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Abstract 
 
Cardiovascular disease remains one of the leading causes of death worldwide. However, a large 

proportion of research in the field focuses primarily on middle- to old- age, by which time much damage 

to the heart and vascular system has been incurred. The rationale for this research was to gain a clearer 

picture of cardiovascular health in late adolescence, prior to the onset of adulthood. In this thesis I 

characterise the cardiac structure and function of individuals from the ALSPAC cohort (average age 17.7 

years) through analysing M-Mode, two dimensional and Doppler echocardiographic measures and 

haemodynamic, biochemical and anthropometric measures. Adiposity, sex and genetic predisposition 

are considered as key exposures which impact a range of cardiovascular outcomes.  

 

I consider the relationships of fat mass and lean mass with cardiovascular outcomes and the ways in 

which left ventricular mass indexation is affected by adiposity, lean mass, height and body surface area. I 

then discuss the roles which particular haemodynamic and biochemical biomarkers have in mediating 

associations between fat mass and left ventricular structural and functional outcomes. Finally I consider 

the influence which genes associated with body mass index have on key cardiovascular measures, 

including cardiac structural and functional measures. 

 

Adiposity has a direct and detrimental effect on cardiovascular health. My findings provide insights into 

the way in which adiposity affects the development of an adverse cardiometabolic phenotype from a 

comparatively young age and also have interesting implications for future research. Furthermore, they 

serve as another important reminder of the need for adiposity to be monitored throughout the life 

course.   
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Impact Statement 
 

In this thesis I analysed individual-level data from over 2,000 adolescents who participated in the Avon 

Longitudinal Study of Parents and Children (ALSPAC) study. Fundamentally my findings indicate that 

increasing adiposity affects cardiovascular outcomes in young men and women differently, as do 

increases in lean mass. I have presented the results of my analyses at numerous seminars and 

conferences (see ‘Abstract titles associated with this thesis’) and plan to contribute to the academic 

literature by publishing my results (see ‘Planned publications and submitted manuscripts’). My findings 

have wider implications for the ways in which cardiovascular risk and disease develop and progress from 

late adolescence in each sex and might be applied in the following ways:  
 

i) Future research is needed to continue investigating the existence of sex differences in 

cardiovascular outcomes, the early onset of cardiovascular disease (CVD) in adolescence 

and early adulthood and the influence of adiposity on these things. My analyses indicate 

that by late adolescence sex differences have emerged and these are likely to continue 

to develop through the life-course. Additional data collected from ALSPAC participants 

at age 24 has already permitted further examination of the development of 

cardiovascular risk from adolescence into early adulthood within this cohort, however 

this is only one study. In order to widen the evidence base, more analyses need to be 

done in larger, multi-ethnic cohorts, with follow-up studies wherever possible. The use 

of NHS patient data may also be useful.  

 

ii) The dissemination of the results of these further studies is likely to increase the 

knowledge of the physiological pathways involved in CVD progression, how these are 

influenced by sex and adiposity, and how early CVD presents differently in young men 

and women. An improved understanding of these factors may lead to the development 

of more effective therapeutics for use in clinical settings. The obesity pandemic is a 

growing concern worldwide and the findings from more studies may also permit a 

revision of the clinical methods used to detect CVD associated with adiposity. Such 

revisions may allow higher-risk individuals to be detected earlier, which will be 

important in improving quality of life and ameliorating the long-term economic burden 

on national healthcare systems. The development of age- and sex-specific strategies are 

likely to be very important for disease prevention and treatment. 
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iii) Government-led strategies to alleviate the obesity pandemic and improve 

cardiovascular health ought to be modified accordingly. Local authorities should be 

empowered to continue developing effective public health initiatives, tailored to their 

local area, with the goal to improve general understanding of the risk factors that 

contribute to the development of CVD, including adiposity. Behaviours which promote a 

healthy lifestyle ought to be positively enforced and in education settings, cross-

curricular activities which improve young people’s awareness of a healthy lifestyle are 

likely to be beneficial. This might also include more collaboration between schools and 

universities, which would also promote STEM awareness and interest. People groups or 

demographics who are at particular risk of adiposity and/or CVD ought to receive 

additional support. 
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Overview of thesis 
 
 

In 2015, cardiovascular disease (CVD) was the leading cause of global deaths from non-

communicable diseases (NCD) and between 2005 and 2015, global CVD deaths had risen by 12.5%.1 

In Europe, CVD remains one of the leading causes of death in most countries for both men and 

women, accounting for 45% of total deaths.2 While most cardiovascular events occur from middle 

age and onwards, the origins of CVD can be traced back to early life. Sex differences in certain 

measures associated with CVD, such as cholesterol, have even been shown to begin at birth and 

continue to diverge as individuals age.3,4 However, a large proportion of the literature available on 

CVD and its development focuses on middle- to old-age, when much of the damage associated with 

cardiovascular events has already been accumulated. The aim of this thesis is to characterise 

cardiovascular health in late adolescence and to identify key factors which put individuals at risk 

from a young age.  

 

Numerous factors influence CVD morbidity and mortality. It is widely known that the incidence of 

heart failure and other cardiovascular events rises with age,5,6 but modifiable exposures such as 

adiposity are known to influence cardiovascular health even from early life, and being overweight or 

obese during childhood or adolescence has a strong impact on cardiovascular health.7 Childhood 

obesity has been described as “a global public health crisis”,8 however, its impact on cardiovascular 

structure and function during late adolescence has not been thoroughly characterised or fully 

understood. In this thesis I seek to address and investigate: 

 

1) the role of adolescence/early adulthood as an important time period for consideration  

with respect to the development of cardiovascular risk 

2) the impact of adiposity as an important exposure which may bring about (possibly 

premature) unfavourable cardiovascular outcomes 

3) the influence of sex on cardiovascular outcomes.  

 

In Chapters 1 and 2 I introduce and review the current literature regarding cardiovascular health and 

the influence of adiposity, citing relevant literature which investigated these exposures in 

adolescents. In Chapter 3 I outline the research context for this thesis: adolescents who participated 

in the Avon Longitudinal Study of Parents and Children (ALSPAC). I provide baseline data for the 

participants, outline the methods and protocols used for the clinical visit which the participants 

attended and give further details of the statistical methods I applied in my analyses.  
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In Chapters 4-7 I provide specific details of my statistical analyses and findings. Firstly, I compare 

associations between different measures of body composition and a range of cardiovascular 

outcomes (Chapter 4). I then consider the different approaches for the scaling of LV mass to body 

size and the impact of adiposity on these associations (Chapter 5). In the following chapter (6), I 

outline investigations into potential mediators of the associations between total fat mass and 

specific cardiac structural and functional outcomes. In my final analysis (Chapter 7) I give details of a 

Mendelian randomization analysis I undertook to investigate whether there is evidence for a causal 

association between adiposity and key cardiovascular measures in the ALSPAC cohort. Finally, I 

summarise the results from these analyses and suggest areas for further research in Chapter 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

Chapter 1: Cardiovascular disease in late adolescence  
 

A Brief Epidemiological Overview of CVD  
 

 
 

In 2015, CVD was the leading cause of global deaths from non-communicable diseases (NCD)1 and in 

2016, cardiovascular diseases were found to account for half of all NCD deaths.9 Statistics such as 

these ought to be interpreted with care, however, since there is considerable disparity in CVD 

incidence and mortality between different countries and with different socioeconomic positions. 

Most deaths associated with CVD occur in low- and middle-income countries and CVD incidence has 

risen considerably in these regions over the last few decades.9,10 There are reported mortality rates 

as high as 60% in Eastern Europe, compared with an average of 36% in high-income countries.11  Yet 

interestingly, while the incidence of and mortality from CVD is raised in people from low- and 

middle- income countries who also have a lower level of education, these people have better overall 

cardiovascular risk factor profiles than others from more advantageous backgrounds.10 Rates of 

coronary heart disease (CHD) are reported to have decreased in high-income countries such as the 

USA since the 1960s, yet the CVD burden remains high.12 Meanwhile CVD accounts for comparatively 

little (10%) of the global disease burden in poverty stricken regions such as sub-Saharan Africa, yet it 

is the most common cause of NCD mortality in such regions.13  

 

After cancer, CVD is responsible for the most deaths in the UK and as alluded to previously, mortality 

rates vary considerably by locality, age and gender, with those living in the most socially deprived 

areas being at the highest risk of developing disease.14 It is important, therefore, that the application 

of effective approaches is continued in both primary and secondary care, in order to manage the 

CVD burden on a local and national scale.15 As of July 2020, 7.4 million people in the UK were living 

with heart and circulatory diseases, accounting for 27% of all UK deaths.16 Although the number of 

CVD deaths in the UK has fallen since the 1960s, the number of individuals in the UK who are dying 

from CVD before the age of 75 years has risen, which is a concerning statistic in an ageing 

population.16 

 

Early adulthood as a period of interest 
 

The trend for CVD incidence has been stable or increasing amongst those aged between 18 and 50 

years.17 In this thesis, I will take a snapshot of cardiovascular and cardiometabolic health at age 17, a 

time close to the end of adolescence and the start of what is termed ‘emerging adulthood’.18 Both 

the onset and termination of adolescence are difficult to define, and each may be influenced by 

numerous factors, including nutrition, physical activity and genetic predisposition,19 with the 

interaction between one’s genes and environment playing another important role.20 Adolescence is 
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essentially synonymous with puberty, which typically begins from the age of 8 in girls and has ended 

by the age of 19, and in boys between ages 9 and 10, ending by the age of 22, although considerable 

variability exists within each gender.21 In both sexes, adolescence and puberty are typified by an 

acceleration in the rate of growth (i.e. a growth spurt), which continues until the bodily systems 

reach structural and functional maturity, a process which appears take slightly longer in boys than in 

girls.21  

 

Key changes in anatomy and physiology which occur during this time, and the impact of the 

environment may have important implications for prospective cardiovascular health. Moreover, 

because this period of life has been comparatively understudied, it is worthy of consideration. By 

age 17 many key life events have begun and will continue to occur, including behavioural changes, 

alterations in lifestyle, socioeconomic position (SEP) and mental and physical environment. While 

self-reported health is good during early adulthood (with low reported rates of disease and 

disability), late adolescence is key period when risky behaviours might emerge, which may also have 

long-term consequences for future cardiometabolic health, particularly with respect to obesity and 

the onset of type 2 diabetes mellitus (T2DM).22 By the time individuals have reached adolescence, 

the clustering of common risk factors for CVD and other NCDs has begun, and sex differences in 

disease risk have begun to emerge.23 However, little is documented about when certain differences 

in cardiovascular risk arise in the sexes. This time window is relatively understudied, with many 

studies having been conducted during childhood or later in adulthood, often with comparatively 

small sample sizes. Further research into late adolescence could provide extensive new insights into 

factors linking exposures in the transition from adolescence to adulthood and the early development 

of a high risk cardiometabolic phenotype. Large cohort studies with key measures of cardiovascular 

health from early life through to adolescence are warranted,24 especially when viewed in the context 

of the increased prevalence of adiposity in recent years.25 

 

By age 17 somatic growth is largely complete in most individuals, but substantial changes have 

occurred during adolescence which impact on cardiovascular structure and function. All children 

undergo substantial changes in body size and composition during this period,26 and behaviours 

exhibited during childhood and adolescence have direct implications for later life.27 In this chapter, I 

will introduce the relevant cardiac anatomy and physiology which provides the backdrop for many of 

the clinical measures which will be considered as outcomes in later chapters. I will then address 

numerous factors which impact cardiometabolic health, which have important implications not only 

at age 17 but also for later life, and review the relevant literature regarding key measures of cardiac 
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structure and function through early to late adolescence. I will then discuss the physiology of obesity 

and how it has been shown to modify measures of cardiac structure and function.  

 

Cardiac anatomy and physiology 
 
The heart is a powerful muscular organ which behaves as a double pump, and functions to direct 

deoxygenated blood to the lungs in order to receive oxygen, and then to redirect that oxygenated 

blood to the rest of the body. In order to achieve this, the ventricles, particularly the left ventricle 

(LV) are able to generate considerable force, and both the right and left sides of the heart are well 

adapted to fulfil their respective roles.  
 

 
Figure 1: The anatomy of the human heart. RA = right atrium; RV = right ventricle; LA = right atrium; LV = left ventricle. Red arrows indicate 

oxygenated blood flow, whilst blue arrows indicate deoxygenated blood flow. Figure adapted from https://paintingvalley.com/human-
heart-drawing-simple.  
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The cardiac cycle  
 

Venous blood is returned to the right side of the heart via the superior and inferior vena cavae. 

