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The King assigned them the best of food and wine from his own kitchen during their 

three-year training period, planning to make them his counsellors when they graduated.  

... (Daniel) asked the superintendent for permission to eat other things instead... But (the 

superintendent) was alarmed by Daniel’s suggestion.  “I’m afraid you will become pale 

and thin compared with the other youths your age,” he said, “and then the king will 

behead me for neglecting my responsibilities.” 

“Daniel ... suggested a ten-day diet of only vegetables and water...at the end of the ten- 

days, Daniel and his three friends looked healthier and better nourished than the youths 

who had been eating the food supplied by the king!  So after that the steward fed them 

only vegetables and water, without the rich foods and wines.” 

 

Daniel v1:5-16 
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ABSTRACT 

 

Introduction  

Childhood obesity has doubled to tripled in recent decades.  While possibly plateauing, 

they remain historically high.  Recent declines in cardiovascular disease may reverse as 

this childhood cohort reaches middle-age, adding to substantial burdens of 

cardiovascular disease, currently the leading cause of death in most industrialised 

nations.  The entire adiposity distribution has shifted upwards and no threshold exists 

for cardiovascular disease, signifying that cut-offs are arbitrary.  Childhood obesity and 

related risk factors predict adult disease.  Cardiovascular disease has been linked to in-

utero growth restriction.  However, some suggest that the negative relationship between 

birth size and cardiovascular disease is spurious due to adjustment for current BMI.  

Early prevention of this epidemic requires understanding of early predictors of 

childhood risk factors and the relationships between the risk factors in a contemporary 

population.  My aims were to investigate:  

1.  clustering of risk factors at the 8 year-old follow-up in the Raine Study and perinatal 

predictors of cardiovascular risk;  

2.  clustering of risk factors at 14 year follow up in the Raine Study, and relationship to 

more recent inflammatory risk markers, namely CRP and liver aminotransferases. 

3. the effect of anthropometry on adolescent cardiovascular risk factors at age 14; 

4. whether childhood adiposity trajectories exist and their relationship to perinatal 

predictors and cardiovascular risk;  

 

Methods 

These aims were explored in a prospective longitudinal study, the West Australian 

Raine Pregnancy Cohort.  Women recruited at 16 to 20 weeks gestation during 1989-
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1991 had 2868 live births.  Sociodemographic data, anthropometry and blood pressure 

were repeatedly measured at 1, 2, 3, 5, 8, 10, 14 years.   Fasting blood glucose, insulin 

and lipids was performed on an 8 year-old subset (n=406).  Children attending the entire 

14 year follow-up underwent fasting glucose, insulin, lipids, C-reactive protein (CRP), 

uric acid, alanine aminotransferase (ALT) and gamma glutamyl transferase (GGT) 

(n=1377).   

 

Results 

 

1.  Cluster analysis was used to exploit the clustering of continuous risk factors 

(BMI, systolic blood pressure, fasting triglycerides and glucose). At the 8 year follow 

up 25% were at “high risk” with features similar to adult metabolic syndrome (higher 

BMI, systolic blood pressure, cholesterol, glucose and lower HDL).  There was a U-

shaped relationship between percentage expected birthweight (PEBW) and likelihood of 

being in the “high risk” cluster group.  Increased likelihood of being in the “high risk” 

group occurred with greatest weight gain between 1-8 years, (OR-1.4, 95%CI=1.3-

1.5/kg) and if mothers smoked during pregnancy (OR=1.82, 95%CI=1.05-3.2).  Risk 

was lower if children were breast fed ≥4 months (OR=0.6, 95%CI=0.37-0.97).  

Newborns in the upper two quintiles for PEBW born to mothers who smoked during 

pregnancy were at greatest risk (OR=14.0, 95%CI=3.8-51.1).  

2. At age 14 years, 29% fell into a high risk cluster compared to 2% by 

conventional metabolic syndrome definitions.  Validating the cluster analysis, 

inflammatory markers (CRP, uric acid, ALT and GGT) were higher in 14 year-olds at 

“high risk” (all p-value<0.001).  Further, the highest inflammatory markers were 

restricted to overweight children in the “high risk” group. 
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3. Relationships between anthropometry with cardiovascular risk were 

heterogeneous.  Central adiposity including waist circumference, waist-height ratio and 

BMI best predicted fasting insulin, homeostasis model of insulin resistance, 

triglycerides and C-reactive protein.  However, in less pubertally mature boys, 

increasing total and low density lipoprotein cholesterol were predicted by decreasing 

height.  Increasing blood pressure and uric acid were best predicted by increasing 

weight and height.   

4. Utilizing longitudinal analysis seven adiposity trajectories were identified.  

Three trajectories were associated with higher cardiovascular risk factors 1. low birth 

ascending to moderate adiposity; 2. moderate birth ascending to high adiposity; 3. 

constantly high adiposity.  Postnatal weight gain was shown to be more important than 

birth size in determining risk.  These trajectories were associated with extremes of birth 

size (trajectories 1 & 3), postnatal weight gain (trajectory 1 & 2), maternal smoking 

(trajectory 1), gestational hypertension and diabetes (trajectory 3), maternal obesity 

(trajectories 1-3), poor mid gestation weight gain (trajectory 2) and low mid-gestation 

foetal size (trajectory 1).   

 

Conclusions 

The magnitude of the childhood adiposity epidemic was highlighted using cluster 

analysis of risk factors rather than arbitrary cut-off values.  Over a quarter of children at 

8 and 14 years were at risk of future cardiovascular disease with the cluster of risk 

factors including higher BMI, systolic blood pressure, triglycerides and insulin 

resistance and lower HDL-cholesterol.  The “high risk” children had elevated 

inflammatory markers at 14 years.  This defies any notion that the obesity ‘epidemic’ is 

abating.   
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Understanding the complex relationships between intrauterine growth, maternal 

smoking, postnatal adiposity and postnatal factors such as breast feeding should guide 

prevention programs for childhood obesity and related adult metabolic and 

cardiovascular disorders. 
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INTRODUCTION 

 

The prevalence rates of childhood overweight and obesity have increased dramatically 

over recent decades, reaching levels some have labelled as epidemic.  Childhood obesity 

and adverse cardiovascular risk are known to be antecedent to adult cardiovascular risk 

and disease.  Therefore, childhood obesity is associated with current and future adverse 

metabolic and cardiovascular outcomes.  However, defining obesity and cardiovascular 

risk in childhood and adolescence does not directly translate from adult studies.  In 

particular, the use of adult arbitrary cut-offs for risk factors cannot be directly applied to 

children.  Differential growth patterns, pubertal development, lifestyle and family 

factors are likely to impact cardiovascular risk assessed in adolescence.  The 

prospective pregnancy Raine Cohort with longitudinal childhood anthropometry allows 

investigation of early antecedents of adult cardiovascular disease. 

 

The aim of this thesis is to examine the magnitude, influences and interaction of 

cardiovascular risk factors in adolescence.   Data from this thesis should facilitate early 

prevention strategies of childhood obesity, thereby preventing future epidemics of 

cardiovascular disease, likely to evolve as current youth approach adult and middle-

aged life. 



32 
 

ORGANIZATION OF THESIS  

 

This thesis is being submitted by papers.  It focuses mainly on human data but addresses 

some of the animal literature relating to Developmental Origins of Health and Disease 

(DOHaD) in chapter 5.  It is organized into 3 sections.  The first section covers a review 

of the relevant literature, followed by references included in the literature review. The 

end of the first section is concluded with an outline of the scope and aims of the thesis. 

The second section presents the results of the thesis in paper form.  Four papers are 

presented from chapters 7 to 10 inclusively. Each paper has an abstract, introduction, 

methods, results, discussion and references.  Two papers are verbatim (including 

reference list) as they appear published in peer reviewed journals (chapters 7 and 8) and 

one verbatim as it appears submitted to a journal (chapter 9), all with uniform typeset.  

An extended version of a manuscript submitted to a journal appears in chapter 10.  Each 

paper is preceded by a brief introduction linking the work and is followed by a brief 

discussion of the major findings and links between the literature and other results of the 

PhD.  Section 3 presents the overall conclusions and discussion, interpreting the 

findings of the four papers and drawing overall conclusions from the four papers.    The 

published articles of chapters 7 and 8 from the International Journal of Obesity (5 year 

Impact factor=4.802) and Diabetes Care (5 year Impact Factor= 8.806) are included in 

an appendix in their published typeset. 
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SECTION 1 

 

Background and Literature Review 
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Chapter 1 – Burden of cardiovascular disease 

 

1.1     Prevalence of Adult Disease Risk Factors 

 

Coronary heart disease is the leading cause of death in most industrialised nations.1   

The WHO stated that in 1999 cardiovascular disease contributed to a third of global 

deaths.2  It is estimated that 31% of all deaths and 10% of total disease related burden, 

measured by disability adjusted life years (DALYs), were attributable to cardiovascular 

disease in 1998.3  The Global Burden of Disease Study showed that ischaemic heart and 

cerebrovascular disease were the two leading causes of death worldwide in 1990 

accounting for 6.2 and 4.4 million deaths respectively.4  It was estimated that 21% of 

deaths in low and middle income countries and 27% of deaths in high income countries 

were attributable to ischaemic heart disease and cerebrovascular disease.5  

Cardiovascular disease and diabetes are large contributors to non-communicable 

diseases, which as a group are attributable to 59% of global mortality.4  Cardiovascular 

disease affects both sexes.  In 1998 it accounted for 28% of male deaths and 34% of 

female deaths.3 

 

Projections predict that the cardiovascular disease burden will increase. Murray and 

Lopez projected that non-communicable disease mortality will increase from 28.1 

million deaths in 1990 to 49.7 million in 2020 and that ischaemic heart disease will 

remain the leading cause of burden measured by DALYs.6  A later model similarly 

predicts that the proportion of deaths due to noncommunicable disease will rise from 

59% in 2002 to 69% in 2030, but places ischaemic heart disease behind AIDS and 



36 
 

depression in terms of predicted future burden of disease.7  Whichever projection is 

used the picture of substantial disease burden is constant. 

 

In developed countries the top three health burdens measured by DALYs were 

ischaemic heart disease, unipolar major depression, and cerebrovascular diseases.8  

While traditionally thought to be a disease of affluent first world countries, the WHO 

showed that in 1999, low and middle income countries contributed to 78% of 

cardiovascular related deaths and that by 2010 cardiovascular disease is expected to be 

the leading cause of death in developing countries.2  The larger burden of cardiovascular 

disease in developing countries is thought to be due to higher rates of risk factors, 

urbanization, earlier age of manifestation of disease, larger size of populations, and 

higher proportion of young adults and middle aged in these populations.9  

Cardiovascular mortality is expected to increase more rapidly in developed countries 

than developing countries.  Based upon expected changes in demographics, projections 

between 1990 and 2020 predict a rise of 120% (women) and 137% (men) compared to 

29% (women) and 48% (men) in developed countries for ischaemic heart disease 

mortality.10 

 

A further exacerbating factor for cardiovascular disease that needs to be considered is 

the compounding effects of foetal programming where poor maternal nutrition is 

coupled with greater postnatal calories and western diet leading to obesity, 

dyslipidaemia and insulin resistance.  Therefore, children in developing countries may 

be exposed to two adverse nutritional environments (under- and over-nutrition) at 

different time periods in their lives.   This pertains particularly to those in the “age of 

degenerative and man-made diseases” as per the model of stages of epidemiologic 

transition devised by Yusuf et al  (Table 1.1).9  Examples of such populations include 
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urban India and aboriginal communities.  This adverse set of health circumstances may 

be exacerbated further by the thrifty gene hypothesis.  The proposition is that 

populations which had historically limited calories in their diet would select genes 

favouring efficient energy use, historically providing a survival advantage.  These 

genes, historically advantageous, are deleterious in terms of the risk of obesity in 

developing countries now adopting higher calorie western diets. 

 

Table 1.1 - Modified Model of the Stages of Epidemiologic Transition as it Pertains to 

Cardiovascular Diseases 9 

Stages of 
Development 

 

Deaths 
From 

CVD,% of 
Total 

Deaths 
 

Predominant CVDs and Risk Factors 
 

Regional Examples 
 

1. Age of 
pestilence and 

famine 

5–10 Rheumatic heart disease, infections, and 
nutritional cardiomyopathies 

Sub-Saharan Africa, 
rural India, South 

America 
2. Age of receding 

pandemics 
10–35 As above+hypertensive heart disease and 

hemorrhagic strokes 
China 

3. Age of 
degenerative and 

man-made 
diseases 

35–65 All forms of strokes, ischaemic heart 
disease at young ages, increasing obesity, 

and diabetes 

Urban India, former 
socialist economies, 

aboriginal 
communities 

4. Age of delayed 
degenerative 

diseases 

<50 Stroke and ischaemic heart disease at old 
age 

Western Europe, 
North America, 
Australia, New 

Zealand 
5. Age of health 
regression and 
social upheaval 

 

35–55 
 

Re-emergence of deaths from rheumatic 
heart disease, infections, increased 

alcoholism, and violence; increase in 
ischaemic and hypertensive diseases in 

the young 
 

Russia 
 

During Stages 1 to 4, life expectancy increases, whereas in Stage 5 life expectancy decreases compared 
with stages 4 and even 3.  

 

The main cardiovascular risk factors in adults are shown in table 1.2.  Specifically, 

markers of inflammation would include CRP.  Many of these risk factors cluster 

together and therefore, their effects are not independent, but additive.11  Cardiovascular 

disease among Europeans is mainly attributable to classical risk factors.  Lopez et al in 
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the Global Burden of Disease study showed that 45% of global mortality and 36% of 

global disease burden were attributable to 19 selected global risk factors.  Globally, 

80% of the burden of ischaemic heart disease is attributable to these risk factors.5  The 

risk factors are shown in figure 1.1.5 The top contributors to mortality are high blood 

pressure, smoking and high cholesterol.  Overweight and obesity was ranked number 7 

in its contribution to mortality.  While helpful in quantifying risk factors, there is a 

degree of artificiality in assigning attribution to disease and mortality, as risks act in part 

through other risks or act jointly with other risks.  Multiple risk factors and diseases are 

correlated.   

 

Table 1.2  -  Proven and Putative Risk Markers for Cardiovascular Diseases9 

Risk factors that are causally linked: 

 1. Tobacco consumption 

 2. Elevated LDL 

 3. Low HDL 

 4. High blood pressure 

 5. Elevated glucose 

 6. Physical inactivity* 

 7. Obesity* 

 8. Diet* 

Risk markers that show associations: 

 1. Low socioeconomic status* 

 2. Elevated prothrombotic factors: fibrinogen, PAI-1 

 3. Markers of infection or inflammation 

 4. Elevated homocysteine 

 5. Elevated lipoprotein(a) 

 6. Psychological factors (depression, anger proneness, hostility, stress, acute life-events) and 
breakdown in social structures (loss of social support and cohesion)*  

 
*Predisposing risk factors: A predisposing risk factor is presumed to work, at least in part, through an 
impact on other risk factors that act directly. For example, obesity raises blood pressure, causes 
dyslipidemia, and increases blood glucose. It is likely that some of the predisposing risk factors also 
have direct effects. 

PAI indicates plasminogen activator inhibitor.  
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Figure 1.1 – Mortality and Disease Burden in Global Burden of Disease study5 
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Family history is a further risk factor.  The genetic contribution to coronary heart 

disease mortality according to a Swedish twin study was moderate and probably greater 

if death occurred at a younger age.12 A positive parental family history of cardiovascular 

disease independently predicted cardiovascular events even after adjusting for other 

common risk factors.13, 14  Further, sibling cardiovascular disease also increased the risk 

of events independent of parental cardiovascular disease and other traditional risk 

factors.15  

 

 

1.1.1  Hypertension 

 

Hypertension has been estimated to cause 4.5% of the disease burden worldwide (64 

million DALYs), contributing more burden than either alcohol or cigarette smoking.2  

62% of cerebrovascular disease and 49% of ischaemic heart disease is attributable to 

suboptimal blood pressure control.2 

 

Hypertension plays a major etiological role in the development of cardiovascular 

disease.  Treatment of hypertension has been associated with a 40% reduction in risk of 

stroke and 15% reduction in risk of coronary heart disease.16  It is important to 

understand that risk of cardiovascular endpoints is not only present in those with 

hypertension above a certain threshold, but is present across the range in a continuous 

fashion.    Even in those classified as normotensive, lowering blood pressure would 

confer a lower cardiovascular risk.17-19 
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1.1.2  Lipids 

 

Cholesterol travels in the circulation in particles containing both protein and lipids.  The 

three major classes of lipoproteins include low density lipoprotein (LDL), high density 

lipoprotein (HDL) and very low density lipoprotein (VLDL).  A fourth class which is 

included in the LDL measurement is the intermediate density lipoprotein (IDL).20  The 

Adult Treatment Panel (ATP I, ATP II and ATP III) identifies LDL cholesterol as the 

primary target for lipid lowering therapy.20  Large epidemiological studies have found 

relationships between LDL-cholesterol levels and the rate of new onset coronary heart 

disease in men and women.21, 22    The Framingham Heart Study has shown that the 

largest number of coronary heart disease cases arose from the highest cholesterol and 

LDL-cholesterol categories (LDL-C 160 mg/dL or cholesterol 240 mg/dL).21  The 

Multiple Risk Factor Intervention Trial (MRFIT) showed that the relationship between 

cholesterol and coronary heart disease was continuous, with no threshold, and was 

strong among those with and without hypertension, and among smokers and non-

smokers.22   

 

Similar relationships were found between LDL-cholesterol levels and coronary heart 

disease, among those with pre-existing coronary heart disease.23, 24  Pekkanen et al 

found that among men with cardiovascular disease, those with cholesterol levels 

>6.19mmol/L had a 3.45 times higher risk of cardiovascular related mortality compared 

to men with cholesterol <5.16 mmol/L.24 In the Framingham Study, after infarction, 

22% were found to have cholesterol levels >7.11mmol/L, and these subjects were found 

to be at increased risk for reinfarction, death from coronary heart disease and from all 

causes, even when adjusted for other risk factors.23  Therefore, lipid levels after 

myocardial infarction have prognostic significance. 
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More recently, apolipoprotein B has been shown to be a better predictor than cholesterol 

or LDL-cholesterol concentration of cardiovascular risk.  Risk is more directly related 

to the number of circulating atherogenic particles that enter the arterial wall rather than 

the concentration of cholesterol within these lipoprotein fractions.  Each atherogenic 

lipoprotein particle contains a single molecule of apolipoprotein B.  Therefore, the 

concentration of apolipoprotein B becomes a direct measurement of the number of 

circulating atherogenic particles.25 

 

The risk of elevated lipids is consistent across populations26 and also follows migration 

patterns where migrants adopt the cholesterol levels and risk of their adopted country.27, 

28  The relationship between LDL cholesterol and coronary disease risk is linear when 

coronary disease risk is plotted on a logarithmic scale.  There is no threshold below 

which a lower concentration is not associated with lower risk.29, 30 

 

The Scandinavian Simvastatin Survival Study (4S Study) showed significant benefits 

from lipid lowering in secondary prevention.31  In those with previous coronary heart 

disease, lipid levels were lowered, and all cause mortality (relative risk= 0.70, 95% CI 

0.58-0.85, p=0.0003), coronary deaths (relative risk=0.66 ,95% CI 0.59-0.75, 

p<0.00001), coronary events (relative risk =0.66 , 95% CI 0.59-0.75, p<0.00001) were 

reduced.  This was found in men and women and for all ages.  This was the first 

randomized controlled trial of lipid-lowering therapy that demonstrated reduction of 

mortality during the planned follow-up period.  This is consistent with a systematic 

review of that time which showed that combining 28 cholesterol lowering trials reduced 

risk of coronary death plus nonfatal myocardial infarction (MI) by 22% (95% CI 15 to 

28%) in 3-5 years.   
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Benefits of lipid lowering by HMG CoA reductase inhibitors have been demonstrated in 

other types of high risk patients in large randomised trials.  Mortality and morbidity has 

been shown to be reduced with the use of HMG CoA reductases in those with 

hypercholesterolaemia32, after a myocardial infarction but with normal cholesterol 

levels33 and after an acute coronary syndrome34.  Aggressive lowering of LDL 

cholesterol levels reduced the progression of atherosclerosis and the rate of 

revascularization in saphenous vein coronary artery bypass grafts.35  

More recently three large interventions of lipid lowering trials (using rosuvastatin) as 

primary prevention have been completed.  As it is known lower lipids are associated 

with decreased cardiovascular risk across the range, primary prevention in healthy 

individuals has been investigated.   In the Justification for Use of Statins in Primary 

Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER) trial, 17 802 

subjects with LDL cholesterol <130 mg/dl (3.36 mmol/L) and hs-CRP ≥2 mg/L were 

recruited from 26 countries and randomly allocated to 20 mg/day rosuvastatin or 

placebo. Notably 32% had the metabolic syndrome.  Over a relatively short period (1.9 

years) there was a significant reduction in ischaemic heart disease (47% reduction) and 

total mortality (20% reduction).  In addition, there was a 50% reduction in LDL-

cholesterol and 37% reduction in CRP.  In fact, the trial was stopped early because of 

the unequivocal evidence of a reduction in cardiovascular mortality while on 

treatment.36 

 

The other two rosuvastatin studies, CORONA37 and GISSI-HF38, had more conservative 

results with no significant reduction in cardiovascular deaths, despite running for longer 

periods of time.   The Cholesterol Treatment Trialists’ (CTT) meta-analysis involving 

90 056 subjects also showed more modest results than the JUPITER trial.  The meta-



44 
 

analysis showed that over an average follow up of 5 years, there was a 21% reduction in 

vascular events and 12% reduction in all-cause mortality.39 

It is suggested that the level of benefits found in the JUPITER trial might be due to 

chance compounded by the early closure of the trial.40  Despite this, findings from 

JUPITER have revealed some interesting insights regarding the interaction between 

LDL, inflammation and cardiovascular outcomes.  The greatest reduction in 

cardiovascular event rate was with those who achieved lowest LDL and CRP levels 

with rosuvastatin treatment.  CRP level achieved was predictive of coronary events 

independent of lipid levels.36  This ties in with the suggestion that one of the first steps 

of oxidative stress and inflammation in causing atherosclerosis is the oxidation of 

LDL.41  

 

 

1.1.3  Diabetes and Insulin Resistance 

 

Diabetes was rated the fourteenth most important cause of worldwide disease burden 

(measured by DALYs) when the relationships between cardiovascular disease and 

diabetes were taken into account.   When the relationship with cardiovascular disease 

was not taken into account it was ranked in 29th position.  Taking into account this 

attributable burden, 2.8 million deaths were due to diabetes and the burden of disease 

(measured by DALYs) in developed countries was ranked second behind ischaemic 

heart disease.8 

 

The risk of all forms of cardiovascular disease is increased in those with type 1 and 2 

diabetes.42-44  Twenty years of surveillance of the Framingham study showed a two to 

three fold increase in risk of cardiovascular disease related to diabetes.43  In addition, 
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once one had experienced coronary heart disease, the mortality was much higher for 

diabetics compared to non diabetics.45, 46   Miettinen et al found that the hazard ratio for 

1 year mortality for diabetic versus non-diabetic men was 1.38 (95%CI 1.18-1.61) and 

for women was 1.86 (95%CI 1.40-2.46).45 The Framingham study showed that women 

with diabetes developed heart failure four times more often than women without 

diabetes.  Once cardiac failure had developed, women with diabetes were at twice the 

risk of recurrent myocardial infarction or coronary related death compared to women 

without diabetes.46  In fact, some suggest that those with diabetes have a comparable 

absolute risk of death from myocardial infarction compared to those who have had a 

previous myocardial infarction.47 

 

Diabetes is associated with overweight/obesity, hyperlipidaemia and hypertension.  

However, the risk of cardiovascular disease is, at least, in part independent of these 

coexisting risk factors.  Better glycaemic control has been shown to improve prognosis 

of microvascular48-50 and possibly macrovascular49 complications of diabetes.  

Epidemiological data show that the benefits of fasting glucose and glycated 

haemoglobin levels occur on a continuum within the normal range, not just in diabetics 

or above a certain threshold.51, 52  However, the results of large intervention trials have 

not been conclusive.  The benefit of intensive glycaemic control on macrovascular 

complications was suggested recently as the United Kingdom Prospective Diabetes 

Study (UKPDS) was followed further out to 10 years.  The UKPDS was a randomized 

controlled, multicentre trial.  Participants received either conventional or intensive 

glycaemic control.  Active treatment occurred between recruitment from 1977 to 1991 

until the post trial monitoring period commenced in 1997, such that patients may have 

been in the intervention trial from 6 to 20 years.  The sulfonylurea–insulin group had a 

15% reduction and the metformin group had a 33% reduction in risk of myocardial 
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infarction at 10 years despite differences in glycated haemoglobin being lost after the 

first year.49  These reductions had not been seen at earlier follow up. 

 

These trials contrast with results of the Action in Diabetes and Vascular disease: 

preterAx and diamicroN-MR Controlled Evaluation (ADVANCE) , Action to Control 

Cardiovascular Risk in Diabetes (ACCORD) and the Veteran Administration Diabetes 

Trial (VADT) studies.  Together these three intervention trials involved almost 25 000 

patients with diabetes to assess whether intensive glycaemic control had benefit for 

cardiovascular outcomes.  The ADVANCE study recently investigated the effects of 

glucose and blood pressure control in subjects with diabetes.  It showed that intensive 

glucose control, using gliclazide (modified release) and other drugs as required, that 

lowered the glycated hemoglobin value to 6.5% resulted in a 10% relative reduction in 

the combined outcome of major macrovascular and microvascular events, primarily as a 

consequence of reductions in nephropathy.  11,140 patients with type 2 diabetes were 

randomized to either standard glucose control or intensive glucose control, using 

gliclazide (modified release) and other drugs as required to achieve a glycated 

hemoglobin value of 6.5% or less.  There was no significant affect on mortality due to 

cardiovascular disease or all-cause mortality.  Neither was there any significant benefit 

upon micro- or macro- vascular complications individually.53  Similarly, VADT54 and 

ACCORD55 also achieved strict glycaemic control but did not significantly reduce 

cardiovascular risk.  In fact, the ACCORD trial was prematurely interrupted because of 

excess mortality among intensively treated patients.55  Reconciliation of these results 

have led some to suggest that duration of diabetes may have effect and that those with 

long standing diabetes who undergo intensive blood glucose lowering may have 

worsened outcome.56  The ACCORD and ADVANCE subjects had more established 

diabetes than the UKPDS subjects.   
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The most positive findings from the ADVANCE study showed that combination 

therapy with perindopril and indapamide reduced the risk of vascular events in type 2 

diabetes patients.57  11 140 patients with type 2 diabetes were randomised to treatment 

of fixed doses of a combination of perindopril and indapamide or to placebo.  The 

relative risk of death from cardiovascular disease in the treatment group was reduced by 

18% (p=0.003) and all cause mortality by 14% (p=0.003).  The rationale of this study 

was to look at shifting the entire distribution of blood pressure down in patients with 

diabetes, rather than titrating individual therapies to lower blood pressure to an arbitrary 

level.  Similarly, reductions in blood pressure of patients with diabetes reduced 

cardiovascular risk, mortality and diabetic complications in the UKPDS38 trial.58 Post 

trial monitoring of the UKPDS showed that the benefit of blood pressure control in 

those with diabetes was lost when differences in blood pressure were not maintained 

after the trial ended.  Therefore, it was concluded that in patients with diabetes tight 

blood pressure control retained benefits on cardiovascular outcomes only when the 

lowered blood pressure was maintained.59 

 

Improvement of lipid levels also provides benefit in terms of cardiovascular risk in 

those with diabetes.44, 60, 61   The Scandinavian Simvastatin Survival Study showed that 

patients with diabetes mellitus had reduced major coronary events (RR=0.58, p=0.001).  

In addition, for those with impaired glucose tolerance, those treated with simvastatin 

also had decreased risk of coronary event, revascularization, all-cause and coronary 

mortality compared to those on placebo.61 

 

One study has modelled the benefits and costs of national Australian diabetes screening 

and prevention programme, estimating that 53 000 at high risk would avoid developing 
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diabetes between 2000 and 2010.62  An American simulation published by the Center 

for Diseases Control and Prevention (CDC) found that screening was more cost-

effective for younger people and for African Americans.  Screening of persons 25 years 

or older cost $236 449 per life year gained and $56 649 per quality adjusted life year 

gained.63 
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1.2  Prevalence of adult disease endpoints 

 

Cardiovascular disease is currently the leading cause of death in the world according to 

the 2003 WHO report64 and was the most important chronic disease of the 20th century 

in industrialized countries.  In Australia, coronary artery disease mortality increased in 

men from 1945 peaking in 1965 -196765 followed by decline to current times (see 

Figure 1.2).66  However, despite decreasing age-adjusted mortality CHD remains a 

major cause of premature mortality in the Australian population.  Similar patterns have 

been seen in USA where, as in Australia, despite a decline in mortality over a similar 

time period CHD mortality remains the leading national cause of death.67 

 

 

 

Figure 1.2 – Trends of Death Rates from Cardiovascular Disease in Australia in 20th 

Century.  The rate is age standardized rate per 100 000 person years 68 
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In 2005, ischaemic heart diseases (heart attack and related disorders) were the leading 

causes of death for both sexes according to Australian Bureau Statistics data.  (Table 

1.3)  Aside from mortality, the burden of disease, can also be measured by assessments 

of quality of life.  One measure is the disability adjusted life years (DALYs) developed 

by the Australian Institute of Health and Welfare (AIHW).  The calculation for DALY 

is as follows : DALY = YLL + YLD, where YLL is years of life lost and YLD is year 

lost due to disability due to injury or disease.  The main contributor to this measure is 

ischaemic heart disease and stroke causing 18% of total disease burden in Australia.69 

 

Since its peak in 1965 -1967 in Australia65 coronary heart disease mortality has declined 

to current times.  In 1970–72, over one-third (35%) of deaths of people aged 50 years 

and older were attributed to ischaemic heart disease. This declined to 20% of deaths in 

2002–04.  These reductions occurred in both males and females (see figure 1.3).70 

 

Other endpoints of atherosclerosis related disease, include cerebrovascular disease 

(stroke), which accounted for 16% of deaths of people aged 50 years and older in 1970–

72 and only 10% of deaths in 2002–04.71 This is in contrast to the modest decline in 

cancer mortality rates. 

 

The recent decline in CHD mortality has been associated with changes in lifestyle, 

especially reduced smoking, reduced content of tar in cigarettes and change of 

consumption from butter to margarine65,  and is attributable to reduction in three risk 

factors: diastolic blood pressure, cholesterol and smoking.66   
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Table 1.3  -  Causes of Death in Australia in 2005 – Data from the Australian Bureau 

of Statistics.69 

11.5 LEADING CAUSES OF DEATH - 2005  
 

Rank(b)  Underlying cause of death  ICD-10 code  rate(a)   

MALES  
 

 
1  Ischaemic heart diseases    I20-I25  123   
2  Lung cancer  C33,C34  46   
3  Cerebrovascular diseases    I60-I69  46   
4  Chronic lower respiratory diseases    J40-J47  30   
5  Prostate cancer  C61  29   
6  Colorectal cancer    C18-C21  23   
7  (c)Cancers of lymphoid, haematopoietic and related 

tissue  
C81-C96  20   

8  Diabetes  E10-E14  18   
9  Suicide  X60-X84  16   
10  Dementia and Alzheimer's disease  F01, F03, G30  14   
All causes    664   

FEMALES  
 

 
1  Ischaemic heart diseases    I20-I25  109   
2  Cerebrovascular diseases    I60-I69  67   
3  Dementia and Alzheimer's disease  F01, F03, G30  32   
4  Breast cancer  C50  27   
5  Lung cancer  C33,C34  26   
6  Chronic lower respiratory diseases    J40-J47  24   
7  Colorectal cancer    C18-C21  18   
8  Diabetes  E10-E14  17   
9  Influenza and pneumonia    J10-J18  17   
10  Diseases of the urinary system  N00-N39  17   
All causes    621   

 
(a) Rate per 100,000.  
(b) Using ranking list for leading causes of death published in 'Bulletin of the World Health Organisation, 
April 2006'.  
(c) Includes leukaemias, lymphomas and other causes.  
Source: ABS data available on request, Causes of Death collection.  
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Figure 1.3 –Changes in Mortality From Diverse Causes between 1970 and 2004 in the 

Australian Population.70 

 

 

 

It is notable that other risk factors, in particular overweight/obesity and insulin 

resistance are now becoming more prevalent, possibly reaching epidemic proportions in 

children72-74 and adults75.    Therefore, the gains of recent years may be reversed in the 

future if these newly dominant risk factors are not controlled.  Further, because of the 

known clustering of cardiovascular risk factors, rises in obesity may also reverse the 

decline in lipids and blood pressure.   
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Chapter 2 -  Relationship of Adult Obesity to Cardiovascular 

Risk Factors and Cardiovascular Endpoints 

 

2.1. Anthropometry and Cardiovascular Risk Factors in Adults  

 

The majority of the literature focuses on the comparison of BMI to measures of central 

obesity.  In the 1950s it was recognized that an android obesity with an upper body 

distribution was associated with metabolic disturbances, premature atherosclerosis and 

diabetes.76  Central obesity reflects more accurately visceral fat accumulation and is 

associated with chronic disease and adverse metabolic profile.  

 

Fat distribution, aside from overall obesity, is an important risk factor for cardiovascular 

diseases.  It has been suggested that an increase in visceral fat is associated with poorer 

metabolic risk profile and atherosclerosis .77  Such a marker of visceral abdominal fat 

mass would include waist circumference78 and waist/height ratio ratio 79. When 

predicting fat mass per se in adults, conventional anthromopometric measures have been 

shown to have equal utility to more complex fat mass measurements79 . 

 

The source of adipose tissue determines its metabolic effect.  Visceral fat compared to 

subcutaneous fat has higher expression of inflammatory markers and IL-680  and higher 

secretion of leptin and adipokines81, higher lipolytic activity due to increased beta 

adrenoceptor activity and coupling to G proteins82, less responsiveness to the 

antilipolytic effect of insulin83, and higher expression of vascular endothelial growth 

factor and plasminogen activator inhibitor 1.81  Increased visceral fat mass results in 

increased portal efflux of non-esterified fatty acids which inhibit insulin binding, 
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degradation and function.84  IL-6 concentrations were 50% greater in the portal vein 

than radial artery of obese subjects.80  Visceral fat releases free fatty acids into the portal 

vein77.  This is assumed to being causal in changes (altered glucose metabolism and 

atherogenic lipid profile) associated with the metabolic syndrome.  By contrast, 

subcutaneous fat buffers postprandial fatty acid and lipid fluxes.85 

 

The particular measure of obesity that best predicts cardiovascular risk factors is often 

debated, and may differ according to age, gender and the risk factors being evaluated.  

Most recent studies in adults have focussed on factors related to central adiposity, 

particularly waist circumference, waist/height ratio, saggital abdominal height and BMI.  

Studies have variously found a greater influence of WC86-88, waist/height ratio89-

91,waist/hip92, 93 and saggital abdominal height94-96 as predictors for cardiovascular risk 

factors.  In adults, these measures have appeared to be superior to BMI.97, 98 

 

Direct comparison of BMI to measures of central adiposity with regards to effect on  

cardiovascular endpoints have been undertaken in large studies. The two studies with 

largest numbers of endpoints show that both waist and waist-hip have associations with 

coronary vascular disease independent of BMI.   In the Nurses’ Health Study (NHS) 

cohort, 320 coronary heart disease events were recorded.98  After adjusting for BMI and 

other cardiac risk factors, women with a WHR of 0.88 or higher had a relative risk of 

3.25 (95% CI 1.78 to 5.95) for coronary heart disease compared to those with a WHR of 

less than 0.72. In the EPIC-Norfolk study 1708 men and 892 women developed 

coronary endpoints.97  The hazard ratio of the top versus bottom fifth of waist-hip ratio 

were 1.55 (1.28 to 1.73) in men and 1.91 (1.44 to 2.54) in women after adjusting for 

BMI and other cardiovascular risk factors.  A case control study of acute myocardial 

infarction with 27 098 participants across 52 countries showed a strong association of 
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waist-hip ratio with myocardial infarction.99  Similarly stroke and transient ischaemic 

attacks (TIAs) were better predicted by abdominal adiposity (waist circumference, waist 

to height ratio and waist to hip ratio) compared to BMI.100 Abdominal obesity 

measurements (waist circumference or waist-hip ratio) were more consistent and 

strongly predictive of coronary heart disease than BMI.97   

 

Not all cardiovascular risk factors show the same relationships with anthropometry 

measures.  In adults, an Australian study of 11 247 participants (AusDiab)  showed that 

larger hip circumference was associated with lower prevalence of diabetes, dyslipidemia 

and hypertension.   However, the magnitude of the association was weaker with 

hypertension than for the other two outcomes.  There was a loss of association with age.  

The association of larger waist circumference with the above conditions was not present 

with the oldest participants ≥75 years.101 In a study of Chinese 6-12 year old children, 

WC was only a predictor of insulin and SBP, not LDL and glucose.102 

 

For lipids, waist-hip ratio and waist have been related to LDL and HDL independent of 

BMI in both men and women in the European Prospective Investigation into Cancer and 

Nutrition (EPIC-Norfolk) study.103  In American Indians, only central obesity was more 

associated with abnormal lipid profiles than BMI.104  The EPIC-Norfolk study showed 

that waist-hip ratio was related to blood pressure independent of BMI.105 

 

Sex differences exist in terms of body fat storage and distribution and in coronary heart 

disease.  As such many studies have explored relationships between obesity and 

cardiovascular disease separately by men and women.  Far fewer studies have directly 

compared the sexes for differences in relationships.  The EPIC-Norfolk study did 

directly compare the sexes and found that in women, waist circumference was linearly 
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related to coronary artery disease after adjustment for BMI. However, in men, 

adjustment for BMI resulted in no further linear relationship between waist 

circumference and coronary heart disease.97  However, the INTERHEART study, a 

large multinational study showed no difference in the men and women in terms of 

relationship between waist-hip ratio and myocardial infarction. 

 

Age related effects on the relationship between body fat distribution and cardiovascular 

disease have been observed.  In the INTERHEART study a one standard deviation 

increase in waist-hip ratio was associated with significantly greater odds ratio of 

myocardial infarction in younger men  (<55 years) and women (<65 years) compared to 

older individuals.99 

 

Ethnic differences in the relationship between anthropometry and cardiovascular disease 

exist.  Men and women of South Asian descent have a more adverse risk profile than 

those of European descent at the same BMI and/or WC.106  For a given BMI, percentage 

body fat is higher in Asians compared to Caucasians.107  A study of Australian 

Aborigines showed that waist circumference was a better predictor for cardiovascular 

risk, with the highest likelihood statistic for predicting a first cardiovascular event, 

while waist-hip ratio was less useful than waist circumference, hip and BMI.86  

  

While the main focus of anthropometry has been on obesity, other measures such as 

height are known to be associated with cardiovascular disease including an inverse 

association with risk of MI in both sexes108 and found only in women in another 

study.109  The emphasis has more recently shifted to attempts to represent adiposity 

adjusting for height in the derived measures of BMI and waist/height ratio.   
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In middle-aged men short height has been associated with increased risk of coronary 

heart disease and inversely associated with total cholesterol and non – HDL 

cholesterol.110 This may in part be explained by the fact that fat free mass (FFM) is 

correlated with height79, suggesting that lean mass is protective for cholesterol and LDL 

levels.  Waist circumference predicted other cardiovascular risk factors but was not a 

predictor of LDL-C.102  In addition, a study of 865 nuclear families from the 

STANISLAS cohort showed that height negatively correlated to total and LDL 

cholesterol (LDL-C) and triglycerides in offspring.  Furthermore, only in the case of 

LDL-C was there familial clustering with height implying a genetic contribution to the 

relationship, rather than attributing fetal origin mechanisms.111   
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Chapter 3 - Childhood Cardiovascular Risk Factors 

 

3.1 Overview Description, Prevalence and Prognostic Significance of 

Cardiovascular Risk Factors in Childhood 

  

3.1.1  Direct Evidence of Cardiovascular Disease in Youth 

 

The most compelling direct evidence of early development of cardiovascular disease in 

youth at risk is from autopsy.  Several surveys, including those of soldiers killed in the 

Korean and Vietnam war have shown that subclinical atherosclerosis is present in 

people who have died of unrelated causes in their teens to 30’s.112-114  The foundations 

of atherosclerosis occur even earlier than this with startling autopsy findings in 156 

normocholesterolaemic children aged 1-13 years, where fatty lesions were seen even in 

the youngest children and some progressed classical lesions were seen between 10-13 

years of age.   

 

To build upon this understanding, the Pathobiologic Determinants of Atherosclerosis in 

Youth (PDAY) autopsy study was designed to study 1079 men and 364 women aged 15 

to 34 years who died of external causes.  Aside from documenting the atherosclerosis 

present in young adults, it also demonstrated that multiple cardiovascular risk factors 

(body-mass index, systolic and diastolic blood pressure, and serum concentrations of 

total cholesterol, triglycerides VLDL, LDL and HDL cholesterol) were associated with 

the extent of lesions seen.114, 115  A similar autopsy study in childhood showed that 

conventional cardiovascular risk factors in children or mothers correlated with lesion 
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size.  In addition, lesions progressed faster in children of hypercholesteremic 

mothers.116  As the number of cardiovascular risk factors increased, so did the severity 

of asymptomatic coronary and aortic atherosclerosis found in young people.  

Understanding this, in the context of clear tracking of risk factors from childhood (in 

particular obesity, LDL and cholesterol)117, highlights the importance of studying 

cardiovascular risk and the manner which the risk factors cluster in childhood.  

