia; GDM. 

Control: singleton, term infants with no congenital 

anomalies whose mothers had normal glucose 

tolerance. 

Exclusions: pre-existing diabetes. 

Babies admitted to NICU > 2 days excluded. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

Diagnosis of GDM based on the 

Australasian Diabetes In Pregnancy 

Society (ADIPS) criteria at time of 

study. Dietary and physical activity 

advice given and BG monitored four 

times daily. 3
rd

 trimester pre-and post-

prandial mean BGs obtained or 

progress notes of BGs reviewed. HbA1c 

levels obtained. Insulin commenced 

when glycemic targets not met on 

dietary adjustment. 

 

Neonatal body fat %, fat mass, and fat-free 

mass assessed at birth using air 

displacement plethysmography. Adjusted 

for infancy (refs 4, 6, 7 in text). 

 

Associations between 

GDM status and body 

composition investigated 

using linear regression 

unadjusted and adjusted 

for potential 

confounders: gestational 

age, infant sex, maternal 

age, pre-pregnancy BMI, 

gestational weight gain, 

parity, smoking, ethnicity, 

and hypertension.  
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Brans, 1983 

(Brans et 

al., 1983) 

PC; single centre, USA: GDM, T1D and T2D. 22 of 61 

infants of mothers with diabetes were macrosomic 

(birth weight >90
th

 percentile). 

Control: infants of mothers with no diabetes 

(antenatal fasting BG <100 mg/dL) and no family 

history of diabetes. 28 of 52 control infants were 

macrosomic. 

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

GDM diagnosed by 3hr 100g OGTT in 

3
rd

 trimester (at least 2 BGs exceeding 

thresholds; fasting 105 mg/dL, 1h 195 

mg/dL, 2h 165 mg/dL, 3h 145 mg/dL). 

All GDM women treated with diet and 

23 treated with insulin. All described as 

good control and only 10 had raised 

HbA1C. 

 

Skinfold thickness measured on the left 

side using a Harpenden caliper by the same 

investigator. Sum of measurements to the 

nearest 0.05mm presented. 

No 

Brumbaugh

, 2013 

(Brumbaug

h et al., 

2013) 

PC; multi-centre, USA; GDM (all had BMI >30 kg/m2) 

Control: term infants of mothers with negative OGTT 

at 24-28 weeks of pregnancy and BMI <25 kg/m
2
.  

Exclusions: pre-existing diabetes and IUGR infants.  

Blinding not stated. 

Newcastle-Ottawa score 2. 

GDM diagnosed by 3hr OGTT using 

Carpenter and Coustan criteria. 

Treatment not described.
 

 

Triceps and subscapular skin fold thickness 

obtained in triplicate by single investigator 

with a Lange caliper. Total fat mass and fat-

free mass measured with air displacement 

plethysmography. Adjusted for infancy 

(refs 22, 23 in text). MRI for subcutaneous 

and intra-abdominal fat.  

 

No 

Brunner, 

2013 

(Brunner et 

al., 2013) 

(additional 

data 

provided by 

authors) 

Munich population study, Germany; GDM. Data from a 

follow up of an RCT of LCPUFA supplementation in 

pregnancy (controls only presented) (Hauner et al., 

2012);  

Control: singleton term infants of mothers with normal 

glucose tolerance and pre-pregnancy BMI 18-30. 

Exclusions: pre-existing diabetes. 

Blinding to maternal diabetes status not described (but 

For meta-analysis the authors provided 

the data by maternal diabetes status. 

GDM diagnosis established from data 

provided by the women´s 

gynaecologists. GDM screening was not 

routine at the time of the study and 

not all women underwent screening. 

 

Skinfold thickness was measured by 

trained research assistants in triplicate 

using a Holtain caliper on the left side and 

the mean measurement used. Body fat % 

was calculated using Weststrate’s method. 

(Weststrate and Deurenberg, 1989) 

No 
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not the aim of the study). 

Newcastle-Ottawa score 3. 

 

Buhling, 

2012 

(Buhling et 

al., 2012) 

PC; single centre, Germany; GDM. 

Control: infants of mothers with negative screening or 

no risk factors for GDM. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

GDM diagnosed by OGTT and ADA 

criteria. Treatment not described. 

Skinfold thicknesses measured using a 

single observer with a single measurement 

and a Holtain caliper. 

No adjustments of skin 

fold thickness results. 

Catalano, 

2003 

(Catalano 

et al., 2003) 

(additional 

data 

provided by 

authors) 

 

PC; single centre, USA; GDM. 

Control: singleton term infants of mothers with 1h 50g 

glucose screen <135mg/dl or normal 3h 100g OGTT.  

Exclusions: infants <2000g.  

Blinding not stated. 

Newcastle-Ottawa score 2. 

GDM diagnosed by National Diabetes 

Data Group criteria.  

Diet controlled unless glycaemic target 

not achieved (fasting glucose <100 

mg/dl or 2h postprandial glucose 

<120mg/dL), then insulin controlled.  

67 women with GDM required insulin. 

 

Total body electrical conductivity to assess 

fat free mass, fat mass and body fat %. 10 

measurements taken and averaged. 

Adjusted for infancy (ref 12 in text). 

Skinfold thickness assessed using a 

Harpenden caliper. Anthropometric and 

TOBEC measurements performed by 1 of 3 

examiners. 

Unadjusted data 

presented and 

adjustments made for 

gestational age, maternal 

pregravid weight, weight 

at last antenatal visit, 

race, smoking status, and 

maternal and paternal 

height. 

 

Clarson, 

1989 

(Clarson et 

al., 1989) 

PC; single centre, Canada; GDM and pre-existing 

diabetes. 

Controls: term infants of mothers with normal glucose 

tolerance. 

Blinding not stated. 

Newcastle-Ottawa score 1. 

 

GDM diagnosed by OGTT at the end of 

the 2
nd

 trimester using O’Sullivan 

criteria. Insulin treatment given to all 

women with GDM from time of 

diagnosis. 

 

Skinfold thickness measured using a Lange 

caliper. 

No 
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Durnwald, 

2004 

(Durnwald 

et al., 2004) 

PC; single centre, USA; LGA infants (>90
th

 percentile for 

gestational age, race and sex) of GDM and non-

diabetic mothers. 

Control: LGA infants of mothers with either normal 1hr 

50g OGTT or 3h 100g OGTT.  

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

GDM diagnosed by Carpenter and 

Coustan criteria. Diet controlled unless 

glycaemic target not achieved (fasting 

glucose <95 mg/dl or 2h postprandial 

glucose <120mg/dL), then insulin 

controlled. 26 of 50 mothers received 

insulin. 

 

Total body electrical conductivity to assess 

fat free mass, fat mass and body fat %. 10 

measurements taken and averaged. 

Adjusted for infancy (ref 14 in text). 

Skinfold thickness assessed using a 

Harpenden caliper. 92 body composition 

measurements by TOBEC and 10 by 

skinfolds. 

 

Unadjusted data 

presented and stepwise 

regression analysis used 

with adjustment for 

maternal age, pre-

pregnancy weight, 

gestational age and 

smoking history. 

Enzi, 1980 

(Enzi et al., 

1980) 

PC; single centre, Italy; GDM and T1D. 

Control: term infants of mothers with negative 

screening for GDM in pregnancy (100g OGTT). 

Blinding not stated. 

Newcastle-Ottawa score 1. 

Pre-existing diagnosis of T1D or GDM 

diagnosed by 100g OGTT and National 

Data Group Criteria. 

Dietary advice provided and insulin 

given in T1D group 3 times daily. T1D 

mothers also hospitalised 6 times 

during pregnancy for BG assessment. 

 

Skinfold thickness assessed using a 

Harpenden caliper, and body fat mass 

calculated from anthropometric 

measurements by Dauncey’s method 

(infant specific). (Dauncey et al., 1977) 

No 

 

Greco, 

2003 

(Greco et 

al., 2003)   

PC; single centre, Italy; GDM or pre-existing well-

controlled (HbA1c 3.5-5.3%) diabetes.  

Controls: singleton infants of primiparous Caucasian 

women with no relevant medical history and negative 

28 week 100g OGTT, matched for age and pre-

pregnancy weight.  

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

Diabetes classified using White Class. 

Intensive monitoring to achieve strict 

glucose control. Maternal pre-prandial 

and post-prandial BG assessment 3 

times daily. HbA1c monitored every 4 

weeks and insulin therapy altered on 

basis of BG monitoring and HbA1c. 

 

Skinfold measurements taken from the left 

hand side by a single observer using 

calipers and the mean of 3 measurements 

calculated. 

No 
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Hammami 

2001 

(Hammami 

et al., 2001) 

PC; single centre, USA; GDM or pre-existing diabetes. 

LGA (≥4000g and >90
th

 percentile) v AGA. IDM in LGA 

group only. LGA babies presented.  

Controls: infants of mothers with normal blood 

glucose screening or normal glucose tolerance test. 

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

Mothers with diabetes defined by 

National Diabetes Data Group criteria. 

9 with GDM (7 on insulin), 1 with T2D 

and 1 with T1D (both on insulin). 

DXA whole body scans performed with a 

single beam densitometer. Adjusted for 

infancy (ref 7 in text). 

Unadjusted data 

presented. Regression 

analysis used to 

investigate weight, 

length, race and sex as 

influences of body 

composition in AGA 

infants. 

Hollingswor

th, 1991   

(Hollingswo

rth et al., 

1991) 

 

PC; single centre, USA; GDM. 

Control: infants of mothers with negative 1h 50g 

glucose screen in pregnancy. 

Newcastle-Ottawa score 3. 

GDM diagnosed by ≥2 abnormal values 

on 3h 100g OGTT using O’Sullivan 

criteria. Treatment not stated. 

Skinfold thickness measured. No further 

detail given. 

No 

 

Krishnaveni

, 2005  

(Krishnaven

i et al., 

2005) 

(additional 

data 

provided by 

authors) 

 

RC; single centre, India; GDM.  

Controls: singleton infants of mothers with negative 

GDM screening.  

Exclusions: pre-existing diabetes and SGA infants.  

Blinding not stated. 

Newcastle-Ottawa score 4. 

 

GDM diagnosed following 100g 3h 

OGTT using Carpenter and Coustan 

criteria. All mothers treated with diet 

and 12 (29%) received insulin. 

Skinfold thickness measured by one of four 

trained observers using Harpenden caliper.  

No 

Lee, 2012 

(Lee et al., 

PC; multi-centre, USA; singleton infants of 

uncomplicated pregnancies for development of 

The authors state “An important study 

limitation was the unavailability of 

Percentage body fat and total body fat 

mass estimated using direct measurements 

Unadjusted data supplied 

by authors. Data adjusted 
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2012) 

(additional 

data 

provided by 

authors) 

adiposity reference ranges. Study included an 

additional cohort of 25 infants of mothers with GDM 

or pre-existing diabetes. Exclusions: pregnancies with 

poor menstrual dating and infants with congenital 

anomalies. 

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

precise diagnostic criteria for 

classifying diabetic pregnancies.” T1D, 

T2D and GDM included. No treatment 

information discussed. 

of volume and body mass based on 

principles of whole body densitometry. 

Adjusted for infancy (ref 29 in text). 

for newborn weight, 

gestational age, gender 

and ethnicity using 

multiple regression. 

Variables entered the 

model if p <0.05 and 

were removed if p >0.10.  

Lingwood, 

2011 

(Lingwood 

et al., 2011) 

(additional 

data 

provided by 

authors) 

PC; single centre, Australia; GDM.  

Control: singleton term infants of mothers with normal 

glucose tolerance and BMI (18.5-25) at booking. 

Recruited in the same centre over a similar time period 

and assessed by the same methods but reported 

separately. (Carberry et al., 2010) 

Exclusions: mothers with a history of maternal illness 

other than GDM and infants with congenital 

anomalies. 

Newcastle-Ottawa score 2. 

 

GDM diagnosis by 75g GTT (fasting ≥5.5 

or 2h ≥8.0 mmol/L) and ADIPS criteria. 

Treated following ADIPS guidelines. 

Diet and activity advice. BG levels 

monitored 4x per day with targets of 

fasting ≤5.5 or 2h ≤8.0 mmol/L. Insulin 

commenced if necessary. Relatively 

well-controlled group of women with 

GDM (80% met both ADIPS targets 

above on average). 

Body composition measured by air 

displacement plethysmography. Infant 

body fat % was computed from body 

density by software integral to the system. 

Age and sex-specific densities of fat-free 

mass were computed based on data of 

Fomon (Fomon et al., 1982) 

No 

Metzger 

(HAPO), 

2009 (2009) 

(additional 

data 

provided by 

authors) 

PC; multi-centre, multinational study, ethnically 

diverse cohort involving 15 field centres; GDM.  

Medical caregivers blinded to maternal glucose levels 

unless following criteria met: fasting plasma glucose 

>5.8 mmol/L, 2hr OGTT >11.1 mmol/L or random 

glucose ≥8.9mmol/L. Singleton infants. 

For purpose of meta-analysis authors grouped GDM 

GDM defined retrospectively using 

IADPSG thresholds. As women with 

GDM had BG levels below the pre-

defined study diabetes thresholds, 

caregivers remained blinded to their 

values and no monitoring or treatment 

was provided. 

Rigorous training and annual recertification 

in anthropometric measurements was 

established for research nurses and 

midwives. 2 skinfold measurements were 

taken using a Harpenden caliper and if 

results differed by >0.5mm, a 3
rd

 was 

taken. Averages used. Fat mass calculated 

Authors provided 

unadjusted and adjusted 

data. Adjustments made 

for field centre, 

gestational age, maternal 

parity, neonatal gender 

and maternal BMI at the 
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and controls using more recent International 

Association of Diabetes in Pregnancy Study Groups 

(IADPSG) thresholds (FPG >5.1 mmol/L, 2hr OGTT >8.5 

mmol/L.) 

Blinding occurred as GDM diagnosed post Hoc. 

Newcastle-Ottawa score 5. 

 

using equation by Catalano (infant 

specific). (4) 

time of the OGTT. 

McFarland, 

1998 

(McFarland 

et al., 1998) 

PC; single centre, USA; GDM and pre-existing diabetes. 

Macrosomic (>4000g) infants only. 

Control: macrosomic infants of mothers with negative 

glucose screening during pregnancy. 

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

GDM diagnosed by National Diabetes 

Data Group criteria. 

Diabetes treated by local protocol (ref 

11 in text). BG monitored 7x/day. 

Glucose control in group demonstrated 

to be poor (mean BG 125±34 mg/dL). 

 

All skinfold measurements performed by 

one of two examiners. Estimation of body 

fat mass performed by Dauncey’s method 

(infant specific). (Dauncey et al., 1977) 

 

No 

Mohamed, 

2010 

(Mohamed 

et al., 2010) 

PC; single centre, Egypt; T1D. Divided into macrosomic 

and non-macrosomic groups (> or < 4000g) 

Control: term infants, <4000g of non-diabetic mothers, 

matched for age and sex. Glucose screening in 

pregnancy not discussed. 

Exclusions: included infection, congenital or 

chromosomal abnormalities and metabolic disorders. 

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

TID diagnosed pre-pregnancy. No 

further details. 

Skinfold thickness measured using a 

skinfold caliper. 

No 

Nasrat, 

1997 

PC; single centre, Saudi Arabia; GDM and pre-existing 

diabetes.  

GDM diagnosed following 100g 3h 

OGTT using NGGD criteria. 9 of 40 GDM 

Skinfold thickness measured using a 

Harpenden caliper by one of 2 trained 

No 
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(Nasrat H, 

1997) 

 

 

Control: singleton infants of mothers with negative 

glucose screening in pregnancy. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

and 0 of 10 T2D required insulin. 

 

examiners. 

 

Nelson, 

2007 

(Nelson et 

al., 2007) 

PC; multi-centre study, UK; T1D. 

Control: infants of mothers with negative routine 

screening
 
for gestational diabetes (national guidelines: 

http://www.sign.ac.uk/guidelines/fulltext/55/section8.

html).  

Blinding not stated. 

Newcastle-Ottawa score 4. 

 

T1D diagnosis and treatment not 

described. 

Skinfold thickness at subscapular
 
and 

triceps measured using a Holtain caliper by 

paediatricians
 
using a centrally agreed 

protocol. 

No 

Ng, 2004 

(Ng et al., 

2004) 

 

 

PC; single centre, Hong Kong; GDM and T1D. 

Control: term infants admitted to neonatal unit with 

suspected perinatal infection but with negative 

cultures and normal CRP (<10mg/l). GDM screening 

not discussed. 

Exclusions: infants with chromosomal or congenital 

abnormalities. 

Blinding not stated. 

Newcastle-Ottawa score 1. 

 

T1D diagnosed prior to study. 

GDM diagnosed by fasting glucose 

>5.5mmol/L or >8.0mmol/L 2h after 

75g OGTT.  

GDM treated with low energy diet 

(1800kcal/d) and T1D treated with 

daily insulin. 

Skinfold thickness measured using a 

Holtain skinfold caliper.  

No 

 

Petersen, 

1990 

(Petersen 

et al., 1990) 

PC; single centre, Denmark; GDM and pre-existing 

diabetes. 3 groups of infants: SGA (<10
th

 percentile), 

infants of mothers with diabetes and controls. 

Control: term AGA infants of mothers with normal 

Maternal diabetes categorized by 

White classification. (GDM 5, pre-

existing 15) Further details of diagnosis 

or treatment not given.  

Skinfold thickness measured using a 

Harpenden caliper. 

No 

http://www.sign.ac.uk/guidelines/fulltext/55/section8.html
http://www.sign.ac.uk/guidelines/fulltext/55/section8.html
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glucose tolerance. 

Blinding not stated. 

Newcastle-Ottawa score 1. 

 

Rossi, 2000 

(Rossi et al., 

2000) 

(Italian) 

 

PC; single centre, Italy; GDM and T1D. 

Control: women without diabetes. 

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

No information provided on the 

diagnosis and management of GDM. 

T1D treated with insulin.  

Skinfold thickness measured. No further 

details provided. 

No 

Simmons, 

1995 

(Simmons, 

1995) 

PC; two centres, New Zealand (Maori, Indian and 

Pacific Islanders); GDM or previous diet treated 

diabetes.  

Controls: singleton term infants of non-diabetic 

mothers with no other medical illness and smoking 

<10 cigarettes/day.  

Exclusions: mothers with pre-eclampsia and IUGR 

infants. European diabetic women excluded as 

numbers small.  

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

GDM diagnosed using O’Sullivan 

criteria. Women with diabetes 

maintained on 1800 cal diet. Those 

with continuing hyperglycaemia 

(fasting BG >5.5 mmol/L, 2h post 

prandial BG >6.5 mmol/L) despite 

therapy were treated with insulin. 15% 

required insulin. 

  

Skinfold thickness measured using a 

Holtain paediatric caliper. All measures 

taken by one observer on the left side and 

the mean of 3 recordings was taken.  

Data adjusted for 

neonatal sex and 

maternal ethnic group. 

Schaefer-

Graf, 2011 

(Schaefer-

Graf et al., 

2011) 

PC; single centre, Germany; GDM from previous study 

(ref 2 in paper) compared with controls. 

Controls: singleton infants of mothers with normal 75g 

OGTT. 

Exclusions: infants <34 weeks or with congenital 

GDM diagnosed by 75g GTT using 

Carpenter and Coustan criteria (2 

values above 5.0/10.0/8.6 mmol/l). 

Women given dietary advice and 

performed self-monitoring of BG. 

Skinfold thickness measured at the flank 

and fat mass calculated by formula derived 

by Catalano (infant specific). (Catalano et 

al., 1995) 

Unadjusted body 

composition data 

presented. 
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 anomalies. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

Insulin therapy given based on BG 

levels or glycaemia plus fetal growth 

(randomised in initial trial). Equivalent 

outcomes in both groups of GDMs. 

 

Sletner, 

2013 

(Sletner et 

al., 2013) 

(additional 

data 

supplied by 

authors) 

 

Population-based cohort; multi-centre study, Norway; 

GDM. Authors separated skinfold results based on 

maternal GDM status for purpose of review. 

Controls: infants of mothers with negative 75g 

screening OGTT at 28 weeks gestation. 

Exclusions: pre-existing diabetes. 

Blinding not stated. 

Newcastle-Ottawa score 4. 

 

GDM cases were diagnosed using WHO 

criteria. Women with FPG >7.0 mmol/l 

or 2h BG >9.0 mmol/l were referred to 

secondary care and those with 2h BG 

7.8–9.0 mmol/l were referred to their 

GP after lifestyle advice had been 

given. 

Authors also provided results by 

IADPSG criteria. 

 

Measurements performed by specially 

trained personnel. Skinfolds measured 

using a Holtain caliper. Measurements 

performed twice to nearest 0.1 mm and 

means used. 

Unadjusted data 

presented. Authors also 

provided data adjusted 

for maternal BMI. 

Stevenson, 

1991 

(Stevenson 

et al., 1991) 

PC; single centre, USA; GDM. AGA and LGA infants 

recruited.  

Controls: term, AGA age infants.  

Blinding not stated. 

Newcastle-Ottawa score 1. 

 

GDM diagnosed by glucose tolerance 

test using O’Sullivan and Mahan 

criteria. Dietary control then initiated. 

 

Triceps skin fold measured by the same 

individual using a Lange caliper with mean 

taken of 3 separate measurements. 

No 

Verma, 

1991 

(Verma et 

al., 1991) 

PC; single centre; India.  

All infants delivered consecutively included. Preterms 

and SGA included. Maternal antenatal history including 

diabetes recorded.  

Blinding not stated. 

Maternal complications in the 

antenatal period, including diabetes 

recorded. No further details and 

numbers of infants of mothers with 

diabetes not given. 

Skinfold thickness using a Harpenden 

caliper. 

No 
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Newcastle-Ottawa score 3. 

 

 

Vohr, 1995 

(Vohr et al., 

1995)  

(additional 

data 

provided by 

authors) 

 

PC; single centre, USA; GDM enrolled to include equal 

numbers of LGA and AGA babies (separated into LGA 

and AGA groups). 

Controls: infants of mothers with negative 1h 50g 

glucose screen at 24-28 weeks, enrolled to include 

equal numbers of LGA and AGA babies. 

Exclusions: infants with congenital anomalies or 

requiring intensive care.  

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

GDM diagnosed by 100g OGTT and 

Carpenter and Coustan criteria. Initial 

dietary advice and weekly BG 

monitoring aiming to keep fasting 

glucose <100mg/dl and all other values 

<120mg/dl. Insulin therapy 

recommended if these levels were 

exceeded. 

Skinfolds measured by 1 of 2 trained 

research nurses, mean taken of 2 

measurements using a Lange caliper. 

No 

Vohr, 1997 

(Vohr and 

McGarvey, 

1997) 

(additional 

data 

provided by 

authors) 

 

PC (subgroup of Vohr 1995); single centre, USA; GDM 

enrolled to include equal numbers of LGA and AGA 

babies (separated into LGA and AGA groups). 

Controls: infants of mothers with negative 1h 50g 

glucose screen at 24-28 weeks, enrolled to include 

equal numbers of LGA and AGA babies. 

Exclusions: infants with congenital anomalies or 

requiring intensive care.  

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

GDM diagnosed by 100g OGTT and 

Carpenter and Coustan criteria. Initial 

dietary advice and weekly BG 

monitoring aiming to keep fasting 

glucose <100mg/dl and all other values 

<120mg/dl. Insulin therapy 

recommended if these levels were 

exceeded. 

Skinfolds measured by 1 of 2 research 

nurses, mean taken of 2 measurements 

using Lange caliper. 

No 



110 

 

Westgate, 

2006 

(Westgate 

et al., 2006) 

PC; single centre, New Zealand (Maori and Pacific 

island mothers); GDM and T2D. 

Control: infants of mothers with 1h 50g glucose screen 

<7.8mmol/L. Mothers invited using pseudo-random 

number generator against clinic lists and matched by 

ethnicity. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

T2D diagnosed prior to pregnancy. 

GDM diagnosed by fasting glucose 

≥5.5mmol/L or 2h value ≥9.0. BG 

monitoring at home (5 tests daily), with 

insulin commenced if fasting BG >5.5 

mmol/L on 2 occasions or post-prandial 

readings consistently ≥6.5 mmol/L.  

Insulin pump used if daily dosage >200 

units. 

 

Neonatal paediatrician or senior neonatal 

nurse assessed babies using a Harpenden 

caliper for skinfold thickness. 

No 

Whitelaw, 

1977 

(Whitelaw, 

1977) 

PC; single centre, UK; 5 groups of infants studied: SGA 

(<10
th

 percentile), AGA (10
th

-90
th

 percentile), LGA 

(>90
th

 percentile), infants of mothers with diabetes 

and infants of obese mothers. 

Control: AGA infants of mothers with normal glucose 

tolerance. 

Newcastle-Ottawa score 2. 

 

No details of diabetes type, diagnosis, 

or treatment. 

Skinfolds measurements by a single 

observer using a Harpenden caliper. 

No 

Wurster, 

1984 

(Wurster et 

al., 1984) 

PC; single centre, USA; GDM or pre-existing diabetes. 

Controls: infants of mothers without diabetes. 

No blinding stated. 

Newcastle-Ottawa score 2. 

 

No details of diabetes diagnosis. Blood 

glucose monitored 4 times a day during 

pregnancy with an aim of maintaining 

pre-meal BG <100 mg/dL. Achieved in 

majority and women described as well-

controlled diabetics. 

 

Skinfold measurements taken on the left 

side of the body using a Harpenden caliper. 

Unadjusted data 

presented and further 

subgroup analysis 

performed to confirm 

that infant sex was not an 

influence. 
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Zhao, 2013 

(Zhao et al., 

2013)  

(Chinese) 

(additional 

data 

provided by 

authors) 

PC; single centre, China; GDM v control in AGA (birth 

weight 10-90
th

 percentile of local population for sex 

and gestation) infants.  

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

AG  

GDM diagnosis based on 1998 WHO 

diagnostic definition. 

Anthropometric and skinfold 

measurements obtained and fat mass and 

fat-free mass calculated.  

Unadjusted data 

presented and 

regressions performed of 

factors associated with 

differences in the 

anthropometric 

measurements but 

adjusted results not 

provided.  

Table 3.1 Studies included in the systematic review examining the association between intrauterine exposure to maternal diabetes and 

offspring adiposity in infants. GDM: gestational diabetes mellitus, T1D: type 1 diabetes, T2D: type 2 diabetes. 
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(a) studies using skinfold thickness 

Study Study groups Age 
Fat mass (g) Fat-free mass (g) % fat mass 

Controls IDM Controls IDM Controls IDM 

Aman, 2011 

(Aman et 

al., 2011) 

 

Controls: 28 

IDM: 28 

(18 T1D, 10 

GDM) 

<48 hours 500 (200) 

 

700 (200) 

 

3100 (400) 

 

3400 (400) 

 

13.5 (3.5) 

 

 

16.4 (3.2) 

 

 

Brunner, 

2013 

(Brunner et 

al., 2013) 

Controls: 152 

(82 male) 

IDM: 9 (GDM) 

(3 male) 

Control: 152 

(79 male) 

IDM: 10 

(4 male) 

3-5 days 

 

 

 

1 year 

Males Females Males Females Males Females Males Females Males Females Males Females 

482 (146) 485 (138) 653 (290) 438 (94) 3029 (352) 2939 (342) 3505 (433) 2647 (276) 13.5 (2.7) 14.0 (2.8) 15.2 (4.1) 14.1 (1.9) 

Pooled Pooled Pooled Pooled Pooled Pooled 

483 (142) 509 (195) 2988 (350) 2933 (528) 13.7 (2.8) 14.5 (2.6) 

Males Females Males Females Males Females Males Females Males Females Males Females 

1943 (451) 1855 (432) 1872 (285) 1929 (230) 7867 (709) 7403 (670) 7883 (529) 7097 (435) 19.6 (2.8) 19.9 (3.1) 19.2 (2.1) 21.4 (2.0) 

Pooled Pooled Pooled Pooled Pooled Pooled 

1901 (443) 1906 (239) 7647 (727) 7412 (603) 19.7 (2.9) 20.5 (2.2) 

Enzi, 1980 

(Enzi et al., 

1980) 

Controls: 17  

IDM: 25 

 (8 T1D, 17 

GDM) 

Birth 

 

386 (91) 

 

 

606 (185) 

 

 

Author contacted – no further data available 

 

12.2 (2.1) 

 

18.1 (6.1) 

 

 

McFarland, 

1998 

(McFarland 

et al., 1998) 

Controls: 58 

(40 male) 

IDM: 16 

(8 male) 

(12 GDM, 4 

pre-existing) 

<24 hours 762 (243) 

 

1012 (292) 

 

3519 (236) 

 

3282 (267) 

 

17.7 

 

 

23.5 

 

 

Metzger 

(HAPO), 

2009 (2009) 

 

Controls: 

16097 

IDM: 

3082 (GDM) 

<72 hours 375 (159) 

 

424 (177) 

 

2866 (311) 

 

2928 (334) 

 

11.2 (3.53) 

 

 

 

12.2 (3.70) 

 

 

Schaefer-

Graf, 2011 

(Schaefer-

Graf et al., 

2011) 

Controls: 190 

(92 male) 

IDM: 150 (all 

GDM) 

(66 male) 

<48 hours 381 (179) 433 (171) Authors contacted – no further data available 

Zhao, 2013 

(Zhao et al., 

2013) 

 

Controls: 284 

(139 male) 

IDM: 160 

(All GDM)  

(90 male) 

<48 hours Males Females Males Females Males Females Males Females Males Females Males Females 

475 (61) 484 (84) 579 (61) 588 (57) 2800 (105) 2764 (109) 2695 (121) 2674 (133) 14.4 (1.1) 14.7 (2.2) 17.2 (0.5) 17.9 (0.8) 

Pooled Pooled Pooled Pooled Pooled Pooled 

480 (74) 585 (59) 2784 (109) 2685 (127) 14.7 (1.9) 17.8 (0.8) 

(b) studies using techniques other than skinfold thickness 

Study Study groups Age 
Fat-mass (g) Fat-free mass (g) % fat-mass 

Controls IDM Controls IDM Controls IDM 

Au, 2013 Controls: 532 <48 hours Males Females Males Females Males Females Males Females Males Females Males Females 
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Table 3.2 Body composition data in infants of mothers with and without diabetes from individual studies included in the systematic review using 

(a) skinfolds and (b) other techniques. 

(Au et al., 

2013b) 

 

(284 male) 

IDM: 67 (all 

GDM) 

(28 male) 

 

 

306 (184) 358 (172) 268 (181) 275 (181) 3033 (350) 2874 (314) 3017 (351) 2717 (268) 8.4 (4.3) 10.3 (4.2) 7.4 (4.2) 8.4 (4.7) 

Pooled Pooled Pooled Pooled Pooled Pooled 

331 (180) 272 (180) 2959 (342) 2846 (338) 9.3 (4.3) 7.9 (4.5) 

Brumbaugh, 

2013 

(Brumbaugh 

et al., 2013) 

Controls: 13 (7 

male) 

IDM (GDM): 

12 (8 male) 

16.3±2.3 

days 

[1-3 weeks] 

Author contacted – no further data available 

 

13.1 (5.0) 

 

14.7 (3.0) 

 

Catalano, 

2003 

(Catalano et 

al., 2003) 

 

Controls: 220 

(119 male) 

IDM: 195 

(GDM) 

(100 male) 

<72 hours  Males Females Males Females Males Females Males Females Males Females Males Females 

352 (197) 374 (200) 463 (200) 407 (210) 3044 (428) 2894 (369) 3071 (369) 2847 (411) 9.9 (4.6) 10.9 (4.5) 12.7 (4.4) 12.0 (4.9) 

Pooled Pooled Pooled Pooled Pooled Pooled 

362 (198) 436 (206) 2975 (408) 2962 (405) 10.4 (4.6) 12.4 (4.6) 

Durnwald, 

2004 

(Durnwald 

et al., 2004) 

Controls: 52 

(26 male) 

IDM: 50 

(all GDM/LGA) 

(31 male) 

<48 hours 563 (206) 

 

 

662 (163) 

 

3557 (310) 

 

3400 (314) 13.5 (4.5) 

 

16.2 (3.3) 

 

 

Hammami, 

2001 

(Hammami 

et al., 2001) 

Controls: 36 

IDM: 11 

(9 GDM, 1 

T1D, 1 T2D, 

but all LGA) 

1.8 (1.0) 

days 

905 (248) 

 

1242 (177) 

 

3393 (213) 

 

3343 (143) 

 

20.4 (4.5) 

 

26.4 (2.7) 

 

 

 

Lee, 2012 

(Lee et al., 

2012) 

 

Controls: 324 

(160 male) 

IDM: 25 (13 

GDM, 9 T1D, 

3 T2D) 

(11 male) 

<60 hours 

 

 

Males Females Males Females Males Females Males Females Males Females Males Females 

323 (161) 351 (183) 565 (193) 542 (229) 2935 (437) 2752 (383) 3050 (479) 2891 (419) 9.5 (3.6) 10.8 (4.2) 15.5 (4.0) 15.2 (4.4) 

Pooled Pooled Pooled Pooled Pooled Pooled 

337 (173) 552 (210) 2843 (420) 2961 (444) 10.2 (4.0) 15.4 (4.2) 

Lingwood, 

2011(Lingw

ood et al., 

2011) 

Controls: 77 

(41 male) 

IDM: 84 (all 

GDM) 

(42 male) 

<6 days  Males Females Males Females Males Females Males Females Males Females Males Females 

353 (149) 346 (179) 400 (194) 427 (191) 3189 (294) 2880 (266) 2943 (314) 2835 (340) 9.76 (3.55) 10.39 

(4.58) 

11.6 (4.4) 12.7 (4.1) 

Pooled Pooled Pooled Pooled Pooled Pooled 

350 (162) 413 (192) 3045 (320) 2889 (329) 10.05 (4.05) 12.1 (4.3) 
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Study Study groups Age 
Triceps skinfold thickness (mm) Subscapular skinfold thickness (mm) 

Controls IDM Controls IDM 

Aman, 2011 

(Aman et al., 

2011) 

 

Controls: 28 

IDM: 28 

(18 T1D, 10 GDM) 

<48 hours 5.3 (1.1) 

 

6.7 (1.4) 

 

4.8 (1.1) 

 

6.3 (1.8) 

 

Brans, 1983 

(Brans et al., 

1983) 

Controls: 52 

IDM: 61 

(49 GDM, 12 pre-existing) 

<12 hours  Skinfold thickness (sum of triceps and subscapular skinfolds) Control: 7.73 (1.98) IDM 8.87 (1.58) 

Brumbaugh, 

2013 

(Brumbaugh et 

al., 2013) 

Controls 13 (7 male) 

IDM 12 (all GDM) (8 male) 

16.3±2.3 days 

[1-3 weeks] 

Skinfold thickness (sum of triceps and subscapular skinfolds) Control: 9.88 (1.96) IDM: 11.73 (1.30) 

Brunner, 2013  

(Brunner et al., 

2013) 

Controls: 152 

(82 male) 

IDM: 9 (all GDM) 

(3 male) 

3-5 days 

 

 

 

1 year 

Males Females Males Females Males Females Males Females 

4.6 (0.9) 4.7 (0.8) 5.5 (1.6) 5.0 (0.6) 4.4 (0.9) 4.6 (1.0) 4.9 (1.4) 4.6 (0.3) 

Pooled Pooled Pooled Pooled 

4.7 (0.9) 5.2 (0.9) 4.5 (1.0) 4.7 (0.8) 

Males Females Males Females Males Females Males Females 

8.1 (1.8) 7.8 (1.4) 8.0 (1.5) 8.7 (1.2) 6.3 (1.4) 6.5 (1.4) 5.8 (1.0) 6.7 (1.2) 

Pooled Pooled Pooled Pooled 

7.9 (1.7) 8.4 (1.3) 6.4 (1.4) 6.3 (1.2) 

Buhling, 2012 

(Buhling et al., 

2012) 

Controls: 142 

IDM: 30 (all GDM) 

<72 hours  4.8 (1.5) 

 

4.6 (0.9) 

 

4.1 (0.97) 4.3 (1.1) 

Catalano, 2003 

(Catalano et al., 

2003) 

 

Controls: 220 (119 male) 

IDM: 195 (all GDM) (100 male) 

<72 hours Males Females Males Females Males Females Males Females 

4.1 (1.1) 4.2 (0.8) 4.8 (1.1) 4.6 (1.1) 4.4 (1.2) 4.7 (1.2) 5.5 (1.4) 5.3 (1.4) 

Pooled Pooled Pooled Pooled 

4.2 (1.0) 4.7 (1.1) 4.6 (1.2) 5.4 (1.4) 

Clarson, 1989 

(Clarson et al., 

1989) 

Controls: 11 

IDM: 30 

(11 GDM, 19 pre-existing) 

<48 hours  Data for sum of 8 skinfolds (midbiceps, midtriceps, subscapular and suprailiac on both sides)  

Control: 29.0 (5.0) IDM: 33.6 (7.3) 

Enzi, 1980 (Enzi 

et al., 1980) 

Controls: 17  

IDM: 25  

(8 T1D, 17 GDM) 

Birth 

 

Data for sum of 4 skinfolds (subcostal, subscapular, triceps, crural)  

Control: 17.8 (2.9), IDM: 25.5 (6.6) 
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Greco, 2003 

(Greco et al., 

2003) 

Controls: 16 

ODM: 15 

 (GDM, T1D, T2D) 

<24 hours 

 

4.1 (0.1) 

 

4.7 (0.1) 

 

3.8 (0.1) 

 

4.7 (0.1) 

 

Hollingsworth, 

1991 

(Hollingsworth 

et al., 1991) 

Controls: 211 

ODM: 70 (all GDM) 

 

 

 

 

Newborn - time 

not stated 

3.8 (0.3) 4.3 (0.9) 

 

4.0 (0.4) 

 

5.0 (1.1) 

 

Krishnaveni, 

2005 

(Krishnaveni et 

al., 2005) 

 

Controls: 545 (266 male) 

IDM: 41 (all GDM) (15 male) 

 

 

 

 

Controls: 471 (231 male) 

ODM: 37 (12 male) 

<72 hours  

 

 

 

 

1.0 (0.03) years 

[0.97-1.17] 

Males Females Males Females Males Females Males Females 

4.1 (0.9) 4.2 (0.9) 4.8 (0.8) 5.2 (1.2) 4.4 (0.9) 4.5 (1.0) 5.1 (1.0) 5.4 (1.1) 

Pooled Pooled Pooled Pooled 

4.2 (0.9) 5.1 (1.1) 4.4 (0.9) 5.3 (1.1) 

Males Females Males Females Males Females Males Females 

8.0 (1.7) 7.9 (1.7) 7.8 (2.0) 8.2 (2.1) 6.6 (1.5) 6.5 (1.4) 6.2 (2.1) 6.9 (1.4) 

Pooled Pooled Pooled Pooled 

7.9 (1.7) 8.1 (2.0) 6.6 1.4 6.7 1.7 

McFarland, 

1998 

(McFarland et 

al., 1998) 

Controls: 58 (40 male) 

IDM: 12 (12 GDM, 4 pre-existing) (8 

male) 

<24 hours  5.4 (1.2) 

 

 

7.5 (1.5) 

 

5.4 (1.3) 

 

6.8 (2.0) 

 

Metzger 

(HAPO), 

2009 (2009) 

Controls: 16097 

IDM: 3082 (all GDM) 

<72 hours 

 

4.08 (0.86) 

 

4.42 (0.99) 

 

4.17 (0.95) 

 

4.59 (1.13) 

 

Mohamed, 

2010 

(Mohamed et 

al., 2010) 

Controls: 20 (10 male) 

IDM: 40 (all T1D) (26 male) 

Birth 1.3 2.32 (0.49) 0.48 1.43 (0.55) 

Nasrat, 1997 

(Nasrat H, 

1997) 

Controls: 501 (236  male) 

IDM: 50 (40 GDM, 10 T2D)  

(29 male) 

<12 hours 3.12 

 

3.26 

 

3.4 3.8 
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Nelson, 2007 

(Nelson et al., 

2007) 

Controls: 19 

IDM: 56 

(all T1D) 

Birth 6.0 (2.4) 

 

8.0 (3.1) 

 

5.6 (2.0) 

 

7.4 (2.1) 

 

Ng, 2004 (Ng et 

al., 2004) 

Controls: 40 

IDM: 80 

(68 GDM, 12 T1D) 

Birth TR and SS presented as median and IQR in control, diet treated and insulin treated diabetes groups. No statistically 

significant differences between the groups. 