During diastole the tricuspid valve opens and the blood flows into the RV. Upon ventricular systole, 

the tricuspid valve closes, the pulmonary valve opens and blood is ejected out of the RV via the right 

ventricular outflow tract (RVOT), from where it is taken to the lungs via the pulmonary artery.28 

Upon reaching the lungs, oxygen diffuses down a steep concentration gradient from the alveoli and 

into the pulmonary capillaries, where it dissolves into the blood and combines with the haemoglobin 

in the red blood cells. Carbon dioxide also leaves the blood at the same time and diffuses down its 

concentration gradient into the alveoli, from where it is exhaled. The capillaries carrying oxygenated 

blood feed into pulmonary venules and veins, and back to the left side of the heart, where they 

enter the LA.29 In diastole, once the mitral valve opens, blood flows into the LV. In systole the mitral 

valve shuts and, once isovolumetric contraction ends, the aortic valve (AV) opens and ejection 

occurs. The thickness of the myocardium for each chamber of the heart corresponds with its 

function; the ventricles possess thicker walls, particularly the LV, which allows the generation of 

substantial pressure.29 This pressure gradient drives blood through the vasculature and perfuses the 

tissues of the body, supplying cells with oxygen, glucose, amino acids, hormones, ions and other 

required substances, when waste products such as carbon dioxide and urea are removed. Figure 2 

shows the pressure and volumetric changes which occur through the cardiac cycle. 

 

 

Figure 2: The cardiac cycle, “Wiggers diagam of the cardiac cycle”, taken from Wikimedia Commons. 
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Autonomic control of the heart 
 

The autonomic nervous system (ANS) is a key part of the central nervous system (CNS) which 

innervates the internal organs, including the heart, lungs, vasculature and viscera. Alongside 

circulating hormones produced by the endocrine system, the ANS is vital in regulating cardiac and 

vascular function, through the use of baroreceptors, chemoreceptors and osmoreceptors which are 

present in the cardiac chambers, arteries and veins.28 HR and blood pressure (BP) are closely 

regulated by the parasympathetic and sympathetic divisions of the ANS, and regions of the medulla 

oblongata, namely the brainstem, hypothalamus and cortical regions co-operate to regulate 

cardiovascular function.28 Vagal and sympathetic fibres innervate the heart and thus control HR and 

BP,28 and sensory (afferent) information regarding blood flow, content and pressure is sent from 

specialised sensory cells in the aortic arch and ascending aorta via the vagus nerve and sympathetic 

fibres, to the central vasomotor centre in the brainstem.30 Efferent signals are sent in response from 

the medulla of the brainstem, via the vagus nerve, to the dorsal vagal nucleus and nucleus 

ambiguous to moderate SAN and AVN activity, thus moderating HR.28 BP is monitored by sensory 

receptors in the vasculature; upon a rise in BP, sympathetic adrenergic nerves are able to lower BP 

by bringing about vasodilation and a reduced heart rate, while a fall in BP results in vasoconstriction 

and an increase in HR, in order to maintain cardiac output.30 

 

Blood volume and blood pressure 
 

The relationships between LV blood volume and BP within the chambers of the heart during the 

cardiac cycle are illustrated below in Figure 3. Point 1 marks end-diastole, when LV filling has ended, 

the mitral valve (MV) has closed to prevent backflow into the LA and isovolumetric contraction 

(ventricular systole) begins. Pressure within the LV rises considerably until point 2, whereupon the 

AV opens and LV volume reduces as blood is ejected through the valve and into the LVOT. At point 3, 

the AV closes. This period is known as isovolumetric relaxation. Pressure in the LV drops and 

intraventricular volume remains low until the MV reopens, when blood from the LA enters the LV 

ventricular filling begins again.28  

 

Preload and the Frank-Starling Law  
 

The volume of blood present in the LV at end-diastole, end-diastolic volume (EDV) is commonly 

referred to as preload. Alterations in venous return directly affect preload and lead to proportional 

changes in stroke volume (SV) and cardiac output (CO).28 These changes in volume mean that the 

myocardium must be able to modify the amount of force it can produce, especially that produced by 

the LV walls, which must be sufficient to pump blood to the rest of the body. The relationship 

between greater preload, muscle ‘stretch’ and force of contraction is outlined by the Frank-Starling  
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Figure 3: Left ventricular pressure-volume relationships. ESV = end-systolic volume; EDV = end-diastolic volume. ESPVR = end-systolic 
pressure-volume relationship; EDPVR = end-diastolic pressure-volume relationship. Phase a, b, c and d represent ventricular filling (in 

diastole), isovolumetric contraction (in systole), ejection (in systole) and isovolumetric relaxation (in diastole), respectively. Adapted from 
Klabunde (2017).31 

 

law, whereby increased EDV causes a correspondent increase in filling pressure and increased 

stretch of the cardiomyocytes and wall stress in the LV and, subsequently, more forceful systolic 

contractions.11,29,32 When calcium ions are released from the sarcoplasmic reticulum in the 

cardiomyocytes, excitation-contraction coupling ultimately results in an increase in the length and 

tension of the myocardial sarcomeres, which results in an increase in the force of contraction of the 

cardiac muscle fibres (known as the length-tension relationship).28,33   

 

When EDV is reduced, the reverse is true – there is a decline in SV, CO and the force of the 

contraction by the LV. EDV rises or falls, there is a correspondent increase or decline in arterial BP. 

This is detected by baroreceptors, which then cause HR either to decrease or increase in response 

and cause vasodilation or vasoconstriction, respectively, of the peripheral blood vessels, thus 
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maintaining CO (CO = SV x HR).34 The relationship between HR and volume load is bidirectional: 

reduced HR also leads to a compensatory increase in preload. HR and EDV are therefore very 

modifiable, particularly in response to changes in plasma adrenaline or exercise.34 Other factors alter 

ventricular preload, including, but not limited to, venous and ventricular compliance, hydrostatic 

pressure change associated with posture, atrial contractility and aortic pressure (see Figure 3). 

Alterations in body composition, often due to exercise or age, will also bring about changes in 

metabolic demand and influence preload.  

 

Afterload 
 
 

At the beginning of ventricular systole on the left side of the heart, the ventricular pressure exceeds 

aortic pressure (see Figure 2) and the semilunar valves open, allowing the flow of blood into the 

aorta. Simply put, afterload (the load which opposes ejection) can refer to the pressure which must 

be overcome before a semilunar valve can open.29 More strictly, afterload is determined by all the 

external factors which oppose the shortening of the myocardial fibres of the LV and impede ejection; 

this is best characterised as the arterial input impedance.35  The ventricular wall tension or stress 

which the LV generates during systole is proportional to the afterload which is imposed and 

afterload is regularly expressed as force per unit area or stress, but wall stress itself is not a sufficient 

measure of afterload.35,36 Afterload is not only complicated by the shape and integrity of the LV but 

also by the physical properties of the arteries into which blood is flowing.35 These physical properties 

include arterial resistance, compliance and stiffness (AS). These properties will be discussed briefly 

now, and then in more depth later in this chapter.  

 

Darcy’s law of flow states that the flow of blood through a vessel (Q) is equal to the difference in the 

inlet and outlet pressure of the vessel (P1-P2) (the ‘driving pressure’), divided by the resistance (R) of 

the vessel, as outlined by the following equation:37  

 

(1) 𝑄 =
(𝑃1 − 𝑃2)

𝑅
 

 

Resistance is the opposition to steady flow, and therefore be described as the difference in mean BP 

which is required to drive one unit of flow in the steady state (R=(P1-P2)/Q).37  

 

Arterial compliance refers to the ability of a compartment or vessel in the body to expand in order to 

accommodate an increase in volume and is calculated as ∆volume/∆pressure.38 Arterial distensibility 

is the compliance normalized to the volume of the artery (i.e. compliance/volume). In general, either 

an increase in the resistance of an artery, or a decrease in compliance, will result in an increase in 

ventricular pressure and reduced ventricular outflow.35 Since the heart ejects blood intermittently, 
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arterial pressure is pulsatile. It can therefore be easier to look at the ‘average’ resistance and 

compliance on the systemic level, known as ‘systemic’ or ‘total’ peripheral resistance’ (TPR) and 

‘systemic’ or ‘total’ arterial compliance (TAC). Together, TPR and TAC account for effective arterial 

elastance (the ratio of left ventricular (LV) end-systolic pressure and stroke volume), a composite 

measure of arterial load.39  

 

AS has a meaning that is the inverse of compliance and is known to increase with aging and elevated 

BP, particularly in the central arteries.40 AS may be quantified non-invasively by measuring carotid-

to-femoral pulse wave velocity (PWV), local arterial distensibility and TAC (the reciprocal of which is 

termed total arterial elastance, bulk modulus or volume elasticity.11,30,41 Greater aortic BP and 

systemic resistance increase afterload, meaning that the LV must adapt accordingly.28 PWV is 

strongly dependent on BP, as well as being an important determinant of pulse pressure (PP; 

determined by subtracting diastolic blood pressure (DBP) from systolic blood pressure (SBP)).40-42 PP 

varies throughout the vasculature,43 due to wave reflection and localised differences in vascular 

compliance.44 Sustained increases in afterload, including chronically increased central BP and TPR 

and decreased TAC determine LV workload41,45,46 Over time this brings about LV remodelling, which 

is reflected by alterations to LV chamber radius and wall thickness, affecting wall tension, and 

further impacting on BP both within the LV chamber and in the vascular tree.28,47  

 

Within the LV, the relationship between ventricular tension, pressure and radius is approximated by 

Laplace’s law (tension = internal ventricular pressure x internal ventricular radius), while wall stress 

(σ) = tension/wall thickness (see Figure 5).11,36,48 Wall stress is therefore inversely correlated with 

wall thickness for a given cavity pressure and radius.49  

 

 

Figure 4: The relationship between ventricular pressure, radius and wall tension. Changes in ventricular pressure (P) and radius (R) impact 
wall tension (T) as per LaPlace’s law, thereby increasing wall stress (σ). Wth = wall thickness. Adapted from Berthiaume et al.(2016).36 
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When afterload is elevated, isovolumic contraction (see Figure 2) is prolonged, as the LV must 

produce a greater pressure in order to surmount the higher afterload.31 In this case SV is also 

decreased (see Figure 5, below), since the increased afterload causes a reduction in both the velocity 

at which the muscle fibres shorten and the velocity of the ejected blood.31  

 

 

Figure 5: Changes in stroke volume (SV) and afterload in response to alterations in                                                                                                              
left ventricular end-diastolic pressure (LVEDP). Taken from Klabunde (2017).48 

 

Both vasoconstriction and hypertension increase afterload and cardiac workload, and in the cases of 

both chronic hypertension and aortic stenosis, the LV compensates by undergoing hypertrophy, in 

order to increase its wall thickness and balance the increased blood pressure.11 While wall stress is 

increased with LV dilatation, it is reduced by concentric hypertrophy,30 and interestingly, the shape 

of central pressure waveforms are closely correlated with the extent of LV hypertrophy in both 

normotensive50 and hypertensive individuals.51 

  

Characterising cardiovascular health 
   

Characterising the structure and function of the heart and vasculature is important and further 

research into adolescence may yield better insights into the development of CVD. I will now describe 

some key measurements of cardiovascular health and outline their importance.  

 

Measurements of cardiac mass and geometry 

Left ventricular mass 
 
 

Increased LV mass is strongly associated with CVD, and it can predict cardiovascular morbidity and 

mortality, independent of traditional risk factors (RFs) including age, DBP PP, smoking, T2DM, 

obesity and the ratio of total cholesterol to HDL cholesterol.52,53 Adiposity and high BP are known to 

have a strong impact on increasing LV mass and causing geometric remodelling of the LV,54-57 

although high BP has been shown to raise LV mass even in individuals with normal body weight.58  
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Although it can be measured using magnetic resonance imaging, LV mass is commonly quantified 

using echocardiography, and M-Mode, two-dimensional (2D) and three-dimensional (3D) modalities 

may be used for this purpose.59 As with many disease states there is a spectrum; it is clear that 

increased LV mass is associated with worsened cardiovascular outcomes in a continuous manner, 

but it is only classified as being left ventricular hypertrophy (LVH) past a certain threshold. These 

thresholds differ by gender and the recommendations of the European Society of Cardiology (ESC) 

are shown below in Figure 6. 

 

 

Figure 6: Normal ranges for LV mass indices. Bold measures indicate the most validated ranges. Taken from Lang et al. (2015). 59   

 

Cardiac chamber sizes, including the ventricles, are proportional to body size,60 hence the difference 

between male and female ranges for LV mass. However, despite the fact that many clinicians scale 

LV mass to body surface area (BSA) as outlined above in Figure 6, this method is often considered to 

be inappropriate as it may not account fully for sex differences and variations in adiposity.61-63 In 

addition, the comparatively scarce characterisation of the heart in late adolescence means that the 

application of adult cut-offs to 17-year-olds may be unsuitable, an issue which will be discussed 

further in a later chapter.  