 

 

3.1.2  Overweight and Obesity in Childhood 

3.1.2.1 The definition of obesity and overweight in childhood 

 

The prevalence of childhood obesity is increasing worldwide72, 118 and within 

Australia119.  Therefore, monitoring of this problem is vital to public health.  However, 

trends are difficult to compare between studies and countries as the definition of obesity 

and overweight in children is a matter of debate.  Adult cut offs of BMI>25 and >30 for 

overweight and obesity are related to risk120, but nevertheless are arbitrary numbers not 

applicable to children at different ages.  Median BMI changes with age from 13 at birth 

to 21 at maturity.121 

 

There is no consensus on a standard for defining obesity in children.  The use of 

different standards to define obesity makes direct comparisons between studies difficult.  

For example, Bundred et al122  defined obesity using British reference growth charts 

published in 1995 standardised for age and sex.123, 124  The Australian study73 used 

updated Cole’s cut-offs using international surveys.121  Meanwhile, Ogden et al125-128 

used CDC reference charts129.   Ideally, a definition of obesity based upon centiles 

should be referenced to a healthy population that does not change with time to avoid 
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spuriously underestimating obesity.  Whether this is feasible in this rapidly changing 

world is debatable.  An alternative is to refer to charts based on levels 30 or so years ago 

in developed populations then considered to be relatively healthy before rapid upward 

trends in adiposity. 

 

Arbitrary obesity definitions for children relying on cut-offs exist, and have been used 

extensively in the literature.  In the USA, the CDC growth charts129 provide centile 

charts.  It has been proposed that the 85% and 95% centiles of BMI age and sex 

adjusted should be used as cut offs for overweight and obesity respectively.  CDC data 

have actually been employed by the Australian Health Departments for paediatric 

growth charts to be used in Australia.130 The European Childhood Obesity Group 

favoured the 90th and 97th percentiles of the CDC charts for cut offs of overweight and 

obesity.131 

 

The International Obesity Task Force (IOTF) attempted to establish a worldwide 

consensus on definition of obesity and overweight whereby close to 100 000 each of 

males and females aged from birth to 25 years were surveyed.  To make it 

internationally acceptable, the children were taken from Caucasian (Brazil, UK, 

Netherlands, USA) and non Caucasian (Singapore, Hong Kong) backgrounds.  The 

populations were derived mainly from developed countries with no representation from 

developing countries.  Curves were constructed to provide age and sex specific cut off 

points for 2-18 years.  The cut points were decided by extrapolating backwards to 

childhood from adult cut offs of BMI 25 and 30 at age 18.121 This does, however, make 

the assumption, that all children follow a constant growth trajectory.  One knows that 

this is not true and that obesity can be reached by rapid weight gain crossing centiles, 

while others maintain a constant high BMI over different ages.132 
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The particular measure that should be used is also debated.  BMI and waist 

circumference are probably the two measures proposed as representing adiposity.  Most 

of the cut offs have been based upon BMI, however, for some measures, waist 

circumference or waist/height ratio may in fact be better measures.   

 

While these cut offs have utility, the relevance of these cut offs for different populations 

need to be considered.  Different ethnic populations will have risk at different cut offs.  

Asians have been shown to have higher cardiovascular risk at lower adiposity levels in 

adults133 and children134, 135.  The World Health Organisation showed that a higher 

proportion of Asians are at high risk of type 2 diabetes and cardiovascular disease at 

substantially lower BMIs lower than the existing WHO cut-off point for overweight (> 

or =25 kg/m2) in adults.133  Ke et al recently showed that children of south east Asian 

origin had significantly higher risk of high SBP with increase in obesity compared to 

children or Caucasian background.135 

 

Further, there is certain evidence that mean BMI of contemporary children has been 

increasing steadily over the decades of the last century.75  Therefore, defining obesity as 

the highest percentile of BMI will be a shifting target as the actual BMI cut off is rising 

and will continue to rise with time. 

 

While definitions are important for monitoring of trends, I believe that examination of 

this important risk factor for cardiovascular risk is better served by using adiposity 

measures (BMI, waist circumference, waist/height) as continuous variables rather than 

imposing cut-offs.136  This not only allows greater statistical power, but also allows 

study of the curvilinear effects of adiposity upon cardiovascular risk across the entire 
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range of adiposity.  It is more likely that risk from moderate levels or in fact low 

adiposity will be detected in this manner.  For example, it is well known that low 

adiposity early in life is known to be associated to subsequent adult cardiovascular 

risk.137  This is the approach that has been taken for much of the work in this PhD. 

 

 

3.1.2.2 Prevalence of obesity in children 

 

Obesity and overweight has remained relatively stable in children until the 1970’s to 

1980’s.  In Australia, between 1969 and 1985, there was no change in the prevalence of 

overweight or obesity among girls.73  Since then there has been a rapid increase in 

childhood obesity over many decades, both in developed and developing countries.74  

Wang and Lobstein reviewed the worldwide trends in childhood obesity in 25 countries 

for school aged children and 42 countries for preschool age populations, with the 

conclusion that the prevalence of childhood obesity has increased in nearly all countries 

for which data was available.118  The increases were more marked in developed 

countries and urbanized populations.  With these increases, the World Health 

Organization has stated that “childhood obesity is one of the most serious public health 

challenges of the 21st century”138  and the International Obesity Task Force has called it 

“a crisis in public health”139 International calls have been made for further investment in 

public health strategies to tackle the childhood obesity problem. 140  

 

In a survey of Australian school children, the population prevalence of overweight 

increased by 60-70%, obesity increased 2-4-fold, and the combined overweight and 

obesity categories doubled between for 1985-1997.73  The Victorian data showed an 

increase in overweight and obese girls from 13.5% to 24% between 1985 and 1997.  
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The increase in prevalence of overweight and obese boys from the same dataset over the 

same time period was 13% to 22%.73  This is similar to data out of the UK.    Between 

1989 and 1998, British children showed a doubling of prevalence of overweight (14.7% 

to 23.6%; P<0.001) and of obesity (5.4% to 9.2%; P<0.001).  122   

 

In the United States of America, prevalences of overweight in 4 and 5 year old girls has 

doubled without changes in prevalences of younger children.  Over 10% of 4 and 5 year 

old girls were overweight between 1988-1994 compared to 6% between 1971-1974.125 

Comparisons between 1988-1994 and the next National Health and Nutrition 

Examination Survey (NHANES) follow-up in 1999-2000 showed increases, albeit of 

lesser magnitude and more marked in particular ethnic groups.126  In adolescents 12 to 

19 years the prevalence of obesity increased from 10.5% to 15.5% between 1988-1994 

to 1999-2000.  The increase in prevalence of overweight was of larger magnitude 

among non-Hispanic black and Mexican-American adolescents.  From 1999-2000 to 

2003- 2004, the prevalence of overweight female children and adolescents increased 

from 13.8% to 16%.  Over the same time periods the prevalence of overweight in male 

children and adolescents increased from 14.0% to 18.2%.127 

 

There are reports that rises in obesity prevalences are now stabilizing.  In Swedish 

school children, there is recent evidence that the rising obesity trends are reversing 

particularly in girls.  Between 2000/2001 and 2004/2005, the prevalence of overweight 

plus obesity in girls decreased from 19.6% to 15.9% (p<0.01).141  The most recent 

published data of BMI from the NHANES surveys found no significant change in 

prevalence of overweight between the 2003-2004 and 2005-2006 and 1999-2000 

surveys.128  The preliminary conclusion is that in the US data, following several decades 

of rising childhood obesity, there appears to be a plateau in prevalences since the turn of 
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the century.  Future studies will confirm if these are signs of a true plateau in childhood 

overweight and obesity.  Irrespective of whether we are seeing the first signs of a 

plateau in obesity trends, the high prevalences already reached will be associated with 

substantial public health implications into the future.  The most recent NHANES survey 

(2003-2006) showed a prevalence of 16.3% of 2 to 19 year olds at or above the 95th 

percentile for the 2000 BMI-for-age growth charts.128   This still reflects a large number 

of children who are at risk of obesity related health problems.   

 

 

3.1.3 Blood Pressure 

 

It has become apparent that essential hypertension is detectable in children and 

adolescents, although the estimated frequency largely depends on arbitrary cut-off 

points.142  The most widely used reference tables come from the National Health and 

Nutrition Examination Survey (NHANES) from the 1999-2000 survey.  These tables 

include blood pressure for the 50th, 90th, 95th and 99th centiles by gender, age and height, 

based on the normative distribution of blood pressure in healthy children.  The 4th report 

of the National High Blood Pressure Education Program (NHBPEP) has defined 

hypertension as being ≥95th percentile of systolic blood pressure (SBP) and diastolic 

blood pressure (DBP) for age, gender and height, on at least 3 repeated measurements.  

Those with a SBP or DBP are 90th percentile but <95th percentile are labelled with 

prehypertension, also consistent with the Joint National Committee on the Prevention, 

Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7).143  Adolescents 

were also considered prehypertensive if they had a blood pressure ≥120/80 as has been 

defined in adults.  A further group of children were defined by this NHBPEP report as 
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having a BP ≥ 95th percentile in the physician’s office or clinic but were normotensive 

outside of the office.   

 

The best method of measurement of blood pressure in children follows similar 

principles as for adults.  A cuff of appropriate size with bladder width at least 40% of 

the arm and bladder length covering 80-100% of arm circumference is required.  

Auscultation remains the recommended method, however, automated oscillometric 

devices have some advantages for large population studies.  They are easy to use, and 

minimize observer bias and digit preference.142  Due to the lability of blood pressure, 

most clinical guidelines recommend the child be sitting quietly for 5 minutes or more 

with the arm supported at the heart level and that the mean of several readings be taken.  

If pressures appear to be elevated they need repeating on separate occasions.  The 

“white coat effect” is as likely to exist in children as in adults. 

 

As with all intermediate risk factors, the use of cut-offs will always be arbitrary and 

have some inherent difficulties in relating to subsequent cardiovascular disease, as well 

as creating ethical issues of labelling children with disease and predisease.  Once again, 

setting definitions to percentiles raises the difficulties of comparing prevalences 

between different cut-offs.  The reference population should ideally be a healthy 

population, not necessarily a contemporary one which has undergone substantial 

increases in BMI associated with lifestyle factors.  Percentile cut-offs from a reference 

population that has undergone large increases in BMI will underestimate prevalences of 

disease such as hypertension. 

 

We know that the prevalence of obesity and overweight is increasing126, 127, and we are 

also aware that blood pressure is directly correlated with BMI and adiposity.  Therefore, 
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the prevalence and importance of childhood hypertension may be expected to increase 

as obese children are at approximately 3 times greater risk of hypertension than non-

obese children.  For example, hypertension was found in approximately 30% of obese 

children (defined by age adjusted BMI>95th centile).72  Interestingly, the risk of 

hypertension in children increases across the entire range of body mass index (BMI) 

values and is not defined by a simple threshold effect.72    Parallel to this, BMI is 

increasing across its entire distribution, not just at the extreme end of obesity.  This 

suggests that broadly based population interventions which shift the entire distribution 

of blood pressure and BMI will have the greatest benefits. 

 

Hypertension in adults in known to be associated with increased risk of myocardial 

infarction, stroke, and other cardiovascular endpoints17, 143 and treatment of 

hypertension results in reduction in cardiovascular risk.16, 144, 145  The evidence that high 

blood pressure in childhood is of importance is twofold.  Firstly, high blood pressure in 

childhood tracks into adult life.146   Secondly, evidence exists of early target organ 

damage in children and adolescents with high blood pressure.115, 147 

 

High blood pressure in childhood is considered a risk factor for hypertension146, 148  and 

the metabolic syndrome148 in adults.  The Bogalusa data showed tracking of elevated 

blood pressure in childhood into adult life and progression to adult hypertension.  The 

‘diagnosis’ of primary or essential hypertension is now identifiable in childhood by 

using these childhood reference tables.  Most of these children with this diagnosis have 

mild or stage 1 hypertension and a family history of hypertension or cardiovascular 

disease.142   A Texas school screening program using the 2004 National High Blood 

Pressure Education Program Working Group guidelines showed that after three 

screenings 16% had prehypertension and 3% had hypertension (2.6% stage 1 and 0.6% 
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stage 2).149  There is a question whether, conceptually, blood pressure in childhood 

should be considered a risk factor, or a “disease” or “predisease”.  The importance of 

this distinction lies in the necessity for targeted personal treatment and the ethical issues 

of labelling children with disease that in the majority of cases does not result in 

immediate morbidity.   

 

The evidence of early target organ damage in children and adolescents with high blood 

pressure lies firstly, in necropsy data and secondly, in studies using non-invasive tests, 

such as echocardiography and ultrasonography.  The PDAY autopsy study showed that 

in youth dying of unrelated traumatic events that hypertensive blacks had more raised 

lesions than normotensive blacks in the abdominal aorta and right coronary artery.147  A 

second autopsy study showed that the severity of asymptomatic coronary and aortic 

atherosclerosis in young people aged between 2 and 39 years, increased with the 

number of cardiovascular risk factors, among them being systolic and diastolic blood 

pressure.  115  The PDAY study showed that many other factors were also associated 

with atherosclerosis including obesity (in adolescent and young men)150, lipoprotein 

levels and smoking.114   

 

More recently, the use of non invasive techniques have attempted to measure the affect 

of elevated blood pressure on the cardiovascular system.  Adolescent blood pressure has 

been shown to be related to larger artery compliance 151 and higher left ventricular mass 

carotid intimal medial thickness and femoral intimal medial thickness.152  Left 

ventricular hypertrophy has been reported in 41% (by paediatric definitions) and 15.5% 

(by adult definitions) of children with hypertension.153  This is very similar to other 

childhood studies where LVH defined as greater than the 95th percentile was found in 

over 40% of children.152, 154     
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The relationships and causal pathways between obesity, insulin resistance and blood 

pressure are complex.  The importance of blood pressure as an independent risk factor 

for future adult cardiovascular endpoints is difficult to separate out from its collinear 

relationships with other risk factors such as obesity and insulin resistance.  For example, 

the clustering of characteristics of the Metabolic syndrome (fasting insulin, BMI, 

triglycerides, and HDL-C) was greater in those children with high blood pressure above 

the median compared to those with blood pressure below the median.155   

  

 

3.1.4   Insulin Resistance  

 

As early as 1916 it was recognized that there was a form of diabetes that shared some 

similarities but also had differences to the classical type 1 insulin dependent diabetes.156  

This “milder and less progressive” form of diabetes, now known as type 2 diabetes 

mellitus, is characterized by insulin resistance and beta cell dysfunction.157   Insulin 

resistance is defined by insensitivity of peripheral tissues such as liver, muscle and 

adipose tissue to insulin.  As a consequence pancreatic beta-cells augment insulin 

secretion to attempt to achieve glucose homeostasis, leading to chronic 

hyperinsulinemia.157 

 

Longitudinal studies have demonstrated that insulin resistance precedes158, and is 

strongly predictive of, the development of type 2 diabetes159, 160 in Caucasians, 

Hispanics and Pima Indians, independently of obesity.  Specifically, in 200 non–

diabetic Pima Indians, the six-year cumulative incidence of type 2 diabetes was highest 
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(39%) in those who were below the median for both insulin action and acute insulin 

response, and were lowest (0%) for those above the median for both characteristics.159  

 

Type 2 diabetes is the extreme product of insulin resistance.  Data from the 1976-1980 

National Health and Nutrition Examination Survey showed that 11.2% adults had 

impaired glucose tolerance and that 6.6% of North American adults between 20 and 74 

years of age and 17.7% of those 65-74 years of age had type 2 diabetes.161   

 

Among children, the 1999-2002 NHANES study showed that weight was the most 

important determinant of insulin resistance, accounting for 29.1% of the variance in 

HOMA. In obese adolescents, over 50% (95% CI 44.5-59.8) were insulin resistant.162  

In obese children, impaired glucose tolerance was found in 25% of obese children 4 to 

10 years of age and 21 percent of obese adolescents (11 to 18 years of age).163  Further, 

over a continuum, as BMI increased in obese children there was a significant increase in 

insulin resistance.164 

 

The prevalence of childhood insulin resistance has been shown to be increasing in 

concert with rises in childhood overweight and obesity.165  A recent study showed that 

the rate of elevated plasma glucose level has almost doubled from 1999-2000 to  2005-

2006.166  In a childhood population study, the STOPP-T2D Prevention Study Group 

showed that 49% had BMI ≥85th percentile, 40.5% had fasting glucose ≥100 mg/dl, 

0.4% had fasting glucose ≥126 mg/dl, and 2.0% had 2-h glucose ≥ 140 mg/dl and 0.1% 

≥200 mg/dl.  36.2% had fasting insulin ≥30 microU/ml, and 2-h mean insulin was 102.1 

microU/ml.167  Further, recent data from 42 American schools (n= 6,358 ) found that 

nearly 50% of children had a BMI ≥85th percentile and 16.0% had fasting blood glucose 

≥100mg/dl and 6.8% had fasting insulin ≥30 microU/ml.168  Insulin resistance is also 
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more prevalent among certain groups such as Pima Indians, Mexican Americans162 and 

girls162.   

 

Other than type 2 diabetes mellitus, childhood insulin resistance is associated with other 

conditions including prediabetes169, the metabolic syndrome170, non-alcoholic fatty liver 

disease171 and polycystic ovarian disease172.  While it is likely that childhood insulin 

resistance is a precursor or risk factor for these conditions, which of these abnormalities 

is causal is still a matter of research given the clustering of these features.  Longitudinal 

and mechanistic studies are required to elucidate these pathways.    

 

A longitudinal study in adults, the San Antonio Heart study showed that baseline insulin 

concentrations were higher in subjects who subsequently developed multiple metabolic 

disorders, independent of baseline obesity.160  In children, the prevalence of metabolic 

syndrome increased with increasing insulin resistance, adjusting for ethnicity and 

obesity.173  In contrast, longitudinal analysis of the Bogalusa study, showed that the 

association of childhood insulin with adult metabolic syndrome clustering disappeared 

after adjusting for BMI.  Nevertheless they did find that childhood BMI and insulin 

were both significant predictors of adulthood clustering, although BMI was a stronger 

predictor.174 In Hispanic youth, insulin sensitivity was related to HDL cholesterol, 

triglycerides, and blood pressure, after adjusting for body composition, and decreased as 

the number of features of the metabolic syndrome increased.175 
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3.1.5   Lipids 

 

Interest in screening for lipids has arisen in recent years with calls being made for 

revision176 of the existing National Cholesterol Education Programme guidelines.177  

With regards to high risk individuals, the NCEP recommended against universal 

cholesterol screening.  The concerns lay in inexact tracking of cholesterol from 

childhood into adult life and that it was not desirable to label children as having a 

“disease”.    Screening in childhood was recommended for those with a family history 

of dyslipidaemias.  However, a number of studies have shown low efficacy of screening 

based upon family history.  Less than 50% of children with high LDL-cholesterol would 

be selected for screening based upon family history178, 179 thus not identifying the 

children with the highest lipid levels.179 

 

The clustering effect of lipids with other components of the metabolic syndrome (such 

as insulin resistance, hypertension and obesity) makes it challenging to separate 

prognostic effects of lipids per se from a more generalized prognostic effect of have 

adverse metabolic profile.   For example, insulin resistance is linked to increased 

cholesterol synthesis and decreased cholesterol reabsorption.180  Further, the degree of 

insulin resistance explained a significant portion of the variance in the levels of 

triglycerides, LDL-C, and HDL-C, in obese adolescents.181 

 

Magnusson et al have published two studies addressing the prognostic importance of 

childhood lipids in determining adult atherosclerosis.  Using data from the Young 

Finns, Bogalusa Heart and Childhood Determinants of Adult Health Studies, giving a 

combined total of 1711 subjects, they showed that low and high density lipoprotein 

cholesterol were important predictors of adult carotid IMT.  Interestingly single 
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adolescent measures of LDL-C and HDL-C were stronger predictors of adult IMT than 

change between adolescence and adulthood.  The further observation is that 

overweight/obesity in combination with dyslipidemia places individuals at higher risk 

than all other groups.182  

 

A recent unpublished study (data presented at American College of Cardiology 2009 

Scientific sessions) claimed that childhood triglycerides were independently a 

significant predictor of early adulthood cardiovascular disease.  They presented data on 

808 participants of whom 29 cardiovascular events in 19 subjects were recorded when 

participants were aged 35 to 43 years.  These premature cardiac events were found in 

those who had a higher average childhood triglyceride (127 vs. 76mg/dl, p<0.001).  

Seven of nine of the subjects had extremely elevated childhood triglyceride levels that 

exceeded the paediatric 95th percentile for triglycerides.183  These data are interesting as 

they suggest that extremely high lipid levels in childhood may independently have 

prognostic effects.  It is not possible from details thus published to confirm that these 

effects are not due to collinear effects of obesity and other lifestyle factors, which are 

known to track into adult life.   

 

As with other cardiovascular risk factors, lipids track from childhood into adult life.184  

Adolescent lipid measures had a reasonable sensitivity with identification of 75% with 

dyslipidaemia in adult life.  Specificity of adolescent lipid levels was lower with only 

40% of those identified at risk in childhood subsequently developing dyslipidaemia in 

adult life. 

 

The particular cut-off points to use for screening have been debated.  No difference was 

found between NCEP and NHANES cut offs in terms of ability to predict adult 
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atherosclerosis measured by carotid IMT.182  The NHANES cut points185 (compared 

with NCEP cut points177) were more strongly predictive of low high-density lipoprotein 

cholesterol in adults but less predictive of high total cholesterol, high low-density 

lipoprotein cholesterol, and high triglyceride levels in adults.184  The use of cut offs may 

also ignore variability in lipid levels due to race, gender and pubertal stage , as well as 

within individual variability. 

 

Cut offs of variables which are continuously or curvilinearly related to cardiovascular 

outcomes are arbitrary, with drawbacks and are unlikely to result in clear screening 

recommendations.  Currently the US Preventative Task Force does not recommend 

childhood and adolescent screening of lipids.  It cited lack of evidence in the areas of 

efficacy of screening on adult coronary heart disease or lipid outcomes, optimal ages and 

intervals for screening children, or effects of treatment of childhood lipid levels on adult 

coronary heart disease outcomes.186 
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3.1.6 Inflammatory Markers 

 3.1.6.1 CRP 

 

CRP is an acute and chronic inflammatory marker predominantly synthesized in the 

liver.  It is a pentraxin protein that is associated with low grade inflammation.  It has 

received great attention as a potential biomarker of cardiovascular disease. 

Atherosclerosis is known to play a role in pathogenesis of all stages of atherothrombosis 

and has been shown to be the underlying cause of 80% of sudden cardiac death.187  The 

pathways are schematically shown below.  IL-6, a procoagulant cytokine, increases 

plasma concentrations of CRP produced by the liver.  CRP in turn amplifies 

inflammatory and procoagulant responses.   

 

 

 

Figure 3.1  - Pathways by which circulating inflammatory markers are formed via 

vascular and extravascular sources of inflammation.188 
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Both nested case control and at least 20 prospective studies189 have shown CRP to be 

associated with an increased risk of myocardial infarction,190, 191 stroke,190, 191 and 

sudden death from cardiac causes.187   At least 6 studies have shown that high sensitivity 

CRP (hsCRP) adds prognostic information beyond the Framingham score.189 A study of 

over 2000 angina patients showed that raised circulating concentrations of CRP 

predicted coronary events in patients with stable or unstable angina. CRP has prognostic 

significance.192  In the Women’s Health study involving close to 28 000 adults, the 

adjusted relative risk of first cardiovascular events according to increasing quintiles of 

CRP compared to women in the lowest quintile were 1.4, 1.6, 2.0, and 2.3 (P<0.001).193  

Among a panel of different markers of inflammation it has been shown to be the 

strongest univariate predictor of risk of cardiovascular disease.191  

 

Other cardiovascular conditions with which CRP is associated include obesity194,  

peripheral arterial disease195, insulin resistance196,  diabetes197 and metabolic 

syndrome198.  In adults, body fat has been strongly associated with circulating CRP.194  

This finding has been replicated in young adults199  and children.  Overweight children 

have excess markers of inflammation.200-202   In children, CRP has also been associated 

with the metabolic syndrome.203 

 

Other biomarkers have also been shown to have prognostic significance for 

cardiovascular disease including Nt-proBNP, cystatin C, microalbuminuria and IL-6.   

However, in a study of close to 1000 patients with coronary artery disease only CRP 

and Nt-proBNP remained significant independent predictors of stroke HR=1.88 (95% 

CI, 1.23-2.85), AMI HR=1.63 (95% CI, 1.09-2.43), and coronary heart disease 

HR=1.82 (95% CI, 1.24-2.67).204 
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3.1.6.2  Uric Acid (UA) 

 

In adults, associations between uric acid, the metabolic syndrome and atherosclerosis 

have been reported.  Some studies have shown elevated serum uric acid to be associated 

with cardiovascular disease.205, 206  This is, however, not a consistent finding.  For 

example, in the World Health Organization Monitoring Trends and Determinants in 

Cardiovascular Diseases (MONICA) Augsburg cohort, the 1984-85 follow-up only 

showed that all cause mortality was related to high levels of uric acid in men, whereas 

cardiovascular mortality and myocardial infarction failed to reach statistical 

significance.207  In further analysis with larger number of follow ups, both all-cause and 

cardiovascular mortality was related to high uric levels in men.206  

Wheeler et al performed a meta-analysis in 2005 and a nested case-control study.  In the 

meta-analysis, which did not include the more recent MONICA results, 9 458 cases and 

155 084 controls were included from 16 relevant prospective studies.  Comparing the 

top third of uric acid levels to the bottom third showed an overall OR of coronary heart 

disease of 1.13 (CI, 1.07-1.20) (Figure 3.2), however, the OR dropped in studies with 

adjustment of more confounders and with larger studies (Figure 3.3).208  This suggests 

that there is likely to be publication bias and uncertainty about the effect of confounders 

in this relationship where all the major cardiovascular risk factors have a high degree of 

collinearity. 

 

The case control study, which was included in the meta-analysis showed a similar 

picture with significant age and sex adjusted OR for CHD for the highest tertile 

compared to lowest tertile of uric acid, which became non significant with adjustment 

of other cardiovascular risk factors.208 
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Figure 3.2 – Meta-analysis results of prospective observational studies investigating 

the relationship between serum Uric Acid and Risk of Coronary Heart Disease, 

subdivided by sex.208 
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Figure 3.3 – Meta-Analysis of Prospective Studies of the Association of Serum Uric 

Acid With Coronary Heart Disease, Grouped by Various Characteristics.208 
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Further, in a small sample of adult subjects, UA levels, even in the physiological range, 

was related to vascular function.  UA was predictive of increased carotid intima-media 

thickness, decreased (flow mediated dilatation) FMD and increased aortic stiffness.209 

 

In adolescents, uric acid has now been shown in several studies to be associated with 

the metabolic syndrome and components of the metabolic syndrome.210-212  Obese 

children had higher UA than controls.  UA was related to the metabolic syndrome in 

adjusted models and atherosclerosis was observed in children particularly in those in the 

upper quartile of UA.212 

 

In the third National Health and Nutritional Examination Survey (NHANES) from 

1999-2002, adolescents aged 12 to 17 years were investigated in a cross sectional 

analysis.  The 3rd and 4th quartiles of uric acid each had odds ratio for the metabolic 

syndrome of 6 and 15 respectively, compared to the lowest two quartiles of uric acid 

even when adjusted for CRP.210 The presence of the relationship existed even with 

adjustment of CRP, a marker of systemic inflammation, suggesting that CRP and UA 

have independent effects through different pathways.  

 

In the Bogalusa study, the effect of childhood metabolic syndrome on adult levels of 

uric acid was investigated in a longitudinal analysis.  517 participants were followed up 

both as children and adults, some 13 to 21 years later.   Elevated adult uric acid levels 

were found in adjusted models to be associated with childhood high blood pressure and 

body mass index and with childhood metabolic syndrome in males and females.211  

While this suggests that features of the metabolic syndrome precede elevated uric acid, 

the cross sectional analysis from the 3rd NHANES follow up suggests that elevated uric 

acid in adolescence already may have prognostic significance.  Therefore, despite being 
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a longitudinal analysis it is still not clear how early and in what order UA and the 

metabolic syndrome features appear in a person’s lifetime. 

 

As discussed later (Chapter 5), in-utero growth restriction may lead to foetal 

programming of cardiovascular disease.  An interesting new study showed that preterm 

birth and subsequent high rate of postnatal weight gain are associated with higher uric 

acid in early life.213 

 

 

3.1.6.3  Markers of Liver Inflammation 

 

Markers of liver inflammation include alanine aminotransferase (ALT) and gamma 

glutamyl transferase (GGT).  GGT, a marker of oxidative stress, is related to the risk of 

adult cardiovascular disease 214, 215, all-cause216and vascular mortality215, 216.  In the 

Framingham study, GGT was positively associated with BMI, BP, LDL-cholesterol, 

triglycerides and blood glucose.215  On follow-up, about 2 decades later, increasing 

GGT was associated with increased metabolic syndrome, incident CVD and mortality, 

with adjustment for established cardiovascular risk factors and baseline CRP.215 

 

GGT, ALT and aspartate aminotransferase (AST) levels predict the risk of type 2 

diabetes217, 218.   In Pima Indians it was found that only ALT predicted diabetes and was 

associated cross-sectionally with whole body and hepatic insulin resistance.219  

Furthermore, ALT has been found to predict the Metabolic Syndrome independent of 

confounding variables including directly measured insulin sensitivity at baseline.220    
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In children, ALT and GGT are related to a clinically adverse profile including higher 

BMI, waist circumference, triglycerides, LDL-cholesterol, insulin resistance and blood 

pressure.221  They also track over time with 50% those in the top quintile of ALT and 

GGT continuing to remain so after 12 years.  Interestingly, elevations of ALT and GGT 

within reference ranges persisted over time.221  As in adults, ALT in children is 

independently associated with many of the traditional cardiovascular risk factors (BMI, 

waist circumference, BP, TG, insulin, HOMA-IR and number of metabolic syndrome 

components).222 

 

The presence of markers of liver inflammation in children may indicate a precursor to 

future non alcoholic fatty liver disease.   
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3.2 Clustering of Risk Factors –The Metabolic Syndrome in Adults 

 

While all of the cardiovascular risk factors independently increase risk of subsequent 

cardiovascular endpoints, it has been recognized since the 1920’s223 that these risk 

factors cluster and that perhaps the clustered combination of these risk factors may 

impart greater risk than when the risk factors are found in isolation.  A term metabolic 

syndrome was coined for the clustering of these components in the 1950’s and was 

renamed syndrome X in 1988 by Gerald Reaven.224  From the 1940’s, an early 

observation related to the metabolic syndrome was that upper body obesity appeared to 

predispose to diabetes, atherosclerosis, gout, and calculi225  In the 1970’s the syndrome 

was increasingly recognized and discussed by separate groups.226-229 

 

Attempts have been made at defining this syndrome and several consensus definitions 

have been proposed for adults.  They are from the National Cholesterol Education 

Program Adult Treatment Panel III (NCEP ATP III)177, International Diabetes 

Federation (IDF)230 and the World Health Organization (WHO)231.   There is no 

consensus as to which is the better definition and all rely on arbitrary cut offs.  The 

criteria used are listed below.   
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Table 3.1 - Consensus Definitions of the Metabolic Syndrome in Adults. 

 

 Central 
Obesity 

TG HDL 
cholesterol 

Blood 
pressure 

Insulin/glucose Comment 

NCEP 
ATPIII 

Waist 
circumference 
≥102cm 
(males) 
≥88cm 
(females) 

≥150mg/dl HDL-C < 
40 mg/dL 
(male), < 
50 mg/dL 
(female) 

≥ 130/85 
mmHg 

≥ 6.1 mmol/L 
(110 mg/dl) 

At least 3 
criteria 

IDF WC≥ 94cm 
(males) and 
WC>=80cm 
(females) # 
 

>150mg/dl 
Or treatment 
for lipid 
disorder 

<40mg/dl 
in males 
and 
<50mg/dl 
in females 

SBP≥130 or 
DBP≥85 or 
treatment of 
diagnosed 
hypertension 

Fasting 
glucose≥100mg/dl 
or previously 
diagnosed type 2 
diabetes 

Central 
obesity 
plus of 
other 
criteria 

WHO waist:hip 
ratio > 0.90 
(male); > 0.85 
(female), 
and/or body 
mass index > 
30 kg/m2 

TG≥ 1.695 mmol/L and 
HDL-C ≤ 0.9 mmol/L 
(male), ≤ 1.0 mmol/L 
(female) 

≥ 140/90 
mmHg 

require presence 
of diabetes 
mellitus, impaired 
glucose tolerance, 
impaired fasting 
glucose or insulin 
resistance 

require 
presence of 
diabetes 
mellitus, 
impaired 
glucose 
tolerance, 
impaired 
fasting 
glucose or 
insulin 
resistance, 
AND two 
of the other 
criteria 

# Ethnic specific values are stipulated.  If BMI is >30kg/m², central obesity can be 

assumed and waist circumference does not need to be measured. 

 

The IDF definition, suggests that central obesity is an essential component.  While 

obesity is often a component, it may not necessarily be an essential component.232  

Further, ethnicity needs to be taken into account.  The IDF definition uses ethnic 

specific cut points for waist circumference.   

 

Defining metabolic syndrome by WHO and NCEP definitions both predict 

cardiovascular disease233, 234, however, the NCEP definition tends to have greater 

predictive value, particularly in lower risk subjects.234 



84 
 

3.2.1   Issues Defining the Metabolic Syndrome in Childhood  

 

  The major issue of defining the metabolic syndrome in childhood is that the cut offs 

used in adult life are not applicable to childhood where the values are not only different 

to adult life but different throughout childhood and adolescence.  To attest to the 

difficulties, there are at least 40 different unique definitions of the metabolic syndrome 

for children in published studies.235   

 

Not surprisingly, different definitions yield different prevalences.236, 237 Goodman et al 

detected a twofold difference in prevalence detected between NCEP and WHO 

definitions in non obese and obese teens with poor agreement between definitions.  

(kappa statistic=0.41)238 Reinehr et al showed that prevalence of the MS varied 

significantly (p<0.001) between 6% and 39%.   Interestingly, only 2% of the children 

fulfilled the criteria of the MS in all eight definitions. In addition, the diagnosis of the 

metabolic syndrome using these cut-offs is not consistent over different ages, i.e. the 

diagnosis is not stable.238  This highlights the difficulties of “diagnosing” the metabolic 

syndrome in children.  Higher prevalences tended to occur with paediatric adapted 

definitions and when insulin was used in the assessment.236  Ethnic differences in cut-

offs occur in children as in adults.135, 239 Asian Indians have significantly adverse body 

composition and metabolic profile. Even with a similar amount of body fat, Asian 

Indians are reported to be more insulin resistant as compared to Caucasians.239  A recent 

Australian study showed that South East Asian children living in Australia experienced 

greater increases in blood pressure per unit of BMI or waist circumference increase 

compared to their Australian counterparts.135  This suggests that there may be stronger 

clustering of obesity and blood pressure and that obesity cut-offs may need to be lower 

in Asian children. 
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3.2.2 Relationship of Childhood Overweight/Obesity with Cardiovascular Risk     

Factors 

3.2.2.1   Anthropometry and Cardiovascular Risk Factors in 

Childhood 

 

In children, as in adults, waist102, 240, 241, waist/height240 and waist/hip241 in turn have 

been shown to be good predictors of cardiovascular risk.  The Bogalusa study showed 

central adiposity, measured by either waist circumference or waist-hip ratio, had a 

similar magnitude of association with outcomes of lipids and insulin.241 The Bogalusa 

study looked at 2498 four to 17 year olds and showed that BMI and waist height ratio 

did not differ in their abilities to identify children with adverse risk factors (including  

total-to-HDL cholesterol ratio and LDL cholesterol, fasting insulin and systolic and 

diastolic blood pressures).242  Contrary to this, some studies show that WC and 

waist/height ratio are better predictors of cardiovascular risk factors than BMI102, 240, in 

particular SBP and insulin.102  Another study of modest size (n=307) demonstrated the 

predictive importance of waist circumference over other inflammatory adipokines 

showing that the metabolic syndrome was better predicted by waist circumference than 

by adiponectin, resistin and CRP.243 

 

The relationship between anthropometry and cardiovascular risk may also be affected 

by ethnicity.  For example, in Australian Aboriginal children, 26% of those with the 

metabolic syndrome were found to have high waist circumference, but only 6.4% and 

4% respectively were overweight or obese by BMI cut-off  definitions.244  Therefore 

these Aboriginal children had high metabolic risk despite a relatively low BMI, but high 

body fat percentage and waist circumference. 
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While debate over which anthropometric measure is the best predictor goes on, 

childhood BMI is often recommended in adolescent screening programs.  An Australian 

study showed, using receiver operating characteristic curves, that BMI cut-offs could 

reasonably detect percentage body fat measured by dual energy x- ray absorptiometry 

(DEXA) over the 85th centile.245  A further study did not show any additional value of 

waist circumference over childhood BMI for predicting those at future cardiovascular 

risk.246  Those who were classified overweight by BMI were 7 times more likely to have 

adolescent cardiovascular risk clustering than those who were not overweight.  On the 

other hand, those with increased waist circumference were 4 times more likely to have 

increased adolescent cardiovascular risk clustering compared to those without increased 

central adiposity.  

 

Insulin resistance in children is associated with obesity and central adiposity.247  Waist 

circumference has been shown to be an independent predictor of HOMA-IR after 

adjustment for multiple covariates.248, 249  Other studies have shown that fasting insulin, 

but not insulin resistance, is associated with visceral fat which relates to central 

adiposity.250, 251  
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3.3 Association of Cardiovascular Risk with Inflammation  

The first clear link between obesity and chronic inflammation was found over a decade 

ago when TNF alpha was found to be overexpressed in the adipose tissue of obese 

mice.252 Neutralization of the TNF alpha in these obese rats caused an increase in 

peripheral uptake of glucose in response to insulin.  This showed a link between 

obesity, inflammation and insulin resistance.  Adipose tissue is now being increasingly 

recognized as not simply a passive energy store, but possessing endocrine functions, 

through the production of biologically active proteins or adipokines.  TNF alpha and  

IL-6 are products of macrophages and other cells that populate adipose tissue.  They act 

through classical receptor mediated processes to c-Jun aminoterminal kinase (JNK) and 

IkB kinase-beta (IKK-beta) and nuclear factor –KB (NFKB), resulting in upregulation 

of pathways and insulin resistance (See Figure 3.4).  253-256   

 

Inflammation is associated with the metabolic syndrome and obesity194 in adult life.  In 

adults, chronic low grade inflammation has been associated with atherosclerosis257, 

diabetes197 and cancer258.  In adults, a moderately elevated CRP is an independent risk 

factor for coronary heart disease.191, 259 
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Figure 3.4 – Molecular pathways relating inflammation and insulin action.256 
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3.3.1  Relationship of childhood overweight/obesity with inflammatory markers 

 

Overweight children also have higher levels of CRP194, 200 and IL-6243, 260, 261.   In the 

third National Health and Nutrition Examination Survey, 1988-1994, overweight boys 

and girls were more likely to have elevated CRP and white blood cell counts.200, 202 

In an Asian adolescent population aged 12 to 16 years, CRP levels were related to 

weight, BMI and insulin resistance.262  Increased adiposity measured by waist 

circumference was also correlated with CRP, C3, and C4 in apparently healthy 

adolescents.263  Interleukin 6 mediates the production of CRP in the liver.  Serum 

interleukin 6 correlates with body fat in obese children.243, 260, 261, 264 

 

The relationship between TNF alpha and being overweight is less consistent.  Some 

have shown elevated TNF alpha in overweight subjects.260 Others have not shown such 

an association, despite finding associations with other immune mediators.265 

 

Other inflammatory markers found to be elevated in obese or overweight children are 

adhesion molecules266, soluble TNF alpha receptors267, E selectin261, IL-18265.  

Adiponectin has been found to be lower in obese children.265 

 

Inflammation interacts with other risk factors such as insulin resistance and physical 

fitness.  Interestingly, serum IL-6 is higher in glucose intolerant obese children 

compared to obese patients without glucose intolerance and control subjects.264  

Similarly, in a study of 21 obese and 6 non-obese children, it was found that those obese 
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children with impaired glucose tolerance had significantly higher sTNFR2 than obese 

children with normal glucose tolerance and lean children.267 

 

 These data suggest that, apart from being obese, the coexistence of insulin resistance is 

also associated with inflammation.   This ties in with recent experimental evidence 

demonstrating that glucose is pro-inflammatory268 and insulin is anti-inflammatory269, 

270.    Proinflammatory cytokines including TNF alpha and IL-6 are upregulated in those 

with impaired glucose tolerance and type 2 diabetes.271 These cytokines are thought to 

modulate insulin sensitivity in peripheral tissue.  Furthermore, glucose induces 

oxidative stress and increased nuclear factor-B binding in mononuclear cells.268  

 

Another interaction of inflammation is with physical fitness.  Interestingly, Halle et al 

showed that obese, unfit children had high CRP levels in contrast to obese fit children 

who had CRP levels as low as lean and fit children.260   This suggests that the amount of 

adipose tissue per se was not the only controlling factor of inflammation.  Adipose is an 

active tissue and the metabolism within this tissue, perhaps reflected in physical fitness, 

is associated with inflammation. 

 

It is possible that CRP, IL-6 and other inflammatory markers are no more than 

biomarkers of adiposity.  Many cross sectional studies show that inflammation is 

associated with obesity at least by adolescence.  An active role of inflammation in 

obesity related disease is probable and there is now an increasing understanding that the 

role of inflammation starts early in life from childhood.  While adult endpoints usually 

do not occur until middle age, there is substantial evidence that early fatty streaks and 

atherosclerosis occurs early in life.114  Indirect visualization of atherosclerosis by carotid 

ultrasound and measures of vascular function have been linked to inflammatory 



91 
 

markers.  Kapiotis et al showed in a case control study that obese children had higher 

carotid intima-media thickness (IMT), lower peak flow mediated dilation (FMD) 

response and higher levels of CRP, IL6 and E-selectin.261  Here CRP may still be a 

marker of obesity, which is known to be related to FMD and IMT.  Perhaps more 

significant, in healthy children, Jarvisalo et al showed that CRP was a significant 

predictor (independent of BMI) of brachial FMD and carotid IMT.  272  Although this 

was also a cross sectional study, it might be inferred that these healthy children of mean 

age 10.5 years were already showing signs of early atherosclerosis and endothelial 

dysfunction related specifically to inflammation. 