 

Petersen, 1990 

(Petersen et al., 

1990) 

Controls: 16 

IDM: 20 

(5 GDM, 15 pre-existing diabetes) 

<48 hours Data for sum of 5 skinfolds only; quadriceps, pectoralis, biceps, subscapular and triceps 

Control: 21.2 (3.6), IDM: 26.8 (5.2) 

Rossi, 2000 

(Rossi et al., 

2000) 

Control: 13 

IDM: 6 (GDM and T1D) 

Birth 4.76 (0.28) 

 

5.78 (1.5) 

 

4.47 (2.2) 5.78 (1.25) 

 

Simmons, 1995 

(Simmons, 

1995) 

Control: 125 

(61 male) 

IDM: 35 (34 GDM, 1 T2D) (14 male) 

 

<24 hours 4.2 (0.8) 

 

4.5 (1.0) 

 

5.3 (1.3) 

 

6.3 (2.0) 

 

Sletner, 2013 

(Sletner et al., 

2013) 

 

Control: 457 

(230 male) 

IDM: 65 (all GDM) 

(32 male) 

<72 hours Males Females Males Females Males Females Males Females 

4.36 (0.99) 4.44 (1.01) 4.70 (1.21) 4.72 (1.05) 4.19 (0.90) 4.34 (1.11) 4.78 (1.33) 4.90 (1.33) 

Pooled Pooled Pooled Pooled 

4.40 (1.00) 4.71 (1.12) 4.26 (1.02) 4.84 (1.32) 

Stevenson, 

1991 

(Stevenson et 

al., 1991) 

Control: 20 

IDM: 13 (all GDM) 

<72 hours 4.3 (0.8) 

 

5.0 (1.1) 

 

No SS measurement taken 

Verma, 1991 

(Verma et al., 

1991) 

750 newborns 

(males: 413) 

No control/ODM numbers 

<48 hours 3.73 (0.88) 

 

3.92 (0.83) 

 

3.75 (0.83) 3.99 (0.85) 

Vohr, 1995 

(Vohr et al., 

1995) 

Controls: 143 (76 male) 

IDM: 119 (all GDM) 

(59 male) 

Birth 

 

Males Females Males Females Males Females Males Females 

3.9 (1.0) 4.2 (1.2) 4.0 (1.0) 4.0 (1.2) 4.5 (1.3) 4.8 (1.3) 4.6 (1.4) 4.8 (1.5) 

Pooled Pooled Pooled Pooled 

4.1 (1.0)        4.1 (1.1) 4.6 (1.3) 4.7 (1.5) 
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Table 3.3 Triceps and subscapular skinfold thickness in infants of mothers with and without diabetes from individual studies included in the 

systematic review

Vohr, 1997 

(Vohr and 

McGarvey, 

1997) 

 

Controls: 99 (52 male) 

IDM: 94 (all GDM) 

(42 male) 

1 year Males Females Males Females Males Females Males Females 

9.4 (2.7) 8.5 (3.0) 8.9 (3.7) 8.0 (3.5) 6.3 (1.9) 6.4 (2.7) 6.2 (2.8) 6.7 (2.9) 

Pooled Pooled Pooled Pooled 

8.9 (2.9) 8.4 (3.6) 6.3 (2.3) 6.5 (2.9) 

Westgate, 2006 

(Westgate et 

al., 2006) 

Controls: 61 

IDM: 136 

(108 GDM, 28 T2D) 

<24 hours  4.4 (1.0) 

 

5.1 (1.2) 

 

4.4 (1.0) 

 

5.6 (1.7) 

 

Whitelaw, 1977 

(Whitelaw, 

1977) 

Controls: 45 (AGA infants) 

IDM: 18 

<48 hours 

1 year 

Data for sum of 8 skinfolds (biceps, triceps, subscapular and suprailiac on both sides) 

Birth: Control: 28.3 (4.2) IDM:  41.3 (10.9) 1 year: Control: 26.9 IDM: 24.0 

Wurster, 1984 

(Wurster et al., 

1984) 

Control: 10 (7 male) 

IDM: 10 (GDM and pre-existing)  

(3 male) 

<48 hours 

2 weeks 

1 month 

5.0 (1.5) 

5.0 (1.0) 

5.8 (1.2) 

5.9 (1.5) 

6.2 (1.1) 

6.3 (0.8) 

5.2 (1.6) 

6.0 (1.1) 

6.6 (1.2) 

6.6 (1.9) 

6.6 (1.2) 

6.9 (1.1) 

Zhao, 2013 

(Zhao et al., 

2013) 

 

Controls: 284 (139 male) 

IDM: 160 (all GDM) 

 (90 male) 

 

<48 hours Males Females Males Females Males Females Males Females 

4.1 (0.1) 4.3 (0.2) 5.1 (0.2) 5.3 (0.3) 3.9 (0.1) 4.0 (0.2) 5.1 (0.3) 5.2 (0.2) 

Pooled Pooled Pooled Pooled 

4.4 (0.3) 5.2 (0.4) 4.0 (0.2) 5.2 (0.3) 
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3.5.2  Body composition and skinfold thickness results 

 

Fat mass 

Ten studies provided unadjusted data in IDM (all types) and NIDM. Six studies derived fat 

mass from skinfold thickness (Aman et al., 2011, Enzi et al., 1980, Schaefer-Graf et al., 

2011, Zhao et al., 2013, Brunner et al., 2013, HAPO, 2009), three studies used air 

displacement plethysmography (ADP) (Au et al., 2013b, Lee et al., 2012, Lingwood et al., 

2011) and one study used total body electrical conductivity (TOBEC). (Catalano et al., 2003) 

Fat mass was higher in IDM (skinfold derived 97g [56, 138]; p<0.00001; other techniques 

69g [-25, 162]; p=0.15; overall 83g [49, 117]; p<0.00001) (Figure 2). The pooled mean 

difference of 83g represents 22% greater fat mass in IDM in comparison to the mean fat 

mass of NIDM across all studies. There was no evidence of funnel plot asymmetry (Figure 

3). 

 

Figure 3.2 Forest plot (random effects analysis) comparing fat mass (g) in IDM and NIDM 

(all types of diabetes) 
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Figure 3.3 Funnel plot of studies comparing fat mass (g) in IDM and NIDM 

 

Fat-free mass 

Eight studies provided unadjusted data. Four studies used skinfold thickness, (Zhao et al., 

2013, Aman et al., 2011, Brunner et al., 2013, HAPO, 2009) three studies used ADP (Au et 

al., 2013b, Lingwood et al., 2011, Lee et al., 2012) and one study used TOBEC. (Catalano et 

al., 2003) There was no significant difference in fat-free mass between IDM and NIDM 

(skinfold derived 38g [-95, 172]; p=0.57; other techniques -58g [-152, 35]; p=0.22; overall -

11g [-99, 77]; p=0.81) (Figure 4). There was no evidence of asymmetry (Figure 5). 
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Figure 3.4 Forest plot (random effects analysis) comparing fat-free mass (g) in IDM and 

NIDM (all types of diabetes) 

 

 

Figure 3.5 Funnel plot of studies comparing fat-free mass (g) in IDM and NIDM 
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Body fat % 

Ten studies provided unadjusted data. Five studies used skinfold thickness, (Zhao et al., 

2013, Aman et al., 2011, Brunner et al., 2013, HAPO, 2009, Enzi et al., 1980) four studies 

used ADP (Au et al., 2013b, Lingwood et al., 2011, Lee et al., 2012, Brumbaugh et al., 2013) 

and one study used TOBEC. (Catalano et al., 2003) Body fat % was higher in IDM (skinfold 

derived 2.5% [1.1, 4.0]; p<0.0007; other techniques 1.9% [-0.2, 3.9]; p=0.08; overall 2.2% 

[1.1, 3.2]; p<0.0001) (Figure 6). There was no evidence of asymmetry (Figure 7). 

 

Figure 3.6 Forest plot (random effects analysis) comparing body fat % in IDM and NIDM (all 

types of diabetes) 
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Figure 3.7 Funnel plot of studies comparing body fat % in IDM and NIDM 

 

Triceps and subscapular skinfold thickness 

Raw and unadjusted triceps skinfold thickness were reported in 17 studies (Catalano et al., 

2003, Greco et al., 2003, Hollingsworth et al., 1991, HAPO, 2009, Nelson et al., 2007, Rossi 

et al., 2000, Simmons, 1995, Sletner et al., 2013, Stevenson et al., 1991, Vohr et al., 1995, 

Westgate et al., 2006, Wurster et al., 1984, Zhao et al., 2013, Brunner et al., 2013, Buhling 

et al., 2012, Aman et al., 2011, Krishnaveni et al., 2005) and subscapular skinfold thickness 

in 16 of these. Both were higher in IDM (0.52mm [0.37, 0.68] and 0.81mm [0.56, 1.05] 

respectively; p<0.00001) (Figures 8 and 9). There was no evidence of asymmetry 

(Appendix, figures 1 and 2). 
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Figure 3.8 Forest plot (random effects analysis) comparing triceps skinfold thickness (mm) 

in IDM and NIDM (all types of diabetes) 

 

 

Figure 3.9 Forest plot (random effects analysis) comparing subscapular skinfold thickness 

(mm) in IDM and NIDM (all types of diabetes) 

 

Sub-group analyses  

 

Studies performed at 1 year of age 

One study provided body composition and skinfold measurements (Brunner et al., 2013) and 

two additional studies provided skinfold thickness measurements at 1 year of age. 

(Krishnaveni et al., 2005, Vohr and McGarvey, 1997) A separate meta-analysis of the three 

studies supplying skinfold thickness measurements showed that triceps and subscapular 
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skinfold thickness measurements were similar in IDM compared to NIDM at one year of age; 

triceps (0.11mm [-0.41, 0.63]; p=0.69) and subscapular skinfolds (0.08mm [-0.31, 0.47]; 

p=0.70). There was no evidence of asymmetry from the funnel plots (Appendix, figures 3-6). 

 

Type of maternal diabetes:  

Gestational diabetes  

 

Fat mass 

Nine studies provided unadjusted data in infants of mothers with and without GDM. Fat mass 

was higher in infants of mothers with GDM (62g [29, 94]; p=0.0002) (Figure 10, GDM 

subgroup).  

 

 

Figure 3.10 Forest plot (random effects analysis) comparing fat mass (g) in infants of 

mothers with and without diabetes (GDM and T1D subgroups) 

 

Fat-free mass 

Seven studies provided unadjusted data. Fat-free mass was similar in infants of mothers 

with GDM and NIDM (-23g [-116, 70]; p=0.62) (Figure 11).  
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Figure 3.11 Forest plot (random effects analysis) comparing fat-free mass (g) in infants of 

mothers with and without GDM 

 

Body fat % 

Nine studies provided unadjusted data. Body fat % was higher in infants of mothers with 

GDM (1.7% [0.7, 2.8]; p=0.002) (Figure 12, GDM subgroup).  

 

 

Figure 3.12 Forest plot (random effects analysis) comparing body fat % in infants of mothers 

with and without diabetes (GDM and T1D subgroups) 
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Triceps and subscapular skinfold thickness 

Raw and unadjusted triceps skinfold thickness data was reported in 12 studies, and 

subscapular skinfold thickness in 11 studies. Both were higher in infants of mothers with 

GDM (triceps 0.47mm [0.27, 0.66]; p<0.00001; subscapular 0.69mm [0.37, 1.02]; p<0.0001) 

(Figures 13 and 14).  

 

Figure 3.13 Forest plot (random effects analysis) comparing triceps skinfold thickness (mm) 

in infants of mothers with and without GDM 

 

  

Figure 3.14 Forest plot (random effects analysis) comparing subscapular skinfold thickness 

(mm) in infants of mothers with and without GDM  

 

The magnitude and direction of difference seen between infants of mothers with and without 

GDM was similar to the difference between infants of mothers with all diabetes types 

combined and NIDM. Heterogeneity remained high for all outcomes (Chi² p<0.05, I2 >92%).  
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Type 1 Diabetes  

Two studies presented separate fat mass and body fat % data, (Enzi et al., 1980, Aman et 

al., 2011) and one presented skinfold thickness data (Nelson et al., 2007) in infants of 

mothers with T1D. Fat mass (268g [139, 397], p<0.0001) and body fat % (5.3% [-0.1, 10.7], 

p=0.05) were higher in IDM (Figures 10 and 12, T1D subgroup). Heterogeneity was 

significant for body fat % (Chi² p=0.0005, I2=92%), but not for fat mass (Chi² p=0.11, 

I2=61%). 

 

In subgroup analysis, maternal diabetes type accounted for 89% of the variation in fat mass 

and 39% of the variation in body fat %, although the difference for body fat % was not 

statistically significant (indicated by test for subgroup differences in forest plots in Figures 10 

and 12).  

 

Type 2 Diabetes 

No study provided separate data for infants of mothers with T2D. 

 

Infant sex  

Fat mass, fat-free mass and body fat %  

Six studies provided unadjusted body composition data in IDM and NIDM girls and boys. 

(Zhao et al., 2013, Brunner et al., 2013, Lingwood et al., 2011, Au et al., 2013b, Lee et al., 

2012, Catalano et al., 2003) IDM girls had similar fat mass (42g [-33, 116]; p=0.27), but 

lower fat-free mass (-85g [-152, -17]; p=0.01) than NIDM girls. Body fat % was higher but not 

statistically different (1.5% [-0.4, 3.4]; p=0.13). IDM boys had higher fat mass (87g [30, 145]; 

p=0.003), similar fat-free mass (-49g [-150, 52]; p=0.34) and higher body fat % (2.3% [1.0, 

3.7]; p=0.0008) than NIDM boys (Appendix, figures 7-9). Heterogeneity was not detected 

between male and female subgroups for any outcome (Chi² p>0.05, I2=0%). Of note, in this 

subgroup analysis, when sexes were combined, results for fat mass and body fat % were 

similar to the overall analyses, but fat-free mass was significantly lower in IDM (-76g [-123, -

29], p=0.002). 
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Raw measures of triceps and subscapular skinfold thickness 

Six studies reported raw and unadjusted data on triceps and subscapular skinfold thickness 

in IDM and NIDM girls and boys. (Brunner et al., 2013, Catalano et al., 2003, Sletner et al., 

2013, Vohr et al., 1995, Zhao et al., 2013, Krishnaveni et al., 2005) IDM girls had greater 

triceps (0.48mm [0.05, 0.90]; p=0.03) and subscapular skinfolds (0.56mm [0.05, 1.06]; 

p=0.03) than NIDM girls. IDM boys had greater triceps (0.60mm [0.24, 0.96]; p=0.001) and 

subscapular skinfolds (0.76mm [0.37, 1.15]; p=0.0001) than NIDM boys (Appendix, figures 

10-13).  

 

LGA or macrosomic infants of mothers with and without diabetes 

Three studies provided unadjusted fat mass and fat-free mass, and two studies provided 

body fat % in LGA/macrosomic IDM and NIDM. One study derived these measures from 

skinfold thickness (McFarland et al., 1998), one study used DXA (Hammami et al., 2001) 

and one study used TOBEC. (Durnwald et al., 2004) Among LGA or macrosomic infants fat 

mass was higher in IDM than in NIDM (220g [62, 379]; p=0.006). Fat-free mass was lower in 

IDM than in NIDM (-140 g [-246, -34]; p=0.009). Body fat % was higher in IDM (9.4% [2.8, 

16.0]; p=0.005) (Appendix, figures 14-16). Raw measures of skinfold thickness were 

supplied in one study (Vohr et al., 1995) and therefore meta-analysis was not possible. 

 

Heterogeneity 

Heterogeneity was statistically significant with between-study differences accounting for 

>90% of variation throughout (indicated by Chi2 and I2 values in forest plots). Therefore, no 

fixed effects meta-analyses were performed. The following potential sources of 

heterogeneity other than type of maternal diabetes were investigated.  

 

Type of technique other than skinfold thickness 

Studies assessing adiposity using skinfold thickness were compared to those using other 

techniques for each outcome. For all types of diabetes, technique accounted for none of the 

variation in the fat mass and body fat % analysis, and 26% of the variation in the fat-free 

mass analysis, though there were no statistically significant differences between the groups 
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(indicated by test for subgroup differences in forest plots in Figures 2, 4 and 6). Furthermore, 

heterogeneity remained high within the technique subgroups.  

Using ADP, three studies reported fat mass and fat-free mass, (Au et al., 2013b, Lee et al., 

2012, Lingwood et al., 2011) and one additional study reported body fat %. (Brumbaugh et 

al., 2013) A similar magnitude and direction of change was seen to pooled estimates from all 

techniques; fat mass (68g [-70, 206]; p=0.33), fat-free mass (-79g [-194, 36]; p=0.18) and 

body fat % (1.8 [-1.2, 4.9]; p=0.23). Heterogeneity remained high; Chi² p<0.00001 and I² = 

94%. (Appendix, figures 17-19) 

 

Study quality 

Only one study achieved a high modified Newcastle-Ottawa score (5 out of 5); a separate 

analysis was not possible. (HAPO, 2009)  

 

Adjusted analyses 

Only one study provided data adjusted for a number of confounders and therefore meta-

analysis of adjusted data was not possible. (HAPO, 2009) 

 

Maternal pre-pregnancy BMI  

Four studies adjusted body composition data for maternal BMI obtained pre-pregnancy (Au 

et al., 2013b, Zhao et al., 2013, Lingwood et al., 2011) or at the time of the OGTT. (HAPO, 

2009) A meta-analysis of the unadjusted data from these four studies showed greater fat 

mass (73g [27, 119], p=0.002) in IDM, but differences in body fat % (1.2% [-0.3, 2.8], 

p=0.11) and fat-free mass (-72g [-188, 45], p=0.23) were not significant. The results were 

similar with adjusted data (fat mass 64g [12, 115], p=0.02; body fat % 1.2% [-0.3, 2.6], 

p=0.11; fat-free mass -64g [-182, 54], p=0.29) (Appendix, figures 20-25).  

Eight studies provided BMI data taken pre-pregnancy (Lingwood et al., 2011, Schaefer-Graf 

et al., 2011, Au et al., 2013b, Catalano et al., 2003, Brunner et al., 2013, Brumbaugh et al., 

2013, Zhao et al., 2013) or at the time of the OGTT. (HAPO, 2009) The mean (SD) maternal 

BMI in mothers with and without diabetes was 28.2 (6.1) kg/m2 and 23.3 (3.7) kg/m2 

respectively. Plots of mean difference in maternal BMI between mothers with and without 
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diabetes, against mean difference in infant fat mass and body fat % showed no evidence of 

a relationship between increasing maternal BMI and increasing infant adiposity (Figures 15 

and 16).  

 

Figure 3.15 Mean difference in maternal BMI between mothers with and without diabetes in 

each study against mean difference in infant fat mass, showing no evidence of increasing fat 

mass with increasing maternal BMI. 

 

 

Figure 3.16 Mean difference in maternal BMI between mothers with and without diabetes in 

each study against mean difference in infant body fat %, showing no evidence of increasing 

body fat % with increasing maternal BMI. 
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3.6  Results in children 
 

3.6.1  Literature search 

 

We identified 431 papers, of which 38 matched the inclusion criteria. (Figure 17) Three 

cohorts were reported more than once; six papers were excluded on this basis. (Bush et al., 

2011, Chandler-Laney et al., 2011, Crume et al., 2011b, Kelly et al., 2008, Chandler-Laney 

et al., 2014, Goran et al., 2004)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 Flow chart of the search strategy used. The relevant number of papers at each 

point is given. 

Search terms: ((Gestation* OR Pregnan*) AND (Diabet*)) 
AND ((total body electrical conductivity) OR (total body 
potassium) OR (air-displacement plethysmography) OR 
(isotope dilution) OR (skinfold) OR (skin fold) OR (the 
following [MESH] or [All fields] terms: (body composition) OR 
(bioelectrical impedance) OR (Tomography, X-Ray 
Computed) OR (absorptiometry, photon) OR (magnetic 

resonance imaging)) AND ((Child*) OR (infan*) OR (neonat*) 
OR (offspring) OR (adolescen*) OR (ped*) OR (paed*)).  

Search results      
n =431 

Inclusion criteria: 
 -human studies 
 -exposed and 

unexposed group 
 -body composition 

data available 
 -1-19 years of age 

Studies meeting inclusion 
criteria from initial search  

n=38 
Excluded studies: 
• -duplicated cohort (6) 
• -control group not 

comparable (1) 
• -contacted but no 

body composition or 
maternal diabetes 
data (11) Studies included in the 

systematic review 
n=20 

Studies included in the meta-
analysis n=17  

(11 with body composition data  
11 with skinfold thickness data) 

Authors supplying additional 
data following request 

n=15 

Data available and suitable for 
inclusion in meta-analysis  

n=2 



132 

 

One study was excluded because the control group was not comparable with other studies 

(offspring of mothers who subsequently developed diabetes). (Abbott et al., 1986) Thirteen 

additional authors were contacted for possible separation of reported body composition data 

by maternal diabetes status. (Huang et al., 2012, Rudang et al., 2012, Mantzoros et al., 

2009, Pulzer et al., 2001, Kwinta et al., 2012, de Kort et al., 2010, Willemsen et al., 2009, 

Willemsen et al., 2008, Jeffery et al., 2006, Ganpule et al., 2006, Joshi et al., 2005, Wilkin et 

al., 2004, Brunner et al., 2013, Garnett et al., 1999) Two studies provided relevant data. 

(Brunner et al., 2013, Garnett et al., 1999) Twenty papers remained for inclusion in the 

review. Fifteen authors provided unadjusted means and SD of outcomes on request.  

(Beyerlein et al., 2012, Brunner et al., 2013, Catalano et al., 2009a, Chandler-Laney et al., 

2012, Crume et al., 2011b, Davis et al., 2013, Garnett et al., 1999, Hunter et al., 2004, 

Krishnaveni et al., 2005, Krishnaveni et al., 2010, Regnault et al., 2013, Sparano et al., 

2013, Van Dijk et al., 2012, Vohr et al., 1999, Wright et al., 2009) Data were unavailable in 

three studies. (Lawlor et al., 2010, Patel et al., 2012, Mughal et al., 2010) Final data for 

inclusion in the meta-analysis were available from eleven studies for fat mass, fat-free mass 

or body fat %, and eleven studies for triceps or subscapular skinfold thickness. Five studies 

reported both body composition and raw skinfold data and therefore there were 17 studies in 

total. In the majority of studies the mean age of children examined was between 5 and 11 

years; overall mean (SD) 8.1 (3.7) years. One study examined body composition in children 

aged 2 years and one study examined skinfold thickness in children aged 3 years and these 

studies were included in the 1-5 year subgroup analysis only. (Brunner et al., 2013, Wright et 

al., 2009) One study was a randomized control trial (control arm data included only) and all 

others were cohort studies (three longitudinal, seven prospective, nine retrospective). Two 

studies reported skinfold measurements from the same cohort at different ages (Krishnaveni 

et al., 2010, Krishnaveni et al., 2005) and two studies used different body composition 

techniques in the same cohort at different ages. (Wright et al., 2009, Regnault et al., 2013) 

Two studies provided longitudinal results. (Garnett et al., 1999, Vohr et al., 1999)  

Eight studies reported body composition data (Brunner et al., 2013, Catalano et al., 2009a, 

Chandler-Laney et al., 2012, Davis et al., 2013, Garnett et al., 1999, Regnault et al., 2013, 

Van Dijk et al., 2012, Beyerlein et al., 2012) and eleven reported skinfold measurements in 

offspring of mothers with GDM separately. (Brunner et al., 2013, Catalano et al., 2009a, 

Crume et al., 2011b, Sparano et al., 2013, Garnett et al., 1999, Krishnaveni G V et al., 2005, 

Krishnaveni et al., 2010, Regnault et al., 2013, Vohr et al., 1999, Wright et al., 2009) Three 

studies presented separate body composition data (Hunter et al., 2004, Van Dijk et al., 2012, 

Rodrigues et al., 1998) and one presented skinfold measurements in offspring of mothers 
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with T1D. (Crume et al., 2011b) Three studies reported body composition outcomes in 

offspring of mothers with T2D separately. (Hunter et al., 2004, Van Dijk et al., 2012, Salbe et 

al., 1998)  

I received sex-specific data from thirteen authors. (Garnett et al., 1999, Regnault et al., 

2013, Van Dijk et al., 2012, Beyerlein et al., 2012, Chandler-Laney et al., 2012, Catalano et 

al., 2009a, Brunner et al., 2013, Sparano et al., 2013, Crume et al., 2011b, Wright et al., 

2009, Vohr et al., 1999, Krishnaveni et al., 2005, Krishnaveni et al., 2010) Six studies 

reported mean maternal BMI (Van Dijk et al., 2012, Garnett et al., 1999, Regnault et al., 

2013, Beyerlein et al., 2012, Hunter et al., 2004, Catalano et al., 2009a) and three also 

provided childhood adiposity data adjusted for maternal BMI (Beyerlein et al., 2012, Van Dijk 

et al., 2012, Regnault et al., 2013); three of the studies measured BMI pre-pregnancy. 

(Regnault et al., 2013, Van Dijk et al., 2012, Catalano et al., 2009a) 

A description of included studies is provided (Table 4). I report body composition data (Table 

5) and skinfold thickness data (Table 6).  
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Author, year, 

reference 

 

Study details 

 

Diabetes definition and treatment Body composition measurement Details of adjusted 

analyses 

Beyerlein,  2012 

(Beyerlein et al., 

2012) 

(additional data 

supplied by 

authors) 

 

RC; multi-centre, Germany; GDM. 

German Health Interview and Examination 

Survey for Children and Adolescents (KiGGS). 

Representative nationwide survey. 

Control: children recruited from 167 

communities (primary sample points) or by 

written invitation. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

GDM defined as diabetes or gestational diabetes 

diagnosed during the pregnancy of interest. 

Mothers asked to consult maternity pass 

(antenatal documentation). 

Treatment not stated. 

Measurements of triceps and 

subscapular skinfold thickness used to 

calculate proportions of body fat 

according to Slaughter’s equations. 

(Slaughter et al., 1988)  

 

Unadjusted data 

presented. Authors also 

performed adjustment 

for maternal BMI on 

request. 

 

Brunner, 2013 

(Brunner et al., 

2013) 

(additional data 

supplied by 

authors) 

Data from follow up of an RCT of LCPUFA 

supplementation in pregnancy (controls only 

presented) (Hauner et al., 2012); Germany; 

GDM. 

Control: children of mothers with normal 

glucose tolerance, pre-pregnancy BMI 18-30.  

Exclusions: pre-existing diabetes and multiples. 

Blinding to maternal diabetes status not 

described (but not the aim of the study). 

For meta-analysis the authors provided the data 

by maternal diabetes status. GDM diagnosis 

established from data provided by the women´s 

obstetricians. GDM screening was not routine at 

the time of the study and not all women 

underwent screening. 

 

Skinfold thickness was measured by 

trained research assistants in triplicate 

using a Holtain caliper on the left side 

and the mean measurement used. Fat 

mass, fat free mass and body fat % was 

calculated using Weststrate’s method. 

(Weststrate and Deurenberg, 1989) 

No 
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Newcastle-Ottawa score 3. 

 

Catalano, 2009 

(Catalano et al., 

2009a) 

(additional data 

supplied by 

authors) 

 

PC; single centre, USA; GDM. 

Control: offspring of mothers from general 

hospital population with 1 h 50 g glucose 

screen <7.5 mmol/L or normal 3h 100g GTT.  

Exclusions: preterm infants and multiples.  

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

GDM as specified by National Diabetes Data 

Group criteria.  

Diet controlled unless glycaemic target not 

achieved (fasting glucose <100 mg/dl or 2h 

postprandial glucose <120mg/dL), then insulin 

controlled (details taken from ref 10). 

 

Dual-energy X-ray absorptiometry (DXA) 

used to measure body composition.   

Skinfolds measured using a Harpenden 

caliper. 

 

No 

Chandler-Laney, 

2012 (Chandler-

Laney et al., 2012) 

(additional data 

supplied by 

authors) 

 

RC; single centre, USA; GDM. 

Control: children of mothers with normal 

glucose tolerance.  

Exclusions: preterm or SGA infants, multiples. 

Pubertal children. 

Blinding not stated. 

Newcastle-Ottawa score 4. 

GDM self-reported and verified from medical 

records in ~80%.  

No description of treatment provided. 

Body composition measured by DXA. 

Scans analysed for total and regional fat 

and lean mass. 

No 

 

Crume, 2011 

(Crume et al., 

2011b) 

(additional data 

 

RC; single centre, USA; GDM.  

Exploring perinatal outcomes among children 

(EPOCH) study. 

 

GDM ascertained from electronic perinatal 

medical record following 2-step standard KPCO 

protocol. GDM diagnosed by NDDG criteria. All 

mothers treated with diet and 23% received 

 

Skinfold thickness measured 3 times and 

averaged. Abdominal regional adipose 

tissue also assessed by single MRI slice. 

 

Unadjusted data 

presented. Data also 

adjusted for age, sex, 

race and Tanner stage but 

subscapular/ triceps ratio 
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supplied by 

authors) 

Control: children of mothers with negative 

GDM screening recruited from same hospital. 

Exclusions: SGA infants and multiples. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

insulin. in paper only. 

Davis, 2013 (Davis 

et al., 2013)  

(additional data 

supplied by 

authors) 

LC; single centre, Latino adolescents, USA; 

GDM.       

Inclusion and control: BMI >85th percentile, 

Hispanic ancestry and family history of T2D.               

Exclusions: medication or disease known to 

affect body composition, or any major illness 

since birth.  

Blinding not stated. 

Newcastle-Ottawa score 2. 

 

GDM status self-reported. No further details 

supplied. 

Fat and lean mass measured by DXA. 

Abdominal regional adipose tissue also 

assessed by single MRI slice. 

 

 

Unadjusted data 

presented. The following 

covariates were 

examined: sex, birth 

weight, family history of 

T2D, breastfeeding status 

(any duration). 

 

Garnett, 1999 

(Garnett et al., 

1999) 

(additional data 

supplied by 

authors) 

 

LC; single centre, Australia; GDM.   

Study of IGF-1 and associations.  

Control: children with no history of illness likely 

to impact on growth.  

Exclusions: preterm infants. 

Blinding to maternal diabetes status not 

described (but not the aim of the study). 

For meta-analysis the authors provided the data 

by maternal diabetes status. GDM diagnosis was 

obtained by questionnaire which was 

administered by a research assistant in an 

interview when the child was 7-8 years.  

No further details on treatment. 

Skinfold thickness was assessed and DXA 

was used to measure fat mass, fat free 

mass and body fat % 

No 
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Newcastle-Ottawa score 3. 

 

Hunter, 2004 

(Hunter et al., 

2004) 

(additional data 

supplied by 

authors) 

 

RC; single centre, New Zealand; type 1 and 

type 2 diabetes. 

Control: pre-pubertal children of mothers with 

normal pregnancy 1h 50g glucose screen 

recruited from GP clinics.  

Exclusions: preterm or SGA infants, multiples.  

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

Standard diagnosis used for T1D and T2D. 

T1D mothers treated with insulin four times 

daily. T2D mothers diet controlled and insulin 

commenced if glycaemic targets not achieved. 

9 of 10 T2D required insulin in pregnancy. Data 

of glucose control supplied in paper. 

 

Bioelectrical impedance used to estimate 

fat mass, fat free mass and body fat %. 

 

No 

Krishnaveni, 2005 

(Krishnaveni et al., 

2005) 

(additional data 

supplied by 

authors) 

RC; single centre, India; GDM.  

Control: children of mothers with negative 

GDM screening recruited from same hospital.  

Blinding not stated. 

Newcastle-Ottawa score 4. 

 

GDM diagnosed following 100g 3h OGTT using 

Carpenter and Coustan criteria. Pre-existing 

diabetes excluded. All mothers treated with diet 

and 29% received insulin. 

Skinfold thickness measured by one of 4 

trained observers using a Harpender 

caliper.  

Unadjusted data by 

supplied by authors.  

Krishnaveni, 2010 

(Krishnaveni et al., 

2010) 

(additional data 

supplied by 

RC; single centre, India; GDM. (subgroup of 

Krishnaveni, 2005) 

Control: children of mothers with negative 

GDM screening recruited from same hospital.  

GDM diagnosed following 100g 3h OGTT using 

Carpenter and Coustan criteria. Pre-existing 

diabetes excluded. All mothers treated with diet 

and 29% received insulin. (Krishnaveni et al., 

2005) 

Skinfold thickness measured using 

Harpender caliper.  

Unadjusted data supplied 

by authors. Adjustments 

for parental BMI 

presented in paper. 
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authors) Blinding not stated. 

Newcastle-Ottawa score 3. 

 

Lawlor, 2010 

(Lawlor et al., 2010) 

 

PC; population study, UK; GDM and pre-

existing diabetes 

Avon Longitudinal Study of Parents and 

Children (ALSPAC).  

Control: children of mothers with normal 

glucose tolerance.  

Exclusions: multiples.  

Blinding not stated. 

Newcastle-Ottawa score 4. 

 

Existing diabetes established by questionnaire at 

recruitment. Research midwives used antenatal 

and postnatal medical records to extract 

information on a clinical diagnosis of GDM. GDM 

diagnosed by fasting glucose or OGTT. 

Thresholds not specified and treatment not 

stated. 

 

Whole body DXA performed to measure 

bone content, lean and fat mass. 

 

The relationship between 

maternal diabetes and 

offspring adiposity was 

examined controlling for 

potential confounders. In 

fat mass models 

additional adjustments 

made for height and 

height squared. 

Mughal, 2010 

(Mughal et al., 

2010) 

 

 

 

 

 

RC; single centre, UK; T1D.  

Control: healthy white children with a similar 

age distribution recruited for a study of bone 

mass acquisition.  

Exclusions: children of mothers with GDM or 

T2D. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

T1D identified at tertiary perinatal centre.  

Treated using standard protocols with regular 

monitoring.  

Body composition measured using DXA 

and lean mass and fat mass values 

derived. 

 

Difference in body 

composition tested after 

adjustment for age, 

gender and pubertal 

stage. 
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Patel, 2012 (Patel 

et al., 2012) 

 

PC; population study, UK; GDM and pre-

existing diabetes 

Avon Longitudinal Study of Parents and 

Children (ALSPAC).  

Control: infants of mothers with normal 

glucose tolerance.  

Exclusions: multiples.  

Blinding not stated. 

Newcastle-Ottawa score 4. 

 

Existing diabetes established by questionnaire at 

recruitment. Research midwives used antenatal 

and postnatal medical records to extract 

information on a clinical diagnosis of GDM. GDM 

diagnosed by fasting glucose or OGTT. 

Thresholds not specified and treatment not 

stated. 

 

Whole body DXA performed to measure 

bone content, lean and fat mass. 

 

 

Stepwise models used to 

adjust for confounders 

including offspring age, 

sex, height, maternal age, 

parity, social class and 

smoking in pregnancy, 

birth weight, gestational 

age and mode of delivery. 

Regnault, 2013 

(Regnault et al., 

2013) 

(additional data 

supplied by Dr 

Riffas) 

PC; single centre, USA; GDM and IGT.  

Project Viva (subgroup of Wright 2009 cohort). 

Control: offspring of mothers with normal 1h 

50g glucose screen.  

Exclusions: maternal T1D and T2D. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

GDM diagnosed by ≥2 abnormal values on 3h 

100g OGTT (>95 mg/dl at baseline, >180 mg/dl at 

1h, >155mg/dl at 2h, >140mg/dl at 3h).  

GDM treated with diet and exercise. BG 

monitored daily and insulin given if required. 

SS and TR skinfold thickness measured by 

trained assessors using a Holtain caliper. 

Trained research assistants performed 

whole body DXA scans and fat mass and 

fat free mass calculated. 

 

Unadjusted data 

presented. Data also 

adjusted for covariates 

including child sex, age, 

maternal ethnicity, parity, 

pre-pregnancy BMI and 

others. Authors supplied 

data adjusted for 

maternal pre-pregnancy 

BMI. 
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Rodrigues, 1998 

(Rodrigues et al., 

1998) 

 

PC; single centre, Canada; T1D. Offspring from 

earlier study of diabetes and lactation. 

Control: infants of women without diabetes 

matched for gestational age, sex and method 

of delivery.  

Exclusions: preterm infants. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

T1D diagnosed prior to pregnancy. T1D duration 

varied and some women had nephropathy and 

retinopathy. 2 women used insulin pumps.  

Mean HbA1C levels were 7.0, 5.8 and 5.1% in the 

1
st

, 2
nd

 and 3
rd

 trimesters respectively. 

Skinfold thickness assessed by single 

investigator. Percent body fat calculated 

by age specific equations. (Williams et al., 

1992) Bioelectrical impedance also used 

to quantify body composition.  

 

Body composition 

comparisons made after 

adjustment for age. 

 

Salbe, 1998 (Salbe 

et al., 1998) 

RC; single centre, Pima Indians, USA; type 2 

diabetes or GDM (almost exclusively T2D). 

Control: children of mothers with 2h plasma 

glucose <7.8mmol/L and no history of 

abnormal glucose tolerance. 

Exclusions: mothers with IGT. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

Diabetes diagnosed by WHO criteria (2h glucose 

>11.1mmol/L). 

Treatment not stated. 

Body water, calculated from 
18

O dilution 

spaces and from bioelectrical resistance, 

was used to assess body composition. 

Skinfolds measured with Lange calipers 

on non-dominant side. 

. 

 

No 

 

 

 

Sparano, 2012 

(Sparano et al., 

2013) 

(additional data 

supplied by 

RC; multi-national, Europe; IDEFICS study. 

GDM. 

Control: children of mothers without diabetes. 

Exclusion of preterms, multiple births, SGA and 

those without BW recorded. Also divided into 

GDM established by questionnaire. Treatment 

details not given. 

Skinfold thickness (mm) measured twice 

on the right side of the body to the 

nearest 0.2 mm with a Holtain skinfold 

caliper.  

 

Unadjusted data supplied 

by authors. Data adjusted 

by child age and practice 

of sports in paper. 
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authors) 

 

AGA and LGA groups. 

Blinding not stated. 

Newcastle-Ottawa score 3. 

 

Van Dijk, 2012 (Van 

Dijk et al., 2012) 

(additional data 

supplied by 

authors) 

PC of maternal job strain and offspring body 

composition; multi-centre, Amsterdam, 

Netherlands; GDM and pre-existing diabetes. 

All women attending an obstetric care provider 

invited to participate.  

Blinding to maternal diabetes status not 

described (but not the aim of the study). 

Newcastle-Ottawa score 2. 

 

For meta-analysis the authors provided the data 

by maternal diabetes status. Pregnancy-related 

diabetes established from questionnaire by 

authors and separated into pre-existing diabetes 

and GDM. Information on types of pre-existing 

diabetes incomplete. No information on 

treatment of diabetes available. 

Body composition measured using 

bioelectrical impedance analysis using a 

mean of 2 arm to leg measurements.  

No. Authors also 

performed adjustment 

for maternal BMI on 

request. 

 

 

 

Vohr, 1999 (Vohr et 

al., 1999) 

(additional data 

supplied by 

authors) 

LC; single-centre, USA; GDM. 

Control: Mothers with negative 1h 50g glucose 

screening test <130mg/dl at 24-28 weeks. 

Exclusions: preterm infants 

Blinding not stated. 

Newcastle-Ottawa score 4. 

 

GDM diagnosed by 100g glucose test using 

Carpenter and Coustan criteria. Treated with 

diet, and insulin if fasting glucose >100mg/dl or 

>120mg/dl at other times. 

SS and TR skinfold thickness measured 

twice and averaged by standard 

techniques using a Lange skinfold caliper.  

No 

Wright, 2009 

(Wright et al., 

PC; single-centre, USA; GDM and IGT.  GDM diagnosed by ≥2 abnormal values on 3h 

100g OGTT (>95 mg/dl at baseline, >180 mg/dl at 

SS and TR skinfold thickness measured by 

trained assessors using a Holtain caliper. 

Unadjusted data 

presented. Data also 

adjusted for covariates 
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2009) 

(additional data 

supplied by Dr 

Riffas) 

Project Viva.  

Control: offspring of mothers with normal 1h 

50g glucose screen.  

Exclusions: maternal T1D and T2D. 

Blinding not stated. 

Newcastle-Ottawa score 4. 

 

1h, >155mg/dl at 2h, >140mg/dl at 3h).  

GDM treated with diet and exercise. BG 

monitored daily and insulin given if required. 

 including child sex, age, 

maternal ethnicity, parity, 

pre-pregnancy BMI and 

others. 