 

What is strikingly clear is the risk that chronically elevated LV mass poses on cardiovascular risk. LVH 

is associated with a decline in LV systolic and diastolic function64 and individuals with LVH are at 

greater risk of coronary heart disease (CHD), stroke,65 valvular heart disease,66 arrhythmias including 

atrial11 and ventricular fibrillation,67 myocardial infarction (MI)66 and, ultimately, heart failure.6,7 

Multiple factors impact LV mass, and it is known to alter with age, ethnicity and body 

composition.56,68-71  

 

Importantly, the LV is known to hypertrophy and remodel not only pathophysiologically in response 

to the increased vascular burdens of obesity and BP,57,70,72-75 but also physiologically in response to 

exercise,76,77 so it is often useful to be aware of lifestyle when considering LV mass.   
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Repetitive strenuous exercise has been observed in athletes for over two centuries and is known to 

alter cardiac structure and systolic and diastolic function, a process termed exercise-induced cardiac 

remodeling (EICR).77,78 It is known that the sympathetic nervous system is activated and that CO 

increases considerably during exercise, with chronic and regular exercise causing an overall increase 

in physical fitness and maximum oxygen consumption (VO2max) and a reduction in HR.78 Observed 

structural changes to the heart include increased LV mass, chamber enlargement, relative wall 

thickness and altered ventricular geometry, which have sometimes given rise to misdiagnoses of 

pathological cardiac hypertrophy or dilatation in populations of fit and healthy adults.76,77,79  

 

Notably, different types of exercise can lead to different types of cardiac remodeling. Strength 

training, which induces an increase in blood volume, causing elevated SBP and DBP and pressure 

overload, leads to increased LV wall thickness and a possible increase in LV chamber volume.80 

Endurance training is associated with a phenotype of increased CO and blood volume which puts 

more strain on both the right and left ventricles, resulting in increased LV dilatation and wall 

thickness (often with an eccentric hypertrophic pattern – see more in the next section).80,81 

Particularly strenuous exercise training can also cause the development of bradyarrhythmias and 

atrial fibrillation and induce cardiac events.82  

 

In addition, there is a genetic element which influences cardiac morphology. Elevated LV mass may 

be attributable to inherited cardiac disease, such as familial hypertrophic cardiomyopathy,83 with 

heredity explaining a modest but clear proportion of the variance in LV mass.84 It is important, 

therefore, for genetic history also to be accounted for when checking whether LV mass and cardiac 

geometry are normative. While the presentation of pathological and physiological LVH may be 

similar and both carry concerning implications irrespective of aetiology, there are still differences in 

ventricular mechanics and haemodynamics and it useful to know whether the origins of a disease 

are more likely to be physiological or pathological.85 

 

Quantifying LV remodelling and hypertrophy 
 
 

As the heart ages, it changes from a conical shape to a more spherical shape, due to remodelling and 

hypertrophy. When the LV undergoes hypertrophy, it may develop either an eccentric or concentric 

geometry, thought to be dependent upon the main stressor which has caused its development. 

When the main stressor is volume overload, increased diastolic DBP and diastolic stress (σ) ensue, 

resulting in new sarcomeres being added in a series formation, chamber enlargement and the 

emergence of an eccentric pattern (see Figure 7, below).86   
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Concentric remodeling has been described as an adaptive response to increased afterload, most 

importantly that of chronic pressure loading.36,49 When the LV is subject to pressure overload, 

systolic σ increases, in response additional parallel myofibrils are added and the LV wall thickens to 

normalise σ, such that the overall cavity size is smaller and concentric LVH arises.86 As indicated by 

the associated rise in SBP which drives concentric hypertrophy, concentric remodelling is closely 

associated with hypertension and aortic stenosis.49 

 

 

Figure 7: Overview of the development of concentric and eccentric left ventricular hypertrophy. Figure adapted from Grossman and Paulus 
(2013)86 and using additional images from Berthiaume et al.(2016) 36and Gjesdal et al.(2011). 49 

 

Relative wall thickness (RWT) is a measure of the thickness of the posterior wall of the LV relative to 

the size of the LV chamber at end-diastole. Alongside indexed LV mass (LVMI) (LV mass is commonly 
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indexed to a measure of body size, such as BSA or height), RWT is used to detect the pattern of 

hypertrophy or remodelling in patients.  

 

The ESC have provided the following guidelines for assessing LV geometry (see Figure 8).59 If LVMI 

(the ESC recommend indexation of LV mass to BSA) and RWT are normative, this is indicative of 

normal geometry. When LVMI is normative but RWT is increased, this indicates concentric 

remodelling. If LVMI is increased and accompanied by RWT<0.42, this indicates eccentric 

hypertrophy, but if increased LVMI is accompanied by RWT>0.42, this indicates concentric 

hypertrophy. While the cut-off for RWT is the same for both sexes (0.42), the cut-offs for LVMI differ 

by sex, at 95 g/m2 for females and 115 g/m2 for males. However, these cut-offs might be unsuitable 

for seventeen year-olds due to the fact that LV mass is indexed to BSA, which could be an 

inappropriate method for normalising LV mass to body size.  

 

 

Figure 8: Measurement of left ventricular (LV) geometry using relative wall thickness and LV mass indexed to body surface area. LV mass 
measurements are based on linear (M-mode) measurements. Figure adapted from Lang et al.(2015).59 

 

Measurement of cardiac systolic and diastolic function 
 
 

Echocardiography is commonly used to assess LV function as well as structure, and the accurate 

quantitative assessment of diastolic and systolic function alongside LV structure forms the 

cornerstone of any echocardiographic study.30,87 Techniques such as Doppler and tissue Doppler 

echocardiography (TDI) are commonly used to measure changes in LV systolic and diastolic function, 

through assessing peak blood and myocardial velocities during the cardiac cycle. By taking 

measurements of myocardial mechanics during diastole, one can estimate LV filling pressure, while 
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measurements of the myocardial mechanics during systole and ejection fraction (EF) provide 

valuable information regarding systolic contractility and function.87 

 

Diastolic dysfunction is caused when the myofibrils do not quickly or completely return to their 

original length at rest, and blood cannot enter the ventricle at low pressures, meaning that 

ventricular filling is often slow or incomplete unless atrial pressure rises.88 It is thus initially 

characterised by reduced ‘early’ diastolic filling during the ‘E’ phase, and greater filling during the ‘A’ 

phase, when the LA contracts. Subsequent chronic changes in filling pressure may result in 

‘pseudonormalisation’ of this pattern.89 While it is normal for diastolic filling and relaxation to 

decline with age, both are exacerbated by and associated with the presence of hypertension and 

obesity.90-92  

 

Systolic dysfunction occurs when the ability of the myofibrils to shorten against a load is reduced, 

meaning that the LV has difficulty to eject blood into the high-pressure aorta and resulting in a 

decline in EF.88 While EF provides a global assessment of systolic function, additional measurements 

exist which are more sensitive to subtle changes in systolic function and contractility. Fractional 

shortening measures the percentage change of the size of the LV chamber, between diastole and 

systole, with a normal range being 25-43%.87 Measurements of peak myocardial velocity (S’) during 

systole provides supplementary information regarding longitudinal contraction87 and the assessment 

of longitudinal and circumferential strain also provides useful information. Systolic function declines 

with age and is a strong predictor of heart failure.87 It may be accompanied or preceded by diastolic 

dysfunction and/or hypertension,93,94 although this is not always the case, since patients with 

diastolic dysfunction can also present with apparently normal systolic function, hypertension and 

preserved EF.95,96 Interestingly, the Cardiovascular Health Study found that more elderly patients 

with congestive heart failure (CHF) had preserved EF, suggesting that diastolic dysfunction may be a 

more common antecedent of CHF.97 

 

Ventricular-arterial interaction 
 
 

Vascular structure and function is also strongly associated with LV structure and function and 

cardiovascular risk. To quote Gardner & Parker (2010), “early detection of vascular dysfunction is an 

important clinical target to identify those at risk for subsequent cardiovascular events, and to target 

these individuals for medical and behavioural interventions to reduce cardiovascular risk”.98   

 

The large arteries and major vasculature have key roles as both ‘conduits’ and ‘cushions’, not only to 

ensure that blood is delivered to the tissues throughout the cardiac cycle.99 The vasculature is able 

to dampen the fluctuations in blood pressure and volume, whereby the elastic properties of the 
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aorta and some of the larger proximal arteries permit the storage of approximately 50% of the LV 

stroke volume during systole, termed the Windkessel effect.100 While numerous models have been 

proposed regarding the haemodynamics of blood flow and multiple questions remain, increasing age 

and disease are known to contribute to arterial degeneration99 and changes to the arterial walls 

contribute much to the pathophysiology of hypertension and CVD, thereby influencing cardiac 

morbidity and mortality.101 I will now consider some relevant pathologies and measurements of 

vascular structure and function.  

 

Atherosclerosis 
 
 

Atherosclerosis is a pathology which mainly affects large arteries.101 Its presence is a common sign of 

vascular aging and disease in the major and minor blood vessels which is commonly associated with 

raised plasma triglyceride and cholesterol levels.102 While the vast majority of cardiovascular events 

occur from middle age and onwards, the origins of atherosclerosis and CVD can be traced back to 

the formative years, developing through foetal development, infancy, childhood and 

adolescence.4,103,104 Arterial lipid-rich fatty streaks appear from an early age and, over time, develop 

into intermediate lesions, the forerunners of the complex plaques which are responsible for 

coronary heart disease (CHD), stroke and peripheral artery disease (PAD) which tend to arise later in 

life.105  

 

From age 10, monocyte and foam cell clusters can be found in the coronary intima, and by age 15, 

foci of necrosis can also be found, becoming larger and greater in number from age 20.106 By 

comparison, fatty streaks can be found in all children over 3 years of age, regardless of 

background,107 although it is unclear which aortic fatty streaks develop into fibrous plaques.105 The 

Bogalusa Study studied 150 individuals aged between 6 and 30 at necropsy and found that a 

considerable number of aortic fatty streaks had progressed to the intimal surface, although fibrous 

plaque lesions were present but not extensive.108 Similarly, the Pathological Determinants of 

Atherosclerosis (PDAY) study undertook autopsies of a much large cohort of 2,876 individuals aged 

between 15 and 34, and found intimal lesions in all the aortas and more than half the right coronary 

arteries of individuals who were aged 15-19 years.109  

 

Some evidence has suggested that fatty streak lesions in the aorta are reversible, given that these 

streaks have been found in population groups with a low incidence of coronary artery disease 

(CAD).110  

 

Hypertension exacerbates existing atherosclerosis and raises the risk of thrombosis, responsible for 

CAD or stroke, so the reduction of BP by antihypertensive medication and lifestyle interventions has 
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been an important strategy.111 Like other adverse pathophysiological features, atherosclerosis also 

contributes towards changes in structural and mechanical properties of the vascular wall, which, 

over time, lead to reduced arterial compliance (i.e. increased arterial stiffness).112,113 Moreover, high 

relative risk from early ages is likely to translate into higher absolute risk of advanced lesions in the 

coronary arteries later in life, so identifying atherosclerosis early is likely to be useful in preventing 

or reducing the risk of later disease.4  

 

Carotid intima media thickness and brachial flow mediated dilatation 
 

Clinically manifest atherosclerosis is uncommon in young people and calcification of the coronary 

arteries is inconspicuous in those younger than 30 years.114 However, carotid intima media thickness 

(cIMT) is a non-invasive measure which has been used to detect atherosclerosis in early adulthood115 

and cardiovascular risk factors (RFs) measured during childhood and adolescence, including serum 

low density lipoprotein concentration (LDL-C), high density lipoprotein concentration (HDL-C), 

triglyceride concentration, body mass index (BMI), smoking and BP predict cIMT in adulthood.116-118 

cIMT may have only limited value to our period of interest as evidence shows that cIMT and femoral 

IMT are only affected by sex after age 18, although lean mass is associated with femoral IMT in both 

children and young adults.119  

 

Brachial flow mediated dilatation (FMD) is another non-invasive method which is used to assess 

endothelial function and early CAD in adults.120 FMD is impeded by age, gender, hypertension, 

T2DM, raised cholesterol, smoking and obesity, amongst other factors, which may have a stronger 

predictive role in diseased populations.120,121 In addition, endothelial function as measured by FMD is 

predictive of cIMT progression in later life122 and correlates with CVD risk factors in adults.123 

Although some have shown that obese youths have reduced FMD,124 its use in childhood for 

predicting future outcomes is uncertain.  

 

Arteriosclerosis: arterial stiffness, compliance and resistance 
 

Although arterial compliance and resistance were discussed briefly in the previous section on 

afterload, these topics will be reconsidered here in more depth.  