 

 

3.3.2 Association of Metabolic Syndrome with Inflammatory Markers 

  

 C reactive protein is the best characterized inflammatory biomarker reported to be an 

independent predictor of future cardiovascular events.191 CRP has been linked to 

components of the metabolic syndrome such as insulin resistance and obesity.    

Numerous studies have now confirmed that CRP is elevated in those with the metabolic 

syndrome.193  The Insulin Resistance Atherosclerosis Study (IRAS), a multicentred, 

population based study, investigated middle aged subjects (aged 40-69years) and found 

a linear increase in CRP with increasing numbers of components of the metabolic 

syndrome.  They found that CRP, fibrinogen and white cell counts were associated with 

several components of the metabolic syndrome.    Interestingly, the associations were 

stronger with CRP than with fibrinogen and white cell counts.273  The NHANES study 

defined the metabolic syndrome using the NCEP –ATP III guidelines.  Ridker et al 

found in the Physicians’ Health Study of nearly 15 000 men that high baseline levels of 
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CRP were associated with increased risk of future myocardial infarction and that 

models including CRP were superior to those using lipids alone.274 

 

It appears that CRP is not just a marker for metabolic risk factors.  Beyond that it 

appears to have an additive effect upon the risk imparted by the metabolic syndrome.  

Both the Women’s Health Study and the West of Scotland Coronary Prevention Study 

(WOSCOPS) have shown that those with high CRP and with the metabolic syndrome 

had the worst cardiovascular outcomes.275, 276  In the WOSCOPS, three groups were 

compared to a baseline group with low CRP <3mg/L without the metabolic syndrome.  

The relative risk of future coronary event for the groups with firstly, low CRP without 

the metabolic syndrome, secondly high CRP without the metabolic syndrome and 

thirdly, high CRP with metabolic syndrome were 1.6, 1.6, and 2.8, respectively (all P 

values <0.05).276   

 

The metabolic syndrome is made up of risk factors, each correlated on univariate 

analysis with cardiovascular outcomes which cluster together.   However, the clustering 

of these risk factors had no greater predictive value beyond the consideration of the 

individual risk factors.277  Therefore, it is of interest that, by contrast, CRP and the 

metabolic syndrome diagnosis does have greater predictive value beyond consideration 

of the individual factors276, suggesting synergism between inflammation and the 

metabolic cluster. 

 

Ridker et al have suggested that CRP be added to screening based on lipid levels to 

improve identification of those at risk for cardiovascular events.191  Ridker et al also 

suggest that CRP should be added to the definition of the metabolic syndrome and to a 
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modified coronary risk score to replace the Framingham risk score21, originally 

formulated in the 1980’s.189 

 

The relationship between CRP, the metabolic syndrome and direct measures of 

atherosclerosis has also been investigated.  In a smaller study of 800 Chinese subjects, 

plaque presence measured by carotid ultrasound was related to CRP levels only in men.  

High CRP (>3mg/L) and the metabolic syndrome were additive factors in development 

of atherosclerotic plaques detectable by ultrasound.278  However, there has been 

discussion as to whether adding CRP and other biomarkers helps in predicting 

cardiovascular disease.   In a community-based sample of elderly men, investigators 

calculated a C statistic to determine how well the model can discriminate between those 

in whom death from cardiovascular causes does and does not develop.  Differences in 

the C-statistic estimated whether adding different combinations of biomarkers improved 

the discrimination of the model.  Adding CRP to a model with conventional established 

risk factors only increased the C-statistic from 0.664 to 0.669 (p=0.007).  However, 

adding all biomarkers (troponin 1, NT-pro-BNP, cystatin C and CRP) increased the C-

statistic  to 0.766 (p value<0.001).279  

 

In children, a similar relationship between CRP and the metabolic syndrome has been 

found.  The median CRP increased with increasing numbers of metabolic syndrome 

components in 12- to 19-year olds from the 1999-2000 and 1988-1994 National Health 

and Nutrition Examination Survey (NHANES).  CRP was also higher in overweight 

adolescents (with BMI over the 85th percentile) compared to those with normal BMI.280  

This suggests that both inflammatory processes and the metabolic syndrome are 

evolving in adolescents and that risk stratification can occur early, well before adult 

disease and endpoints are reached. 
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Cizmecioglu et al claimed in a modest size study (n=307) that the metabolic syndrome 

was best predicted by waist circumference, which had the best sensitivity and 

specificity.  On ROC analysis, the AUCs for various adipokines including CRP were 

not significant in their predictive value for the metabolic syndrome.243 

 

CRP has been implicated in multiple steps in the development of atherosclerosis in 

experimental studies.281-285  In autopsy samples, CRP has been shown to deposit in 

arterial walls in early atherosclerotic lesions.281, 284  It appears that the CRP that 

localizes in atherosclerotic plaques is mostly derived from the circulation, rather than 

being synthesized de novo in the vascular cells.285  Further, CRP has been shown to 

induce tissue factor in activated monocytes directly282 or indirectly283, which contributes 

to thrombosis in inflammatory states.  This is important as atherosclerosis occurs in a 

proinflammatory milieu. 
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Chapter 4 – The Relationship between Childhood Risk 

Factors and Adult Cardiovascular Disease 

 

4.1 Tracking of cardiovascular risk in childhood into adult life 

 

The relevance of studying childhood cardiovascular risk factors is predicated on the 

premise that cardiovascular risk factors track from childhood into adult life, and that, 

additionally, childhood risk factors track to definitive adult cardiovascular endpoints 

such as coronary artery disease, cerebral vascular accidents and mortality.  Evidence of 

tracking, not only emphasises the importance of study of cardiovascular risk factors as 

an indicator of future heart disease, but also, highlights the importance of early 

prevention140 and intervention of the current childhood obesity epidemic.  Tracking can 

imply either that these risk factors are on a predetermined trajectory from childhood into 

adult life and will act in adult life or, as is more likely, to some extent, these risk factors, 

even in early life, are inducing changes in the cardiovascular-renal system that 

contribute to development of atherosclerosis.  Far from being simply an academic 

argument, if the latter opinion is true it brings greater urgency to the message of early 

prevention as early subclinical disease is occurring at a young age.  Tied up in this is the 

early development of lifelong unhealthy lifestyle and behavioural patterns that begin in 

childhood, which might be targeted earlier in life. 

 

Longitudinal population cohorts are indispensable to addressing the question of 

tracking.  The Bogalusa Cohort and Young Finns Study have been active in showing 

that this is the case across many of the risk factors and for many of the cardiovascular 

risk factors.    
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There is evidence of the same risk factor tracking (or maintaining a rank) over time.  

Childhood BMI has been showed to relate to adult adiposity.286, 287  Lipids have also 

been shown to persist over time and to progress to adult dyslipidaemias.288, 289  A West 

Australian study showed that 55-60% of children with cholesterol level in the highest 

quartile measured between 5 and 18 years persisted to have cholesterol levels in the 

highest quartile 27 years later.290 The strength of tracking of other risk factors, such as 

blood pressure146 and liver enzymes221 is not as strong,117but exists even within normal 

reference ranges.  Finally, as we know that these risk factors cluster with attendant 

higher risk, it is important if, not only the individual risk factors, but the clustering of 

these factors, tracks with increasing age.  Using a multiple risk index, the Bogalusa 

study, showed the multiple risk index tracking correlation was stronger than for 

individual risk factors.291  Individual components of these risk factors also can predict 

subsequent clustering in the metabolic syndrome.  Childhood BMI and insulin were 

shown to be independent predictors of adult clustering of these risk factors.  The 

relationship between clustering and childhood BMI remained after adjusting for 

childhood insulin.  The reverse did not hold, and insulin was not significant after 

adjusting for childhood BMI.174 

 

Childhood cardiovascular risk factors also relate to young adult endpoints.  One such 

endpoint is the measure of IMT, which provides a non-invasive marker of 

atherosclerosis.  Childhood BMI has also been shown to have an independent effect on 

adult endpoints such as IMT.287, 292  Childhood LDL-C also predicts carotid IMT in 

young adults.292  Risk factor profile assessed in 12- to 18-year-old adolescents predicts 

adult common carotid artery IMT independently of contemporaneous risk factors. These 
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findings suggest that exposure to cardiovascular risk factors early in life may induce 

changes in arteries that contribute to the development of atherosclerosis.293 

The lipid profiles of those at risk, as reflected in levels of apolipoproteins B and A-I  

measured in children and adolescents, demonstrate a predisposition to subclinical 

atherosclerosis in adulthood.294 

 

There are some final nuances of tracking to consider.  Firstly, not all individuals will 

follow the same linear tracking patterns and might have different trajectories of 

cardiovascular risk factors and secondly, these differences may exist differently for each 

risk factor.  This is illustrated by Li et al who showed that at least two different obesity 

trajectories led to childhood obesity, namely early and later onset obesity trajectories132. 
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Chapter 5 – Developmental origins of Health and Disease 

    

5.1 Barker’s original hypothesis - Foetal origins 

 

Life course epidemiology is a term coined by Kuh and Ben-Schlomo.295  It is a concept 

that chronic diseases have their origin in childhood and possibly in foetal life.  It applies 

to cardiovascular disease in the form of the generally accepted Barker hypothesis.  The 

association has been shown in both animal and human models.   

 

The first clues to the effect of in-utero environment on subsequent cardiovascular 

disease came from the observation of geographical difference in rates of death from 

coronary heart disease in different parts of England and Wales which paralleled 

differences in neonatal mortality.   Low coronary vascular and neonatal mortality was 

found in the south and east compared to the high mortality in the north and west.296  

This observation corroborated Norwegian findings that atherosclerosis was correlated 

with earlier infant mortality, raising the possibility that poor socioeconomic status in 

childhood and adolescence was a risk factor for cardiovascular disease.297  Other clues 

included the observation that those with coronary heart disease had stillbirth and infant 

mortality rates double those of controls.298 

 

Several hypotheses could evolve from such indirect evidence; one such would be that 

poor social situation or lifestyle could cause both neonatal deaths as well as be 

associated with cardiovascular disease.  The hypothesis, now encapsulating the area of 

developmental origins of health and disease (DOHAD) that in utero undernutrition leads 

to permanent changes in physiology, metabolism and structure and subsequent 

cardiovascular disease in adult life was first expounded by Barker.299  The studies out of 
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Hertfordshire with retrospective recording of birth weight by midwives between 1911 

and 1930 showed that hazard ratios for coronary heart disease fell with increasing 

birthweight in  10 636 men137 and women300. 

 

A multitude of human studies in over 30 different populations, including developed and 

developing countries, such as India, independent of gestational age, have now replicated 

this finding.  A systematic review published in 2003 showed that in general, low birth 

weight was subsequently associated with adverse glucose and insulin metabolism, in 

particular higher insulin resistance.301 

 

This inverse association has also been shown for other hard cardiovascular endpoints, 

such as stroke302-304, as well as some intermediate cardiovascular risk factors such as, 

insulin resistance305-307. A meta-analysis involving studies in over 30 populations, 

showed that low birth weight term babies have childhood and adulthood 

hypertension.305  Criticisms of some of the statistical methods in some of these papers 

will be discussed in the next sub-chapter.  (Chapter 5.2) 

 
 In contrast, the association between birth weight and other cardiovascular risk factors is 

less strong.  In the Avon Longitudinal Study of Parents and Children (ALSPAC) no 

evidence that increasing birth weight is associated with a more favourable blood lipid 

profile at 31 and 43 months.308 

 

Finally, low birth weight has also been seen with the cluster of abnormalities related to 

the metabolic syndrome.  Specifically, adults with lower birth weight develop elevated 

plasma triglycerides, hyperglycemia, hyperinsulinemia and increased incidence of type 

2 diabetes.309, 310   
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Given the body of epidemiologic literature that exists almost 20 years after the seminal 

publication from the Hertfordshire cohort, there is great potential for publication bias 

towards studies corroborating expected findings.  Despite this, a few studies have been 

published which show a U shaped relationship, rather than the conventional negative 

association between birth weight and diabetes.  A U shaped relationship between birth 

weight and insulin resistance has been found in the Pima Indians and Taiwanese, both 

transitional populations.  This U shaped relationship had only been found in relation to 

diabetes prior to our current study.311  The prevalence of diabetes in Pima Indians was 

greatest in those with lowest and highest birth weight.312  Similarly, a U-shaped 

relationship between birth weight and risk of type 2 diabetes was found in the 

schoolchildren aged 6-18 years in Taiwan.313  Notably, the risk of diabetes was still 

64% higher in the high birth weight group [odds ratio (OR) 1.64 (95% CI 0.91-2.96)], 

even after adjustment for gestational diabetes mellitus (GDM).  These findings allude to 

the knowledge that LGA offspring of diabetic mothers are at increased risk of 

developing IR and MS in childhood.314, 315  This group may be relevant in certain 

populations, particularly as maternal diet and lifestyle becomes more obesogenic.  If 

this group becomes more prevalent, the birth weight – IR relationship will predictably 

become U shaped.  While we know that gestational diabetes is more prevalent than 

previously believed316, the reporting of different birth weight to insulin resistance 

relationships remains rare compared to the large numbers of reports of a negative 

relationship.  This may in part be due to a strong publication bias that is a legacy of past 

studies often from a historical time period. 
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5.2  Statistical Techniques And Issues Of Analyses Related To 

Developmental Origins of Health and Disease 

 

Despite the large body of evidence associated with the foetal origins or DOHAD area, 

some researchers have questioned the validity of the associations described in 

observational studies.  Although some of these studies show a direct association 

between small size in early life and current cardiovascular outcomes317-319 some studies 

only show this association after adjustment for current weight320, 321. 

 

Some authors have challenged the foetal origins hypothesis.322, 323 Huxley et al suggest 

the inverse association between birth weight and blood pressure may relate to 

inappropriate adjustment of current weight and other confounding factors, random error 

in measurement of birth weights and publication bias in favour of analyses describing 

the inverse relationship.322  

 

The first point is that the inverse relationship between birth weight and cardiovascular 

diseases is, at least in part, due to a statistical effect known as the “reversal paradox” 

which occurs when inappropriate statistical adjustment occurs for variables on the 

causal pathway.  In statistical science, this paradox has been recognized from 

publications as early as 1899324 and 1903325, and is alternatively known as “Yule’s 

paradox” or “Simpson’s Paradox”.  In behavioural science it has been referred to as 

“Lord’s Paradox”.  When discussing generalized linear modelling, this phenomenon is 

known in the statistical literature as the “suppression effect”, with the third variable (in 

this example, current weight) being referred to as the “suppressor”.326 Regardless of 

how this phenomenon is labelled it has been well explored in the statistical literature.   
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In the case of DOHaD research this phenomenon occurs most commonly with the 

adjustment for current weight when investigating a relationship between birth weight 

and cardiovascular outcome or risk factor.  Paneth et al discussed the issue of 

“overcontrolling” for body mass index when investigating the birth weight relationship 

with insulin resistance327 or hypertension328.  He argued that while BMI is a more 

powerful predictor of insulin resistance than birth weight, and is positively related to 

birth weight, adjusting for BMI cancels out the positive effect of birth weight on BMI 

and hence on glucose tolerance.327  Tu et al investigated this using computer simulations 

of three situations, firstly where there was no, secondly an inverse, and thirdly a 

positive, relationship between birth weight and blood pressure.  It is known that birth 

weight is associated with current weight.329 Current weight is also correlated to blood 

pressure.329 It is assumed birth weight and blood pressure are only weakly correlated.329  

Interestingly, when no relationship existed or there was a genuine positive relationship 

between birth weight and blood pressure, a spurious inverse association was detected 

between birth weight and blood pressure.329    In a meta-analysis of studies investigating 

the association between birth weight and blood pressure, removal of the adjustment for 

current size approximately halved the regression coefficient from -0.6 mmHg/kg to -

0.4mmHg/kg.322 

 

This argument of the reversal paradox has been disputed by some and argued that the 

important variable predicting outcome is weight change, rather than birth weight.323, 330  

On this basis, it is said that centile crossing or magnitude of weight gain postnatally is 

important for adult disease.  This statistical interpretation provides a philosophical shift 

from highlighting the importance of antenatal restriction towards postnatal growth and 

its influences.   
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These findings do not disprove the DOHAD hypothesis but do add a level of caution to 

studies vulnerable to the reversal paradox.  It emphasizes the need for correct statistical 

interpretation in this area of research.  It prompts one to consider the relative importance 

of not only birth weight (a surrogate or summative measure of in utero growth), but also 

postnatal catch up growth, weight gain and current weight on adult cardiovascular 

disease.   As a corollary of the above, it is inevitable that crossover will occur from low 

early size to high final size.  This has also led to much debate on the critical time period 

or period(s). 

 

A further statistical issue to consider in the field of DOHaD research is the impact of 

publication bias.  Ordering of size of studies investigating the relationship between 

blood pressure and birth size shows a clear trend towards weaker associations in larger 

studies.  (Figure 5.1)  The smaller studies often involved the hypothesis generating 

group and the results from the hypothesis generating group were more extreme than the 

remaining studies (-2.5mm Hg/kg vs. -0.6 mm Hg/kg, p value <0.0001).322 

 

These statistical issues can be overcome in other types of studies, including randomized 

intervention of early nutrition in humans and animals.  Other statistical approaches to 

observational data, such as longitudinal trajectory modelling may also be an aid in 

teasing out the relative importance of birth weight, postnatal weight gain and current 

weight.  The analytical and practical problems of research in this field make it important 

to use more than one analytical approach.331 
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Figure 5.1 – Meta-Analysis of studies investigating relationship between birth size and 

systolic blood pressure with studies orders from smallest to largest.322
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5.3   Mechanisms of Developmental Origins of Health and Disease 

 

5.3.1  Foetal Programming of Insulin Resistance 

 

Insulin resistance is the phenotype that has been linked most consistently with fetal 

programming.301  As such it would be expected that mechanisms controlling this 

phenotype in developmental origins theory might have been elucidated.  However, our 

understanding in this area is still in its infancy.   

 

An early hypothesis has been coined the “fetal insulin hypothesis”.  This states that 

common genes can cause both small size and subsequent insulin resistance.  This was 

first proposed in 1998 by Hattersley et al.332  They proposed that genetic determinants 

of insulin resistance results in impaired insulin-mediated growth during foetal life and 

in subsequent impaired insulin response to glucose in adult life.  Glucokinase was one 

of the early identified genes which resulted in both low birthweight333and maturity onset 

diabetes of the young334.  Recently, further studies have shown that various common 

disease variants (CDKAL1 and HHEX-IDE loci ) are associated with both lighter size at 

birth335 and risk of diabetes in adult life336, 337.  Interestingly, the more alleles in those 

loci carried by the offspring, the greater the reduction in birth weight.335  The 

Transcription Factor7-like 2 (TCF7L2) has also been shown to have effects on 

birthweight338and susceptibility to type 2 diabetes339.  Freathy et al concluded that 

although both offspring and maternal genotype were separately associated with 

birthweight, the association with birthweight was, in fact, driven by maternal genotype 

and that the most likely mechanism of increased birthweight was that the risk allele 

reduced insulin secretion and thereby increased maternal glycaemia during 

pregnancy.338 
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One mechanism of foetal programming of insulin resistance regards the effect of in-

 utero manipulations on beta cell development and function.  In humans, there have 

been variable findings with both reduced340 and normal numbers341 of beta cells being 

found  in growth retarded foetuses and newborns.  In a sheep model, IUGR foetuses 

have lower pancreatic weights and beta cell mass.  Interestingly, there no evidence of 

increased beta cell apoptosis, rather decreased mitosis.342  In a rat model, total caloric 

restriction during pregnancy resulted in reduced beta-cell mass due to reduced numbers 

of islets in the pups.  If these pups were fed by control mothers, body and pancreatic 

weight recovered, however, they maintained the reduction in beta cell mass. 

 

At the cellular level, oxidative stress and mitochondrial dysfunction have been 

implicated in both conditions of uteroplacental insufficiency and the evolution of 

diabetes.  Many human studies have shown that intrauterine growth retardation is 

associated with increased oxidative stress.343-345  Oxidative stress can damage 

mitochondria as well as proteins, lipids and DNA.  In a rat IUGR model, mitochondrial 

dysfunction occurred in the fetal beta-cell, leading to increased production of reactive 

oxygen species, which in turn damaged mitochondrial DNA and reduced expression of 

mitochondria-encoded genes.  This vicious cycle resulted in decline of beta cell function 

eventually to overt diabetes.346 

 

A specific molecular example that connects in utero growth retardation to subsequent 

offspring beta cell dysfunction lies in the regulation of the Pdx-1 gene.  Studies in 

IUGR rats (with uterine artery ligation) show that foetal growth retardation induces 

epigenetic modification of genes regulation beta-cell development.347  Pdx-1 is a 

homeobox 1 transcription factor that plays a critical role in early development of 

endocrine and exocrine pancreas, as well as in later differentiation and function of the 
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beta cell.  In an IUGR rodent model, Pdx-1 mRNA levels were permanently reduced in 

beta cells.  These rats then went on to develop diabetes in adult life with methylation of 

the CpG island in the proximal promoter, resulting in permanent silencing of the Pdx-1 

gene.   

 

A further mechanism has been demonstrated in a protein restricted rat model.  The 

protein restricted IUGR rats had lower DNA methyltransferase 1 levels, resulting in 

hypomethylation of promoters of the glucocorticoid receptor.  As a consequence of this, 

there is increased expression of hepatic glucocorticoid receptor and its downstream 

targets such as PEPCK and glucose-6-phosphatase genes.  The increase in PEPCK and 

glucose-6-phosphatase results in increased gluoconeogenesis and hepatic glucose output 

which can contribute to insulin resistance.348, 349   

 

Other molecular pathways related to fetal programming of insulin resistance have 

involved IRS-1 and glut4.  It would seem likely that many other regulators of insulin 

resistance might also be implicated in the mechanisms of fetal programming of insulin 

resistance. 

 

While most of the mechanisms described refer to low birth weight babies, it is also 

known that high birth weight babies are associated with maternal gestational diabetes, 

subsequent insulin resistance and type 2 diabetes.314  Increased insulin secretion, islet 

cell hypertrophy and beta-cell hyperplasia have long been observed in foetuses of 

mothers with diabetes.350, 351  Therefore, it is likely that mechanisms for insulin foetal 

programming of large for gestational age babies are also related to altered beta cell 

function. 
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5.3.2  Foetal Programming of Hypertension 

 

Despite the large number of animal studies which show fetal programming effects on 

blood pressure, human studies show more modest relationships between low birth 

weight and blood pressure.  The mechanisms by which low birth weight relates to 

hypertension are not fully elucidated.   

 

Reduced nephron number and size has been shown to be part of the mechanism of fetal 

programming of blood pressure.352  Humans with primary hypertension have been 

shown to have reduced nephron numbers.353  Humans354, 355 and rats356, 357 exposed to 

models of foetal programming during pregnancy have been shown to have reduced 

nephron numbers with associated smaller kidneys.  The kidneys of neonates who died 

of non-renal causes were investigated and there were strong correlations between both 

glomerular number (direct), and size (inverse), with low birthweight.354  Growth 

retardation, induced either by protein restriction in pregnancy or uterine artery ligation 

in rats, resulted in lower birth weight and lower number of glomeruli, both at birth and 

at 2 weeks of life.357 

 

In 5 to 18 year old Australian Aborigines, ultrasound measurements show that low birth 

weight children have lower renal volumes than children of higher birth weights, after 

correction for current body size.355 Further, in this population birthweight was inversely 

correlated with urine albumin creatinine ratio, used as a screening marker of renal 

disease.358, 359  A study of African and white Americans found that birthweight was a 

strong determinant of total glomerular number and glomerular size in the postnatal 

kidney. 360  There may be ethnic differences in this effect.   Such observations led 
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Brenner et al to suggest that impaired renal growth with reduced glomerular numbers 

could result in the development of hypertension.361 

 

Glucocorticoid exposure during foetal life may also play a role in developmental 

programming of blood pressure.  The enzyme which inactivates glucocorticoid is 11β-

HSD2 (type 2 isoform of 11 β-hydroxy-steroid dehydrogenase).  It is decreased in 

human pregnancies which result in IUGR babies362 and in studies where pregnant rats 

have been fed a low protein diet.363   

 

Dexamethasone, which is not inactivated by 11β-HSD2 and crosses the placenta, 

resulted in lower birthweight and higher blood pressure in animal models.364  Antenatal 

dexamethasone exposure or 11β-HSD2 inhibition has been shown to permanently alter 

the hypothalamic pituitary adrenal axis, with decreased glucocorticoid receptor mRNA 

expression in the hippocampus and increases in basal plasma corticosterone in adult 

life.365  

 

Oxidative stress is known to play a role in atherosclerosis and vascular dysfunction.  

Studies focussed on hypertension studies show that the source of reactive oxygen 

species in the endothelium are membrane bound NADH and NADPH oxidases.366 

Enhanced production of reactive oxygen species results in loss of nitric oxide 

bioavailability, impairing endothelium function.367 

 

Further, in developmental models of hypertension, NADPH oxidase has been shown to 

play a role.368  The links between hypertension and oxidative stress have been extended 

to in utero programming effects and blood pressure.  In offspring of pregnant rats 

exposed to low protein diet, a reduction in liver glutathione (an antioxidant) and an 
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increase in kidney isoprostaglandin (an indicator of oxidative stress) was observed, and 

these findings were associated with hypertension,  This effect was prevented if a 

peroxidation inhibitor (lazaroid) was given to the pregnant rats which were administered 

the low protein diet. Lazaroid also enhanced the vasomotor response to angiotensin II in 

the offspring whose mothers were protein restricted.369  Dietary supplements, such as 

arginine, which support nitric oxide formation and scavenge reactive oxygen species, 

administered to spontaneously hypertensive rats in pregnancy and during lactation, 

resulted in lower blood pressure in offspring.  Similar effects were seen with a nitric 

oxide donor, and with tempol, a superoxide dismutase mimic.366 

 

The renin angiotensin system has been shown to play a role in developmental 

programming of experimental hypertension and to be linked to the oxidative stress 

pathways.   Angiotensin II has been shown to activate NADH and NADPH oxidase and 

thereby increase vascular ROS production.  Sherman and Langley-Evans have shown 

that Angiotensin II blockade prevents hypertension in the offspring of rats exposed to 

low protein diets during pregnancy.370, 371 Administration of captopril early in the life of 

offspring did not affect SBP of the rats exposed to control diet in utero, but significantly 

lowered the SBP of rats exposed to low protein diet in utero.370  In a sheep model, 

greater response of blood pressure to angiotensin II administration was observed in 

foetuses of undernourished mothers compared to controls.372  Low protein neonatal rats 

had reduced renin mRNA, renin and angiotensin II levels in the kidney.373 

 

The renin angiotensin system in the brain is known to play a role in control of 

hypertension and may play a role in fetal programming of blood pressure.  In rodent low 

protein offspring, hypertension was reduced by intracerbroventricular administration of 
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an angiotensin-converting enzyme inhibitor and losartan (specific AT1 receptor 

antagonist) associated with increase in brain AT(1) expression.374  

 

The sympathetic nervous system may also play a role in foetal programming of blood 

pressure.  In a study which induced growth restriction by uterine ligation of pregnant 

rats, the female offspring were shown to have higher sympathetic nervous system 

activity as measured by noradrenaline isotope dilution techniques.375  Denervation of 

the renal sympathetic nerves abolishes the hypertension in offspring of those pregnant 

rats who had experimentally induced reduction in uterine perfusion.376 

 

 

5.3.3 Epigenetics 

 

One of the difficulties of studying the relationship between low birthweight and 

cardiovascular risk factors is the presence of strong confounding influences in parents 

and offspring.  They would include factors such as lifestyle, environment and genetics.  

Therefore, the elucidation of molecular mechanisms that could be a linking causal 

relationship is important in resolving these issues.   

 

Epigenetic DNA modification has recently been proposed as one of the molecular 

mechanisms to account for fetal programming of offspring for various adult-onset 

diseases including cardiovascular disease, the metabolic syndrome, diabetes and 

obesity.377-379  Epigenetic processes attempt to produce optimal matching with prenatal 

environmental cues.380  A mismatch, however, of the postnatal environment with 

prenatal environmental cues can result in fetal programming.   The strongest evidence 

for epigenetic influences on developmental origins of health and disease (DOHaD) 
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comes from animal studies, which show that different adult phenotypes can develop in 

offspring of rodents with the same genotype.   

 

Epigenetic change to the germline by stable DNA methylation has been proposed to 

occur during prenatal life.  Epigenetic modifications change gene expression without 

changing the genetic code.  Epigenetic gene regulation is mediated primarily through 

methylation of DNA at CpG dinucleotides and covalent modification of histones. In 

general, the degree of DNA methylation at CpG dinucleotides within a gene promoter is 

inversely correlated with gene activity.381 Aberrant gene silencing (epimutation) has 

been  implicated in a variety of physical and mental disorders.382  The establishment of 

epigenetic marks appears to be sensitive to a variety of different environmental cues 

including micronutrient availability and exposure to drugs, toxins and viruses.383   

 

Protein restriction during pregnancy in rats, leading to a progressive loss of epigenetic 

memory and altered adult growth and metabolic response to fasting, can affect global 

methylation, the expression of glucocorticoid receptor (GR) and the peroxisome 

proliferator-activated receptor (PPARα) via a change in specific DNA methylation.348, 

349, 384  Rat dams fed a low protein diet produced smaller fetuses, and the liver from the 

foetuses of the dams fed the low protein diet showed global hypomethylation. This was 

associated with an increase in maternal homocysteine.384  Lillycrop et al showed that rat 

offspring fed a low protein diet had hypomethylation of gene promoters of 

glucocorticoid receptor.  Methylation was a third lower, and GR expression was 85% 

higher than control offspring.348  A model of uteroplacental insufficiency (uterine artery 

ligation) resulted in intrauterine growth restriction (IUGR), paralleled by significantly 

changed p53 DNA CpG methylation in the kidney and increased apoptosis.385   

Bogdarina et al showed that offspring of low protein fed mother rats had increased 
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expression of the AT1b receptor mRNA and protein associated with hypomethylation of 

the proximal promoter of the AT1b gene in the adrenal.386  Also in rats, mean PPAR 

alpha promoter methylation in protein restricted offspring was approximately one 

quarter lower than controls.  This effect was reversed if the mothers were both protein 

restricted and given folate. These changes in methylation persisted into adult life.387 

 

It is of interest that Lillycrop’s findings occurred with decreased expression of DNA 

methyl transferase 1, an enzyme which controls DNA methylation.348  Environmental 

influences on DNA methylation do not appear to be limited to intrauterine 

exposures/experimental manipulations. Meaney et al388 have shown that inadequate 

nursing behaviour by rat mothers over the first week of life alter the epigenome of the 

gene-regulatory exon 17 of the glucocorticoid receptor, responsible for tissue specific 

expression of GR in the hippocampus of the rat brain. In turn, glucocorticoid receptor 

expression in the hippocampus was disrupted and the HPA response to stress in the 

offspring at adult age was affected, thus suggesting a causal relation between the 

epigenomic state, glucocorticoid receptor expression and the effects of maternal care on 

stress responses later in life.  
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5.4  Specific Early Risk Factors 

    

5.4.1 Postnatal Weight Gain  

 

Much epidemiology has focussed on the effect of birth size137, 389, 390 and current size on 

cardiovascular risk93, 391, 392.  It has been suggested that in fact it is the amount of 

postnatal weight that has most effect upon cardiovascular risk.  A meta-analysis in 2000 

showed that skeletal and non-skeletal postnatal catch-up growth were positively 

associated with blood pressure, with the highest blood pressures occurring in 

individuals of low birth weight but high rates of growth subsequently.393 

 

The critical period of weight gain has varied.  Ong et al showed in ALSPAC that 31% 

of infants gained weight (SD >0.67) between 0 and 2 years.  These children were taller, 

heavier and fatter at 5 years than other children.  These children were lighter at birth, 

more often from primiparous pregnancies, and had mothers who were more likely to 

smoke.394  A different approach was applied to data from nearly 28 000 participants.  

Instead of defining the groups by high and low weight gain, groups were defined by 

those who were overweight at 7 years defined by greater than the 95th centile on CDC 

reference data.  Overweight children at 7 years were more likely to have rapid weight 

gain during the first 4 months of life, independent of birth weight and weight at 1 year.  

This was found across all birth weight quintiles (Figure 5.2) and also independent of 

weight gain between 4 months and 1 year.395   Both of these studies suggest the critical 

period of rapid weight gain is in either the neonatal or infancy period.  A study of 

Australian prepubertal children, showed that children with the highest amount of 

abdominal fat were lightest at birth and gained weight centiles by 7-8 years of age. 396 
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Figure 5.2 - Prevalence (%) of overweight status at age 7 years by birth weight (kg) 

quintiles and quintiles of weight gain (g/month) during the first 4 months of life.395
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The critical time period of weight gain with regards to subsequent blood pressure 

differed to the observation that neonatal period is critical for overweight.394, 395  A study 

by Law et al, using a conditional method, showed that blood pressure was highest in 

those who were both small at birth and gained weight rapidly during early childhood 

between 1 and 5 years.  Weight gain in the neonatal period (first year of life) did not 

affect blood pressure.397 

 

A lack of effect of infant weight gain on cardiovascular risk has been seen.397-400 In the 

Raine cohort, weight at 1 year did not predict blood pressure, after birth and current 

weight were taken into account.401 

 

In the Helsinki cohort, retrospectively calculated z scores of childhood body size for 

those who had suffered a coronary event were compared to those who had not, to form 

“trajectories”.402  Those who had suffered a coronary event were on average smaller at 

birth, thinner at two years and had more rapid weight gain thereafter.  Therefore, this 

implies that the period of critical weight gain is subsequent to the period of infancy.  

Such an approach makes the assumption that the childhood growth pathways to 

cardiovascular disease are homogenous.  There may, in fact, be more than one 

childhood growth trajectory associated with subsequent adult cardiovascular disease.  

This is suggested in two studies which have showed at least two growth trajectories 

leading to overweight, namely early onset and late onset overweight.132, 403 

 

Consideration of the overall body of literature would suggest that it is likely that 

postnatal weight gain and in-utero growth restriction, as well as current adiposity, all 

play roles in cardiovascular risk.  In a prospective study, fasting insulin was 

significantly higher in small for gestational age (SGA) babies who experienced weight 
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catch up growth at 1 year compared to appropriately grown neonates and also compared 

to those SGA babies without catch up growth.404 

 

 

5.4.2 Maternal Smoking 

 

Smoking during pregnancy has been associated with reduced fetal growth405 and infant 

birth weight406, 407 in a dose dependent manner.  Further it is has been shown in many 

studies that birthweight is inversely proportional to cardiovascular outcomes.389, 390 

 

Smoking has also been associated with many other adverse lifestyles and lower 

socioeconomic status.408 Therefore, when investigating the relationship between 

maternal smoking in pregnancy and subsequent cardiovascular risk in the child, 

maternal smoking should be considered a potential confounding variable.  Twin studies 

suggest that at least for hypertension, the effect of birthweight is independent of shared 

familial environmental and adult risk factors for hypertension.409 

 

A previous study in the Raine Pregnancy cohort to age 6 years, showed that the 

birthweight -  blood pressure relationship was altered depending on smoking status of 

the mother during pregnancy.  Overall a negative association between birthweight and 

SBP was reported, however, in children whose mothers smoked during pregnancy there 

was a positive association between birthweight and blood pressure.410 

 

Other outcomes related to DOHaD, such as mental health, have been linked to smoking 

in the mother during pregnancy.  For example in utero exposure to tobacco smoke has 
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been related to elevated ACTH levels suggesting ‘programming’ effects on the HPA of 

maternal smoking in pregnancy.411 

 

Some effect of maternal smoking has been suggested into the second generation, 

whereby a mother’s own prenatal exposure to maternal smoke might affect the birth 

weight of her own offspring.  Therefore, the grandchild might have programming 

effects that originate from smoking in the maternal grandmother.412 

 

Maternal smoking decreases eNOS activity and nitric oxide production in the vascular 

bed of the foetus, thereby decreasing vasodilatory capacity.413-415 This could be a 

potential mechanism of fetal growth retardation due to maternal smoking.  Further, this 

might also be the first step in the mechanism through which maternal smoking might 

cause “programming”.  Neonates whose mothers smoked have significantly increased 

aortic intimal medial thickness416, further evidence that smoking during pregnancy may 

alter future cardiovascular risk.  

 

 

5.4.3 Maternal Obstetric Complications 

5.4.3.1 Gestational Diabetes 

 

A number of maternal obstetric complications, including gestational diabetes and 

preeclampsia, have been linked to subsequent cardiovascular disease and risk in 

offspring.  Maternal obstetric complications might relate to cardiovascular risk in the 

next generation due either to fetal programming effects and/or shared genetic factors as  

mother and child share a 50% complement of genetic material.  Additionally, shared 
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familial environmental risk factors and behaviours are likely to interact with genetic 

influences. 

 

In Pima Indians, the major risk factors for development of type 2 diabetes mellitus and 

hypertension have been attributed to being small and large for gestational age312, 417, 

maternal gestational diabetes and obesity418.  The effect of glycaemia during pregnancy 

was found even when overt gestational diabetes was absent.  When only children of 

normal glucose tolerant mothers were examined, the adjusted hazard rate ratio for 

offspring risk of diabetes per SD maternal glucose was 1.3 (95% CI=1.04 to 1.71) and 

glycaemia was also associated for increased birthweight.419  Therefore, a dose response 

effect appears to exist within normal limits of glucose levels in the mother. 

 

 Dabelea et al showed that Pima Indians of low birthweight remained thinner later in life 

and were more insulin resistant.417  Interestingly, it was found that development of 

diabetes in those offspring who had low birthweight was strongly related to paternal, 

not maternal, diabetes.420  This suggests that a genetic link is at work here, rather than 

an in-utero programming effect.  Secondly, it suggests that high birthweight babies are a 

product of a maternal in utero hyperglycaemic environment, not due to a genetic effect 

within the offspring.   

 

McCance et al showed that risk for subsequent diabetes among higher birthweight 

infants (≥ 4500 g) was associated with maternal diabetes during pregnancy.312  

However, it is of interest that those of high birthweight were subsequently less insulin 

resistant relative to body size despite continuing to have high BMI.417 
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This work in Pima Indians may be universal to all ethnic groups and has been translated 

into Caucasians.  For example, in an American population, large for gestational age 

offspring of diabetic mothers were also found to be at risk of metabolic syndrome in 

childhood.314 

 

The cardiovascular risk factors most commonly studied in association with gestational 

diabetes are insulin resistance, diabetes and the metabolic syndrome.  Another 

cardiovascular risk factor showing an association with gestational diabetes is blood 

pressure.  Hypertension, in the offspring has also been associated with maternal, but not 

paternal, diabetes421 suggesting the importance of in-utero programming and shared 

environmental factors for this particular risk factor.   

 

 

5.4.3.2  Pregnancy Induced Hypertension, Preeclampsia And Maternal Chronic 

Hypertension 

 

The signs and symptoms of preeclampsia include hypertension, proteinuria, oedema and 

neurological manifestations in pregnancy.   In the 1970’s Brosens et al showed that 

there is failure of trophoblastic invasion in both pre-eclampsia422 and IUGR423 leading 

to decreased perfusion with consequent placental hypoxia.  IUGR or low birthweight 

has been shown to be associated with cardiovascular risk in the Barker hypothesis389, 

probably also via uteroplacental insufficiency424-426.  Certainly, maternal hypertension, 

has been shown to affect the in utero environment of the fetus.  It is associated with 

SGA neonates427 and increased perinatal mortality, particularly of males428.  In non-

human primates the induction of uteroplacental insufficiency results in hypertension, 

proteinuria and renal histology identical to human preeclampsia.  429  I hypothesize that 
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the common mechanism of altered placental function is a link between hypertensive 

diseases of pregnancy and foetal programming.    

 

Despite the attractiveness of this proposition, no direct studies have shown an 

association between gestational hypertension and future cardiovascular risk in 

childhood.   This may be due in part to the relatively low prevalence of overt  

preeclamptic disease, difficulty in dissecting out genetic versus programming effects 

and inconsistent associations between birth size and preeclampsia. 

 

Pregnancy induced hypertension indicates a tendency towards endothelial and metabolic 

abnormalities leading to future cardiovascular risk in the mother.  Wilson et al showed 

that the relative risk of subsequent hypertension when the mother suffered from 

gestational hypertension was 1.13-3.72 and the adjusted relative risk of stroke mortality 

was 3.59 for those with preeclampsia or eclamspia.430 A meta-analysis encompassing 

3,488,160 women showed that after preeclampsia women have increased risks for 

hypertension (RR=3.70), ischaemic heart disease (RR=2.16), stroke (RR=1.81), venous 

thromboembolism (RR=1.79 ) and death (RR=1.49).431 Preeclampsia might contribute 

some genetic role to development of hypertension in the child given that the child has 

50% of the genetic material of the mother.  Thus, we are yet to unravel the role of 

genetics and foetal programming. 

 

More recently, studies have shown inconsistent findings with regards to the association 

of preeclampsia with birth size.432 Some studies have shown that preeclampsia is 

associated with SGA433, LGA434 or no difference in birth size435 compared to 

normotensive mothers.   This has shifted thinking more recently to the belief that 

preeclampsia may have heterogeneous pathogeneses.   
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It is interesting to note that smoking reduces the relative risk of mild and severe pre-

eclampsia to 0.5 and 0.6 respectively, however, when preeclampsia did develop, the risk 

of IUGR and other obstetric complications was considerably higher among smoking 

mothers.436 Combined with the results found in the Raine cohort, whereby associations 

between birthweight and childhood hypertension were reversed in subgroup analysis of 

smoking and non smoking mothers401, there is a strong suggestion that a subset of the 

population responds atypically to tobacco smoke for blood pressure. 