 

Table 3.4 Studies included in the systematic review examining the association between intrauterine exposure to maternal diabetes and 

offspring adiposity in childhood. GDM: gestational diabetes mellitus, T1D: type 1 diabetes, T2D: type 2 diabetes.
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 (a) studies using skinfold thickness 

Study Study groups Age 

Fat mass (g) Fat free mass (g) % fat mass 

Controls IDM Controls IDM Controls IDM 

Beyerlein, 

2012 

(Beyerlei

n et al., 

2012) 

 

Controls: 12027 

(6120 male) 

ODM: 277; all 

GDM (142 male) 

 

Controls: 1529 

(767 male) 

ODM: 45 

(23 male) 

 

Controls: 5095 

(2633 male) 

ODM: 131 

(64 male) 

 

Controls: 5403 

(2720 male) 

ODM: 101 

(55 male) 

10.3±4.2 

[3-17] 

 

 

 

Age 3-4 

 

 

 

 

Age 5-10 

 

 

 

 

Age 11-17 

 

Authors supplied additional data but fat mass and fat free mass not available 

 

 

 

 

Males Females Males Females 

18.0 (8.5) 22.0 (7.6) 19.7 (9.2) 21.7 (7.9) 

Pooled Pooled 

20.0±8.3  20.6 ± 9.0 

Males Females Males Females 

15.6 (3.7) 17.1 (3.5) 14.9 (2.9) 17.6 (3.3) 

Pooled Pooled 

16.3±3.7 16.2 ± 3.3 

Males Females Males Females 

17.5 (7.3) 19.2 (6.3) 18.7 (8.1) 19.1 (6.4) 

Pooled Pooled 

18.3±6.9 18.9 ± 7.3 

Males Females Males Females 

19.1 (10.2) 26.0 (7.5) 22.8 (11.1) 27.5 (8.2) 

Pooled Pooled 

22.6±9.5 24.7± 10.2 

Brunner, 

2013 

(Brunner 

et al., 

2013) 

Controls: 102 

(62 male) 

ODM: 5 (all 

GDM) 

2 years Males Females Males Females Males Females Males Females Males Females Males Females 

2.4 (0.5) 2.4 (0.5) 2.0 (0.5) 2.6 (0.5) 10.3 (1.0) 9.7 (0.9) 10.0 (0.8) 9.9 (0.8) 19.0 (2.2) 19.6 (2.4) 16.8 (2.5) 20.4 (2.0) 

Pooled Pooled Pooled Pooled Pooled Pooled 

2.4 (0.5) 2.2 (0.5) 10.0 (0.9) 10.0 (0.7) 19.2 (2.3) 18.2 (2.8) 

(b) studies using techniques other than skinfold thickness 

Study Study groups Age 
Fat-mass (kg) Fat-free mass (kg) % fat mass 

Controls IDM Controls IDM Controls IDM 

Catalano, 

2009 

(Catalano 

et al., 

2009a) 

Controls: 38 

(16 male) 

ODM: 25; all 

GDM (10 male) 

 

8.8±1.8 

[6.1-11.9] 

Males Females Males Females Males Females Males Females Males Females Males Females 

10.0 (5.7) 10.0 (4.4) 10.3 (5.4) 13.6 (7.1) 24.8 (4.8) 24.3 (5.0) 25.1 (6.8) 25.0 (7.0) 27.2 (9.1) 28.2 (7.5) 28.0 (9.5) 33.1 (8.9) 

Pooled Pooled Pooled Pooled Pooled Pooled 

10.0±5.0 

 

12.3±6.6 

 

24.5±4.9 

 

25.0±6.7 27.8±8.1 

 

31.0±9.3 

 

Chandler-

Laney, 

2009 

(Chandler

-Laney et 

al., 2012)  

Controls: 27 

(16 male) 

ODM: 24; all 

GDM (9 male) 

 

7.4±1.5 

[5-10] 

Males Females Males Females Males Females Males Females Males Females Males Females 

6.5 (5.1) 8.8 (6.2) 9.5 (5.0) 11.0 (5.9) 21.0 (4.5) 20.9 (4.8) 23.5 (4.4) 19.5 (4.3) 21.9 (8.2) 27.4 (9.0) 27.6 (8.9) 34.3 (7.8) 

Pooled Pooled Pooled Pooled Pooled Pooled 

7.4 ±5.5 10.4±5.5 21.0±4.6 21.0±4.7 24.2±8.8 

 

31.8± 8.7 
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Davis, 

2013 

(Davis et 

al., 2013) 

Controls: 163 

(96 male) 

ODM: 47; all 

GDM (24 male) 

11.1±1.7 

[8-13 

years] 

25.4±10.1 

 

26.2±12.0 

 

37.4±9.7 

 

37.3±11.8 

 

38.6±6.6 

 

39.3±5.8 

 

 

Garnett, 

1999 

(Garnett 

et al., 

1999) 

Controls: 253 

(114 male) 

ODM:13 (all 

GDM) 

(7 male) 

7.8 (0.56) Males Females Males Females Males Females Males Females Males Females Males Females 

5.2 (3.9) 6.4 (3.6) 5.5 (5.1) 7.1 (2.6) 20.9 (3.0) 19.0 (2.7) 20.1 (2.8) 19.1 (1.3) 17.8 (8.7) 23.1 (8.4) 17.2 (11.8) 25.2 (6.8) 

Pooled Pooled Pooled Pooled Pooled Pooled 

5.9 (3.7) 6.0 (4.1) 19.9 (3.0) 19.7 (2.2) 20.7 (8.9) 20.9 (10.3) 

Hunter, 

2004 

(Hunter et 

al., 2004) 

Controls: 15 

ODM: 27 

(T1D: 17, T2D; 

10) 

8.2±1.6 

[5-10] 

7.3 ±3.1 10.8±7.7 

 

 

20.2±1.4  

 

 

21.6±1.5 

 

26.0±6.2 

 

 

30.0±7.3 

 

Lawlor, 

2010 

(Lawlor et 

al., 2010) 

Controls: 10,126 

ODM: 93; 40 

pre-existing, 53 

GDM 

(6,771 with data 

for fat mass) 

[9-11] Authors state that “maternal gestational diabetes was associated with higher mean fat mass” (Z score: control -0.01, existing 0.20 and GDM 0.09, p< 0.05) 

20.920.7 

Mughal, 

2010 

(Mughal 

et al., 

2010) 

Controls: 187 

ODM: 54; all 

T1D 

10.1 

[5–18] 

Authors state that ODM had “32% more TBFM and 7.5% more TBLM than controls.” 

 

Patel, 

2012 

(Patel et 

al., 2012) 

Controls: 4834 

ODM: 50; 23 

pre-existing, 27 

GDM 

15.5±0.3 

 

Authors state that “maternal gestational diabetes was associated with higher mean fat mass” (Z score pre-existing diabetes 0.34 and GDM 0.38, p= 0.02). 

 

Regnault, 

2013 

(Regnault 

et al., 

2013) 

Controls: 796  

(393 male) 

ODM: 43; all 

GDM 

(23 male) 

7.9 (0.8) 

years 

Males Females Males Females Males Females Males Females Males Females Males Females 

6.5 (3.3) 7.8 (3.8) 9.4 (6.6) 7.4 (1.6) 22.0 (4.0) 20.9 (4.3) 23.8 (6.4) 21.3 (4.0) 22.0 (5.5) 26.3 (5.6) 25.9 (8.4) 25.9 (4.6) 

Pooled Pooled Pooled Pooled Pooled Pooled 

7.2 (3.6) 8.5 (5.1) 21.5 (4.2) 22.7 (5.6) 24.3 (6.0) 25.9 (6.9) 

Rodrigue

s,1998 

(Rodrigue

s et al., 

1998) 

Controls: 18 (11 

male) 

ODM: 17; all 

T1D (8 male) 

7.3±0.9 

[5.9-9.0] 

Authors contacted – no additional data available 20.43±4.2 

 

22.68±4.2 

 

21.13±9.9 

(BIA) 

18.11±7.1 

(Skinfolds) 

23.95±9.9 

 

24.62±7.1 
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Table 3.5 Body composition data in offspring of mothers with and without diabetes from individual studies included in the systematic review 

using (a) skinfolds and (b) other techniques 

 

 

 

 

 

 

 

 

 

 

 

Salbe, 

1998 

(Salbe et 

al., 1998) 

 

Controls: 64 (31 

male) 

ODM: 24; T2D: 

22, GDM 2 (13 

male) 

5.5±0.3 Authors contacted – no additional data available 31±8 33±8 

 

Van Dijk, 

2012 

(Van Dijk 

et al., 

2012) 

 

Controls: 3158 

(1587 male) 

ODM: 56 

(GDM: 35, pre-

existing: 21) 

(27 male) 

5.74 (0.5) 

[5.0-7.5] 

Males Females Males Females Males Females Males Females Males Females Males Females 

4.25 (1.88) 4.73 (2.24) 4.89 (2.46) 7.53 (4.41) 17.11 

(1.78) 

16.39 

(1.80) 

17.23 

(1.84) 

17.02 

(2.42) 

19.28 

(5.97) 

21.58 

(6.47) 

21.15 (6.7) 28.63 

(1.21) 

Pooled Pooled Pooled Pooled Pooled Pooled 

4.5 ±2.1 6.3±3.8 16.8±1.8 17.1±2.1 20.4±6.3 

 

25.0± 8.9 
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+Study Study groups Age 

Triceps skinfold thickness (mm) Subscapular skinfold thickness (mm) 

Controls IDM Controls IDM 

Brunner, 2013 (Brunner 

et al., 2013) 

Controls: 102 

(62 male) 

ODM: 5 (all GDM) 

(3 male) 

2 years Males Females Males Females Males Females Males Females 

8.7 (1.8) 8.9 (1.6) 7.4 (2.1) 8.8 (1.1) 6.0 (1.1) 6.2 (1.1) 5.1 (0.5) 6.9 (0.7) 

Pooled Pooled Pooled Pooled 

8.8 (1.7) 8.0 (1.7) 6.1 (1.1) 5.8 (1.1) 

Catalano, 2009 (Catalano 

et al., 2009a) 

Controls: 38 (16 male) 

ODM: 25; all GDM 

(10 male) 

8.8±1.8 

[6.1-11.9] 

Males Females Males Females Males Females Males Females 

13.8 (5.8) 12.7 (4.9) 13.2 (3.6) 16.0 (6.2) 8.2 (5.2) 7.4 (4.0) 8.6 (3.2) 13.3 (10.2) 

Pooled Pooled Pooled Pooled 

13.2 ± 5..3 14.9 ± 5.4 7.7 (4.5) 11.3 (8.2) 

Crume, 2011 (Crume et 

al., 2011b) 

 

Controls: 505 

(257 male) 

 

ODM: 99; 8 T1D, 91GDM 

(46 male) 

10.4±1.4 

[6-13] 

Males Females Males Females Males Females Males Females 

16.7 (6.6) 15.7 (7.9) 16.5 (6.2) 16.0 (7.4) 13.4 (8.2) 12.1 (1.1) 14.0 (9.0) 14.0 (9.4) 

Pooled Pooled Pooled Pooled 

16.2 ± 7.3 16.2 ± 6.8 12.8±8.5 14.0 ± 9.2 

Garnett, 1999 (Garnett et 

al., 1999) 

Controls: 253 

(114 male) 

ODM:13 (all GDM) 

(7 male) 

 

 

 

Controls: 313 

(155 male) 

7.8 (0.56) 

(children 

studied at 

3 time 

points) 

 

13.0 (0.21) 

 

Males Females Males Females Males Females Males Females 

10.8 (4.2) 13.3 (4.3) 11.0 (4.5) 14.6 (3.6) 6.2 (3.4) 7.1 (3.5) 6.1 (2.9) 8.1 (2.9) 

Pooled Pooled Pooled Pooled 

12.1 (4.4) 12.4 (4.5) 6.7 (3.5) 6.7 (3.0) 

Males Females Males Females Males Females Males Females 

15.1 (7.0) 17.9 (6.9) 12.7 (4.2) 20.8 (7.2) 11.3 (8.1) 13.3 (7.6) 11.0 (7.7) 17.1 (9.9) 
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ODM:17 (all GDM) 

(10 male) 

 

 

Controls: 261 

(124 male) 

ODM:10 (all GDM) 

(6 male) 

 

 

 

 

 

 

14.9 (0.24) 

Pooled Pooled Pooled Pooled 

16.5 (7.7) 16.0 (6.8) 12.3 (7.9) 13.5 (8.9) 

Males Females Males Females Males Females Males Females 

12.0 (6.5) 18.7 (5.8) 8.6 (7.2) 22.1 (5.3) 10.1 (7.6) 13.8 (7.0) 6.4 (1.0) 15.1 (8.0) 

Pooled Pooled Pooled Pooled 

15.5 (7.0) 14.0 (7.9) 12.0 (7.5) 9.9 (6.5) 

Krishnaveni, 2010 

(Krishnaveni et al., 2010) 

Controls: 381 (males:190) 

ODM: 35; all GDM (males:12) 

9.36 (0.11) 

[9.11-9.74] 

Males Females Males Females Males Females Males Females 

8.8 (3.2) 10.5 (3.1) 10.3 (3.6) 14.9 (4.7) 7.1 (3.0) 8.4 (3.3) 7.8 (2.8) 13.4 (8.4) 

Pooled Pooled Pooled Pooled 

9.7±3.3 13.3 ± 4.8 7.7±3.2 11.5±5.1 

Krishnaveni, 2005 

(Krishnaveni et al., 2005) 

Controls: 478 (males:233) 

ODM: 36; all GDM (males:13) 

5.00 (0.04) 

[4.97-5.42] 

Males Females Males Females Males Females Males Females 

7.5 (1.9) 8.4 (2.3) 7.6 (2.2) 9.6 (2.5) 5.7 (1.5) 6.5 (2.1) 5.5 (1.1) 7.7 (2.3) 

Pooled Pooled Pooled Pooled 

7.9±2.2 8.9 ±2.6 6.1±1.9 6.9 ±2.2 

Regnault, 2013 (Regnault 

et al., 2013) 

Controls: 796  

(393 male) 

ODM: 43 

7.9 (0.8) 

years 

Males Females Males Females Males Females Males Females 

10.4 (4.3) 12.3 (5.0) 12.7 (6.0) 13.2 (4.3) 7.4 (4.4) 8.6 (5.2) 10.4 (7.7) 9.2 (4.3) 

Pooled Pooled Pooled Pooled 

Controls: 261 

(124 male) 

ODM:10 (all GDM) 

(6 male) 

ODM:17 (all GDM) 

(10 male) 

 

14.9 

(0.24) 
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(23 male) 11.3 (4.8) 12.9 (5.2) 8.0 (4.9) 9.8 (6.3) 

Rodrigues, 1998 

(Rodrigues et al., 1998) 

 

Controls: 18 

ODM: 17 (all T1D) 

7.3±0.9 

[5.9-9.0] 

11.38±6.3 

 

16.51±6.3 

 

5.79±4.3 9.99 ± 4.3 

Salbe, 1998 (Salbe et al., 

1998) 

 

Controls: 64 (31 male) 

ODM: 24; T2D: 22, GDM 2 (13 

male) 

5.5±0.3 Sum of skinfolds(mm); triceps, biceps, suprailiac, subscapular and calf skinfolds: 

Control: 72±31  IDM: 77±34 

Sparano, 2013 (Sparano 

et al., 2013) 

 

 

 

 

 

Controls: 9573 

(males: 4825) 

ODM: 264; all GDM 

(males:139) 

 

Controls: 2950 

(1527 male) 

ODM: 85 

(male 47) 

 

Controls: 6618 

(3295 male) 

ODM: 179 

(92 male) 

6.0±1.8 

[2.0-9.9] 

 

 

 

<5 years 

 

 

 

 

5-10 years 

Males Females Males Females Males Females Males Females 

10.5 (3.9) 12.0 (4.2) 11.0 (5.0) 12.9 (4.7) 6.9 (3.9) 7.9 (4.3) 7.6 (5.3) 8.6 (4.6) 

Pooled Pooled Pooled Pooled 

11.3±4.1 12.0 ± 4.9 

 

7.4 ± 4.1 8.1 ± 5.0 

Males Females Males Females Males Females Males Females 

9.9 (2.5) 11.1 (3.0) 10.3 (3.2) 10.8 (2.9) 6.0 (1.8) 6.7 (2.3) 6.7 (3.7) 6.6 (1.7) 

Pooled Pooled Pooled Pooled 

10.4 (2.7) 10.6 (3.0) 6.3 (2.1) 6.7 (2.9) 

Males Females Males Females Males Females Males Females 

10.8 (4.4) 12.4 (4.5) 11.5 (5.7) 13.9 (4.9) 7.2 (4.5) 8.3 (4.9) 7.9 (5.5) 9.4 (5.3) 

Pooled Pooled Pooled Pooled 

11.6 (4.5) 12.6 (5.5) 7.8 (4.7) 8.6 (5.7) 
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Table 3.6 Triceps and subscapular skinfold thickness in offspring of mothers with and without diabetes from individual studies included in the 

systematic review 

Vohr, 1999 (Vohr et al., 

1999) 

Check data 

Control: 101 

(male 52) 

ODM: 106 

(male 58) 

 

Controls: 86 (45 male) 

ODM: 89 (49 male) 

(separated into LGA and AGA 

groups) 

[4-7] 

Age 4 

(children 

studied 

again at 

age 7) 

 

Age 7: 

Males Females Males Females Males Females Males Females 

10.7 (3.2) 11.4 (4.0) 9.9 (3.2) 10.7 (4.1) 5.4 (1.3) 6.1 (2.5) 5.5 (1.8) 6.6 (3.2) 

Pooled Pooled Pooled Pooled 

11.0 (3.6) 10.3± 3.6 5.7 (2.0) 

 

6.0±2.6 

 

Males Females Males Females Males Females Males Females 

10.7 (5.3) 12.8 (5.8) 11.3 (6.4) 11.8 (5.1) 6.2 (5.4) 7.1 (5.7) 7.5 (7.0) 7.1 (3.9) 

Pooled Pooled Pooled Pooled 

11.7±5.6 11.6 ± 5.8 6.6 (5.5) 7.3±5.7 

Wright, 2009 (Wright et 

al., 2009) 

Controls: 1035 

(532 male) 

ODM: 51 

(28 male) 

3 Males Females Males Females Males Females Males Females 

10.0 (2.8) 10.6 (2.6) 10.2 (3.0) 11.2 (3.1) 6.1 (1.9) 6.7 (2.0) 6.5 (2.0) 7.2 (2.0) 

Pooled Pooled Pooled Pooled 

10.3 (2.7) 10.7 (3.1) 6.4 (1.9) 6.8 (2.0) 
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3.6.2  Body composition and skinfold thickness results 

 

Fat mass 

Seven studies provided unadjusted data on fat mass in offspring of mothers with diabetes 

(ODM) and without diabetes (NODM) of all types. Five studies derived fat mass using DXA 

(Catalano et al., 2009a, Chandler-Laney et al., 2012, Davis et al., 2013, Garnett et al., 1999, 

Regnault et al., 2013) and two studies used bioelectrical impedance. (Hunter et al., 2004, 

Van Dijk et al., 2012) Fat mass was higher in ODM (1.69kg [0.96, 2.43]; p<0.00001) (Figure 

18). The pooled mean difference of 1.69kg represents 29% greater fat mass in ODM in 

comparison to the mean fat mass of NODM across all studies. There was no evidence of 

asymmetry from the funnel plot (Figure 19). 

 

Figure 3.18 Forest plot (random effects analysis) comparing fat mass (kg) in ODM and 

NODM (all types of diabetes) 
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Figure 3.19 Funnel plot of studies comparing fat mass (kg) in ODM and NODM 

 

Fat-free mass 

Eight studies provided unadjusted data. Five studies derived fat-free mass using DXA 

(Catalano et al., 2009a, Chandler-Laney et al., 2012, Davis et al., 2013, Garnett et al., 1999, 

Regnault et al., 2013) and three studies used bioelectrical impedance. (Hunter et al., 2004, 

Van Dijk et al., 2012, Rodrigues et al., 1998) Fat-free mass was higher in ODM (0.58kg 

[0.10, 1.06]; p=0.02) (Figure 20). There was no evidence of asymmetry. (Figure 21) 

 

Figure 3.20 Forest plot (random effects analysis) comparing fat-free mass (kg) in ODM and 

NODM (all types of diabetes) 
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Figure 3.21 Funnel plot of studies comparing fat-free mass (kg) in ODM and NODM 

 

Body fat % 

Ten studies provided unadjusted data. Five studies derived body fat % using DXA, (Catalano 

et al., 2009a, Chandler-Laney et al., 2012, Davis et al., 2013, Garnett et al., 1999, Regnault 

et al., 2013) two studies used bioelectrical impedance, (Hunter et al., 2004, Van Dijk et al., 

2012) one study used 18O dilution spaces and bioelectrical resistance, (Salbe et al., 1998) 

and one study used skinfold thickness. (Beyerlein et al., 2012) One study used both 

bioelectrical impedance and skinfold thickness. (Rodrigues et al., 1998) Body fat % was 

higher in ODM (skinfolds: 0.6 [-0.5, 1.7]; p=0.27; other techniques: 2.8 [1.3, 4.2]; p=0.0002; 

overall: 2.3 [1.0, 3.7]; p=0.0008) (Figure 22). There was no clear evidence of asymmetry 

(Figure 23). 
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Figure 3.22 Forest plot (random effects analysis) comparing body fat % in ODM and NODM 

(all types of diabetes) 

 

 

Figure 3.23 Funnel plot of studies comparing body fat % in ODM and NODM 
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Triceps and subscapular skinfold thickness 

Raw and unadjusted triceps and subscapular skinfold thickness were reported in eight 

studies. (Catalano et al., 2009a, Crume et al., 2011b, Garnett et al., 1999, Krishnaveni et al., 

2010, Regnault et al., 2013, Rodrigues et al., 1998, Sparano et al., 2013, Vohr et al., 1999)  

Both were higher in ODM (1.2mm [0.3, 2.2], p=0.01 and 1.6mm [0.6, 2.6], p=0.002 

respectively) (Figures 24 and 25). There was no evidence of asymmetry (Appendix, figures 

26 and 27). 

 

Figure 3.24 Forest plot (random effects analysis) showing triceps skinfold thickness (mm) 

comparison in ODM and NODM. 

 

Figure 3.25 Forest plot (random effects analysis) showing subscapular skinfold thickness 

(mm) comparison in ODM and NODM 

 

Sub-group analyses  

 

Type of maternal diabetes:  

Gestational diabetes  
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Fat mass 

Six studies provided unadjusted data in offspring of mothers with and without GDM. Fat 

mass was higher in offspring of mothers with GDM than in NODM (1.60kg [0.71, 2.50]; 

p=0.0004) (Figure 26, GDM subgroup).  

 

 

Figure 3.26 Forest plot (random effects analysis) comparing fat mass (kg) in offspring of 

mothers with and without diabetes (GDM, T1D and T2D subgroups) 

 

Fat-free mass 

Six studies provided unadjusted data. Fat-free mass was similar in offspring of mothers with 

GDM and NODM (0.24kg [-0.34, 0.83]; p=0.42) (Figure 27, GDM subgroup).  
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Figure 3.27 Forest plot (random effects analysis) comparing fat-free mass (kg) in offspring 

of mothers with and without diabetes (GDM, T1D and T2D subgroups) 

 

Body fat % 

Seven studies provided unadjusted data. Body fat % was higher in offspring of mothers with 

GDM (2.3 [0.6, 3.9]; p=0.009) (Figure 28, GDM subgroup).  
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Figure 3.28 Forest plot (random effects analysis) comparing body fat % in offspring of 

mothers with and without diabetes (GDM, T1D and T2D subgroups). 

 

Heterogeneity was low for fat mass and fat-free mass (I2=0%), but significant for body fat % 

(Chi² p=0.02, I2=62%).  

 

Triceps and subscapular skinfold thickness 

Raw and unadjusted triceps and subscapular skinfold thickness was reported in seven 

studies. (Catalano et al., 2009a, Crume et al., 2011b, Garnett et al., 1999, Krishnaveni et al., 

2010, Regnault et al., 2013, Sparano et al., 2013, Vohr et al., 1999) Both were higher in 

offspring of mothers with GDM (triceps: 1.0mm [0.1, 1.9]; p=0.02; subscapular: 1.3mm [0.4, 

2.3]; p=0.007) (Appendix, figure 28 and 29).  
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Type 1 Diabetes  

Two studies presented separate data on fat mass and three studies presented separate data 

on fat-free mass and body fat % in offspring of mothers with T1D. Fat mass was not 

statistically different (0.87kg [-0.37, 2.12]; p=0.17), but fat-free mass (1.07kg [0.36, 1.77]; 

p=0.003) and body fat % (2.2 [1.1, 3.4]; p=0.0001) were higher in offspring of mothers with 

T1D than in NODM (Figures 26-28, T1D subgroup).  

 

Heterogeneity was low for all outcomes (I2<10%).  

 

Type 2 Diabetes 

Two studies presented separate data on fat mass and fat-free mass, and three studies 

presented separate data on body fat % in offspring of mothers with T2D. Fat mass (6.12kg 

[5.72, 6.51]; p<0.00001), fat-free mass (1.49 [0.31, 2.66]; p=0.01) and body fat % were 

higher in offspring of mothers with T2D than in NODM (9.3 [-0.2, 18.7]; p=0.05) (Figure 26-

28, T2D subgroup).  

 

Heterogeneity was low for fat mass and fat-free mass (I2=0%), but significant for body fat % 

(Chi² p<0.00001, I2=95%).  

 

Maternal diabetes type accounted for 98% of the variation in fat mass, 61% of the variation 

in fat-free mass and 5% of the variation in body fat %, although the differences for fat-free 

mass and body fat % were not statistically significant (indicated by test for subgroup 

differences in forest plots).  

 

Offspring sex 

 

Fat mass, fat-free mass and body fat % 

Six studies provided unadjusted data on body composition in ODM and NODM girls and 

boys. ODM girls had similar fat mass (1.40kg [-0.37, 3.18]; p=0.12) and fat-free mass 

(0.47kg [-0.18, 1.11]; p=0.16) to NODM girls. Body fat % was higher in ODM than non-ODM 

girls when measured by techniques other than skinfold thickness, but not overall (skinfolds: -
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0.3 [-1.7, 1.1] p=0.66; other techniques: 4.0 [-0.1, 8.1] p=0.05; overall: 3.2 [-1.0, 7.4]; 

p=0.13). Fat mass (0.83kg [0.01, 1.64]; p=0.05) and body fat % (2.0 [0.8, 3.2]; p=0.001) 

were significantly higher in ODM than NODM boys. Fat-free mass was similar (0.18kg [-0.44, 

0.80] p=0.57) in ODM and NODM boys (Appendix, figures 30-32). Heterogeneity was not 

detected between male and female subgroups for any outcome (Chi² p>0.05, I2=0%).  

 

Triceps and subscapular skinfold thickness 

Raw and unadjusted triceps and subscapular skinfold thickness was reported in seven 

studies in ODM and NODM girls and boys. (Catalano et al., 2009a, Crume et al., 2011b, 

Garnett et al., 1999, Krishnaveni et al., 2010, Regnault et al., 2013, Sparano et al., 2013, 

Vohr et al., 1999) ODM girls had greater triceps (1.33mm [0.08, 2.58]; p=0.04) and 

subscapular (1.26mm [0.22, 2.31]; p=0.02) skinfold thickness than NODM girls. ODM boys 

had greater triceps (0.59mm [-0.04, 1.22]; p=0.07) and subscapular (0.72mm [0.09, 1.34]; 

p=0.02) skinfold thickness than NODM boys (Appendix, figures 33-36). 

 

Heterogeneity 

Between-study heterogeneity was low in the majority of analyses (indicated by the I2 values 

in forest plots). When the p value from Chi-squared test was >0.05 and there were at least 

five studies, a fixed effects meta-analyses was performed. Results (not shown) were 

unaffected by method choice.  

The following potential sources of heterogeneity other than type of maternal diabetes were 

investigated.  

 

Type of technique 

Using DXA, five studies reported fat mass, fat-free mass and body fat % (Catalano et al., 

2009a, Chandler-Laney et al., 2012, Davis et al., 2013, Garnett et al., 1999, Regnault et al., 

2013). A similar magnitude and direction of change was seen to pooled estimates from all 

techniques for fat mass (1.34kg [0.19, 2.49]; p=0.02) and body fat % (2.2 [0.1, 4.4]; p=0.04). 

Fat-free mass (0.16kg [-0.75, 1.07]; p=0.73) was similar in ODM and NODM (Appendix, 

figure 37-39). 
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Study quality 

No study achieved a high modified Newcastle-Ottawa score (5 out of 5); a separate analysis 

was not possible.  

 

Adjusted analyses 

One study provided data adjusted for a number of confounders and therefore meta-analysis 

of adjusted data was not possible. (Regnault et al., 2013) 

 

Age at analysis 

1-4 years: Only two studies presented separate body composition data. (Beyerlein et al., 

2012, Brunner et al., 2013) There was no significant difference in body fat % between ODM 

and NODM (-0.3 [-1.2, 0.6]; p=0.55) (Appendix, figure 40). 

Unadjusted data in ODM and NODM were reported in five studies for triceps and 

subscapular skinfold thickness. (Brunner et al., 2013, Krishnaveni et al., 2005, Sparano et 

al., 2013, Vohr et al., 1999, Wright et al., 2009) Triceps skinfold thickness was similar in 

ODM and NODM (0.1mm [-0.5, 0.7], p=0.66) but subscapular skinfold thickness was higher 

in ODM (0.4mm [0.1, 1.0], p=0.01) (Appendix, figures 41 and 42). 

5-10 years: The majority of studies reporting body composition were within the 5-10 year age 

category. Six studies reported fat mass, (Catalano et al., 2009a, Chandler-Laney et al., 

2012, Garnett et al., 1999, Hunter et al., 2004, Regnault et al., 2013, Van Dijk et al., 2012) 

seven reported fat-free mass (Catalano et al., 2009a, Chandler-Laney et al., 2012, Garnett 

et al., 1999, Hunter et al., 2004, Regnault et al., 2013, Van Dijk et al., 2012, Rodrigues et al., 

1998) and nine reported body fat %. (Catalano et al., 2009a, Chandler-Laney et al., 2012, 

Garnett et al., 1999, Hunter et al., 2004, Regnault et al., 2013, Van Dijk et al., 2012, 

Rodrigues et al., 1998, Salbe et al., 1998, Beyerlein et al., 2012) In comparisons of ODM to 

NODM, a similar magnitude and direction of difference was seen to results from studies of all 

ages; fat mass (1.75kg [1.00, 2.51]; p<0.00001), fat-free mass (0.69kg [0.03, 1.34]; p=0.04) 

and body fat % (2.7 [1.1, 4.3]; p=0.0008). Unadjusted data in ODM and NODM were 

reported in eight studies for triceps and subscapular skinfold thickness. (Catalano et al., 

2009a, Crume et al., 2011b, Garnett et al., 1999, Krishnaveni et al., 2010, Regnault et al., 

2013, Sparano et al., 2013, Vohr et al., 1999, Rodrigues et al., 1998) Both were higher in 



161 

 

ODM (triceps 1.3mm [0.4, 2.3]; p=0.008 and subscapular 1.7mm [0.7, 2.7]; p=0.001 skinfold 

thickness) (Appendix, figures 43-47). 

11-18 years: Only two studies presented separate body composition data (Beyerlein et al., 

2012, Davis et al., 2013). Body fat % was higher in ODM compared to NODM (1.4 [-0.0, 2.8]; 

p=0.05) (Appendix, figure 48). 

Although subgroup analysis by age group was limited by study numbers, several studies 

reported data in the same children at different ages. With the exception of skinfold thickness 

in the study by Garnett et al, (Garnett et al., 1999) all studies appeared to report greater 

differences in outcome measure between ODM and NODM with increasing age, although 

this relationship was not tested statistically. This was apparent for body fat % (Beyerlein et 

al., 2012, Catalano et al., 2009a), fat mass (Catalano et al., 2009a) triceps (Krishnaveni et 

al., 2010, Regnault et al., 2013, Sparano et al., 2013) and subscapular skinfold thickness. 

(Krishnaveni et al., 2010, Regnault et al., 2013, Sparano et al., 2013, Vohr et al., 1999)  

 

 

Maternal pre-pregnancy BMI 

Three studies adjusted body fat % data for maternal BMI obtained pre-pregnancy, (Van Dijk 

et al., 2012, Regnault et al., 2013) or at the time of the study interview. (Beyerlein et al., 

2012) In a meta-analysis of the unadjusted data from these three studies the difference in 

body fat % (2.1 [-0.3, 4.6], p=0.09) in ODM did not reach significance. When a meta-analysis 

of the adjusted data in the same studies was performed, body fat % results were similar (1.8 

[-0.6, 4.2]; p=0.14) (Appendix, figures 49-50). 

Six studies provided maternal BMI data taken pre-pregnancy (Van Dijk et al., 2012, Catalano 

et al., 2009b, Regnault et al., 2013) or obtained subsequently (Beyerlein et al., 2012, Garnett 

et al., 1999, Hunter et al., 2004). The mean (SD) maternal BMI in mothers with and without 

diabetes was 28.8 (7.5) kg/m2 and 24.5 (4.8) kg/m2 respectively. Plots of mean difference in 

maternal BMI between mothers with and without diabetes, against mean difference in 

offspring fat mass and body fat %, showed no clear evidence of a relationship between 

increasing maternal BMI and increasing offspring adiposity, and therefore meta-regression 

was not undertaken (Figures 29 and 30). 
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Figure 3.29 Mean difference in maternal BMI between mothers with and without diabetes in 

each study against mean difference in offspring fat mass, showing no clear evidence of 

increasing fat mass with increasing maternal BMI. 

 

 

Figure 3.30 Mean difference in maternal BMI between mothers with and without diabetes in 

each study against mean difference in offspring body fat %, showing no clear evidence of 

increasing body fat % with increasing maternal BMI. 

 

3.7  Summary of results in infants and children 
 

3.7.1  Adiposity is greater in infants and children of mothers with diabetes (all types) 

compared to offspring of mothers with NGT  
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Adiposity was greater in offspring of mothers with diabetes compared to those without. I 

identified a mean difference in fat mass of 83g in infants and 1.69kg in children of mothers 

with diabetes, representing 22% and 29% greater adiposity respectively (Figure 31.)

 

Figure 3.31 Graphs comparing outcomes in offspring of mothers with and without diabetes 

of all types. Infants and children presented separately. A fat-free mass (kg), B body fat %, C 

fat mass (kg) and D triceps (TR) and subscapular (SS) skinfold thickness (mm). 

 

3.7.2  Maternal diabetes type: GDM has a similar association with offspring adiposity to 

maternal diabetes of all types  

 

Differences in adiposity between offspring of mothers with and without GDM were similar to 

differences between offspring of mothers with and without diabetes of all types. There was 

limited data available for separate analysis of T1D or T2D, but adiposity appeared greater in 

these subgroups (Table 7). 
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Measure 
of 
adiposity 

Diabetes 
(all types) 

GDM T1D T2D 

 Infants Children Infants Children Infants Children Infants Children 

Fat mass 
(g) 

83 * 
(49, 
117) 

1690 * 
(960, 
243) 

62 * 
(29, 94) 

1600 * 
(710, 
2500) 

268 * 
(139, 
397) 

870 
(-370, 
2120) 

N/A 6120* 
(5720, 
6510) 

Fat free 
mass (g) 

-11  
(-99, 
77)  

580 * 
(100, 
1060) 

-23  
(-116, 
70)  

240  
(-340, 
830) 

N/A 1070 * 
(360, 
1770) 

N/A 1490 * 
(310, 
2660) 

Body fat 
% 

2.2 * 
(1.1, 
3.2) 

2.3 * 
(1.0, 
3.7) 

1.7 * 
(0.7, 
2.8)  

2.3 * 
(0.6, 
3.9) 

5.3 * 
(-0.1, 
10.7) 

2.2 * 
(1.1, 
3.4) 

N/A 9.3 * 
(-0.2, 
18.7) 

TR 
thickness 
(mm) 

0.52 * 
(0.37, 
0.68) 

1.22 * 
(0.28, 
2.17) 

0.47 * 
(0.27, 
0.66) 

1.04 * 
(0.14, 
1.94) 

N/A N/A N/A N/A 

SS 
thickness 
(mm) 

0.81 * 
(0.56, 
1.05) 

1.63 * 
(0.63, 
2.62) 

0.69 * 
(0.37, 
1.02) 

1.32 * 
(0.37, 
2.28) 

N/A N/A N/A N/A 

 

Table 3.7 Differences (mean, 95% CI) in body composition and skinfold measures by 

maternal diabetes type compared to offspring of mothers without diabetes (infants and 

children presented separately). * indicates p<0.05 

 

3.7.3  Offspring sex: fat mass and body fat % are greater in offspring of mothers with 

diabetes compared to offspring of mothers without diabetes in boys, but not in girls 

 

Sex-specific body composition data were supplied in 6 studies in both infants (1000 infants) 

and children (8000 children). Adiposity measured by fat mass and body fat %, was greater in 

ODM compared to NODM boys, but similar in girls in infancy and childhood (Table 8). 

 

Measure of 

adiposity 

ODM v NODM boys ODM v NODM girls 

 Infants Children Infants Children 

Fat mass  ↑ ↑ ↔ ↔ 

Fat-free mass  ↔ ↔ ↓ ↔ 

Body fat % ↑ ↑ ↔ ↔ 

TR thickness  ↑ ↑ ↑ ↑ 

SS thickness  ↑ ↑ ↑ ↑ 

 

Table 3.8 Direction of difference in outcome in ODM compared to NODM boys and ODM 

compared to NODM girls (infants and children presented separately). 



165 

 

3.7.4  Maternal BMI: the association between maternal diabetes and offspring adiposity 

is not explained by maternal BMI 

 

Data adjusted for maternal BMI were provided in four studies in infants and three studies in 

children. 

 

Infants 

 Unadjusted: greater fat mass, similar body fat % and fat-free mass 

 Adjusted: greater fat mass, similar body fat % and fat-free mass 

 

Children 

 Unadjusted: similar body fat %  

 Adjusted: similar body fat %  

 

Results were similar in unadjusted and adjusted data. Differences in infant fat mass do not 

appear to be explained by maternal BMI, and the absence of a difference in childhood body 

fat % appears to reflect reduced power in subgroup analysis of only three studies. 

 

Plotting the mean difference in maternal BMI between mothers with and without diabetes, 

against the mean difference in offspring fat mass and body fat % showed no clear evidence 

of a relationship between increasing maternal BMI and increasing offspring adiposity. 

 

3.7.5  Offspring age: the difference in body composition or skinfold measurements 

between ODM and NODM may increase with age 

 

Subgroup analysis by age group was limited by the small number of studies reporting data in 

younger and older children. Individual studies reporting longitudinal data in children showed 

some evidence of a possible increase in the magnitude of the difference in outcome 

measure between ODM and NODM with age. 
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3.8  Discussion 
 

In this systematic review and meta-analysis I summarised available evidence of the impact 

of maternal diabetes on offspring adiposity. I showed a clear association between exposure 

to maternal diabetes and higher skinfold thickness, body fat % and fat mass in infants and 

children. I identified a mean difference in fat mass of 83g in infants and 1.69kg in children of 

mothers with diabetes, representing 22% and 29% greater adiposity respectively. In 

subgroup analyses of maternal diabetes type, greater adiposity was also apparent in 

offspring of mothers with GDM. The relationship between maternal diabetes and offspring 

adiposity did not appear to be explained by maternal BMI.  

 

3.8.1  Strengths and limitations 

 

A strength of this review is the inclusion of all body composition techniques to quantify the 

difference in adiposity between offspring of mothers with and without diabetes. This resulted 

in 35 papers in infants and 20 papers in children contributing to each systematic review, with 

over 24,000 infants and 17,000 children included in the body composition meta-analyses. A 

further strength is the use of a pre-registered public protocol, with the aim of reducing 

reporting bias. Studies were included from many different countries and were ethnically 

diverse, leading to greater confidence in the findings. 

 

The main limitation was the high degree of study heterogeneity in the infant analysis. I 

investigated potential sources by sensitivity analysis, namely study quality, body composition 

technique and maternal diabetes type. Subgroup analysis of study quality was not possible 

as only one study achieved a high modified Newcastle-Ottawa score. This reflects the small 

and observational nature of the majority of studies included. Subgroup analyses of data 

derived from skinfold thickness and other techniques revealed no significant differences 

between subgroups, and heterogeneity was high irrespective of the technique used. The 

majority of studies included offspring of mothers with GDM and the overall findings were 

reflective of this group. Significant heterogeneity remained in the subgroup analysis of 

studies of mothers with GDM. The variable definition and treatment of GDM among studies 

are likely contributing factors.  
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In comparison to infants and children of mothers with NGT, adiposity appeared to be greater 

in offspring of mothers with both T1D and T2D. This supports previous findings that 

metabolic effects of exposure to diabetes in utero occur regardless of diabetes type. (Fetita 

et al., 2006, Dabelea, 2007, Silverman B L, 1995) Analysis by maternal diabetes type was 

however limited by the small number of studies providing separate data in offspring of 

mothers with T1D or T2D, and the effect on infant adiposity warrants further investigation. 

 

Adiposity and long-term metabolic risks have sex-specific features. (Geer and Shen, 2009) A 

further strength of this review was the exploration of possible sex-specific effects of maternal 

diabetes. In both infants and children, fat mass and body fat % were significantly greater in 

ODM compared to NODM boys, but not in girls. In normal pregnancies, boys grow more 

quickly, and may be more vulnerable to glycaemic fluctuation. (Hawkes et al., 2011, 

Lingwood et al., 2011) Lingwood et al found maternal fasting blood glucose level to be the 

major predictor of infant body fat in boys, but to have little relationship to adiposity in girls, 

where maternal BMI was the major influence of adiposity. The authors suggested that 

female infants are more insulin resistant than male infants, with hyperinsulinaemia that is 

partially independent of maternal blood glucose, but may nevertheless lead to adiposity. 

(Lingwood et al., 2011) Regnault et al showed that only male offspring of GDM mothers 

manifested increased childhood adiposity, whereas only female offspring of mothers with 

intermediate glucose intolerance were affected. (Regnault et al., 2013) In a previous meta-

analysis we examined the association between maternal diabetes and offspring BP in 

childhood, and detected a male predisposition to higher BP in offspring of mothers with 

diabetes. (Aceti et al., 2012) In the current meta-analyses only six infant and six childhood 

studies supplied data for boys and girls separately, and therefore I had limited power to 

explore sex-specific effects in detail. The interpretation of sex-specific results were not 

straight-forward. No significant sex-interactions were detected, and as the confidence 

intervals for fat mass and body fat % in the female subgroups were not close around zero, I 

was unable to exclude the possibility of a similar though smaller effect in girls. This is an 

important area for future investigation. 

 

3.8.2  Discussion of other systematic reviews and studies 

 

The relationship between maternal diabetes in pregnancy and offspring adiposity has been 

examined in two previous systematic reviews. Neither study included infant data and in both 

BMI was used as a measure of overweight or obesity. (Philipps et al., 2011, Kim et al., 2011) 
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In previous work we showed an association between maternal diabetes and offspring BMI z-

score, which was attenuated in studies adjusting results for maternal pre-pregnancy BMI. 

However, adjustment for maternal BMI was performed in only 3 of the 9 studies included. 