 

Arterial stiffness  
 

 

While atherosclerosis is primarily intimal and occlusive, arteriosclerosis refers to the stiffening of the 

major arteries. Hypertension and aging contribute to increasing arterial damage and also damage 

the heart upstream,99 although a bidirectional, vicious cycle exists between BP and arterial stiffness 

(AS), which makes the origins of AS unclear.125 Due to complicated age-associated relationships 

between BP and AS there is much disagreement as to whether AS precedes hypertension or is a 
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consequence of it, although it is clear that both factors and their interplay contribute to increased 

cardiovascular risk, if left untreated.125  

 

AS is a rather ill-defined term which equates to elastance (the inverse of compliance) and is most 

commonly measured in the clinic using PWV, which is the wave speed over the length of the arterial 

segment(s) of interest. Carotid-to-femoral pulse wave velocity (cfPWV) is the best PWV method for 

measurement of aortic stiffness in clinical practice, considered to be the gold-standard non-invasive 

method available for quantifying the elastic properties of the aorta and identifying possible 

subclinical target organ damage.126-128 cfPWV is also the measurement closest to the aortic PWV 

reference value, which may be obtained invasively by recording the transit time and distance 

between simultaneous pressure waveforms measured close to the aortic valve and aortic 

bifurcation.129  

 

Due to its non-invasive nature and strong predictive power for cardiovascular events, the 

assessment of AS using cfPWV is very useful, as those with higher baseline cardiovascular risk also 

tend to have greater PWV.127 cfPWV is often measured with oscillometry, using a Vicorder device, or 

with applanation tonometry, using a Sphygmocor device.126, 130 In both cases, the waveforms which 

are transmitted through the arterial tree are analysed and the velocity (in metres per second) is 

measured by dividing the distance (in metres) it takes for the waveform to travel from the first site 

to the second, by the time it takes to get there (in seconds).126  

 

Increased AS puts additional strain on the heart and increases LV afterload and evidence has shown 

that arterial stiffening both precedes and predicts conditions including atherosclerosis, arterial 

hypertension, stroke and myocardial infarction risks,131 although cfPWV is not a routine clinical 

investigation.132 Cardiovascular risk factors in childhood are also significantly associated with 

increased cfPWV in adulthood,133 and AS in adulthood is known to be a determinant of 

cardiovascular morbidity and mortality, independent of traditional cardiovascular risk factors.134,135 

The health of individuals with a clinical cfPWV value of >12m/s is of concern and those with high 

PWV, alongside raised BP, T2DM, metabolic syndrome or a combination of three or more 

cardiovascular risk factors are considered to be at particularly high risk of having a cardiovascular 

event.132 Concentric remodelling of the LV has also been found to be associated with increased PWV 

in essential hypertension,136 and since both BP and AS are known to increase with age, the 

assessment of PWV may be particularly important in older adults.127,137-139  

 

Given the strength AS has to predict cardiovascular mortality, it is becoming increasingly important 

to measure cardiovascular risk in childhood and adolescence and to collect more data from a range 
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of cohorts to gain a broader perspective on cardiovascular risk. A number of studies have found 

associations between common cardiovascular risk factors and AS in children, adolescents and young 

adults.140-142 Arterial abnormalities are associated with common cardiovascular risk factors and are 

more prevalent in those who are overweight and/or who have T2DM. One study analysed the ratio 

of plasma triglycerides to plasma high density lipoprotein (TG/HDL-C) in subjects aged from 10 up to 

26  years, and found that PWV and cardiovascular risk increased with TG/HDL-C, while distensibility 

of the brachial artery (BrachD) decreased.140 Another study of healthy prepubescent children 

(average age 10.1±0.3 years) found that increased BMI, percentage (%) body fat, waist 

circumference and decreased cardiorespiratory fitness (CRF) were all independently associated with 

arterial stiffening, even after adjustment for age, sex, SBP, mean arterial pressure (MAP) and HR.143 

However, the association between AS and obesity remains unclear, as others have reported an 

inverse association in childhood.144 Suitable age- and height-specific reference values have also been 

suggested for children and teenagers, although providing hard cut-off points for predicting 

cardiovascular end-points has been difficult.145 

 

Total arterial compliance 
 

The compliance of an arterial segment is directly related to its PWV and compliance and AS have an 

inverse relationship. While AS provides a measure of the rigidity of the vascular wall, compliance 

measures the ability of a compartment or vessel in the body to expand when a force is applied, so as 

to accommodate a change in volume.38  

 

Local compliance may be calculated simply by dividing the change in volume in the artery by the 

change in pressure (∆volume/∆pressure). TAC can be calculated by dividing SV by PP to estimate 

average arterial compliance through the entire arterial tree, although compliance on a local level will 

vary considerably from one artery to the next. TAC summarises the compliance of the large elastic 

central arteries including the aorta, as well as the smaller, muscular peripheral arteries,146 and is 

largely determined by the quantity and integrity of elastin fibres in the vessel walls.99 Consequently, 

compliance is higher in larger arteries, which contain more elastin fibres, and smaller in smaller 

arteries which contain fewer elastin fibres and proportionately more muscle and collagen.99 Veins 

are able to accommodate large changes in blood volume with only small changes in pressure, and 

thus their compliance is approximately 10-20 times greater than that seen in arteries.147 The tension 

generated by vascular smooth muscle contraction influences compliance, particularly in veins.147   

While dividing SV by PP gives a reasonable estimate, there are additional approaches for estimating 

compliance more accurately.148  
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Compliance declines with age due to arteriosclerosis, which also causes an increase in AS, commonly 

measured by PWV.37 The relationship between PWV, compliance, viscosity and other measures are 

outlined by the Bramwell-Hill equation,149 

 

(2) 𝑃𝑊𝑉 =  √
𝐴

𝜌𝐶
= √

𝑉∆𝑃

𝜌∆𝑉
= √

1

𝜌𝐷
 

 

where A is area, ρ is the blood density, C is compliance, V is volume, ΔV is the change in volume for a 

given change in pressure ΔP, and D is distensibility.  

 

As indicated in equation (2), another measurement closely related to PWV and compliance is arterial 

distensibility, which is a measure of the relative change in vessel diameter for a given pressure 

increment and is the inverse of stiffness.99 Reduced compliance and distensibility, especially of the 

large arteries, are markers of preclinical vascular disease150 which have been found to be impaired in 

the presence of CVD, with risk factors including smoking and diabetes having a detrimental effect.151 

Over time, age and atherosclerosis contribute towards a reduction in TAC, especially the compliance 

of the aorta,100,150 which results in increased aortic PP.28 Reduced TAC is commonly seen in elderly 

patients with aortic stenosis, when it independently contributes to increased afterload and 

decreased LV function152 and it is  also associated with hypertension, ischaemia and reduced exercise 

capacity.150,153 However, distensibility has even been shown to be reduced with increasing adiposity 

in teenagers as young as age 15.154 

 

Total peripheral resistance  
 

The resistance which the vasculature imposes must be overcome by the left ventricle, and this is 

commonly what is meant by the umbrella term ‘afterload’. As discussed previously in the afterload 

section, TPR is one measure of afterload which has been described as “the resistance to blood flow 

offered by all the systemic vasculature, excluding the pulmonary vasculature”, which is primarily 

determined by vascular diameters of smaller arteries and arterioles and, to a lesser extent, blood 

viscosity.28 It has also been defined as ‘the pressure drop which is needed to drive unit flow through 

the systemic circulation, namely ~1 mmHg per ml per second.37 TPR can be estimated by dividing 

mean arterial pressure (MAP) by cardiac output (CO). For any given cardiac output (CO), ‘an increase 

in TPR results in a greater MAP for any given CO’.28 Interestingly, TPR has been found to be elevated 

in adolescents with elevated BP.155 However, it is important to note that while TPR is a determinant 

of MAP and is derived from MAP and CO, it is not determined by them.156  
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Arterial BP is maintained carefully by the ANS in the short term, so local changes in vascular 

resistance are normally used to regulate blood flow.37 Any mechanisms which induce 

vasoconstriction and cause vessels to narrow increase TPR, and likewise any which cause 

vasodilation reduce TPR.28 Resistance is a measure of the pressure gradient needed to produce 

blood flow, and any resistance to flow is caused by internal friction within the fluid, directly 

proportional to fluid viscosity (η) and blood vessel length (λ).37 Poiseuille’s law is an adaptation of 

Darcy’s law (equation 1) which also allows for viscosity and vessel length and gives an expression for 

flow through a tube or vessel: 

 

(3) (𝐵𝑙𝑜𝑜𝑑) 𝑓𝑙𝑜𝑤 =
𝜋∆𝑃𝑟4

8𝜂𝜆
 

 

(where ∆P = change in pressure, r = radius; η = viscosity; λ = length of blood vessel).   

 

Lastly, it must be acknowledged that measurements of peripheral resistance, arterial compliance 

and distensibility in general are estimates. This is due mainly to the basic assumptions of the 

underlying models, and also to certain attributes of blood flow and the vasculature which are not 

accounted for by the Windkessel model, including wave reflections, geometric taper and certain 

properties of the aorta.148  

  

Risk for cardiovascular disease  
 

Clustering of adverse risk factors for CVD 
 

The clustering together of multiple phenotypes or risk factors (RFs) are known to greatly influence 

and modify one’s risk of developing CVD through the life course. The development and severity of 

CVD is strongly associated with a number of traditional cardiovascular RFs which predispose 

individuals to a greater risk of T2DM and CVD.157 These include familial history of heart disease, 

adiposity, SBP, DBP plasma triglycerides and low density lipoprotein (LDL) concentration, high 

density lipoprotein (HDL) and total cholesterol concentrations,158-160 impaired glucose tolerance,161 

insulin resistance (and presence of T2DM),162 raised levels of C-reactive protein (CRP),163 cIMT and 

endothelial dysfunction.164  

 

As there are many RFs are associated with an increased risk of CVD, a simpler method of identifying 

high-risk individuals is to assess whether metabolic syndrome (MetS) is present. An individual has 

MetS if three or more of the following RFs present together: increased central adiposity (waist 
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circumference >40 inches (male); >35 inches (female)), elevated BP (≥130/85 mmHg), raised fasting 

triglyceride concentration (>150 mg/dl/≥1.7 mmol/L), reduced HDL cholesterol concentration (<40 

mg/dl/<1.0 mmol/L (male); 50 mg/dl/<1.3 mmol/L (female)) and raised fasting blood sugar (>100 

mg/dl/6.1 mmol/L).165 Although MetS is becoming increasingly more common in the adult 

population, RFs associated with MetS have also been observed in a number of studies of overweight 

children, adolescents and young adults, including raised plasma triglyceride levels, hyperlipidaemia, 

high BP, increased numbers of atherosclerotic lesions and raised cIMT.160,166-168 Persistently elevated 

plasma insulin levels have also been associated with elevated cardiovascular risk in children and 

young adults,169 and when MetS is found in childhood it is more likely to persist into adulthood, 

increasing the likelihood of T2DM and CVD events in later life.27,170  

 

It is useful to quantify relative risk for cardiovascular events by assigning scores to individuals, 

through applying guidelines such as those from the Framingham heart study.157 Risk scores are a 

useful tool as they not only indicate the quantification of cardiovascular risk but also allow for an 

easier comparison of individuals.171 In the USA, the high prevalence of particular risk factors such as 

these has led the American Heart Association (AHA) to highlight seven ‘ideal health factors’, with the 

aim of reducing the burden of CVD (see Figure 9).17  

 

 

Figure 9: Ideal health factors for the prevention of CVD proposed by the American Heart Association in 2018. Taken from Andersson & 
Vasan (2018).17 

 

The maintenance of ‘ideal’ levels of these particular health factors is likely to reduce the risk of 

premature cardiovascular-related death (i.e. the onset of CVD in individuals younger than 60 years) 

considerably, as well as improving quality of life.172 To manage and prevent the incidence of CVD and 

stroke, the AHA also proposed that that the assessment of risk factors ought to begin from age 20 

years, since the identification of patients at high-risk for developing CVD is important, including 



41 
 

children.173 The promotion and maintenance of ideal cardiovascular health in children from birth 

through to young adulthood is vital for countering the premature development of adverse 

cardiovascular outcomes, and the AHA have also set ideal health metrics for children and 

adolescents accordingly (see Figure 10).174 

 

In the UK, the National Health Service and Public Health England are employing similar strategies to 

prevent CVD. These include running primary prevention projects and physical activity campaigns, 

promoting population level interactions such as reducing salt and sugar in foods, and improving 

primary care approaches for identifying and treating individuals with a higher risk of developing 

CVD.175 Effective primary care has been crucial for managing the CVD burden in the UK, particularly 

through the prescription of appropriate medications. However, the number of prescriptions for CVD-

allied conditions in England increased almost seven-fold between 1981 and 2013, from 46,252 to 

307,424.15 Between 2015 and 2016, the most commonly prescribed medications to patients in 

England were lipid-lowering medications (14%) and antihypertensives (15%),2 reflective of two major 

RFs for CVD: hypertension and raised plasma cholesterol.  