 

 

5.4.4 Breast Feeding 

 

It has been suggested that factors operating early in life (antenatal and perinatal) affect 

development of adult cardiovascular diseases.  These influences, as early as the first few 

weeks of life, include infant nutrition.  Biologically, it is feasible that breast milk could 

be an agent of nutritional programming.  The higher cholesterol content of breast milk 

may reduce endogenous synthesis of cholesterol through down regulation of 

hydroxymethyl glutaryl coenzyme A reductase.437   Other mechanisms of breast milk 

include reduced sodium438 and higher polyunsaturated fatty acid (PUFA)438-440, which 

has antihypertensive effects on endothelium438.  Breast milk is also thought to protect 

against hyperinsulism.439  

 

The effect of breast feeding duration on adiposity was investigated in the cohort used in 

this thesis when the children were aged 8 years.  It was found that those babies breast 

fed over 12 months were leanest at 12 months of age, but no difference was detected in 

BMI at 8 years. Short periods of breast feeding less than 4 months were associated with 
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greatest risk of childhood obesity defined as exceeding the 95th percentile for weight for 

height z score at 1 year and BMI z score at 3,6 and 8 years.441    While this might 

suggest a protective effect of breast feeding, there was no difference in risk of obesity in 

those who were not breast fed at all and those who were breast fed >12 months.  

Therefore, a linear dose response relationship was not present. 

 

The effect of breast feeding has been investigated in relation to subsequent BMI, blood 

pressure and lipid levels.  The observational studies of these associations have been 

subjected to systematic reviews, in particular by Owen et al, leading to the overall 

conclusion that publication bias exists.  Many other areas of epidemiology related to 

DOHAD have not been scrutinised with systematic reviews and it is uncertain whether 

other associations might also be overrepresented by publication bias.  Without 

diminishing the many other benefits of breast feeding, it would appear that breast 

feeding has modest fetal programming effect, but the effect may have been exaggerated 

by publication bias of smaller and positive studies.  Issues that need to be considered in 

the investigation of the effect of breast feeding include exclusivity of breast feeding or 

formula feeding versus mixed feeding, duration of feeding and recall bias of many of 

the studies.  

 

A systematic review in 2002 has shown that, in breast fed subjects, mean total 

cholesterol levels were higher in infancy, similar in childhood and lower in adult life.442  

The age related relationship needs to be taken into consideration when investigating 

cardiovascular risk in adolescence (as in the Raine Cohort), as an effect may be 

temporarily undetected until later in life.   

A subsequent systematic review in 2008 which took into account exclusivity of breast 

feeding, showed that the 7 studies reporting exclusive breast feeding were more 
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homogenous and showed a stronger effect (mean difference -0.15mmol/L, 95% CI 0.23-

0.06) on cholesterol levels.  This effect was not changed with adjustment for current 

smoking, socioeconomic status or current BMI.  The 10 studies which did not report 

exclusive breast feeding did not reach a significant pooled effect.443 

 

A systematic review published in 2005 on the effect of breast feeding on subsequent 

BMI with 70 eligible studies showed a pooled effect of -0.04 (95%CI -0.05 to -0.02) 

lower mean BMI in those breast fed than formula fed.  The pooled results of 11 studies 

abolished the effect when adjustment was made for maternal BMI, maternal smoking in 

pregnancy and SES.  Further, the Egger test was highly significant indicating 

asymmetry in the funnel plot related to bias. Larger studies with over 1000 subjects had 

smaller effects than studies with less than 1000 subjects (p=0.0002), all evidence of 

publication bias.444  An intervention study randomized over 17000 infants into a groups 

with and without breast feeding promotion.  While the intervention did prolong 

exclusivity and duration of breast feeding, it did not reduce obesity levels in early 

childhood.445  

 

Several cohort studies suggest that blood pressure may be determined by early nutrition, 

including sodium intake in infancy446, formula feeding447 and breastfeeding448.  It has 

been hypothesized that breast milk may affect blood pressure, possibly through lower 

sodium and higher long chain polyunsaturated fatty acid (LCPUFA) content compared 

to infant formulas.  Both low sodium and increased LCPUFAs have been associated 

with lower blood pressure in adults and children.449 Two meta-analyses looked at the 

effect of breast feeding upon subsequent blood pressure.  In 2003, Owen et al found 24 

studies with a pooled effect of -1.10mmHg (95%CI-1.78 to-0.42) in breast fed 
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compared to formula fed participants.  Once again the effect size decreased with larger 

studies and there was a significant Eggers test.   

It appears that the literature is skewed to positive studies by publication bias.438 Martin 

et al published a meta-analysis on the topic two years later and showed similarly a 

pooled effect of -1.4mmHg (95%CI -2.2 to -0.6).  As with the previous meta-analysis 

they found evidence of heterogeneity and smaller effects with larger studies of over 

1000 participants.450  Both systematic reviews suggest the presence of publication bias 

and possible residual confounding.  Nevertheless if the effect was causal, even a small 

effect could be important for public health.  A reduction of 2mmHg has been equated 

with a decrease in coronary death by 4% and a decrease in stroke death in middle age by 

6%.451 Weighing against a causal relationship are the results of a randomised 

intervention of 17000 participants for breast feeding promotion, which did not result in 

reduced blood pressure in 6.5 year olds.452 

 

 

5.4.5 Placental Weight 

 

As discussed in the previous section, gestational diabetes mellitus is associated with 

large birthweight and subsequent metabolic syndrome in the offspring.314 Placental 

weight is related to gestational diabetes mellitus.  In a case-control study, those women 

with gestational diabetes mellitus (GDM) had significantly heavier placentas (mean of 

695g) than controls (mean of 610g).  They also had a significantly higher placental 

weight to birthweight ratio (0.21±0.03 compared to 0.19±0.04).453  Morphological 

changes in the placenta have also been observed with severe placental villous 

immaturity being over three times more frequent in those with GDM compared to 

controls.454 
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In addition, the intermediate groups without overt gestational diabetes appear to be 

different than controls.  Those with one abnormal value on OGTT still have double the 

frequency of placental villous immaturity compared with controls.454  Therefore, having 

GDM appears at the extreme end of a continuum, and is not an all or none phenomenon. 

 

Barker et al showed that in an English cohort born 1935-43 those with highest blood 

pressures were found in those with low birth weight and large placentas.317 The 

relationship between placental weight and blood pressure was investigated previously in 

the Raine Study.  There was a negative relationship between placental weight and 

systolic blood at ages 1 and 3 years, but not as the children become older. Therefore, it 

was concluded, in contrast to Barker’s findings that birth weight, rather than placental 

weight or their ratio, is more important in prediction of subsequent blood pressure in 

childhood.455  While this may remain true when considering the relationship as a linear 

one, it would be worthwhile revisiting this proposition in the light of evidence that both 

the birthweight-cardiovascular risk311, 312and placental weight–diabetes risk is not linear 

with those born to mother with gestational diabetes being both large456 and having 

heavier placentas453. 

 

Placental weight, and placental weight to birth weight ratio, are linked to maternal 

adiposity and appear to increase with greater maternal BMI457 and greater maternal 

weight gain during pregnancy.  Animal studies have suggested that placental weight is 

associated with periconception maternal weight gain.  Uteroplacental weights in sheep 

at 53-56 days gestation were positively correlated with maternal periconception weight 

gain.  However, imposing periconceptional undernutrition on the ewes disrupted this 

relationship.458  Periconception undernutrition of the ewe has resulted in several 
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examples of experimentally induced foetal programming, including enhanced activation 

of the fetal pituitary adrenal axis459 and altered postnatal cardiovascular function 460. 

 

It should be highlighted that many factors are positively associated with placental 

weight such as gestational age, female sex, Asian ethnicity, lower SES, maternal anemia 

and maternal smoking.457  Therefore, relationships between placental weight, or 

birthweight to placental weight, with adult cardiovascular disease need to account for 

many potentially confounding variables. 
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SCOPE AND AIMS OF THE THESIS 

 

The prevalence of obesity and overweight in adults and children has risen dramatically 

in recent decades  Therefore the cost of cardiovascular disease to the individual and 

society is significant and rising.  Understanding and identifying at risk children early in 

life before overt cardiovascular disease has utility.  We know that atherosclerotic 

plaques are found early in life, therefore, confirming that the disease processes begin 

early.  We also know that cardiovascular risk factors track from childhood into adult 

life, from which I surmise that early identification is possible. Benefit is likely to arise 

from prevention strategies, both targeted to high risk groups as well as population wide.  

Understanding the influences on cardiovascular risk factors in childhood will make 

early risk stratification more meaningful and applicable to these prevention 

programmes.  Therefore, I aimed to investigate the magnitude of the problem and 

influences on childhood cardiovascular risk in this thesis. 

 

Arising from the background outlined so far, this thesis aims to address the major points 

through the following 4 papers : 

 

Paper 1 Huang RC, Burke V, Newnham JP, Stanley FJ, Kendall GE, Landau LI, 

et al. Perinatal and childhood origins of cardiovascular disease. Int J Obes (Lond). 2007 

Feb;31(2):236-44. (Chapter 7) 

 

Paper 2  Huang RC , Mori TA, Burke V ,  Newnham J, Stanley FJ ,  Landau LI, 

Kendall, GE ,  Oddy, WH , Beilin, LJ. Synergy between adiposity, insulin resistance, 



129 
 

metabolic risk factors, and inflammation in adolescents. Diabetes Care 2009; 32: 695-

701.  (Chapter 8) 

 

Paper 3   Huang RC , de Klerk, N, Mori TA, Burke V ,  Newnham J, Stanley FJ ,  

Landau LI, Kendall, GE ,  Oddy, WH , Hands, B, Beilin, LJ.  The effect of puberty and 

gender on differential relationships between anthropometric measures and 

cardiovascular risk factors in adolescents.  (Chapter 9) 

 

Paper 4  Huang RC , de Klerk, N, Mori TA, Burke V ,  Newnham J, Stanley FJ ,  

Landau LI, Kendall GE , Oddy WH , Hands B, Beilin LJ.  Novel Childhood Adiposity 

Trajectories. (Chapter 10)  

 

 

Firstly, the clustering of cardiovascular risk factors makes it imperative to investigate all 

of the risk factors and particularly the nature of the clustering.  Knowing the drawbacks 

of using adult arbitrary cut-offs in children, I used a method of cluster analysis at two 

time points to define a group of children with features similar to the metabolic 

syndrome.  This provides some knowledge as to the proportion at risk in the normal 

population.  I then ascertained the importance of early perinatal influences (such as 

maternal smoking, breast feeding and catch up growth) on cardiovascular risk.   

 

Secondly, the role of inflammation in cardiovascular risk has been increasingly 

highlighted.  I investigated if markers of inflammation were related to the cluster 

groups, as well as the relative role of components of the metabolic cluster on systemic 

and liver inflammation.   
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Thirdly, as obesity accounts for the largest amount of variance of cardiovascular risk, I 

investigated the relationships of anthropometry to cardiovascular risk, hypothesizing 

that these relationships may differ in adults and children. 

 

Fourthly, to further investigate the role of birth weight and postnatal weight gain I used 

semi-parametric mixture modelling applied over 8 longitudinal time points (0-14 years) 

to capture longitudinal adiposity trajectories.  This identified childhood growth patterns 

encapsulating both early and late childhood adiposity measures.  I then, identified the 

influence of perinatal influences on these longitudinal adiposity trajectories. 
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Chapter 7 – Paper One : Relationship Between Birthweight 

and Cardiovascular Risk 

 

7.1  – Introduction 

 

To understand determinants of cardiovascular risk in childhood, I sought to identify 

using cluster analysis a group of children with features similar to the metabolic 

syndrome.  This was performed at the 8 year old follow up of the Raine Pregnancy 

Cohort for which a subset (n=406) had fasting blood samples.  This technique was 

chosen based upon the knowledge that cardiovascular risk factors cluster in a 

phenomenon which has been called the metabolic syndrome in adults. 

 

Extensive literature has investigated the relationship between birth weight and 

cardiovascular risk, in particular with insulin resistance and the metabolic syndrome.  

We investigated the relationship between birth size and the metabolic cluster.  Literature 

has also found variable results with regards to the role of breast feeding, postnatal 

weight gain and maternal smoking during pregnancy on cardiovascular risk.  We 

investigated these early life influences on the metabolic syndrome in this contemporary 

healthy Australian cohort, which is likely to represent other developed Caucasian 

populations.     
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Abstract 

 

Background :  

Features of the metabolic syndrome comprise a major risk for cardiovascular disease 

and will increase in prevalence with rising childhood obesity.  We sought to identify 

early life influences on development of obesity, hypertension and dyslipidaemia in 

children.  

Methods and Results:  

Cluster analysis was used on a subset of a longitudinal Australian birth cohort who had 

blood samples at age 8 (n=406).  A quarter of these 8 year olds fell into a cluster with 

higher body mass index, blood pressures (BP), more adverse lipid profile and a trend to 

higher serum glucose resembling adult metabolic syndrome.  There was a U-shaped 

relationship between percentage expected birth weight (PEBW)  and likelihood of being 

in the high risk cluster.  The high risk cluster had elevated BP and weight as early as 1 

and 3 years old.  Increased likelihood of the high risk cluster group occurred with 

greatest weight gain from 1-8 years old (OR=1.4, 95% CI = 1.3-1.5 per kilogram) and if 

mothers smoked during pregnancy (OR=1.82, CI=1.05-3.2).  Risk was lower if children 

were breast fed for ≥4 months (OR= 0.6, 95%CI 0.37-0.97).    Newborns in the upper 

two quintiles for PEBW born to mothers who smoked throughout pregnancy were at 

greatest  risk (OR=14.0, 95% CI 3.8-51.1) compared to the nadir PEBW quintile of non-

smokers.    

Conclusion:    

A U-shaped relationship between birthweight and several components of the metabolic 

syndrome was confirmed in a contemporary, well-nourished Western population of full-

term newborns, but postnatal weight gain was the dominant factor associated with the 

high risk cluster.  There was a prominence of higher as well as lowest birthweights in 
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those at risk.  Future health programs should focus on both pre- and post-natal factors 

(reducing excess childhood weight gain and smoking during pregnancy), and possibly 

the greatest benefits may arise from targeting the heaviest, as well as lightest newborns, 

especially with a history of maternal smoking during pregnancy.   

 

Keyword list : metabolic syndrome, pediatrics, smoking, birth weight, maternal 

smoking, breast-feeding 
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Background 

Prevalences of childhood overweight and obesity are increasing dramatically worldwide 

with rates in many countries doubling or tripling over the last 20 years.1   In Australia, 

the prevalence of childhood obesity trebled in 1985-1997.2 In Britain, 23.6% children 

were classed as overweight in 1998 compared with 14.7% in 1989.1  Obesity, 

overweight and blood pressure (BP) track into adulthood.3 Increases in childhood and 

early adult onset diabetes may translate into increases in adult cardiovascular disease.4 

Identifying children with cardiovascular disease risk factors and antenatal/early 

childhood influences amenable to change is of major public health importance.  

  

Clustering of the cardiovascular risk factors which comprise the metabolic syndrome 

(hypertension, dyslipidemia, impaired glucose tolerance and obesity) has been 

recognized since the 1920’s.5  Definitions of the metabolic syndrome are problematic, 

based on arbitrary cut off points for several quantitative variables, where each variable 

is related linearly to cardiovascular risk. Even consensual definitions differ between 

international authorities and continue to change.6, 7 Moreover such cut-offs are not 

appropriate for use in children where Body Mass Index (BMI), BP, triglycerides, 

glucose and insulin are lower than in adults.  

 

Childhood predictors of adult cardiovascular disease had focused on birthweight per se8, 

9 and teenage years10.  Increasingly attention has focused on prenatal and early postnatal 

factors, particularly with a view to trajectories or longitudinal changes in weight.11, 12   

 

Low birthweight has been associated with adult onset diabetes13, coronary heart 

disease8, 14 and hypertension15, however, there are issues to consider concerning 
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inappropriate correction for current weight16, incomplete adjustment for socio-economic 

factors17, and publication bias.18-20  

 

To investigate further the influence of birthweight, postnatal weight gain and maternal 

factors such as smoking during pregnancy and breastfeeding on children’s subsequent 

predisposition to cardiovascular disease we used data from a cohort of western well-

nourished children followed from 18 weeks gestation to age 8 years. 

 

Methods 

The Raine Cohort subjects were serially recruited from Western Australia’s major 

perinatal center, King Edward Memorial Hospital and nearby private practices between 

1989-1992.  Pregnant women (n=2979) were recruited between the 16th and 18th week 

gestation.  Further criteria included English proficiency sufficient for informed consent 

and intention to remain locally for follow-up through childhood.  The study was 

approved by the institutional ethics committees.  The initial cohort comprised 2868 live 

births.  Details of data collection in this cohort have been published previously 

describing the antenatal21 and postnatal periods17.  Gestational age was precisely 

ascertained according to a research protocol21by date of last menstrual period if the 

mother was certain of dates and there was less than 7 days discrepancy with biometry.  

Otherwise it was determined by 18 week ultrasound studies. 

 

Children were reevaluated at ages 1, 3, 5 and 8 years.  Weight was measured using a 

Wedderburn Digital Chair Scale to the nearest 100g with children dressed in 

underclothes.  Height was measured to the nearest 0.1cm with a Holtain Stadiometer.  

Forty-five minutes after entering the room, the child had BP measured seated, using the 
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appropriate cuff size with an oscillometric method (Dinamap 8100, Crikon, USA).  Two 

readings were taken 1 minute apart and the average used in the analysis. 

 

Parents were asked to take children to a local pathology centre for an overnight fasted 

blood sample.  The samples were separated, prior to transport on ice to Royal Perth 

Hospital biochemistry laboratory where the lipids (HDL, LDL, HDL cholesterol) and 

serum glucose levels were measured using a Hitachi 917 autoanalyser.   

 

Data were obtained antenatally (smoking in pregnancy) from 18 week gestation 

questionnaire and perinatally (birthweight, gestational  age) from midwife records.  

Maternal education (education not higher than secondary schooling; technical 

qualification or diploma; tertiary qualification) and family income (annual earnings in 

Australian dollars as 0-$25 000, $25 001-$40 000, $40 001-$60 000, >$60 000) were 

obtained from the 8 year follow-up questionnaire.  Duration of  any breast feeding (<4 

months, ≥4 months) was obtained prospectively from 12 month follow-up 

questionnaires.22 Weight gain was calculated by the difference of measures at time 

points of birth, 1, 3, 5 and 8 years. 

 

The percentage of expected birth weight (PEBW) by gestational age was calculated by 

an algorithm developed on a Western Australian Caucasian population.23 PEBW is a 

more useful measure of healthy intrauterine growth than neonatal weight as it takes into 

account many of the potential variables that affect birth weight including gestational 

age, nulliparity, sex of child and maternal height.  
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Statistical Methods 

 

Cluster Analysis 

To overcome problems of definition of “childhood metabolic syndrome” we used two 

step cluster analysis to define two groups with higher or lower values for variables that 

constitute the metabolic syndrome in adults.  BMI, SBP, serum triglyceride and glucose 

at 8 years were used as clustering variables.  Cluster analysis is a statistical method 

based on algorithms which seek to minimize within-group variation and maximize 

between-group variation for the clustering variables.24  We refer to the group with 

higher values as the “high risk cluster” group. 

 

Using one way ANOVA and binary logistic regression, PEBW, BP, birth 

anthropometry, longitudinal weight, change in weight, maternal smoking habits during 

pregnancy and breastfeeding duration were examined for associations with the high risk 

cluster. Logarithmic transformation was used for variables not normally distributed. 

Associations between categorical variables were examined using χ2 tests. Binary 

logistic regression was used to examine the effect of PEBW quintiles on likelihood of 

the high risk cluster with the nadir used as the referent group.  Post hoc analysis was 

undertaken looking at associations of arm, chest and head circumference with high risk 

cluster using one way ANOVA.  Statistical significance was defined at the 5% level.  

SPSS 12.0 software (SPSS, Chicago, III) was used for analyses. 

 

Results 

At the 8 year follow-up, 2518 of the original 2868 were eligible for follow up after 

exclusion of children who were deceased or uncooperative.  Assessments were 

completed for 1957 of the 2518 children; 520 children were excluded (multiple births, 
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<38 weeks gestation and congenital anomalies). Four hundred and fifteen agreed to 

blood sampling.  Of these, satisfactory measurements for fasting lipids and glucose 

were obtained on 406 children.  Table 1 shows that those with adequate blood samples 

were from higher income groups and had non-significantly higher BP.  The 

characteristics of the children at birth and at age 8 years and of the mothers of the 

mother-child pairs included in the analysis have previously been reported17. 

 

 

Table 1 - Comparison between Subset of Children who did and did not receive a blood 
test at 8 year old survey. 
 

Variable Group 

included 

in 

analysis 

Group 

without 

blood 

tests 

p 

value 

 Mean(SD) Mean(SD)  

N 406 1031  

Weight (kg) 28.4(5.3) 28.2(5.8) 0.507 

Height (cm) 129.5(5.7) 128.9(6.0) 0.09 

BMI (kg/cm2) 16.8(2.4) 16.8(2.6) 0.994 

SBP (mmHg) 104.9(9.0) 103.8(10.2) 0.06 

Birth weight (g) 3501(447) 3452(452) 0.051 

PEBW 1.02(0.12) 1.01(0.12) 0.249 

    

male:female ratio 1.2 0.97 0.055* 

Income group (3df)    0.046* 

    

 

* Chi square testing 
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Cluster analysis 

About 25% of the 406 children fell into the high risk cluster with a similar proportion of 

boys and girls (χ2
df=1=2.69, p=0.101).  They showed significantly greater weight, BMI, 

height, arm circumference, BP, total cholesterol, triglycerides and LDL, and lower HDL 

cholesterol.  (Table 2). The degree of separation of the main features of the high and 

low risk clusters are shown in Figure 1.  

 

Table 2 - Characteristics of the children in and out of the high risk cluster at age 8. 

 high risk cluster  

Variable Yes No p value 

 mean(SD) mean(SD)  

N 102 304  

Age (years) 8.2(0.3) 8.1(0.3) 0.24 

Weight(kg) 33.20(6.60) 26.74(3.48) <0.001** 

Height(cm) 131.0(5.32) 128.94(5.70) 0.001** 

BMI(kg/cm2) 19.21(3.00) 16.04(1.35) <0.001** 

Head circumference(cm) 53.57(1.52) 53.07(1.35) 0.002** 

Chest circumference(cm) 68.74(6.84) 62.41(3.35) <0.001** 

Arm circumference(cm) 22.25(2.80) 19.32(1.63) <0.001** 

Cholesterol(mmol/L) 4.6 (0.7) 4.4 (0.7) 0.011* 

Triglycerides(mmol/L) 1.0(0.4) 0.6(0.2) <0.001** 

Hdl(mmol/L) 1.4(0.3) 1.6(0.3) <0.001** 

Ldl(mmol/L) 2.8(0.6) 2.6(0.7) 0.010* 

Hdl cholesterol ratio 3.4(0.8) 2.9 (0.7) <0.001** 

Glucose(mmol/L) 4.6(0.5) 4.5(0.4) 0.30 

SBP(mmHg) 110.2( 9.6) 103.2(8.0) <0.001** 

DBP(mmHg) 57.6(6.1) 55.2(5.6) <0.001** 

*p<0.05 
**p<0.005 
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Figure 1 – 95% confidence interval for parameters related to the high risk cluster at 

8 years old.  The X axis shows those in the high and low risk clusters. 
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Association of cluster group with measurements at birth 

The high risk cluster was significantly associated at birth with an increased triceps skin 

fold ( x=4.4(SD=1.0)mm vs x=4.2(SD=0.8)mm, p=0.017) and lower birthweight-

placental weight ratio (x=5.7(SD=0.8), x=6.0(SD=0.9), p=0.004) but not with neonatal 

length, unadjusted birth weight, head circumference, abdominal circumference, 

parascapular and infrascapular skin folds or placental weight (all p>0.1).     There was 

no linear association between PEBW or birthweight with the high risk cluster group 

before or after adjustment for socioeconomic status (maternal education and family 

income), gender, maternal diabetes and maternal smoking.  

 

Data were then examined according to quintiles of PEBW and showed a U shaped 

relationship with being in the high risk cluster. (Figure 2)  In binary logistic regression 

using lowest likelihood of being in the high risk cluster group (2nd quintile) as the 

referent group, the OR in the 1st, 4th and 5th quintiles after adjusting for gender, 

socioeconomic status and maternal smoking in pregnancy and gestational diabetes were 

2.33 (95%CI =1.05 to 5.14, p=0.037),  2.32 (95%CI=1.06 to 5.04, p=0.034) and 2.22 

(95%CI=1.03 to 4.79, p=0.043), respectively.  The comparison between PEBW 

quintiles 3 and 2 was not statistically significant. (p=0.275).  
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Figure 2 – Proportion in the high risk cluster in different PEBW Quintiles.  

*represents p<0.05 compared to 2nd Percentage expected birthweight (PEBW) 

quintile group. 
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Modifiers of The Association Of Cluster Group With PEBW 

Effect of Smoking During Pregnancy 

As earlier studies on this cohort showed that maternal smoking influenced the relation 

between birth weight and BP at age 6 years25, data were analysed separately for 

maternal smokers and non-smokers during pregnancy.  Characteristics at birth of 

children born to smoking and non smoking mothers are shown in Table 3.  Using a 

binary logistic model, children of mothers who smoked in pregnancy were more likely 

to be in the high risk cluster group than children of non-smokers. (OR=1.82, CI=1.05 to 

3.2, p value = 0.033).  This was particularly apparent at the higher birth weight (PEBW) 

quintiles.  Children in the upper two quintiles for PEBW who were born to mothers who 

smoked throughout pregnancy were at increased risk of the high risk cluster (OR=14.0, 

95% CI 3.8 to51.1) when compared to the referent nadir group (2nd quintile PEBW and 

children of non smokers).   In separate models for maternal smoking or non-smoking 

during pregnancy, the suggestion of a J shaped relationship is still present.  (Figure 3)  

In maternal smokers the OR for the high risk cluster in the offspring for the 4th and 5th 

quintiles compared to the 2nd quintile were 8.75 (95%CI=1.5, 50.1) and 7.5 

(95%CI=0.99, 56.8) respectively.  In non or ex-smoking mothers, the OR for the high 

risk cluster in offspring for the 1st quintile compared to the 2nd quintile was 2.9 

(95%CI=1.1, 7.6).  
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Table 3 - Birth features of babies born to mothers who did and did not smoke during 

pregnancy.  PEBW refers to percentage expected birthweight. 

Variable Maternal non-smoker Maternal Smoker p valu e 

 mean(SD) mean(SD)  

Birthweight(g) 3513(444) 3320(441) <0.001** 

PEBW(%) 102.6(11.9) 97.4(11.7) <0.001** 

Placental Weight(g) 600(123) 613(120) 0.044* 

Birthweight:Placental 

Ratio 

5.9(0.9) 5.7(0.9) <0.001** 
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Figure 3 - Proportion in high risk cluster over PEBW quintiles separated out for 

maternal smoking and non-smoking during pregnancy in the upper graph and 

duration of breast feeding in the lower graph.  In the upper graph, the open bars 

represent children whose mothers smoked during pregnancy and the hatched bars 

represent children whose mothers were non-smokers during pregnancy.  ** 

represents p<0.005 and *p=0.051 compared to the referent 2nd PEBW quintile group. 

In the lower graph, the open bars represent breast feeding for <4 months and the 

hatched bars represent breast feeding for ≥4months.  * represents p<0.05 and ** 

represent p<0.001 compared to the referent 2nd PEBW quintile group. 
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Effect of Duration of Breast feeding 

Breast feeding ≥4 months resulted in an OR = 0.6 (95%CI 0.37 - 0.97) for the high risk 

cluster relative to breast feeding for <4 months.   With longer duration of breastfeeding 

(≥4 months) there is a U shaped curve.  Using the 2nd quintile as the reference, the OR 

for the 1st quintile is 6.7 (95% CI=1.8-24.8), 3rd quintile is 5.0 (95% CI=1.4-18.4), 4th 

quintile is 5.5 (95% CI=1.5-20.3) and the 5th quintile is 5.1 (95% CI=1.4-18.9).  (Figure 

3)   

 

Breast feeding for a shorter period of time (<4 months compared to ≥4months) was 

associated with a larger weight gain in kilograms in the first 12 months of life 

( x=7.0kg, SD= 1.1 vs x=6.8kg, SD 1.2, p value=0.001), but did not translate into 

larger weight gains between 12 months of age and 8 years.  

 

Effect of Postnatal weight gain 

Weight gain between 1 and 8 years of age strongly affected the risk of being in the high 

risk cluster.  Those in the highest third of weight gain were at substantially greater risk.  

(Figure 4) With each kilogram increase in weight between 1 and 8 years of age, the OR 

was 1.4 (95% CI = 1.3-1.5).  In the highest tertile, there was a non-significant 

suggestion of the U shaped relationship.  Weight gain between birth and 12 months of 

age was not associated with an altered risk for high risk cluster. 
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Figure 4 - The effect of thirds of weight gain after 12 months of age on the risk of the 

metabolic syndrome cluster over PEBW quintiles.  The lowest, middle and highest 

thirds of weight gain between 1 and 8 years of age are represented by the hatched, 

dotted and open bars respectively. 
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Tracking of BMI, weight, weight gain and BP measurements at 1,3 and 5 years with 

high risk cluster group  at 8 years of age 

The high risk cluster was strongly associated with weight and BMI at 3 years of age and 

at 5 years of age (all p<0.001).   Those in the high risk cluster at 8 years had 

significantly higher systolic BP at ages 1, 3 and 5 years.  At 8 years, weight gain 

between 1-3 years, 3-5 years, and 5-8 years was significantly associated with the high 

risk cluster but weight gain from birth to 12 months did not show this association. 

(Table 4).   
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Table 4 – Tracking of anthropometric measurements and systolic blood pressure from 

birth to 8 years of age related to the high risk cluster at 8 years of age. 

Longitudinal Measurements Age(years) High Risk 

Cluster 

Low Risk Cluster  P value 

  Mean(SD) Mean(SD)  

Weight(kg) Birth 3.474(0.450) 3.510(0.446) 0.486 

 Birth (PEBW) 1.02(0.13) 1.02(0.12) 0.673 

 1 10.59(1.34) 10.44(1.16) 0.327 

 3 16.41(2.02) 15.05(1.56) <0.001** 

 5 24.54(4.21) 21.06(2.28) <0.001** 

 8 33.66(6.57) 26.96(3.48) <0.001** 

Length/Height(cm) Birth 49.6(1.9) 49.8(2.0) 0.451 

 1 77.87(3.12) 78.06(3.14) 0.637 

 3 97.94(3.51) 96.43(3.49) 0.004** 

 5 117.95(4.63) 116.26(4.76) 0.006** 

 8 131.38(5.38) 129.30(5.68) 0.004** 

BMI(kg/cm2) 1^ 28.76(3.49) 28.43(2.93) 0.390 

 3 17.02(1.60) 16.09(1.12) <0.001** 

 5 17.65(2.34) 15.52(1.12) <0.001** 

 8 19.75(3.03) 16.09(1.38) <0.001** 

Arm Circumference(cm) 1 15.99(1.22) 15.78(1.14) 0.17 

 3 17.66(1.45) 16.91(1.10) <0.001** 

 5 19.50(2.11) 17.55(1.33) <0.001** 

 8 22.43(2.71) 19.36(1.61) <0.001** 

Systolic Blood pressure(mmHg) 1 102.4(12.3) 97.9(12.2) 0.019* 

 3 100.9(9.1) 96.4(8.9) 0.003** 

 5 106.9(8.7) 102.7(7.3) <0.001** 

 8 110.6(9.2) 103.1(7.9) <0.001** 

Weight Gain(kg) birth-1 7.0(1.3) 6.8(1.1) 0.322 

 1-3 5.7(1.4) 4.6(1.0) <0.001** 

 3-5 8.2(2.8) 6.0(1.4) <0.001* 

 5-8 9.2(3.7) 6.0(2.1) <0.001* 

^ ponderal weight =wt(kg)/length(cm)3 
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Discussion 

In an extensively characterized longitudinal birth cohort, we identified a quarter of 

Western Australian 8 year olds with substantially higher BMI, BPs, serum cholesterol 

and triglycerides and lower HDL.  Serum glucose tended to be higher in this group, but 

was not significantly so. This cluster paralleled several features of the metabolic 

syndrome in adults.  Given previous reports of the tracking of obesity and associated 

metabolic disorders from childhood into adult life3 these 8 year olds are likely to be at 

high risk of developing obesity, hypertension, diabetes and atherosclerotic disease as 

adults. 

 

Fasting glucose contributed least to the cluster and fasting insulin levels were not 

available, but will be in a more extensive follow-up of this cohort at 13 years.  Fasting 

glucose alone is not the best measure of insulin sensitivity26 and is also prone to greater 

variation if not all the children had, in fact, fasted before sampling. 

 

The 406 children with blood samples available were generally representative of the 

larger Raine cohort studied since birth, but included a slightly higher proportion from 

higher income groups.   This may have introduced bias, underestimating the number of 

children at high risk as higher socio-economic status is associated with lower 

cardiovascular risk27.   

 

The relationship between PEBW and the high risk cluster at age 8 was U shaped.  

Similar distributions of birthweight with later type 2 diabetes have been shown in 

populations of Pima Indians28 and Asians29, even though they differ from the type of 

population we studied. Our cohort was derived from a geographically stable population 

generally of European descent, of a relatively high standard of living and education, 
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consuming a contemporary western diet. It included few individuals making rapid 

transitions from a traditional to western lifestyle, such as recent immigrants. The U-

shaped distribution of birthweight when plotted against the high risk cluster in this study 

confirms that such a relationship applies to a well-nourished and relatively affluent 

community, and not just in populations undergoing deprivation or recent economic 

change.  The design of the analysis restricted cases to >37 weeks gestation, thus 

excluding cases of fetal growth restriction delivered pre-term; such cases may have been 

included in analyses of older cohorts where gestational age was less precisely 

ascertained.  It therefore, also confirmed this relationship in exclusively full term 

babies. 

 

The right shift in the birth weight to high risk cluster curve may be due to increasing 

caloric excess in Western society over the last 80 years.  Undernutrition during 

pregnancy causing poor fetal growth is now less common; far more likely to exist in 

earlier cohorts30-32 affected by the Great Depression, World Wars and the much-quoted 

Dutch famine33 and in contemporary developing countries34.  Consistent with this, the 

mean birth weight of our cohort was 3501g compared with a mean of 3166g and 3220g 

during the Dutch famine33 and 2600g in girls and 2800g in boys in contemporary 

India34.  The mean male birth weight in our cohort is higher (3533g, SD=458g) 

compared with the males in the Helsinki Studies  (3456g SD=490)14, but similar to 

those in the Hertfordshire cohort (3500g SD 600g)30, 31.    Low birth weight is now 

much more likely to be due to preterm birth, placental dysfunction, maternal disease, 

obstetric complication, poor social environment or genetic reasons. The gross mismatch 

between in-utero and postnatal environments, important in developmental origins 

concepts, is less likely to exist to any large extent in current Australian society, save 
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where obstetric complications exist or in groups such as Australian Aborigines and 

recent immigrants.  These were sparsely represented in this cohort. 

  

The shape of the curve for birthweight plotted against subsequent cardiovascular risk 

cluster differs from that previously described in that the curve extended further to the 

right, indicating a greater prominence of higher birthweights in those at risk. In other 

cohorts the negative slope at the left hand of the curve was more evident, and was 

reported as an inverse relationship between birthweight and the metabolic syndrome in 

adults.31, 33, 35 

 

In the upper birthweight ranges, there may be a few cases of undiagnosed gestational 

diabetes-induced macrosomia, where maternal hyperglycemia resulting in increased 

circulating fetal glucose levels provoked fetal hyperinsulinemia, macrosomia and 

peripheral insulin resistance.29, 36, 37  However, the prevalence of known maternal 

gestational diabetes in this cohort was only 1.1%.  This suggests that many cases of 

glucose intolerance were undiagnosed, particularly as routine testing was not 

undertaken or that enhanced fetal growth is symptomatic of an underlying 

predisposition to the metabolic syndrome that is not yet understood.  Heavier babies 

tended to be born to women with obesity, hence the possibility of a familial tendency to 

the metabolic syndrome.  An increased childhood risk of the metabolic syndrome has 

been reported in offspring large for gestational age born to diabetic mothers, as well as 

obese mothers who do not fulfill the clinical criteria for gestational diabetes.38  

Regardless, the results of the present study indicate that in modern populations, 

newborns at risk include those in upper as well as in lower birthweight ranges.  
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Our study indicates the importance of three early environmental influences on the risk 

of developing obesity, high blood pressure and dyslipidemia.  Higher postnatal weight 

gain, maternal smoking and shorter duration of breast feeding may be permissive for the 

emergence of this cluster with postnatal weight gain the dominant factor. 

 

The components of the adult metabolic syndrome are largely driven by obesity.  This is 

reflected in the present study by the large BMI and weight differences between high and 

low risk clusters.   Our results demonstrating the dominant effect of postnatal weight 

gain after 12 months of age on the high risk cluster are similar to those  recently 

reported for BP and obesity in the larger cohort of 1400 Raine study  8 year olds17.  A 

factor analysis of a healthy high school population  showed postnatal weight gain was 

the dominant factor39 and a study of 300 contemporary British 5 year olds suggested 

that insulin resistance was a function of current weight rather than low birth weight40.    

We note that the high risk cluster children are also taller with greater arm 

circumferences from 3 years of age onwards.  Greater height implies that these children 

are skeletally larger and might have greater muscle mass.  Such measures along with 

weight and BMI are surrogates for body fat mass and more specific tests of body 

composition may be necessary to determine muscle/fat mass ratio. 

 

Additionally, we have demonstrated that excess postnatal weight gain in the first year or 

weight at 1 year does not have an independent influence on development of the high 

risk cluster.  This differs from findings which show that babies remaining thin at 2 years 

of age11 and alternatively that infants with early rapid weight gain are at greater risk.12  

This finding will be explored in more detail with maturation of the Raine Cohort. 
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Smoking appears to be an important modifier of PEBW-high risk cluster relationship. 

Despite maternal smoking being associated with lower birth weight and increased SBP 

in offspring, a positive relationship was seen between birth weight and SBP in early 

childhood when mothers were smokers in pregnancy.25  However, smoking is  

associated with socioeconomic status and adverse lifestyle41 which could also confound 

this relationship.  We observed that with maternal smoking, the shape of PEBW-high 

risk cluster curve is shifted to the right.  The largest risk for the high risk cluster 

belonged to newborns who were large for gestational age (in PEBW quintiles 4 and 5) 

and who were born to mothers who smoked throughout pregnancy.  We hypothesize 

that within the maternal smoking group, well known to cause lower birth weight42, those 

newborns who, not only escape growth retardation, but are, in fact large for gestational 

age are unusual due to genetic make-up or exposure to maternal hyperglycemia.  They 

are subsequently selected for particular risk of cardiovascular disease. Conversely, for 

babies born to non smokers, the greatest risk is in lowest PEBW quintile. 

 

Retrospective studies have shown variable breast feeding effects ranging from modest 

protective43 to possible adverse44 effects upon the risk of ischaemic cardiovascular 

disease in adulthood.  A  Bristol birth cohort showed that children who had been 

exclusively breast fed had lower SBP than those who were never breast fed.45  Further, 

an association between longer breast feeding and lower risk of overweight between 9-14 

years of age has been reported.46  We report a lower likelihood of the high risk cluster in 

children breastfed for ≥4 months compared to <4 months and that breast feeding  ≥4 

months is associated with lower weight at age 1 year.   However, this observation may 

also be confounded by the fact that shorter duration of breastfeeding is also associated 

with maternal characteristics such as obesity, smoking and lower education47  and breast 

feeding duration was no longer significant when adjusted for these factors in our cohort.   
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Birthweight:placental ratio was lower in the high risk cluster in our cohort supporting 

the role of antenatal influences.  An association between the high blood pressure with 

lower birthweight-placental ratio has been previously reported30.  However, it may be 

confounded as decreased birth weight-placental ratio is also associated with smoking  

and increasing maternal weight48.   

 

Does membership of the high risk cluster predict those who will develop features of the 

metabolic syndrome in adulthood, and as an extension, those at risk of adult 

cardiovascular disease? The answer to both questions is likely to be yes. We have 

previously reported tracking of obesity, overweight, dyslipidaemia and BP from 

childhood to adult life in two other populations of young Australians49 and similar 

findings have been reported from the Bogalusa Heart Study.10  Our results support 

current developmental origins concepts whereby antenatal effects foreshadow future 

disease but are acted upon by postnatal environmental influences.  Our population is 

young compared with studies reporting an inverse association between birth weight and 

the metabolic syndrome in adults or late adolescence.31   Therefore we are monitoring 

how longer exposure to environmental factors affects the relation between intrauterine 

growth and risk of the metabolic syndrome that we have described here.  

  

Our data support the hypothesis that early life influences set the stage for the dominant 

effect of postnatal weight gain after 12 months of age on increased risk of 

cardiovascular disease and diabetes in later life.  If the current findings are substantiated 

with maturation of the cohort, there are significant implications for reducing the 

epidemic of childhood obesity and adult cardiovascular disease. There may be 

considerable benefit in targeting interventions at newborns with higher birthweights, 
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particularly following a pregnancy in which the mother had smoked, as well as those 

with fetal growth restriction. For contemporary western communities, research into the 

causes of babies large for gestational age and the effect of early postnatal influences 

may have greater impact than focusing only on intrauterine growth retardation.  This 

study also provides additional evidence to discourage smoking in pregnancy. 
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 7.3 – Discussion 

 

A significant proportion (one quarter) of the children at 8 years were found to be at high 

risk.  This was one of the few studies which has shown a U shaped relationship between 

birth size and metabolic risk, not a negative linear relationship.  I showed that neonates 

of lowest and highest birth size had the highest risk of being in the metabolic risk 

cluster.  This is particularly interesting given this finding in a contemporary, well-

nourished, full-term and predominantly Caucasian population.  Previous U shaped 

relationships have been found in Pima Indians and a Taiwanese population, which may 

be more reflective of transitional populations.   