(Philipps et al., 2011) Kim et al examined maternal GDM and the risk of offspring overweight 

and obesity in childhood defined by BMI percentiles. In the majority of studies, the authors 

found that the crude odds ratio for the relationship between GDM and offspring overweight 

was not statistically significant. In the two studies in which results were adjusted for maternal 

pre-pregnancy BMI, the association between GDM and childhood overweight was 

attenuated. However, as a meta-analysis was not performed it is difficult to disentangle the 

effects of GDM and maternal BMI on offspring overweight and obesity. (Kim et al., 2011) 

 

The largest study of maternal glucose intolerance and infant adiposity is by the 

Hyperglycemia and Adverse Pregnancy Outcome (HAPO) group, and was the only high 

quality study identified. (HAPO, 2009) This multinational study was designed to examine the 

effects of pre-diabetic glucose intolerance on offspring outcome. Women were excluded 

from analysis if the fasting or 2 hour glucose exceeded 5.8mmol/L and 11.1mmol/L 

respectively. Otherwise glucose values remained blinded. GDM was diagnosed post hoc 

using the International Association of Diabetes and Pregnancy Study Groups criteria (fasting 

plasma glucose ≥5.1mmol/L, 1 hour plasma glucose ≥10mmol/L or 2 hour glucose 

≥8.5mmol/L). Therefore women with GDM had no treatment during pregnancy, but glucose 

values within a narrow range. Highly significant differences in anthropometric-derived fat 

mass and body fat % values were seen in infants of mothers with GDM (data supplied by 

authors, Table 2). Maternal obesity had an independent, although lesser effect on newborn 

adiposity, and had greatest impact when combined with maternal GDM. (Catalano et al., 

2012) The HAPO study highlights the importance of lesser degrees of maternal glucose 

intolerance. Few other studies included adjustment for confounders such as gestation or 

infant size, and no other study reported the use of blinded assessors. These factors should 

be considered in the design of future studies.  

 

3.8.3  Meaning of results  

 

The rising prevalence of GDM in developing countries is strongly linked to increasing 

maternal obesity. (Flegal et al., 2010) As discussed in chapter 1, section 1.3.5, maternal 

obesity and GDM share pathophysiological features, but whether they have independent 

effects on offspring body composition is unclear. (Philipps et al., 2011, Lawlor et al., 2011) In 

meta-analyses of studies with data adjusted for maternal BMI, fat mass remained 
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significantly higher in IDM, supporting an independent effect of maternal diabetes. 

Differences in adiposity in childhood no longer reached significance, but as results were 

similar in unadjusted and adjusted data, this appeared to be an effect of reduced power 

rather than adjustment for maternal BMI.  

 

It has been suggested that the relationship between maternal diabetes and offspring weight 

or BMI may be explained by maternal overweight. (Philipps et al., 2011, Kim et al., 2011, 

Morgan et al., 2013, Donovan and Cundy, 2015) However, sibling comparison studies, which 

minimise the influence of confounding due to maternal genotype and lifestyle influences, 

support an independent effect of maternal diabetes. Children born after their mother 

developed diabetes as opposed to before have greater cardiometabolic risks. (Lawlor et al., 

2011, Bunt et al., 2005a, Dabelea et al., 2000a) A participant level meta-analysis, with 

adjustment for maternal BMI might provide further insight.   

 

Few studies have examined the progression of fat mass in infancy and childhood. Ay et al 

demonstrated tracking of fat mass from age 6 months to 2 years, which appeared to be more 

marked for central fat mass. (Ay et al., 2008) Catalano et al found 74g (20%) greater fat 

mass in infants of mothers with GDM at birth and 2.3kg (23%) greater fat mass at 8 years of 

age, with a positive correlation between adiposity at birth and follow up. (Catalano et al., 

2009a) In this meta-analysis, the difference in fat mass between ODM and NODM 

represented a difference of 22% in infancy and 29% in childhood. Morrison et al 

demonstrated that childhood obesity (measured using BMI) tends to persist into adulthood. 

(Morrison et al., 2008) If the differences I have found in adiposity persevere or increase in 

later childhood and adult life, this is likely to impact later metabolic health.  

  

Two randomised control trials of treatment of mild GDM demonstrated reduced birth weight 

(Crowther et al., 2005) and neonatal fat mass (Landon et al., 2009) with treatment. In this 

meta-analysis, mothers with GDM received treatment in the majority of studies, although 

GDM criteria and treatment varied. The International Association of Diabetes and 

Pregnancy Study Groups (IADPSG) proposed new criteria for universal screening of 

maternal GDM in 2010 (International Association of et al., 2010). In a large Spanish study, 

these criteria led to a greater GDM prevalence, but resulted in significantly improved 

pregnancy outcomes, including a reduced risk of LGA infants. (Duran et al., 2014) In the UK 

in 2014, only 8% of units offered universal antenatal screening for GDM. (NHS Diabetes, 

Accessed Nov 2014) It is possible that if universal screening and stricter criteria are 

adopted, differences in adiposity between IDM and NIDM may be attenuated. However, 
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little association was found between maternal glycaemia and offspring obesity during 

childhood in Belfast HAPO participants (one of the 15 study centres) (Pettitt et al., 2010, 

Thaware et al., 2015), nor have follow up studies of the RCTs shown reduced early 

childhood obesity following treatment of GDM. (Landon et al., 2014, Gillman et al., 2010) In 

contrast, a large multi-ethnic US population study demonstrated that the absence of 

treatment of mild GDM was associated with greater risks of childhood obesity in offspring 

compared to offspring of mothers with greater degrees of hyperglycemia who received 

treatment during pregnancy. (Hillier et al., 2007) It is therefore unclear whether treatment of 

GDM results in sustained improvements in offspring adiposity.  

 

3.8.4  Areas requiring further research 

 

As discussed in chapter 1, both the quantity and distribution of adiposity have important 

metabolic associations. Several studies in the systematic review included a measure of fat 

distribution in offspring. A variety of different methods were used, mostly indirect, including 

central to peripheral skinfold thickness ratios, (Catalano et al., 2009a, Catalano et al., 2003) 

waist to hip ratios (Beyerlein et al., 2012), waist circumference (Patel et al., 2012) and trunk 

fat adjusted for leg fat measured by DXA. (Chandler-Laney et al., 2012) Other studies used 

MRI to quantify visceral and subcutaneous abdominal AT in a single abdominal slice. (Davis 

et al., 2013, Crume et al., 2011a) Only one study used whole body MRI to examine regional 

AT in infants, but this study was small, with limited power. (Brumbaugh et al., 2013) As the 

different methods employed in these studies could not be pooled for analysis, no clear 

conclusions can be drawn about possible effects of maternal diabetes on the distribution of 

adiposity in infants and children.  

 

3.8.5  Conclusions 

 

In conclusion, maternal diabetes was associated with greater adiposity in infants and 

children. Increased adiposity may be a harbinger of longer-term risks to health. An 

important next step is to accurately assess differences in the quantity and distribution of AT 

in IDM in an adequately powered prospective study. 
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Chapter 4 Comparison of AT volume, AT 

distribution and IHCL in IDM and NIDM soon 

after birth and at 8-12 weeks 

4.1  Introduction 
 

In chapter 3 I demonstrated in a systematic review and meta-analysis that maternal diabetes 

in pregnancy is associated with increased adiposity in offspring. Fat mass, body fat %, and 

triceps and subscapular skinfold thickness were greater in newborn IDM compared to NIDM, 

and these findings were consistent in childhood.  

 

The body composition data summarised in the meta-analysis were acquired using a variety 

of indirect techniques, which required assumptions to enable calculation of fat mass. As 

discussed in chapter one, both the quantity and distribution of fat mass or AT are important 

in the prediction of adverse metabolic health. A number of studies provided a measure of fat 

mass distribution using anthropometric methods, skinfold thickness ratios or techniques such 

as DXA. (Catalano et al., 2003, Beyerlein et al., 2012, Chandler-Laney et al., 2012) These 

methods provide an indication of fat mass distribution, but are unable to differentiate the 

individual AT compartments which are known to carry different risks of metabolic 

dysfunction. Internal abdominal AT is associated with higher metabolic risk, (Despres and 

Lemieux, 2006) whereas abdominal or non-abdominal superficial subcutaneous AT may be 

protective. (Golan et al., 2012, Manolopoulos et al., 2010) The first 3 months of life is a 

critical period for AT deposition, (Butte et al., 2000) but no study included in the meta-

analysis reassessed adiposity in later infancy.  

 

CT is able to delineate AT, but is rarely used in research involving infants or children, and no 

study using the technique was identified in the meta-analysis. A small number of studies 

used MRI to quantify AT and its distribution. Single slice abdominal MRI was used to 

measure regional AT distribution in 2 studies in childhood. (Davis et al., 2013, Crume et al., 

2011b) Davis et al. detected no significant differences in abdominal subcutaneous AT or 

internal abdominal AT in overweight 8-13 year old offspring of mothers with and without 

GDM. (Davis et al., 2013) Crume et al. stratified 6-13 year old children by breast feeding 

history (low: <6 months or adequate: >6 months breast feeding). In children in the low breast 

feeding category abdominal subcutaneous AT was significantly greater in those exposed to 
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diabetes in utero, whereas differences in internal abdominal AT did not reach significance. 

No significant differences were seen by maternal diabetes status in children who received 

adequate breast feeding. (Crume et al., 2011a) Single slice abdominal MRI may not 

accurately determine internal abdominal AT volume, (Thomas and Bell, 2003) and the 

technique has not been validated in infants. Brumbaugh et al used air displacement 

plethysmography (ADP), whole body MRI and hepatic spectroscopy to measure body 

composition in infants of normal weight mothers or infants of mothers with obesity and GDM. 

The study included only 25 infants with limited power to detect differences between the 

groups. No significant differences were seen in body fat % (measured using ADP) or either 

of two measured AT compartments (defined as total intra-abdominal or subcutaneous fat), 

although hepatic lipid was found to be greater in IDM. (Brumbaugh et al., 2013)  

 

My primary aim was to examine total and compartmental AT volumes using a direct 

technique, whole body MRI, in an adequately powered prospective cohort of infants of 

mothers with (IDM) and without GDM (NIDM). I aimed to study infants soon after birth and 

again in later infancy to assess whether any differences in adiposity persisted or increased in 

magnitude. Non-alcoholic fatty liver disease is now the commonest form of chronic liver 

disease in children. (Nobili et al., 2015) As intrahepatocellular lipid (IHCL) has a strong 

association with internal abdominal AT and may be more closely linked with adverse 

metabolic outcomes, (Fabbrini et al., 2009) I also aimed to compare IHCL content in IDM 

and NIDM.  

 

Body fat % is greater in healthy female infants (Fields et al., 2009, Hawkes et al., 2011) and 

we have recently shown that girls have greater AT volume in relation to body size than boys. 

(Gale et al., 2015) The results of the meta-analysis showed a possibility of sex-specific 

effects of maternal diabetes on adiposity in infants (Appendix 8E) (Logan et al., 2016b) and 

children, with boys at greater risk. The metabolic effects of individual AT depots may also 

differ by sex. For example, deep subcutaneous AT has been shown to be the strongest 

predictor of insulin resistance in men, but not in women. (Marinou et al., 2014) I therefore 

planned to examine the influence of infant sex on adiposity.  

 

In chapter 3 I also examined the influences of maternal BMI and maternal diabetes on 

offspring adiposity. Maternal diabetes appeared to have an independent effect on infant fat 

mass, but the relative contributions of maternal BMI and maternal diabetes on offspring 

adiposity remain uncertain. I aimed to examine the effect of maternal pre-pregnancy BMI on 

infant adiposity and IHCL using multivariable regression.  
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The degree of maternal glucose control is associated with offspring outcome, (HAPO, 2009, 

Hillier et al., 2007, Bush et al., 2011) and I also examined the relationship between maternal 

glycaemia and each of AT volume, AT distribution and hepatic lipid. 

 

The main findings of this chapter are summarised in a paper published in Diabetes Care in 

June 2016 (Appendix 8D). (Logan et al., 2016a)  

 

4.2  Aims 
 

Primary aim 

To compare total and compartmental AT volume, and AT distribution between IDM and 

NIDM in early infancy 

 

Secondary aims 

To compare intrahepatocellular lipid (IHCL) between IDM and NIDM in early infancy 

 

To assess the influences of infant sex and maternal pre-pregnancy BMI on infant adiposity 

 

To assess the relationship between maternal glycaemia and each of AT volume, AT 

distribution and IHCL in infants  

 

4.3  Hypotheses 
 

I will test the following null hypotheses: 

Primary hypothesis:  

There are no differences in total or compartmental AT volume or AT distribution between 

IDM and NIDM soon after birth or at 8-12 weeks 

 

Secondary hypotheses:  

1. There are no differences in the change in total AT volume from birth to 8-12 weeks, 

between IDM and NIDM 
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2. There are no differences in IHCL between IDM and NIDM soon after birth or at 8-12 

weeks, or in the change in IHCL between birth and 8-12 weeks 

3. The relationship between maternal diabetes and infant adiposity is not influenced by 

infant sex  

4. The relationship between maternal diabetes and infant adiposity is not influenced by 

maternal pre-pregnancy BMI  

5. There is no relationship between maternal glycaemia and each of total AT volume, 

AT distribution or IHCL 

 

4.4  Study design 
 

This is a prospective cohort study as described in chapter 2. MR scanning methods are 

described in section 2.3. 

 

4.4.1  Timing of MRI investigations 

 

The effects of maternal diabetes on offspring metabolic outcomes appear to be mediated in 

part through intrauterine programming. In order to minimise early postnatal influences the 

first scan was undertaken as soon as possible after birth. AT deposition peaks at 2-3 months 

of age, and therefore alterations in total or compartmental AT are likely to be maximal at this 

time. (Butte et al., 2000) A follow up scan was therefore performed between 8 and 12 weeks. 

We do not use sedation for our scans, and rely on the feed and wrap method, and therefore 

scanning prior to 12 weeks was also important as we have shown that success rates fall 

after this time. (Gale et al., 2013)  

 

4.4.2  Sample size 

 

The sample size was calculated using pilot data acquired prior to commencing my PhD 

(tables 1 and 2). This was calculated by simulation using STATA (version 13), based on 5% 

significance, adjusting for infant size and allowing for the possibility of an interaction between 

maternal diabetes status and infant sex.  
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Table 4.1 Pilot data of total and compartmental AT volume (cm3) measured at a median age 

<2 weeks, comparing IDM and NIDM by sex, adjusted for body weight. Expressed as mean 

(SD). * denotes p<0.05 comparing totals. TAT: total adipose tissue; IAAT: internal abdominal 

adipose tissue; ADSCAT: abdominal deep subcutaneous adipose tissue; ASSCAT: 

abdominal superficial subcutaneous adipose tissue; NASSCAT: non-abdominal deep 

subcutaneous adipose tissue. 

 

Measure IDM NIDM 

Male 

n=6 

Female 

n=6 

Total 

n=12 

Male 

n=39 

Female 

n=39 

Total 

n=78 

IHCL ratio of lipid to 

water (CH2:H2O) 

1.51 

(0.94) 

2.18 

(0.94) 

1.84 

(0.67) 

0.92 

(0.26) 

1.21 

(0.37) 

0.63 

(0.37) 

 

Table 4.2 Pilot data of IHCL (CH2:H2O) measured at a median age <2 weeks, comparing 

IDM and NIDM by sex. Expressed as geometric mean (SD). IHCL: intrahepatocellular lipid. 

 

Total adiposity at first scan  

For 80% (90%) power at the 5% significance level to detect the same mean difference in 

total AT volume between IDM and NIDM as seen in pilot data at first scan, 42 (55) babies 

per group would be required (table 1).  

Regional adiposity at first scan  

For 80% (90%) power at the 5% significance level to detect the same mean difference in the 

smallest of the measured regional compartments; abdominal deep subcutaneous AT 

(ADSCAT) between IDM and NIDM as seen in pilot data at first scan, 30 (42) babies per 

group would be required (table 1).  

 

AT compartment 

(cm3) 

IDM NIDM 

Male 

n=4 

Female 

n=5 

Total 

n=9 

Male 

n=45 

Female 

n=44 

Total 

n=89 

TAT 940 (72) 788 (65) 864 (48) 728 (21) 829 (22) 778 (15) 

IAAT 23 (4) 18 (4) 20 (3) 22 (1) 21 (1) 21 (1) 

ADSCAT 26 (3) 19 (3) 22 (2)* 14 (1) 18 (1) 16 (1)* 

ASSCAT  139 (13) 126 (12) 132 (9)* 100 (4) 119 (4) 110 (3)* 

NASSCAT  686 (52) 573 (47) 630 (35) 524 (15) 598 (16) 561 (11) 
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These differences if present would be clinically relevant, as they are similar to that between 

preterm-at-term and healthy term infants; (Uthaya et al., 2005) the former is also a group at 

risk of adverse later metabolic health. (Thomas et al., 2011)  

IHCL at first scan 

For the secondary outcome of differences in IHCL, it was calculated that 50 babies per 

group (80% power, 5% significance) would be required to detect the same mean difference 

in IHCL as seen in pilot data at first scan (table 2).  

 

To ensure adequate power for the primary and secondary outcomes, my aim was therefore 

to perform a first MR scan on a minimum of 100 infants (50 IDM and 50 NIDM). 

Adiposity at second scan 

There were no data available for total AT volume or distribution and IHCL in IDM and NIDM 

at 8-12 weeks, and it was not possible to perform a power calculation prior to 

commencement of the study. Therefore a retrospective power calculation was performed on 

completion of the study. This is detailed after the results in section 4.9.1.  

 

From an interim review of my recruitment and study progress it was clear that the number of 

infants completing MR procedures was below anticipated. This resulted from both limited time 

available on the MR scanner and the unexpected departure of the research radiographer. It 

had therefore not been possible to approach all women with GDM and as a result IDM 

numbers were lower than NIDM. At this stage I prioritised recruitment of IDM to ensure that I 

achieved adequate power for my primary outcomes of total and regional AT distribution i.e. 84 

infants at first scan.  

 

4.5  Recruitment and descriptive characteristics 

4.5.1  Recruitment 

 

Recruitment and MR scanning are summarised in figure 1. 
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Figure 4.1 Flowchart of recruitment and MR investigations.  

 

Eight-eight infants attended the first scan; 2 infants did not settle sufficiently for image 

acquisition. Seventy-six infants attended for the second scan. Ten infants did not attend due 

to illness (n=4), travel out of London (n=3), or because the family no longer wished to 

participate (n=3). The second scan was unsuccessful in 3 infants. Therefore complete MRI 

data at first and second assessment were obtained for 86 and 73 infants respectively. 

Spectroscopy was performed at the end of the MR sequence and was not obtained in a 

number of babies who woke or became restless. Spectra were available in 79 infants at scan 

1 and in 51 infants at scan 2.  

 

Descriptive characteristics of the final cohort are presented in table 3. 
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Measure Birth 

n=86 

Scan 1 

n=86 

Scan 2 

n=73 

Age (days) - 11 [4, 14] 71 [67, 74] 

Gestational age 

(weeks + days)  

39+2 (1+2)  - - 

Weight (g) 3538 (399) 3620 (436) 5726 (619) 

Weight SDS 0.11 (0.84) -0.30 (0.82) 0.34 (0.88) 

Weight gain SDS - - 0.35 (1.05) 

Length (cm) - 52.9 (2.2) 59.9 (2.0) 

Length SDS - 0.64 (1.15) 0.73 (0.93) 

OFC (cm) 34.6 (1.5) 35.5 (1.3) 39.8 (1.2) 

OFC SDS -0.26 (1.18) -0.12 (0.95) 0.01 (0.90) 

 

Table 4.3 Descriptive characteristics of the cohort at birth, scan 1 and scan 2. Values are 

mean (SD) or median [IQR]. OFC: occipital frontal circumference; SDS: standard deviation 

score. 

 

4.5.2  Maternal obesity and GDM 

 

Mothers with GDM had greater pre-pregnancy BMI than mothers with NGT (p=0.001) (Table 

4). The majority of women with GDM received medical treatment (55%): metformin (36%), 

insulin (5%) or a combination of both (14%). HbA1c was available in 33/42 women with 

GDM. The group had evidence of good glycaemic control with a mean (SD) third-trimester 

HbA1c of 5.3 (0.3) %; equivalent to 34.9 (3.4) mmol/mol. 

 

4.5.3  Descriptive characteristics by IDM group  

 

IDM were born earlier (p<0.001) and had lower birth weight (p=0.024) and OFC (p=0.042) 

than NIDM. SDS scores for birth weight (p=0.059) and OFC (p=0.101) were not statistically 

different between groups (Table 4). Assessments were performed at a similar median age in 

both groups. SDS for weight, length and OFC were significantly lower in IDM at the first 

scan, but similar to NIDM at the second scan. Weight gain SDS between birth and scan 2 

was greater in IDM. The proportions receiving exclusive or predominant breast feeds by the 

second scan were similar in both groups (Table 4). 
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 IDM 
n=42 

Control 
n=44 

p value  

Maternal characteristics    

Maternal pre-pregnancy BMI (kg/m2)* 24.2 [21.7, 30.3] 21.9 [20.3, 24.5] 0.001 

Caucasian (%)† 67 86 0.09 

Maternal graduate (%)† 76 77 0.91 

Infant characteristics at birth    

Gestation (weeks + days) 38+5 (1+1) 39+6 (1+1) <0.001 

Male (%)† 41 61 0.05 

Weight (g) 3440 (356) 3632 (419) 0.02 

Weight SDS -0.06 (0.77) 0.28 (0.88) 0.06 

OFC (cm) 34.2 (1.4) 34.8 (1.5) 0.04 

OFC SDS -0.49 (1.13) -0.05 (1.20) 0.10 

Infant anthropometrics at assessment 1    

Age (days)* 11.0 [7.8, 14.3] 8.5 [2.0, 14.8] 0.22 

Weight (g) 3538 (385) 3703 (471) 0.08 

Weight SDS -0.49 (0.76) -0.12 (0.84) 0.04 

Length (cm) 52.1 (1.7) 53.6 (2.4) 0.001 

Length SDS 0.23 (0.88) 1.03 (1.24) 0.001 

OFC (cm) 35.2 (1.2) 35.8 (1.4) 0.04 

OFC SDS -0.37 (0.85) 0.11 (1.01) 0.02 

Infant anthropometrics at assessment 2 n=38 n=35  

Age (days)* 70.5 [67, 74] 71 [66, 74] 0.75 

Weight (g) 5755 (625) 5695 (619) 0.68 

Weight SDS 0.46 (0.93) 0.22 (0.81) 0.24 

Weight gain SDS 0.62 (1.08) 0.05 (0.95) 0.02 

Length (cm) 59.5 (2.1) 60.3 (1.7) 0.09 

Length SDS 0.62 (0.95) 0.85 (0.91) 0.29 

OFC (cm) 39.5 (1.2) 40.0 (1.1) 0.05 

OFC SDS -0.11 (0.98) 0.14 (0.78) 0.22 

Feeds:†    

exclusively/predominantly breast 

fed 

71% 74% 0.37 

mixed fed 5% 9%  

exclusively/predominantly formula 

fed 

24% 17%  
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Table 4.4 Maternal and infant characteristics by IDM group. Results displayed as mean (SD) 

with p value obtained by independent samples t test, except where * denotes median [IQR] 

with p value obtained by Mann-Whitney U test, † denotes % with p value obtained by Chi-

squared test and ǂ denotes geometric mean (SD) with p value obtained by independent 

samples t test following log-transformation. OFC: occipital frontal circumference; SDS: 

standard deviation score.  

 

4.6  Comparison of AT volumes, AT distribution and IHCL by IDM group 
 

In order to inform subsequent statistical analysis, examination of the distributions of the 

different outcomes was performed. The results of the Shapiro-Wilk test are presented in 

table 5 and histograms and Q-Q plots of the individual AT compartments are included in 

Appendix 4, figures 1-17. Outcomes with a non-normal distribution (p value <0.05) were log 

transformed prior to parametric statistical testing. If the distribution remained non-normal 

following log transformation, non-parametric tests were used for group comparisons.  

 

Measure Scan 1 Scan 2 

Raw data Log transformed Raw data Log transformed 

TAT 0.23 - 0.25 - 

ASSCAT 0.09 - 0.10 - 

NASSCAT 0.04 0.12 0.31 - 

ADSCAT 0.67 - 0.007 0.65 

NADSCAT <0.001 0.31 <0.001 0.01 

IAAT 0.03 0.09 0.30 - 

NAIAT 0.04 0.54 0.31 - 

IHCL <0.001 <0.001 <0.001 0.95 

Change in total AT - - 0.40 - 

Change in IHCL - - <0.001 0.223 

TAT * 0.56 - 0.28 - 

ASSCAT * 0.02 0.74 0.12 - 

NASSCAT * 0.18 - 0.18 - 

ADSCAT * 0.16 - 0.002 0.27 

NADSCAT * <0.001 0.54 <0.001 0.04 

IAAT * 0.01 0.02 0.16 - 

NAIAT * 0.28 - 0.40 - 

IAAT:ASSCAT 0.07 - 0.65 - 

IAAT:NASSCAT 0.11 - 0.55 - 

Change in total AT 
index 

- - 0.55 - 

 

Table 4.5 Results of the Shapiro-Wilk test (p values) for normality of distribution of AT 

compartments, ratios and IHCL. TAT: total adipose tissue; ASSCAT: abdominal superficial 

subcutaneous adipose tissue; NASSCAT: non-abdominal superficial subcutaneous adipose 

tissue; ADSCAT: abdominal deep subcutaneous adipose tissue; NADSCAT: non-abdominal 
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deep subcutaneous adipose tissue; IAAT: internal abdominal adipose tissue; NAIAT: non-

abdominal internal adipose tissue; IHCL: intrahepatocellular lipid. * denotes adjusted for 

body size using indices; AT volume/length3 (scan 1) and ATV/length2 (scan 2). 

 

Comparisons of unadjusted total and compartmental AT volume and IHCL by IDM group at 

scan 1 and scan 2 are presented in table 6. Median and interquartile range are presented 

throughout for consistency and the statistical tests used for comparisons are described with 

the table.  

AT 
compartment 
(cm3) 

Scan 1 Scan 2 

IDM 
n=42 

NIDM 
n=44 

p value IDM 
n=38 

NIDM 
n=35 

p value 

TAT 991 [836, 
1075] 
 

986 [816, 
1141] 
 

0.546 
 

2177 [1977, 
2422]  
 

1881 [1660, 
2173] 
 

0.012 

ASSCAT 141 [118, 
166]  
 

141 [109, 
171] 
 

0.788 
 

409 [315, 
457] 

325 [274, 
377] 

0.005 

NASSCAT 679 [580, 
735] 

704 [557, 
768] 

0.502* 1475 [1262, 
1647] 

1275 [1144, 
1488] 

0.043 

ADSCAT 15 [10, 19] 
 

14 [8, 19] 
 

0.493 
 

43 [34, 58] 38 [26,54] 0.322* 

NADSCAT 17 [13, 20] 17 [13, 20] 0.758* 29 [22, 33] 25 [21, 27] 0.023** 

IAAT 39 [34, 45] 
 

41 [32, 49] 
 

0.803* 
 

81 [67, 101] 71 [62, 94] 0.087 

NAIAT 81 [66, 
100] 

79 [65, 92] 0.921* 172 [140, 
199] 

147 [123, 
177] 

0.020 

 n=37 n=42  n=27 n=24  

IHCL 1.01 [0.55, 
1.95] 

0.88 [0.35, 
1.75] 

0.438**  1.72 [1.08, 
3.35] 

1.71 
[1.07, 3.05] 

0.850*  

 

Table 4.6 AT compartments (cm3) and IHCL (CH2:H2O) at scan 1 and scan 2 comparing IDM 

and NIDM. Values are median [IQR]. p values calculated from independent t tests except 

where *denotes t tests performed on log10 transformed data and **denotes independent 

samples Mann-Whitney U test. TAT: total adipose tissue; ASSCAT: abdominal superficial 

subcutaneous adipose tissue; NASSCAT: non-abdominal superficial subcutaneous adipose 

tissue; ADSCAT: abdominal deep subcutaneous adipose tissue; NADSCAT: non-abdominal 

deep subcutaneous adipose tissue; IAAT: internal abdominal adipose tissue; NAIAT: non-

abdominal internal adipose tissue; IHCL: intrahepatocellular lipid. 

 

Comparisons of total and compartmental AT (adjusted for size using indices), AT ratios and 

IHCL (adjusted for postnatal age) by IDM group at scan 1 and scan 2 are presented in table 

7. As described in chapter 2, section 2.6.3, the following indices were used: AT 

volume/length3 in the neonatal period (scan 1) and ATV/length2 in early infancy (scan 2). The 

ratios internal abdominal AT: abdominal superficial subcutaneous AT, and internal 
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abdominal AT: non-abdominal superficial subcutaneous AT were selected to represent 

opposing metabolic function.  

AT 
compartment or 
ratio 

Scan 1 Scan 2 

IDM 
n=42 

NIDM 
n=44 

p value IDM 
n=38 

NIDM 
n=35 

p value 

TAT  6.76 [6.00, 
7.64] 
 

6.42 [5.61, 
7.23]  
 

0.109 
 

6.18 
[5.25,7.02] 

5.22 [4.64, 
5.92] 

0.002 
 

ASSCAT  1.01 
[0.85,1.15] 

0.88 [0.76, 
1.08] 

0.076* 1.49 [1.16, 
1.69] 

1.16 [0.96, 
1.33] 

<0.001 

NASSCAT  4.68 [4.18, 
5.35] 

4.46 [3.93, 
4.92] 

0.223  5.28 [4.68, 
5.93] 

4.51 [3.98, 
5.00] 

0.004 

ADSCAT  0.10 [0.07, 
0.13] 

0.09 [0.07, 
0.12] 

0.071  0.15 [0.13, 
0.21] 

0.13 [0.09, 
0.19] 

0.117* 

NADSCAT  0.12 [0.09, 
0.14] 

0.11 [0.09, 
0.13] 

0.337* 0.10 [0.08, 
0.12] 

0.08 [0.07, 
0.10] 

0.003** 

IAAT  0.28 [0.25, 
0.32] 

0.28 [0.23, 
0.32] 

0.534** 0.29 [0.27, 
0.35] 

0.26 [0.21, 
0.32] 

0.016 

NAIAT  0.60 [0.49, 
0.69] 

0.50 [0.44, 
0.62] 

0.148 0.64 [0.53, 
0.74] 

0.52 [0.41, 
0.63] 

0.004 

IAAT: ASSCAT 0.28 [0.23, 
.033] 

0.28 [0.23, 
0.36] 

0.715 0.22 [0.17, 
0.27] 

0.22 [0.19, 
0.26] 

0.611 

IAAT: 
NASSCAT 

0.06 [0.05, 
0.07] 

0.06 [0.05, 
0.07] 

0.728 0.06 [0.05, 
0.07] 

0.06 [0.05, 
0.07] 

0.753 

IHCL 0.91 [0.59, 
1.41] 

0.66 [0.44, 
1.00] 

0.295 
*** 

1.94 [1.46, 
2.57] 

1.83 [1.36, 
2.48] 

0.792 
*** 

 

Table 4.7 AT compartment (adjusted for size), AT ratios and IHCL (adjusted for postnatal 

age) at scan 1 and scan 2 comparing IDM and NIDM. Values are median [IQR]. p values 

calculated from independent t tests except where *denotes t tests performed on log10 

transformed data and **denotes independent samples Mann-Whitney U test, ***denotes 

multiple regression analysis with geometric mean [95% CI] presented. TAT: total adipose 

tissue; ASSCAT: abdominal superficial subcutaneous adipose tissue; NASSCAT: non-

abdominal superficial subcutaneous adipose tissue; ADSCAT: abdominal deep 

subcutaneous adipose tissue; NADSCAT: non-abdominal deep subcutaneous adipose 

tissue; IAAT: internal abdominal adipose tissue; NAIAT: non-abdominal internal adipose 

tissue; IHCL: intrahepatocellular lipid. 

 

 

4.6.1  Comparison of IDM and NIDM at scan 1 

 

4.6.1.1  Comparison of total and regional AT volume and IHCL  

 

There were no significant differences in unadjusted total or compartmental AT volume or in 

IHCL between IDM and NIDM at scan 1. Results are presented in table 6.  
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4.6.1.2 Comparison of AT adjusted for body size, AT ratios and IHCL adjusted for postnatal 

age 

 

After adjustment for body size, there was no significant difference in any of the AT 

compartments, or in AT ratios between IDM and NIDM groups at scan 1. Following 

adjustment for postnatal age, there was no difference in IHCL between groups. Results are 

displayed in table 7.  

 

4.6.2  Comparison of IDM and NIDM at scan 2 

 

4.6.2.1 Comparison of total and regional AT volume and IHCL  

 

At scan 2 total AT volume was greater in IDM than NIDM (p=0.012). Greater AT volume was 

seen in all compartments, but was not statistically different for abdominal deep 

subcutaneous AT or internal abdominal AT compartments. There was no significant 

difference in IHCL between IDM and NIDM. Results of unadjusted data are presented in 

table 6. 

 

4.6.2.2 Comparison of AT adjusted for size, AT ratios and IHCL adjusted for postnatal age 

 

Following adjustment for body size, total AT in IDM and NIDM was 16% greater in IDM than 

NIDM (mean % difference [95% CI]); 16.0 [6.7, 24.1], p=0.002). All AT compartments were 

greater in IDM, although the difference detected in the abdominal deep subcutaneous AT 

compartment was not significant. There were no significant differences in AT ratios between 

IDM and NIDM. Results are shown in table 7. 

 

Comparisons of unadjusted total AT volume in IDM and NIDM groups at scan 1 and 2 are 

summarised in figure 2. 
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Figure 4.2 Comparison of total AT volume (cm3) in IDM and NIDM at scan 1 (p=0.546) and 

scan 2 (p=0.012). Box plots represent median and 25th and 75th percentiles and whiskers 

denote ranges. 

 

4.6.3  Total fat mass in comparison with previous studies 

 

In order to compare the results of my prospective cohort study with the results from the 

meta-analysis, I converted the mean difference in unadjusted total AT volume (cm3) to the 

mean difference in fat mass (g) as described in chapter 2, section 2.6.5. I compared IDM 

with NIDM; mean difference [95% confidence interval]: 

 

Prospective cohort study  

Age 11 days: -12g [-51, 27], p=0.546 

Age 71 days: 104g [24, 186], p=0.012 

 

Meta-analysis 

Age 2 days: 83g [49, 117], p<0.00001  

Age 8.1 years: 1.75kg [1.0, 2.51], p<0.00001 

 

In the prospective cohort study I detected similar fat mass at birth, but 104g greater fat mass 

in IDM by 10 weeks of age, whereas in the meta-analysis fat mass was 83g greater in IDM 

at birth. 
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4.6.4  AT distribution in IDM compared to NIDM  

 

AT compartments are presented as a percentage of total AT volume at scan 1 and scan 2, 

comparing IDM and NIDM in figure 3. There were no significant differences in AT distribution 

between IDM and NIDM at either scan. Results of comparisons are presented in table 8. 

Figure 4.3 Stacked bar chart showing AT compartment volumes as a percentage of total AT 

volume at scan 1 and scan 2, comparing IDM and NIDM. ASSCAT: abdominal superficial 

subcutaneous adipose tissue; ADSCAT: abdominal deep subcutaneous adipose tissue; 

IAAT: internal abdominal adipose tissue; NASSCAT: non-abdominal superficial 

subcutaneous adipose tissue; NADSCAT: non-abdominal deep subcutaneous adipose 

tissue; NAIAT: non-abdominal internal adipose tissue.  

 

AT 
compartment as 
% of TAT 

Scan 1 Scan 2 

IDM 
n=42 

NIDM 
n=44 

p value IDM 
n=38 

NIDM 
n=35 

p value 

ASSCAT % 15.0 [13.9, 
16.0] 

14.5 [13.6, 
15.6]  

0.369* 18.5 [16.5, 
19.6] 

16.9 [16.1, 
19.0] 

0.267* 

ADSCAT % 1.6 [1.1, 
2.0] 

1.5 [1.1, 
1.7] 

0.151 2.1 [1.5, 
2.6] 

1.9 [1.5, 2.7]  0.934 

IAAT % 4.1 [3.7, 
4.9] 

4.3 [3.6, 
5.0] 

0.908* 3.9 [3.1, 
4.6] 

3.8 [3.4, 4.7] 0.843 

NASSCAT % 69.4 [67.4, 
70.9] 

69.6 [67.7, 
71.3] 

0.327** 67.0 [65.3, 
68.2] 

67.5 [66.8, 
68.6] 

0.095** 

NADSCAT % 1.7 [1.4, 
2.1] 

1.7 [1.4, 
2.1] 

0.965* 1.3 [1.1, 
1.6] 

1.3 [1.1, 1.5] 0.930** 

NAIAT % 8.2 [7.3, 
9.9] 

8.3 [7.3, 
9.1] 

0.631 8.0 [6.9, 
9.3] 

7.8 [6.7, 8.7] 0.635 
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Table 4.8 AT compartment volumes as a percentage of total AT volume at scan 1 and scan 

2, comparing IDM and NIDM. Values are median [IQR]. p values calculated from 

independent t tests except where *denotes t tests performed on log10 transformed data and 

**denotes independent samples Mann-Whitney U test. TAT: total adipose tissue; ASSCAT: 

abdominal superficial subcutaneous adipose tissue; ADSCAT: abdominal deep 

subcutaneous adipose tissue; IAAT: internal abdominal adipose tissue; NASSCAT: non-

abdominal superficial subcutaneous adipose tissue; NADSCAT: non-abdominal deep 

subcutaneous adipose tissue; NAIAT: non-abdominal internal adipose tissue. 

 

 

4.6.5  Influences of infant sex and maternal pre-pregnancy BMI on infant adiposity 

 

As described in chapter 2, section 2.6.7, in addition to adjustment for infant size, covariates 

to be included in the analysis were pre-defined (infant sex and maternal pre-pregnancy BMI) 

due to known effects on offspring adiposity. The influences of infant sex and maternal pre-

pregnancy BMI were examined using multivariable regression analysis. There was no 

interaction detected between maternal GDM status and infant sex for any outcome at either 

scan point as evidenced by p values >0.05 (table 9). This indicates no evidence of sex-

specific effects of maternal GDM on infant adiposity, and boys and girls were therefore 

presented together with adjustments made in a step-wise manner; first for infant sex (table 

10) and then for infant sex and maternal pre-pregnancy BMI (table 11).  

 

Measure p value for maternal GDM/ infant sex interaction 

Scan 1 Scan 2 

TAT  0.808 0.628 

ASSCAT  0.981* 0.921 

NASSCAT  0.638 0.505 

ADSCAT 0.509 0.680* 

NADSCAT 0.400* 0.886** 

IAAT  0.449** 0.805 

NAIAT 0.839 0.318 

IAAT:ASSCAT 0.788 0.849 

IAAT:NASSCAT 0.570 0.462 

IHCL 0.703** 0.435* 

Change in IHCL - 0.781* 

Change in TAT  - 0.639 

 

Table 4.9 p values of the interaction between maternal GDM status and infant sex for each 

outcome (adjusted for infant size), obtained by multivariate analysis (GDM status, infant sex 

and GDM/infant sex entered into model). *denotes p values obtained following log10 

transformation, **with residual non-normal distribution. 
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Measure Scan 1 Scan 2 

IDM 
n=42 

NIDM 
n=44 

p value IDM 
n=38 

NIDM 
n=35 

p value 

TAT  6.76 [6.38, 
7.14] 

6.39 [6.02, 
6.77] 

0.177 6.17 [5.80, 
6.54] 

5.33 [4.94, 
5.72] 

0.003 

ASSCAT  0.99 [0.91, 
1.06] 

0.92 [0.86, 
0.99] 

0.168* 1.46 [1.34, 
1.58] 

1.15 [1.02, 
1.27] 

0.001 

NASSCAT  4.66 [4.39, 
4.92] 

4.47 [4.21, 
4.73] 

0.330 5.39 [5.01, 
5.74] 

4.60 [4.23, 
4.97] 

0.003 

ADSCAT 0.11 [0.09, 
0.12] 

0.09 [0.08, 
0.11] 

0.127 0.16 [0.14, 
0.18] 

0.13 [0.12, 
0.15] 

0.061* 

NADSCAT  0.11 [0.10, 
0.12] 

0.11 [0.10, 
0.12] 

0.408* 0.10 [0.09, 
0.11] 

0.09 [0.08, 
0.09] 

0.023** 

IAAT 
 

0.28 [0.25, 
0.31] 

0.26 [0.24, 
0.29] 

0.318** 0.31 [0.28, 
0.34] 

0.26 [0.23, 
0.29] 

0.023 

NAIAT 
 

0.58 [0.53, 
0.62] 

0.53 [0.48, 
0.57] 

0.099 0.64 [0.59, 
0.69] 

0.53 [0.48, 
0.58] 

0.004 

IAAT:ASS
CAT 

0.29 [0.27, 
0.32] 

0.29 [0.27, 
0.32 

0.935 0.22 [0.20, 
0.24] 

0.23 [0.21, 
0.25] 

0.609 

IAAT:NAS
SCAT 

0.06 [0.06, 
0.07] 

0.06 [0.06, 
0.07] 

0.563 0.06 [0.05, 
0.06] 

0.06 [0.05, 
0.06] 

0.894 

IHCL 0.97 [0.63, 
1.49] 

0.61 [0.40, 
0.91] 

0.120** 2.00 [1.51, 
2.65] 

1.84 [1.37, 
2.47] 

0.675* 

 

Table 4.10 AT compartments (adjusted for size), AT ratios and IHCL (CH2:H2O) (adjusted for 

postnatal age) at scan 1 and scan 2 comparing IDM and NIDM, following adjustment for 

infant sex. Results derived using multivariable regression analysis. Mean [95% CI] 

presented. *denotes geometric mean [95% CI] following log10 transformation, **with residual 

non-normal distribution.  
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Measure Scan 1 Scan 2 

IDM 
n=42 

NIDM 
n=44 

p value IDM 
n=38 

NIDM 
n=35 

p value 

TAT  6.75 [6.35, 
7.15] 

6.39 [5.99, 
6.78] 

0.328 6.09 [5.69, 
6.48] 

5.42 [5.01, 
5.83] 

0.033 

ASSCAT  0.97 [0.91, 
1.05] 

0.92 [0.86, 
1.00] 

0.350* 1.42 [1.30, 
1.55] 

1.19 [1.06, 
1.32] 

0.020 

NASSCAT  4.65 [4.37, 
4.93] 

4.46 [4.18, 
4.74] 

0.370 5.30 [4.93, 
5.67] 

4.70 [4.30, 
5.09] 

0.039 

ADSCAT  0.11 [0.10, 
0.12] 

0.09 [0.08, 
0.10] 

0.069 0.16 [0.14, 
0.19] 

0.13 [0.11, 
0.15] 

0.057* 

NADSCAT  0.11[0.10, 
0.12] 

0.11 [0.10, 
0.12] 

0.480* 0.10 [0.09, 
0.11] 

0.09 [0.08, 
0.10] 

0.160** 

IAAT  0.28 [0.25, 
0.31] 

0.26 [0.24, 
0.29] 

0.453** 0.31 [0.28, 
0.34] 

0.26 [0.22, 
0.29] 

0.048 

NAIAT  0.58 [0.54, 
0.63] 

0.52 [0.47, 
0.56] 

0.069 0.65 [0.59, 
0.70] 

0.52 [0.47, 
0.58] 

0.004 

IAAT:ASS
CAT  

0.29 [0.27, 
0.32] 

0.29 [0.27, 
0.32 

0.941 0.22 [0.20, 
0.25] 

0.22 [0.20, 
0.25] 

0.981 

IAAT:NAS
SCAT 

0.06 [0.06, 
0.07] 

0.06 [0.06, 
0.07] 

0.769 0.06 [0.05, 
0.07] 

0.06 [0.05, 
0.06] 

0.750 

IHCL 0.92 [0.58, 
1.44] 

0.62 [0.40, 
0.95] 

0.245** 1.95 [1.44, 
2.64] 

1.88 [1.37, 
2.59] 

0.887* 

 

Table 4.11 AT compartments (adjusted for size), AT ratios and IHCL (CH2:H2O) (adjusted for 

postnatal age) at scan 1 and scan 2 comparing IDM and NIDM, following adjustment for 

infant sex and maternal pre-pregnancy BMI. Results derived using multivariable regression 

analysis. Mean [95% CI] presented. *denotes geometric mean [95% CI] following log10 

transformation, **with residual non-normal distribution.  