 

 

Figure 10: AHA recommended health metrics for children and adolescents. Taken from Steinberger et al. (2016).174 

 

Plasma cholesterol and triglycerides 
 

Raised total cholesterol is strongly associated with increased cardiovascular risk, particularly 

CHD,176,177 although different cholesterol types are associated with different levels of risk. High 

plasma LDL-C is associated with a greater risk of cardiovascular events,158 whilst high plasma HDL-C 

may have a protective effect, being a better predictor of cardiovascular events and associated with 
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lower cardiovascular risk.159,178 Interestingly, evidence from Mendelian randomisation studies has 

verified the strong association between LDL and increased cardiovascular risk, although concurrently 

it suggests that increased HDL is not associated with a lower risk of myocardial infarction (MI) 

itself.179 The ratio of HDL to total cholesterol may yet be an informative predictor of ischaemic heart 

disease mortality and PAD158,180 and some evidence has shown that HDL is also an independent 

predictor of LV mass and diastolic dysfunction in hypertensive individuals.181,182 Triglycerides, are 

also linked with increased CHD risk, independent of LDL and HDL cholesterol.183 

 

With respect to therapeutic approaches for reducing cholesterol, statins have been successful in 

reducing total and LDL cholesterol, alongside improving survival in CHD patients.184,185 From 1995 to 

2013, the use of statins had increased considerably, with higher rates of prescription for older 

people and those from more socially deprived backgrounds.186 Although their prescription to the 

very elderly and the very young is controversial, hyperlipidaemia increases the long-term risk of CHD 

and is being found increasingly more often in younger people, which may warrant primary 

prevention from an earlier stage.187 Meta-analyses have also shown that statin use is associated with 

a small reduction in brachial SBP and DBP.188  

 

Blood pressure  
 

Elevated BP is “the biggest single risk factor responsible for mortality worldwide”.189 BP increases 

with age and is a strong predictor of the development of CVD (particularly CHD) and stroke 

events,190,191 which increase the risk of developing major atherosclerotic cardiovascular disease 

outcomes by an average of 2- to 3-fold.192 As SBP and DBP increase, cardiovascular outcomes 

worsen, with SBP having a stronger impact on CVD risk than DBP in middle- to older-aged persons.193 

Interestingly, a decrease in DBP is also associated with an increased risk of cardiovascular disease.194  

Hypertension is known to increase LV mass and cause LVH, geometric remodelling, and eventually LV 

dysfunction.57,92,191  

 

In the UK, individuals with high BP are described as having hypertension if they have a SBP of ≥140 

and a DBP of ≥90.195 However, SBP and DBP levels have “continuous, graded, strong, independent, 

etiologically significant relationships to [cardiovascular] outcome variables” and even a moderate 

increase in BP poses an increased risk.194 Possessing ‘high-normal BP’ (SBP of 130-139, DBP of 85-89 

mmHg, or both) has been associated with LV diastolic dysfunction,196 increased cIMT197 and an 

overall increased CVD risk,198 and having a SBP even as low as 116mmHg has been described as 

suboptimal.11 The use of both antihypertensives and statins to treat patients with hypertension and 

to improve longevity has been praised; a recent systematic review of 123 studies (inclusive of 

613,815 participants) showed that lowering BP has a considerable effect in reducing vascular risk, 
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and suggested that SBP ought to be lowered to <130 mmHg in patients with previous cardiovascular 

disease, diabetes mellitus or chronic kidney disease.199  

 

Associations between blood pressure and CVD in childhood and adolescence 
 

The roots of hypertension, like CVD, are known to extend back to childhood109,200 and considerable 

evidence indicates that early life exposures have a strong influence on the development of high BP 

and hypertension. Between the 1960s and 2000s, average SBP and DBP levels and the prevalence of 

high BP were found to increase in children and adolescents.201,202 

 

The aetiology of these trends in raised BP is debated and there is certainly an intrauterine effect 

although its importance is debated. Children born to gestationally hypertensive mothers have been 

shown to have higher BP than those born to their normotensive counterparts,203 and both 

birthweight and early growth patterns have a close association with the development of high BP and 

hypertension in later life.204-207 In particular, rapid increases in adiposity in those with a low 

birthweight are associated with elevated central and brachial BP in early adulthood,206 and babies 

with a very low birthweight followed by rapid growth have also been shown to have increased mean 

arterial pressure (MAP) in adolescence.208 Similarly, others have found that both early and late 

catch-up growth are associated with elevated SBP in adolescence and that late catch-up is associated 

with increased DBP, irrespective of age.209 Underweight babies who were given a nutrient-rich diet 

at birth were also found to have increased BP in childhood,210 a concerning finding since children 

with raised SBP are at greater risk of hypertension and metabolic syndrome later in life.211 Offspring 

(mean age 13.2-13.8 years) of adults with essential hypertension have also been found to have 

elevated LV mass, despite having normal brachial and systolic BP.212   

 

As touched upon previously, raised BP is also associated with increased LV mass in children and 

adolescents, as shown by various cross-sectional and longitudinal studies.84,191,203,213-216 This is 

commonly attributed to chronic haemodynamic overload brought on by elevated or excessive 

adiposity,203,213,214,216,217 which causes proportional increases in central BP and LV mass.214,218 

However, opinions are divided. Associations between adiposity and LV structure and function are 

inconsistent across different ages and some reports exist which find elevated LV mass in individuals 

with raised BP but who are of a healthy weight. In one study, children in the top BP quintile of blood 

pressure had elevated LV mass independent of age, sex, body size and family history,191 yet in 

another, LV myocardial dysfunction was associated with arterial hypertension and LVH but not 

obesity.75 Other studies such as the Bogalusa and Minnesota Heart Studies did not even find an 

associated increase in SBP or DBP in overweight or obese individuals.219,220 In these cases, it is 

possible that the adolescents in question had not been adipose for such a long time as to have raised 
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BP considerably, or a protective mechanism may have been in play to sustain ‘healthy’ BP, although 

this is unclear. If obesity-driven chronic volume overload were the main cause of increased BP and 

LV mass, one would expect BP to mediate the association between fat mass and LV mass, something 

which will be considered later in this thesis. Meanwhile, others maintain that LVH is mediated by BP-

independent pathways.54,221 

 

Despite this apparent enigma, what is clear is the risk that elevated BP has over the life course, and 

adolescents with raised BP are more likely to have high BP or hypertension in later life.207,211,222 

Substantial evidence shows that  adiposity exacerbates the damage of hypertension and together, 

when prolonged (especially from childhood or adolescence), hypertension and obesity impose a 

burden on the heart which leads to LV dilatation and structural remodelling, left atrial enlargement 

and progressive LV diastolic dysfunction,55,223,224 which are precursors to congestive heart failure.52,75 

A large longitudinal study (n=6238) showed that obese children who remained obese into adulthood 

had more than double the risk of developing hypertension than their healthy weight counterparts, 

alongside an increased risk of T2DM, raised triglycerides and increased cIMT,225 highlighting the 

damage that a sustained adipose phenotype can cause. Furthermore, additional research has found 

that obese adolescents (aged 14-20 years) have mildly reduced LV performance, accompanied by 

increased left atrial force to aid LV diastolic filling.56   

 

Socioeconomic position and mental health  
 

Socioeconomic position (SEP) is well known to contribute towards health inequalities226,227 and 

individuals from more disadvantaged backgrounds suffer more with respect to almost every 

disease.226 A study of 22 European countries showed that death rates were almost invariably higher 

and health self-assessment rates poorer in individuals from less advantageous backgrounds.227 CHD 

is more prevalent in individuals from lower SEP groups and it is likely that much of this can be 

attributable to the influence of other behaviour-related risk factors, including smoking, alcohol 

intake, obesity and physical activity.228 Others have found similarly, that exercise and smoking and 

physiological risk factors including serum cholesterol, BP, BMI and FEV1 are associated with SEP in 

both childhood and adulthood.229 SEP may also influence the detection of chronic cardiovascular-

related conditions, the reporting and speed of clinical treatment after a cardiac event such as MI and 

psychological or work-related stress which may then worsen cardiovascular risk.230 

 

SEP is also closely associated with mental health. Children from more disadvantaged backgrounds 

are two to three times more likely to develop mental health problems than their more advantaged 

peers.231 Low parental education and household income are strong predictors of childhood and 

adolescent mental health and persistently low SEP is strongly associated with the onset of mental 
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health problems.231 Analyses of young adults aged 18 from the Environmental Risk Longitudinal Twin 

Study (n=2232) also found that lonelier individuals were more likely to be unemployed, were both 

less equipped to cope with stress and more likely to engage in physical health risk behaviours and to 

experience problems with mental health.232 

 

Smoking 
 
 

Cigarette smoking is a major health hazard and contributes much to CV morbidity and mortality.233 It 

is an important risk factor which, long-term, causes the development of inflammation, endothelial 

damage and dysfunction and atherosclerosis, also interfering with the coagulation system and 

creating a prothrombotic state.234 There is also evidence that smoking influences body fat 

distribution, including central obesity, alongside impacting on insulin resistance.235,236 Furthermore, 

smoking increases the incidence of MI and CAD in men and women, and even passive smoking is 

associated with a strong increase in CAD risk.233  

 

Estimates indicate that large numbers of adolescents experiment with smoking during the teenage 

years, with many becoming regular cigarette smokers.237 Individuals who begin to smoke during 

adolescence are more likely to smoke in adulthood,238 putting adolescent smokers at a greater risk of 

CVD and respiratory diseases, possibly at an earlier age.239 Certain personal attributes are associated 

with adolescent smoking initiation, as are social and familial influences, and as nicotine is a CNS 

stimulant, some use cigarettes to control their mood.237 Intensive smoking cessation has been shown 

to reduce mortality in high-risk smokers without CVD240 and cessation at any age is likely to reduce 

morbidity and mortality.241 However, nicotine dependence makes smoking cessation a challenge to 

many and in the United Kingdom, cessation has a strong inverse relationship with social deprivation, 

meaning that giving up is harder in individuals from lower SEP groups.239  

 

Electronic cigarettes (‘e-cigarettes’) and vapour products (EVPs) provide smokers with an alternative 

source of nicotine without the harmful effects of tobacco241 and are often used by individuals who 

want to end cigarette smoking but seek alternative ‘healthier’ options.242 There has been a great rise 

in their use, particularly amongst adolescents, and may indeed be ‘the most promising product for 

tobacco harm reduction to date’.241 However, the use of EVPs has been associated with an increased 

risk of health-risk behaviours in high school students, including violence, illicit drug use and sexual 

risk behaviours,243 while additional evidence from a cohort of adolescents has shown that vaping is 

associated with a higher risk of more frequent and heavier cigarette smoking six month later.244 
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Additional risk factors 
 

Additional risk factors must be considered as key influences on CV health, including physical activity, 

diet and T2DM. However, as these exposures are so closely linked with adiposity, and the majority of 

T2DM occurs in people who are overweight or obese, these will be discussed in further depth in the 

obesity section of this thesis.  

 

Key sex differences in cardiovascular risk  
 

 

The presentation, incidence and mortality of CVD differ between men and women. Historically, 

higher CVD mortality rates have been seen in men and this is true across multiple countries, 

including Canada, USA, Australia, China, France and the UK.245 Coronary heart disease (CHD) 

accounts for the majority of CVD morbidity and mortality and while incidence and mortality rates, 

particularly of CHD, have been decreasing in men, they have remained relatively stable in women.246 

However, rates of clinically significant heart failure are on the rise in women245 and a recent review 

reported that CVD is now more common in women than in men.247 Particular disorders of 

pregnancy, such as gestational diabetes and hypertension, and endocrine disorders in younger 

women, such as polycystic ovary syndrome early menopause, appear to be associated with an 

increased risk and accelerated development of CVD.247 The use of female-specific RFs may enable 

women who are at higher risk of disease to be detected earlier and an improved promotion of 

health awareness and ‘healthy’ lifestyle behaviours may also ameliorate these trends.247 

 

As discussed, numerous factors contribute to differences in cardiovascular risk, which then impact 

on CVD incidence and mortality. Genetic influences cause differences in the structure and function 

of the cardiovascular system11 and several cardiovascular risk factors are more prevalent in women 

than men. Dyslipidaemia is more common women102 and above 20 years of age, T2DM also is more 

prevalent in females,248 which is a concerning finding because the presence of T2DM has been found 

to increase a woman’s risk for CHD more than two-fold, while increasing CHD risk by only a third in 

men.249 Most statistics indicate that fewer women smoke than men, yet the effects of smoking 

appear to be more detrimental in women and compared with non-smokers, current female smokers 

have been found to have a relative risk of myocardial infarction of 2.24, compared with a relative 

risk of 1.43 in male smokers.250  

 

Interestingly it has been observed that the prevalence of hypertension is greater in men than 

women before the age of 45 years, with rates becoming similar between ages 45 and 64, and 

thereafter with rates in females exceeding that in males.102 A recent longitudinal study by Ji et al. 

looked at BP trajectories using data from 32,833 participants (54% female) and found that from as 
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early as the third decade, BP increased more rapidly in in women than men.251 This sex difference 

was sustained through the life course and did not disappear after adjustment for common 

cardiovascular risk factors, and the authors suggested that this sexual dimorphism might account for 

sex differences in disease presentation later in life.251 However, it has been observed elsewhere that 

hypertension is more prevalent in women who take oral contraceptives compared with those who 

do not take them,252 so it is possible that the long-term use of oral contraceptives, particularly from 

a comparatively young age, may account for some of the sex difference observed by Ji et al.  

Lastly, many studies suggest that women are less likely to partake in as much physical activity as 

men, which, coupled with diet patterns and adiposity, has a less favourable outlook.245  

 

Closing comments 
 
 

As discussed previously, cardiovascular risk factors in childhood and adolescence have strong 

implications for health later in life. While most cardiovascular events happen in middle- or old-age, 

the origins of CVD lie in childhood and adolescence and the behaviours and RFs which develop 

during these periods of life strongly influence future cardiovascular risk.27,104,168 It is important, 

therefore, to characterise ‘normal’ cardiac structure and function during these ages and to identify 

what constitutes ‘good’ cardiovascular health.  