 

Furthermore, I have shown that environmental factors such as smoking during 

pregnancy, breast feeding and degree of postnatal weight gain are important in 

influencing cardiovascular risk in a childhood cohort.   

 

Specifically, I observed that postnatal weight gain after, but not before, 12 months of 

age had a dominant affect upon cardiovascular risk.  The time period is of interest as 

there are conflicting data with regards to the importance of early weight gain in infancy 

on foetal programming effects.  My data suggest that good nutrition in the initial 

infancy phase may be beneficial, or at least not harmful for cardiovascular risk.   

 

I observed that those newborns who were large, despite a pregnancy where mothers 

smoked (often associated with decreased birth weight) were particularly at risk.  It 

would suggest that those individuals withstood the effect of maternal smoking which 

usually results in lower birth weight and this same influence predisposes to 

cardiovascular risk.  I hypothesize that such an influence may be a predisposition in the 
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mother or child for diabetes or gestational diabetes, as babies of such pregnancies are 

known to be large for gestational age.   

 

Breast feeding for shorter duration than 4 months was associated with increased risk in 

this study.  This is consistent with a previous study on this cohort, which showed that 

breast feeding for shorter than 4 months was associated with higher BMI.  However, the 

effect in that study was not a linear dose response.  The significant positive publication 

bias in this area, lack of dose response in a previous study in this cohort and single 

finding in a cross sectional study on a subset would warrant further investigation. 

 

These findings of the affect of perinatal and childhood origins of cardiovascular disease 

might translate into important avenues for early public health intervention. 
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Chapter 8 – Paper Two : Relationship of Cardiovascular Risk 

Factors with Inflammatory Markers in Adolescence 

 

8.1 – Introduction 

 

Having ascertained in the 8 year old follow up that 25% of children of the subset with 

fasting blood samples, fell into the high risk cluster (chapter 8), I performed a similar 

analysis at the 14 year old follow up where the entire cohort had fasting blood samples.   

I was able to apply the technique of two step cluster analysis to the entire cohort at the 

14 year old follow up, to identify an at risk group of children with features similar to the 

metabolic syndrome.   

 

CRP and markers of liver inflammation are now being increasingly seen as markers of 

cardiovascular endpoints in adults.  The question was “could CRP also be a useful 

marker for cardiovascular risk adolescence?’  Therefore, to further understand 

cardiovascular risk in adolescence, I investigated the relationship of these markers to the 

cluster groups.   

 

As discussed in chapter 7, adiposity is an important contributor to cardiovascular risk in 

adults and adolescence.  I investigated the relative importance of different components 

of the metabolic syndrome, in particular adiposity (BMI) on markers of inflammation 

(CRP, GGT, ALT and UA). 
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Abstract 

Objective: To investigate relationships between inflammatory markers and components 

of a metabolic syndrome cluster in adolescents. 

Research Design and Methods: Cross-sectional analysis of an Australian childhood 

cohort (n=1377) aged 14 years. Cluster analysis defined a “high risk” group similar to 

the adult metabolic syndrome.  Relevant measures were anthropometry, fasting insulin, 

glucose, lipids, inflammatory markers, liver function and blood pressure. 

Results:  29% of children fell into a “high risk” metabolic cluster group compared to 

2% by a paediatric metabolic syndrome definition.  Relative to the “low risk” cluster, 

they had higher body  mass index (95% CI 19.5-19.8 vs 24.5-25,4), waist circumference  

(cm) (95% CI 71.0-71.8 vs 83.4-85.8), insulin (U/L) (95% CI 1.7-1.8 vs 3.5-3.9), 

HOMA (95%CI 1.7-1.8 vs 3.5-3.9), systolic blood pressure (mmHg) (95% CI 110.8-

112.1 vs 116.7-,118.9), triglycerides (mmol/L) (95% CI 0.78-0.80 vs 1.25-1.35) and 

lower high density lipopropotein (mmol/L) (95% CI 1.44-1.48 vs 1.20-1.26).  

Inflammatory and liver function markers were higher in the “high risk” group: C 

reactive protein (CRP) (p<0.001), uric acid (p<0.001), alanine aminotransferases (ALT) 

(p<0.001) and γ glutamyl transferase (GGT) (p<0.001).  Highest CRP, GGT and ALT 

levels were restricted to overweight children in the “high risk” group.   

Conclusions:  Cluster analysis revealed a strikingly high proportion of 14 year olds at 

risk of cardiovascular related metabolic disorders.  Adiposity and the metabolic 

syndrome cluster are synergistic in the pathogenesis of inflammation.  Systemic and 

liver inflammation in the “high risk” cluster is likely to predict diabetes, cardiovascular 

disease, and non-alcoholic fatty liver disease.    
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Metabolic abnormalities such as insulin resistance have become more prevalent with the 

childhood obesity epidemic.1 These  features, referred to as the metabolic syndrome 

(MetSy), are  also associated with inflammatory markers such as C reactive protein 

(CRP)  in  children2 and adults3.  Elevated CRP levels are associated with 

cardiovascular endpoints, particularly in high risk populations such as those with type 2 

diabetes.4 

  

Elevated liver enzymes in adolescents with MetSy track during childhood and are 

associated with worsening of the cardiovascular risk profile in young adults5.  

Furthermore γglutamyl transferase (GGT), a marker of oxidative stress, is related to the 

risk of adult cardiovascular disease6, while both GGT and alanine aminotransferase 

(ALT) levels predict the risk of type 2 diabetes7.  Uric acid (UA), another marker of 

inflammation, is independently associated with hypertension, cardiovascular risk and 

mortality8.  

 

The relationship between inflammatory markers and individual components of MetSy is 

unclear.    Salient questions are whether increased inflammation is a result of some or 

all of the components associated with MetSy, or whether (and to what extent) 

inflammation contributes or causes MetSy?  For example, it has been suggested that 

increased inflammatory cytokines derived from adipocytes may be partly responsible 

for insulin resistance seen in obese patients9.   

 

We aimed, firstly, to define the proportion of adolescents at “high risk” of 

cardiovascular and metabolic disorders, using cluster analysis, rather than arbitrary 

definitions of MetSy. Secondly, we aimed to identify differences in CRP, UA, ALT and 
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GGT between the “high” and low “risk” groups.  Thirdly, we aimed to dissect out the 

relative importance of MetSy components for CRP, UA, ALT and GGT.  We used data 

from a cohort studied at age 14, before onset of confounding behaviours such as heavy 

drinking or smoking.   

 

Research Design and Methods 

The West Australian Cohort (Raine) Study has been described elsewhere.10 2804 

pregnant women serially recruited from King Edward Memorial Hospital, delivered 

2868 live births. 1, 2, 3, 5, 8, 10 and 14 year follow-ups included longitudinal socio-

demographic and anthropometric parameters.  The age 14 follow-up involved 2337 

eligible participants. 1695 physical assessments were conducted, including 

anthropometry, resting blood pressure and 1377 fasting blood samples.   Adolescents 

born preterm (<37 weeks gestation), or with congenital deformities and multiple births 

were excluded, resulting in 1293 physical assessments and 1106 fasting blood samples.    

Only children without missing data were used in the clusters (n=1094). 

 

Fasting blood samples from children were analysed at Royal Perth Hospital for serum 

insulin, glucose, triglycerides (TG), cholesterol, high density lipoprotein (HDL), low 

density lipoprotein (LDL), CRP and UA. Glucose measured by automated Technicon 

Axon Analyzer (Bayer Diagnostics, Australia) used a hexokinase method. Insulin was 

measured by automated radioimmunoassay (Tosoh Corporation, Japan). Total 

cholesterol and TG were determined enzymatically on the Cobas MIRA analyser 

(Roche Diagnostics) with reagents from Trace Scientific (Melbourne, Australia). HDL 

cholesterol was determined on heparin-manganese supernatant11.  HDL2 and HDL3 

cholesterol were determined using single precipitation.12 LDL-cholesterol was 

calculated using the Friedewald formula13, valid for TG < 3.5 mmol/l. CRP used a high 



198 
 

sensitivity monoclonal antibody assay (Dade Behring Marburg GmbH,  Germany) with 

inter-assay precision of 2.1–2.6% for values 0.5-14 mg/L. UA was assayed on the 

Technicon Axon analyser using Technicon reagents and methods (Bayer Diagnostics, 

Sydney,  Australia). 

 

Homeostasis model assessment (HOMA) was calculated by fasting insulin (µU/ml) x 

fasting glucose (mM)]/22.514. 

 

Resting blood pressure readings were taken using an oscillometric sphygmomanometer 

(Dinamap vital signs monitor 8100, DINAMAP XL vital signs monitor, DINAMAP  

PROCARE 100  (DPC100X –EN) after children were seated. The Dinamap was set to 

automatically record readings two minutely.  The average of the second and third 

readings was calculated.   

 

Family income, when children were aged 14 (defined by annual earnings Australian 

dollars (A$)0-30 000, A$30 001-60 000, A$60 001-78 000, >A$78 001), was obtained 

by questionnaire from the primary carer. Highest maternal education was obtained by 

questionnaire when children were aged 8 (incomplete secondary schooling; completed 

secondary schooling; technical qualification, diploma or tertiary education).   

 

Exercise was determined by adolescent questionnaire by the frequency of exercise 

causing breathlessness or sweating (monthly or less, weekly, 2-3 times weekly, 4-6 

times weekly, daily).  Kilocalories per day (kcal/day) were based on food frequency 

diaries. 
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Informed consent was obtained from parents and adolescents.  Institutional ethics 

committees approved the study.    

 

Statistical Methods 

Data were analysed using SPSS v15.0. Transformation to natural logarithms was used 

for variables not normally distributed.  For CRP values below the lowest detectable 

level on the assay (0.16 mg/L), half the detectable value (0.08) was assigned.    CRP 

which could not be transformed appropriately was analysed as a categorical variable in 

tertiles and as a continuous logarithmically transformed variable. 

 

Two step cluster analysis avoided arbitrary definitions of MetSy, particularly as adult 

cut-offs are not applicable to children.  This technique, best applied to data with natural 

groupings, classifies data into subsets, known as clusters.  MetSy is seen with groupings 

of risk factors within an individual, hence, this technique is well suited for identification 

of a “high risk” cluster. Within a single cluster, the cases are relatively homogenous 

sharing similar traits and dissimilar to cases in other clusters.  The technique uses a 

scalable cluster analysis algorithm15 designed specifically to handle large datasets.  It 

pre-clusters cases into subclusters before further grouping into the desired number of 

clusters using log likelihood distance.  The cluster groups were formed separately by 

sex using TG, BMI, HOMA and systolic blood pressure (SBP).  This technique was 

previously used on a subset of children aged 8 to define a distinct “high risk” group 

with features consistent with MetSy.10   

 

The prevalence of the cluster groups were compared to prevalence of MetSy defined by 

the National Cholesterol Education Program (NCEP) adult definition16 and two 
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modified pediatric definitions of MetSy17, one from International Diabetes Federation 

(IDF) consensus18. 

 

The two cluster groups were compared using one-way ANOVA for cardiovascular risk 

factors including BMI, waist circumference, fasting insulin, HOMA, lipids, and SBP.  

The cluster groups were compared using one-way ANOVA for CRP, GGT, ALT and 

UA.   

 

Evaluation of effects on inflammatory markers of individual MetSy components  

Linear regression was undertaken for prediction of GGT, ALT and UA adjusting for age 

and sex.  Stepwise regression models were formed, using as independent covariates 

BMI, waist circumference, TG, HOMA, SBP and HDL.  A second model adjusted for 

socioeconomic status, puberty, kcal/day and exercise.  Ordinal and linear regression 

using categorical groups of CRP tertiles and logarithmically transformed CRP as 

outcomes were performed respectively.  Both regressions revealed similar results.  Only 

linear regression results have been presented.   

 

Because components of the metabolic cluster are strongly interrelated we explored the 

relative importance of each component on inflammatory markers by dividing the data at 

the median of individual components of MetSy, namely, into high and low BMI, waist 

circumference, insulin, HOMA, TG, HDL and SBP.  In each instance, four groups were 

formed by combinations of “high risk” or “low risk” cluster with high or low individual 

component.  CRP, GGT, ALT and UA were compared between the 4 groups using one-

way ANOVA.   
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Results 

The majority (>90%) of the adolescents were Caucasian. 

Cluster analysis 

Using cluster analysis, 29.1% fell into the “high risk” cluster using HOMA, SBP, TG 

and BMI at age 14 as cluster components.  The “high” and “low risk” clusters were 

comparable age.  The “high risk” children had lower family income, lower maternal 

education and were more likely to be female.  The “high risk” group had greater weight, 

height, BMI, waist circumference, arm circumference, insulin, glucose, TG, LDL,  

cholesterol,  SBP and lower HDL.  (figure 1)   Using an adult definition (NCEP)16 and 

pediatric adapted definitions from IDF18 and Cook/Ford17 to define MetSy, prevalences 

were 1.8%, 1.8%, and 2.2%  respectively in this cohort.  All identified with the 

syndrome using any arbitrary cut-offs fell into the “high risk” cluster.    

 

Association of cluster group with inflammatory markers 

Inflammatory markers/Liver function tests   

The “high risk” cluster had significantly higher CRP, ALT, GGT, and UA in boys and 

girls and combined (all p<0.001).  (table 1)  
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Figure 1 – The features of the cluster groups with respect to components of the 

metabolic syndrome showing the 99% confidence intervals. 



Table 1 – General Characteristics of the girls and boys in the “Raine Cohort” at age 14 years and characteristics of the children in the “high risk” 

and “low risk” cluster. 

 

 Girls Boys P value "Low Risk" 
Cluster  

"High Risk" 
Cluster  P value 

 Mean 
(95% CI) 

Mean 
(95% CI)  Mean 

(95% CI) 
Mean 

(95% CI)  

n 629 664  783 311  
GENERAL CHARACTERISTICS        

Age (years) 13.8 
(13.7,13.8) 

13.8 
(13.7,13.8) 0.922 13.8 

(13.7,13.8) 
13.8 

(13.8,13.8) 0.106 

Maternal education (3df)^      0.011¥ 
Income group (3df)^      0.001¥ 

Male:female ratio    1.16 0.87 0.014¥ 

Pubertal Stage (Boys) §  2.8 
(2.7,2.8)  2.8 

(2.7,2.9) 
2.8 

(2.7,3.0) ns 

Pubertal Stage (Girls) § 3.0 
(3.0,3.1) 

  3.3 
(3.2,3.4) 

3.4 
(3.3,3.5) 

0.032 

Exercise (proportion exercising to 
out of breath daily) ‡ 7% 16% <0.001¥ 14% 9% 0.014¥ 

       
ANTHROPOMETRY       

Weight (kg) 57.1 
(56.1,58.1) 

58.4 
(57.3,59.4) 0.086 53.4 

(52.9,54.0) 
69.4 

(67.8,70.9) <0.001 

Height (m) 1.62 
(1.62,1.63) 

1.66 
(1.66,1.67) <0.001 1.64 

(1.64,1.64) 
1.65 

(1.64,1.66) 0.032 

Waist circumference (cm) * 
74.7 

(73.9,75.6) 
76.1 

(75.2,77.0) 0.028 
71.4 

(71.0,71.8) 
84.6 

(83.4,85.8) <0.001 

BMI (kg/cm2) * 21.7 
(21.4,22.0) 

21.0 
(20.7,21.3) 0.003 19.6 

(19.5,19.8) 
24.9 

(24.5,25,4) <0.001 

Arm circumference (cm) 25.3 
(25.0.25.5) 

25.3 
(25.0,25.5) 0.921 24.1 

(24.0,24.3) 
28.2 

(27.9,28.6) <0.001 
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 Girls Boys P value "Low Risk" 
Cluster  

"High Risk" 
Cluster  P value 

 Mean 
(95% CI) 

Mean 
(95% CI)  Mean 

(95% CI) 
Mean 

(95% CI)  

INFLAMMATORY MARKERS AND 
LIVER FUNCTION TESTS       

CRP (mg/L) * 0.33 
(0.29,0.37) 

0.33 
(0.29,0.36) 0.876 0.27 

(0.25,0.29) 
0.65 

(0.57,0.73) <0.001 

CRP (girls) *    0.27 
(0.24,0.29) 

0.58 
(0.49,0.69) <0.001 

CRP (boys) *    0.28 
(0.25,0.31) 

0.73 
(0.60,0.88) <0.001 

GGT (U/L) * 
9.6 

(9.3,9.8) 
12.1 

(11.8,12.4) <0.001 
10.4 

(10.2,10.6) 
12.1 

(11.7,12.6) <0.001 

GGT (girls) *    9.2 
(8.9,9.4) 

10.6 
(10.1,11.1) <0.001 

GGT (boys) *    11.7 
(11.4,12.0) 

14.2 
(13.5,14.9) <0.001 

ALT (U/L) * 13.6 
(13.2,14.0) 

17.6 
(17.0,18.1) <0.001 15.1 

(14.8, 15.5) 
17.1 

(16.4,17.7) <0.001 

ALT (girls) *      <0.001 
ALT (boys) *      <0.001 

UA (mmol/L)  0.27 
(0.27,0.28) 

0.32 
(0.32,0.33) <0.001 0.29 

(0.29,0.29) 
0.32 

(0.31,0.33) <0.001 

UA (girls)    0.26 
(0.26,0.27) 

0.29 
(0.28, 0.30) <0.001 

UA (boys)    0.32 
(0.31, 0.32) 

0.35 
(0.34, 0.36) <0.001 

¥ - chi square testing      

§ subset of adolescents correctly shown the tanner staging pictures.        

* around geometric mean      

^ defined  by education not higher than secondary schooling, completed secondary schooling, higher education including technical qualification or diploma, or tertiary education 
#defined by annual earnings in Australian dollars $0-30 000, $30 001-60 000, $60 001-78 000, >78 001 
‡defined by exercise to out of breath once or month or less, once a week, 2-3 times per week, 4-6 times a week or everyday. 



Independent predictors of CRP, GGT, ALT and UA (Table 2) 

The independent predictors of these variables using stepwise linear regression showed 

that for each marker a measure of adiposity explained the largest amount of variance 

(17-28%) and that further MetSy components were additional independent predictors.  

For CRP and UA, HDL was an independent predictor.  For ALT and GGT, HOMA was 

an independent predictor.  For UA, SBP was an independent predictor.   

 

Table 2 - Linear Regression Models for defining independent predictors of CRP, GGT, 

ALT and UA 

Outcome Variables† 

Adjusted r2 
for 

progressive 
models 

stepwise 

Beta 
coefficient 

Standard 
error p value 

Ln(hsCRP) ln(BMI) 0.25 2.17 0.37 <0.001 
 Ln(waist) 0.25 1.64 0.49 0.001 
 HDL 0.26 -0.29 0.098 0.003 

ln(GGT) Ln(BMI) 0.22 0.40 0.05 <0.001 
 Ln(Tg) 0.24 0.09 0.021 <0.001 
 Ln(Homa) 0.24 0.04 0.016 0.008 

ln(ALT) ln(waist) 0.16 0.47 0.081 <0.001 
 Ln(Homa) 0.17 0.05 0.018 0.006 
 SBP 0.17 0.00 0.001 0.04 

UA ln(waist) 0.28 0.08 0.026 0.004 
 SBP 0.30 0.00 0 <0.001 
 HDL 0.31 -0.02 0.005 <0.001 
 ln(BMI) 0.31 0.05 0.019 0.005 
 Variables ††        

CRP tertile ln(BMI) 0.26 2.34 0.513899 <0.001 
 HDL 0.27 -0.48 0.138872 0.001 
 ln(waist) 0.27 1.91 0.678583 0.005 
 ln(tg) 0.28 -0.23 0.107534 0.033 

Ln(GGT) Ln(BMI) 0.21 0.39 0.064683 <0.001 
 Ln(Tg) 0.23 0.09 0.027323 0.001 
 Ln(HOMA) 0.23 0.05 0.020761 0.030 

Ln(ALT) ln(waist) 0.18 0.62 0.09486 <0.001 
 SBP 0.18 0.00 0.001272 0.042 

UA ln(BMI) 0.28 0.07 0.024786 0.008 
 SBP 0.29 0.00 0.000201 <0.001 
 HDL 0.30 -0.02 0.006328 0.003 
 Ln(waist) 0.31 0.07 0.032866 0.037 

 
† adjusted for age and sex 
†† adjusted for age, sex, maternal education and family income, puberty and exercise, kj 
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Figure 2a – CRP in relation to cluster membership and median splitting of BMI, 

waist circumference, SBP and HOMA.  ** p<0.001 compared to reference group of 

low risk cluster and low BMI on linear regression.  ## p<0.001 of difference between 

two groups indicated on linear regression.  White dotted bars represent below the 

median level of particular component of the metabolic syndrome (BMI, waist, SBP 

or HOMA) and diagonal hatched bars represent above the median level of particular 

component of  the metabolic syndrome (BMI, waist circumference, SBP and 

HOMA). 

Figure 2b – GGT, ALT and UA in relation to cluster membership and median 

splitting of BMI.   ** p<0.001 compared to reference group of low risk cluster and 

low BMI on linear regression.  ## p<0.001 of difference between two groups 

indicated on linear regression.  White dotted bars represent below the median of BMI 

and diagonal hatched bars represent above the median of BMI. 
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PREDICTORS of CRP 

i.  Importance of Adiposity and cluster membership for CRP levels (figure 2) 

 

To test whether inflammation is associated with obesity absent other features of the 

metabolic syndrome cluster, we grouped “high” and “low risk” children further 

according to the BMI median, resulting in four groups, namely: 1. “low risk” cluster, 

low BMI; 2. “low risk” cluster, high BMI; 3. “high risk” cluster, low BMI; and 4. “high 

risk” cluster, high BMI.  CRP was highest in those in both the “high risk” cluster and 

high BMI groups (group 4) The overweight group in the “low risk” cluster  had an 

intermediate CRP, higher than leaner counterparts but  substantially lower than 

overweight “high risk” counterparts.  The “high risk” children with high BMI had the 

highest CRP in girls and boys.   

. 

Similarly, four groups were formed by dividing the “high” and “low risk” clusters 

according to the waist circumference median.  Those with a high waist circumference in 

the “high risk” cluster had highest CRP.  

   

ii.  Relative Importance of other  MetSy components for CRP levels 

In contrast to BMI and waist circumference, SBP, HOMA, (figure 2) TG and HDL were 

not associated with CRP within either of the risk cluster groups.  

 

PREDICTORS OF ALT, GGT AND UA 

Importance of adiposity and cluster membership for aminotransferases and UA 

 

ALT, GGT and UA levels in the four groups defined by cluster membership and BMI 

median are shown (figure 2).  “High risk” children with high BMI had significantly 
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higher ALT, GGT and UA than the other three groups.  This finding was seen in both 

sexes.   

 

Conclusions 

In this 14 year old population, a strikingly high proportion, 29% fell into a “high risk” 

group with features of MetSy i.e. higher BMI, insulin resistance (HOMA), SBP, TG and 

lower HDL levels.  The ‘high risk’ group also exhibited substantially higher levels of 

inflammatory markers which are independently associated with cardiovascular disease 

and diabetes in adults.  Importantly, only overweight adolescents within the “high risk” 

group had raised inflammatory markers. 

 

Cluster analysis10 of the individual MetSy components was used to avoid definitions 

relying on arbitrary cut-offs, previously shown to be inconsistent in diagnosing MetSy 

in adolescence19. The prevalences of MetSy by conventional cut-offs were low in this 

population (2%) compared to other adolescent Western cohorts, including the National 

Health and Nutrition Examination Survey (NHANES) with prevalences ranging from 2 

to 9% using multiple definitions.  Meanwhile, the cluster approach, exploiting 

continuous variables, revealed almost 15 times the prevalence (29%) of children at risk.  

Despite the far higher prevalence of children identified at risk by cluster analysis, the 

“high” and “low risk” groups appeared to be distinct populations with wide separation 

of 99% CI for each of the MetSy components. (figure 1).  Therefore, this approach is 

powerful for public health research into cardiovascular risk in a population, as it allows 

identification of larger numbers at risk.    

 

High adiposity was the strongest independent predictor of  the inflammatory markers,   

accounting for 17-28% of variance in CRP,  UA, ALT and GGT, not dissimilar to that 
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seen for CRP in other adolescent studies20.  However an important point was disclosed 

by this study.  Adiposity was exclusively associated with highest levels of inflammatory 

markers when part of the “high risk” cluster, i.e.  children with increased adiposity in 

isolation showed similar levels of CRP to leaner children, best  illustrated by division of 

the clusters according to binary groupings of their components (Figure 2). This 

approach helps dissect out highly collinear data.   

 

The NHANES study, using an arbitrary MetSy definition, showed that being overweight 

with MetSy was associated with higher CRP than being overweight without the 

syndrome.21  However, in contrast to our findings, NHANES found that CRP was high 

in the few with normal weight who had the syndrome.  Our approach with cluster 

analysis probably yielded different subpopulations. In the present study, use of cluster 

analysis, rather than restrictive definitions of MetSy used elsewhere to assess 

associations with inflammatory markers, enabled us to identify a broader section of the 

adolescent population at risk of cardiovascular and metabolic disease.   

 

 Increased levels of GGT, CRP and UA in the “high risk” cluster in our study are also 

notable;  each has been shown to be a strong predictor of adult cardiovascular disease3, 6, 

8, independent of individual  components of the metabolic cluster.  The association 

between aminotransferases and the metabolic cluster is consistent with persistent 

elevation of ALT and GGT in those with elevated cardiovascular risk in the Bogulasa 

study.5  As GGT predicts both type 2 diabetes7 and cardiovascular mortality in adults6 

this further emphasises the heightened potential for premature ill health for the 14 year 

olds in the metabolic cluster.   
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There were noteworthy differences between the markers we investigated and their 

relationship to MetSy components.  Specifically, (1) HDL was related to CRP and UA, 

(2) SBP was related to UA, and (3) HOMA was related to the aminotransferases.  These 

results suggest that each inflammatory marker evolves via different pathways.   

 

Aminotransferases were predicted by HOMA levels in our study.  Therefore, liver 

inflammation is associated with adiposity and IR in adolescents, as in adults with non-

alcoholic fatty liver disease (NAFLD)22. This implies that a large proportion of 14 year 

olds (29% in the “high risk” cluster) are at risk of developing NAFLD and its sequelae, 

bearing in mind that the incidence of NAFLD will increase as the current overweight 

youth reach adulthood. 

 

UA is associated with the prevalence of the MetSy8.  However, our results indicate that 

UA has different associations to other inflammatory markers.  UA was independently 

associated with SBP and HDL.  The relation between UA and blood pressure is 

consistent with studies showing elevated UA with hypertension in adults,  youth23  and 

with preeclampsia, for which hypertension is a hallmark.  By contrast, an association 

between UA and HDL, independent of adiposity, has not previously been reported in 

youth, though hinted at by the independent association between UA and TG/HDL ratio 

in 352 middle-aged men.24
   In our study, not only did HDL independently predict UA, 

but highest levels of UA occurred in the “high risk” cluster with low HDL (data not 

shown).  The explanation for this association is unclear, but, if causal, may be related to 

anti-inflammatory effects of HDL.25 

 

Caution is needed in postulating causation from a cross-sectional study. Possibly, in 

using stepwise regression for identifying predictors of the markers, variables selected 
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may be surrogates, appearing in the model when measured with less error or in place of 

unmeasured variables.  However, lack of adult confounders in our young population 

may be advantageous in clarifying causal pathways.  We believe that the metabolic 

cluster in our adolescents signals disease processes early in evolution before other 

downstream effects. Discrepancies between adolescent and adult studies may relate to 

secondary effects of advanced vascular disease and pathologies concomitant with 

ageing, or complicating effects of lifestyle factors such as smoking.  Our study helps to 

understand the critical early steps in pathogenesis of inflammation and the MetSy.  The 

biomarkers studied are on pathways of inflammation, along with cytokines such as IL6 

and TNFα, previously shown to be closely related to adiposity.  Longitudinal data will 

be available on a high proportion of adolescents with future follow-ups, and will be of 

considerable interest in unravelling the evolution of cardiovascular risk during transition 

to adulthood. 

 

In conclusion, cluster analysis demonstrates that around 30% of 14 year old 

predominantly Caucasian Australians exhibit early features of the MetSy accompanied 

by a range of inflammatory markers.  In addition to emphasising the magnitude of the 

problem in a proximate adolescent population, the findings extend current 

understanding in several ways. The results suggest that adiposity in isolation is 

insufficient to cause inflammation; but requires the synergistic effect of other features of 

the metabolic syndrome cluster, particularly insulin resistance and dyslipidaemia.  

Furthermore different associations of MetSy components with inflammatory markers 

suggest that the MetSy is likely to be a heterogeneous condition, produced via different 

pathways, with implications for adult pathologies like diabetes, NAFLD and 

hypertension. We previously reported the effect of perinatal factors and early weight 

gain on cardiovascular risk in 8 year olds from this cohort.10 The results from these 14 
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year-olds highlight the need for effective childhood intervention to prevent obesity, 

diabetes, adult cardiovascular disease and NAFLD.   
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8.3 – Discussion 

 

Using cluster analysis a staggering 30% of the adolescents were identified at “high risk” 

with associated insulin resistance and other features similar to the metabolic syndrome.  

This is compared to 2% who met the IDF paediatric metabolic syndrome definition.  

The “high risk” are a distinct group from the “low risk” adolescents.  Hence, this may 

be a powerful approach for public health research into cardiovascular risk on a 

population scale, as it allows identification of larger numbers at risk.    

 

This study also shows a novel aspect of the role of obesity and insulin resistance on low 

grade inflammation, in that only overweight adolescents in the “high risk” cluster had 

highest C reactive protein levels.  This synergy may help unlock the pathogenesis of 

low grade inflammation and the metabolic syndrome, building upon other synergies 

noted related to the metabolic syndrome and inflammation.  Ridker et al noted that 

having high CRP and the metabolic syndrome placed one at higher risk of ultimate 

cardiovascular disease. 

  

Further novel aspects of this study include highlighting different associations of C 

reactive protein, alanine aminotran ferase, γ glutamyl transferase and uric acid, which 

suggest different pathways in development of these markers.  Specifically, HDL 

cholesterol was independently related to CRP and uric acid.  Secondly, SBP was 

independently related to uric acid and thirdly, HOMA was independently related to 

aminotransferases.  This is consistent with the knowledge that liver inflammation in non 

alcoholic liver disease is associated with insulin resistance.  The relationship between 

SBP and UA is consistent with findings of elevated UA levels in adults and in women 
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with preeclampsia, for which hypertension is a hallmark.  Similarly, other data has 

shown that UA predicts the metabolic syndrome after adjusting for CRP, also 

suggesting independent effects and pathways. 

 

It would appear from this study that CRP is a likely to be a useful marker of 

cardiovascular risk in adolescence. 
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Chapter 9 – Paper Three : Relationship between 

Anthropometry and Cardiovascular Risk Factors in 

Adolescents 

 

9.1 Introduction 

 

Adiposity is known to account for large amounts of variance of most cardiovascular risk 

factors.   Most adult research has focused on the effect of central adiposity on 

cardiovascular risk.  Anthropometry such as waist, waist to height ratio and waist-hip 

have predominantly been found to reflect future cardiovascular disease.  There has been 

an assumption that this translates directly into childhood.  However, rigorous proof of 

this as a null hypothesis has not occurred and increasingly there is an understanding that 

growth and pubertal patterns at stages of childhood and adolescence determine ultimate 

adult body shape and adiposity distribution.  In this section of the thesis, we explored 

the associations of anthropometry with cardiovascular risk factors in adolescence.  

Elucidation of these relationships in adolescence provides a basis of future 

interpretation and design of studies which form the remainder of this thesis 

investigating the early childhood precursors of adult cardiovascular disease. 
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Abstract 

Objective:   To ascertain the predictive value of clinical anthropometry for major 

cardiovascular risk factors in a western cohort of adolescents. 

Design: Cross-sectional analysis of a pregnancy cohort of Australian children. 

Subjects: 1149 children were studied at around age 14. 

Measurements:  Anthropometry and fasting lipids, insulin, and blood pressure.   

Results:  There were significantly different strengths of association between various 

anthropometric measures and cardiovascular risk factors.  Some gender differences 

were apparent.    First, insulin resistance (homeostasis model of insulin resistance and 

insulin), triglycerides and C-reactive protein levels had the strongest association with 

waist, waist/height ratio and BMI, suggesting the importance of central adiposity for 

these variables.  Second, by contrast, low height was the strongest independent predictor 

of total and LDL cholesterol.   Third, SBP  and uric acid had the strongest associations 

with body weight (not a measure of central adiposity) and height was not protective.   

Conclusions:  No single anthropometric measure was the best predictor of all 

cardiovascular risk factors in adolescents.  The strongest relationships were with central 

adiposity, height and weight respectively in 3 cardiovascular risk factor groups with 

distinct, anthropometric relationships. The different associations may reflect gender and 

risk specific effects of central adiposity, growth and puberty on metabolic risk factors. 
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Introduction 

The prevalence of adult cardiovascular disease is likely to rise considering the rapid 

increase in overweight and obese children in developed1, 2 and developing countries3. 

Cardiovascular risk factors such as dyslipidaemia, insulin resistance and blood pressure 

have been shown to track from childhood into adult life4 and are prognostic of 

cardiovascular events5.   Early identification of increased cardiovascular risk is 

important in maximising the window for early prevention of adult cardiovascular 

endpoints. 

 

The measure of obesity that best predicts cardiovascular risk factors is often debated, 

and may differ according to age, gender and the risk factors being evaluated.  Most 

recent studies in adults have focused on factors related to central adiposity, particularly 

waist circumference, waist/height ratio, sagittal abdominal height and body mass index 

(BMI).  Studies have variously found a greater influence of waist circumference6, 7 ,  

waist/height ratio8,waist/hip9, 10 and sagittal abdominal height11, 12 as predictors for 

cardiovascular risk factors.  In adults, both waist and waist-hip measurements have 

positive associations with coronary vascular disease independent of BMI.13, 14 

 

In children, waist15-18, waist/height17 ,waist/hip15 and BMI19, 20 measurements have each 

been shown to be predictors of cardiovascular risk.  The Bogalusa study showed that 

central adiposity measured by either waist circumference or waist-hip ratio had a similar 

magnitude of association with outcomes of lipids and insulin.15 The Bogalusa study also 

showed that at 17 years of age, BMI and waist height ratio similarly identified children 

with adverse risk factors (including total-to-HDL cholesterol ratio and LDL cholesterol 

(LDL-C), fasting insulin and systolic and diastolic blood pressures).20 Contrary to this, 
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some studies have shown that waist circumference and waist to height ratio are better 

predictors of cardiovascular risk factors than BMI16, 17 or skin fold measurements18.   

 

Not all cardiovascular risk factors show the same relationships with anthropometry 

measures.  For example in a study of Chinese 6-12 year olds, waist circumference was a 

predictor of insulin levels and systolic blood pressure (SBP) but not of LDL-C or 

glucose levels.16 

While the main focus of anthropometry has been on obesity, other measures such as 

height are known to be associated with cardiovascular disease.  One study found an 

inverse association between height and the risk of myocardial infarction  in both sexes21 

while another study found such an association only in women22.   

In this study we determined in adolescents whether individual cardiovascular risk 

factors have different relationships to commonly used anthropometric measures. and 

whether these relationships differ between the sexes.    An understanding of the best 

anthropometric predictors of childhood cardiovascular risk profiles should aid the 

design of future studies and help refine early childhood risk stratification.   
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Methods 

The antenatal23 and postnatal24 details of the West Australian Pregnancy Cohort (Raine) 

Study have been described previously.  In brief, 2804 pregnant women were serially 

recruited from King Edward Memorial Hospital, Western Australia’s major perinatal 

centre, and nearby private practices and 2868 live births occurred.  All mothers were 

recruited between 16 and 20 weeks gestation.  These babies all had birth weight and 

birth length recorded at delivery.  They were examined at 2 days of age by a trained 

child health nurse.  The 14 year follow-up included data on sociodemographic and 

anthropometric parameters.  At age 14 there were 2337 potentially eligible participants. 

Of these 1695 had physical assessments which included anthropometry and resting 

blood pressure readings.  Fasting blood samples were taken for glucose, insulin and 

lipids from 1377 adolescents, 

 

Anthropometry measurements were recorded with the adolescent standing in the 

anatomical position.. The research nurse took at least two measurements of each area in 

sequence (waist, hip, arm circumference) until two readings were within a centimetre of 

each other. All measurements were taken at the end of expiration and recorded in 

centimetres. Waist measurements were recorded at the level of the umbilicus. Hip 

circumference was recorded at the widest part of the buttocks (over light clothing). For 

the arm circumference, a single measurement was taken with the tape placed around the 

mid-point of the upper left arm in a straight arm position.  Weight was measured to the 

nearest 100g, using a Wedderburn Digital Chair Scale, with children dressed in 

underclothes.  Height was measured to the nearest 0.1cm with a Holtain Stadiometer.   

 

Resting blood pressure readings were taken using an oscillometric sphygmomanometer 

(Dinamap vital signs monitor 8100, DINAMAP XL vital signs monitor, DINAMAP  
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PROCARE 100  (DPC100X –EN) after the children had rested while seated. Cuff sizes 

appropriate for arm circumference were used. The Dinamap was set to automatically 

record blood pressure every two minutes over a ten minute period.  After discarding the 

first reading, the average of the five remaining readings was calculated.     

 

Overnight fasting blood samples were obtained by trained phlebotomists who attended 

the children in their homes. Samples were analysed in the Pathwest Laboratory at Royal 

Perth Hospital for glucose, insulin, cholesterol, triglycerides (TG), LDL-C,  C reactive 

protein (CRP) and uric acid. Serum glucose was measured with an automated 

Technicon Axon Analyzer (Bayer Diagnostics, Sydney, Australia) using a hexokinase 

method. Serum insulin was measured with an automated immunoassay analyzer (Tosoh 

Corporation, Tokyo, Japan). Serum total cholesterol and TG were determined 

enzymatically on the Cobas MIRA analyser (Roche Diagnostics, Basel, Switzerland) 

with reagents from Trace Scientific (Melbourne, Australia). LDL-cholesterol was 

calculated using the Friedewald formula25, which is valid for TG levels < 3.5 mmol/l. 

CRP was measured using a high sensitivity monoclonal antibody assay (Dade Behring 

Marburg GmbH, Marburg, Germany) with an inter-assay precision of 2.1–2.6% for 

values from 0.5 to 14 mg/L. Uric acid was assayed on the Technicon Axon analyser 

using Technicon reagents and methods (Bayer Diagnostics, Sydney, NSW, Australia).   

Homeostasis model assessment (HOMA) was calculated as a measure of insulin 

sensitivity using the formula fasting insulin (µU/ml) x fasting glucose (mM)]/22.526  

 

Socio-economic status was measured using two indices: family income when children 

were 14 years old (defined by annual earnings in Australian dollars $0-30 000, $30 001-

60 000, $60 001-78 000, >$78 001) obtained by questionnaire from the primary carer; 

and highest maternal education level obtained by questionnaire when the children were 
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8 years old (education not higher than secondary schooling, completed secondary 

schooling, higher education including technical qualification or diploma, or tertiary 

education).    Physical activity was measured by reference to frequency of exercise 

causing breathlessness or sweating outside of school (once a month or less, once a 

week, 2-3 times a week, 4-6 times a week or everyday) as rated by the adolescents.  Diet 

was measured by kJ of energy consumed over a day based upon a CSIRO food 

frequency questionnaire. 

 

 Puberty was determined by self rated Tanner staging of pubertal development.27 For a 

short period during the follow-up, 334 individuals (170 girls and 164 boys) were 

shown Tanner diagrams where there was ambiguity in labeling.    These 334 individuals 

were excluded from the linear regression analysis.  Their inclusion did not significantly 

alter the results of the regression.  (data not shown)  The doubtful cases were lighter, 

shorter and of lower BMI than the remaining individuals with certain Tanner staging. 

 

Informed consent was obtained from the parents and adolescents.  The study was 

approved by the relevant institutional ethics committees.   All applicable institutional 

and governmental regulations concerning the ethical use of human volunteers were 

followed during this research. 

 

Statistical Methods 

Data were analysed using SPSS v15.0.   

 

Bivariate correlation was undertaken between anthropometric measurements at age 14 

(weight, height, waist circumference, hip, body mass index(BMI), waist by height, 

waist/hip, arm circumference) and cardiovascular risk factors (insulin, glucose, HOMA, 
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TG, LDL-C,  cholesterol, SBP).   Only cases with complete data for all covariates were 

included in bivariate correlation analysis. As sex is known to clearly play a role in 

cardiovascular risk, the bivariate correlation was estimated for boys and girls separately.  

However, the bivariate correlation results were presented combined for boys and girls 

unless the results showed a different pattern between the sexes.  A two-tailed test was 

used28 for comparing correlations within a population, using the online Winpepi 

programme (http://www.brixtonhealth.com/pepi4windows.html).  For each 

cardiovascular risk factor, comparisons were made between the coefficient of the most 

highly correlated anthropometric measurement with the particular risk factor and any 

other correlation coefficient.  