 

4.6.5.1 Adjustments at scan 1 

Following adjustment for infant sex, results remained similar. There were no significant 

differences in total or compartmental AT, AT ratios, or IHCL between IDM and NIDM at first 

scan. Following additional adjustment for maternal pre-pregnancy BMI results were not 

significantly altered (tables 10 and 11). 

 

4.6.5.2 Adjustments at scan 2 

Following adjustment for infant sex and maternal pre-pregnancy BMI, results remained 

similar. All AT compartments were higher in IDM compared to NIDM. Statistically significant 

differences were seen in all compartments except abdominal deep subcutaneous AT and 

non-abdominal deep subcutaneous AT. AT ratios and IHCL were again similar in IDM and 

NIDM (table 10 and 11).  
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Although the indices (AT compartment/length3 and AT compartment/length2) are the optimal 

method of adjustment of AT volume for body size, to enable easy visualisation of the effect 

on difference in AT volume between IDM and NIDM, total AT volume was also adjusted for 

scan length, infant sex and maternal pre-pregnancy BMI. Following adjustment for scan 

length, there was 285cm3 greater total AT volume in IDM (p=0.004). With further adjustment 

for both infant sex and maternal pre-pregnancy BMI this difference was reduced to 223cm3, 

but remained significantly higher in IDM (p=0.048). Results are presented in table 12.  

 

Measure IDM 
n=38 

NIDM 
n=35 

Difference p value 

TAT (cm3) 2185 (416) 1938 (403) 247 [56, 439] 0.012 

TAT (cm3)* 2203 [2072, 2335] 1918 [1781, 2055] 285 [94, 477] 0.004 

TAT (cm3)** 2203 [2070, 2337] 1918 [1778, 2058] 285 [89, 482] 0.005 

TAT (cm3)*** 2174 [2032, 2315] 1950 [1801, 2100] 223 [2, 445] 0.048 

 

Table 4.12 Comparison of total AT volume (cm3) at scan 2 in IDM and NIDM using 

multivariable regression analysis. Results presented as mean (SD) or mean [95% 

confidence interval]. *denotes adjustment for scan length, **denotes adjustment for scan 

length and infant sex, ***denotes adjustment for scan length, infant sex and maternal pre-

pregnancy BMI.  

 

 

In multivariable regression, IDM status was the only significant predictor of total AT volume 

at scan 2. Scan length, infant sex and maternal pre-pregnancy BMI were not independently 

predictive of infant adiposity (table 13).  

 

Covariate Regression coefficient (ß) 95% CI p value 

IDM status (baseline NIDM) 223 2, 445 0.048 

Infant length (cm) 47 -3, 97 0.064 

Infant sex (baseline female) -28 -232, 176 0.784 

Maternal pre-pregnancy BMI (kg/m2) 12 -8, 32 0.229 

 

Table 4.13 Multiple regression results for total AT volume (cm3) at scan 2.  

 

 

To further assess any possible influence of maternal pre-pregnancy BMI on the association 

between maternal GDM and infant adiposity at scan 2, sensitivity analysis was performed in 

women with normal pre-pregnancy BMI (<25kg/m2). Infants of 50 normal weight women 

underwent a second scan (20 IDM and 30 NIDM). Maternal pre-pregnancy BMI (kg/m2) was 

not significantly different in mothers with and without GDM; mean (SD): 22.1 (1.8) and 21.4 
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(1.8) respectively, p=0.136. Following adjustment for infant size, total AT at scan 2 was 

statistically greater in IDM and adjustment for infant sex and maternal pre-pregnancy BMI 

did not significantly alter results (table 14).   

 

Measure IDM 

n=20 

NIDM 

n=30 

p value 

TAT   5.92 [5.48, 6.36] 5.25 [4.88, 5.61] 0.022 

TAT * 5.95 [5.48, 6.41] 5.23 [4.86, 5.60] 0.022 

TAT ** 5.94 [5.47, 6.42] 5.24 [4.86, 5.61] 0.027 

 

Table 4.14 Sensitivity analysis comparing total AT (adjusted for size) at scan 2 in IDM and 

NIDM of normal weight mothers (BMI <25kg/m2) using multivariable regression analysis. 

Mean [95% confidence interval] presented. TAT: total adipose tissue. *denotes adjustment 

for infant sex, **denotes adjustment for infant sex and maternal pre-pregnancy BMI. 

 

 

4.6.6  Influence of ethnicity on infant adiposity 

 

The proportion of Caucasian infants in IDM and NIDM groups was similar. However, to 

check that conclusions were not influenced by variations in ethnicity between groups, 

sensitivity analysis was performed in Caucasian infants at second scan (26 IDM and 33 

NIDM). Following adjustment for infant size, total AT at scan 2 was statistically greater in 

IDM and adjustment for infant sex and maternal pre-pregnancy BMI did not significantly alter 

results (table 15).   

 

Measure IDM 
n=26 

NIDM 
n=33 

p value 

TAT   6.16 [5.73, 6.59] 5.29 [4.91, 5.67] 0.004 

TAT * 6.16 [5.72, 6.59] 5.29 [4.90, 5.69] 0.005 

TAT ** 6.12 [5.65, 6.59] 5.33 [4.91, 5.75] 0.022 

 

Table 4.15 Sensitivity analysis comparing total AT (adjusted for size) at scan 2 in Caucasian 

IDM and NIDM using multivariable regression analysis. Mean [95% confidence interval] 

presented. TAT: total adipose tissue. *denotes adjustment for infant sex **denotes 

adjustment for infant sex and maternal pre-pregnancy BMI. 

 

4.6.7  Change in adiposity between scan 1 and scan 2 in IDM compared to NIDM  

 

The changes in both unadjusted total AT volume and in total AT/length2 between scans 1 

and 2 were significantly greater in the IDM group. Following adjustment for infant size, IDM 
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gained 31% more AT volume between scans than NIDM (mean % difference [95% CI]); 30.7 

[12.7, 44.6], p=0.003. Further adjustment for infant sex and maternal pre-pregnancy BMI had 

little effect on these results. Results are displayed in table 16. 

Measure IDM NIDM Difference % diff p value 

Change in 
TAT (cm3) 

1232 [1098, 
1365] 

968 [829, 
1107] 

264 [71, 
457]  

27.3 [8.6, 
41.3] 

0.008 

Change in 
TAT * 

3.49 [3.12, 
3.88] 

2.67 [2.28, 
3.05] 

0.82 [0.29, 
1.36] 

30.7 [12.7, 
44.6] 

0.003 
 

Change in 
TAT ** 

3.50 [3.13, 
3.88] 

2.65 [2.25, 
3.04] 

0.86 [0.30, 
1.41] 

32.5 [13.3, 
46.4] 

0.003 
 

Change in 
TAT *** 

3.43 [3.03, 
3.84] 

2.72 [2.30, 
3.15] 

0.71 [0.09, 
1.34] 

26.1 [3.9, 
42.5] 

0.027 

 

Table 4.16 Change in total AT between scan 1 and 2 using multivariable regression 

analysis. Results presented as mean [95% confidence interval]. *denotes adjustment for 

infant size (total AT/length2), **denotes adjustment for infant size and sex and ***denotes 

adjustment for infant size, sex and maternal pre-pregnancy BMI.  

 

 

4.6.8  Change in weight, fat mass and fat-free mass between scan 1 and scan 2 in IDM 

compared to NIDM 

 

To assess whether the increase in adiposity in IDM between 2 and 10 weeks, was 

accompanied by an increase in weight and/ or non-AT mass, changes in weight, fat mass 

and fat-free mass between scan 1 and scan 2 were calculated as described in chapter 2, 

section 2.6.5, and compared in IDM and NIDM. Unadjusted data is presented in table 17 and 

adjustments were made for infant length at scan 2, infant sex and maternal pre-pregnancy 

BMI (tables 18 to 20). 

 

Between scans 1 and 2 the changes in unadjusted weight, fat mass and fat-free mass were 

significantly greater in IDM compared to NIDM for fat mass only; 27% greater (p=0.008). 

Results were similar following adjustment for infant length and sex, and maternal pre-

pregnancy BMI. 
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Measure IDM NIDM Difference % Diff p value 

Change in 
weight (g) 

2212 [2021, 
2403] 

2020 [1821, 
2219] 

192 [-84, 
468] 

9.5 [-4.6, 
21.1] 

0.170 
 

Change in fat 
mass (g) 

521 [465, 
578] 

410 [351, 
468] 

112 [30, 193] 27.3 [8.5, 
41.2] 

0.008 
 

Change in fat-
free mass (g) 

1691 [1540, 
1842] 

1611 [1453, 
1768] 

80 [-138, 
299] 

5.0 [-9.5, 
16.9] 

0.465 

 

Table 4.17 Change in unadjusted weight, fat mass and fat-free mass (g) between scan 1 

and scan 2 comparing IDM to NIDM. Unadjusted mean [95% confidence interval] presented 

and % difference for change in outcome for IDM group. 

 

Measure IDM NIDM Difference % Diff p value 

Change in 
weight (g) 

2236 [2046, 
2426] 

1994 [1796, 
2192] 

242 [-35, 
520] 

12.1 [-1.9, 
23.7] 

0.086 

Change in fat 
mass (g) 

522 [465, 
580] 

408 [348, 
468] 

114 [30, 198] 27.9 [8.6, 
42.3] 

0.009 

Change in fat-
free mass (g) 

1714 [1565, 
1863] 

1586 [1430, 
1741] 

129 [-89, 
346] 

8.1 [-6.2, 
19.9] 

0.242 

 

Table 4.18 Change in weight, fat mass and fat-free mass (g) between scan 1 and scan 2 

comparing IDM to NIDM. Mean [95% confidence interval] adjusted for infant length 

presented and % difference for change in outcome for IDM group. 

 

Measure IDM NIDM Difference % Diff p value 

Change in 
weight (g) 

2272 [2092, 
2453] 

1949 [1760, 
2137] 

324 [58, 590] 16.6 [3.3, 
27.6] 

0.018 

Change in fat 
mass (g) 

525 [467, 
583] 

405 [344, 
465] 

121 [35, 206] 29.9 [10.2, 
44.3] 

0.006 

Change in fat-
free mass (g) 

1747 [1610, 
1885] 

1544 [1400, 
1688] 

203 [1, 406] 13.1 [0.1, 
24.1] 

0.049 

 

Table 4.19 Change in weight, fat mass and fat-free mass (g) between scan 1 and scan 2 

comparing IDM to NIDM. Mean [95% confidence interval] adjusted for infant length and sex 

presented and % difference for change in outcome for IDM group. 

 

Measure IDM NIDM Difference % Diff p value 

Change in 
weight (g) 

2243 [2051, 
2436] 

1980 [1778, 
2183] 

263 [-38, 
564] 

13.3 [ -2.1, 
25.8] 

0.085 

Change in fat 
mass (g) 

514 [453, 
576] 

416 [351, 
481] 

98 [2, 195] 23.6 [0.6, 
40.5] 

0.047 

Change in fat-
free mass (g) 

1729 [1410, 
1719] 

1564 [1410, 
1719] 

165 [-65, 
394] 

10.5 [-4.6, 
22.9] 

0.156 

 

Table 4.20 Change in weight, fat mass and fat-free mass (g) between scan 1 and scan 2 

comparing IDM to NIDM. Mean [95% confidence interval] adjusted for infant length, sex and 
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maternal pre-pregnancy BMI presented and % difference for change in outcome for IDM 

group. 

 

4.6.9  Change in IHCL between scan 1 and scan 2 in IDM compared to NIDM 

 

There was no statistical difference in the change in IHCL from scan 1 to scan 2 between IDM 

and NIDM prior to or following adjustment for postnatal age, infant sex and maternal pre-

pregnancy BMI. Results are displayed in table 21. 

Measure IDM NIDM p value 

Change in IHCL 1.28 [0.82, 2.01] 0.95 [0.59, 1.51] 0.349 

Change in IHCL* 1.27 [0.82, 1.95] 0.96 [0.61, 1.51] 0.373 

Change in IHCL** 1.36 [0.88, 2.09] 0.96 [0.61, 1.50] 0.267 

Change in IHCL*** 1.36 [0.85, 2.17] 0.95 [0.59, 1.55] 0.327 

 

Table 4.21 Change in IHCL (CH2:H2O) between scan 1 and 2 using multivariable regression 

analysis. p value calculated following log10 transformation and geometric mean [95% 

confidence interval] presented. *denotes adjustment for postnatal age at scan 2, **denotes 

adjustment for postnatal age and infant sex and **denotes adjustment for postnatal age, 

infant sex and maternal pre-pregnancy BMI.  

 

4.7  IHCL: inter-observer variability, intra-observer variability, regional 

variability and technique comparison  
 

4.7.1  Inter-observer variability 

 

Inter-observer variability was assessed using 15 pairs of IHCL measures taken at scan 1. 

The two observers were RE (research group radiographer) and KL (thesis author). There 

was no significant difference between the means of the 2 observers (p=0.294). The mean 

difference between observers was -0.02 and the upper and lower limits of agreement were 

0.05 and -0.10. Therefore 95% of the differences between measurements of the same 

spectra by 2 different observers would be expected to lie in this interval. Using linear 

regression analysis, there was no evidence of proportional bias (p=0.926). Results are 

presented in figure 4.  



195 

 

 

Figure 4.4 Bland Altman plot of inter-observer variation in IHCL (CH2:H2O) data. The black 

line indicates the mean difference and the red lines indicate the 95% limits of agreement 

which are derived using mean difference +/- 1.96 SD. 

 

4.7.2  Intra-observer variability 

 

Intra-observer variability was assessed for RE using 28 pairs of IHCL measures (16 at scan 

1 and 12 at scan 2) analysed several months apart with blinding to initial results. There was 

no significant difference between the means of duplicate measurements (p=0.098). The 

mean difference between measurements was 0.003 and upper and lower limits of 

agreement were 0.023 and -0.016. Therefore 95% of the differences between 

measurements of the same infant would be expected to lie in this interval. Using linear 

regression analysis, there was no evidence of proportional bias (p=0.711). Results are 

presented in figure 5.  
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Figure 4.5 Bland Altman plot of intra-observer variation in IHCL (CH2:H2O) data. The black 

line indicates the mean difference and the red lines indicate the 95% limits of agreement 

which are derived using mean difference +/- 1.96 SD.  

 

4.7.3  Regional IHCL variability 

 

To assess variation within the liver, IHCL was re-measured in 5 infants (3 at scan 1 and 2 at 

scan 2) by positioning the voxel in a different area within the right lobe of the liver. A scatter 

plot of IHCL measurements for these infants is presented below (figure 6). There was a 

strong correlation between paired values from different areas in the liver using Pearson 

correlation (R2=99.3%, p=0.001).  
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Figure 4.6 Scatter plot of infants with IHCL (CH2:H2O) measured from 2 different areas of 

the liver; 1st value y-axis, 2nd value x-axis. 

 

There was no significant difference between the means of paired measures taken from 

different regions of the liver (p=0.469). The mean difference between measurements was 

0.046 and upper and lower limits of agreement were 0.30 and -0.21. Due to the small 

number of repeat measurements a Bland Altman plot was not appropriate. Using linear 

regression analysis, there was no evidence of proportional bias (p=0.184).  

 

4.7.4  Comparison of PRESS and STEAM 

 

Paired PRESS and STEAM analysis were undertaken in 13 infants (6 at first scan and 7 at 

second scan), with the voxel position maintained. A scatter plot of the paired PRESS and 

STEAM measurements of IHCL is presented below (figure 7). There was correlation 

between values using Pearson correlation (R2=54.9%, p=0.004).  
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Figure 4.7 Scatter plot of infants with IHCL (CH2:H2O) measured using PRESS and STEAM; 

PRESS value y-axis, STEAM value x-axis. 

 

However, as seen in figure 7, one infant had a high IHCL value on both PRESS and STEAM 

(CH2:H2O 8.6 and 10.1 respectively). Although this value may be real (the infant also had 

high adiposity and IHCL at first scan), analysis was repeated following exclusion of this value 

(figure 8). As the Pearson correlation was no longer significant (p=0.893), this indicated that 

the result from this infant was influential. Further analysis was therefore performed with 

exclusion of this measurement. 
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Figure 4.8 Scatter plot of infants with IHCL (CH2:H2O) measured using PRESS and STEAM 

following exclusion of influential value; PRESS value y-axis, STEAM value x-axis. 

 

There was no significant difference between paired PRESS and STEAM measurements of 

IHCL (p=0.376). The mean difference between measurements was 0.59 and upper and 

lower limits of agreement were 4.33 and -3.29 (figure 9). Using linear regression analysis, 

there was no evidence of proportional bias (p=0.167).  
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Figure 4.9 Bland Altman plot of variation in IHCL (CH2:H2O) measured by PRESS and 

STEAM. The black line indicates the mean difference and the red lines indicate the 95% 

limits of agreement which are derived using mean difference +/- 1.96 SD.   

 

4.8  Relationship between maternal glycaemia and AT volume, AT 

distribution and IHCL  
 

As described in section 2.2.5.2, the 26-28 week maternal 1 hour 50g glucose screen was 

used to examine the relationship between maternal glycaemia and infant adiposity. Of the 86 

mothers in the study, 25 mothers did not have the antenatal glucose screen; 20 had risk 

factors for GDM and progressed immediately to a full OGTT, 2 had no results available and 

3 had booked elsewhere and therefore results were not available at Chelsea and 

Westminster. To determine if there was a relationship between maternal glucose 

concentration and each of total AT volume, AT distribution and IHCL, linear regression 

analysis was performed. Results are shown in table 22. The regression coefficient 

represents the change in outcome for each mmol/L increase in maternal antenatal glucose 

screen. There were no significant correlations between maternal glycaemia and any infant 

outcome. 
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Measure Regression coefficient (ß) 95% CI p value 

TAT scan 1 (cm3) -2 -24, 21 0.883 

TAT scan 2 (cm3) 25 -32, 83 0.378 

Change in TAT (cm3) 27 -32, 86 0.359 

IHCL scan 1(CH2:H2O) -0.125 -0.226, 0.082 0.354 

IHCL scan 2 (CH2:H2O) -0.091 -0.348, 0.207 0.609 

Change in IHCL  0.063 -0.168, 0.240 0.722 

IAAT:ASSCAT scan 1 0 -0.008, 0.008 0.974 

IAAT:NASSCAT scan 1 0 -0.002, 0.002 0.779 

IAAT:ASSCAT scan 2 0.001 -0.007, 0.010 0.761 

IAAT:NASSCAT scan 2 0 -0.002, 0.002 0.835 

 

Table 4.22 Linear regression analysis of infant adiposity outcomes against maternal 

antenatal glucose screen. The regression coefficient represents the change in outcome for 

each mmol/L increase in maternal glucose. 

 

4.9  Summary of results 
 

The main findings of the comparison of IDM and NIDM groups are summarised in table 23. 

 Scan 1 IDM v NIDM Scan 2 IDM v NIDM 
 

Total AT volume 
 

↔ ↑ 

Compartmental AT volume 
 

↔ ↑ 

AT distribution 
 

↔ ↔ 

IHCL 
 

↔ ↔ 

Change in total AT volume 
between scans 

                                           ↑ 

 

Table 4.23 Main findings of comparison of total and compartmental AT volume (cm3), AT 

distribution and IHCL (CH2:H2O) in IDM and NIDM soon after birth (scan 1) and at 8-12 

weeks (scan 2). 

 

AT 

 There were no differences in total or compartmental AT volume or AT distribution 

between IDM and NIDM soon after birth 

 IDM had greater total and compartmental AT volume at 8-12 weeks, but similar AT 

distribution  

 Following adjustment for infant size, IDM gained 31% more AT by 8-12 weeks  

 IDM had a greater change in fat mass between scans, but not in fat-free mass  



202 

 

IHCL 

 Comparing IDM and NIDM, there were no differences in IHCL after birth or at 8-12 weeks  

 Using spectroscopy, IHCL measurement had low inter- and intra-observer variability and 

low within subject variability  

 IHCL measured by STEAM had no significant correlation with values obtained by PRESS  

 

Effects of infant sex and maternal pre-pregnancy BMI 

 There was no evidence of sex-specific effects of maternal GDM on infant adiposity  

 The relationship between maternal diabetes and infant adiposity was not explained by 

maternal pre-pregnancy BMI  

 

Effect of maternal glycaemia 

 There were no significant relationships between maternal glycaemia in pregnancy and 

each of total AT volume, AT distribution or IHCL in early infancy  

 

4.9.1  Retrospective power calculation for difference in total AT volume at scan 2 

 

To assess the power for the differences found in total AT volume at second scan, 

retrospective power calculations were performed with inclusion of all covariates (table 22). 

38 IDM and 35 NIDM provided >80% power (38 infants per group for 85% power) to detect a 

difference of 285cm3 (15% difference) in total AT volume at scan 2. This was based on 5% 

significance, adjusting for infant size and sex. Although additional adjustment for maternal 

pre-pregnancy BMI required a larger number of infants to achieve >80% power, a similar 

difference in total AT remained following adjustment for maternal pre-pregnancy BMI. These 

findings were also confirmed by sensitivity analysis in infants of normal weight mothers.  

 

Measure Difference Number of infants needed in each group  

80% power 90% power 

TAT (cm3)* 285 [94, 477] 33 44 

TAT (cm3)** 285 [89, 482] 33 44 

TAT (cm3)*** 223 [2, 445] 53 71 

 

Table 4.24 Number of infants needed per group for 80% and 90% power (5% significance) 

to detect the differences found in total AT volume at second scan. *denotes adjustment for 

infant length, ** adjustment for infant length and sex, *** adjustment for infant length, sex and 

maternal pre-pregnancy BMI. 
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4.10  Discussion 

 

I have shown that IDM had greater total AT volume at 8-12 weeks of age, compared to 

NIDM. This was particularly striking given that there was no difference in adiposity soon after 

birth. IDM gained on average 31% more total AT between 2 and 10 weeks in comparison to 

NIDM. To my best knowledge this is a novel observation. This was not accompanied by 

altered AT distribution or IHCL content in IDM. Findings were unchanged following 

adjustment for maternal pre-pregnancy BMI, supporting an independent effect of GDM on 

infant adiposity. 

 

4.10.1  Strengths and limitations 

 

A major strength of this study was the use of a direct method to quantify total and 

compartmental AT volume, adequate power to detect differences likely to be clinically 

relevant at the time of the second scan, and the longitudinal design. Differences in total and 

compartmental AT volumes at 8-12 weeks were consistent following adjustment for potential 

confounders and in sensitivity analyses, leading to increased confidence in the findings.  

 

From the systematic review in chapter 3, it was apparent that few studies have examined 

adiposity in offspring of mothers with T1D or T2D. A limitation of this study was that I did not 

examine for the effect of maternal diabetes type on offspring adiposity. Both pre-existing 

diabetes and GDM are associated with metabolic effects in offspring, but there is some 

evidence that the effects may be greater in GDM. (Dabelea, 2007, Silverman B L, 1995, 

Clausen et al., 2008) This study was also not designed to enable exploration of intrauterine 

and genetic influences, but sibling comparison studies showing greater metabolic risks in 

children born after their mother developed diabetes as opposed to before, strongly support 

an intrauterine effect which is independent from genetic predisposition. (Lawlor et al., 2011, 

Bunt et al., 2005a, Dabelea et al., 2000a) 

 

4.10.2  AT volume in newborn IDM and NIDM 

 

The finding of similar total AT volume (and hence fat mass) in IDM and NIDM in the early 

newborn period contrasts with the greater adiposity in IDM identified in the meta-analysis, 

but is in keeping with two other recent studies. (Au et al., 2013b, Brumbaugh et al., 2013) My 
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study was adequately powered to detect differences in total AT volume and it is possible that 

the strict maternal glucose control in our cohort may have attenuated any between-group 

neonatal differences. An Australian study, using ADP, reported similar body fat % in infants 

of mothers with and without GDM. (Au et al., 2013b) The authors attributed this to good 

maternal glucose control, with a mean third-trimester HbA1c for the group of 5.4%, which is 

similar to the current study (5.3%). In contrast with my study, longitudinal data were not 

obtained, nor was adjustment made for infant size. Body fat % is flawed as an index of size 

and may underestimate adiposity in infants. (Wells and Victora, 2005) Brumbaugh et al also 

used ADP to measure body fat %, with similar findings. Exploration of the relative influences 

of maternal GDM and obesity was not possible as all mothers with GDM were obese (pre-

pregnancy BMI >30kg/m2).  

 

Two randomised control trials (RCTs) of treatment of mild GDM demonstrated reduced birth 

weight (Crowther et al., 2005) and neonatal fat mass (Landon et al., 2009) with treatment. In 

both studies the majority of women with GDM were managed with dietary advice and blood 

glucose monitoring alone, with insulin therapy added if necessary. This differs from the 

current study, where treatment was supplemented with metformin in 50% of women. In a 

meta-analysis of RCTs comparing GDM therapies, the authors concluded that metformin 

(plus insulin when required) performed slightly better than insulin alone, although no 

significant differences were seen in birth weight or risk of LGA infants. (Balsells et al., 2015) 

Similarly, a recent RCT of metformin treatment in mothers with obesity, but NGT, reported 

no effect on birth weight. (Chiswick et al., 2015) It is possible that more stringent screening 

and treatment strategies for GDM may attenuate differences in adiposity between IDM and 

NIDM at birth, but there is evidence that these benefits may not be sustained. Follow up 

studies of the RCTs discussed above did not show a reduction in early childhood obesity 

with GDM treatment. (Landon et al., 2014, Gillman et al., 2010) BMI may not however be the 

most sensitive marker of adiposity, and it has been shown that IDM may have greater fat 

mass despite normal weight. (Catalano et al., 2003) 

 

4.10.3  AT volume in IDM and NIDM at 8-12 weeks 

 

What is striking is the greater total AT volume seen in IDM compared to NIDM at 8-12 

weeks. Compared to NIDM and following adjustment for infant size, IDM gained 31% more 

AT by 8-12 weeks. This was not accompanied by significantly greater changes in fat-free 
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mass. No other study identified in the systematic review reassessed fat mass or AT in early 

infancy and therefore these findings are novel and intriguing. 

 

The mechanisms that lead to increased adiposity in IDM in early infancy merit consideration. 

One possible explanation is that intrauterine exposure to an excess of glucose and other 

nutrients such as triglycerides may cause hypothalamic malprogramming, leading to 

alterations in satiety and appetite. (Schaefer-Graf et al., 2008, Franke et al., 2005) As 

discussed in chapter 2, we have previously shown no differences in AT volume or IHCL 

between breast and formula fed healthy term infants. (Gale et al., 2014b) The proportion of 

breast fed infants in my study was similar in IDM and NIDM groups (71% and 74% 

respectively at scan 2), but I was not able to assess whether the volume of milk consumed 

differed between groups. A further possibility is that breast milk of mothers with diabetes has 

adverse metabolic effects on offspring due to an altered composition. (Kerssen et al., 2004, 

Plagemann et al., 2002) Plagemann et al reported a correlation between the volume of 

diabetic breast milk ingested in the first postnatal week and overweight in offspring at 2 

years, and postulated that the first week of life appears to be a critical window for nutritional 

programming. (Plagemann et al., 2002) Other studies have reported beneficial effects of 

breast milk for offspring of mothers with diabetes. (Mayer-Davis et al., 2006, Crume et al., 

2011a) Investigation of breast milk macronutrient content in mothers with GDM has been 

limited to specific macronutrients or their derivatives. (Klein et al., 2013, Smilowitz et al., 

2013) I am not aware of any study investigating the impact of GDM on total fat, protein and 

carbohydrate in breast milk. There appears to be a positive correlation between glucose 

concentration in breast milk and weight, fat mass and lean mass in infants. (Fields and 

Demerath, 2012) Examination of the relationship between GDM status, breast milk 

macronutrient content and infant adiposity could provide further insight, and this will be 

undertaken in chapter 6. 

 

4.10.4  AT distribution and IHCL in IDM and NIDM  

 

AT distribution was not significantly different between IDM and NIDM, indicating that in IDM, 

excess AT is not preferentially deposited in regions associated with either adverse or 

protective metabolic effects. Indeed, AT volume was significantly higher in IDM in 

compartments with apparent opposing metabolic effects. Using MRI in infants with and 

without GDM, Brumbaugh et al reported similar volume in 2 AT compartments (defined as 

intra-abdominal or subcutaneous fat). The sample size was small and the authors 
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acknowledged that the power to detect differences was limited. (Brumbaugh et al., 2013) My 

results corroborate these early findings in an adequately powered cohort. Two previous 

studies have reported AT distribution in children (aged around 10 years) of mothers with and 

without diabetes measured using single slice abdominal MRI, with conflicting results. (Davis 

et al., 2013, Crume et al., 2011b) Quantification of whole body AT would enable more 

detailed assessment of AT distribution in later life. 

 

I detected no significant difference in IHCL between IDM and NIDM at either scan. It must be 

noted that the sample size required for 80% power to detect differences in IHCL was not 

achieved. Both PRESS and STEAM have been validated for the quantification of IHCL in 

adults, (Hamilton et al., 2009) but studies of IHCL in infants have been limited. I measured 

IHCL using PRESS which has been used in several studies involving preterm and term 

infants. (Modi et al., 2011, Thomas et al., 2008, Gale et al., 2014b) Intriguingly and in 

contrast with my own study, Brumbaugh et al found that IHCL measured by PRESS, was 

greater in infants of mothers with GDM. (Brumbaugh et al., 2013) As all mothers with GDM 

in their study had a pre-pregnancy BMI >30kg/m2, and maternal BMI is positively correlated 

with IHCL in infants, (Modi et al., 2011) the differences they found in IHCL may relate to 

maternal obesity. However, IHCL was measured without adjustment for intrahepatic water 

and in only 20 newborn infants compared to 79 infants in my own study.  

 

I showed that inter- and intra-observer variability for IHCL measurement were low. I also 

found no significant difference in regional IHCL, although this was assessed in only 5 infants. 

In adults, substantial variation was seen in regional IHCL among 12 individuals, but not 

overall. (Thomas et al., 2005) Regional variation in IHCL may be lower in infants as a much 

greater proportion of the liver is represented in a single voxel. I compared PRESS and 

STEAM analysis in 12 infants and found poor correlation between the two techniques. 

Although the voxel position was maintained, a larger voxel was used in the STEAM analysis, 

and it is possible that extra-hepatic tissue was included in the spectra analysis, particularly 

during the movement of respiration. The parameters for PRESS and STEAM also differed, 

requiring assumptions for the correction of T1 and T2 effects. Finally, the different sensitivity 

to J coupling effects of the techniques may contribute to differences seen between paired 

measurements. A larger study is required to assess the use of STEAM in infants.  

 

4.10.5  Influence of sex on infant adiposity 
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In the meta-analysis (chapter 4) I found that fat mass and body fat % were significantly 

greater in offspring of mothers with diabetes in boys, but not in girls. In the prospective 

cohort I detected no evidence of sex-specific effects of maternal GDM on infant adiposity. 

This contrasts with the findings of two previous studies which reported a male predisposition 

to adiposity in offspring of mothers with GDM. (Regnault et al., 2013, Lingwood et al., 2011) 

Lingwood et al. found maternal fasting blood glucose level to be the major predictor of infant 

body fat in boys, whereas maternal BMI was the major influence of adiposity in girls. 

(Lingwood et al., 2011) However, maternal overweight is associated with insulin insensitivity 

and glucose intolerance, and infant adiposity may therefore be driven by similar mechanisms 

in boys and girls. In children, Regnault et al. found that adiposity was only increased in boys 

of mothers with GDM, but in girls of mothers with intermediate glucose intolerance. 

(Regnault et al., 2013) Separation of mothers into intermediate glucose intolerance and 

GDM groups resulted in small subject numbers, and sex-specific findings may have occurred 

by chance. Using alternative diagnostic criteria (such as the IADPSG criteria) the majority of 

women would have been classified as GDM, which may have abolished sex-specific 

differences. Other studies have reported conflicting results in relation to offspring sex. 

Krishnaveni et al. found that maternal GDM was associated with higher skinfold thickness in 

Indian girls in childhood, but not in boys. (Krishnaveni et al., 2010) A significant interaction 

between maternal GDM treatment status and infant sex was detected in the RCT by Landon 

et al, with boys in the treatment group more likely to have lower birth weight and neonatal fat 

mass, whereas differences in girls were not significant. (Bahado-Singh et al., 2012) Further 

adequately powered longitudinal studies are needed to determine whether maternal 

diabetes has sex-specific effects on offspring adiposity. 

 

4.10.6  Influence of maternal pre-pregnancy BMI on infant adiposity 

 

I was able to evaluate the effects of maternal GDM and maternal BMI on infant adiposity by 

performing multivariable regression analysis. I found that the differences in adiposity 

between IDM and NIDM at 10 weeks were slightly attenuated, but remained significant 

following adjustment for maternal pre-pregnancy BMI. This is in agreement with findings 

from the meta-analysis. The HAPO group found that maternal GDM had a greater 

association with newborn adiposity than maternal obesity, but their combination had the 

greatest impact. (Catalano et al., 2012) Our group previously found that infant abdominal AT 

and IHCL were greater with increasing maternal BMI. (Modi et al., 2011) In the current study, 

maternal pre-pregnancy BMI was not independently predictive of infant adiposity. Women 
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with GDM represented a relatively normal weight group, with a median pre-pregnancy BMI 

below 25 kg/m2. The effects of significant maternal overweight and obesity were therefore 

not assessed. A larger study including four groups of mothers; normal weight/normal glucose 

tolerance, overweight/normal glucose tolerance, normal weight/GDM, and overweight/GDM 

could provide further insight. 

 

4.10.7  Relationship between maternal glycaemia and infant adiposity  

 

A secondary aim was to examine the relationship between maternal glycaemia in pregnancy 

(below and within the diabetic range) and infant outcomes. A proportion of women had pre-

existing risk factors for GDM and therefore progressed directly to the standard OGTT, 

resulting in a smaller subgroup of women (n=61).  

 

There were no significant correlations detected between maternal glycaemia and any 

measure of infant adiposity at birth. This contrasts with the findings of two previous newborn 

studies. (HAPO, 2009, Uvena-Celebrezze et al., 2002) Uvena-Celebrezze et al. examined 

associations between maternal glucose values (fasting, preprandial and postprandial) in 18 

women with GDM and infant adiposity. Fat mass was measured by TOBEC or 

anthropometric measurements within 48 hours of birth. Maternal fasting glucose level 

significantly correlated with neonatal fat mass. Only mothers with GDM were included and it 

is therefore not possible to conclude whether this relationship would persist across the pre-

diabetic range of maternal glycaemia. (Uvena-Celebrezze et al., 2002) The pre-diabetic 

range was examined in the HAPO study, which demonstrated a strong linear association 

between increasing maternal glucose concentration and neonatal anthropometric-derived 

adiposity. The relationship was present irrespective of whether the fasting, 1 hour or 2 hour 

glucose concentration on OGTT was assessed, suggesting that alterations in maternal 

nutrients in the fasting or postprandial state are related to fetal growth. (HAPO, 2009) 

Notably, mothers with GDM in both studies above received no treatment or less intensive 

treatment than in my own study. As I showed no difference in adiposity between newborn 

infants of mothers with and without GDM, the absence of a relationship between maternal 

glycaemia and adiposity at this age may not be surprising.  

 

However despite detecting greater total adiposity in IDM than NIDM at 8-12 weeks, no 

significant relationship between maternal glycaemia and newborn adiposity was detected. As 

glucose control in mothers with GDM was good, it is possible that alterations in maternal 

metabolism and other nutrients are impacting infant adiposity. (Nelson et al., 2010) Maternal 
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triglycerides have been correlated with increased fetal growth and specifically, adiposity. 

(Schaefer-Graf et al., 2008) I recruited infants after birth and was therefore unable to collect 

additional maternal antenatal bloods, limiting the exploration of nutrients other than glucose. 

 

I did not identify any other study examining the relationship between maternal glucose and 

adiposity in later infancy. However, similar to my own study, Chandler-Laney et al. used the 

1 hour 50g glucose screen to evaluate the effect of maternal glycaemia (below and within 

the diabetic threshold) on adiposity and lean mass in children using DXA. Although the 

sample size was relatively small (n=27), the authors found a positive correlation between 

maternal glucose concentration and fat mass in children; r=0.418 (p<0.05). Correlation 

between maternal glycaemia and lean mass was seen only after adjustment for height and 

sex, and did not reach statistical significance; r=0.371 (p=0.07). (Chandler-Laney et al., 

2011) I did not detect a relationship between maternal glycaemia and adiposity in infancy, 

but it is possible that the effects of maternal glycaemia on offspring body composition could 

emerge in childhood. 

 

4.10.8  Conclusion  

In conclusion, in this contemporary cohort with good glycaemic control in pregnancy, 

adiposity in IDM appears to be amplified over the first two months of postnatal life, with on 

average 16% greater total AT volume compared to NIDM. I speculate that careful control of 

GDM may not be sufficient to ameliorate effects in early infancy. As fat mass appears to 

track from infancy into childhood, (Ay et al., 2008, Catalano et al., 2009a) this may be a 

harbinger of longer-term risks to health. I suggest that key research priorities are to examine 

possible mechanisms leading to greater adiposity in IDM, and the evaluation of methods to 

predict infants at greatest risk of adverse metabolic health.  
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Chapter 5 Comparison of urinary metabolic 

profiles in IDM and NIDM  
 

5.1  Introduction 
 

In chapter 4 I compared adiposity in IDM and NIDM in early infancy. Although no differences 

were apparent at birth, by 8-12 weeks of life IDM had greater total AT volume compared to 

NIDM. These findings are intriguing as several previous studies have demonstrated greater 

adiposity in IDM at birth. (Catalano et al., 2003, HAPO, 2009, Zhao et al., 2013) A potential 

explanation for the disparity in findings is that the mothers with GDM included in my study 

represent a well-controlled group and therefore differences in adiposity in offspring may be 

negligible at birth, but could emerge later as a result of intrauterine programming; indeed 

differences in adiposity were apparent at 8-12 weeks. It is therefore possible that although 

no differences were detected in AT volume or hepatic lipid, more subtle differences in infant 

metabolism may exist and could predict an altered metabolic trajectory.  

 

One process which is suitable for the study of subtle metabolic differences is metabonomics. 

Metabonomics enables the simultaneous exploration of hundreds of metabolites using small 

volumes of biological fluids. Metabolic responses can be studied in relation to normal 

development and disease, and metabolites can be correlated against phenotypic 

characteristics and identified as putative biomarkers. A number of different analytical 

techniques can be used, mainly based on spectroscopy. (Lindon et al., 2004)  

 

NMR spectroscopy has many benefits and is considered the most universal metabolite 

detection technique as it non-selective and measures all small molecule metabolites 

simultaneously. Low sample volumes are needed, the acquisition time is short and as the 

technique does not rely on the separation of analytes, it is non-destructive and has a very 

high reproducibility. (Atzori et al., 2009) Using urine and plasma, NMR has been employed in 

several studies of diabetes and glucose intolerance in adults. Clear differences have been 

shown between subjects with and without T2D (Messana et al., 1998, Suhre et al., 2010) 

and in relation to glucose control. (Zhang et al., 2009) These include alterations in glucose 

metabolism and in tricarboxylic acid (TCA) cycle metabolites, or metabolites linked to 

microbiota. Differences in metabolic profiles obtained from cord serum have recently been 



212 

 

demonstrated in infants of mothers with GDM, including lower levels of glucose but higher 

levels of a number of amino acids. (Dani et al., 2013) To my knowledge NMR has not been 

used to compare urinary metabolic profiles in newborn IDM and NIDM. 