 

Based on the sex differences which exist in cardiovascular risk and presentation of disease in 

adulthood, it is also important to investigate whether sex differences exist in cardiovascular 

measures in childhood and adolescence. I reviewed existing papers which present sex-stratified 

baseline measures of cardiovascular structure and function, alongside measures of vascular function, 

taken from healthy children and adolescents (see Table A1, Appendix 1). Sex differences have been 

reported for some cardiovascular outcomes in adolescents (particularly with respect to LV mass and 

geometry), yet, due to scarce literature the picture remains incomplete. In my review I found 

evidence that certain cardiovascular measurements are similar between the sexes during childhood 

and adolescence (e.g. ejection fraction, cIMT, midwall fractional shortening, RWT) while for other 

outcomes, small or negligible differences are present in childhood and then increase after the onset 

of puberty (e.g. SBP, PP, HR, PWV, LV chamber dimensions and LV mass). As relatively few papers 

are available which present objective ‘typical’ values for certain structural, diastolic and systolic 

measures in adolescence, it is unclear whether what is reported can be applied to the more general 

population.  

 

Given these findings and the initial evidence that there are some sex differences in late adolescence, 

I chose to sex-stratify the analyses of my thesis, wherever possible. The fact that comparatively few 
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studies have presented typical sex-stratified measures of LV structure, systolic and diastolic function 

in adolescence (with most of the relevant papers being cross-sectional and not longitudinal by 

design) highlights a gap in the literature, and serves as a reminder of the importance of 

characterising sex-specific differences in cardiovascular health from an early age.  
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Chapter 2: Cardiometabolic health in the context of obesity 
 

Adiposity is an important exposure which contributes towards metabolic syndrome (MetS), and which is 

commonly upstream on the causal pathway of most, if not all the other RFs which characterise MetS. 

Adiposity is, therefore, targeted frequently by Public Health organisations, since it is often responsible 

for the development of other adverse traits. Cardiovascular risk and outcomes are considerably 

exacerbated in the context of obesity and its development in the formative years is an increasing 

concern. Adiposity is the key exposure of interest in this thesis, so it will now be considered in depth.  

 

The global obesity burden 
 
 

The epidemic of obesity in adults and children alike is thought to account for much of the increase in 

CVD. Obesity is regularly described as being on a pandemic scale,1-4 of particular prevalence in Western 

countries,5 where jobs are increasingly sedentary, calorific food is available round the clock and the 

necessity for exercise is much reduced in comparison with previous generations. Between the end of the 

20th century and the beginning of the 21st, the number of overweight or obese individuals across the 

world grew exponentially, with worldwide numbers of overweight and obese individuals (combined) 

rising from 857 million to 2.1 billion between 1980 and 2013, representing an increase of 47.1% in 

children and 27.5% in adults (although the increase in adult obesity in developed countries has, in fact, 

reduced since 2006).5  

 

In 2010 it was estimated that adiposity (as measured using body mass index (BMI))was the cause of 3.4 

million deaths worldwide, alongside increasing disability-adjusted life-years (DALYs) and a reducing 

average lifespan.6 Research has predicted that if today’s trajectories are unchanged, the number of 

overweight adults will have risen from 937 million in 2005 to 2.16 billion in 2030, and that the number 

of obese adults will have increased from 396 million in 2005 to 1.12 billion in 2030, totalling 3.28 billion 

individuals.7 Data collected recently showed that there are more male overweight and obese (BMI ≥25 

kg/m²) individuals in developed countries, compared with female, yet obesity (BMI ≥30 kg/m²) in 

developed countries remains more prevalent in females than males.5 Similarly, in 2013 there were more 

obese females than males in both developing and developed countries.5 Globally however, although 

women appear to take a greater share of the overweight/obesity burden than males, the rates for both 

genders are similar, at just under 30%.5  

 

Similarly, the prevalence of childhood obesity worldwide has increased dramatically over the last thirty 

years and the growing incidence of disorders in children such as T2DM is almost certainly associated.8 
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Obesity rates in children and adolescents (<20 years old) had risen substantially in developed countries 

by 2013, despite the overall prevalence being similar in both developed and developing countries.5 

Between 1975 and 2016, the global prevalence of obesity in boys increased from 0.9% to 7.8% in boys, 

and from 0.7% to 5.6% in girls.9 In 2016, worldwide, 74 million boys and 50 million girls were obese, in 

stark contrast with the 117 million boys and 75 million girls who were either moderately or severely 

underweight.9   

 

Despite this, some have observed a stabilising or levelling off of the prevalence of obesity in populations 

of children and adolescents in several parts of the world, with a reduction in wealthier countries, 

including Australia, Europe, Japan and the USA.10 Other papers agree; in USA for example, although 

childhood obesity grew almost four-fold between 1978 and 2016, the rate of increase in childhood 

obesity also decelerated between 2004 and 2016, particularly among school-age children.11 If these 

trends are maintained, potential increases in the national and global prevalence of obesity may be 

restrained.  

 

Overweight and obesity in the United Kingdom  
 

 

Worldwide obesity rates only tell us about the cumulative global burden and little about the implications 

adiposity imposes on each country individually. Each set of data which is pooled in a global analysis is 

localised to a particular country or region, and rates of increase in BMI pertain to specific populations, 

gender, age and socioeconomic position (SEP).9 For example, the reductions in the prevalence of 

overweight/obesity in some wealthier countries coincide with increases in others, such as in certain 

regions of Asia.9 This highlights the need for preventative measures to be tailored to each continent, 

country and city.  Moreover, many research statistics are based on such vast quantities of people that 

many analyses use incomplete and/or biased data.5 Therefore, while up-to-date information on global 

trends is essential in assessing health effects and prompting policy makers,5 it is important to focus on 

data pertaining to smaller, more defined groups of people, to make meaningful conclusions about the 

health risk (brought on by being overweight or obese) for populations at both the local and national 

level.   

 

Obese adults have a 50-75% greater risk of developing CVD over 3-14 year periods in comparison with 

healthy adults of a normal weight,12 although having a BMI from as low as 21 kg/m2 is linked with 

greater mortality from both cardiovascular and non-cardiovascular events alike.13 Between 1980 and 

2005, the prevalence of obesity in British adults had almost trebled,14 and in the last decade, UK obesity 
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rates have continued to grow. In 2015, 65% of men and 58% of women in England were reported as 

being either overweight or obese, with overall obesity prevalence at 27%.15 In the same year, over 20% 

of 4-5 year olds, and over 30% of 10-11 year olds in England were measured as being either overweight 

or obese,15 and research based on over 370,000 individuals in England in 2013 also found that 24% of 

boys and 25% of girls aged between 11 and 15 were obese.16 The Health Survey for England, conducted 

by the NHS in 2017 found that of 7,997 adults aged 16 and over, 64% were classified as being 

overweight or obese, and that 30% of children aged between 2 and 15 were either overweight or 

obese.17 Children with overweight or obese parents had a greater likelihood of being overweight 

themselves, and there was a very strong association between overweight/obesity and SEP, with the 

numbers of overweight or obese individuals increasing considerably as household income declined.17 

 

Measures of adiposity 
 

BMI and the measurement of adiposity 
 

The world health organisation (WHO) introduced body mass index (BMI) as a crude but useful 

population-level indicator of adiposity, which is used commonly to give a general overview of health and 

health risk. BMI may be calculated easily by dividing one’s body mass in kilograms by height in metres 

squared (BMI = body mass (kg)/height (m)2) and this simplicity has led to its widespread clinical and 

personal use. However, while BMI can give a reasonable indication of adiposity and the need for 

intervention, its validity as a direct measure of fat mass and health risk has been debated, not least 

because of the limitations of the measure itself, as admitted by the WHO.18  

 

Increased BMI is attributable not only to adipose tissue (AT) but also to increased fat free mass, 

commonly known as ‘lean mass’. Lean mass is comprised of non-fatty tissues such as muscle, bone, 

ligaments and tendons, alongside organ cell mass.19,20 Fat and lean mass influence physiology in 

different ways, so it is important to consider body composition and the respective influences of both 

tissues when assessing cardiovascular risk. On its own, BMI cannot distinguish between AT and lean 

mass, neither can it account for the vast range of compartmental body fat distribution.18 Disparities exist 

in the way that fat and lean mass are deposited in the body, due to variation in age, gender, ethnicity,21 

hormone levels, exercise and diet, meaning that BMI may be a suitable measure of fat mass for 

individuals of certain ages and populations, but not others.18 It is a common view that it is fat mass, 

rather than lean mass, which imposes more of a risk on cardiovascular health. To quote one paper, “it is 

the excess adipose tissue that is the cause of the comorbid conditions, not the excess weight”.22 

However, regional fat deposition is also associated with different levels of cardiovascular risk.23 As a case 
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in point, visceral adipose tissue (VAT) is an independent predictor of all-cause mortality in men,24 yet the 

use of BMI as an index of adiposity would not indicate one’s level of abdominal obesity. Techniques such 

as dual-energy x-ray absorptiometry (DXA) are therefore very useful in quantifying regional fat 

deposition, which helps to assess cardiovascular risk more precisely.  

 

Despite the strong association between childhood adiposity and adiposity in adulthood,25 being 

moderately overweight (BMI> 25 kg/m2) doesn’t automatically indicate an adverse prognosis and is not 

a panacea for cardiovascular impairment. As will be discussed later in this chapter, genetic factors, 

lifestyle behaviours and age have a strong influence on physical health and risk of disease, and some 

adipose individuals are able to maintain robust metabolic and vascular health.26 A number of studies 

have assessed cardiovascular risk in obese individuals and found that those with a metabolically healthy 

phenotype (defined as having normative BP levels, HDL, triglyceride and CRP concentrations, waist 

circumference and absence of T2DM) were not necessarily at a greater risk of developing CVD.27-29 

Interestingly, one study of American adults identified a large number of individuals of normal weight 

who had a cluster of cardiometabolic abnormalities, alongside a high prevalence of overweight and 

obese individuals who were metabolically healthy.30 However, studies which select participants on the 

basis of their BMI, rather than utilising data from the general population, may be unreliable due to 

selection bias.  

  

Alternative anthropometric indices for measuring adiposity and cardiovascular risk 
 

As touched upon previously, BMI is often used both as a measure of adiposity and as an indicator of 

cardiovascular risk, but the validity of its use for either purpose has been debated. As a measure of 

adiposity, some report that BMI is better at determining body fat mass in people with higher BMI, 

rendering it a comparatively poor measure of adiposity in leaner people.31 As an indicator of 

cardiovascular risk, BMI appears to be an inferior of cardiovascular risk when compared with direct 

measures of fat mass, particularly VAT.32  

 

An increasing amount of evidence has indicated that a number of alternative anthropometric measures 

of overweight and obesity may be superior to BMI in discriminating adiposity and cardiovascular risk, 

including waist circumference (WC), waist-to-height ratio (WHtR (also known as waist-to-stature ratio, 

WSR)) and waist-to-hip ratio (WHR). However, the use and validity of each measurement seems to vary, 

depending firstly on the purpose for which the individuals are being studied, alongside their age, gender 

and ethnicity. As is commonly observed, levels of VAT increase with age and are a good indicator of 
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cardiovascular risk, and while BMI can be a useful screening tool, abdominal adiposity is likely to be a 

primary driver of cardiometabolic dysfunction.33 In addition, indices which measure abdominal obesity, 

especially waist size, appear to be better associated with cardiovascular risk than BMI on its own.32,34 

 

It has been suggested previously that due to the disparity in risk between the various ethnic groups, 

different cut-off points are needed for a number of indices of fat distribution and obesity, including BMI, 

WC, WHtR and WHR.35,36 The question of revising the values has been especially pertinent to Asian 

populations due to their shorter stature (on average)37 and, while numerous alternative cut-offs for 

“healthy BMI” were suggested over a decade ago, they varied between 23 and 25 kg/m2 for different 

Asian populations.38 Nevertheless, debates about BMI may be unnecessary because the health risks of 

obesity and metabolic syndrome are much more closely associated with the location and distribution of 

body fat, especially centralised obesity, than body mass as a whole.38,39 WC was proposed as a better 

indicator of centralised adiposity for children, male and female adults, in both Caucasian40 and Asian 

populations.41 WC may be particularly useful for identifying higher metabolic risk in normal weight and 

moderately obese individuals.26 However, the age, ethnicity and gender-specific cut-offs for WC have 

overcomplicated the situation.  