 

Linear regression was performed separately for boys and girls for the outcomes of 

HOMA, insulin, glucose, TG, cholesterol, LDL-C, SBP, uric acid and CRP with 

stepwise selection of covariates of waist, weight, height, arm circumference, hip 

circumference, waist/height ratio and BMI (all centred)(model 1).  Model 2 adjusted for 

age, exercise, diet (kj), SES (family income).    Puberty was adjusted for in model 3.  If 

necessary, outcome measures were log transformed to achieve normal 

distribution.   Models 1 and 2 were determined on the group of children who had 

complete data for all of the listed covariates.   As Tanner staging was uncertain in 334 

cases, and these were different in terms of weight,  height  and BMI, we adjusted for 

puberty in model 3 on the subset which was restricted to children with certain self-rated 

Tanner stage.  To examine possible non-linear associations we refitted all Model 1’s 

using the fractional polynomial mfp program in Stata 10.1, testing for departure from 

linearity at the 0.05 level.     
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Bivariate correlation and linear regression assume a linear relationship.  To further 

explore potential non-linear relationships we divided the children into quintiles of 

waist/height and compared the groups for the cardiovascular risk factors (fasting 

insulin, HOMA, hsCRP, trigylcerides, cholesterol, LDL-C, SBP and uric acid) using 

one way ANOVA and Bonferroni post-hoc testing.  

 

Results 

From the initial cohort of 2868 livebirths, 1695 had follow-up at age 14.  After 

excluding children who didn’t fast for blood sampling, those born preterm before 37 

weeks and those with major congenital anomalies 1149 subjects remained for analysis.  

Of these 90% of both mothers and  fathers were of Caucasian descent. 

 

Bivariate correlation between anthropometry and cardiovascular risk factors  

Figure 1 shows correlation coefficients (with attendant 95% confidence interval) 

between cardiovascular risk factors and anthropometry.  Each cardiovascular risk factor 

(HOMA, insulin, TG and CRP : Group 1) had a similar pattern of  strength of 

correlations  with anthropometric measures.  Group 1  cardiovascular risk factors all had 

highest correlations with measures of central adiposity (BMI, waist/height and waist 

circumference).  There was no significant difference between BMI, waist/height and 

waist circumference in strength of correlation. All other measures (indicated by 

asterisks) were significantly different from and less correlated than these anthropometric 

measures.   
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In Figure 2a, each cardiovascular risk factor (Cholesterol and LDL-C :Group 2) showed 

a similar pattern of  correlations  with anthropometric measures, particularly with height 

showing a strong inverse relationship compared with measures of obesity.  The pattern 

of correlations for Group 2 risk factors, illustrated in Figure 2a was different from that 

seen for HOMA, insulin, TG and CRP (Group 1 risk factors) illustrated in Figure 1.     

Weight and hip were highly correlated with Group 1 risk factors (Figure 1) but 

uncorrelated with Group 2 risk factors (Figure 2a).  Height was weakly positively 

correlated with Group 1 risk factors (Figure 1) and highly negatively correlated with 

Group 2 risk factors (Figure 2a).     

 

In Figure 2b, each cardiovascular risk factor (SBP and uric acid :Group 3) was most 

strongly correlated (positively) with weight.  All other anthropometric measures were 

significantly less correlated (as indicated by asterisks).  This is by contrast to cholesterol 

and LDL (Group 2 risk factors) where weight was negatively correlated with cholesterol 

and uncorrelated with LDL.   (Figure 2a)  Heavy adolescents did not necessarily have 

more adverse cholesterol and LDL (Group 2 risk factor) levels, but were more likely to 

have adverse profiles of other cardiovascular risk factors studied. 

 

A further difference between risk factor Groups 2 and 3 was observed in their patterns 

of correlations.  Height was negatively correlated with cholesterol and LDL levels 

(Group 2 risk factors) (Figure 2a), while, in direct contrast, height was strongly 

positively correlated with SBP and uric acid (group 3 risk factors) (Figure 2b). 

Therefore, tall adolescents had more favourable cholesterol and LDL levels (group 2 

risk factors) but more adverse SBP and uric acid levels (group 3 risk factors).    
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 Figure 1 – Bivariate correlation between fasting plasma HOMA, Insulin, TG and 

hsCRP with commonly used anthropometry.  Variables are log transformed if not 

normally distributed.  The correlation coefficient and 95% confidence interval is 

shown.  # indicates the anthropometric measurement most highly correlated with the 

particular cardiovascular risk factor.  * indicates a difference with p value <0.05 for 

the correlation coefficient compared to the highest absolute correlation coefficient 

with that cardiovascular risk factor on two tail Dunn test.  ** indicates a difference 

with p value <0.001 for the correlation coefficient compared to the highest absolute 

correlation coefficient with that cardiovascular risk factor on two tail Dunn test 
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Figure 2 - Bivariate correlation between fasting plasma cholesterol, LDL-

cholesterol (figure 2a), SBP and uric acid (figure 2b) with commonly used 

anthropometry.  Variables are log transformed if not normally distributed.  The 

correlation coefficient and 95% confidence interval is shown.  # indicates the 

anthropometric measurement most highly correlated with the particular 

cardiovascular risk factor.  Asterisks indicate a p value <0.05 * and p value <0.001 

**  on the two tail Dunn test indicating a difference between the labelled correlation 

coefficient compared to the highest absolute correlation coefficient with that 

cardiovascular risk factor. 
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Arm circumference was correlated with all cardiovascular risk factors except cholesterol 

but was more poorly correlated than other anthropometry (Figures 1 & 2).   

 

Gender differences in relationship between anthropometry and cardiovascular risk 

factors  (Figure 3) 

 

Cholesterol and LDL-C levels were negatively correlated with height in boys, but not in 

girls. There was a significantly stronger association between weight (rather than central 

adiposity measures) with SBP and uric acid only in boys.  In girls, measures of central 

adiposity, as well as weight were equally associated with SBP, and uric acid. 
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Figure 3 - Bivariate correlation between fasting plasma cholesterol, LDL-

cholesterol (figure 3a), SBP and UA (figure 3b) with commonly used anthropometry 

shown separately for males and females.  Variables are log transformed if not 

normally distributed.  The correlation coefficient and 95% confidence interval is 

shown.  # indicates the anthropometric measurement most highly correlated with the 

particular cardiovascular risk factor.  Asterisks indicate a  p value <0.05 * and p-

value <0.001 **  on the two tail Dunn test indicating a difference between the 

labelled  correlation coefficient compared to the highest absolute correlation 

coefficient with that cardiovascular risk factor.   



 234 

Linear regression for outcomes of cardiovascular risk (Table 1) 

Linear regression was performed separately for boys and girls.  The first model used 

stepwise regression for centred anthropometric variables (weight, height, waist, hip, arm 

circumference, BMI, waist/height ratio and waist/hip ratio).  Only those individuals 

with no missing data for all covariates used in models 1 and 2 were included in the 

analysis.  The second model adjusted for age of measurement of the cardiovascular risk 

factor, exercise, diet and family income.  The third model adjusted for self reported 

pubertal stage.    At least one measure of central adiposity (waist, BMI or waist/height 

ratio) was a significant independent predictor for insulin, HOMA, TG and CRP in boys 

and girls.  Height was a negative and waist/height ratio a positive independent predictor 

for cholesterol and LDL-C only in boys, accounting for 14% and 8% variance 

respectively.  In girls, waist-hip ratio was an independent predictor of cholesterol and  

LDL-C, albeit accounting for only 1% and 4% respectively of the variance. 

Weight and height were independent positive predictors of SBP and uric acid in boys 

accounting for 13% and 25% of unadjusted variance.  Height was positively related to 

SBP and uric acid  In girls, waist circumference was a significant independent predictor 

of SBP and uric acid, respectively accounting for 5% and 16% of the unadjusted 

variance.   

 

When non-linearity of effects were examined using fractional polynomials, all variables 

from model 1 were included and showed that the best model used either  no 

transformation or the log transformation of the variable. 
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Table 1 – Stepwise linear regression for selection of independent predictors of cardiovascular risk factors in adolescents in boys and girls.  Model 1 is 

unadjusted.  Model 2 is adjusted for age, family income (defined by annual earnings in Australian dollars $0-30 000, $30 001-60 000, $60 001-78 000, 

>78 001), physical activity rated by frequency of exercise causing breathlessness or sweating outside of school (once a month or less, once a week, 2-3 

times a week, 4-6 times a week or everyday) and kJ of energy consumed over a day based upon CSIRO food frequency questionnaire.  Model 3 was 

additionally adjusted for self reported pubertal staging (genital Tanner staging). 

Boys 
Cardiovascular Outcome Anthropometric measures in Model^ Model 1   Model 2   Model 3  

  
B 

coefficient 
P 

value 
R2 B 

coefficient 
P 

value 
R2 

B 
coefficient 

P 
value 

  (95% CI)   (95% CI)   (95% CI)  
Ln HOMA Waist (m) 1.67 0.004 0.28 1.43 0.01 0.30 1.55 0.01 

  0.52,2.81   0.28,2,59   0.38,2.73  
 BMI 0.03 0.03  0.04 0.02  0.03 0.03 
  0.00,0.06   0.01,0.07   0.00,0.07  

Ln Insulin Waist (m) 1.60 0.003 0.29 1.38 0.01 0.31 0.67 0.12 
  0.55,2.65   0.32,2.43   -0.17,1.51  
 BMI 0.03 0.03  0.04 0.02  0.03 0.002 
  0.00,0.06   0.01,0.06   0.01,0.06  

Ln Triglycerides Waist (m) 2.27 <0.001 0.16 2.24 <0.001 0.18 2.27 <0.001 
  1.57,2.98   1.52,2.96   1.53,3.00  
 Arm Circumference (cm) -0.03 0.03  -0.02 0.04  -0.03 0.02 
  -0.05,0.00   -0.05,0.00   -0.05,0.00  

Ln hsCRP BMI 0.11 <0.001 0.34 0.12 <0.001 0.35 0.12 <0.001 
  0.05,0.17   0.06,0.18   0.05,0.18  
 Waist/Height Ratio 5.55 0.003  4.84 0.02  5.00 0.02 
  1.78,9.33   0.93,8.74   0.67,9.33  
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Boys (Continued) 
Cardiovascular Outcome Anthropometric measures in Model^ Model 1   Model 2   Model 3  

  
B 

coefficient 
P 

value R2 B 
coefficient 

P 
value R2 

B 
coefficient 

P 
value 

Cholesterol Height -2.59 <0.001 0.14 -2.57 <0.001 0.15 -2.43 <0.001 

  -3.31,-1.87   -3.29,-1.84   
-3.24,-
1.63 

 

 Waist/hip ratio 2.20 <0.001  2.16 <0.001  1.90 0.001 
  1.11,3.28   1.04,3.28   0.75,3.05  

LDL Height -1.82 <0.001 0.08 -1.79 <0.001 0.09 -1.81 <0.001 

  -2.84,-1.15   -2.46, -1.12   
-2.55,-
1.07 

 

 Waist/hip ratio 1.30 0.01  1.12 0.03  0.98 0.07 
  0.30,2.30   0.09,2.15   -0.08,2.04  

SBP (mmHg) Weight (kg) 0.20 <0.001 0.13 0.20 <0.001 0.14 0.19 <0.001 
  0.12,0.28   0.12,0.28   0.11,0.28  
 Height (cm) 0.15 0.02  0.16 0.02  10.69 0.14 

  0.02,0.28   0.03,0.29   
-

3.48,24.85 
 

UA (µmolL) Weight (kg) 1.58 <0.001 0.25 1.61 <0.001 0.24 1.53 <0.001 
  1.12,2.04   1.13,2.08   1.06,2.00  
 Height (cm) 1.51 <0.001  1.55 <0.001  1.16 0.01 
  0.76,2.27   0.78,2.32   0.35,1.97  
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Girls 
Cardiovascular Outcome Anthropometric measures in Model^ Model 1   Model 2   Model 3  

  B coefficient 
P 

value 
R2 B coefficient 

P 
value 

R2 B coefficient 
P 

value 
  (95% CI)   (95% CI)   (95% CI)  

Ln HOMA BMI 0.04 <0.001 0.22 0.04 <0.001 0.24 0.05 <0.001 
  0.03, 0.05   0.03,0.05   0.03,0.06  
 Waist-hip Ratio 1.00 0.01  0.70 0.08  0.65 0.13 
  0.23,1.77   -0.08,1.48   -0.18,1.48  

Ln Insulin BMI 0.03 0.013 0.24 0.03 <0.001 0.25 0.03 0.01 
  0.01,0.05   0.01,0.05   0.01,0.05  
 Waist Height Ratio 0.15 0.011  1.20 0.09  1.43 0.06 
  0.40,3.11   -0.21,2.60   -0.06,2.93  

Ln Triglycerides BMI 0.04 <0.001 0.11 0.04 <0.001 0.13 0.05 <0.001 
  0.03,0.06   0.02,0.06   0.03,0.07  
 Hip Circumference (cm) -0.01 0.039  -0.01 0.08  -0.01 0.01 
  -0.02,0.00   -0.02,0.00   -0.02,0.00  

Ln hsCRP Waist (m) 3.23 0.002 0.17 3.10 0.003 0.18 3.05 0.01 
  1.21,5.25   0.01,0.14   0.83,5.27  
 Arm 0.07 0.037  0.08 0.02  0.08 0.02 
  0.00,0.13   0.01,0.15   0.01,0.15  

Cholesterol Waist –Hip Ratio 1.17 0.05 0.01 1.27 0.04 0.02 1.27 0.04 
  -0.01,2.34   0.05,2.49   0.05,2.49  

LDL Waist Height Ratio 2.02 <0.001 0.04 2.11 <0.001 0.05 1.93 <0.001 
  1.09,2.94   1.16,3.07   0.88,2.98  

SBP (mmHg) Waist (m) 18.69 <0.001 0.05 17.07 <0.001 0.06 18.87 <0.001 
  9.81,27.57   8.01,26.12   8.97,28.77  

UA (µmolL) Waist (m) 184.85 <0.001 0.16 175.21 <0.001 0.18 176.17 <0.001 
  140.56,229.14   130.17,220.26   126.58,225.76  

 
^ derived from stepwise linear regression, all covariates are centred
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Non linear associations between central adiposity and cardiovascular risk  (Figure 4)  

As distribution of fat is known to be important in children and adolescents29, as it is in 

adults,  we explored associations of waist/height ratio quintiles to insulin, HOMA, TG, 

SBP,  cholesterol, LDL-C, uric acid and CRP.    All had significant differences for these 

cardiovascular risk factors across quintiles of waist/height (p<0.001).  Linear trend 

testing was significant (all p value <0.001) for all risk factors.  However, a dominant 

role of the highest quintile of waist/height was apparent for cholesterol, LDL-C, SBP 

and UA (Figure 4).  On post hoc testing the highest quintile of waist/height ratio alone 

was significantly different to the other 4 quintiles in terms on LDL-C, SBP and UA.  In 

fact if the highest quintile was excluded the differences on ANOVA were lost for 

cholesterol, LDL, SBP, UA, across the remaining quintiles of waist/height.  
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Figure 4 – Differences in fasting Cholesterol, LDL-cholesterol, SBP and UA across 

quintiles of waist/height.  All have differences on one way ANOVA of p<0.001.  The 

95% CI are shown. 
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Discussion 

In this 14 year old cohort of predominantly Caucasian Australian children  a range of 

commonly used anthropometric measures showed varying relationships with different 

cardiovascular or metabolic risk factors. Measures of central adiposity (waist 

circumference, waist/height and BMI) were independent predictors of insulin resistance, 

TG and CRP,  whereas weight was a better independent predictor of SBP  and uric acid, 

especially in boys.  Notably height was the strongest independent inverse predictor of 

LDL-C and cholesterol, also in boys. Rather than a graduated linear increase in effect of 

quintiles of waist/height ratio on LDL-C, cholesterol, SBP and UA, there was a 

dominant effect of the highest quintile of central adiposity (waist/height). 

 

The strengths of this study lie in the size of this pregnancy cohort, the prospective 

collection of data, the overnight fasted blood samples and assessment of potential 

confounders.  We also believe that the associations seen here in an adolescent 

population may be relatively unadulterated by lifestyle changes such as excess smoking, 

alcohol and drug use characteristic of adult populations.  It is the first time, we are 

aware of, where the detail of distinct patterns of relationships has been highlighted and 

subsequently, with respect to this, distinct groups of cardiovascular risk factors have 

been identified.  Our study looks at these patterns in detail, beyond comparing BMI to a 

waist circumference derived measurement.  Indeed, BMI and measures of central 

adiposity were not most highly correlated or predictive of several cardiovascular risk 

factors.   

 

While there is now no controversy that central obesity is related to cardiovascular risk in 

adults10, there is uncertainty as to the best anthropometric measures of cardiovascular 

and metabolic risk in children and adolescents. We have confirmed in this study that 
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central adiposity is the major predictor of the risk factors, insulin resistance, TG, and 

CRP.  However, this study shows that by contrast, height is a better independent 

predictor of cholesterol and LDL-C, while weight per se is a better predictor for UA and 

SBP.   

 

There was no significant difference between BMI, waist circumference and waist to 

height ratio in the strength of the correlation with insulin, HOMA, TG and CRP.  

Similarly the Bogalusa study, another childhood cohort study, found that waist 

circumference, waist to height ratio and BMI predict insulin resistance and TG 

equally.20 This study also extends current state of knowledge of the relationship of 

anthropometry to CRP, a risk factor for adult cardiovascular disease.  Previously, it has 

been shown that obesity accounted for the largest variance in CRP in adults30, 31  and 

children32, 33.  This study indicates that measures of central obesity specifically were the 

best predictors of CRP in 14 year olds. 

   

The association between height and LDL-C and total cholesterol are consistent with 

findings in middle-aged men where short height has been associated with increased risk 

of coronary heart disease and inversely associated with cholesterol and non – HDL 

cholesterol.34Our results extend these findings demonstrating this relationship in an 

adolescent population as early as 14 years.  This may in part be explained by the fact 

that fat free mass (FFM) is correlated with height35 suggesting that lean mass is 

protective for cholesterol and LDL-C levels.  Other corroborative findings in children 

include demonstration that waist circumference, despite being a predictor for other 

cardiovascular risk factors, was not a predictor of LDL-C.16 In addition, a study of 865 

nuclear families from the Stanislas cohort showed that height negatively correlated to 

total and LDL-C in offspring.36   
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It is notable that the negative association of height with cholesterol and LDL-C is 

diametrically opposite to the positive association of height with SBP and UA (and 

negative association with HDL).  In other words, adverse levels of LDL and total 

cholesterol were seen with shorter adolescents, whereas adverse levels of SBP and UA 

were associated with taller (and heavier) adolescents.  In adults, SBP and UA are often 

found to be inversely correlated with height.37A possible explanation might be that 

height and lipids are related through a genetic relationship36 which remains stable 

throughout life.  Conversely, increased SBP and UA might be related to early increases 

in weight (fat and muscular development) in childhood and hence, early pubertal 

development.  Therefore, these children at risk of hypertension are taller in adolescence 

because of an early pubertal growth spurt, but due to earlier fusion of epiphyses attain 

lower final height.  The findings of this study with regards to height  are consistent with 

the Stanislas family study where correlation of height with systolic BP was positive in 

sons.36  Interestingly, this relationship was reversed with a negative correlation between 

height and SBP in fathers.36  Age related changes in these associations will be amenable 

to investigation in future follow-ups of our cohort. 

 

In recent years, weight has not been actively proffered in the literature as an 

anthropometric measurement  reflecting cardiovascular risk.  However, we clearly see 

both on linear regression and bivariate correlation analyses that weight has consistently 

higher correlations with SBP and UA than other measures of obesity.  Weight could 

reflect both larger lean and fat mass in total and also does not differentiate between 

central or abdominal distribution of fat.  We might cautiously suggest, in the context of 

a cross sectional study, that these particular risk factors, at least in adolescence are not 

as sensitive to the distribution of fat or to the ratio of fat to lean mass, and that height 
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reflecting lean mass has no ameliorating effect on these risk factors.   Supporting this is 

the finding that body fat had a lesser influence on blood pressure than covariates such as 

height and lean body mass in a group of Italian adolescents.38  Interestingly, another 

study of adolescents showed that lean body mass explained 75% of left ventricular mass 

in adolescence and childhood, where fat mass only explained 1.5% of variance.39 

 

Measurements with height in the denominator (such as BMI=weight/height2  and 

waist/height) will not be good predictors for SBP and UA.  We suggest that a novel 

predictor such as weight x height may be a better composite predictor.  If this easily 

calculated variable is put into the stepwise linear regression model it becomes the 

independent predictor accounting for the largest amount of variance of SBP and UA.  

(Results not shown.) 

 

Sexual dimorphism of some cardiovascular risk factors (hypertension40,  liver 

enzymes41) and anthropometry42, 43 has been seen in adolescents.  Further sex 

differences in children have also been seen for intima-medial thickness44 and 

adiponectin45.   The gender differences in anthropometry have been well recognized, 

with different cut-offs for males and females for the definitions of the metabolic 

syndrome in adults46 and children47.  Sex differences in the relationship between 

anthropometry and cardiovascular risk factors in children has been hinted at by the 

Stanislas family study where correlations were the same for fathers and sons and 

different to daughters and mothers.36 The different associations seen between the sexes 

might also reflect the more advanced stage of puberty in girls than boys in this cohort.   

The findings in girls might more closely mirror the relationships of postpubertal adults 

whereas the findings in boys might reflect an earlier developmental stage.  Different 

developmental growth patterns are associated with groups of cardiovascular risk factors, 
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suggesting heterogeneous pathogenic pathways.  A recent study showed that sexual 

maturity affected body fatness and blood pressure in girls and that the effect of sexual 

maturity on blood pressure was reversed for boys.48    An earlier study showed that 

sexual maturation was associated with blood pressure only in female adolescents.38 

 

The dominance of the effect of the highest quintiles of waist/height on some of the 

cardiovascular risk factors suggests that a threshold of waist/height needs to be 

exceeded before cardiovascular risk increases. With the burgeoning obesity epidemic as 

demonstrated by earlier findings in this cohort of 25% to 29% of adolescents at 

cardiovascular risk32, 49 , it is likely that dramatic (possibly exponential) increases in 

cardiovascular problems may occur in the future.  We note that the cardiovascular risk 

factors which showed particular dominance in the highest quintiles were those for 

which a measure of central adiposity was not the strongest predictor in linear models. 

 

Limitations of the study include studying 14 year olds during puberty when growth 

spurts occur, which may make relationships with measures of growth and obesity less 

clear.  The sex differences we noted may at least in part reflect pubertal flux and may 

ameliorate as pubertal development is completed.  However, despite any background 

‘noise’ created by differing pubertal stages, correlations that were detected were 

relatively strong and persisted after adjustment was made for puberty in model 3 of the 

linear regression analysis despite uncertainty of puberty in a subset.  This is an issue to 

be clearly resolved with future analysis of the 17 year old follow-up when the entire 

Raine cohort will have attained sexually maturity. 

 

While we conjecture as to the reasons for variable relationships between measures of 

anthropometry and cardiovascular risk factors, we are cautious in attributing causation 



 245 

in a cross sectional study.  Future studies on this cohort at age 17 years and onwards 

will enable us to assess causation further by analysing changes in measures of growth 

and obesity in relation to changes in cardiovascular risk factors.  It will also allow us to 

determine whether the associations are consistent across ages and in particular whether 

the associations track into adult life. 

 

In conclusion, this study shows that there are three groups of cardiovascular risk factors 

with differing relationships to anthropometric measures. Firstly, insulin resistance, TG 

and CRP are associated with central adiposity measured by either waist, waist/height or 

BMI.  Secondly,LDL and cholesterol and have an independent protective influence of 

height.  Finally, SBP and uric acid are highly correlated to weight and not protected by 

tallness.  Therefore, in a clinical setting, the measurement of waist circumference, 

height and weight in adolescence may all play a complementary role in assessing the 

risk of cardiovascular disease and diabetes.  This may give some clues to the 

pathogenesis of these conditions and refine the approach to research of obesity related 

disease in populations. 
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Chapter 9.3 – Discussion 

 

This chapter of the thesis explores the associations of anthropometry with 

cardiovascular risk factors in adolescence.  It is the first time, we are aware of, where 

the detail of these distinct patterns of relationships have been shown, and with respect to 

this, different groups of cardiovascular risk factors have been identified.   

 

Our study looks at these patterns in detail,  going beyond comparing BMI to a waist 

circumference derived measurement.   Indeed, we found that BMI and measures of 

central adiposity were not the most highly correlated or predictive of several 

cardiovascular risk factors.  For example, being short predicted cholesterol and LDL-

cholesterol levels better, and being tall and heavy predicted blood pressure and uric acid 

level better than a measure of central adiposity. 

 

We found that three distinct groups of cardiovascular risk factors in adolescence with 

regards to their pattern of strength of correlations with anthropometry.  Firstly, insulin, 

homeostasis model of assessment of insulin resistance (HOMA), triglycerides and CRP 

were found to be associated with measures of central adiposity, in a similar pattern to 

adults.  However, at second instance, cholesterol and LDL-cholesterol levels were 

poorly associated with these measures of central adiposity, but had a strong negative 

association with height.  Thirdly, systolic blood pressure and uric acid were most highly 

correlated to weight.  These effects were particularly apparent in boys. 

 

It is possible that by taking this approach we have shown differences between different 

cardiovascular risk factors, between adolescent and adult relationships and between 

sexes.  Therefore, this chapter shows that the most predictive anthropometry varies by 
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age, sex and risk factor.   This information forms the basis for further sections of this 

thesis.  It helps future design of adolescent studies and optimal risk stratification and 

management of the obesity epidemic.   
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Chapter 10 – Paper Four : Longitudinal Adiposity 

Trajectories related to cardiovascular risk and early risk 

factors  

 

10.1  – Introduction 

 

The previous chapter (9) looked at the relationship of some measures of adiposity with 

cardiovascular risk factors in a cross sectional analysis at age 14 years.  Chapter 8 also 

investigated the interplay of BMI (a surrogate measure of adiposity) and the metabolic 

cluster on cardiovascular risk in a cross sectional analysis at 14 years.  In this chapter, I 

have aimed to understand the effect of longitudinal adiposity growth upon adolescent 

cardiovascular risk factors through a technique of group based semi-parametric mixture 

modelling using the 8 longitudinal data points available in the Raine pregnancy cohort.  

This longitudinal analysis contrasts with conventional growth modelling (linear mixed 

effects) that assumes multivariate normal distribution of random effects and hence a 

homogeneous population and trajectory.   Other prior investigations of childhood 

growth trajectories linking “catch-up growth” with coronary disease have been 

retrospective and have also assumed growth in those with and without disease to be 

homogeneous.  Thus using semi-parametric mixture modelling avoided assumption of 

homogenous growth relating to high cardiovascular disease risk.   

 

Different pathways of adiposity growth associated with high cardiovascular risk, in 

particular those with and without “catch up” growth, might be identified.  These 

pathways may also be related to different early perinatal factors allowing earlier 
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identification of those at risk of future high risk adiposity trajectories and possibly clues 

to pathogenesis relating to different future growth trajectories. 
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Background  

In light of the obesity epidemic, we aimed to characterise novel childhood adiposity 

trajectories and to determine their influence on perinatal factors and their relation to 

adolescent cardiovascular risk.   

Methods  

The study utilised anthropometric data from a Western Australian cohort of 2868 

children studied serially from 16 weeks in-utero to age 14 years. Semi-parametric 

mixture modelling was applied over 8 longitudinal time points (0-14 years) to generate 

postnatal adiposity trajectories of z-scores (weight-for-height and body mass index 

(BMI)). Cardiovascular and related metabolic risk factors assessed in 1106 children at 

age 14 were compared between adiposity trajectories. 

Findings 

Seven adiposity trajectories were identified; three (2 rising and 1 chronic high 

adiposity) were associated with high cardiovascular risk.   Accelerated adiposity gain 

(rising trajectories) was associated with higher risk factors (insulin, blood pressure, 

triglycerides, metabolic syndrome cluster) compared with falling or stable trajectory.  

Trajectories with moderate (not low) birthweight and moderate (but not high) adiposity 

were high risk, conditional on a rising trajectory.  

Perinatal risk factors were trajectory-specific.    Rising to moderate adiposity was 

associated with smaller fetal abdominal circumference measured by ultrasound imaging.  

Rising to high adiposity was associated with increased maternal smoking in pregnancy 

and BMI.  Chronic high adiposity was associated with maternal hypertension and 

gestational diabetes.  Only the 3 high risk trajectories had a low birthweight to maternal 

BMI ratio. 

 

Interpretation 
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Post natal adiposity trajectories show considerable heterogeneity.  Accelerated adiposity 

had a greater influence than birthweight on cardiovascular risk factors. Trajectory-

specific perinatal influences highlight the multiple pathways relating childhood growth 

to obesity-related cardiovascular risk.   Birthweight to maternal BMI ratio may be a 

promising single screening test at birth.  This framework also helps explain how the 

relationship between birthweight and cardiovascular risk will change in the context of 

world-wide increases in  maternal obesity and infant birthweight. 
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Introduction 

Low birthweight1-4 followed by accelerated adiposity gain, often referred to as “catch-

up growth”5, has been associated with cardiovascular risk in later life.  Previous 

investigations of childhood growth trajectories linking “catch-up growth” with coronary 

disease however have been retrospective and have assumed growth in those with and 

without disease to be homogeneous.1   

 

Using a group-based trajectory modelling technique previously established for defining 

developmental behavioural trajectories6-8 , we studied the relationships between “catch-

up growth” and cardiovascular risk.  Such methodology enabled us to avoid the 

assumption of homogeneous growth. 

 

Our first aim was to determine and categorise adiposity trajectories avoiding 

assumptions of homogeneity.  Using these novel trajectories, our second aim was to 

determine the relative importance of birthweight, “catch-up” (accelerated adiposity 

growth), and final weight on cardiovascular risk within a developed country.  Thirdly, 

we aimed to identify perinatal influences on these trajectories.  Our final aim was to 

explain how dominance of select trajectories could account for different relationships 

between birthweight and cardiovascular risk in different populations.   

 

Methods 

Sample 

The Western Australian Pregnancy (Raine) Cohort, described previously9, 10  enrolled 

2,900 women ≤18th week of gestation  and followed 2,868 children (birth, 1, 2, 3, 5, 8, 

10, and 14 years).  All mothers provided antenatal, questionnaire, and birth information. 

Questionnaire and assessment was consistently completed for ≥75% and 70% 
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respectively of the original cohort. Contact has been maintained with 2,200 families.  

Informed consent was obtained, following ethics approval. 

 

Anthropometry 

At each follow-up, height and weight were measured by Holtain Infantometer and 

Stadiometer (nearest 0.1cm) and Wedderburn Chair Scales (nearest 100 grams).  Body 

mass index (BMI) z-scores (2-14 years) and weight-for height z-scores (0-1 years) 

customised by age and gender were calculated using US Centers for Disease Control 

(CDC) growth chart software recommended for Australian children.  CDC does not 

provide BMI z-scores for ≤24 months.  Weight-for-height z-scores, the best adiposity 

measurement available for this age, were comparable; BMI-for-age and weight-for-

length percentiles are highly correlated11.   Combining z-scores (weight-for-height and 

BMI) achieved a consistent scale for approximating adiposity.   

 

14 year-old assessment 

The following measures were obtained at the 14 year follow-up. 

 

Biochemistry 

Overnight fasting samples were analysed (Pathwest laboratory at Royal Perth Hospital) 

for serum insulin, glucose, triglycerides, cholesterol, HDL-cholesterol, LDL-cholesterol 

and CRP by previously described methods.10 Homeostasis model assessment (HOMA) 

approximating insulin resistance was calculated by insulin (µU/ml) x glucose 

(mM)]/22.5.12 
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Blood Pressure 

This was measured by oscillometric Dinamap XL 8100, DINAMAP  PROCARE 100  

(DPC100X –EN vital signs monitor) after resting while seated.  Readings, recorded 

two-minutely over ten minutes, were averaged excluding the first reading. 

 

Metabolic syndrome (MetS) cluster  

Two-step cluster analysis identified 29.1% fourteen year olds at “high risk” with 

characteristics akin to the MetS, while avoiding arbitrary cut-off definitions.10  HOMA, 

systolic blood pressure (SBP), triglycerides and BMI were used as cluster components.   

 

Other Measures 

Ethnicity was recorded from maternal questionnaire and was coded as a binary variable 

(either parents being Caucasian or both parents not being Caucasian).  Physical activity 

was scored as exercise causing breathlessness or sweating (monthly or less, weekly, 2-3 

times weekly, 4-6 times weekly, daily).  Kilojoules consumed per day were based on 

adolescent food frequency diaries.  Socio-economic status was assessed by 

questionnaire ascertaining annual family income (Australian dollars $0-30 000, $30 

001-60 000, $60 001-80 000, >$80 001) (at the 14 year survey in 2004-7) and highest 

maternal education (at year 8 survey) (incomplete or completed highschool, technical 

qualification, tertiary education).  Adolescents rated puberty by Tanner diagrams.13 

 

Perinatal factors 

Assessments and questionnaires were performed at recruitment (16-18 weeks) and 34 

weeks gestation and at birth.  Serial ultrasound imaging studies were performed on a 

randomly selected half of the cohort at 24 and 34 weeks gestation.  The  z-score of 

abdominal circumference adjusted by gestational age14 was obtained in a subset who 
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had  fetal biometry within 7 days at 28 (n=798) and 34 (n=693) weeks gestation.  Birth 

and placental weight and gestational age at delivery were recorded by the midwife at 

birth assessment. 

 

Maternal factors 

Weight was measured to the nearest 100g at 34 week assessment.  Pre-pregnancy 

weight was obtained from a questionnaire at 18 week gestation,   Height was measured 

using a stadiometer.  Pre-pregnancy BMI was calculated as pre-pregnancy 

weight(kg)/height(m)^2.  Mid gestation weight gain was calculated as average weight 

gain (kg) per week between 16-34 weeks gestation respectively.  Maternal smoking 

during pregnancy (current or non-smoker) was obtained from the 34-week gestation 

survey.  Gestational diabetes and maternal hypertension were recorded at the birth 

assessment by a midwife.  

 

Data Analysis 

SPSS v 15.0 and SAS v9.1 were used.  Log transformation was undertaken for non-

normally distributed variables.  Significance was set for p-values<0.05. 

 

Statistical analysis was performed in three stages. Children born ≥37 weeks, singletons 

and those without congenital anomalies (n=2280) were included for trajectory formation 

(stage 1).  1106 children were included for cardiovascular risk assessment (stage 2).  

2280 children were included for perinatal assessment, except the subset with fetal 

ultrasound measurements.   

 

Stage 1 – Identification of distinctive adiposity trajectories (birth-14 years) 
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Using SAS Proc Traj,15  shape (rising, falling, stable, or hump-shaped) and the 

estimated population proportion in each trajectory were defined.  The optimum was 

selected by maximum Bayesian Information Criterion (BIC) from models estimated 

with 3-7 groups and linear or quadratic shapes using adiposity z-scores at 8 time points.  

Improvement in BIC was judged using an estimate of Bayes Factor, calculated by “eBIC
I 

– BIC
J” which was required to be greater than 10. 

The posterior probability of membership for each trajectory was estimated and 

individuals were assigned to their highest probability trajectory, best conforming to 

their z-scores.  Model adequacy was judged using three diagnostic tests (average 

posterior probability>0.7), odds of correct classification and correspondence between 

probability of group membership and the proportion of sample assigned based upon 

maximum probability assignment rule.  (Appendix 1)  Proc Traj assumes that data is 

missing randomly  and the model is adjusted so that the missing observations neither 

contribute to the sample size or outcome.15
 

Stage 2 –Relation of adiposity trajectories to age 14 cardiovascular risk  

Cardiovascular risk factors with strong sex differences, were analysed separately by sex.  

One-way ANOVA and chi-square assessed differences between trajectories for HOMA, 

insulin, triglycerides, HDL-cholesterol, SBP, CRP and prevalences of MetS cluster.  

Linear regression was performed without (model 1) and with adjustment (model 2) for 

age, gestational age, ethnicity, diet, exercise and family income to assess if trajectories 

predicted cardiovascular risk factors.  Additional adjustment was made for puberty 

(model 3) excluding 170 girls and 164 boys who were shown  diagrams with ambiguous 

labeling.   To ascertain the importance of “catch-up growth”, differences between 

groups attaining a similar final BMI were compared; “stable high”(1) was compared to 

“rising to high”(2) and “falling to moderate”(3) was compared with “rising to 
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moderate”(4).  Adjustments were made for age, gestational age, ethnicity, diet, exercise 

and family income, current BMI (model 1) and additionally for birthweight (model 2). 

 

Stage 3 -  Perinatal risks factors that predict high risk trajectories 

Multinomial regression was used to examine differences between adiposity trajectories 

for perinatal predictors adjusted for gestational age, sex and ethnicity.  The potential 

predictors were birthweight, placental weight, birthweight to placental weight ratio 

(BW:PW ratio), gestational diabetes mellitus (GDM), maternal hypertension, maternal 

pre-pregnancy BMI, early and mid gestational weight gain, birthweight to maternal 

BMI ratio (BW:mBMI), maternal smoking during pregnancy and z-score of abdominal 

circumference at 28 and 34 weeks .  
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Results  

Adiposity trajectories 

Seven adiposity trajectories were identified. (Figure 1) 

Two reached high final adiposity, designated “stable high” (trajectory 1) and “rising to 

high” (trajectory 2).  Two reached moderate adiposity, designated “falling to moderate” 

(trajectory 3) and “rising to moderate” (trajectory 4).  Three were stable low-moderate 

adiposity (trajectories 5-7).  Group 5 contained almost a third (31%) of the individuals 

following a stable trajectory mostly of average BMI with slightly above average 

adiposity at birth.  It was designated “optimum normal growth”. 
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Figure 1 – Seven Adiposity Trajectories formed using group based semi-parametric 

mixed modelling.  The trajectories are shown in solid lines and the 95th confidence 

intervals are shown in dotted lines.  The proportions in each trajectory are shown in 

brackets. 



 264 

Characteristics of adiposity trajectories (Table 1)   

All trajectories were similar for sex, age, gestational age and maternal education.   

(Table 1)  “Stable high” (1), “rising high” (2) and “very low stable” (7) trajectories had 

a trend for a greater proportion (25-31%) in the lowest income group compared to the 

remaining groups (17-18%) (chi-square p-value=0.09).  Overall 92% of children had 

two Caucasian parents. 76% of the “very low stable” adiposity trajectory (7) were 

Caucasian compared with 97% and 96% in ”stable high” and “falling to moderate” 

trajectories (1 and 3) respectively (chi-square p-value<0.001).   

 

Birthweight fell into 3 categories; “stable high” and “falling to moderate” adiposity 

trajectories (1 and 3) were similar to each other and were heavier than remaining groups 

(P<0.001); groups 2, 5 and 6 had intermediate birthweights; “moderate and very low 

stable adiposity trajectories” (6 and 7) were similar to each other, were the lightest and 

significantly different to other groups (P<0.001).  

By 3 years, the “stable high” (1) and “stable low” (7) adiposity trajectories had 

significantly diverged from the other groups (P<0.001).  The rank order of the estimated 

trajectories stabilised between 5 and 8 years, at least up to measured 14years.   
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Table 1 – General characteristics, Anthropometry and cardiovascular risk factor levels in the seven adiposity trajectory groups.  Mean and 95% 

confidence intervals shown. 