 

Capillary electrophoresis-mass spectrometry (CE-MS) analysis is an alternative technique 

with higher sensitivity than NMR spectroscopy, and is particularly useful in the identification 

of metabolites including amino acids, sugar nucleotides, sugar phosphates and amines. Due 

to its high speed, high separation efficiency and extremely low sample consumption, CE-MS 

is advantageous in screening newborn infants for inborn errors of metabolism. (Elgstoen et 

al., 2001) In adult studies, biomarkers involved in several disease processes have been 

identified using CE-MS and have subsequently been validated in multicentre clinical trials. 

(Mischak et al., 2009) Through the identification of urinary biomarkers, the technique also 

shows promise in the early detection of diabetic retinopathy and provision of prognostic 

information. (Rossing et al., 2008) I found no evidence that CE-MS has previously been 

used to examine the impact of GDM on infant metabolism.  

 

Peng et al recently studied metabolic profiles using liquid chromatography-mass 

spectrometry in newborn infants of mothers with and without GDM. The authors chose to 

study meconium and first urine samples in an attempt to represent differences in fetal 

metabolism. Metabolic patterns in meconium extracts clearly discriminated the two groups. 

Three potential discriminatory metabolites were identified in urine, but these did not yield a 

clear separation of infants of mothers with and without GDM. In order to improve biomarker 

identification, the authors recommended a multi-platform approach, including NMR. (Peng et 

al., 2015)  

 

As the collection of urine is minimally-invasive, urinary profiling offers the benefit of repeated 

assessments in infants and children, to monitor the progression of the metabolic phenotype. 

The infant urinary metabonome alters with postnatal age, (Trump et al., 2006) and it is 

therefore important to characterise how differences in metabolic profiles evolve with time. If 

any differences in IDM soon after birth persist in later infancy, this would strengthen the 

possibility that they lie on a causal pathway leading ultimately to T2D. Adiposity appears to 

track through infancy and childhood. (Ay et al., 2008, Catalano et al., 2009a) The detection 

of metabolic markers associated with adiposity may help to determine mechanisms 

underlying its development, and may provide a first step towards the prevention of adiposity 

and adverse metabolic sequalae. To my knowledge no other study has examined urinary 

metabolites in IDM in later infancy or possible biomarkers of adiposity in this group.  
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I therefore aimed to explore the metabolic phenotype of offspring of mothers with GDM soon 

after birth and in early infancy. I planned to identify metabolites which discriminated between 

IDM and NIDM. Matching these metabolites with specific enzymes and metabolic pathways 

could provide insight into potential underlying mechanisms driving alterations in the 

metabolic trajectory of IDM. 

 

I also examined whether the degree of maternal glycaemia in pregnancy appeared to 

influence infant urinary metabolic profile. Finally I aimed to establish whether alterations in 

urinary metabolic profile reflected changes in adiposity, and in particular, if urinary 

metabonomics offers the potential to predict subsequent adiposity. 

 

5.2  Aims 
 

 Investigate the impact of maternal GDM on urinary metabolic profile in newborn infants 

using 1H NMR spectroscopic and CE-MS analysis 

 

 Investigate the impact of GDM on infant urinary metabolic profiles using 1H NMR 

spectroscopic analysis, at the following time points: 

 

o scan 1 (around 2 weeks) 

o scan 2 (8-12 weeks) 

 

 Investigate the relationship between maternal glycaemia (below and within the diabetic 

range) and infant urinary metabolic profile 

 

 Investigate the relationship between infant urinary metabolic profile and AT deposition 

 

5.3  Hypotheses 
 

The following null hypotheses will be tested: 

 

 There is no difference in urinary metabolic profiles between newborn IDM and NIDM 
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 There is no difference in urinary metabolic profiles between IDM and NIDM in early 

infancy 

 

 There is no association between maternal glycaemia and infant urinary metabolic profile 

 

 There is no association between infant urinary metabolic profile and AT deposition 

 

5.4  Study design 
 

The newborn urinary analysis was based on preliminary work performed during the 

development of my PhD.  

 

Urine samples were also collected in early infancy during the course of the prospective 

cohort study. 

 

5.4.1  Sample collection and preparation 

 

Urine sample collection is outlined in section 2.4.1 and sample preparation in section 2.4.2 

(pilot study urine samples: 2.4.2.1 and prospective cohort urine samples: 2.4.2.2). 

 

5.4.2  Power calculation 

 

Conventional power calculations are not performed for metabonomics as analysis involves 

identification of discriminant metabolites, and as the model is data driven, their numbers 

cannot be predicted prior to analysis. Our research group has previously shown meaningful 

metabonomic outcomes with ≥10 subjects per group for some diseases, and other studies 

involving 50-70 participants have demonstrated an association between metabolic profiles 

and degree of glucose control, insulin sensitivity or maternal diabetes status. (Lucio et al., 

2010, Dani et al., 2013)  
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5.5  Methods 
 

Pilot study urine samples from newborn IDM and NIDM were analysed in a random run order 

using NMR and also CE-MS if sufficient sample volume remained. Data collection and 

processing is described in sections 2.4.2.3 to 2.4.3.4. 

 

Prospective cohort urine samples from IDM and NIDM in early infancy were compared using 

NMR. Samples were analysed in a randomised run order on 96 plate NMR racks (Bruker, 

Biospin), with a quality control (QC) sample analysed every 12 samples. Data analysis and 

processing is described in sections 2.4.2.3 to 2.4.2.7. 

 

The strategy used to compare urinary metabolic profiles in IDM and NIDM is described in 

section 2.6.10 (figure 11) and metabolite identification procedures are described in sections 

2.4 and 2.6.10, based on multiple spectroscopic and statistical correlation analyses. 

 

5.6A  Pilot study newborn urine results 
 

5.6A.1  Cohort characteristics 

 

Descriptive characteristics of the two groups are presented in table 1. The 2 groups had 

similar proportions of males and females and the timing of sample collection was similar.  

Statistically IDM were born earlier with a lower birth weight and to mothers with greater pre-

pregnancy BMI than NIDM.  

   IDM 

n=24 

NIDM 

n=44 

p value 

Male % 67 64 0.803 

Sample day (days) 2.3 (1.4) 2.4 (1.6) 0.642 

Birth weight (kg) 3220 (426) 3642 (466) 0.001 

Gestation (weeks) 38.4 (1.0) 40.3 (1.1) <0.001 

Maternal pre-pregnancy BMI (kg) 25.8 (5.8) 23.2 (3.3) 0.022 

 

Table 5.1 Descriptive characteristics of cohort (following exclusion of 3 spectra that did not 

run correctly due to poor suppression of the water peak) for newborn infant urine analysis. 

Data reported as mean (SD) with p values derived from unpaired t tests.  
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5.6A.2  NMR data processing and results 

In total 71 urine samples were analysed. Data were acquired as described in section 2.4.2. 

Each spectrum was visualised using Topspin 3.2 (Bruker Biospin). Three spectra had not 

run correctly (poorly suppressed water peak) and were excluded. Data were exported to 

Matlab 7.12 (MathWorks Inc. USA), and then to SIMCA-P+ 13.0.2 (Umetrics, Sweden) and 

were explored using unsupervised (PCA) and supervised (PLS-DA or OPLS-DA) modelling 

methods. PCA scores plots were used to identify outliers, which were assessed to establish 

whether it was appropriate to exclude the sample from further analysis (e.g. because of 

analytical artefact or presence of multiple drug contaminants). Each outlier spectrum was 

plotted against the median spectrum to enable visualisation of the differences in metabolic 

profile of outliers. The PCA scores plots showing the outliers and the spectrum for each 

outlier are included in the appendix (figures 1-3). For six samples, there was evidence of 

bacterial contamination with increased lactate, acetate and acetone, and in one sample 

there was evidence of immature renal function (gestation 36+2 weeks). These samples were 

excluded on the basis that they introduced substantial bias into the model, and 61 samples 

(23 IDM) remained for analysis.   

 

The urea signal (δ 5.6 to 6.0), water region (δ 4.72 to 4.88) and TSP signal region (δ -1 to 

0.3) were then excluded from the data set. Spectra were aligned to correct for peak shifting 

and data were normalised using probabilistic quotient normalization (PQN) to minimise 

differences in osmolality, as described in section 2.4.2.5. All infant urine samples overlaid 

are shown in figure 1A and the median infant urine spectrum is displayed in figure 1B. 
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Figure 5.1A All infant urine spectra overlaid after normalisation and alignment, along the X 

axis is δ/ppm scale, whilst along the Y axis is intensity relating to concentration. B Labelled 

median infant urine after normalisation and alignment.  
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PCA was again performed after exclusion of the outliers in order to give an overview of the 

data and to establish the most appropriate method of scaling; unit variance (UV) scaling was 

selected which gives equal weight to all signals within a dataset regardless of the 

concentration. An overview of all infant urine samples in the PCA scores plot is displayed 

below in figure 2. The final model was a 3 component model (R2X cumulative 0.289, Q2X 

cumulative 0.151).  

 

 

 

The fact that only 22% of the total variation in the data was explained by the first 2 principal 

components and the Q2X value of the model was low (12.1%), indicates that the dataset is 

relatively ‘noisy’ with influence from many sources of variation. 

 

Preliminary exploration of the data was performed to identify any other characteristics which 

may be influencing the infant urinary metabolic profile. The PCA scores plot is derived from 

an algorithm that does not use class information to influence the data. However, the co-

ordinates can be coloured according to particular characteristics to explore any inherent 

clustering within the data. The PCA scores plot was hence coded for the following 

characteristics (figures 3-6):  

 

• Run order  

• Birth weight  

• Gestation at birth  

• Infant sex  

• Mode of delivery 

• Maternal pre-pregnancy BMI 

• Day of sample collection (postnatal age) 

 

Figure 5.2 PCA scores plot of all week 1 

infant urine samples. R2X = 0.216, Q2X = 

0.121.  
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Infant feed data were not collected during the course of the pilot study. However, 

metabonomic work within our research group has demonstrated that there is no difference in 

infant urinary metabolic profile at one week of age in relation to feed type (Nick Andreas, 

unpublished thesis work, 2015).  

 

Figure 5.3 PCA scores plot of infant urine samples coloured by A run order indicating no 

systematic effect of run order, and B birth weight showing no trend towards correlation of 

birth weight with metabolic profile. 

 

 

Figure 5.4 PCA scores plot of infant urine samples coloured by A gestation at birth showing 

no strong trend of gestational age with metabolic profile, and B sex: boys (blue); girls (green) 

with no evidence of effect of infant sex. 
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Figure 5.5 PCA scores plot of infant urine samples coloured by A mode of delivery: vaginal 

delivery (green); in-labour CS (blue); pre-labour CS (red); missing (grey) showing no clear 

trend with mode of delivery, and B maternal pre-pregnancy BMI showing no clear trend with 

maternal pre-pregnancy BMI. 

 

 

 

From PCA plots, the characteristic which appeared to be most strongly associated with 

infant urinary metabolic profile was postnatal age, with separation along component one 

(figure 6). No other characteristic appeared to be strongly associated with infant urinary 

metabolic profile.  

 

5.6A.3  Comparison of newborn urinary metabolic profile of IDM and NIDM using NMR  

 

PCA also showed partial differentiation between IDM and NIDM samples, particularly on 

component 2, with a subset of the NIDM samples mapping to the upper quadrant of the plot 

(figure 7A). Following the suggestion of inherent biochemical pattern for at least a subset of 

the NIDM class, further modelling was undertaken to identity whether there were any 

systematic differences between IDM and NIDM (figure 7B). As the PCA model indicated 

significant ‘noise’ in the dataset, an OPLS-DA model was computed, which incorporates an 

orthogonal filter to remove systematic variation unrelated to the outcome of interest. 

 

Figure 5.6 PCA scores plot of infant urine 

samples coloured by postnatal age 

showing a degree of correlation between 

postnatal age and urinary metabolic profile. 
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Figure 5.7A PCA scores plot of infant urine samples coloured by IDM (blue) v NIDM (green). 

B OPLS-DA scores plot of infant urine samples of IDM (blue) v NIDM (green). R2X 0.109, 

R2Y 0.765, Q2Y 0.197.  

 

The OPLS-DA model displayed in figure 7B has a positive Q2Y value, meaning it has a slight 

positive predictive capacity. As described in section 2.6.10 in chapter 2, a permutations plot 

was used to test the validity of the model (figure 8). This confirmed the model to be valid, 

indicating that maternal GDM impacts infant metabolism.  

 

 

 

An OPLS-DA loadings plot was then generated to identify potential discriminant metabolites 

(figure 9A). The peaks with the strongest correlation for discrimination between groups 

(red/yellow) were then magnified. First, I focused on the bile acid region between  0 and 1 

(figure 9B). 

 

Figure 5.9A OPLS-DA loadings plot of IDM v NIDM with metabolites that are systematically 

higher in IDM class pointing downwards. B OPLS-DA loadings plot of IDM v NIDM with bile 

acid region magnified.  

 

Figure 5.8 Permutations plot of OPLS-

DA model using 100 permutations. R2X 

(green), Q2Y (blue). As the regression 

line of the Q2Y points intersects the 

vertical axis below zero and all Q2Y 

values to the left are lower than the 

original plot to the right, this indicates 

the original model is valid. The model is 

further validated as the R2X values 

follow a similar pattern. 
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As described in section 2.4.2.7, STOCSY and STORM were used to aid identification of 

discriminant metabolites. The bile acid region was investigated and STOCSY was performed 

at 0.767ppm. Related peaks were identified at 0.62 and 5.55ppm. Using this information in 

HMDB and BMRB a number of bile acids were investigated including cholic acid, glycocholic 

acid, deoxycholic acid, cheonodeoxycholic acid, glycochenodeoxycholic acid, 

taurodeoxycholic acid and ursodeoxycholic acid. Several of these displayed a similar 

structure, but none matched the peak identified on OPLS-DA and no positive identification 

was obtained. STORM was also performed at 0.767ppm and highlighted related peaks at 

0.62 and 1.1ppm, again consistent with a bile acid, but did not enable specific metabolite 

identification.  

Additional peaks with strong correlation for discrimination between groups were investigated. 

In the loadings plot, citrate and 2-oxoglutarate were identified as being present in higher 

concentrations in IDM, and are therefore possible discriminatory metabolites (figure 10A). 

The identification of 2-oxoglutarate was confirmed using STOCSY with a doublet of triplets 

identified at 2.43 and 3.00ppm (figure 10B). 

 

Figure 5.10A OPLS-DA loadings plot of IDM v NIDM with region containing citrate and 2-

oxoglutarate magnified. These were present in a higher concentration in IDM. B STOCSY 

confirmation of 2-oxoglutarate. 

 

A peak was also identified at 3.11ppm which was present in higher concentrations in the 

NIDM group (figure 11A). STOCSY was performed and a singlet was identified at 3.11ppm 

(figure 11B). 

 

B A 
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Figure 5.11A Magnified OPLS-DA loadings plot of IDM v NIDM (IDM class downwards) 

showing a peak at 3.11ppm which is present in higher concentrations in the control group. B 

STOCSY performed with a singlet identified at 3.11ppm. 

 

Malonic acid was identified as a possible discriminant metabolite using HMDB (figure 12).  

 
 

Figure 5.12A 1H NMR spectra of malonic acid showing singlet at 3.11ppm and B chemical 

structure of malonic acid 

 

As malonic acid is not a metabolite commonly associated with infant urine, a standard was 

obtained to confirm the identity of the discriminant peak. The NIDM sample with the highest 

concentration of the peak at 3.11ppm was identified in MATLAB and this was used to spike 

in the standard of malonic acid. The standard was first prepared to check that a single peak 

was seen at 3.11ppm. This was then added in increasing concentrations to the urine sample. 

The initial concentration was 1mg/ml and 1µl was added to the sample. As the concentration 

increased a peak emerged which was separate from the peak at 3.11ppm. Therefore the 

peak at 3.11ppm was not malonic acid. Although I was unable to positively identify this peak, 

based on its proximity to the malonic acid signal, it should have a similar chemical structure. 
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Median spectra of IDM and NIDM were then overlaid to assist in identification of further 

discriminatory metabolites (figures 13 and 14). 

 

 

 

Figure 5.13A Median spectra of IDM (red) and NIDM (black) overlaid to aid identification of 

discriminatory metabolites. B Magnified median spectra of IDM (red) and NIDM (black) 

overlaid, with citrate and 2-oxoglutarate identified in higher concentrations in IDM.  

 

 

Comparison of the median spectra of IDM and NIDM confirmed higher concentrations of 

citrate and 2-oxoglutarate in the IDM group (figure 13B). These are both important 

intermediate metabolites in the TCA cycle and will be discussed in section 5.8.2.1. Although 

formate was not found to be one of the metabolites with the strongest correlation for 

differentiation between groups on the OPLS-DA loadings plot, it was noted to be in greater 

concentration in IDM on the median spectrum. This discrepancy is likely the result of wide 

variability within the dataset.  

 

 

B A 

Figure 5.14 Magnified median spectra 

of IDM (red) and NIDM (black) overlaid 

with formate present in higher 

concentrations in IDM.  
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5.6A.4  CE-MS data processing and results 

 

There were sufficient urine samples available for CE-MS analysis in 38 infants (17 IDM). CE-

MS experiments were performed using an Agilent 7100 CE system coupled to an Agilent 

6224 Accurate-Mass time-of-flight (TOF) mass spectrometer system (Agilent Technologies, 

Wilmington, Delaware, USA). MS data were acquired using MassHunter Workstation 

Acquisition B.02.01 (Agilent Technologies, Wilmington, USA) and processed as described in 

appendix 2K. SIMCA-P+ 13.0.2 software (Umetrics, Sweden) was used to explore the data, 

using unsupervised and supervised modelling methods. PCA scores plots revealed no 

outliers. Spectra were aligned to correct for peak shifting and data were then normalised 

using probabilistic quotient normalization (PQN) as described in section 2.4.2.5. The total ion 

current chromatogram of all infant urine samples is displayed in figure 15 and the CE–(ESI)–

TOF–MS electropherogram showing all compounds in a pooled sample of infant urine is 

displayed in figure 16.  

 

 

Figure 5.15 CE-MS total ion current chromatogram of all infant urine samples. The X-axis 

represents the acquisition time and the Y-axis represents counts. 
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Figure 5.16 CE-(ESI)-TOF-MS electropherogram showing all compounds in a pooled 

sample of infant urine. The X-axis represents the acquisition time and the Y-axis represents 

counts. 

 

UV scaling was selected and a PCA plot was constructed. An overview of all infant urine 

samples in the PCA scores plot (R2X cumulative 0.40, Q2X cumulative 0.323) is displayed 

below in figure 17. 40% of the total variation in the data was explained by the first 2 principal 

components and the Q2X value of the model was 32%. This indicates that the dataset has a 

degree of ‘noise’ with influence from other sources of variation, but was not subject to as 

great a variation as the NMR dataset. 

 

Preliminary exploration of the data was performed to identify any other characteristics which 

may be influencing the infant urinary metabolic profile. The PCA plot was coloured according 

to the following characteristics (figures 18-20):  

 

• Birth weight  

• Gestation at birth  

• Infant sex  

• Mode of delivery 

• Maternal pre-pregnancy BMI 

• Day of sample collection 

 

 

 

 

 

Figure 5.17 3D PCA scores plot of all week 

1 infant urine samples. R2X = 0.40, Q2X = 

0.323.  
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Figure 5.18 3D PCA scores plot of infant urine samples coloured by A birth weight showing 

no trend towards correlation of birth weight with metabolic profile, and B gestation at birth 

showing no strong trend of gestational age on metabolic profile. 

 

 

 

 

 

 

 

 

 

Figure 5.19 3D PCA scores plot of infant urine samples coloured by A sex: boys (blue); girls 

(pink), with no evidence of effect of infant sex, and B mode of delivery: vaginal delivery 

(yellow); in-labour CS (red); pre-labour CS (purple), showing no clear trend with mode of 

delivery. 
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Figure 5.20 3D PCA scores plot of infant urine samples coloured by A maternal pre-

pregnancy BMI showing no clear trend with maternal pre-pregnancy BMI, and B postnatal 

age showing no clear trend with postnatal age. 

 

From PCA plots (figures 18-20), no characteristic appeared to be strongly associated with 

infant urinary metabolic profile. 

 

5.6A.5  Comparison of newborn urinary metabolic profile of IDM and NIDM using CE-MS  

 

PCA showed differentiation between IDM and NIDM samples, particularly on component 2 

(figure 21). 

 

 

 

 

 

 

 

 

 

 IDM 

NIDM 

A B 

Figure 5.21 3D PCA scores plot of infant 

urine samples coloured by IDM (blue) v 

NIDM (green). 
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Following the suggestion of inherent biochemical pattern for IDM class, a PLS-DA model 

was computed to identity whether there were any differences between IDM and NIDM (figure 

22A). The final model was a 7 component model; R2X cumulative 0.491, R2Y cumulative 

0.999, Q2Y cumulative 0.775. The model has a positive Q2Y value, meaning it has a positive 

predictive capacity. As described in section 2.6.10 in chapter 2, a cross-validation plot was 

used to test validity of the model (figure 22B). This confirmed the model to be valid, 

indicating that maternal GDM impacts infant metabolism.  

 

 

 

 

 

 

 

 

Figure 5.22A PLS-DA scores plot of infant urine samples of IDM (blue) v NIDM (green). R2X 

0.39, R2Y 0.90, Q2Y 0.61. B Cross validation scores plot of infant urine samples of IDM 

(blue) v NIDM (green). In comparison to the regular scores plot, this demonstrates relative 

stability of single points and separation of IDM and NIDM groups, confirming validity of the 

PLS-DA model. 

 

 

In order to identify discriminatory metabolites, a loadings column plot was generated for the 

PLS-DA model. Significant discriminant variables for IDM and NIDM were determined using 

a t-statistic threshold ≥1.96. (Garcia-Perez et al., 2014) There were 73 compounds which 

were significantly higher in IDM and 64 metabolites which were significantly higher in NIDM. 

These are highlighted in the loadings plot below (figure 23). 
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Figure 5.23 Loadings column plot showing all significant variables. Bars represent 

regression coefficients and whiskers represent the jack knife interval SE of the variables. 

Significant variables calculated by t-statistic ≥ 1.96 and coloured according to the group in 

which their expression is highest; IDM (red), NIDM (blue). Variables denoted on x-axis by 

m/z value @ retention time.  

 

Identification of compounds was then performed using the exact mass data in METLIN. A list 

of 512 potential discriminant metabolites was generated for IDM and 80 for NIDM. HMDB 

was searched for further details and metabolites were considered based on mass, structure 

and migration time, and compared with authentic standards where possible. Eight 

metabolites were identified as putative discriminant metabolites in the IDM group. Their 

spectra are shown in figure 24.  
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Figure 5.24 Metabolites extracted from infant urine identified to be present in significantly 

higher concentrations in IDM, with labelling of possible identifications.  

 

 

The following potential discriminant metabolites were identified; galactosylhydroxylysine, N6-

carbamoyl-L-threonyladenosine, 1-methylhypoxanthine, saccharopine, L-cysteinylglycine 

disulphide, trimethylamine-N-oxide (TMAO), diacetylspermine and N-acetyl-D-fucosamine. 

Standards were available for comparison in two of the compounds; saccharopine (figure 25) 

and TMAO (figure 26) and it was possible to confirm a higher concentration of these 2 

compounds in IDM. 

? galactosylhydroxylysine 

? N6-carbamoyl-L-threonyladenosine 

? 1-methylhypoxanthine 

? saccharopine 

? L-cysteinylglycine disulphide 

? diacetylspermine 

? trimethylamine-N-oxide 

? N-acetyl-D-fucosamine 
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Figure 5.25 (a) Comparison of a metabolite with a mass value of 277.1394 detected in 

significantly higher concentrations in IDM group with (b) saccharopine standard showing a 

similar mass value but a discrepancy in the acquisition time (8.1sec v 6.7sec). (c, d) 

Detection of quasimolecular ions created by the addition of a hydrogen ion (M+H)+ or sodium 

ion (M+Na)+ in (c) infant urine and (d) standard. 
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Figure 5.26 (a) Comparison of a metabolite with a mass value of 75.0686 detected in 

significantly higher concentrations in IDM group with (b) TMAO standard showing a similar 

mass value and a slight discrepancy in the acquisition time (4.2sec v 5.0sec) (c, d) Detection 

of quasimolecular ions created by the addition of a hydrogen ion (M+H)+ and the dimer 

(2M+H)+ in (c) infant urine and (d) standard. The detection of the compound and the dimer is 

confirmatory. 

 

 

The remainder of metabolites had tentative identifications based on database information. I 

investigated these further using the isotopic pattern, chemical structure and migration time in 

order to confirm or exclude the identification. There was insufficient evidence to positively 

identify 1-methylhypoxanthine, L-cysteinylglycine disulphide, diacetylspermine and N-acetyl-

d-fucosamine (figures not included). However there was some evidence that 

galactosylhydroxylysine (figure 27) and N6-carbamoyl-L-threonyladenosine (figure 28) were 

discriminant metabolites putatively identified from the databases. These metabolites will be 

discussed in section 5.8.2.2. 

 

 

Figure 5.27 (a) Metabolite with a mass value of 324.153 detected in significantly higher 

concentrations in IDM group. (b) Detection of quasimolecular ions created by the addition of 

a hydrogen ion (M+H)+ and the dimer (2M+H)+ in infant urine. This leads to a putative 

identification of galactosylhydroxylysine. 
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Figure 5.28 (a) Metabolite with a mass value of 412.1331 detected in significantly higher 

concentrations in IDM group. (b) Detection of quasimolecular ions created by the addition of 

a hydrogen ion (M+H)+ or sodium ion (M+Na)+ in infant urine. This leads to a putative 

identification of N6-carbamoyl-L-threonyladenosine. 

 

 

5.6B  Prospective cohort early infancy urine results  
 

It was apparent from interim analysis that the numbers of newborn urine samples were low 

in comparison with urine collected at scan 1 and 2. In addition to the scan 1 sample, only 6 

infants had separate urine samples collected soon after birth. This was for 2 reasons: 

 parents needed time to consider the whole study (including the MR imaging) and often 

agreed to participate just prior to or following discharge, before urine could be collected 

 some infants had their 1st scan prior to discharge and therefore one urine sample was 

collected at this point (i.e. scan 1 sample with no separate newborn sample)   

 

72 infants had samples collected at scan 1 (around 2 weeks), and 69 at scan 2 (8-12 weeks) 

as shown in figure 29.  
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Figure 5.29 Urine samples collected at different time points for participating infants 

 

I analysed all of the urine samples collected during the course of the prospective study 

together, and in subgroups to address the predefined aims and hypotheses. In total 163 

samples were analysed, including 14 QCs. As I presented a larger number of newborn infant 

(<1 week) urine samples in section 5A, I have not presented the small number of week 1 

samples separately, but have focused on scan points 1 and 2, i.e. around 2 weeks and 8-12 

weeks.  

 

5.6B.1  Exploration of all infant urine samples 

 

5.6B.1.1 Cohort Characteristics 

Descriptive characteristics of the two groups are presented in table 2. These are separated 

into the 2 scan points i.e. around 2 weeks and 8-12 weeks. IDM were born significantly 

earlier with a lower birth weight and had mothers with greater pre-pregnancy BMI than 

NIDM. The 2 groups had similar proportions of males and females and the timing of sample 

collections at scans 1 and 2 were similar.  At scan 1 IDM had significantly lower weight, head 

circumference and length than NIDM. These differences were no longer significant at scan 2. 

The proportions of infants that were predominantly or exclusively breast fed were similar in 

IDM and NIDM at both scans. 

Families  
approached 

Consented 

Attended 1
st

 scan 

Attended 2
nd

 
scan 

Newborn  
(<1 wk) = 6  

28 

Scan 1  
(~ 2 wk) = 72  

 

Scan 2  
(8-12 wk) = 69 

Urine Samples = 147 
(78 IDM) 
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   Scan 1 Scan 2 

IDM 

n=38 

NIDM 

n=34 

p value IDM 

n=36 

NIDM 

n=33 

 

Baseline demographics  

Maternal pre-

pregnancy BMI 

24.1 [21.0, 

28.9] 

21.9 [20.4, 

23.7] 

0.017 24.2 [22.2, 

32.3] 

21.9 [20.0, 

23.7] 

<0.001 

Gestation at birth 38+6 (1+1) 40+1 (1+1) <0.001 38+4 (1) 39+6 (1+1) <0.001 

Birth weight 3.441 

(0.372) 

3.708 

(0.422) 

0.006 3.429 

(0.336) 

3.628 

(0.408) 

0.030 

Birth OFC 34.0 [33.0, 

35.1] 

35.0 [33.0, 

36.0] 

0.126 34.2 (1.4) 34.9 (1.5) 0.069 

Male % 42 59 0.157 44 61 0.179 

Scan demographics 

Sample day (days) 11 (7) 12 (6) 0.458 71 [67, 73] 71 [66, 74] 0.824 

Weight at scan 

(kg) 

3.574 

(0.374) 

3.813 

(0.474) 

0.026 5.755 

(0.646) 

5.735 

(0.632) 

0.901 

OFC at scan  (cm) 35.4 (1.1) 36.1 (1.5) 0.030 39.5 (1.2) 40.0 (1.0) 0.056 

Length at scan  

(cm) 

52.4 (1.7) 54.2 (2.5) 0.002 59.5 (2.1) 60.4 (1.7) 0.071 

Feeds at scan (%) 

Ex/pred breast 

Mixed 

Ex/pred form 

 

82  

6 

12 

 

88 

6 

6 

 

0.789 

 

74 

3 

24 

 

75 

9 

16 

 

0.445 

 

Table 5.2 Descriptive characteristics of infant cohort. Data reported as mean (SD) with p 

value obtained by unpaired t test, or median [interquartile range] with p value obtained by 

Mann-Witney U test.  

 

5.6B.1.2 Data processing 

Data were acquired as described in section 2.4.2.3. Each spectrum in the raw dataset was 

visualised using Topspin 3.2 (Bruker Biospin). Two spectra had not run correctly (inadequate 

water suppression) and were excluded. Data were then exported to Matlab 7.12 (MathWorks 

Inc. USA) and SIMCA-P+ 13.0.2 (Umetrics, Sweden). PCA was performed to establish the 

position of QCs. The QCs were tightly clustered on both component 1 v 2 and 1 v 3 

indicating that run order had no significant effect (figure 30). 
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Figure 5.30 PCA scores plot of all infant urine samples with QCs (red) showing clustering on 

A component 1 v 2 and B component 1 v 3 

 

QCs were then removed and 147 samples remained. The water region (δ 4.72 to 4.87) and 

TSP signal (δ -0.02 to 0.02) were excluded by direct visualisation of the spectra. Aligned and 

non-aligned data were compared. Non-aligned data were selected as alignment resulted in 

artefact introduction. Spectra were then normalised using PQN as described in section 

2.4.2.5. Data were explored using PCA scores plots to identify outliers, which were 

considered for exclusion (figure 31). 

 

 

 

The spectrum of each outlier was plotted against the median spectra to enable visualisation 

of the differences in the metabolic profiles of outliers. The PCA scores plots showing the 

outliers and descriptions of metabolic differences are included in the appendix. In two 

samples, there was an increase in N-acetyl glycoprotein fragments (appendix, figure 4). This 

is a tentative assessment based on chemical shift and peak shape. These samples were 

excluded. Other outliers were found to be related to earlier postnatal age (appendix, figure 

5), resulting in physiological differences in metabolic profile and these were therefore not 

excluded.  

 

A B 

Figure 5.31 PCA scores plot based 

on 1H NMR of all infant urine 

spectra with QCs excluded. R2X 

0.363, Q2X 0.317 
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Figure 5.32A PCA scores plot of all infant urine samples, following removal of outliers. R2X 

0.375, Q2X 0.241. B All infant urine spectra overlaid after normalisation, along the X axis is 

δ/ppm scale whilst along the Y axis is intensity. 

 

Following exclusion of outliers (samples 1170 and 150), PCA of the re-normalised data was 

performed in order to give an overview of the data and to establish the most appropriate 

method of scaling (figure 32A). Removal of further outliers resulted in over-fitting of the 

model with a reduction in R2X and Q2X, and therefore these were not excluded in the overall 

group analysis, but were examined in the subgroup analyses of scan 1 and scan 2 samples. 

UV scaling was selected and 145 samples remained for analysis. An overview of all infant 

urine samples is displayed in figure 32B and the median infant urine spectrum is displayed in 

figure 33. 

 

A B 
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Figure 5.33 Median 1H NMR spectrum of infant urine after normalisation.  

 

Preliminary exploration of the data was performed to identify characteristics other than the 

variable of interest which may be influencing the infant urinary metabolic profile. The PCA 

plot was coloured according to the following characteristics:  

 

• Birth weight 

• Gestation at birth 

• Infant sex 

• Postnatal age 

• Mode of delivery 

• Maternal pre-pregnancy BMI 

• Feed type 
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Figure 5.34 PCA scores plot of infant urine samples coloured by A birth weight showing no 

trend towards correlation of birth weight with metabolic profile, and B gestation at birth 

showing no strong trend of gestational age on metabolic profile. 

 

Figure 5.35 PCA scores plot of infant urine samples coloured by A sex: boys (blue); girls 

(green) with no evidence of effect of infant sex, and B coloured by postnatal age showing 

some degree of correlation between postnatal age and urinary metabolite profile. 

 

Figure 5.36 PCA scores plot of infant urine samples coloured by A mode of delivery: vaginal 

delivery (green); emergency CS (blue); pre-labour CS (red) showing no clear trend with 

mode of delivery, and B maternal pre-pregnancy BMI showing no clear trend with maternal 

pre-pregnancy BMI. 

 

 

 

A B 

 

A B 

 

A B 
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From the PCA scores plots, the characteristic which appeared to be most strongly 

associated with infant urinary metabonome was postnatal age, with the strongest separation 

along component 2 (figure 35B). Planned subgroup analysis at scan 1 and scan 2 would 

help to reduce variation due to postnatal age, and no other characteristic appeared to be 

strongly associated with infant urinary metabolic profile (figures 34 to 37).  

 

PCA was also coloured by maternal GDM status and there was no clear influence of 

maternal GDM on infant metabolic profile on PCA (figure 38). 

 

 

Data were then separated for subgroup analysis of samples collected at scan 1 (around 2 

weeks) and scan 2 (8-12 weeks). 

 

5.6B.2  Scan 1 samples (around 2 weeks) 

 

The PCA scores plot of all infant urine samples collected at scan 1 is shown (figure 39). 

 

Figure 5.37 PCA scores plot of infant 

urine samples coloured by infant feed 

type; exclusively breast fed (green), 

predominantly breast fed (dark blue), 

mixed fed (red), predominantly formula 

fed (yellow), exclusively formula fed 

(light blue), missing (grey). No clear 

trend shown between infant feed type 

and infant urine metabolic profile.  

 

Figure 5.38 PCA scores plot of 

infant urine samples coloured by 

IDM (green) v NIDM (blue).  
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Figure 5.39 A PCA scores plot of all infant urine samples ~2 weeks. R2X 0.338 and Q2X 

0.070 and B following exclusion of outliers. R2X 0.514, Q2X 0.286.  

 

The spectrum of each outlier was plotted against a central spectrum to enable visualisation 

of the differences in the metabolic profile of outliers. The PCA scores plots showing the 

outliers and their descriptions are included in the appendix (appendix, figure 6). In 3 

samples, there was evidence of bacterial contamination based on the presence of high 

concentrations of lactate and acetate, and in one case higher formate with reduced citrate. 

These samples were excluded and 67 samples remained for analysis (figure 39B).  

 

5.6B.2.1 Exploration of variables 

 

Preliminary exploration of the data was performed to identify characteristics which may be 

influencing the infant urinary metabolic profile. The PCA scores plot was again coloured 

according to the following characteristics; birth weight, gestation at birth, infant sex, postnatal 

age, mode of delivery, maternal pre-pregnancy BMI and feed type (appendix, figures 7-10). 

From the PCA scores plots, the characteristic which appeared to be most strongly 

associated with infant urinary metabolic profile was postnatal age (appendix, figure 8A). No 

other characteristic appeared to have a strong influence on infant metabolic profile. 

 

5.6B.2.2 Comparison of urinary metabolic profiles in IDM and NIDM  

 

To compare urinary metabolic profiles in IDM and NIDM the PCA scores plot was first 

coloured by maternal GDM status. There was no clear influence of maternal GDM on infant 

metabolic profile on PCA (figure 40A). An OPLS-DA model of maternal GDM status was 

then computed. This model had a negative Q2X and therefore there was no clear difference 

between IDM and NIDM at scan 1 (figure 40B). 

 

A B 
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Figure 5.40A PCA scores plot of infant urine samples coloured by IDM (green) v NIDM 

(blue). B OPLS-DA of IDM (green), NIDM (blue). R2X 0.172, R2Y 0.476, Q2X -0.128.  

 

As postnatal age appeared to influence metabolic profile, subgroup analysis was performed 

comparing IDM and NIDM in samples taken before 1 week, and at 1-4 weeks separately 

(models not shown), with little effect on the results (table 3). 

 

 Model no R2X R2Y Q2X 

Scan 1 samples 
(mean 11 days)  

1 0.172 0.476 -0.128 

      

<1 week 2 0.278 0.695 -0.377 

1-4 weeks 3 0.152 0.642 -0.076 

 

Table 5.3 Summary of fit (R2X and Q2X) from OPLS-DA models comparing IDM and NIDM 

in all scan 1 samples, and separately for samples taken at <1 week and at 1-4 weeks. 

 

Therefore there was no difference in urinary metabolic profile between IDM and NIDM at 

around 2 weeks. 

 

5.6B.3  Scan 2 samples (8-12 weeks) 

 

The PCA scores plot of all infant urine samples collected at 8-12 weeks is shown (figure 41). 

 

 

A B 
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5.6B.3.1 Exploration of variables 

 

Preliminary exploration of the data was again performed to identify characteristics which may 

be influencing the infant urinary metabolic profile; birth weight, gestation at birth, infant sex, 

postnatal age, mode of delivery, maternal pre-pregnancy BMI and feed type (appendix, 

figures 11-14). From PCA scores plots, none of the characteristics appeared to have a 

strong effect on infant urinary metabolic profile at 8-12 weeks.   

 

5.6B.3.2 Comparison of urinary metabolic profiles in IDM and NIDM.  

 

To compare urinary metabolic profiles in IDM and NIDM the PCA scores plot was first 

coloured by maternal GDM status with no clear separation (figure 42A). An OPLS-DA model 

of maternal GDM status was then computed. This model was not robust, but had a slightly 

positive Q2Y (0.013) in the first component (figure 42B). 

 

 

Figure 5.42A PCA scores plot of infant urine samples coloured by IDM (green) v NIDM 

(blue). B OPLS-DA scores plot of IDM (green), NIDM (blue). R2X 0.187, R2Y 0.417, Q2Y -

0.226. 

 

A B 

Figure 5.41 PCA scores plot of all 

infant urine samples at scan 2 (8-

12 weeks). R2X 0.558, Q2X 0.317. 
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As the first component had a slightly positive Q2Y value, the extremes of both the IDM and 

NIDM groups were examined separately to see if there was any difference in characteristics 

between these subgroups that may be responsible for differences in metabolites (figure 43). 

 

 

 

Characteristics were compared using t-tests and significant differences (p<0.05) were seen 

between the groups in the following characteristics; 1hr maternal glucose challenge, 

maternal pre-pregnancy BMI, gestational age, birth weight and birth OFC. These are all 

characteristics which differ between the IDM and NIDM groups overall.  

 

Therefore, there do not appear to be subgroups of infants with characteristics that differ 

significantly from the rest of the group and which may explain metabolite differences. Overall 

there is no difference in urinary metabolic profile in IDM and NIDM at 8-12 weeks. 

 

5.6B.4  Correlation of maternal glycaemia and infant urinary metabolic profile 

 

5.6B.4.1 Scan 1 (around 2 weeks) 

 

As described in section 2.2.5.2, the 26-28 week maternal 1 hour 50g glucose challenge was 

used to examine the relationship between maternal glycaemia and infant urinary metabolic 

profile. A new PCA model was formed excluding any sample without corresponding maternal 

glucose challenge results. In total 25 mothers did not have a mini GTT; 20 had risk factors 

for GDM and therefore progressed immediately to a full OGTT, two had no results available 

and three had booked elsewhere, and therefore results were not available at Chelsea and 

Westminster.  

At scan 1 there were 48 urine samples with corresponding glucose challenge results. The 

PCA plot coloured by the maternal glucose challenge result is displayed below (figure 44). 

Figure 5.43 OPLS-DA scores plot 

showing samples in the extremes of 

the IDM (green) and NIDM (blue) 

groups, examined for differences in 

characteristics (outside red dotted 

lines). 
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There was no evidence of a relationship between maternal glycaemia and metabolic profile 

in the PCA scores plot. An OPLS loadings plot was then computed (appendix, figure 15). 

The model had a negative Q2Y and therefore no relationship was evident between maternal 

glycaemia and infant urinary metabolic profile. 

 

 

 

5.6B.4.2 Scan 2(8-12 weeks) 

 

A PCA scores plot was again computed excluding any mother without a glucose challenge 

result. In the scan 2 analysis 48 urine samples remained. The PCA scores plot coloured by 

the maternal glucose challenge result is displayed below (figure 45A). Again, there was no 

evidence of a relationship between maternal glycaemia and metabolic profile on the PCA. An 

OPLS loadings plot was then computed (appendix, figure 16). The model had a negative 

Q2Y and there was no evidence of a relationship between maternal glycaemia and infant 

urinary metabolic profile. 