 

As a result, WHtR, proposed over a decade ago,38 appears to be the more favoured measure across age, 

gender and ethnicity, for measuring adiposity and cardiovascular risk. WHtR has been shown to be 

significantly associated with all risk factors for both metabolic syndrome and obesity, and it has been 

found to be both a superior detector of abdominal adiposity and a better predictor of mortality than 

BMI, in both genders and across multiple ethnicities.35,36,38,42-45 A review which combined data from 

300,000 adults from several ethnicities concluded that WHtR was a much better tool than WC in 

identifying adiposity-associated conditions, including diabetes, hypertension and CVD, in both men and 

women.46 A further meta-analysis also suggested that WHtR is a better index than BMI and WC for 

measuring risk in adults, but cautioned that it may be inappropriate for measuring risk in children and 

adolescents.47 The body adiposity index (BAI) has also been proposed as a sound measure of overall 

adiposity, 48 although it is not considered to be superior to BMI and may be an inadequate indicator of 

cardiovascular risk.49,50  

 

With respect to the present research context, most participants from the ALSPAC cohort have Caucasian 

heritage, so any problems arising from different ethnicities are negligible in this research context. In 
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addition, the level of visceral adiposity was low in the vast majority of participants of the ALSPAC cohort 

at age 17, so general adiposity was considered as the main exposure of interest. 

 

DXA Scanning in comparison with body mass index 
 

Dual energy x-ray absorptiometry (DXA) scanning is now considered to be the gold standard technique 

for obtaining absolute measures body composition at the molecular level.51 Two X-ray beams, each at a 

different energy level, are aimed at the subject, and as different body tissues have different 

compositions and densities, the X-ray beams are absorbed or scattered according to each tissue.52 

Measures of fat, lean and bone mass can be obtained simultaneously, either at the local of whole-body 

level,53 and the latest densitometers permit body composition to be assessed in a single whole-body 

scan.54  

 

One study tested the accuracy of BMI and DXA scanning in detecting adiposity in a healthy population of 

198 Italian children and adolescents, aged between the ages of 5 and 19 years.55 In both genders, it was 

found that BMI was strongly associated with total fat mass (TFM) and percent body fat (PBF), yet 

individuals with similar BMI indices showed large disparities in TFM and PBF.55  

Another study compared BMI with DXA scanning in a cohort of 192 healthy subjects, aged 7 to 17 years 

old.56 It was concluded that BMI is not equal to PBF in each race-sex group and considering the gender, 

race, sexual maturation stage and body fat distribution is important when comparing individuals of 

different gender and race.56 These findings suggested that although BMI is a reasonable indicator of 

adiposity, DXA provides more reliable information as to the amount and location of fat and lean mass, 

which is highly useful in estimating cardiovascular risk. DXA scanners are limited by their lack of 

portability, high cost, the influence of body thickness and hydration on tissue detection and the inability 

of DXA to discriminate between different types of adipose tissue (AT).51,52 Nevertheless DXA scanning is 

believed to be the best method available for assessing body composition in research and clinical 

contexts.57,58 

 

Physiological role of adipose tissue in health and disease 
 
 

Types of adipose tissue 
 
 

AT is important for both adults and children alike. There are two main types of adipose tissue: brown 

adipose tissue (BAT) and white adipose tissue (WAT). BAT is most prevalent in new-borns because it 

permits the direct conversion of chemical energy into heat upon activation by the CNS.59 By adulthood, 
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WAT is more prevalent than BAT, and, being deposited particularly around subcutaneous regions, the 

abdomen, waist and thighs, its accumulation is more strongly associated with an adverse 

cardiometabolic state. By contrast, BAT is located in epicardial, perivascular, supra-adrenal, and supra-

scapular regions.60 

 

While WAT is well-adapted to stores excess energy, active BAT is able to clear triglycerides and spend 

energy, due to its greater metabolic activity (BAT has a much greater density of mitochondria than 

WAT), which may ameliorate insulin resistance and obesity. 59,60 Thus, the idea of converting WAT into 

BAT as a therapeutic approach to countering obesity, so-called ‘browning’, has gained increasing 

attention over the last decade.60 As WAT is more prevalent in adults and more adversely associated with 

cardiometabolic health, its role will now be considered in more depth, although further research into 

therapeutic targeting of BAT for bariatric purposes is warranted.61,62 

 

Role of white adipose tissue 
 
 

WAT itself is a vital endocrine organ which plays a major role as an energy store, important for 

metabolism and the immunological responses of the body.63,[36] ,[39] It is composed of larger adipocytes 

than BAT,60 which are embedded in a matrix of blood vessels, collagen fibres, fibroblasts and other 

immune cells, most of which are located subcutaneously or intraabdominally.63 WAT secretes numerous 

proinflammatory and anti-inflammatory factors, including adipokines such as leptin, adiponectin, 

resistin and visfatin, cytokines such as tumour necrosis factor-α (TNF-α) and interleukin-6 IL-6, and 

antigens such as plasminogen activator inhibitor 1 (PAI-1) (see Figure 11).64,65 These directly impact 

vascular and endothelial function, metabolism, appetite and satiety, immunity, fertility, inflammation 

tumour growth and many other physiological processes.66  

 

One of the most important roles which WAT plays is in glucose and lipid homeostasis, mainly through its 

involvement in lipolysis and lipogenesis. Lipolysis is the mechanism by which WAT hydrolyses 

triacylglycerol and other lipids to generate glycerol and nonesterified fatty acids, which are released into 

the bloodstream, an important process in both exercise and fasting.67 Uncontrolled lipolysis leads to 

raised levels of circulating free fatty acids (FFAs), which has been associated with insulin resistance in 

muscle and liver tissue.68-71  

 

Lipogenesis occurs when glycerol is esterified with free fatty acids to form triglycerides, a process which 

increases considerably in individuals who have a hypercaloric diet.72 ‘De novo’ lipogenesis occurs when 

triacylglycerol is synthesised directly73 and may be responsible for up to 20% of lipid turnover within 
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adipose tissue.74 In obese individuals, de novo lipogenesis appears to be reduced,75 suggesting that WAT 

may be key in the relationship between obesity and insulin resistance.67 Bidirectional communication 

also occurs between WAT and the brain via the sympathetic nervous system (SNS), which is mediated by 

adipokines such as leptin and adiponectin76 and additional evidence indicates that may be 

parasympathetic involvement also.77 B and T lymphocytes, macrophages and neutrophils are also found 

in AT and play an important role in the immune response, yet reduced leptin levels may be associated 

with an increased risk of infection due to poorer T-cell responses in undernourished individuals.64    

 

 

Figure 11: Roles of white adipose tissue. Figure adapted from Coelho et al.(2013).65 

 

Subcutaneous and visceral adipose tissue 
 

Although the extent of one’s absolute fat mass differs considerably with age, gender and ethnicity, 

typically 80% of one’s total body fat is subcutaneous adipose tissue (SAT), while 20% is intraabdominal.78 

Of the intra-abdominal fat, the majority (80%) is VAT, while the rest (20%) is retroperitoneal fat.78 SAT 

and VAT differ in structure and physiological behaviour and their differences may be responsible for the 

greater cardiovascular and metabolic risks which are incurred as a result of abdominal obesity.79  

 

VAT surrounds the abdominal viscera and has a greater percentage of large adipocytes than SAT, 

alongside a greater proportion of immune and inflammatory cells, glucocorticoid and androgen 

receptors.80,81 It is more innervated and vascularised than SAT, its blood supply draining directly into the 

portal hepatic circulation82 (which may partially explain the association between increased VAT and fatty 

liver disease). In addition, VAT is more metabolically active and better at absorbing glucose and 

releasing FFAs than SAT, which is more adapted to store excess energy as triglycerides.83 VAT is an 
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independent predictor of all-cause mortality in men, independent of BMI,24 and the amount an 

individual carries will change through the life course. On average, 10–20% of total fat in men is intra-

abdominal VAT, but in women this figure is only 5–8%, and the amount of VAT in each sex will develop 

as a result of increasing age and stress levels.84,85 Although SAT may not be such a strong predictor, once 

when its capacity is exceeded, ectopic fat begins to accumulate, which carries poor omens for future 

health.82  

 

Fat deposition patterns and cardiovascular risk 
 

In obesity, adipocyte hypertrophy and hyperplasia contribute to an expansion in WAT mass,86 which may 

be deposited in different locations, dependent upon gender and other factors. Individuals with 

predominant upper body, or truncal (i.e. android) obesity have a greater health risk than those with 

predominant gluteofemoral, peripheral (gynoid) obesity.82 The accumulation of excess intra-abdominal 

WAT carries with it a much higher health risk than if the fat were located elsewhere87 and, compared 

with peripheral and gluteofemoral obesity, abdominal obesity is associated with  a greatly increased risk 

of developing CVD or T2DM later in life.88,82 Moreover, the ratio of abdominal to gluteofemoral fat is 

strongly associated with obesity-associated diseases, morbidity and mortality, and, while accumulating 

excess VAT appears to have very negative consequences, gluteofemoral body fat may play a protective 

metabolic role.89  

 

In obesity there may also be an increased amount of pericardial fat present around the heart, which 

might have a role as a significant mediator of metabolic risk and cardiovascular risk.90 However, while 

pericardial fat may have local vascular effects and add further strain to the heart, its presence also being 

correlated with numerous measures of adiposity, vascular calcification and multiple RFs for CVD, VAT is 

still more strongly associated with most metabolic RFs.91  

 

Obesity, metabolic syndrome and cardiovascular risk 
 

Obesity is considered as being a state of chronic low-grade inflammation.92 The accumulation of excess 

WAT in obesity, particularly in the intra-abdominal region, leads to a clustering of phenotypes which has 

been termed MetS. As described previously, this entails a combination of any or all of the following 

conditions: high blood sugar, triglyceride and cholesterol levels, insulin resistance and increased BP, all 

of which increase one’s risk of developing cardiovascular diseases and other non-communicable 

diseases such as cancer.79  
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A respective increase and decrease in the production of pro- and anti- inflammatory adipokines by VAT, 

accompanied by a possible increase in the amount or efficacy of the inflammatory factors it also 

secretes, may be one of the links between obesity and increased cardiovascular risk, atherothrombosis 

and the progression of vascular disease.64,81,93-96 In obesity, more chemokines are released from AT, 

which causes the recruitment of macrophages from the bloodstream and causes increased production 

of tumour necrosis factor a (TNF-α) and interleukin-6 (IL-6).65 At the same time, FFAs levels increase and 

leptin, adiponectin and resistin are dysregulated, which contribute to further inflammation.65,97  

CRP is often measured to assess pro-inflammatory status.98,99 It is an acute-phase protein synthesised by 

the liver, peripheral leukocytes and adipose tissue, which is often produced in response to elevated 

levels of IL-6 and other inflammatory cytokines.94 VAT in particular has been associated with CRP levels 

and endothelial dysfunction100-102 and elevated CRP is associated with higher carotid intima-media 

thickness cIMT, a putative indicator of early atherosclerosis,  in children as young as 10 years.103 

However, while increased CRP levels in adolescence are associated with increased future risk T2DM and 

CVD in adulthood,99 longitudinal data from young people is lacking. Previous studies in ALSPAC have also 

focused on the role of CRP in a psychological context, looking at its association with anxiety, depression 

and psychosis104,105 and its role as a RF of hypomanic symptoms in early adulthood.106 

 

Adipose tissue and insulin resistance 
 

While SAT and VAT are both positively correlated with insulin levels,91 SAT adipocytes are more 

responsive to insulin than VAT,107,108 which is important because insulin resistance may play one of the 

most important roles in linking abdominal visceral adiposity with increased cardiovascular risk.82 VAT is 

more strongly inversely associated with adiponectin concentration than SAT and releases greater 

concentrations of IL-6 and PAI-1, which may partially explain the stronger association between VAT and 

insulin resistance.66,91 

 

FFAs have a key role in the development of insulin resistance, although the precise mechanism by which 

they contribute to its development is not known and there are multiple hypotheses for its 

development.109 Both VAT and SAT release FFAs into the bloodstream, and increased levels of blood 

FFAs are linked with both insulin resistance 110,111 and reduced insulin-activated glucose uptake.112 In 

obese individuals, plasma FFA levels are elevated due to reduced clearance of FFAs and increased 

production of FFAs from abdominal adipocytes.113,114 Elevated levels of FFA also inhibit the antilipolytic 

effect of insulin, causing further increases in circulating FFA levels.115 Altered adipokine secretion leads 
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to decreased skeletal muscle and liver insulin sensitivity caused by ectopic lipid deposition and 

inflammation, and glucose uptake is thus reduced.65,113  

 

Studies have shown that raised levels of TNF-α reduce insulin signalling in both adipocytes and liver 

tissue,116 and furthermore, IL-6 is also known to inhibit the insulin signalling pathway.65 Over time, the 

elevated FFAs reduce hepatic insulin uptake, leading to increased gluconeogenesis (resulting in 

increased circulating glucose levels) and hyperglycaemia.113 Hyperglycaemia further stimulates the 

secretion of insulin by the pancreatic β-cells, and the reduced clearance of insulin by the liver leads to 

hyperinsulinemia which, in turn, causes the downregulation of insulin receptors, diminishes the 

intracellular events triggered by insulin action and further worsens insulin resistance.117 In T2DM, the 

number of pancreatic β-cells is typically decreased by around 50% 118 and there is a continued decline in 

the function of β-cells with longer duration of T2DM.119 

 

Key factors influencing adiposity and health  
 

Gender and hormonal influences 
 

There is a strong sexual dimorphism in the deposition patterns of fat and lean mass in the human body 

appear (see Figure 12). For a given BMI or level of body fat, AT distribution can differ drastically between 

the sexes, as well as differing considerably during periods of somatic growth.120 In addition, fat 

distribution during childhood and adolescence may be a more important correlate of cardiovascular RFs 

than percentage body fat, since having a greater distribution of android fat has been found to be 

independently associated with plasma high-density lipoprotein HDL-C and triglyceride concentrations, 

systolic BP (SBP) and left ventricular (LV) mass in individuals aged between 9 and 17.121  

 

 

Figure 12: Suggested values for healthy body composition for adult males and females. Figure adapted from http://www.biona.lk/facts-about-
body-fat-distribution.php.  

http://www.biona.lk/facts-about-body-fat-distribution.php
http://www.biona.lk/facts-about-body-fat-distribution.php
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After the age of 10 years, fat and lean mass in males and females diverges considerably and during 

puberty, boys gain more lean mass than girls, such that by age 17, somatic growth is complete in most 

girls, yet it has not finished in boys.122 In addition, while teenage girls gain an average of 1.14 kg of fat 

mass each year, teenage boys gain more lean mass but their fat mass remains fairly constant, meaning 

that their percentage total fat mass declines.123 Thyroid hormones, cortisol, growth hormone (GH) and 

adipokines are vital in both sexes for normal pubertal growth, but gonadal steroid hormones drive the 

sexual dimorphism in growth which becomes increasingly apparent during this period.  