Trajectory 
1 

“stable 
high” 

2 
“rising to 

high” 

3 
“falling to 
moderate” 

4 
“rising to 
moderate” 

5 
“optimal 
growth” 

6 
“moderate low 

stable” 

7 
“very low 

stable” 

P 
value 

General         
Sex (proportion of males) 0.55 0.48 0.53 0.46 0.50 0.51 0.49 0.59 

Age (yrs) 13.77 
13.81 

 
13.82 

 
13.75 

 
13.77 

 
13.75 

 
13.86 

 
0.33 

 
13.68, 
13.87 

13.75, 
13.87 

13.77, 13.87 13.67, 13.82 13.73, 13.81 13.69, 13.8 13.75, 13.98  

GA (wks) 39.28 39.24 39.4 39.37 39.29 39.16 39.25 0.25 

 39.0, 39.53 
39.08, 
39.41 

39.28, 39.53 39.18,39.55 39.21,39.38 39.03,39.28 38.91,39.6  

Family income (proportion in the 
lowest income group) 

0.25 0.31 0.18 0.17 0.17 0.17 0.26 0.090 

Ethnicity (proportion with both 
parents Caucasian) 

0.96 0.95 0.97 0.9 0.91 0.91 0.76 <0.001 

Anthropometry         
Birthweight (gram) 3645 3385 3682 3207 3427 3284 3099 <0.001 

 3547,3742 
3330, 
3440 3637,3728 

3148, 
3265 3399,3456 

3243, 
3325 

2984, 
3213  

BMI at 3 18.68 16.64 17.19 15.52 16.05 14.96 13.91 <0.001 

 
18.39, 
18.98 

16.51, 
16.78 

17.09, 
17.30 

15.38, 
15.65 

15.98, 
16.12 

14.87, 
15.05 

13.71, 
14.12  

BMI at 5 20.1 17.3 16.6 15.4 15.4 14.3 13.2 <0.001 
 19.6,20.6 17.1,17.5 16.6,16.7 15.2,15.5 15.3,15.4 14.2,14.3 13.1,13.4  

BMI at 14 30.1 26.3 22.1 22.1 19.7 18.1 16.3 <0.01 
 28.9,31.2 25.6,26.9 21.8,22.4 21.6,22.5 19.6,19.9 17.9,18.3 15.8,16.9  



 266 

 

Trajectory 
1 

“stable 
high” 

2 
“rising to 

high” 

3 
“falling to 
moderate” 

4 
“rising to 
moderate” 

5 
“optimal 
growth” 

6 
“moderate low 

stable” 

7 
“very low 

stable” 

P 
value 

Cardiovascular risk factors         
Insulin (U/L) 14.69 14.39 9.69 10.97 9.72 8.91 8.78 <0.001 

 12.89,16.74 13.01,15.92 9.00,10.44 9.93,12.12 9.25,10.21 8.33,9.54 7.03,10.97  
HOMA 3.1 3.1 2.05 2.35 2.06 1.88 1.86 <0.001 

 2.70,3.55 2.79,3.45 1.90,2.22 2.11,2.62 1.96,2.17 1.74,2.02 1.47,2.35  
Triglycerides (mmol/L) 1.02 1.08 0.89 1 0.85 0.87 0.85 <0.001 

 0.92,1.13 0.99,1.17 0.84,0.95 0.91,1.08 0.82,0.88 0.82,0.92 0.72,1.01  
SBP (mmHg) 114.9 116.1 110.8 113.5 109.5 110.2 110.1 <0.001 

 112.3,117.4 114.3,117.9 109.6,112.0 11.8,115.2 108.7,110.4 108.9,111.6 106.6,113.6  
Metabolic Cluster (proportion in 

high risk cluster) 
0.75 0.69 0.27 0.38 0.15 0.1 0.07 <0.001 
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Cardiovascular Risk of Trajectories  

In all subsequent analyses, the comparison group was trajectory 5, the largest group 

(31%), with lifelong average adiposity z-scores approximating zero, resembling 

“optimum normal” growth.  Overall, particularly in boys, “stable high”, “rising to high” 

and “rising to moderate” adiposity trajectories (1, 2 and 4) were consistently associated 

with higher cardiovascular risk factors.  (Figure 2) 

In boys (table 2), HOMA, insulin, triglycerides and SBP were higher in ”stable high”, 

“rising to high” and “rising to moderate” adiposity trajectories (1, 2 and 4) compared 

with  group 5.  In girls (table 2), HOMA, insulin and SBP were higher in ”stable high” 

and “rising to high” adiposity trajectories (1 and 2) than reference group 5.  In girls, 

triglycerides were higher in “stable high”, “falling to moderate” and “rising to high” 

adiposity trajectories (1-3).  In both sexes, the likelihood of the metabolic cluster was 

greater in trajectories 1- 4 than the reference group.  
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 Figure 2 -  Comparison of cardiovascular risk factors between Adiposity Trajectory 

groups in Males.  Asterisks indicate significant differences *p<0.01, 

**p<0.0001 with comparison reference group 5 (optimum growth trajectory).   



 269 

Table 2 –Linear regression models determining if adiposity trajectories predict cardiovascular risk factors.  Adiposity trajectory 5 is the comparison 
group. 
Boys 

Cardio- 
vascular 

 risk 

1 
“stable  
high” 

 

2 
“rising  

to  
high” 

 

3 
“falling  

to  
moderate” 

 

4 
“rising  

to  
moderate” 

 

6 
“moderate  

low  
stable” 

 

7 
“very 
 low  

stable” 

 

 
B  

coefficient  
(95%CI) 

P  
value 

B  
coefficient 
 (95%CI) 

P  
value 

B  
coefficient  
(95%CI) 

P  
value 

B  
coefficient  
(95%CI) 

P  
value 

B  
coefficient 
 (95%CI) 

P  
value 

B  
coefficient 
 (95%CI) 

P  
value 

HOMA  – 
Model 1 

0.43 <0.001 0.53 <0.001 0.06 0.43 0.27 <0.001 -0.13 0.09 -0.31 0.04 

 0.22,0.64  0.36,0.70  -0.09,0.21  0.09,0.45  -0.27,0.02  -0.60,-0.02  
Model 2 0.39 <0.001 0.51 <0.001 0.04 0.59 0.29 <0.001 -0.14 0.06 -0.32 0.03 

 0.18,0.60  0.35,0.68  -0.11,0.19  0.11,0.47  -0.29,0.01  -0.61,-0.03  
Model 3 0.4 <0.001 0.5 <0.001 0.04 0.60 0.28 <0.001 -0.15 0.04 -0.34 0.02 

 0.19,0.61  0.33,0.66  -0.11,0.19  0.10,0.47  -0.30,-0.01  -0.63,-0.04  
Insulin –  
Model 1 

0.45 <0.001 0.51 <0.001 0.05 0.44 0.25 <0.001 -0.11 0.11 -0.29 0.04 

 0.25,0.64  0.35,0.67  -0.08,0.19  0.08,0.42  -0.25,0.02  -0.56,-0.02  
Model 2 0.41 <0.001 0.5 <0.001 0.04 0.58 0.26 <0.001 -0.12 0.08 -0.31 0.03 

 0.21,0.60  0.34,0.65  -0.10,0.17  0.10,0.43  -0.26,0.01  -0.58,-0.04  
Model 3 0.42 <0.001 0.49 <0.001 0.04 0.61 0.26 0.003 -0.13 0.05 -0.32 0.02 

 0.22,0.62  0.33,0.64  -0.10,0.17  0.09,0.43  -0.27,0.00  -0.60,-0.05  
Triglycerides–  

Model 1 
0.22 0.006 0.27 <0.001 -0.04 0.48 0.24 <0.001 0.03 0.64 -0.03 0.79 

 0.06,0.37  0.15,0.40  -0.15,0.07  0.11,0.38  -0.08,0.13  -0.25,0.19  
Model 2 0.18 0.023 0.26 <0.001 -0.04 0.44 0.25 <0.001 0.02 0.73 -0.05 0.62 

 0.03,0.33  0.14,0.38  -0.15,0.07  0.12,0.38  -0.09,0.13  -0.27,0.16  
Model 3 0.17 0.039 0.24 <0.001 -0.03 0.60 0.24 0.001 0.02 0.68 -0.06 0.59 

 0.01,0.33  0.12,0.37  -0.14,0.08  0.10,0.37  -0.09,0.13  -0.28,0.16  
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Boys (Continued) 
 

Cardio- 
vascular 

 risk 

1 
“stable  
high” 

 

2 
“rising  

to  
high” 

 

3 
“falling  

to  
moderate” 

 

4 
“rising  

to  
moderate” 

 

6 
“moderate  

low  
stable” 

 

7 
“very 
 low  

stable” 

 

 
B  

coefficient  
(95%CI) 

P  
value 

B  
coefficient 
 (95%CI) 

P  
value 

B  
coefficient  
(95%CI) 

P  
value 

B  
coefficient  
(95%CI) 

P  
value 

B  
coefficient 
 (95%CI) 

P  
value 

B  
coefficient 
 (95%CI) 

P  
value 

Systolic Blood 
pressure–  
Model 1 

6.32 0.001 9.08 <0.001 0.65 0.60 4.91 0.001 0.46 0.7 -3.5 0.15 

 2.71,9.92  6.21,11.95  -1.75,3.04  1.89,7.92  -1.92,2.83  -9.28,1.27  
Model 2 6.12 0.001 9.19 <0.001 0.89 0.47 4.49 0.004 0.51 0.67 -3.75 0.13 

 2.49,9.76  6.33,12.06  -1.53,3.31  1.46,7.51  -1.87,2.90  -8.57,1.08  
Model 3 5.16 0.007 8.65 <0.001 0.85 0.49 3.59 0.022 0.29 0.81 -2.3 0.37 

 1.44,8.89  5.75,11.56  -1.59, 3.30  0.53,6.65  -2.11,2.70  -7.32,2.72  
Metabolic 
syndrome 
cluster̂ –  
Model 1 

21.44 <0.001 11.69 <0.001 1.79 0.05 1.85 0.06 0.43 0.04 0.3 0.25 

 6.98,65.83  6.09,22.44  1.01,3.16  0.97,3.54  0.19,0.96  0.04,2.36  
Model 2 23.22 <0.001 23.34 <0.001 3.11 0.004 11.59 <0.001 1.11 0.83 0.8 0.8 

 9.02,59.72  10.37,52.54  1.43,6.79  4.99,26.94  0.43,2.85  0.09,6.46  
Model 3 20.61 <0.001 21.66 <0.001 3 0.006 10.16 <0.001 1.09 0.86 0.8 0.84 

 7.97,53.34  9.62,48.78  1.36,6.62  4.31,23.94  0.42,2.80  0.09,6.94  
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Girls 
 

Cardio- 
vascular  

risk 

1 
“stable  
high” 

 

2 
“rising  

to  
high” 

 

3 
“falling 

 to 
moderate” 

 

4 
“rising  

to  
moderate” 

 
6 

“moderate 
low stable” 

 
7 

“very low 
stable” 

 

 
B  

coefficient  
(95%CI) 

P  
value 

B  
coefficient 
(95%CI) 

P  
value 

B coefficient 
(95%CI) 

P  
value 

B  
coefficient 
(95%CI) 

P  
value 

B coefficient 
(95%CI) 

P  
value 

B 
coefficient 
(95%CI) 

P 
value 

HOMA  – 
Model 1 

0.48 <0.001 0.3 <0.001 -0.07 0.29 0 1 -0.01 0.84 0.15 0.27 

 0.26,0.70  0.16,0.44  -0.20,0.06  -0.15,0.15  -0.15,0.12  -0.12,0.43  
Model 2 0.44 <0.001 0.25 <0.001 -0.03 0.64 0.01 0.86 -0.02 0.72 0.08 0.58 

 0.22,0.66  0.11,0.39  -0.16,0.10  -0.14,0.16  -0.16,0.11  -0.20,0.35  
Model 3 0.42 <0.001 0.23 <0.001 -0.03 0.67 0.01 0.85 -0.01 0.86 0.09 0.53 

 0.20,0.64  0.09,0.37  -0.16,0.10  -0.13,0.16  -0.15,0.12  -0.18,0.36  
Insulin –  
Model 1 

0.47 <0.001 0.29 <0.001 -0.05 0.39 0.01 0.93 -0.02 0.78 0.14 0.28 

 0.26,0.68  0.15,0.42  -0.18,0.07  -0.14,0.15  -0.15,0.11  -0.12,0.41  
Model 2 0.42 <0.001 0.24 <0.001 -0.01 0.82 0.02 0.78 -0.03 0.59 0.07 0.57 

 0.21,0.63  0.10,0.37  -0.14,0.11  -0.12,0.16  -0.16,0.09  -0.18,0.33  
Model 3 0.4 <0.001 0.22 0.001 -0.01 0.84 0.02 0.79 -0.02 0.73 0.09 0.51 

 0.19,0.61  0.09,0.35  -0.13,0.11  -0.12,0.16  -0.15,0.10  -0.17,0.34  
Triglycerides– 

Model 1 
0.21 0.017 0.21 <0.001 0.14 0.007 0.08 0.2 0.06 0.27 0.07 0.52 

 0.04,0.38  0.11,0.32  0.04,0.24  -0.04,0.19  -0.05,0.16  -0.14,0.28  
Model 2 0.18 0.037 0.17 0.002 0.15 0.004 0.08 0.17 0.05 0.4 0.05 0.63 

 0.01,0.35  0.07,0.28  0.05,0.25  -0.03,0.20  -0.06,0.15  -0.16,0.26  
Model 3 0.18 0.044 0.17 0.001 0.14 0.005 0.08 0.19 0.05 0.36 0.07 0.48 

 0.01,0.35  0.07,0.28  0.04,0.24  -0.04,0.19  -0.05,0.15  -0.13,0.28  



 272 

Girls (Continued)  
 

Cardio- 
vascular  

risk 

1 
“stable  
high” 

 

2 
“rising  

to  
high” 

 

3 
“falling 

 to 
moderate” 

 

4 
“rising  

to  
moderate” 

 
6 

“moderate 
low stable” 

 
7 

“very low 
stable” 

 

 
B  

coefficient  
(95%CI) 

P  
value 

B  
coefficient 
(95%CI) 

P  
value 

B coefficient 
(95%CI) 

P  
value 

B  
coefficient 
(95%CI) 

P  
value 

B coefficient 
(95%CI) 

P  
value 

B coefficient 
(95%CI) 

P 
value 

Systolic Blood 
pressure–  
Model 1 

4.08 0.03 3.63 0.003 0.61 0.6 2.59 0.06 0.2 0.86 2.06 0.41 

 0.39,7.77  1.21,6.05  -1.64,2.86  -0.06,5.25  -2.04,2.44  -2.83,6.95  
Model 2 4.45 0.02 3.21 0.01 1.03 0.37 2.6 0.05 3.21 0.79 1.3 0.6 

 0.76,8.14  0.76,5.66  -1.21,3.28  -0.04,5.24  -2.55,1.93  -3.55,6.16  
Model 3 4.66 0.015 2.88 0.022 1.02 0.38 2.55 0.057 -0.37 0.74 1.2 0.63 

 0.92,8.40  0.42,5.34  -1.24,3.27  -0.08,5.19  -2.61,1.86  -3.63,6.02  
Metabolic 
syndrome 
cluster̂ – 
Model 1 

22.14 <0.001 18.7 <0.001 3.17 0.001 8.79 <0.001 1.12 0.79 0.71 0.75 

 9.38,52.21  9.20,38.02  1.59,6.34  4.17,18.52  0.49,2.56  0.09,5.72  
Model 2 16.93 <0.001 9.94 <0.001 1.91 0.05 2.05 0.05 0.25 0.008 0.26 0.21 

 5.04,56.89  4.95,19.94  1.01,3.60  1.01,4.15  0.09,0.70  0.03,2.17  
Model 3 16.22 <0.001 9.55 <0.001 1.86 0.06 2.05 0.05 0.26 0.01 0.26 0.21 

 4.79,54.94  4.75,19.22  0.98,3.51  1.01,4.16  0.10,0.72  0.03,2.15  

 Model 1-  unadjusted for any covariates. 
Model 2 – adjusted for age, gestational age, ethnicity, diet, exercise and family income. Model 3 – adjusted additionally for puberty. 
^ binary logistic regression -  OR shown. 
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To ascertain the effect of trajectories, birthweight and final BMI on cardiovascular risk 

factors, we compared risk factors within pairs of trajectories with similar 14 year BMI  

(1 vs. 2, and 3 vs. 4), adjusting for BMI, and additionally birthweight (Table 3).  In 

boys, but not in girls, HOMA, insulin, triglycerides, SBP and MetS cluster prevalence 

were higher in rising “catch-up” trajectories (2 and 4) compared to “stable high” or 

“falling to moderate”  trajectories (1 and 3), adjusted for confounders, including current 

BMI (model 1).   

To ascertain if trajectories or birthweight contributed greater effect we additionally 

adjusted for birthweight (model 2).  In boys, but not in girls, “catch-up” rising groups (2 

and 4) had higher HOMA, insulin, triglycerides and MetS cluster than groups 1 and 3.  

There was a trend for higher MetS cluster risk in group 2 compared to group 1 (95%CI 

OR=0.93 to11.92).  In each model, birthweight was not a significant covariate. 
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Table 3 – Comparison of trajectories reaching similar final BMI to ascertain relative 

importance of “catch up” growth and birthweight.  Model 1 adjusted for age, 

gestational age, ethnicity, diet, exercise and family income, current BMI.  Model 2 

additionally adjusted for birthweight.  Groups 1 and 3 are referent groups 

 

 

Boys 

Cardiovascular risk factor 
Comparison group 

1 to 2 
 

Comparison group 
3 to 4 

 

 B (95% CI) P value B (95% CI) P value 
HOMA – 
Model 1 0.35 0.003 0.23 0.025 

 0.12,0.59  0.03,0.44  
Model 2 0.34 0.007 0.22 0.035 
 0.09,0.59  0.02,0.43  
Insulin – 
Model 1 0.30 0.009 0.20 0.037 

 0.08,0.53  0.01, 0.39  
Model 2 0.28 0.035 0.19 0.045 
 0.02,0.55  0.005,0.38  
Triglycerides – 
Model 1 0.23 0.02 0.27 0.001 

 0.04,0.41  0.01,0.32  
Model 2 0.19 0.044 0.23 0.003 
 0.05,0.38  0.08,0.39  
SBP – 
Model 1 5.76 0.011 3.77 0.04 

 1.30,10.2  0.21,7.33  
Model 2 4.89 0.033 2.78 0.402 
 0.39,9.39  -0.86,6.4  
Metabolic syndrome cluster- 
Model 1 3.55 0.046 3.90 0.004 

 1.02,12.37  1.54,9.89  
Model 2 3.34 0.063 3.68 0.008 

 0.93,11.92  1.41,9.61  
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Girls 
 

Cardiovascular risk factor 
Comparison group 

1 to 2 
 

Comparison group 
3 to 4 

 

 B (95% CI) P value B (95% CI) P value 
HOMA – 
Model 1 0.05 0.68 0.09 0.27 

 -0.22,0.31  -0.07,0.25  
Model 2 0.05 0.68 0.08 0.37 
 -0.18,0.28  -0.09,0.25  
Insulin – 
Model 1 0.07 0.54 0.08 0.30 

 -0.15,0.28  -0.07,0.23  
Model 2 0.06 0.56 0.06 0.42 
 -0.15,0.28  -0.09,0.22  
Triglycerides – 
Model 1 0.16 0.08 -0.06 0.43 

 -0.02,0.35  -0.19,0.06  
Model 2 0.16 0.09 -0.09 0.17 
 -0.02,0.35  -0.23,0.42  
SBP – 
Model 1 0.66 0.76 1.20 0.57 

 -3.60,4.92  -1.94,4.34  
Model 2 0.50 0.82 0.58 0.73 
 -3.76,4.77  -2.72,3.87  
Metabolic syndrome cluster- 
Model 1 2.62 0.29 1.29 0.60 

 0.44,15.51  0.49,3.38  
Model 2 2.65 0.29 1.31 0.59 

 0.44,15.87  0.48,3.59  
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Perinatal Predictors of adiposity trajectories (Table 4)  

The following summarizes specifically the trajectories consistently associated with high 

cardiovascular risk factors compared to trajectory 5.  Firstly, “stable high” adiposity 

trajectory 1 was associated with maternal hypertension, gestational diabetes (unadjusted 

model only), heavy placental and birth weight, decreased birthweight to placental 

weight ratio, increased maternal BMI,  and early pregnancy weight gain.  Secondly, 

“rising to high” adiposity trajectory 2 was associated with maternal smoking, high 

maternal BMI, decreased middle pregnancy weight gain and low income group.  

Thirdly, “rising to moderate” adiposity trajectory 4 was associated with low birth, and 

placental weight and decreased fetal abdominal circumference, but was not different for 

BW:PW ratio.  

 

Trajectory 1 (”stable high “adiposity) was more likely to have mothers with GDM 

(OR=2.85, 95%CI 1.09,7.44) and  maternal hypertension (OR=2.23, 95% CI 1.48,3.36) 

in unadjusted models, remaining significant for  maternal hypertension in adjusted 

models. 
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Table 4 – The  Effect of Perinatal factors and early family factors on subsequent development of adiposity trajectories.   

Adiposity Trajectories 
1 

“stable  
high” 

2 
“rising  

to  
high” 

3 
“falling  

to  
moderate” 

4 
“rising 

 to  
moderate” 

6 
“moderate  
low stable” 

7 
“very low  

stable” 

Perinatal Predictors 
OR 

(95%CI) 
 

P 
value 

OR 
(95%CI) 

P 
value 

OR 
(95%CI) 

P 
value 

OR 
(95%CI)  

P 
value 

OR 
(95%CI)  

P 
value 

OR 
(95%CI) 

P 
value 

Birthweight (kg) 3.72 <0.001 0.82 0.34 3.92 <0.001 0.25 <0.001 0.43 <0.001 0.15 <0.001 
 2.27,6.10  0.55,1.23  2.85,5.39  0.16,0.38  0.31,0.60  0.07,0.31  

Placental Weight (100g)* 1.48 <0.001 0.95 0.449 1.37 <0.001 0.69 <0.001 0.8 <0.001 0.77 0.049 
 1.26,1.75  0.82,1.09  1.23,1.53  0.59,0.82  0.71,0.90  0.60,1.00  

Birthweight to placental weight 
ratio* 

0.75 0.02 1.03 0.75 0.92 0.25 1.03 0.79 1.05 0.47 0.79 0.16 

 0.59,0.96  0.86,1.23  0.79,1.06  0.84,1.25  0.91,1.22  0.57,1.10  
Gestational Diabetes* 2.71 0.063 0.51 0.38 0.77 0.61 0.27 0.2 0.64 0.39 0.63 0.66 

 0.95,7.74  0.12,2.27  0.27,2.16  0.03,2.04  0.23,1.78  0.08,4.93  
Maternal Hypertension 2.18 <0.001 1.1 0.6 1.16 0.32 0.98 0.93 1.16 0.3 0.61 0.18 

 1.41,3.36  0.77,1.59  0.87,1.56  0.55,1.64  0.87,1.56  0.29,1.27  
Maternal prepregnancy BMI* 1.14 <0.001 1.09 <0.001 1.07 0 1.02 0.469 0.94 0.001 0.84 0.001 

 1.10,1.14  1.05,1.13  1.04,1.10  0.97,1.06  0.90,0.97  0.76,0.93  
Weight gain 0 to 16 weeks 3.6 <0.001 1.72 0.04 1.41 0.13 1.18 0.57 0.93 0.76 0.92 0.86 

 1.92,6.75  1.02,2.92  0.90,2.20  0.66,2.10  0.59,1.47  0.35,2.41  
Weight gain 16 to 34 weeks 1.37 0.38 0.41 0.023 1.15 0.59 0.5 0.1 0.68 0.21 0.42 0.2 

 0.68,2.76  0.19,0.88  0.69,1.93  0.22,1.13  0.37,1.25  0.11,1.60  
Maternal BMI:birthweight ratio (kg) 1.28 <0.001 1.3 <0.001 0.94 0.214 1.29 <0.001 1.02 0.701 1.06 0.55 

 1.12,1.45  1.17,1.44  0.84,1.04  1.16,1.43  0.93,1,12  0.87,1.29  
Maternal Smoker at 34 weeks 1.37 0.18 1.45 0.04 1.04 0.81 0.86 0.48 0.82 0.22 0.85 0.65 

 0.86,2.16  1.02,2.07  0.77,1.40  0.57,1.30  0.60,1,12  0.41,1.74  
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Table 4 (Continued) 
 

Adiposity 
Trajectories 

1 
“stable  
high” 

2 
“rising  

to  
high” 

3 
“falling  

to  
moderate” 

4 
“rising 

 to  
moderate” 

6 
“moderate  
low stable” 

7 
“very low  

stable” 

Perinatal Predictors OR 
(95%CI) 

P 
value 

OR 
(95%CI) 

P 
value 

OR 
(95%CI) 

P 
value 

OR 
(95%CI) 

P 
value 

OR 
(95%CI) 

P 
value 

OR 
(95%CI) 

P 
value 

 
Foetal abdominal 

circumference at 28 
weeks 

1.32 0.13 1.04 0.79 1.64 <0.001 0.5 <0.001 0.92 0.46 0.7 0.23 

N=713 0.92,1.90  0.79,1.36  1.32,2.05  0.37,0.68  0.73,1.15  0.39,1,29  
Foetal abdominal 

circumference at 34 
weeks* 

1.31 0.23 0.76 0.08 1.69 <0.001 0.38 <0.001 0.71 0.012 1.03 0.94 

N=615 0.84,2.05  0.55,1.04  1.30,2.20  0.97,3.28  0.54,1.32  0.47,2.28  
General Parameters             
Lowest income group 1.63 0.096 1.81 0.008 1.01 0.98 0.93 0.8 0.86 0.51 0.89 0.62 

 0.92,2.91  1.17,2.81  0.66,1.54  0.55,1.59  0.55,1.34  0.54,2.83  
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Trajectory 1 (stable high adiposity) had a lower birthweight to placental weight 

(BW:PW) ratio compared to group 5.  In the subset with fetal ultrasounds, “rising to 

moderate” adiposity trajectory (4) had lower, and “falling to moderate” trajectory (3) 

had higher, adjusted z-score of abdominal circumference at 28 and 34 weeks. 

 

“Rising to high” adiposity trajectory 3 had a 32% prevalence of maternal smokers 

compared to 25% in the comparison trajectory 5 (adjusted OR=1.45, 95%CI 1.02 to 

2.07, p=0.04).   

 

Maternal BMI was higher in “stable high”(1), “rising to high”(2) and “falling to 

moderate” (3) trajectories, and lower in “very” (7) and “moderately low (6) stable” 

trajectories.  “Stable high” (1) and “rising to high” (2) had higher maternal weight gain 

to 16 weeks, and “rising to high” (2) had lower maternal weight gain during 16-34 

weeks gestation compared to group 5.   
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Discussion 

This study identified 7 different trajectories of adiposity in a contemporary Western 

population studied from in-utero to 14 years of age. We used an analytic technique of 

semi-parametric mixture modelling which contrasts with conventional growth 

modelling (linear mixed effects) that assumes multivariate normal distribution of 

random effects. The trajectories were identified a-priori before relating them to 

cardiovascular risk, thus avoiding assumptions of a homogeneous population and 

trajectory.  Three trajectories (two rising and one stable high adiposity) had higher 

levels of cardiovascular risk factors (insulin, HOMA, SBP, triglycerides and MetS 

cluster) at age 14.  Accelerated adiposity gain, sometimes referred to as “catch-up 

growth”, had a greater effect on cardiovascular risk than birthweight, highlighted by the 

fact that rising trajectories were at higher risk compared to other trajectories reaching 

similar final adiposity.  High risk occurred with moderate adiposity and moderate 

birthweight (contrary to the known association with overweight and low birthweight) in 

the presence of “catch-up growth”.   We were able to demonstrate intra-uterine and 

perinatal influences on these trajectories, highlighting possible mechanisms and 

multiple pathways that may influence childhood adiposity.  Maternal hypertension and 

gestational diabetes were associated with “stable high” adiposity (trajectory 1); maternal 

smoking and high maternal obesity were associated with “rising to high” adiposity 

(trajectory 2); and “rising to moderate” adiposity (3) was associated with low fetal size.   

 

Previous analyses using semi-parametric mixture modelling or latent class analysis have 

identified comparable trajectories.7, 8, 16   A study using dichotomous obesity outcomes 

identified an “early-onset overweight” trajectory7 corresponding to our “stable high” 

trajectory 1, whereas their “late-onset overweight”7 corresponds to our trajectory 2 

(”rising to high” adiposity).  We describe a further trajectory 4 (“rising to moderate” 
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adiposity), containing individuals ultimately not obese, therefore undetectable with 

dichotomized BMI, but nevertheless associated with high cardiovascular risk.  Direct 

comparison with another study using trajectories starting at 9 years of age is not 

possible, nevertheless, Mustillo et al also identified chronic and late-onset obesity 

trajectories.8  Latent trajectory models, using continuous raw BMI, identified 4 

trajectories consisting of youth of varying risk of becoming obese, highlighting the 

importance of considering heterogeneity of growth in youth.16 

 

Another approach is to identify growth trajectories of those now known to have 

developed cardiovascular disease by observing retrospective earlier anthropometry.  By 

this approach Barker et al found that those who had experienced a coronary event had 

below average early size and rapid weight gain to reach average BMI by 11 years1.  

This corresponded to our trajectory 2 (low to moderate rising adiposity).  In contrast to 

Barker’s study, we identified trajectories prospectively.  The trajectories were defined 

before relating them to cardiovascular risk.  We found a further two distinct high risk 

trajectories: “stable high” (1) and “rising to high” (2). Arguably these trajectories 1 and 

2, achieving high final adiposity, may have only recently become prominent in 

contemporary cohorts where both mothers and children are exposed to obesogenic 

lifestyles.  Only our high risk “rising to moderate” (4) trajectory, which was associated 

with low birth and placental weight, smaller in-utero size and rising postnatal adiposity 

corresponds to the original studies underlying Barker’s hypothesis.1 

 

We found that “catch-up” growth is more influential than birthweight on cardiovascular 

risk factors.  Rising trajectories were associated with greater risk compared to other 

trajectories achieving similar final adiposity.  This further lends credence to concerns 

that adjustment for BMI may spuriously magnify effects of birth weight.17, 18  At least in 



 282 

this population, this resolves the ongoing debate as to the relative importance of these 

factors. Nevertheless, the findings highlight the importance of the interactions of “catch-

up growth”, birthweight and final adiposity.  A misleading picture may be presented 

when using data sets that are less complete than in prospective cohort studies such as 

the one in the present study.   

 

The importance of “catch-up” growth was only seen in males.  Differences in fetal 

programming have been observed in animal19 and human20 studies, more often being 

observed in males.  The difference between males and females may be also be due to 

the effect of puberty on cardiovascular risk factors during adolescence.  Transient 

insulin resistance is known to occur during puberty with girls being more insulin 

resistant at all pubertal stages.21  Girls in the current study were pubertally more 

advanced than the boys.  This needs further study as the children pass through puberty 

to ascertain if the sex differences in the effects of fetal programming remain in this 

human cohort. 

 

An “early-onset overweight” trajectory in another study, comparable to our trajectory 1 

(“stable high adiposity”) was associated with high maternal BMI and  weight gain 

during pregnancy7.  Our “stable high” (1) trajectory was associated with these maternal 

factors, but also with GDM and maternal hypertension. GDM is known to be associated 

with  large for gestation age (LGA) neonates 22, 23, adolescent overweight24 and MetS22 

in the offspring.   LGA have greater risk of subsequent diabetes.25   Our data showed 

that this trajectory associated with GDM, is also associated with LGA, heavier placentas 

relative to birthweight (decreased BW:PW ratio), chronic high adiposity throughout 

childhood and higher adolescent cardiovascular risk factors.   
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Maternal smoking during pregnancy was associated with our “rising to moderate”(4), 

comparable to the association seen with a “late-onset overweight” trajectory7.   

Similarly, neonates of pregnant smokers born in the 1950’s were lighter before 

becoming overweight adolescents26.  Contemporary western children of smokers are 

more likely to experience “catch-up growth”27  and obesity by 5-7 years28.  In addition 

to maternal smoking, our “rising to high”(2) trajectory,  was also associated with high 

maternal BMI and low socioeconomic status (SES).  We hypothesize a double source of 

risk, neonates being relatively growth restricted (not absolutely small) through maternal 

smoking29  but concurrently heavier via effects of high maternal BMI, poor SES and 

attendant poor diet30.  Overweight mothers induce dose-dependent glycaemic effects 

during pregnancy on insulin resistance risk and birthweight within normal glucose 

limits.23  This corroborates our previous findings that LGA with pregnant smoking 

mothers had an OR of 14.0 of being at high metabolic risk at age 8.9 

 

Critical periods of postnatal weight gain have been debated.   Some suggest between 

birth and 6 months is critical31, 32.  By contrast, Law et al, showed that weight gain <12 

months had no effect, rather weight gain between 1-5 years was associated with higher 

BP.33    In figure 1, the first cross-over of our trajectories is complete by 2 years with 

some gaining and others losing adiposity.  At a population level, overall changes in 

adiposity prior to this are unlikely to predict future cardiovascular risk as per Law et 

al33;  but if those at high risk are first selected, weight gain before 2 years could be 

highly predictive of cardiovascular disease for individual high risk groups31, 32.  

Adiposity rank of trajectories appears to be unchanged after about 6 years, at least up to 

the measured time point of 14 years.  Therefore, the critical weight gain period occurs 

prior to this age, consistent with Law et al’s cut-point of 5 years33.   
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Figure 3 -  Changing relationship between birth weight and insulin resistance with 

changing dominance of adiposity trajectory prevalences. 
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Dominance of different trajectories could allow prediction of a fluid relationship 

between birthweight and cardiovascular risk.  Firstly, we consider populations with 

limited calories before the development in recent decades in Westernized countries of 

“obesogenic environments”.  Highest final weight trajectories (1 and 2) would have 

been less prevalent.   Further, a “falling to moderate” trajectory 3 associated with 

limited postnatal calories and trajectory 4 associated with low birthweight and low in-

utero size (due to some extent to limited maternal nutrition) would have been more 

common.  Excluding trajectories 1 and 2 results in a negative association between 

birthweight and HOMA (Figure 3a).  The “rising to moderate” trajectory 4, most closely 

comparable to the original cohorts founding the Barker hypothesis, is critical in driving 

this negative relationship. (Figure 3a)  Secondly, in transitional populations 

characterised by increasing GDM and maternal obesity, group 1 (“stable high” 

adiposity) becomes more likely, and the descending trajectory 3 (falling to moderate 

adiposity) less likely.  The dominant trajectories 1, 4 and 5 show a U-shaped 

relationship between birthweight  and HOMA  (Figure 3b) similar to findings in 

western9  and transition populations25.   Finally, an increasingly obesogenic 

environment should result in a dominance of “rising to high” (2) and “stable high”(1) 

(associated with maternal obesity) trajectories  and declining prevalence of “falling to 

moderate”(3) trajectory, thereby resulting in a positive relationship between birthweight 

and cardiovascular risk  (figure 3c).  Exclusion of the “very low stable” trajectory 7, 

which includes more non-Caucasians emphasizes the 3 patterns of relationship 

(negative linear, U-shaped and positive linear) between birthweight and insulin 

resistance.  

 

A limitation of our study is its moderate size; 2280 subjects defined the trajectories at 

the outset but with inevitable attrition in longitudinal studies, 1106 had cardiovascular 
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risk factors measured at 14 years.   However, the number of subjects is larger than 

previous obesity studies using latent class or semi-parametric mixture models.  

Although uncertainty occurs with assignation of trajectory membership, analysis within 

“Proc Traj” taking into account this uncertainty revealed almost identical results.  

Further the endemic problem of missing data in longitudinal analysis has been partially 

overcome by “Proc Traj” which accommodates random missing data. 15  Using "Proc 

Traj" on subjects with no missing data revealed similar trajectories albeit with wider 

confidence intervals.  A further limitation is the use of indirect approximation of 

adiposity, such as BMI.   

 

In conclusion, our data have extended knowledge from previous longitudinal studies.  

We have shown firstly that multiple adiposity trajectories exist, secondly that 

cardiovascular risk occurs without overweight, but by virtue of accelerated adiposity 

gain, thereby definitively showing that “catch–up growth” is more important than 

birthweight.  Thirdly, we have related perinatal influences specific to certain 

trajectories.  This framework predicts a positive relationship between birthweight and 

cardiovascular risk in increasingly obese populations of the future, and provides scope 

for early targeting for prevention of cardiovascular and metabolic diseases. 
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Appendix 1 – Assessing Proc Traj Model accuracy 

 

Table 1-  With increasing numbers of groups from 2 to 7 groups, the BIC was  

progressively higher and the Bayes Factor estimation was >1018 .  Row 2 shows the 

change in BIC statistic and approximation of Bayes factor between 6 and 7 groups (both 

using all quadratic specifications).  The Bayes Factor approximation was 3.7 E+36 

showing extremely strong evidence of improvement of the model between 6 and 7 

groups.  Row 3 shows the change in BIC statistic and approximation of Bayes factor 

with 7 groups comparing an all quadratic to a mixed quadratic and linear specification.  

The Bayes factor approximation was 8.0E-28, showing weak evidence of improvement 

in model.  Therefore, the best model was judged to be the 7 groups with all quadratic 

specifications. 

No Of 

Groups 
Order BIC BIC 

Change In 

BIC2 
eBIC 

I 
– BIC

 J
 

  n=individuals n=observations   

5 
All 

quadratic 
-14793.96 -14777.52   

6 
All 

quadratic 
-14755.15 -14735.42   

7 
All 

quadratic 
-14674.23 -14651.21 84.21 3.73E+36 

7 2122222 -14735.80 -14713.60 -62.39 8.02E-28 
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Table 2 – Judging model adequacy by assessing 1.  # Average Posterior Probability of 

Assignment for each trajectory group (AvePPj), 2.  †  Odds of correct classification 

(OCCj) and . 3. ‡ Correspondence between Πj and proportion assigned to group j based 

upon maximum posterior probability assignment rule. 

Group ‡  Πj # AvePPj †  OCCj ‡Nj/N 

1 0.031 0.84 164.1 0.027 

2 0.11 0.70 18.9 0.092 

3 0.12 0.71 18.0 0.102 

4 0.185 0.76 14.0 0.182 

5 0.312 0.67 4.5 0.371 

6 0.182 0.72 11.6 0.176 

7 0.060 0.81 66.8 0.050 

 

#  - Average Posterior Probability of Assignment for each trajectory group (AvePPj) 

was greater 0.67 for all groups ranging up to 0.84.  Ideally, the AvePPj should lie 

between 0.7 and 1. 

†  -  Odds of correct classification (OCCj).  This statistic measures the odds of correct 

classification for group j by contrasting the odds of correct classification based on 

maximum posterior probability classification rule to odds of correct classification based 

on random assignment according to the estimated population base rate Πj.  .  The larger 

value of the odds of correct classification indicates better assignment accuracy.  Table 2 

shows that OCCj are greater than 4.5 indicating reasonable assignment accuracy.  
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‡  - Correspondence between Πj and the proportion of the sample assigned to group j on 

the basis of the maximum posterior probability rule 

In an adequate model, Nj/N should equal Πj  in column 1.  Table 2 shows close 

correspondence between these two values. 
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10.3 –Discussion 

 

In this contemporary Australian population, seven adiposity trajectories were found, of 

which two had evidence of “catch up” growth or accelerated adiposity.  These two 

trajectories with “catch up” growth and a further “stable high adiposity” trajectory were 

found to be most consistently associated with high cardiovascular risk (including higher 

insulin, HOMA, SBP and risk of the “metabolic cluster”.  Trajectories which ultimately 

had a similar current BMI had different cardiovascular risk factors; those with “catch 

up” growth had higher risk factors.  I also concluded that “catch up” growth had a 

greater effect upon these cardiovascular risk factors than birthweight.   

 

“Rising to moderate” adiposity was associated with smaller fetal abdominal 

circumference measured by ultrasound imaging.  “Rising to high” adiposity was 

associated with increased maternal smoking in pregnancy and BMI.  “Stable high” 

adiposity was associated with maternal hypertension and gestational diabetes.  This 

corroborates, but adds a further dimension of understanding to my cross sectional 

findings in chapter 7, whereby the importance of maternal smoking during pregnancy 

and birth size were demonstrated.  For example, in chapter 7, I found that those who had 

mothers who smoked during pregnancy and were also large for gestational age had an 

OR of 14.0 of being at high metabolic risk at age 8.   Meanwhile, in the current chapter, 

the offspring of overweight mothers and who smoked during pregnancy were more 

likely to follow a “rising to high” adiposity trajectory which was associated with higher 

cardiovascular risk factors. 

 

I hypothesize that world-wide increases in maternal obesity and infant birthweight could 

shift the balance of adiposity trajectory prevalences.  In doing so, the relationship 
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between birthweight and cardiovascular disease, the focus of active epidemiological and 

animal investigations, may alter from a negative to positive relationship, through a 

transition U shaped relationship.   In confirmation of this, I found such a “u-shaped” 

relationship between birth size and cardiovascular risk when investigating this cohort 

cross sectionally at the 8 year follow-up (chapter 7). 
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Overall Conclusions and Discussion 

 

I have observed a prospective population study both in cross sectional and longitudinal 

analyses.  The Raine Pregnancy Cohort study represents a contemporary Australian 

childhood population.  As such it is primarily Caucasian, and lifestyle patterns are 

representative of current behaviours.  The children are well nourished and full term, 

making the findings of this thesis directly applicable to normal populations in developed 

countries at the current time.  It is also probable that the lessons learnt from such a 

population are likely to be applicable to developed countries in the future as they adopt 

more obesogenic and westernized lifestyles. 

 

Firstly, I demonstrated, at two time points that a considerable proportion of the children 

were at high cardiovascular risk.  This is particularly pertinent at a time when 

complacency might occur as recent dramatic rises in childhood obesity and overweight 

are probably plateauing.  The findings in this thesis recognize the importance of 

childhood obesity as a public health issue and dispute the claims that this problem is 

being exaggerated.1  In chapter 8, I have shown, by using cluster analysis and avoiding 

arbitrary definitions of childhood obesity, that nearly 30% of Australian adolescents are 

at risk of future adiposity related diseases at 14 years.2  Not far behind this, at age 8 

years, one quarter of the children were at high risk of future adiposity related disease, as 

demonstrated in chapter 7.3  This highlights the magnitude of the problem.  As well, 

cluster analysis can identify at an earlier stage, those children at increased 

cardiovascular risk. 

 

C-reactive protein (CRP) is a marker of future cardiovascular disease in adults and is 

associated with adverse metabolic profiles in children.  As further validation of this 
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cluster classification, the” high risk” children had significantly higher CRP levels at age 

14 years compared with their low risk counterparts.  Apart from systemic inflammation, 

markers of liver inflammation, GGT and ALT were significantly higher in the “high 

risk” children. 

 

Adiposity clearly accounts for the largest amount of variance for most cardiovascular 

risk factors.  I showed that there are nuances to consider when deciding which 

representative anthropometric measure best relates to cardiovascular risk factors in 

adolescence.  The findings in chapter 9 suggest that puberty may play a role in 

modifying these relationships in adolescence.  I showed that central adiposity was 

associated with several risk factors such as insulin resistance, triglycerides and CRP.  

However, LDL and total cholesterol were predicted by short height, and SBP and UA 

were predicted by heavy weight and tall height.    In chapter 9 we also saw further 

evidence of the grouping of risk factors, suggesting that groups of risk factors may have 

different pathogenic pathways.   For example, chapter 9 showed grouping of SBP with 

UA.  In chapter 8, SBP was shown to be an independent predictor of UA.  This is also 

consistent with other data showing elevated UA in hypertensive and preeclamptic 

subjects. 

 

A further complexity of the role of adiposity was highlighted in chapter 8 whereby 

adiposity acted synergistically with the cluster group to contribute to the highest levels 

of inflammation systemically and in the liver.  

 

Cross-sectionally, I showed a U shaped relationship between birth weight and the 

metabolic cluster.   With the definition of growth trajectories using semiparametric 

models, I showed that the U shaped relationship is likely to be present in populations of 
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transition.   Certainly, U shaped relationships have mostly been seen in Pima Indians 

and contemporary Asian populations.  This occurs when there is a dominance of both 

ascending trajectory to high final adiposity and constant high adiposity trajectory.  