 

 

.  

5.6B.5  Correlation of AT volume and infant urinary metabolic profile 

 

To correlate AT volume and infant urinary metabolic profile, OPLS loadings plots were 

computed.  

 

Figure 5.44 PCA scores plot of all 

urine samples ~2 weeks with 

corresponding maternal glucose 

challenge results (mmol/L). R2X 

0.531, Q2X 0.232. 

Figure 5.45 PCA scores plot of all 8-

12 week urine samples with 

corresponding maternal glucose 

challenge results (mmol/L). R2X 

0.509, Q2X 0.234 
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5.6B.5.1 Correlation of AT volume and infant urinary metabolic profile at scan 1 (~2 weeks) 

 

The OPLS loadings plot for scan 1 had a negative Q2Y value, indicating no correlation 

between metabolic profile and total AT volume at scan 1 (appendix figure 17A). 

 

5.6B.5.2 Correlation of AT volume and infant urinary metabolic profile at scan 2 (8-12 

weeks) 

 

The OPLS loadings plot for scan 2 had a negative Q2Y value, indicating no correlation 

between metabolic profile and total AT volume at scan 2 (appendix, figure 17B). 

  

5.6B.5.3 Correlation of newborn infant urinary metabolic profile and AT volume at scan 2 

(8-12 weeks) 

 

In order to assess whether urinary metabolic profiles in week 1 of life correlated with total AT 

volume at 8-12 weeks, an OPLS loadings plot was computed (23 samples in total) (figure 

46). This model had a slightly positive Q2Y value (0.16) and therefore potential 

discriminatory metabolites were examined (figures 47). 
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Figure 5.46 OPLS loadings plot of newborn urinary metabolic profile (<1 week) against total 

AT at scan 2 (8-12 weeks). Metabolites which are systematically higher with increasing total 

AT point upwards. R2X 0.33, R2Y 0.81, Q2Y 0.16  
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Figure 5.47A Magnified OPLS loadings plot of newborn metabolic profile (<1 week) against 

total AT at scan 2 (8-12 weeks) with peaks seen in the bile acid region. B 1H NMR spectrum 

of cholic acid showing peaks around 0.7, 0.9 and 1.0ppm. 

 

The peaks with the strongest correlation for discrimination between groups (red/yellow) were 

magnified. STOCSY of the peaks around 0.85ppm revealed these to be baseline variation 

rather than discriminant metabolites. Additional peaks were identified at 0.62, 0.76 and 

1.03ppm. Bile acids were examined and although no positive identification was made, the 

molecular structure may be similar to a bile acid such as cholic acid (figure 47B).  

 

Further peaks were seen near 1.19ppm (figure 48A). These were in higher concentrations 

with increasing AT volume. STOCSY and STORM were performed to assist in their 

identification (figure 48B). 

 

 

Figure 5.48A Magnified OPLS loadings plot with peaks seen near 1.19ppm. Metabolites 

which are systematically higher with increasing total AT, point upwards. B STORM of peaks 

at 1.19ppm, with correlated peaks highlighted in red. 

 

 

A 

 

B 

 A 

 

B 
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The 2 peaks around 1.19ppm (figure 48B) are potentially 3-aminoisobutyrate overlapping 

with 3-hydroxybutyrate. 3-aminoisobutyrate is a product formed by the catabolism of thymine 

and 3-hydroxybutyrate is a ketone body.  

A peak at 2.86ppm was also found in a higher concentration with increasing total AT volume 

(figure 49A). A tentative identification is trimethylamine (TMA); TMA is a singlet at 2.89ppm, 

but it is possible that there is a degree of chemical shift. 

Peaks were also seen at 3.26pm and 3.90ppm and found to be higher with decreasing AT 

volume (figure 49B). Betaine was identified as a potential discriminant metabolite. These 

metabolites are discussed in section 5.8.3.2. 

 

 

Figure 5.49 Magnified OPLS loadings plots. Metabolites which are systematically higher 

with increasing AT, point upwards. A Peak seen at 2.86ppm; potentially TMA. B Betaine 

identified (singlets at 3.25 and 3.89ppm.)  

 

Therefore, there was a weak association between newborn infant urinary metabolic profile 

(<1 week) and total AT volume at 8-12 weeks of life with the following alterations: 

 negative correlation with betaine 

 positive correlations (tentative) with TMA, 3-aminoisobutyrate, 3-hydroxybutyrate and an 

unidentified bile acid 

 

 

 

 

 

 

A 

 

B 
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5.7  Summary of results 
 

5.7.1  Maternal GDM influences newborn urinary metabolic profiles  

 

Using NMR: 

 Alterations in the TCA cycle were detected with a greater concentration of citrate and 2 

oxoglutarate in IDM 

 Bile acid metabolism was altered in IDM, although specific bile acids could not be 

positively identified 

 

Using CE-MS: 

 The following putative discriminant metabolites were identified (with standards available 

for comparison); saccharopine and TMAO  

 

5.7.2  There are no differences in urinary metabolic profiles between IDM and NIDM at 2 

weeks or 8-12 weeks of life  

 

5.7.3  No relationship was detected between maternal glycaemia and infant urinary 

metabolic profiles  

 

5.7.4  There is a weak association between newborn infant urinary metabolic profiles 

and total AT volume at 8-12 weeks of life 
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5.8  Discussion 
 

In this exploratory analysis newborn IDM appear to have an altered urinary metabonome in 

comparison to NIDM. Using NMR spectroscopy, I detected alterations in key intermediate 

metabolites involved in the TCA cycle, and in bile acid metabolism. Metabolic differences in 

IDM were also evident in CE-MS analysis, including altered degradation of lysine and 

choline.  

 

I did not however detect any differences in urinary metabolic profiles between IDM and 

NIDM at around 2 or 10 weeks. Nor did I detect a relationship between infant urinary 

metabolic profile and total AT volume at either time point, but there was some suggestion of 

an association between newborn infant urinary metabolic profile and adiposity at around 10 

weeks of life. 

 

5.8.1  Strengths and limitations 

 

The collection of urine offers the potential for minimally-invasive longitudinal study in infants 

and children, and I believe this is the first study to make repeated assessments of urinary 

metabolic profiles in IDM and NIDM in early infancy. The availability of MRI data also 

enabled exploration of the relationship between the urinary metabonome and adiposity in 

early infancy.  

 

A limitation of the study was the small number of newborn urine samples obtained from the 

prospective cohort. Newborn urine analysis was therefore confined to samples collected 

during the course of preliminary work. It is possible that infant urine samples taken within a 

few days of birth may partially reflect maternal metabolism, and as longitudinal assessment 

was not performed in these infants, I was unable to assess whether alterations persisted in 

this group after the first week.  

 

However, to my best knowledge, this is the first study to compare newborn urinary metabolic 

profiles in IDM and NIDM using both NMR spectroscopy and CE-MS. The use of a 

combination of metabonomic platforms increased the coverage of metabolites in the urine. 

Several of the potential discriminant metabolites, which I will now discuss, were biologically 

plausible and consistent with alterations that might be expected in IDM soon after birth, 
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rather than mimicking metabolic changes associated with insulin resistance in mothers with 

GDM. This leads to greater confidence in the findings. 

 

5.8.2  Meaning of pilot study newborn urine results 

 

5.8.2.1 NMR results 

 

Differences were detected in metabolites involved in the TCA cycle between IDM and NIDM. 

The TCA cycle generates energy through the oxidation of acetyl-CoA derived from 

carbohydrates, fats and proteins and is fundamental to the functioning of the body (figure 

50). The first stage of the process is the condensation of acetyl-CoA with oxaloacetate to 

yield citrate, a reaction catalysed by citrate synthase. Thereafter aerobic metabolism of 

acetyl-CoA to CO2 and H2O involves a further 7 enzyme-mediated steps before returning to 

oxaloacetate. Potential regulatory enzymes in the TCA cycle which involve irreversible 

metabolic reactions are; citrate synthase, isocitrate dehydrogenase and α-ketoglutarate 

dehydrogenase. Following exposure to maternal hyperglycaemia in utero, IDM display 

relative hyperinsulinaemia after birth which may persist for several days. (Sosenko et al., 

1982) Insulin enhances glycolysis, amino acid synthesis and glycogen and fat storage. 

Increased quantities of acetyl-CoA result initially in elevated citrate concentrations which will 

drive the TCA cycle until inhibitory mechanisms bring the situation into equilibrium, albeit 

with increased concentrations of certain key metabolites such as citrate and 2-oxoglutarate 

(α-ketoglutarate). I therefore speculate that the higher concentrations of citrate and 2-

oxoglutarate detected in IDM may resolve as insulin levels normalise. The opposite effect 

would be expected with reduced insulin action and this has been demonstrated in both 

animal and human studies. (Salek et al., 2007, Zhang et al., 2009, Williams et al., 2005) 

Williams et al utilised the Zucker obese rat as a model of T2D and normal Wistar rats as 

controls. Metabonomic analysis of rat urine was performed using both NMR and high 

performance liquid chromatography-mass spectroscopy (HPLC-MS). Both techniques 

identified a reduction in TCA cycle intermediates in the Zucker (fa/fa) rats, including in 2-

oxoglutarate. (Williams et al., 2005) Salek et al applied NMR to examine urinary metabolic 

changes in two rodent models of T2D and in humans with the condition. All three species 

demonstrated alterations in the TCA cycle, including a reduction in 2-oxoglutarate in rats and 

mice, and in fumarate and succinate in humans. (Salek et al., 2007) Zhang et al used NMR 

to analyse serum in 231 Chinese participants with NGT, impaired glucose tolerance or T2D. 

Progressive changes of the metabolic profile were demonstrated with decreasing insulin 
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sensitivity, and included TCA cycle disruptions with a reduction in citrate. (Zhang et al., 

2009) 

 

Figure 5.50 TCA cycle highlighting citrate and α-ketoglutarate (2-oxoglutarate) which were 

present in increased concentrations in IDM. Both are key intermediate metabolites and rate 

limiting steps in the TCA cycle. Hyperinsulinaemia in newborn IDM may enhance this 

pathway. 

 

 

Comparison of urinary metabolic profiles in IDM and NIDM also revealed alterations in the 

bile acid region, although it was not possible to identify specific metabolites. Bile acids are 

gaining recognition as important metabolic signalling molecules that modulate lipid, glucose 

and energy metabolism. Bile acid metabolism is closely linked to gut microbiota, and both 

are associated with metabolic disease. (Lefebvre et al., 2009, Cani and Delzenne, 2009, 

Dumas et al., 2006) Using a multiplatform metabonomic approach, Suhre et al demonstrated 

alterations in bile acid concentrations in adults with T2D. (Suhre et al., 2010) Lucio et al 

examined plasma in 46 adults with NGT using mass spectrometry, and used whole body 

insulin sensitivity as a marker of pre-diabetes. A significant proportion of the differences in 

metabolites detected between high and low insulin sensitivity groups were explained by 

alterations in bile acid metabolism. (Lucio et al., 2010) In infants of mothers with and without 

GDM, Peng et al examined the meconium metabonome and found alterations in bile acid 
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metabolism, specifically in conjugates of cholic acid. (Peng et al., 2015) Insulin and glucose 

regulate the synthesis of bile acids, but much of the bile acid pool in the body is maintained 

through the enterohepatic circulation, which is modulated by gut microbiota. The infant gut is 

sterile at birth and gut microbiota are acquired during delivery, from the environment and the 

diet. Gut microorganisms can drastically modify nutrient bioavailability and metabolism, 

(Nicholson et al., 2005) but whether alterations in microbiota within a few days of birth would 

be sufficient to influence bile acid metabolism is uncertain. I believe this is the first study to 

identify differences in urinary bile acid metabolism in IDM, and the role of altered gut 

microorganisms in the development of insulin resistance, glucose intolerance and adiposity 

in IDM warrants further investigation. Techniques have been developed combining 

spectroscopy, microbial community DNA fingerprinting and multivariate statistical tools, (Li et 

al., 2008) and recent UPLC-MS methods have enabled identification of a greater number of 

bile acids. (Sarafian et al., 2015) 

 

5.8.2.2 CE-MS results 

 

Saccharopine was found to be present in a greater concentration in IDM and this was 

confirmed using a standard of the compound. Lysine is an essential amino acid in humans 

and may have functional significance during brain development. (Papes et al., 2001, Rao et 

al., 1992) Degradation of lysine mainly takes place in the liver. The main mitochondrial 

pathway occurs via saccharopine and leads ultimately to the formation of acetyl-CoA. The 

first two reactions are catalyzed by enzymatic activities, which reside on a single bifunctional 

polypeptide; lysine-oxoglutarate reductase and saccharopine dehydrogenase. These 

enzymes have strict substrate specificity for lysine, 2-oxoglutarate (α-ketoglutarate) and 

NADPH. The pathway proceeds with the condensation of lysine and 2-oxoglutarate to form 

saccharopine (figure 51). (Goh et al., 2002)  

 

 
 

Figure 5.51 Condensation of lysine and α-ketoglutarate (2-oxoglutarate) to form 

saccharopine. 
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It is therefore possible that higher levels of 2-oxoglutarate in IDM (detected by NMR 

spectroscopy) could enhance this pathway and stimulate saccharopine formation. 

Saccharopine is usually present in only very small quantities in urine and this is likely to 

explain its detection using CE-MS, but not with NMR spectroscopy. Altered lysine 

metabolism has previously been postulated as a marker of pre-diabetes. (Tsutsui et al., 

2010) Tsutsui et al investigated possible biomarkers of pre-diabetes using 2 strains of mice; 

spontaneous insulin-resistant mice (ddY-H), in which symptoms of diabetes occur naturally 

at about 13 weeks, and non-insulin resistant mice (ddY-L). Metabolic profiling of plasma was 

performed at 5, 9, 13 and 20 weeks, using UPLC-MS. Compounds with the largest and most 

consistent differences between the 2 groups of mice were selected as potential biomarkers. 

Over 50 metabolites were identified; of which 36 were involved in the biosynthesis or 

degradation of lysine. In general, metabolites in the lysine biosynthesis pathway decreased, 

whereas those in the lysine degradation pathway increased. The differences in metabolite 

concentrations between ddY-H and ddY-L mice were most striking at 9 weeks, 

corresponding to the pre-diabetic state. Saccharopine differed most markedly in ddY-H mice 

at 5 and 9 weeks, indicating that this may function as an early biomarker of pre-diabetes. 

The authors intend to further investigate these biomarkers in plasma of humans with NGT, 

pre-diabetes and T2D. (Tsutsui et al., 2010) Of note, N6-Hydroxy-L-lysine (lysine 

degradation) was also identified as a potential biomarker of pre-diabetes in insulin resistant 

mice. Although I had no standard to confirm its identity, I detected a discriminant metabolite 

with the same mass value. This adds further weight to the finding of altered lysine 

degradation in IDM. A high-lysine diet has been postulated to improve cardiometabolic risk, 

(Flodin, 1997) and lysine catabolism and the role of saccharopine as a biomarker in IDM 

requires further exploration. 

 

Using CE-MS, I also detected TMAO in higher levels in newborn IDM, and its identity was 

confirmed using a standard. TMAO is a methylamine and oxidation product of trimethylamine 

(TMA), and a common metabolite in animals and humans. The production of TMAO from 

dietary phosphatidylcholine is dependent on metabolism by intestinal microbiota. (Wang et 

al., 2011) Although I did not identify TMAO as a possible discriminant metabolite using NMR 

spectroscopy, this may be because TMAO overlaps with betaine, which is present in high 

quantities in infant urine. Bile acid metabolism was however noted to differ in IDM (as 

detected by NMR spectroscopy), and these findings together may indicate an altered 

microbiome. Circulating TMAO levels are elevated in adults with T2D and have recently 

been shown to be strongly associated with cardiovascular disease risk. (Tang et al., 2013, 
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Wang et al., 2011) This novel finding of TMAO as a potential discriminant metabolite in IDM 

requires confirmation in a larger cohort.  

 

The remainder of the discriminant metabolites detected using CE-MS were tentatively 

identified based on database information. There was insufficient evidence to confirm the 

identity of 1-methylhypoxanthine, L-cysteinylglycine disulphide, diacetylspermine and N-

acetyl-d-fucosamine, and I was unable to find any link in the literature between these 

metabolites and metabolic health. Based on the detection of the compound and its isotopes, 

galactosylhydroxylysine and N6-carbamoyl-L-threonyladenosine remained possible 

discriminant metabolites. Galactosylhydroxylysine belongs to the class of organic 

compounds known as glycosyl-amino acids and consists of saccharide linked to an amino 

acid by a glycosyl linkage. It is released during bone resorption and is a marker of growth in 

children. (Rauch et al., 1995) In a study of antioxidant therapy, galactosylhydroxylysine has 

previously been noted in a higher concentration (along with other compounds associated 

with lysine glycation) in urine from diabetic rats in comparison to control rats. (Moraes et al., 

2011) The significance of this finding is unclear. N6-carbamoyl-L-threonyladenosine is a 

modified ribonucleoside that has been detected as a minor constituent in human milk. 

(Schlimme and Schneehagen, 1995) It has not previously been correlated with diabetes-risk. 

As the number of infants studied by CE-MS was small, and the identities of these 

discriminant metabolites remain uncertain, confirmation is required in a larger study.   

 

5.8.3  Meaning of prospective cohort urine results in early infancy  

 

5.8.3.1 Comparison of IDM and NIDM 

 

I found no alteration in the urinary metabonome of IDM at either 2 weeks or 10 weeks of life. 

Although a separate cohort of infants was used for this analysis, maternal and infant 

characteristics were similar to those in the preliminary newborn study, and mothers with 

GDM received identical treatment and achieved good control. I propose that the relative 

hyperinsulinaemia present in newborn IDM is in part responsible for the alterations seen in 

their metabolic profiles soon after birth (section 5A). As insulin levels return to normal, 

metabolic alterations, such as differences in TCA cycle intermediates, may therefore resolve. 

Subsequently no differences are present in IDM at 2 and 10 weeks of life. I speculate that 

metabolic profiles may remain similar in IDM and NIDM for an extended period, before subtle 

alterations emerge, prior to the development of metabolic sequelae. The examination of 
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urinary profiles soon after birth, during infancy and in childhood, in a single cohort of IDM 

and NIDM, is required to test this hypothesis.  

 

5.8.3.2 Relationship between adiposity and metabolic profile 

 

I did not detect a relationship between urinary metabolic profile and total AT volume at scan 

1. This may not be surprising as no differences in either metabolic profile or adiposity were 

seen comparing IDM and NIDM at around 2 weeks of life. Greater adiposity was evident in 

IDM by 10 weeks of life (chapter 4), but did not appear to be reflected by the urinary 

metabonome. It is possible that IDM lie on a trajectory of altered metabolism and adiposity, 

but this does not manifest in the urinary metabolic profile in early infancy. Recent studies in 

adolescents and adults have demonstrated that adiposity is associated with a distinct urinary 

metabolic signature. (Elliott et al., 2015, Wurtz et al., 2014)  

 

I found an association between urinary metabolic profile in the first week of life and infant 

adiposity at 10 weeks. It must however be noted that this analysis involved a smaller number 

of infants, and the Q2Y value was low, indicating poor predictability of the model. A number 

of metabolites were identified as potential discriminant metabolites. Betaine was found to be 

in a greater concentration with decreasing AT volume. Betaine is an important nutrient 

obtained from choline- or betaine- containing compounds and acts both to protect cells 

against osmotic inactivation, and as a methyl donor in a number of pathways. (Craig, 2004) 

Several studies in adults have demonstrated inverse associations between plasma betaine 

levels and measures of adiposity, including BMI, body fat % and waist circumference. 

(Konstantinova et al., 2008, Lever et al., 2005) Chen et al used HPLC-MS to examine the 

relationship between serum concentrations of choline and betaine, and body composition in 

almost 2000 adults. Fat mass and fat distribution were measured using DXA 3 years later, 

and betaine was found to be dose-dependently associated with lower adiposity and a more 

favourable fat distribution. (Chen et al., 2015) Mechanisms include betaine-related 

methylation of homocysteine to methionine, resulting in reduced acetyl-Co-A for fatty acid 

synthesis and fat deposition. (Lawrence et al., 2002) Previous trials of betaine 

supplementation and the effects on adiposity in humans have been small, with conflicting 

findings reported. (Cholewa et al., 2013, Schwab et al., 2002) Betaine may therefore offer 

potential as a biomarker of adiposity, and further trials are needed to assess possible 

benefits of betaine supplementation in the prevention or treatment of obesity.  
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In section 5A, comparison of newborn urinary metabolic profiles in IDM and NIDM revealed 

alterations in the bile acid region and greater TMAO concentration in IDM. In the current 

analysis, an unidentified bile acid and TMA were tentatively identified to correlate positively 

with total AT volume at 10 weeks, and may again suggest alterations in gut microbiota. The 

production of both TMA and TMAO are closely linked to microbiota; dietary choline is 

converted to TMA by anaerobic organisms in the gut, and TMA is subsequently converted to 

TMAO via the FMO3 enzyme, largely in the liver. In the study by Elliot et al, this pathway 

was one of several distinct gut microbial-host co-metabolic pathways found to be linked to 

BMI in adults. (Elliott et al., 2015) Salek et al detected altered urinary methylamines, 

including greater TMA concentration, in T2D in mice, rats and humans. The authors 

speculated that this reflected a general perturbation in choline degradation, which could be a 

result of altered microbiota. (Salek et al., 2007) An increase in energy intake appears to alter 

the microbial community, with a concurrent increase in energy absorption and decreased 

energy loss in stool, suggesting that alterations in energy intake and microbial composition 

may impact energy processing. (Jumpertz et al., 2011) To my knowledge few studies have 

examined the macronutrient and energy content of breast milk in mothers with GDM, or 

energy processing in their infants, and these are important areas for future research.  

 

3-aminoisobutyrate, also known as β-aminoisobutyric acid (BAIBA) was again tentatively 

identified in week 1 urine to positively correlate with greater AT volume at 10 weeks. This 

metabolite is a non-protein amino acid originating from thymine and valine catabolism. 

Urinary excretion of BAIBA was first identified in around 5% of white British adults in 1951. 

(Crumpler et al., 1951) The phenotype of high excretion was later determined to result from 

an incomplete recessive gene, with lesser influence from environmental factors. (Simpson 

and Morton, 1981) The frequency of high urinary excretion of BAIBA varies with ethnicity and 

is more common in Southeast Asians. Intriguingly, in a recent metabonomic-based study, 

BAIBA was identified to be metabolically protective. (Roberts et al., 2014) BAIBA was shown 

to induce browning of white adipocytes, and improved glucose homeostasis in mice. In 

adults, it was positively correlated with increased exercise and inversely correlated with 

metabolic risk. The authors concluded that BAIBA offers potential for the prevention and 

treatment of the metabolic syndrome and T2D. (Roberts et al., 2014) BAIBA 

supplementation has previously been shown to enhance fatty acid oxidation and reduce 

lipogenesis in the liver. (Begriche et al., 2008) A reduction in BAIBA concentration has also 

been associated with childhood under-nutrition and postulated to be a metabolic adaptation 

to reduce energy expenditure. (Mayneris-Perxachs et al., 2016)  Therefore its correlation 

with greater adiposity at 10 weeks merits further examination.  
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To my knowledge the relationship between newborn infant metabolic profiles and adiposity 

in later infancy or childhood has not previously been examined. Other studies have however 

reported a positive association between amniotic fluid insulin or plasma insulin at birth, and 

metabolic outcomes in childhood, including BMI and impaired glucose tolerance. (Weiss et 

al., 2000, Silverman B L, 1995, Plagemann et al., 1997) These findings indicate that 

metabolic alterations at birth may provide an important indication of risk for later adiposity or 

adverse metabolic sequalae. 

 

5.8.4  Conclusions 

 

This exploratory analysis indicates differences in the metabolism of newborn IDM. There 

was some evidence of alterations in interconnecting metabolic pathways, detected by NMR 

spectroscopy and CE-MS, such as alterations in bile acid metabolism and choline 

degradation. I did not however detect any differences in urinary metabolic profiles between 

IDM and NIDM at 2 weeks or 10 weeks of life using NMR spectroscopy. These preliminary 

findings and speculation of potential mechanisms will require confirmation in a larger cohort.  

 

I found a degree of correlation between the urinary metabonome in the first week of life and 

adiposity at 10 weeks. The association was weak, but a number of metabolites were 

tentatively identified that have previously been linked with metabolic health. These findings 

demonstrate the potential of the technique to identify biomarkers of later adverse metabolic 

health in IDM. Further large longitudinal studies, starting in infancy, are required to assess 

the relationship between urinary metabonome, adiposity and cardiometabolic risk. A 

multiplatform metabonomic approach may further aid metabolite identification. In particular, 

possible alterations in bile acid metabolism warrant further exploration, using a targeted 

UPLC-MS based approach. 
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Chapter 6 Breast milk macronutrient 

analysis in mothers with GDM and NGT 
 

6.1  Introduction 
 

In chapter 4, I demonstrated that there was no significant difference in adiposity between 

IDM and NIDM at 2 weeks, but greater total AT volume in IDM at a median age of 10 weeks. 

This finding is novel and raises the question about possible mechanisms for increased 

adiposity in IDM in early infancy. 

 

One potential explanation is that metabolic programming occurs following alterations in the 

intrauterine environment, with effects becoming evident in early infancy. Alternatively the 

difference in adiposity may result from altered postnatal environmental influences. 

Breastfeeding is associated with a number of longer-term health benefits including reduced 

risks of obesity and diabetes in both mothers and offspring. (Harder et al., 2005, Owen et al., 

2006, Arenz et al., 2004, Owen et al., 2005, Gunderson et al., 2015) As discussed in chapter 

2, our research group has shown no effect of type of milk feed (breast milk or formula) on 

adiposity in early infancy, (Gale et al., 2014b) and there was no significant difference in the 

proportions of breastfed infants in IDM and NIDM groups (71% and 74% respectively at scan 

2). However other differences in feeding may exist in IDM, and include alterations in breast 

milk constituents, in appetite, or in the processing of calories and nutrition from milk.  

 

It has previously been postulated that breast milk of mothers with diabetes may not offer the 

same long-term health benefits for offspring and that this may relate to differences in breast 

milk composition. (Kerssen et al., 2004, Plagemann et al., 2002) Plagemann et al conducted 

an observational study of breastfed IDM who received varying volumes of supplementary 

banked breast milk from donors with NGT. They identified a correlation between the volume 

of own-mother diabetic breast milk ingested and offspring overweight at 2 years. The risk of 

impaired glucose tolerance also decreased with increasing volumes of non-diabetic donor 

breast milk. (Plagemann et al., 2002) Later diabetic breast milk intake and duration of 

breastfeeding did not influence outcomes, and the authors concluded that the first week of 

life appears to be the critical window for nutritional programming. (Rodekamp et al., 2005) A 

small number of studies have examined breast milk macronutrient content in mothers with 
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diabetes. These include the investigation of total nitrogen, lactose, fat and glucose content, 

(Butte et al., 1987) and several other macronutrients (van Beusekom et al., 1993) in mothers 

with T1D; and free fatty acid content, (Klein et al., 2013) human milk oligosaccharides 

(HMO) and glycoprotein profiles in mothers with GDM. (Smilowitz et al., 2013)  

 

As similar pathophysiology is thought to occur in maternal obesity and GDM, and many of 

the constituents of maternal breast milk are derived from plasma, comparable alterations in 

breast milk might be expected in both conditions. A number of studies have investigated the 

impact of maternal overweight on breast milk macronutrient content, using a variety of 

techniques. These include examination of fat, (Barbosa et al., 1997) glucose and insulin 

content, (Ahuja et al., 2011) and fatty acid profiles. (Storck Lindholm et al., 2013) Michaelsen 

et al used mid-infrared spectroscopy to examine breast milk macronutrient content in relation 

to maternal overweight. (Michaelsen et al., 1990) This technique is relatively inexpensive, 

and enables rapid and accurate analysis of several milk components in a small volume of 

breast milk. Total carbohydrate, fat and protein can therefore be quantified simultaneously. 

To my knowledge, no previous study has used this technique to compare maternal breast 

milk from mothers with and without GDM. 

 

I therefore aimed to explore the influence of maternal GDM on breast milk macronutrient 

content in early infancy using mid infrared spectroscopy. 

 

6.2  Aims 
 

 To explore the impact of maternal GDM on breast milk macronutrient content soon after 

birth and at 8-12 weeks 

 

 To investigate the relationship between maternal antenatal glucose concentration and 

breast milk macronutrient content 

 

 To examine the relationship between breast milk macronutrient concentrations and AT 

volume in early infancy  
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6.3  Hypotheses 
 

The following null hypotheses will be tested: 

 

 There is no difference in breast milk macronutrient content between mothers with and 

without GDM  

 

 There is no relationship between maternal antenatal glucose concentration and breast 

milk macronutrient content  

 

 There is no relationship between breast milk macronutrient content and total AT volume 

in infants 

 

6.4  Study design 
 

This is a prospective cohort study as described in chapter 2, section 2.2. 

 

6.4.1  Sample collection and preparation 

 

Sample collection was planned at 2 time points: 

 collection 1 (around 2 weeks) 

 collection 2 (8-12 weeks) 

 

6.4.2  Power calculation 

 

This was a secondary analysis and there were no preliminary data available to perform a 

power calculation. The sample size was however greater than 2 previous studies of breast 

milk macronutrient composition in mothers with diabetes. (Butte et al., 1987, van Beusekom 

et al., 1993) 
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6.5  Methods 
 

Breast milk sample collection and storage is outlined in section 2.5.1, and sample 

preparation and analysis is described in section 2.5.2. In brief, mothers hand expressed hind 

milk directly into a sterile container and samples were immediately frozen at -80oC. I 

analysed all breast milk samples collected during the course of this prospective study 

together in order to minimise batch effects. Milk samples were defrosted and heated to 40oC 

in the water bath. Samples were then homogenized using an ultrasound homogenizer 

(MIRIS Sonicator) to minimise the fat separation and protein aggregation that can occur 

following freezing. 3mls of each milk sample was then injected into the MIRIS Human milk 

analyser and the macronutrient constituents (fat, carbohydrates and protein) and total 

energy content were calculated using mid-infrared transmission spectroscopy. 

 

6.6  Results 
 

In comparison with infant urine collection, the number of maternal breast milk samples was 

low. Breast milk analysis formed part of secondary analyses and although mothers were 

encouraged to provide a sample of expressed milk, greater emphasis was placed on settling 

the infant to achieve the MR imaging, and collecting infant urine samples for metabolic 

analysis. Seventy breast milk samples with sufficient volume for mid infrared spectroscopy 

analysis were available from 54 mothers (27 with GDM). 31 mothers provided adequate 

breast milk samples at the time of the first scan and 39 at the second scan as shown in 

figure 1. Sixteen mothers provided samples at both time points. 

 

 

 

 

 

 

Figure 6.1 Breast milk samples collected at different time points from participating mothers 
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6.6.1  Cohort characteristics 

 

Descriptive baseline characteristics of the IDM and NIDM groups are presented in table 1. 

IDM were born earlier (p=0.002) and had lower birth weight (p=0.038) than NIDM. Mothers 

with GDM had greater pre-pregnancy BMI (p=0.004). There were no other significant 

differences between groups. 

 

  Measure IDM NIDM p value 

Maternal pre-pregnancy BMI* 24.7 [22.4, 31.6] 21.6 [19.4, 24.2] 0.004 

Gestation at birth 38+4 (1+2) 40 (1+1) 0.002 

Birth weight 3.482 (0.376) 3.761 (0.436) 0.038 

Birth OFC 34.2 (1.4) 35.0 (21.7) 0.109 

Male %** 36 57 0.186 

 

Table 6.1 Baseline descriptive characteristics by IDM group. Results displayed as mean 

(SD) with p value obtained by independent samples t test, *median [IQR] with p value 

obtained by Mann-Whitney U test or ** % with p value obtained by Chi-squared test. OFC: 

occipital frontal circumference  

 

Characteristics of IDM and NIDM at collection 1 (around 2 weeks) and collection 2 (8-12 

weeks) are shown in table 2. The timings of sample collections in IDM and NIDM were 

similar at both scans. There were no significant differences in weight or OFC between IDM 

and NIDM at either time point. IDM were shorter than NIDM at collection 1 (p=0.021), but the 

difference in length was not statistically significant at collection 2 (p=0.064).  

 

   Collection 1 Collection 2 

IDM 

n=17 

NIDM 

n=14 

p 

value 

IDM 

n=18 

NIDM 

n=21 

p 

value 

Sample day 

(days) 

12 (5) 9 (4) 0.285 70 (5)  72 (7) 0.381 

Weight (kg) 3.638 

(0.387) 

3.876 

(0.402) 

0.185 5.824 

(0.552) 

5.793 

(0.446) 

0.872 

OFC (cm) 35.3 (1.3) 36.2 (1.9) 0.210 39.5 (1.3) 40.1 (1.4) 0.282 

Length (cm) 52.6 (2.0) 54.6 (1.3) 0.021 59.6 (2.4) 61.0 (1.3) 0.064 

 

Table 6.2 Descriptive characteristics of cohort at collection 1 and collection 2 by IDM group. 

Results displayed as mean (SD) with p value obtained by independent samples t test. OFC: 

occipital frontal circumference. 
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6.6.2  Comparison of breast milk macronutrients in mothers with and without GDM 

 

In order to inform subsequent statistical analysis, examination of the distributions of the 

different breast milk outcomes was performed. The results of the Shapiro-Wilk test are 

presented in table 3 and histograms and Q-Q plots are included in the appendix (figures 1-

12). Outcomes with a p value <0.05 were considered to be non-normally distributed and 

were log transformed prior to parametric statistical testing. If the distribution remained non-

normal following log transformation, non-parametric tests were used for group comparisons.  

 

Measure Collection 1 Collection 2 

Raw data Log transformed Raw data Log transformed 

Fat (g/ml) 0.26 - 0.08 - 

Crude protein (g/ml) 0.39 - 0.05 - 

Carbohydrate (g/ml) <0.001 0.002 0.46 - 

Total solids (g/ml) 0.76 - 0.02 0.30 

Total energy 

(Kcal/100ml) 

0.59 - 0.14 - 

True protein (g/ml) 0.28 - 0.02 0.19 

 

Table 6.3 Results of the Shapiro-Wilk test (p values) for normality of distribution of breast 

milk outcomes.  

 

Comparisons of breast milk macronutrients in mothers with and without GDM at collection 1 

and collection 2 are shown in table 4 and 5 respectively. 

 

6.6.2.1  Collection 1  

 

Macronutrient concentrations were generally higher in mothers with GDM compared to those 

with NGT at collection 1, but differences were not statistically significant. 

Measure 

 

GDM 

n=17 

NGT 

n=14 

p value 

 

Fat (g/ml) 3.52 [2.68, 4.37] 3.31 [2.38, 4.24] 0.727 

Crude protein (g/ml) 1.68 [1.49, 1.88] 1.62 [1.41, 1.84] 0.670 

Carbohydrate (g/ml)* 6.80 [6.40, 7.05] 6.60 [6.28, 6.83] 0.551* 

Total solids (g/ml) 12.20 [11.21, 13.19] 11.69 [10.61, 12.78] 0.486 

Total energy (Kcal/100ml) 67.00 [58.74, 75.26] 63.93 [54.83, 73.03] 0.613 

True protein (g/ml) 1.35 [1.16, 1.55] 1.39 [1.18, 1.61] 0.778 
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Table 6.4 Breast milk macronutrient comparison in mothers with GDM and NGT at collection 

1. p values calculated from independent t tests with mean [95% CI] presented except where 

*denotes independent samples Mann-Whitney U test with median [IQR].  

 

6.6.2.2  Collection 2  

 

At collection 2, breast milk macronutrient concentrations were higher in mothers with GDM in 

comparison to mothers with NGT. Fat (p=0.044), total solids (p=0.034) and total energy 

(p=0.035) content were significantly greater in mothers with GDM.  

Measure 

 

GDM 

n=18 

NGT 

n=21 

p value 

 

Fat (g/ml) 4.62 [3.75, 5.50] 3.40 [2.58, 4.21] 0.044 

Crude protein (g/ml) 1.38 [1.22, 1.53] 1.18 [1.04, 1.32] 0.066 

Carbohydrate (g/ml) 6.91 [6.77, 7.05] 6.90 [6.77, 7.03] 0.953 

Total solids (g/ml)* 12.91 (0.08) 11.59 (0.06) 0.034* 

Total energy (Kcal/100ml) 76.56 [68.20, 84.91] 64.29 [56.55, 72.02] 0.035 

True protein(g/ml)* 1.03 [0.89, 1.18] 0.93 [0.81, 1.05] 0.268* 

 

Table 6.5 Breast milk macronutrient comparison in mothers with GDM and NGT at collection 

2. p values calculated from independent t tests with mean [95% CI] presented except where 

*denotes t tests performed on log10 transformed data with geometric mean [95% CI].  

 

6.6.3  Relationship between maternal antenatal glucose concentrations and breast milk 

macronutrients  

 

To assess whether alterations in the macronutrient content of milk were related to maternal 

antenatal glucose concentration, including values below the diabetic threshold, regression 

analyses were performed. Results of analyses at collection 1 are presented in table 6, and 

collection 2 in table 7. 

Measure 

 

Regression 

coefficient (ß)  

95% CI 

 

p value 

 

Fat (g/ml) -0.015 -0.393, 0.363 0.934 

Crude protein (g/ml) 0.013 -0.059, 0.085 0.712 

Carbohydrate (g/ml) 0.032 -0.099, 0.162 0.618 

Total solids (g/ml) 0.027 -0.397, 0.451 0.897 

Total energy 

(Kcal/100ml) 

0.016 -3.616, 3.649 0.993 

True protein(g/ml) 0.046 -0.028, 0.121 0.211 
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Table 6.6 Linear regression analysis of maternal antenatal glucose concentration against 

breast milk macronutrient content at collection 1. The regression coefficient represents the 

change in outcome for each mmol/L increase in antenatal glucose concentration.  

 

Measure 

 

Regression 

coefficient (ß)  

95% CI 

 

p value 

 

Fat (g/ml) 0.079 -0.288, 0.446 0.657 

Crude protein (g/ml) 0.041 -0.019, 0.100  0.167 

Carbohydrate (g/ml) 0.015 -0.047, 0.077 0.618 

Total solids (g/ml) 0.132 -0.254, 0.518 0.480 

Total energy 

(Kcal/100ml) 

1.041 -2.432, 4.513 0.537 

True protein(g/ml) 0.029 -0.024, 0.083 0.266 

 

Table 6.7 Linear regression analysis of maternal antenatal glucose concentration against 

breast milk macronutrient content at collection 2. The regression coefficient represents the 

change in outcome for each mmol/L increase in antenatal glucose concentration. 

 

There was no significant correlation between maternal antenatal glucose screen and breast 

milk macronutrient content at either time point. 

 

6.6.4  Relationship between breast milk macronutrients and total AT volume  

 

To assess whether differences in the macronutrient content of breast milk contributed to 

greater adiposity in IDM, regression analyses were performed. Results at scan 1 are 

presented in table 8 and scan 2 in table 9. 

Measure 

 

Regression 

coefficient (ß)  

95% CI 

 

p value 

 

Fat (g/ml) -0.006 -0.056, 0.043 0.796 

Crude protein (g/ml) -0.274 -0.486, -0.066 0.012 

Carbohydrate (g/ml) -0.048 -0.189, 0.094 0.491 

Total solids (g/ml) -0.020 -0.064, 0.024 0.359 

Total energy (Kcal/100ml) -0.002 -0.007, 0.004 0.549 

True protein (g/ml) -0.278 -0.473, -0.083 0.007 

 

Table 6.8 Linear regression analysis of breast milk macronutrient content against total AT 

volume at scan 1. The regression coefficient represents the change in AT volume (l) for each 

unit increase in breast milk measure. 
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Measure 

 

Regression 

coefficient (ß)  

95% CI 

 

p value 

 

Fat (g/ml) 0.068 -0.004, 0.141 0.064 

Crude protein (g/ml) 0.244 -0.150, 0.638  0.215 

Carbohydrate (g/ml) -0.065 -0.602, 0.471 0.805 

Total solids (g/ml) 0.063 -0.003, 0.128 0.060 

Total energy (Kcal/100ml) 0.007 0.000, 0.015 0.062 

True protein(g/ml) 0.269 -0.163, 0.702 0.212 

 

Table 6.9 Linear regression analysis of breast milk macronutrient content against total AT 

volume at 8-12 weeks. The regression coefficient represents the change in AT volume (l) for 

each unit increase in breast milk measure. 

 

At scan 1 there was an inverse correlation between both crude protein and true protein in 

breast milk, and total AT volume (p=0.012 and p=0.007 respectively). There were no other 

significant correlations. 

 

Although not statistically significant, there was some evidence of correlation between each of 

breast milk fat (p=0.064), total solids (p=0.060) and total energy (p=0.062), and total AT 

volume at scan 2. 

 

6.7  Summary of results 
 

 There were no statistically significant differences in breast milk macronutrient content 

between mothers with and without GDM around 2 weeks after delivery  

 

 Mothers with GDM had greater fat and total energy in breast milk than mothers with 

NGT at 8-12 postnatal weeks 

 

 There was no significant correlation between maternal antenatal glucose screen and 

breast milk macronutrient content at either time point 

 

 There was an inverse correlation between breast milk protein and total AT volume in 

infants around 2 weeks after birth 

 

 There was some evidence of a relationship between breast milk content (fat and total 

energy) and total AT volume in infants at 8-12 weeks 
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6.8  Discussion 
 

I found no significant differences in breast milk macronutrient content between mothers with 

and without GDM in the first 2 weeks following delivery. However, 10 weeks after delivery, 

mothers with GDM had significantly greater fat and total energy content in breast milk than 

mothers with NGT.  