Strictly speaking the Raine Pregnancy Cohort participants are not a transitional 

population, but they are experiencing increasing obesogenic lifestyle influences.  The U 

shaped relationship arises because of the dominance of the constant high adiposity 

trajectory.  I showed that maternal factors (maternal hypertension and diabetes) are 

associated with this trajectory.  One could conjecture that the importance of increasing 

obesogenic lifestyle influences are transgenerational and are as, or more, important on 

the mothers than on their children.   

 

Cross sectional and longitudinal analysis show that early risk factors play a role in 

cardiovascular risk.  They include postnatal weight gain, maternal smoking in 

pregnancy, maternal adiposity, in utero abdominal circumference, breast feeding, 

maternal BMI to birthweight ratio and birthweight to placental ratio,   

 

Analyses in chapters 7 and 10 show a consistent effect of postnatal weight gain and 

maternal smoking on cardiovascular risk.  In chapter 7, offspring born to mothers who 

smoked and who were large at birth, having withstood the normal stunting effects on the 

fetus of maternal smoking, were more likely to be at high metabolic risk.  The 

trajectories (chapter 10) are able to demonstrate a different aspect of these findings, 

showing that those mothers who smoked were more likely to have offspring who had an 

ascending adiposity trajectory to high final adiposity.  This trajectory was associated 

with high cardiovascular risk.   
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The role of postnatal weight gain on cardiovascular risk was highlighted both in the 

cross sectional and longitudinal analyses.  I observed the very strong influence of 

postnatal weight gain on the metabolic high risk cluster.  This is confirmed and 

extended in the longitudinal analysis where, on direct comparison of adiposity 

trajectories attaining comparable final adiposity, the ascending trajectory had highest 

cardiovascular risk factor levels.  Thereby, it showed that the effect of weight gain was 

an independent predictor of cardiovascular risk and not a spurious finding based upon 

the strong effects of final weight.  

 

By contrast, the role of breast feeding was only seen in the cross sectional analysis on a 

smaller subset.  No difference was seen for breast feeding in the longitudinal adiposity 

trajectories.  This reflects the inconsistent literature in this area which appears to be 

affected by publication bias towards positive results. 

 

Concerns have been raised about inappropriate adjustment for final weight in regression 

models causing a spurious negative association to be seen between birthweight and 

cardiovascular risk.  The adiposity trajectories go some way to resolving this 

contention.  The trajectories show that the birthweight to cardiovascular risk 

relationship alters according to which adiposity trajectories are dominant.  The 

trajectories show that ascending adiposity trajectories with greater than expected 

postnatal adiposity gain have higher risk than any other adiposity trajectory with either a 

descending or constant gradient over time.  Therefore, the longitudinal analysis suggests 

that postnatal weight gain and final adiposity are more important, across different 

populations, than birthweight in determining cardiovascular risk.  
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The work in this PhD defines the nuances of risk stratification in adolescence, a time of 

pubertal development.  It highlights the need to account for differences within sexes, 

age and puberty, and cardiovascular risk factors.  It also highlights the need to account 

for the clustering of risk factors.  It shows that this clustering is complex and may be 

synergistic with adiposity.  It shows that early perinatal risk factors affect childhood 

growth patterns and cardiovascular risk profiles, many of which can be identified easily 

by current normal clinical practice, at or near to the time of birth.  As a whole, it 

provides information on how to design comprehensive stratification and prevention 

programmes that can be implemented early in life to stem the consequences of the 

childhood obesity epidemic.  Future work will need to focus on the affect of antenatal 

growth patterns and the gene-environmental influences on cardiovascular risk in 

childhood.  Follow up of this cohort will allow cardiovascular risk, especially clustering 

of risk factors to be tracked into adult life in this cohort. 
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Background: Features of the metabolic syndrome comprise a major risk for cardiovascular disease and will increase in prevalence
with rising childhood obesity. We sought to identify early life influences on development of obesity, hypertension and
dyslipidemia in children.
Methods and results: Cluster analysis was used on a subset of a longitudinal Australian birth cohort who had blood samples at
age 8 (n¼ 406). A quarter of these 8-year-olds fell into a cluster with higher body mass index, blood pressure (BP), more adverse
lipid profile and a trend to higher serum glucose resembling adult metabolic syndrome. There was a U-shaped relationship
between percentage of expected birth weight (PEBW) and likelihood of being in the high-risk cluster. The high-risk cluster had
elevated BP and weight as early as 1 and 3 years old. Increased likelihood of the high-risk cluster group occurred with greatest
weight gain from 1 to 8 years old (odds ratio (OR)¼1.4, 95% confidence interval (CI)¼1.3–1.5/kg) and if mothers smoked
during pregnancy (OR¼1.82, CI¼ 1.05–3.2). Risk was lower if children were breast fed for X4 months (OR¼0.6, 95%
CI¼ 0.37–0.97). Newborns in the upper two quintiles for PEBW born to mothers who smoked throughout pregnancy were at
greatest risk (OR¼14.0, 95% CI¼ 3.8–51.1) compared to the nadir PEBW quintile of non-smokers.
Conclusion: A U-shaped relationship between birth weight and several components of the metabolic syndrome was confirmed
in a contemporary, well-nourished Western population of full-term newborns, but post-natal weight gain was the dominant
factor associated with the high-risk cluster. There was a prominence of higher as well as lowest birth weights in those at risk.
Future health programs should focus on both pre- and post-natal factors (reducing excess childhood weight gain and smoking
during pregnancy), and possibly the greatest benefits may arise from targeting the heaviest, as well as lightest newborns,
especially with a history of maternal smoking during pregnancy.
International Journal of Obesity (2007) 31, 236–244. doi:10.1038/sj.ijo.0803394; published online 23 May 2006

Keywords: metabolic syndrome; pediatrics; smoking; birth weight; maternal smoking; breast feeding

Background

Prevalences of childhood overweight and obesity are in-

creasing dramatically worldwide with rates in many coun-

tries doubling or tripling over the last 20 years.1 In Australia,

the prevalence of childhood obesity trebled in 1985–1997.2

In Britain, 23.6% children were classed as overweight in 1998

compared with 14.7% in 1989.1 Obesity, overweight and

blood pressure (BP) track into adulthood.3 Increases in

childhood and early adult onset diabetes may translate into

increases in adult cardiovascular disease.4 Identifying chil-

dren with cardiovascular disease risk factors and antenatal/

early childhood influences amenable to change is of major

public health importance.

Clustering of the cardiovascular risk factors that com-

prise the metabolic syndrome (hypertension, dyslipidemia,
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impaired glucose tolerance and obesity) has been recognized

since the 1920s.5 Definitions of the metabolic syndrome are

problematic, based on arbitrary cutoff points for several

quantitative variables, where each variable is related linearly

to cardiovascular risk. Even consensual definitions differ

between international authorities and continue to change.6,7

Moreover, such cutoffs are not appropriate for use in

children where body mass index (BMI), BP, triglycerides,

glucose and insulin are lower than in adults.

Childhood predictors of adult cardiovascular disease had

focused on birth weight per se8,9 and teenage years.10

Increasingly, attention has focused on prenatal and early

post-natal factors, particularly with a view to trajectories or

longitudinal changes in weight.11,12

Low birth weight has been associated with adult onset

diabetes,13 coronary heart disease8,14 and hypertension,15

however, there are issues to consider concerning inappro-

priate correction for current weight,16 incomplete

adjustment for socioeconomic factors17 and publication

bias.18–20

To investigate further the influence of birth weight, post-

natal weight gain and maternal factors such as smoking

during pregnancy and breast feeding on children’s subse-

quent predisposition to cardiovascular disease, we used data

from a cohort of Western well-nourished children followed

from 18-week gestation to age 8 years.

Materials and methods

The Raine Cohort subjects were serially recruited from

Western Australia’s major perinatal centre, King Edward

Memorial Hospital and nearby private practices between

1989 and 1992. Pregnant women (n¼2979) were recruited

between the 16- and 18-week gestation. Further criteria

included English proficiency sufficient for informed consent

and intention to remain locally for follow-up through

childhood. The study was approved by the institutional

ethics committees. The initial cohort comprised 2860 live

births. Details of data collection in this cohort have been

published previously describing the antenatal21 and post-

natal periods.17 Gestational age was precisely ascertained

according to a research protocol21 by date of last menstrual

period if the mother was certain of dates and there was less

than 7 days discrepancy with biometry. Otherwise, it was

determined by 18-week ultrasound studies.

Children were re-evaluated at ages 1, 3, 5 and 8 years.

Weight was measured using a Wedderburn Digital Chair

Scale to the nearest 100 g with children dressed in under-

clothes. Height was measured to the nearest 0.1 cm with a

Holtain Stadiometer. Forty-five minutes after entering the

room, the child had BP measured seated, using the appro-

priate cuff size with an oscillometric method (Dinamap

8100, Crikon, USA). Two readings were taken 1 min apart

and the average used in the analysis.

Parents were asked to take children to a local pathology

centre for an overnight fasted blood sample. The samples

were separated, before transport on ice to Royal Perth

Hospital biochemistry laboratory where the lipids (high-

density lipoprotein (HDL), low-density lipoprotein (LDL),

HDL cholesterol) and serum glucose levels were measured

using a Hitachi 917 autoanalyser.

Data were obtained antenatally (smoking in pregnancy)

from 18-week gestation questionnaire and perinatally (birth

weight, gestational age) from midwife records. Maternal

education (education not higher than secondary schooling,

technical qualification or diploma, tertiary qualification)

and family income (annual earnings in Australian dollars

as 0–$25 000, $25 001–$40 000, $40 001–$60 000, 4$60 000)

were obtained from the 8-year follow-up questionnaire.

Duration of any breast feeding (o4 months, X4 months)

was obtained prospectively from 12-month follow-up

questionnaires.22 Weight gain was calculated by the

difference of measures at time points of birth, 1, 3, 5 and

8 years.

The percentage of expected birth weight (PEBW) by

gestational age was calculated by an algorithm developed

on a Western Australian Caucasian population.23 PEBW is a

more useful measure of healthy intrauterine growth than

neonatal weight as it takes into account many of the

potential variables that affect birth weight including gesta-

tional age, nulliparity, sex of child and maternal height.

Statistical methods

Cluster analysis. To overcome problems of definition of

‘childhood metabolic syndrome’, we used two-step cluster

analysis to define two groups with higher or lower values for

variables that constitute the metabolic syndrome in adults.

BMI, systolic BP (SBP), serum triglyceride and glucose at 8

years were used as clustering variables. Cluster analysis is a

statistical method based on algorithms, which seek to

minimize within-group variation and maximize between-

group variation for the clustering variables.24 We refer to the

group with higher values as the ‘high-risk cluster’ group.

Using one-way analysis of variance (ANOVA) and binary

logistic regression, PEBW, BP, birth anthropometry, long-

itudinal weight, change in weight, maternal smoking habits

during pregnancy and breast feeding duration were exam-

ined for associations with the high-risk cluster. Logarithmic

transformation was used for variables not normally distrib-

uted. Associations between categorical variables were exam-

ined using w2 tests. Binary logistic regression was used to

examine the effect of PEBW quintiles on likelihood of the

high-risk cluster with the nadir used as the referent group.

Post hoc analysis was undertaken looking at associations of

arm, chest and head circumference with high-risk cluster

using one-way ANOVA. Statistical significance was defined at

the 5% level. SPSS 12.0 software (SPSS, Chicago, IL, USA) was

used for analyses.
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Results

At the 8-year follow-up, 2518 of the original 2860 were

eligible for follow-up after exclusion of children who were

deceased or uncooperative. Assessments were completed for

1957 of the 2518 children; 520 children were excluded

(multiple births, o38-week gestation and congenital anoma-

lies). Four hundred and fifteen agreed to blood sampling. Of

these, satisfactory measurements for fasting lipids and

glucose were obtained on 406 children. Table 1 shows that

those with adequate blood samples were from higher income

groups and had nonsignificantly higher BP. The character-

istics of the children at birth and at age 8 years and of the

mothers of the mother–child pairs included in the analysis

have previously been reported.17

Cluster analysis

About 25% of the 406 children fell into the high-risk cluster

with a similar proportion of boys and girls (wdf¼ 1
2 ¼2.69,

P¼0.101). They showed significantly greater weight, BMI,

height, arm circumference, BP, total cholesterol, triglycerides

and LDL, and lower HDL cholesterol. (Table 2). The degree of

separation of the main features of the high- and low-risk

clusters are shown in Figure 1.

Association of cluster group with measurements at birth

The high-risk cluster was significantly associated at birth

with an increased triceps skin fold (x̄¼4.4 (s.d.¼1.0) mm vs

x̄¼4.2 (s.d.¼0.8) mm, P¼0.017) and lower birth weight–

placental weight ratio (x̄¼5.7 (s.d.¼0.8), x̄¼6.0 (s.d.¼0.9),

P¼0.004) but not with neonatal length, unadjusted birth

weight, head circumference, abdominal circumference, para-

scapular and infrascapular skin folds or placental weight (all

P40.1). There was no linear association between PEBW or

birth weight with the high-risk cluster group before or after

adjustment for socioeconomic status (maternal education

and family income), gender, maternal diabetes and maternal

smoking.

Data were then examined according to quintiles of PEBW

and showed a U-shaped relationship with being in high-risk

cluster. (Figure 2) In binary logistic regression using lowest

likelihood of being in the high-risk cluster group (2nd

quintile) as the referent group, the odds ratio (OR) in the 1st,

4th and 5th quintiles after adjusting for gender, socio-

economic status and maternal smoking in pregnancy and

gestational diabetes were 2.33 (95% CI¼1.05–5.14,

P¼0.037), 2.32 (95% CI¼1.06–5.04, P¼0.034) and 2.22

(95% CI¼1.03–4.79, P¼0.043), respectively. The compar-

ison between PEBW quintile 3 and 2 was not statistically

significant (P¼0.275).

Modifiers of the association of cluster group with PEBW

Effect of smoking during pregnancy. As earlier studies on this

cohort showed that maternal smoking influenced the

relation between birth weight and BP at age 6 years,25 data

were analyzed separately for maternal smokers and non-

smokers during pregnancy. Characteristics at birth of

children born to smoking and non-smoking mothers are

shown in Table 3. Using a binary logistic model, children of

mothers who smoked in pregnancy were more likely to be in

the high-risk cluster group than children of non-smokers

(OR¼ 1.82, CI¼1.05–3.2, P-value¼0.033). This was particu-

larly apparent at the higher birth weight (PEBW) quintiles.

Children in the upper two quintiles for PEBW who were born

to mothers who smoked throughout pregnancy were at

increased risk of the high-risk cluster (OR¼14.0, 95% CI

3.8–51.1) when compared to the referent nadir group (2nd

Table 1 Comparison between subset of children who did and did not receive

a blood test at 8-year old survey

Variable Group included in

analysis

Group without

blood tests

P-value

Mean (s.d.) Mean (s.d.)

N 406 1031

Weight (kg) 28.4 (5.3) 28.2 (5.8) 0.507

Height (cm) 129.5 (5.7) 128.9 (6.0) 0.09

BMI (kg/cm2) 16.8 (2.4) 16.8 (2.6) 0.994

SBP (mm Hg) 104.9 (9.0) 103.8 (10.2) 0.06

Birth weight (g) 3501 (447) 3452 (452) 0.051

PEBW 1.02 (0.12) 1.01 (0.12) 0.249

Male:female ratio 1.2 0.97 0.055*

Income group (3 df) 0.046*

Abbreviations: BMI, body mass index; PEBW, percentage of expected birth

weight; SBP, systolic blood pressure. *w2 testing.

Table 2 Characteristics of the children in and out of the high-risk cluster at

age 8

Variable High risk cluster P-value

Yes No

Mean (s.d.) Mean (s.d.)

N 102 304

Age (years) 8.2 (0.3) 8.1 (0.3) 0.24

Weight (kg) 33.20 (6.60) 26.74 (3.48) o0.001**

Height (cm) 131.0 (5.32) 128.94 (5.70) 0.001**

BMI (kg/cm2) 19.21 (3.00) 16.04 (1.35) o0.001**

Head circumference (cm) 53.57 (1.52) 53.07 (1.35) 0.002**

Chest circumference (cm) 68.74 (6.84) 62.41 (3.35) o0.001**

Arm circumference (cm) 22.25 (2.80) 19.32 (1.63) o0.001**

Cholesterol (mmol/l) 4.6 (0.7) 4.4 (0.7) 0.011*

Triglycerides (mmol/l) 1.0 (0.4) 0.6 (0.2) o0.001**

HDL (mmol/l) 1.4 (0.3) 1.6 (0.3) o0.001**

LDL (mmol/l) 2.8 (0.6) 2.6 (0.7) 0.010*

HDL cholesterol ratio 3.4 (0.8) 2.9 (0.7) o0.001**

Glucose (mmol/l) 4.6 (0.5) 4.5 (0.4) 0.30

SBP (mm Hg) 110.2 ( 9.6) 103.2 (8.0) o0.001**

DBP (mm Hg) 57.6 (6.1) 55.2 (5.6) o0.001**

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HDL,

high-density lipoprotein; LDL, low-density lipoprotein; SBP, systolic blood

pressure. *Po0.05. **Po0.005.
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quintile PEBW and children of non-smokers). In separate

models for maternal smoking or non-smoking during

pregnancy, the suggestion of a J-shaped relationship is still

present. (Figure 3) In maternal smokers, the OR for the high-

risk cluster in the offspring for the 4th and 5th quintiles

compared to the 2nd quintile were 8.75 (95% CI¼1.5–50.1)

and 7.5 (95% CI¼ 0.99–56.8), respectively. In non- or ex-

smoking mothers, the OR for the high-risk cluster in

offspring for the 1st quintile compared to the 2nd quintile

was 2.9 (95% CI¼1.1–7.6).

Effect of duration of breast feeding. Breast feeding X4 months

resulted in an OR¼0.6 (95% CI¼0.37–0.97) for the high-risk

cluster relative to breast feeding for o4 months. With longer

duration of breast feeding (X4 months), there is a U-shaped

curve. Using the 2nd quintile as the reference, the OR for the

1st quintile is 6.7 (95% CI¼1.8–24.8), 3rd quintile is 5.0
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Table 3 Birth features of babies born to mothers who did and did not smoke

during pregnancy

Variable Maternal non-smoker Maternal smoker P-value

Mean (s.d.) Mean (s.d.)

Birth weight (g) 3513 (444) 3320 (441) o0.001**

PEBW (%) 102.6 (11.9) 97.4 (11.7) o0.001**

Placental weight (g) 600 (123) 613 (120) 0.044*

Birthweight:placental ratio 5.9 (0.9) 5.7 (0.9) o0.001**

Abbreviations: PEBW, percentage of expected birth weight. *Po0.05.

**Po0.005.
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(95% CI¼1.4–18.4), 4th quintile is 5.5 (95% CI¼1.5–20.3)

and the 5th quintile is 5.1 (95% CI¼1.4–18.9) (Figure 3).

Breast feeding for a shorter period of time (o4 months

compared to X4months) was associated with a larger weight

gain in kilograms in the first 12 months of life (x̄¼7.0 kg,

s.d.¼1.1 vs x̄¼6.8 kg, s.d. 1.2, P-value¼0.001), but did not

translate into larger weight gains between 12 months of age

and 8 years.

Effect of post-natal weight gain. Weight gain between 1 and 8

years of age strongly affected the risk of being in the high-

risk cluster. Those in the highest third of weight gain were at

substantially greater risk (Figure 4). With each kilogram

increase in weight between 1 and 8 years of age, the OR was

1.4 (95% CI¼1.3–1.5). In the highest tertile, there was a

nonsignificant suggestion of the U-shaped relationship.

Weight gain between birth and 12 months of age was not

associated with an altered risk for high-risk cluster.

Tracking of BMI, weight, weight gain and BP measurements at 1,

3 and 5 years with high-risk cluster group at 8 years of age. The

high-risk cluster was strongly associated with weight and

BMI at 3 years of age and at 5 years of age (all Po0.001).

Those in the high-risk cluster at 8 years had significantly

higher SBP at ages 1, 3 and 5 years. At 8 years, weight gain

between 1–3 years, 3–5 years and 5–8 years was significantly

associated with the high-risk cluster but weight gain from

birth to 12 months did not show this association. (Table 4).

Discussion

In an extensively characterized longitudinal birth cohort, we

identified a quarter of Western Australian 8-year olds with

substantially higher BMI, BPs, serum cholesterol and trigly-

cerides and lower HDL. Serum glucose tended to be higher in

this group, but was not significantly so. This cluster

paralleled several features of the metabolic syndrome in

adults. Given previous reports of the tracking of obesity and

associated metabolic disorders from childhood into adult

life,3 these 8-year olds are likely to be at high risk of

developing obesity, hypertension, diabetes and atherosclero-

tic disease as adults.

Fasting glucose contributed least to the cluster and fasting

insulin levels were not available, but will be in a more

extensive follow-up of this cohort at 13 years. Fasting glucose

alone is not the best measure of insulin sensitivity26 and is
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also prone to greater variation if not all the children had, in

fact, fasted before sampling.

The 406 children with blood samples available were

generally representative of the larger Raine cohort studied

since birth, but included a slightly higher proportion from

higher income groups. This may have introduced bias,

underestimating the number of children at high risk as

higher socioeconomic status is associated with lower cardio-

vascular risk.27

The relationship between PEBW and the high-risk cluster

at age 8 was U-shaped. Similar distributions of birth weight

with later type 2 diabetes have been shown in populations of

Pima Indians28 and Asians,29 even though they differ from

the type of population we studied. Our cohort was derived

from a geographically stable population generally of

European descent, of a relatively high standard of living

and education, consuming a contemporary Western diet. It

included few individuals making rapid transitions from a

traditional to Western lifestyle, such as recent immigrants.

The U-shaped distribution of birth weight when plotted

against the high-risk cluster in this study confirms that such

a relationship applies to a well-nourished and relatively

affluent community, and not just in populations undergoing

deprivation or recent economic change. The design of the

analysis restricted cases to 437-week gestation, thus exclud-

ing cases of fetal growth restriction delivered pre-term; such

cases may have been included in analyses of older cohorts

where gestational age was less precisely ascertained. It

therefore also confirmed this relationship in exclusively

full-term babies.

The right shift in the birth weight to high-risk cluster curve

may be owing to increasing caloric excess in Western society

over the last 80 years. Undernutrition during pregnancy

causing poor fetal growth is now less common; far more

likely to exist in earlier cohorts30–32 affected by the Great

Depression, World Wars and the much-quoted Dutch

famine33 and in contemporary developing countries.34

Consistent with this, the mean birth weight of our cohort

was 3501 g compared with a mean of 3166 and 3220 g during

the Dutch famine33 and 2600 g in girls and 2800 g in boys in

contemporary India.34 The mean male birth weight in our

cohort is higher (3533 g, s.d.¼458 g) compared with the

males in the Helsinki studies (3456 g, s.d.¼490),14 but

similar to those in the Hertfordshire cohort (3500 g, s.d.

600 g).30,31 Low birth weight is now much more likely to be

owing to pre-term birth, placental dysfunction, maternal

disease, obstetric complication, poor social environment or

genetic reasons. The gross mismatch between in utero and

post-natal environments, important in developmental ori-

gins concepts, is less likely to exist to any large extent in

current Australian society, save where obstetric complica-

tions exist or in groups such as Australian Aborigines and

recent immigrants. These were sparsely represented in this

cohort.

The shape of the curve for birth weight plotted against

subsequent cardiovascular risk cluster differs from that

previously described in that the curve extended further to

the right, indicating a greater prominence of higher birth

weights in those at risk. In other cohorts, the negative slope

at the left hand of the curve was more evident, and was

reported as an inverse relationship between birth weight and

the metabolic syndrome in adults.31,33,35

In the upper birth weight ranges, there may be a few cases

of undiagnosed gestational diabetes-induced macrosomia,

where maternal hyperglycemia resulting in increased circu-

lating fetal glucose levels provoked fetal hyperinsulinemia,

macrosomia and peripheral insulin resistance.29,36,37 How-

ever, the prevalence of known maternal gestational diabetes

in this cohort was only 1.1%. This suggests that many cases

of glucose intolerance were undiagnosed, particularly as

routine testing was not undertaken or that enhanced fetal

growth is symptomatic of an underlying predisposition to

the metabolic syndrome that is not yet understood. Heavier

babies tended to be born to women with obesity, hence the

Table 4 Tracking of anthropometric measurements and systolic blood

pressure from birth to 8 years of age related to the high-risk cluster at 8

years of age

Longitudinal

measurements

Age (years) High-risk cluster Low-risk cluster P-value

Mean (s.d.) Mean (s.d.)

Weight (kg) Birth 3.474 (0.450) 3.510 (0.446) 0.486

Birth (PEBW) 1.02 (0.13) 1.02 (0.12) 0.673

1 10.59 (1.34) 10.44 (1.16) 0.327

3 16.41 (2.02) 15.05 (1.56) o0.001**

5 24.54 (4.21) 21.06 (2.28) o0.001**

8 33.66 (6.57) 26.96 (3.48) o0.001**

Length/height

(cm)

Birth 49.6 (1.9) 49.8 (2.0) 0.451

1 77.87 (3.12) 78.06 (3.14) 0.637

3 97.94 (3.51) 96.43 (3.49) 0.004**

5 117.95 (4.63) 116.26 (4.76) 0.006**

8 131.38 (5.38) 129.30 (5.68) 0.004**

BMI (kg/cm2) 1a 28.76 (3.49) 28.43 (2.93) 0.390

3 17.02 (1.60) 16.09 (1.12) o0.001**

5 17.65 (2.34) 15.52 (1.12) o0.001**

8 19.75 (3.03) 16.09 (1.38) o0.001**

Arm circumference

(cm)

1 15.99 (1.22) 15.78 (1.14) 0.17

3 17.66 (1.45) 16.91 (1.10) o0.001**

5 19.50 (2.11) 17.55 (1.33) o0.001**

8 22.43 (2.71) 19.36 (1.61) o0.001**

Systolic blood

pressure (mm Hg)

1 102.4 (12.3) 97.9 (12.2) 0.019*

3 100.9 (9.1) 96.4 (8.9) 0.003**

5 106.9 (8.7) 102.7 (7.3) o0.001**

8 110.6 (9.2) 103.1 (7.9) o0.001**

Weight gain (kg) Birth-1 7.0 (1.3) 6.8 (1.1) 0.322

1–3 5.7 (1.4) 4.6 (1.0) o0.001**

3–5 8.2 (2.8) 6.0 (1.4) o0.001**

5–8 9.2 (3.7) 6.0 (2.1) o0.001**

Abbreviations: BMI, body mass index; PEBW, percentage of expected birth

weight. aPonderal weight¼wt (kg)/length (cm)3. *Po0.05. **Po0.005.
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possibility of a familial tendency to the metabolic syndrome.

An increased childhood risk of the metabolic syndrome has

been reported in offspring large for gestational age born to

diabetic mothers, as well as obese mothers who do not fulfill

the clinical criteria for gestational diabetes.38 Regardless, the

results of the present study indicate that in modern

populations, newborns at risk include those in upper as well

as in lower birth weight ranges.

Our study indicates the importance of three early environ-

mental influences on the risk of developing obesity, high BP

and dyslipidemia. Higher post-natal weight gain, maternal

smoking and shorter duration of breast feeding may be

permissive for the emergence of this cluster with post-natal

weight gain the dominant factor.

The components of the adult metabolic syndrome are

largely driven by obesity. This is reflected in the present

study by the large BMI and weight differences between high-

and low-risk clusters. Our results demonstrating the domi-

nant effect of post-natal weight gain after 12 months of age

on the high-risk cluster are similar to those recently reported

for BP and obesity in the larger cohort of 1400 Raine study

8-year olds.17 A factor analysis of a healthy high school

population showed post-natal weight gain was the dominant

factor39 and a study of 300 contemporary British 5-year olds

suggested that insulin resistance was a function of current

weight rather than low birth weight.40 We note that the

high-risk cluster children are also taller with greater arm

circumferences from 3 years of age onwards. Greater height

implies that these children are skeletally larger and might

have greater muscle mass. Such measures along with weight

and BMI are surrogates for body fat mass and more specific

tests of body composition may be necessary to determine

muscle/fat mass ratio.

Additionally, we have demonstrated that excess post-natal

weight gain in the first year or weight at 1 year does not have

an independent influence on development of the high-risk

cluster. This differs from findings which show that babies

remaining thin at 2 years of age11 and alternatively that

infants with early rapid weight gain are at greater risk.12 This

finding will be explored in more detail with maturation of

the Raine Cohort.

Smoking appears to be an important modifier of PEBW–

high-risk cluster relationship. Despite maternal smoking

being associated with lower birth weight and increased SBP

in offspring, a positive relationship was seen between birth

weight and SBP in early childhood when mothers were

smokers in pregnancy.25 However, smoking is associated

with socioeconomic status and adverse lifestyle,41 which

could also confound this relationship. We observed that with

maternal smoking, the shape of PEBW–high-risk cluster

curve is shifted to the right. The largest risk for the high-

risk cluster belonged to newborns who were large for

gestational age (in PEBW quintiles 4 and 5) and who were

born to mothers who smoked throughout pregnancy. We

hypothesize that within the maternal smoking group, well

known to cause lower birth weight,42 those newborns who

not only escape growth retardation, but are in fact large for

gestational age are unusual, owing to genetic make-up or

exposure to maternal hyperglycemia. They are subsequently

selected for particular risk of cardiovascular disease. Con-

versely, for babies born to non-smokers, the greatest risk is in

lowest PEBW quintile.

Retrospective studies have shown variable breast feeding

effects ranging from modest protective43 to possible ad-

verse44 effects upon the risk of ischemic cardiovascular

disease in adulthood. A Bristol birth cohort showed that

children who had been exclusively breast fed had lower SBP

than those who were never breast fed.45 Further, an

association between longer breast feeding and lower risk of

overweight between 9 and 14 years of age has been

reported.46 We report a lower likelihood of the high-risk

cluster in children breast fed for X4 months compared to o4

months and that breast feeding X4 months is associated

with lower weight at age 1 year. However, this observation

may also be confounded by the fact that shorter duration of

breast feeding is also associated with maternal characteristics

such as obesity, smoking and lower education,47 and breast

feeding duration was no longer significant when adjusted for

these factors in our cohort.

Birth weight:placental ratio was lower in the high-risk

cluster in our cohort supporting the role of antenatal

influences. An association between the high BP with lower

birth weight:placental ratio has been reported previously.30

However, it may be confounded as decreased birth weight:

placental ratio is also associated with smoking and increas-

ing maternal weight.48

Does membership of the high-risk cluster predict those

who will develop features of the metabolic syndrome in

adulthood, and as an extension, those at risk of adult

cardiovascular disease? The answer to both questions is likely

to be yes. We have previously reported tracking of obesity,

overweight, dyslipidemia and BP from childhood to adult

life in two other populations of young Australians49 and

similar findings have been reported from the Bogalusa Heart

Study.10 Our results support current developmental origins

concepts whereby antenatal effects foreshadow future dis-

ease but are acted upon by post-natal environmental

influences. Our population is young compared with studies

reporting an inverse association between birth weight and

the metabolic syndrome in adults or late adolescence.31

Therefore, we are monitoring how longer exposure to

environmental factors affects the relation between intrau-

terine growth and risk of the metabolic syndrome that we

have described here.

Our data support the hypothesis that early life influences

set the stage for the dominant effect of post-natal weight

gain after 12 months of age on increased risk of cardiovas-

cular disease and diabetes in later life. If the current findings

are substantiated with maturation of the cohort, there are

significant implications for reducing the epidemic of child-

hood obesity and adult cardiovascular disease. There may be

considerable benefit in targeting interventions at newborns
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with higher birth weights, particularly following a preg-

nancy in which the mother had smoked, as well as those

with fetal growth restriction. For contemporary Western

communities, research into the causes of babies large for

gestational age and the effect of early post-natal influences

may have greater impact than focusing only on intrauterine

growth retardation. This study also provides additional

evidence to discourage smoking in pregnancy.
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CHILDHOOD OBESITY, HYPERTENSION, THE METABOLIC 
SYNDROME AND ADULT CARDIOVASCULAR DISEASE
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SUMMARY

1. The worldwide epidemic of obesity in adults has been
mirrored in children in developed and developing countries.

2. Central obesity appears to be driving a cluster of ab-
normalities often referred to as the metabolic syndrome.

3. The definition of the metabolic syndrome in children is not
suited to arbitrary cut-offs and a definition using the significant
clustering of risk factors that is already evident in childhood and
adolescent populations may be preferable.

4. An Australian population study showed that 25% of 8-year-
olds and 29% of 14-year-olds could be described by the high risk
cluster with features similar to adult metabolic syndrome.

5. The high risk cluster was significantly linked to high and
low birthweight, shorter duration of breast-feeding, larger
postnatal weight gains after 12 months of age and raised C-reactive
protein, gamma glutamyl transferase and alanine transaminase
levels. At-risk young adults have also been shown to have
macroscopic atherosclerosis in post-mortem studies.

6. Identification of at-risk children has obvious benefits for
the individual and as well, for prevention of a future cohort with
raised cardiovascular morbidity and mortality; however,
complexities and controversies exist in doing so. Familial, genetic
and lifestyle risk factors aggregate and labelling children with
predisease may be problematic. Committed political and societal
changes are necessary to reduce childhood obesity and subsequent
adult cardiovascular disease.

Key words: childhood, hypertension, metabolic syndrome,
obesity.

The worldwide epidemic of overweight and obesity seen in children
as well as adults1 is associated with dramatic increases in the rates
of type 2 diabetes in adolescents2 and in blood pressure in North
American children.3 There is therefore a strong likelihood that the

downward trends in cardiovascular morbidity and mortality of the
last 30 years in developed countries will be reversed and that there
will also be massive increases in such events in developing countries.

Given the association between obesity and clusters of risk factors
for cardiovascular disease such as high blood pressure, dyslipidaemia,
insulin resistance or diabetes in the so called ‘metabolic syndrome’,
it is not surprising that interest has focused on these factors in
childhood. However the adverse effect of childhood obesity extends
well beyond cardiovascular disease.4

Factors predisposing to overweight and obesity in childhood stem
from major cultural shifts in both developing and developed societies,
with a common theme of increasingly sedentary lifestyle coupled
with ready availability of high calorie foods whether from ‘fast food’
outlets or soft drinks or both. Within developed societies the effects
are most pronounced in lower socio-economic groups5,6 and exem-
plified at extremes of social disadvantage by indigenous groups such
as aborigines in Australia.7

Increased body mass index (BMI) in childhood has been associated
with an increased risk of childhood and adult diabetes mellitus,8

hypertension,1 coronary disease,9 stroke10 and total mortality11 as
well as with subtle manifestations of disease such as carotid intima-
medial thickness.12,13 Childhood blood pressure predicts urinary
microalbuminuria in black Americans.14

Abdominal obesity appears to be the factor driving the cluster of
abnormalities referred to as the ‘metabolic syndrome.’ However
there is much debate on the use of the term metabolic syndrome as
a discrete entity15,16 given that definitions are based on arbitrary cut
off points for several different variables each of which is linearly or
curvilinearly related to the risk of cardiovascular disease. Moreover
there are several different international definitions of the syndrome,17

so efforts to define and compare prevalence rates and outcomes
becomes arbitrary. Furthermore different ethnic populations show
different relationships between central body fat and the metabolic
abnormalities. For example, south-east Asians show a shift to the
left in the relation between BMI and insulin resistance.18,19 People
with central obesity may show none, one or more features of the
‘syndrome’, presumably due to different genetic and environmental
effects differentially influencing blood pressure, blood lipid levels
and insulin sensitivity.

Fetal programming may be an additional factor influencing blood
pressure, insulin resistance and the metabolic cluster independent of
the dominant effect of ultimate body mass index in adult life. In utero
growth restriction and lower birthweight has been associated with raised
adult cardiovascular risk in multiple populations around the world.10

How then to apply this information concerning clustering of
cardiovascular risk to understanding childhood risk of adult
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cardiovascular disease? The answer depends on whether the informa-
tion is needed for research on populations or for individual patient
care. We will consider first the research paradigm before returning
briefly to the issue of clinical categorization of children.

With regard to definitions, it is inappropriate in children to attempt
to apply adult cut off levels used to define the ‘syndrome’ given that
changes occur in each of the components of the cluster throughout
childhood and especially over puberty.20 In our view it also seems
inappropriate to use percentiles of measures of obesity, blood pressure,
lipids or insulin resistance within the population to define who is
obese and who is not given that the whole of many populations are
shifting in an adverse direction. Thus the 95th percentile limit for
body mass index might be 30 in adolescents in the year 2007 but
because of population shifts of excess fat could have been above 25
when their parents were adolescents in 1960.

A more objective approach from the epidemiologic viewpoint is
to use the statistical technique of cluster analysis21 to identify groups
of children in whom there is an association of cardiovascular risk
factors, an approach that uses each of the variables such as blood
pressure, BMI or waist circumference, lipids and measures of insulin
resistance, etc. as quantities rather than arbitrary binary groups.
Clustering of the features of the metabolic syndrome in childhood
has been demonstrated in several different populations22 including
the Raine childhood cohort in Western Australia.23,24 Along with its
components, the cluster of individual features of the ‘syndrome’
tracks from childhood through to adult life.22,25–27

Factors possibly predisposing to the metabolic cluster have been
examined in a longitudinal Australian birth cohort ‘the Raine’
Childhood Cohort studied from 16 weeks in utero and then
approximately every 3 years from birth.23 In a subset of this cohort
of children delivered after 37 weeks gestation at 8 years of age,
around 25% fell into a high risk cluster characterized by higher
BMIs, higher blood pressures, higher serum triglycerides and lower
serum HDL cholesterol levels. Blood glucose levels also tended to
be higher in this cluster although not significantly so. The relation
between birthweight and risk of being in the metabolic cluster group
was U-shaped so that both the lowest and higher quintiles of birth-
weight children were at increased risk. At all birthweights postnatal
weight gain was the dominant factor contributing to the metabolic
cluster although this also appeared to be accentuated by breast-feeding
for less than 4 months and by maternal smoking in pregnancy. Blood
pressure in the high and low risk was separated by 1 year of age,
and weight and BMI was also separated by 3 years of age.

In a preliminary analysis of 1647 children from the same cohort
at the age of 14 years, again a high risk cluster comprising around
29% of the children was identified, this time with insulin resistance
being a significant factor in the cluster.28 Interestingly, those with
the metabolic syndrome cluster in this cohort showed evidence of
increased low grade inflammation with increased markers of inflam-
mation or oxidative stress such as high sensitivity C-reactive protein
(CRP), serum uric acid, gamma-glutamyl transferase and a marker
of fatty liver, plasma alanine transaminase (ALT).29

Similarly data from National Health and Nutrition Examination
Survey III (NHANES III) showed increased CRP levels and white
blood cell counts in overweight children aged 8–16 years.28 Given
that in adults CRP, uric acid levels and gamma-glutamyl transferase30

are associated with increased risk of atherosclerosis and thrombosis,
these children are on a hazardous trajectory for cardiovascular
disease.

Two post-mortem studies from the United States suggest that
metabolic and behavioural risk factors in childhood and adolescence
are already associated with established atheroma in coronary
arteries.31,32 The Pathobiological Determinants of Atherosclerosis in
Youth (PDAY) study of 15–34-year-olds dying of external causes
on whom post-mortem blood samples were obtained found that risk
scores of atherosclerosis were associated with both early and
advanced coronary and aortic lesions.31 The risk scores were derived
from the modifiable risk factors of non-high-density lipoprotein
(HDL) and HDL cholesterol, smoking, glycated haemoglobin as an
index of hyperglycaemia, hypertension and BMI more than 30. The
risk scores were correlated with the extent of the earliest microscopic
lesions in the left coronary artery and more advanced fatty streaks
in the right coronary and the aorta. The presence of advanced lesions
in the low-risk 30–34-year-olds was the same as for the high risk
15–19-year-olds. The authors point out that among Framingham
subjects coronary event rates in high-risk young individuals are
roughly equivalent to those in low-risk individuals 25 years later.
They estimated that because risk factors track and increase with age
the chances of advanced coronary lesions will increase from 13%
at 20–24 years of age to 43% by the age of 30–34 years. Similar
observations have been made in relation to these adolescent risk
factors and adult carotid intima-medial thickness assessed by
ultrasound.13

Identifying individual children at high risk of adult cardiovascular
disease in a clinical context is a complex issue, as long-term outcome
data are far more sparse than for adults. The above evidence, plus
a large body of published reports on familial aggregation of cardio-
vascular risk factors33,34 would indicate that any of the following
would dictate that a given child or adolescent is likely to be at greatly
increased risk of adult cardiovascular disease: parental cigarette
smoking, a parental history of any components of the metabolic cluster
or of overt cardiovascular disease, adolescent smoking, low socio-
economic status, indigenous children and childhood BMI in the
upper centiles. Actual measurements of blood pressure, lipids or
glucose tolerance for health screening in children with no strong
family history of risk poses ethical and economic problems in
different societies. There is no accepted level for ‘abnormal’ cut-offs
for these measurements within the childhood range of ages and
pubertal development. Furthermore, the issue of ‘labelling’ with a
disease is already a controversial issue for adults, let alone in children
in relation to the terms of ‘prehypertension and prediabetes’.35,36

These various findings all point to the importance of public health
measures directed at children and their families at a population,
rather than individual level to help stem and reverse the tide of
obesity and associated risk factors for hypertension, diabetes and
cardiovascular disease. The issues are essentially societal and
paradoxically accentuated by both low socioeconomic status in high
income countries and increasing socioeconomic status and indus-
trialization in low income countries. Solutions will not be easy and
will need to involve every level of society from governments to the
individual. The cooperation of food and tobacco industries and where
necessary, legislation surrounding their activities will be crucial. The
value of legislation on tobacco advertising and smoking in public
places has been well demonstrated. Equally important will be
the commitment and cooperation of medical and allied health
professionals37 to critically research, evaluate and promote cost-
effective ways to achieve healthier lifestyles and ensure the
environments that will facilitate them.
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