 

6.8.1  Strengths and limitations 

 

To my knowledge this is the first study to use mid infrared spectroscopy to compare the 

macronutrient composition (total fat, protein and carbohydrate) of breast milk of mothers with 

and without GDM. The availability of MRI to quantify AT volume in infants also enabled 

examination of the relationship between maternal milk composition and infant adiposity. 

Although not statistically significant, there was some evidence of a relationship between both 

fat and total energy content in breast milk, and infant adiposity at 10 weeks.  

 

The major weakness was the small number of mothers providing breast milk samples. This 

is likely to have impacted the power of the analysis and limited the exploration of potential 

confounders. Results should therefore be considered exploratory, and require confirmation 

in a larger cohort. A further limitation was the inability to standardize milk collection. Hind 

milk samples were expressed whenever possible, but a number of infants fed several times 

prior to settling for MR imaging, and milk samples were obtained at various times in relation 

to the feed. Breast milk macronutrient concentrations are known to alter during the course of 

a breastfeed, with an increase in fat and a reduction in lactose. (Hytten, 1954) Fat and 

protein content are also associated with the volume of milk and the length of the interval 

between feeds. (Woolridge, 1995, Michaelsen et al., 1990) Variation in these factors could 

therefore contribute to differences in macronutrient content between groups.  

 

6.8.2  Breast milk macronutrient content in mothers with and without GDM  

 

I believe that the finding of greater fat and total energy content in breast milk of mothers with 

GDM at 10 postnatal weeks is novel. I identified two other studies comparing breast milk 

macronutrients (or their derivatives) in mothers with and without GDM. Klein et al examined 

free amino acid content in breast milk samples from women with (n=21) and without GDM, 

(n=47) using H-PLC. Samples were obtained within the first 4 days following delivery and 
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again at 6 weeks. The authors found no significant differences in colostrum or mature milk of 

women with GDM compared to women with NGT. (Klein et al., 2013) Direct comparison 

between this study and my own was not possible as their analysis was limited to free amino 

acids. In a smaller study, Smilowitz et al investigated breast milk immune factors in women 

with (n=8) and without GDM (n=12) at 2 weeks postpartum. Human milk oligosaccharide 

(HMO) concentrations were similar in both groups, but GDM was associated with altered 

glycoprotein profiles in breast milk. The authors postulated that this may impact infant 

immune function and gut microbial ecology. (Smilowitz et al., 2013) HMO constitute the 

second largest component of breast milk carbohydrates and the third largest component of 

breast milk, and appear to promote the growth of beneficial strains of bifidobacteria in the 

infant gut. (Sela et al., 2008) Glycoproteins are also principal components of human milk and 

contribute to protection against a range of pathogens. (Liu and Newburg, 2013) I found no 

significant differences in total carbohydrate or protein concentrations in breast milk of 

mothers with and without GDM, but I was unable to quantify HMO or glycoproteins, and 

hence cannot comment on a possible impact on immunity or gut microbiota in IDM.  

 

Two further small studies have compared breast milk macronutrients in mothers with and 

without T1D. These studies used a number of laboratory techniques, but did not include 

infrared spectroscopy. Van Beusekom et al compared 6 women with well controlled T1D and 

5 women with NGT. Mid-feed breast milk samples of colostrum, transitional and mature milk 

were collected, and no differences in macronutrient concentrations were found between 

mothers with or without diabetes. (van Beusekom et al., 1993) Butte et al compared milk 

composition in 5 women with moderately controlled T1D and 42 women with NGT at 3 

months postpartum. There were no significant differences in milk concentrations of total 

nitrogen, lactose, fat and energy between the 2 groups, but the authors acknowledged that 

the sample size limited their ability to detect statistically significant differences. Glucose 

concentration was found to be higher in mothers with diabetes, which the authors suggested 

may reflect plasma glucose levels. (Butte et al., 1987) I quantified total carbohydrate only, 

and found no difference between mothers with and without GDM. Monosaccharides 

represent <2% of breast milk carbohydrates in healthy women, (Coppa et al., 1993) and it is 

therefore possible that a difference in glucose concentration could exist between groups. 
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6.8.3  Relationship between maternal BMI and breast milk macronutrient content  

 

The small numbers of samples precluded adjustment for confounders including maternal 

pre-pregnancy BMI. Recent work within our research group has shown no association 

between maternal pre-pregnancy BMI and milk metabolic or lipid profiles measured using 

NMR spectroscopy and U-PLC. Nor was a relationship detected between maternal BMI and 

breast milk macronutrient concentrations measured using mid-infrared spectroscopy. 

(unpublished thesis work, Nick Andreas, 2015) Klein et al also found no relationship between 

maternal BMI and free amino acid content in either colostrum or mature breast milk. (Klein et 

al., 2013) 

 

In contrast, a number of studies have reported an association between maternal overweight 

or obesity, and breast milk macronutrients. Using similar techniques to my own study, 

Michaelsen et al measured breast milk fat, protein and carbohydrate content in over 200 

Danish women. He reported that breast milk fat concentration increased significantly with 

increasing maternal BMI, and mothers with a BMI above 27 kg/m2 had a protein content 

which was 5% greater than mothers with a BMI below 21 kg/m2. Carbohydrate concentration 

was also positively correlated with maternal BMI but the differences were negligible. 

(Michaelsen et al., 1990) Lindholm et al examined the fatty acid profile of breast milk in 

normal weight and obese mothers using capillary gas-liquid chromatography. The 

concentration of long-chain n-3 fatty acids was lower and the n-6/n-3 fatty acid ratio higher in 

samples of breast milk of obese mothers compared to normal weight mothers. Participation 

of obese mothers in an intervention program led to near normal fatty acid concentrations. 

(Storck Lindholm et al., 2013) Two smaller studies found associations between maternal 

overweight or adiposity, and glucose, insulin (Ahuja et al., 2011) and fat content (Barbosa et 

al., 1997) in breast milk. Butte et al also reported evidence of a relationship between 

maternal weight and breast milk protein. (Butte and C., 1986) Further studies designed to 

examine the effects of both GDM and maternal overweight on breast milk macronutrient 

content are required. 

 

6.8.4  Relationship between breast milk macronutrient content and infant adiposity 

 

I detected an inverse correlation between breast milk protein and infant adiposity at around 2 

weeks. This finding is intriguing and is at odds with the previous suggestion that a higher 

protein content in formula compared to breast milk may be responsible for increased growth 
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and adiposity in formula fed infants. (Oddy, 2012) In a multicentre randomised trial high-

protein formula intake stimulated the IGF-1 axis and insulin secretion in infancy. IGF-1 was 

significantly associated with growth until 6 months of age (Socha et al., 2011) and obesity 

rates at school age. (Weber et al., 2014) However, demonstration of an association between 

high protein content in breast milk and infant growth appears to be limited to a single case 

study. (Grunewald et al., 2014) I did not detect any association between breast milk protein 

and infant adiposity at 8-12 weeks, and it is possible that the finding of an inverse correlation 

between breast milk protein and infant adiposity occurred by chance. This finding therefore 

requires confirmation in a larger cohort.  

 

There was some evidence of a relationship between both total energy and fat content in 

breast milk, and infant adiposity at 10 weeks. Michaelsen et al discovered a U-shaped 

relationship between breast milk fat and infant birth weight, but the study did not include a 

measure of adiposity in later infancy. (Michaelsen et al., 1990) Altered breast milk fatty acid 

profiles may stimulate fat deposition in infancy with implication of the n-6/n-3 long chain 

polyunsaturated fatty acid ratio. A recent study found that n-3 fatty acid concentration in 

breast milk was positively correlated with infant fat mass, whereas arachidonic acid had an 

inverse association. (Much et al., 2013) However, previous studies in animals and humans 

examining this association have reported inconsistent findings. (Asserhoj et al., 2009, 

Helland et al., 2008, Massiera et al., 2003)  

 

Fields et al demonstrated a positive correlation between glucose concentrations in breast 

milk, and weight, fat mass and lean mass measured using DXA in infants at 1 month of age. 

Breast milk insulin, IL-6 and TNF-α had negative associations with infant body composition. 

The authors concluded that breast milk appetite-regulating adipokines and pro-inflammatory 

cytokines may be important in the accrual of fat and lean body mass in early infancy, but that 

adequately powered studies are needed to examine the role of individual breast milk factors 

on infant body composition. (Fields and Demerath, 2012) The addition of glucose polymers 

to formula milk has previously been associated with greater weight gain and fat-free mass in 

preterm infants. (Costa-Orvay et al., 2011) Transport of glucose into breast milk occurs 

independently from plasma insulin concentration, and the concentration of glucose in milk 

reflects that of plasma. (Jovanovic-Peterson et al., 1989, Neville M C et al., 1990) Higher 

glucose concentration may therefore be expected in breast milk of mothers with GDM. I did 

not detect an association between total carbohydrate content in breast milk and infant 

adiposity, but I was not able to specifically measure glucose concentration in milk.  
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6.8.5  Possible alterations in breast milk hormones or appetite in infants 

 

In addition to altered breast milk macronutrients, it is possible that other factors vary in 

breast milk of mothers with GDM. Several hormones involved in appetite regulation, 

including leptin, adiponectin, resistin and ghrelin have been detected in breast milk. This 

suggests they may influence growth in early infancy. Breast milk leptin for example, may 

provide a degree of protection against overweight in offspring. (Palou and Pico, 2009, 

Savino et al., 2011) Alteration in these hormones in breast milk of mothers with GDM may 

therefore influence offspring adiposity and future studies should include exploration of breast 

milk hormones in this group.  

 

IDM may also have altered hypothalamic regulation of appetite and satiety. This develops 

primarily in utero but matures in early infancy. Therefore altered nutrition during this period 

may lead to permanent alterations in appetite and a predisposition to adiposity. (Ross and 

Desai, 2013) In a rodent model of diabetes in pregnancy, Franke et al demonstrated 

‘malprogramming’ of hypothalamic neuropeptidergic neurons in offspring of rats with 

untreated diabetes, and showed that these alterations were preventable with maternal 

diabetes treatment. (Franke et al., 2005) Plagemann et al also demonstrated induction of 

hypothalamic resistance following postnatal overnutrition. (Plagemann et al., 2009) 

 

6.8.6  Conclusion  

 

In conclusion, I found no difference in breast milk macronutrient content between women 

with and without GDM 2 weeks after delivery, but substantially greater fat and total energy in 

breast milk of women with GDM 10 weeks after delivery. There was some evidence of 

correlation between total energy and fat content in breast milk, and infant adiposity at 10 

weeks. Mitoulas et al reported that the mean fat content of breast milk varies over the first 

year of life, but fat delivery to the infant does not alter with the stage of lactation. (Mitoulas et 

al., 2002) Further work is needed to confirm whether breast milk macronutrient 

concentrations differ in mothers with GDM, and if differences equate to altered delivery to 

the infant. If alterations exist, these may contribute to greater adiposity in infants and 

adverse metabolic health in later life. Future work should include standardised milk collection 

and adequate power to enable examination of specific breast milk macronutrients, such as 

carbohydrate subgroups and fatty acid profiles.  
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Chapter 7 Discussion 

 

7.1  Summary of findings 
 

In this thesis I first set out to examine the association between maternal diabetes and 

offspring adiposity using meta-analyses. I then aimed to examine the relationship between 

maternal GDM and each of total AT volume, compartmental AT volume and IHCL content in 

a prospective cohort of infants. I also explored whether maternal GDM influenced metabolic 

profiles in infancy, and if there was any evidence that metabolic profiles reflected or 

predicted alterations in adiposity. Finally, I investigated whether maternal breast milk 

macronutrients appeared to differ in mothers with GDM, and if there was any suggestion that 

breast milk composition influenced infant adiposity. 

 

I found the following: 

 

Meta-analyses 

 

 Maternal diabetes was associated with increased fat mass in infancy and childhood 

 

 Effects were apparent with maternal GDM and T1D, but there were insufficient studies 

in infants to examine the effects of maternal T2D 

 

 There was some evidence of sex-specific effects of maternal diabetes, with a possible 

male predisposition to greater fat mass 

 

MR assessment of adiposity 

 

 IDM had greater total AT volume compared to NIDM at 8-12 weeks, despite no 

significant difference soon after birth  

 

 AT distribution and IHCL content were unaltered in IDM 
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 AT volume remained higher in IDM following adjustment for maternal pre-pregnancy 

BMI, supporting an independent effect of maternal GDM on infant adiposity 

 

Metabolic profiling 

 

 IDM appeared to have altered urinary metabolic profiles soon after birth, but similar 

metabolic profiles to NIDM at 2 and 10 weeks of life 

 

 There was evidence of a weak association between newborn urinary metabolic profiles 

and total AT volume at 10 weeks of life 

 

Breast milk content 

 

 Mothers with GDM had significantly greater fat and total energy content in breast milk 

than mothers with NGT at 10 postnatal weeks 

 

 There was some evidence of an association between breast milk macronutrient content 

and infant adiposity 

 

7.2  Maternal GDM and effect on infant adiposity 
 

IDM had greater total AT volume at 10 weeks of age, with on average 16% greater total AT 

volume compared to NIDM. This was particularly striking given that there was no significant 

difference in adiposity soon after birth. This was not accompanied by differences in AT 

distribution or IHCL content between IDM and NIDM. Findings were relatively unchanged 

following adjustment for confounders including maternal pre-pregnancy BMI, supporting an 

independent effect of GDM on infant adiposity. 

 

The finding of similar AT volume in IDM and NIDM soon after birth contrasted with the 

results of the meta-analysis, which showed significantly greater fat mass in newborn IDM. 

This finding may be the result of careful control of GDM during pregnancy, and is supported 

by two other recent studies. (Au et al., 2013b, Brumbaugh et al., 2013) All women in my 

study were screened for GDM using a 1 hour 50g glucose test. The diagnosis of GDM was 

made following 75g OGTT, using relatively stringent criteria, (fasting glucose ≥5.3mmol/L or 

2 hour glucose ≥7.8mmol/L) and therefore a proportion of women in my study would be 
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considered to have mild GDM. In a UK survey in 2014, only 8% of units reported a universal 

screening policy for GDM, and most centres used higher glucose thresholds to diagnose 

GDM, with only 4% adopting the 2010 IADPSG criteria. (NHS Diabetes, Accessed Nov 

2014) Although detailed daily blood glucose data were not available in mothers with GDM in 

my study, the group showed evidence of good glycaemic control with an average HbA1C of 

5.3%. Au et al reported a mean HbA1C of 5.4% in mothers with GDM in their study, and 

postulated that good glycaemic control accounted for their finding of similar adiposity in 

newborn infants of mothers with and without GDM. (Au et al., 2013b) This may therefore 

explain the absence of differences in adiposity soon after birth in my study, but more 

intriguingly, indicates that careful control of GDM may not be sufficient to ameliorate effects 

on later infant adiposity. The mechanisms leading to increased adiposity in these infants 

merit consideration. 

 

7.2.1  Rapid growth in infancy 

 

The difference in total AT volume in IDM compared to NIDM by 10 weeks was particularly 

notable as greater adiposity was not accompanied by discernible differences in body weight 

or length. IDM were born earlier than NIDM and the possibility that catch-up growth 

contributed to the increase in adiposity should be considered. (Dulloo et al., 2006) Our 

research group has previously shown that infants with intrauterine growth restriction have an 

altered AT distribution at birth, (Harrington et al., 2004) and children who demonstrate catch-

up growth during the first 2 years of life have greater body fat % in early childhood. (Ong et 

al., 2000) Weight SDS in IDM was not remarkably reduced at birth (mean -0.06), and 

therefore a significant contribution of catch-up growth may be less likely. IDM did however 

demonstrate rapid weight gain between birth and 2-3 months, which is itself a risk for greater 

adiposity in childhood. (Ong and Loos, 2006) Plagemann demonstrated that rapid weight 

gain in IDM during the first 4 months of life is a strong, independent risk factor for overweight 

in childhood. (Plagemann et al., 2012) Breij et al also found that accelerated weight gain in 

the first 3 months of life is associated with a higher risk for non-alcoholic fatty liver disease in 

early adulthood. (Breij et al., 2014) Rapid weight gain in IDM in my study appeared to occur 

as a result of greater AT deposition. This study was powered to detect differences in the 

smallest of the regional AT compartments at the first assessment, but it is possible that IDM 

had subtle differences in AT from birth, which may have evolved by 2-3 months of age. 

Indeed, AT compartments at first assessment tended to be greater in IDM, although no 

statistically significant differences were seen. What is remarkable is the extent to which total 

AT differed by the second assessment. 
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7.2.2  Epigenetic modification 

 

Epigenetic changes are heritable changes in gene expression that do not involve alterations 

in the DNA sequence. Processes such as DNA methylation and histone modifications allow 

the environment to modulate gene transcription during fetal development and early postnatal 

life. Many of these changes are then stable in later life. (Hochberg et al., 2011) Epigenetic 

modifications have been demonstrated in ODM. (Ma et al., 2015) In a GDM mouse model, 

Ding et al showed that altered methylation contributed to impaired islet cell function and 

reduced glucose tolerance in offspring, with evidence of transgenerational transmission. 

(Ding et al., 2012) Bouchard et al reported an inverse association between 2 hour glucose 

level on OGTT in mothers with GDM, and DNA methylation levels of the leptin (Bouchard et 

al., 2010) and adiponectin genes (Bouchard et al., 2012) on the fetal side of the placenta. In 

a further study by the same group, genome-wide methylation profiles were performed in 

placenta and cord blood in infants of mothers with and without GDM. GDM was associated 

with differential methylation of genes predominantly involved in metabolic disease pathways. 

(Ruchat et al., 2013) Regulated DNA methylation mostly occurs at a cytosine immediately 5’ 

to a guanine (CpG sites). In a prospective study, Godfrey et al measured the DNA 

methylation status of 68 CpGs from 5 candidate genes in umbilical cord tissue from healthy 

neonates. Higher methylation at one CpG site in the retinoid X receptor-a (RXRA) gene was 

found to be associated with both maternal diet and childhood adiposity measured by DEXA 

at 9 years of age. Offspring sex and epigenetic changes were estimated to account for more 

than 25% of the variance in childhood adiposity. (Godfrey et al., 2011) Together these 

findings suggest that a significant component of metabolic health is programmed in early life, 

and that altered DNA methylation may play an important role. 

 

7.2.3  Hypothalamic programming 

 

Insulin strongly influences the development of the central nervous system and in particular 

appears to modulate hypothalamic structures involved in energy balance and metabolism. 

Animal studies have demonstrated islet cell hyperplasia and hyperinsulinaemia in fetuses or 

newborn offspring exposed to diabetes in utero. (Bihoreau et al., 1986, Plagemann et al., 

1999) Insulin concentration in newborn IDM correlates positively with overweight and 

glucose intolerance in childhood, even in the absence of macrosomia at birth. (Weiss et al., 

2000, Silverman B L, 1995, Plagemann et al., 1997, Metzger et al., 1990, Hillier et al., 2007, 

Pettitt et al., 1987) Intrauterine exposure to an excess of glucose and other nutrients such as 

triglycerides may also alter hypothalamic sensing, leading to alterations in satiety and 
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appetite. (Schaefer-Graf et al., 2008) Several key hypothalamic neuropeptides work in 

combination to regulate energy balance, and one such appetite stimulator is neuropeptide Y 

(NPY). (Schwartz, 2001) NPY and its related neurones are expressed in a number of areas 

of the hypothalamus, such as the arcuate nuclei and the paraventricular nucleus. NPY 

neurones react to metabolic and hormonal stimuli, including glucose, insulin and leptin. 

(McMillen et al., 2005) Using a rat model of GDM, offspring have been shown to be 

overweight and hyperinsulinaemic at 21 days of life. Disruptions of distinct hypothalamic 

nuclei and subnuclei were demonstrated, particularly affecting the paraventricular nucleus, 

but also the arcuate nuclei. (Plagemann et al., 1999) The concept of hypothalamic 

‘malprogramming’ has been supported by other rodent models, and may also occur following 

excessive postnatal nutrition. (Franke et al., 2005, Plagemann et al., 2010) The 

hypothalamic insulin receptor promoter appears to be vulnerable to hypermethylation in 

response to neonatal overnutrition, which programmes a permanent predisposition to obesity 

and diabetes through induction of hypothalamic insulin resistance. (Plagemann et al., 2010) 

 

7.2.4  Insulin-like growth factors 

 

In pregnancies unaffected by diabetes, IGF-1 is the most important fetal growth factor, and 

insulin-like growth factors may also play a role in the development of adiposity. (Kadakia et 

al., 2016) Results from animal studies suggest that altered placental transport of nutrients, 

such as glucose and amino acids, influence IGF-1 and IGF-2 gene expression and fetal 

growth. (Fowden, 2003)  

 

In several studies conducted in different ethnic populations, higher cord blood IGF-1 

concentration has been detected in infants of mothers with pre-existing diabetes or GDM, 

compared to infants of mothers with NGT. In contrast, IGFBP-1 concentration was 

significantly reduced in these groups. (Di Biase et al., 1997, Lindsay et al., 2007, El-Masry et 

al., 2013) Birth weight, (Lindsay et al., 2007) weight percentile (Di Biase et al., 1997) and 

weight, OFC, length, BMI and skinfold thicknesses, (El-Masry et al., 2013) have been 

positively correlated with IGF-1, and negatively correlated with IGFBP-1 concentrations. 

These findings contrast with a recent Japanese study. (Kanai et al., 2016) Women initially 

considered to have NGT in pregnancy (and therefore untreated), were reclassified using 

IADPSG criteria, resulting in 38 of 216 women categorised to have mild GDM. There was no 

effect shown of mild GDM on cord blood IGF-1, IGFBP or adiponectin. (Kanai et al., 2016) It 

is possible that lesser degrees of glucose intolerance do not have the same impact on the 

IGF/IGFBP axis. However, of note, mild GDM appeared to influence infant birth weight and 
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the incidence of LGA, and the authors acknowledged that the small sample size may have 

limited their ability to detect differences in the IGF/IGFBP axis. (Kanai et al., 2016)  

 

In my own study, weight and total adiposity soon after birth were similar in IDM and NIDM 

groups, and therefore in utero alterations in the IGF/IGFBP axis may be less likely. Ong et al 

measured capillary blood IGF-1 concentrations in infants at ages 3 and 12 months. IGF-1 

concentration at 3 months predicted a greater gain in body length, but slower gains in BMI 

and skinfold thickness. (Ong et al., 2009) In a further large Danish birth cohort study, IGF-1 

and IGFBP-3 concentrations were weakly associated with gains in weight and length in AGA 

infants, during the first 3 months of life. Adiposity was not assessed. (Chellakooty et al., 

2006) I did not identify any study examining associations of the IGF/IGFBP axis with detailed 

assessment of AT deposition in later infancy, but it appears that alternative mechanisms are 

more likely to explain the greater accumulation in AT I demonstrated in IDM.  

 

7.2.5  Feeding 

 

Another potential mechanism for the differences described, concerns differences in breast 

milk composition. It has been suggested that neonatal ingestion of breast milk from mothers 

with diabetes may increase the risk of overweight in early childhood (Plagemann et al., 

2002). Breast milk alterations have been demonstrated in mothers with T1D, including higher 

glucose concentration, which may influence infant body composition. (Butte et al., 1987, 

Fields and Demerath, 2012) Alterations in breast milk fat (Much et al., 2013) and protein 

content, (Socha et al., 2011) have also been implicated in infant growth and adiposity.  

 

The proportion of breastfed infants in my study was similar in both groups. I performed an 

exploratory analysis of breast milk macronutrient content in a subgroup of mothers with and 

without GDM. I found greater breast milk fat and total energy content in mothers with GDM 

at 10 postnatal weeks. There was also some evidence of an association between these 

factors and infant adiposity at 10 weeks. These findings suggest that breast milk composition 

differs in mothers with GDM and may impact infant adiposity.  

 

In addition to macronutrients, a number of other components are present in breast milk, 

which could differ in maternal GDM. These include cytokines, growth factors and hormones 

involved in the regulation of food intake, energy balance and adiposity, such as IGF-1, leptin, 

adiponectin and ghrelin. These breast milk factors are also postulated to play a role in infant 

metabolism and growth. (Savino et al., 2009)  
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7.2.6  Microbiota 

 

Intestinal microbiota are also emerging as an important influence of adiposity and long-term 

metabolic health. The numbers of genes in the microbiome outnumber those in the human 

genome by about 100 fold, and gut microbiota can be considered our “second genome”. 

(Friedman, 2015) Rodent models provide evidence that gut microbiota modify the intake, 

storage and expenditure of energy. Gut microbiota appear to play a key role in the 

development of obesity, insulin resistance and diabetes, possibly by altering metabolic 

pathways, or through participation as epigenetic modifiers. (Backhed et al., 2004, Backhed 

et al., 2007, Dumas et al., 2006, Cani et al., 2007) Several factors influence gut microbial 

composition in infants, including maternal diet, mode of delivery, antibiotic use and infant 

feed type. (Musso et al., 2010) In a primate model, Ma et al demonstrated that a maternal 

and postnatal western-style diet, modulated gut microbiota in the offspring. Microbial 

alterations were only partially corrected by a low-fat diet following weaning, and a reduced 

diversity of microbiota persisted in one year old offspring. (Ma et al., 2014) Hu et al 

investigated the bacterial diversity of the meconium microbiome in a small number of infants 

of mothers with T2D (n=4), GDM (n=5) or NGT (n=13). The microbiome of infants of mothers 

with T2D reflected the maternal microbiome, and in comparison to the other groups there 

was a greater species diversity, with enrichment of bacteroidetes and parabacteriodes. (Hu 

et al., 2013) Further research is needed to establish whether maternal GDM impacts the 

infant microbiome. Recent advances in the integration of microbial sequencing and 

metabolic profiling technologies, enables characterisation of the role of the microbiome in 

host metabolism. (Holmes et al., 2011) Prebiotic treatment during pregnancy may induce a 

more favourable maternal micriobiome, thereby reducing insulin resistance and adiposity in 

both mothers and their offspring. (Paul et al., 2016) These findings offer a potential avenue 

for therapeutic intervention to prevent adiposity and to improve long-term metabolic health.  

 

7.3  Maternal GDM and effect on infant metabolism 
 

Although I found no significant differences in adiposity between IDM and NIDM within two 

weeks of birth, IDM appeared to have an altered urinary metabolic profile in the first week of 

life. Using NMR spectroscopy, I detected alterations in the TCA cycle and in bile acid 

metabolism. I also found differences using CE-MS, including alterations in choline and lysine 

degradation.  
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Dani et al compared cord serum metabolic profiles in infants of mothers with and without 

GDM using 1H NMR. The study had a number of similarities to my own. The sample size 

was comparable, and mothers with GDM followed a strict treatment protocol and were 

described to have good control. In comparison to NIDM, IDM were born earlier, but had 

similar birth weight and no increase in the occurrence of neonatal complications. Despite 

similar clinical characteristics, metabolic profiles differed between the groups, including a 

lower level of glucose in IDM. Intriguingly, and in contrast to my own results, the authors 

found an increase in lysine in IDM, implying greater lysine biosynthesis. Lysine was one of 

several amino acids found to be in greater concentrations in IDM, which the authors 

speculated to be due to the promoting effect of insulin, glucose, and leptin on amino acid 

placental transporters. (Dani et al., 2013)  

 

Using LC-MS in over 300 newborn infants, Peng et al aimed to investigate whether the 

examination of newborn meconium and urinary metabolic profiles could indicate fetal 

metabolic disturbance induced by GDM. Treatment and control in the GDM mothers were 

not described. The authors identified 14 metabolites from meconium, which clearly 

discriminated the two groups. These indicated disruptions in lipid metabolism, amino acid 

metabolism and purine metabolism, and suggested alterations in bile acid metabolism in 

IDM. Three potential discriminatory metabolites were identified in urine, but did not clearly 

differentiate IDM. The authors acknowledged that first newborn urine samples may not 

accurately reflect fetal urine and represent a transient time frame. They also suggested that 

alternative metabonomic platforms may increase biomarker detection and the understanding 

of GDM-induced alterations in metabolism. (Peng et al., 2015)  

 

Together with the findings from my own study, these results suggest that subtle differences 

in metabolism may be present in IDM from birth. In contrast to my study, neither study 

examined infants beyond the newborn period. I found no alteration in the urinary 

metabonome of IDM at either 2 weeks or 10 weeks of life. Changes in metabolic profile soon 

after birth may partly relate to transient hyperinsulinaemia present in newborn IDM. (Weiss 

et al., 2000) This could explain the apparent resolution of differences in metabolic profiles 

later in infancy. I postulate that subtle alterations in metabolism may emerge in childhood, 

prior to the development of adverse metabolic sequelae.  

 

I detected a weak association between urinary metabolic profile in the first week of life and 

infant adiposity at 10 weeks. Betaine was found in a greater concentration with decreasing 

AT volume. Several studies in adults have demonstrated inverse associations between 
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plasma betaine levels and measures of adiposity, including BMI, body fat % and waist 

circumference. (Konstantinova et al., 2008, Lever et al., 2005) In a study of almost 2000 

adults, Chen et al found that a higher level of betaine was associated with lower adiposity 

and a more favourable fat distribution. (Chen et al., 2015) I also detected a possible increase 

in an unidentified bile acid and in TMA, with increasing adiposity. Elliot et al recently 

characterised urinary metabolic signatures of human adiposity in both US (n=1880) and UK 

cohorts (n=444) in the INTERMAP study. Using 1H NMR spectroscopy and ion exchange 

chromatography, 24 hour urine metabolic profiling was undertaken on 2 separate occasions 

in adults. 29 molecular species were found to be associated with BMI in the US cohort, and 

25 of these were also detected in the UK cohort. Alterations were seen in a number of 

interrelated pathways, and indicated perturbations in renal function, gut microbial 

metabolism and the TCA cycle. (Elliott et al., 2015) Characteristic metabolic profiles 

associated with increasing BMI have also been identified in over 12,000 adolescents and 

young adults using 4 population-based cohorts in Finland. Plasma metabolites were 

quantified using a combination of NMR spectroscopy and biochemical assays. BMI and the 

change in BMI were associated with extensive metabolic changes including alterations in 

lipoprotein subclasses, fatty acid composition and amino acids, and the authors suggested 

that the findings indicated a modifiable systemic metabolite profile in early adulthood. (Wurtz 

et al., 2014) Animal studies also support metabolic signatures associated with adiposity. 

(Jegou et al., 2015) These findings demonstrate the potential of metabonomics in the 

identification of biomarkers of later adverse metabolic health in IDM.  

  

7.4  Strengths and limitations 
 

The strengths of this study included the use of a direct method to accurately quantify total 

and compartmental AT, with adequate power to detect differences likely to be clinically 

relevant in a relatively small number of infants. A further strength was the longitudinal 

design, enabling assessment of the evolution of adiposity in early infancy and examination of 

a possible relationship with metabolic profile. Differences in total and compartmental AT 

volumes at 8-12 weeks were consistent following adjustment for confounders and in 

sensitivity analyses, leading to increased confidence in the findings.  

 

A limitation of my study was that I could not examine for the effect of pre-existing diabetes 

on offspring adiposity. However metabolic effects of exposure to diabetes in utero are 

evident in offspring, regardless of maternal diabetes type. (Dabelea, 2007, Clausen et al., 
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2008, Silverman B L, 1995) This was supported by the findings of the meta-analysis; both 

maternal GDM and T1D were associated with greater adiposity in offspring, but data for T2D 

were more limited. A further limitation of this study was that infant urine samples were not 

obtained at each time point for every infant, and only a small number of urine samples were 

available soon after birth. I examined newborn urinary metabolic profiles in samples 

collected during the course of pilot work, and performed a separate analysis of the samples 

obtained in IDM and NIDM groups at 2 and 10 weeks of life. Therefore these results must be 

considered exploratory, and an important area for future research is the evolution of 

metabolic profiles from birth, through infancy and childhood, in relation to maternal GDM 

status.  

 

7.5  Meaning of results and future research  
 

The main finding of this study was that IDM had greater total adiposity at 10 weeks of life 

compared to NIDM. A key question therefore is: will this impact adiposity and metabolic 

health in childhood and adult life?  

 

Using surrogate measures of adiposity (such as BMI percentile), a positive correlation has 

been demonstrated between infant size and obesity in childhood and adult life. (Reilly et al., 

2005, Sayer et al., 2004) This is in turn associated with T2D and cardiovascular disease. 

(Juonala et al., 2011) Fat mass also appears to track through infancy and childhood. (Ay et 

al., 2008, Catalano et al., 2009a) Therefore if the differences I detected in adiposity in IDM 

persevere or increase in childhood, this is likely to impact later metabolic health.  

 

A first step is to perform longitudinal assessment of adiposity in IDM throughout infancy and 

childhood, and to examine associated effects on later metabolic health. In a small pilot study, 

Uebel et al measured abdominal subcutaneous and preperitoneal AT using ultrasound in 

infants of mothers from the following three groups; obesity with GDM, obesity with NGT, and 

lean with NGT. Measurements were taken at 1 week, 6 weeks, 4 months and 1 year. Infants 

from the GDM group had significantly higher subcutaneous AT at 1 week compared to the 

lean group, and higher preperitoneal AT at 1 week compared to both groups. No AT 

differences were detected at 4 months or 1 year, but cord insulin levels were independently 

associated with preperitoneal AT at 1 week, which was a positive independent determinant 

of preperitoneal AT development at year 1. (Uebel et al., 2014) Although a strong correlation 

between maternal glycaemia and infant adiposity was demonstrated at birth, (HAPO, 2009) 
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the HAPO group found little association between maternal glycaemia and offspring obesity 

at age 2 years. (Pettitt et al., 2010) At age 5-7 years associations between fasting plasma 

glucose and offspring obesity (BMI and sum of skinfolds) were no longer significant following 

adjustment for maternal BMI. (Thaware et al., 2015) These findings may not be surprising as 

studies have previously reported that offspring obesity associated with maternal diabetes 

resolves during the first few years of life, but re-emerges in later childhood. (Silverman et al., 

1991, Dabelea et al., 2000a) Results of follow-up in 10-12 year old offspring from the HAPO 

study are eagerly anticipated, and this is now in progress in 10 of the original 15 HAPO 

centres. (Thaware et al., 2015) The explanation for the re-appearance of the association 

between maternal GDM and offspring obesity during childhood is unknown. One possibility is 

that maternal GDM has differential effects on fat and fat-free mass in early childhood. In 

Project Viva, GDM was associated with a greater sum of skinfold thickness in 3 year old 

children, but not with BMI, which comprises both fat and fat-free mass. (Wright et al., 2009) 

This demonstrates the importance of more detailed assessment of adiposity, rather than 

using surrogate markers, such as BMI. Two previous studies have reported conflicting 

results of AT distribution in 10 year old children born to mothers with and without diabetes. 

(Davis et al., 2013, Crume et al., 2011b) Both studies used single slice abdominal MRI to 

measure AT distribution, and neither study performed MR imaging in infancy. Repeat MR 

examination in the present cohort would provide invaluable data about the evolution of 

adiposity in childhood in relation to maternal GDM. 

 

MR imaging does however have limitations. It is expensive and time consuming, and cannot 

easily be performed in young children without the need for sedation. There is a clear 

requirement for simple, minimally-invasive tests that may predict those at risk of later 

adverse metabolic health. In a small exploratory analysis, I demonstrated that urinary 

metabolic profiling offers the potential to detect differences in metabolism between newborn 

IDM and NIDM. The technique may be useful in characterising profiles associated with 

greater adiposity risk.  

 

Further large longitudinal studies, starting in infancy, are required to assess the relationship 

between the urinary metabonome, adiposity and metabolic health in offspring of mothers 

with GDM. Reduction in postnatal adiposity may be a therapeutic target to break the cycle of 

increasing population obesity and related complications, including T2D. 
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8 Publications and presentations 
 

8.1  Publications  
 

See Appendix 8 for the full text of first author publications and other papers frequently cited 

in this PhD. 

 

8.1.1  First author publications 

 

Logan K M, Emsley R J, Jeffries S, Andrzejewska I, Hyde M J, Gale C, Chappell K, Mandalia 

S, Santhakumaran S, Parkinson J R, Mills L, Modi N. 2016 Development of early adiposity 

in infants of mothers with gestational diabetes mellitus. Diabetes Care, 39, 1045-1051. 

(Logan et al., 2016a) (Appendix 8D) 

 

Logan K M, Gale C, Hyde M J, Santhakumaran S, Modi N. 2016 Diabetes in pregnancy 

and infant adiposity: systematic review and meta-analysis. Arch Dis Child Fetal 

Neonatal Ed, 0, F1–F8. (Logan et al., 2016b) (Appendix 8E) 

 

Logan K M, Hyde M J. 2013 Metabolic profiling in infants of mothers with diabetes or 

hyperglycaemia during pregnancy. Practical Diabetes, 30, 54-55. (Logan and Hyde, 2013) 

(Appendix 8F) 

 

8.1.2  Other publications related to research area 

 

Gale C, Logan K, Jeffries S, Parkinson J, Santhakumaran S, Uthaya S, Durighel G, Alavi A, 

Thomas E, Bell J, Modi N. 2015 Sexual dimorphism in relation to adipose tissue and 

intra-hepatocellular lipid deposition in early infancy. Int J Obes, 39 (4), 629-32. (Gale et 

al., 2015)  
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Gale C, Thomas EL, Jeffries S, Durighel G, Logan K, Parkinson J, Uthaya S, 

Santhakumaran S, Bell J, Modi N. 2014 Adiposity and hepatic lipid in healthy full term, 

breast-fed and formula-fed human infants: a prospective longitudinal cohort study. 

Am J Clin Nut, 99, 1034-1040. (Gale et al., 2014b)  

 

Gale C, Jeffries S, Logan KM, Chappell KE, Uthaya SN, Modi N. 2013 Avoiding sedation 

in research MRI and spectroscopy in infants: our approach, success rate and 

prevalence of incidental findings. Arch Dis Child Fetal Neonatal Ed, 98 (3), F267-8. (Gale 

et al., 2013) (Appendix 8C) 

 

Aceti A, Santhakumaran S, Logan KM, Phillips LH, Prior E, Gale C, Hyde MJ, Modi N. 2012 

The diabetic pregnancy and offspring blood pressure in childhood: a systematic 

review and meta-analysis. Diabetologia, 55, 3114-3127. (Aceti et al., 2012) (Appendix 8B) 

 

Gale C, Logan K, Santhakumaran S, Parkinson J, Hyde MJ, Modi N. 2012 The effect of 

breast versus formula feeding on infant body composition: a systematic review and 

meta-analysis. Am J Clin Nut, 95 (3), 656.  (Gale et al., 2012)  

 

Philipps LH, Santhakumaran S, Gale C, Prior E, Logan K, Hyde MJ, Modi N. 2011 The 

diabetic pregnancy and offspring BMI in childhood: a systematic review and meta-

analysis. Diabetologia, 54, 1957-1966. (Philipps et al., 2011) (Appendix 8A) 

 

 

8.2  Presentations 
 

Logan K, Gale C, Hyde M, Santhakumaran S, Modi N. 2014 The diabetic pregnancy and 

offspring adiposity in infancy and childhood: a meta-analysis. Endocrine Abstracts, 36, 

OC6.2 – oral presentation at BSPED, Winchester, 2014 

 

Logan K, Gale C, Santhakumaran S, Hyde MJ, Modi N. 2014 The diabetic pregnancy and 

offspring adiposity in childhood: a systematic review and meta-analysis. Arch Dis 

Child, 99, A125-A126 – oral and poster presentation at EAPS, Barcelona 2014 

 

Logan K, Hyde MJ, Wijeyesekera A, Gale C, Holmes E, Modi N. 2012 Infants of mothers 

with diabetes have altered urinary metabolic profile at birth. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Gale%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23013611
http://www.ncbi.nlm.nih.gov/pubmed?term=Jeffries%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23013611
http://www.ncbi.nlm.nih.gov/pubmed?term=Logan%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=23013611
http://www.ncbi.nlm.nih.gov/pubmed?term=Chappell%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=23013611
http://www.ncbi.nlm.nih.gov/pubmed?term=Uthaya%20SN%5BAuthor%5D&cauthor=true&cauthor_uid=23013611
http://www.ncbi.nlm.nih.gov/pubmed?term=Modi%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23013611
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http://www.neonatalsociety.ac.uk/abstracts/logank_2012_diabeticurinaryprofile.shtml – oral 

presentation at Neonatal Society summer meeting, Canterbury, 2012 

 

Logan K, Hyde MJ, Gale C, Parkinson JR, Jeffries S, Modi N. 2012 Sex differences in 

adipose tissue quantity and distribution in newborn infants. Arch Dis Child, 97, A106 – 

oral and poster presentation at European Society for Paediatric Research, Istanbul, 2012   

 

Logan K, Gale C, Santhakumaran S, Hyde MJ, Modi N. 2012 The effect of maternal 

diabetes in pregnancy on newborn adiposity. Diabetic Medicine, 29 (1), P119 – poster 

presentation at Diabetes UK, Glasgow. 2012 

 

Logan K, Thomas L, Bell J, Doolan A, Betakova D, Ruager Martin R, Modi N. 2009 Infants 

of mothers with diabetes demonstrate altered adiposity at birth in comparison with 

healthy term neonates. Arch Dis Child, 94 (1), A13 – oral presentation at RCPCH Annual 

Meeting, York 2009 
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