 

Peri-pubertal differences in fat and lean mass deposition are largely driven by hormonal differences, 

which also have an impact on health outcomes. GH and the sexual steroid hormones are essential for 

normal pubertal growth to occur, and both their concentrations and interactions differ considerably 

between each sex.123 With respect to adiposity and cardiovascular risk, both oestrogen and testosterone 

play a role in decreasing visceral fat mass,124 and oestrogen also appears to have a cardioprotective role, 

impacting both lipid profiles and insulin resistance.125 Adipokines such as leptin, adiponectin and resistin 

are secreted by AT and play an important role in metabolic processes, particularly the regulation of 

energy balance, and their respective concentrations are directly proportional to one’s level of adiposity, 

since they are secreted by adipocytes.  

 

Leptin, the ‘satiety hormone’, plays an important role in inhibiting hunger regulating energy balance. 

Circulating leptin levels are associated with subcutaneous fat distribution in girls, and with greater 

androgen concentrations observed in boys during puberty.126 Studies have indicated higher serum leptin 

concentrations in female adolescents compared with males, even after correction for total fat mass, and 

lower leptin concentrations in obese adolescent males may be caused by their having higher androgen 

concentrations.127 Congenital leptin deficiency appears to lead to hyperphagia and weight gain, 

alongside preventing the onset of puberty.128 Interestingly, serum levels of leptin are also elevated in 

patients with advanced chronic heart failure.129 

 

Serum adiponectin acts to increase insulin sensitivity and is inversely associated with central adiposity, 

possibly highlighting a link between central obesity and insulin resistance.130 Obese children and 

adolescents have lower levels of adiponectin, which are associated with higher CRP levels and traits of 

MetS, including LDL-C, HDL-C and triglyceride concentration.131 Gender differences in adiponectin levels 

arise during puberty and healthy adolescent boys in different studies have been found to have lower 

plasma adiponectin than girls, which get progressively lower as puberty advances.132,133 These lower 
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adiponectin levels in males were also inversely associated with increased androgen levels including 

testosterone132 and androgens appear to be more closely correlated with adiponectin than with 

oestrogens.133 Obese children also have lower adiponectin levels than their healthy counterparts.97,132  

 

Resistin is associated with insulin resistance, and although studies have reached different conclusion as 

to its method of action, plasma resistin levels have been found to be considerably higher in obese 

adolescent girls than in obese boys of the same age and may be associated with maturation during 

pubertal development.134 Lastly, circulating levels of ghrelin, the major hormone responsible for 

appetite and food intake, have a direct impact on the number of calories which individuals consume and 

they are closely associated with weight gain.135 In contrast with adults, baseline ghrelin concentrations 

in adolescent girls have been found to be increased in those with anorexia and decreased in those who 

are obese, although evidence suggests that ghrelin does not play a causal role in anorexia or obesity, 

despite perhaps causing increased caloric intake via peptide YY.136  

 

The collective effects of these hormones have varying implications for body composition and fat 

deposition patterns throughout adolescence and adulthood, and gender-driven differences in fat 

distribution have direct implications, not only on metabolism but also on cardiovascular risk. After the 

Second World War, researchers observed that overweight and obese individuals with a male, android fat 

distribution pattern were more likely to develop T2DM and heart disease than those with a female, 

gynoid distribution pattern.137 On average, adult men have double the abdominal fat mass of 

premenopausal women of the same age, for the same amount of total body fat,120,138 and this typical 

male, android fat pattern has stronger associations with increased cardiovascular risk compared with 

the gynoid pattern, even in children and adolescents.56,120 Sex differences in regional fat distribution may 

also account for the different trends in metabolic risk factors which have been observed between each 

gender. For example, while impaired glucose tolerance is observed more frequently in women, impaired 

fasting glucose appears to be more common in men, and lipid accumulation patterns present differently 

in each gender.139 It is likely, therefore, that gender-specific pathophysiological differences exist, which, 

in turn, can lead to the development of MetS (often in the presence of obesity).139 

 

Therefore, it is useful, when possible to consider absolute alongside regional adiposity, in order to assess 

cardiovascular risk more accurately. Technology such as DXA scanning provide direct measures of 

absolute and regional measures of fat and lean mass, which are likely to be more useful than BMI on its 

own. Due to the amount of data available in the ALSPAC cohort and the comparatively low levels of 
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android and gynoid fat in participants at this age, I decided not to consider regional adiposity as an 

exposure in my analyses as well as absolute fat mass, however it is an area I would be keen to explore as 

an extension of my doctoral studies.  

 

Genetic influence 
 

It has been known for some years that genetic background can predispose an individual to develop a 

greater body mass. A well-established gene associated with adiposity is the fat mass and obesity-

associated (FTO) gene. Genetic variants or single nucleotide polymorphisms (SNPs) in the FTO region are 

strongly associated with BMI and the development of T2DM and obesity, and may also influence the 

control of food intake and food choice, causing individuals to have a preference for calorific foods.140,141 

Recently, the Genetic Investigation of Anthropometric Traits (GIANT) consortium produced a meta-

analysis comprising more than 339,000 individuals and identified 97 genetic loci (of which 56 were 

novel) which are robustly associated with BMI.142 Neighbouring loci to these SNPs are linked with the 

CNS, consistent with the regulation of calorie intake by the hypothalamus.143 Many genome-wide 

association studies (GWAS) have now been published and collectively there are now more than 500 

genetic loci associated with traits related to adiposity, from multiple cohorts (see Figures 13 and 

14).143,144  

 

Figure 13: Summary of major GWAS discoveries for adiposity traits. Each SNP is categorised into one or more of the following groups: BMI 
related (141 loci from GWAS for BMI, weight, overweight or obese status in adulthood, childhood BMI, childhood obesity, and BMI change over 
time); body fat (15 loci from GWAS for body fat percentage and body fat mass); birthweight (8 loci); waist-to-hip ratio or waist circumference 
adjusted for BMI (97 loci); visceral adiposity (2 loci from GWAS for visceral fat and visceral-to-subcutaneous adipose tissue ratio); WHR or WC 

(26 loci from GWAS for WHR and WC, not adjusted for BMI); and extreme obesity (23 loci from GWAS for extreme childhood and extreme adult 
obesity). Taken from Goodarzi et al.(2018).143   
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The genetic variants which have been discovered have tremendous potential and are an invaluable 

resource for use as tools to assess causality, for example, in Mendelian randomisation (MR) studies (this 

will be discussed further in Chapters 3 and 7). Numerous GWAS have been published which assess the 

genetic variants which are associated with obesity and these have been well summarised by Goodarzi et 

al., 2018.143 However, the strength of different genetic variants as instruments varies considerably and 

when evaluating the findings of these studies, it is important to check for the presence population 

stratification, canalisation, pleiotropy and linkage disequilibrium, which may affect the significance of 

the findings.145  

 

Moreover, the loci which have been found only account for a very small amount of the variance in BMI 

and a very small proportion of the heritability of obesity. However, the strength of each SNP as an 

instrument varies considerably and there are numerous other issues which must be considered when 

checking the validity of the conclusions made from MR studies, such as population stratification, 

canalisation, pleiotropy and linkage disequilibrium (which will be considered in the methods chapter).145  

 

 

Figure 14: Cumulative number of adiposity-associated loci identified since 2007. The colour coding and shading corresponds to each adiposity 
trait (and population ancestry) for which the initial discovery was made. Taken from Loos et al.(2018).144 
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In addition, the genetic variants which have been identified only account for a very small percentage of 

the variance in BMI. These issues, amongst others, will be considered in more detail in the next chapter, 

and the details of an MR study I have undertaken will be disclosed in chapter 7. 

It is also important to mention the interplay between genes and the environment (so-called gene-

environment interactions (GEI)), and research into this area is of increasing importance. GEI refers to 

cases where one’s genotype affects one’s response or adaptation to a particular environmental factor, 

behaviour or behavioural change.146 Certain genetic variants have been found to modify eating 

behaviours, particularly lipid and carbohydrate intake, and their subsequent metabolism, with 

implications for weight loss and gain.147,148 GEI studies may provide further insights into molecular 

mechanisms which contribute to disease, enabling individuals who are at high risk of disease to be 

identified.147 However, there are numerous sources of bias in and limitations to GEI studies,148 and 

behavioural changes, such as improving diet control and increasing physical activity, may be more 

important in offsetting the obesogenic effects of genetic variants.147 The impact of key environmental 

factors on adiposity will now be considered.  

 

Physical activity, diet and age 
 

Poor diet and reduced physical exercise are major contributing factors to the rising trends in adiposity. 

NHS data from 2014 showed that only 52% of 15 year olds in England reported that they consumed the 

recommended daily allowance (RDA) of fruit and vegetables each day, compared with only 26% of adults 

in 2015.15 Similarly, Health Survey England 2017 found that only 29% of adults ate the recommended 

daily allowance (RDA) of five or more portions of fruit and vegetables a day, whilst only 18% of children 

aged between 5 and 15 met the RDA.17 While this trend is somewhat appalling, it is also unsurprising. 

Calorie-rich fast food is often cheap and available round the clock, and it is often easier and cheaper for 

one to buy ‘fast food’, instead of preparing a healthy, home-cooked meal. This pattern is also reflective 

of socioeconomic inequalities and individuals with a low household income and a close proximity to 

multiple fast-food outlets are more likely to be obese.149  

 

Physical fitness predicts all-cause mortality in older adults 150 and morbidity and mortality from CVD,151 

yet data collected recently indicates that rates of physical activity in England are poor (see Figure 15). 

Between 2015/2016, 23% of boys and 20% of girls met the physical activity guidelines of undertaking 60 

minutes or more of moderate exercise per week, and 26% of UK adults (aged 16+) were classified as 

being inactive (undertaking <30 minutes of physical activity per week), the prevalence of which was 

highly variable across different counties.15 As with obesity and diet, physical inactivity is strongly 
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associated with SEP, and the Health Survey for England (2017) found that long-term unemployed adults 

were the most likely to be inactive (37%), while those in professional or managerial positions were the 

least likely to be physically inactive (17%).15  

 

 

Figure 15: Physical inactivity levels in UK adults, stratified by local authority. Local authorities with the highest inactivity levels were South 
Tyneside, Leicester, Barking & Dagenham and Rochdale (all 31%). Wokingham (13%) and Brighton and Hove (14%) had the lowest inactivity 

levels. Taken from an image in the ‘Statistics on Obesity’ report by the NHS (2016).152 

 

Physical fitness is especially important during childhood and adolescence, a time when patterns are 

established which may be kept for the life course, with important implications for health outcomes.153 A 

strong relationship exists between physical fitness and clustered RFs for CVD, and clustered risk tracks 

strongly from adolescence into young adulthood, with inactive children and adolescents acquiring a 

much less favourable coronary risk profile compared with their more active counterparts.154,155 While 

having an adipose disposition, a poor diet and a sedentary lifestyle are known to adversely affect the 

cardiovascular system,156,157 physical activity is known to have multiple positive influences on the human 

body. Two major determinants of exercise capacity are skeletal muscle function and cardio-respiratory 

fitness, and a strong inverse association exists between cardiorespiratory fitness and total and 

abdominal adiposity.153 Indeed, in a small cohort of 12-year-old boys, it was reported that body fat 

accounted for over 30% of the variance in finishing times of a 1.6 km run.158 Physical activity is also 
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associated with greater muscle strength, which is important as muscle (and muscle grip) strength is a 

predictor of all-cause mortality and cardiovascular morbidity.159,160  

 

However, the availability of facilities for physical activity, such as gyms, leisure centres, and sports fields 

is also likely to have a considerable impact on one’s propensity to exercise, thereby impacting on 

adiposity. One study of a convenience sample of UK adults found evidence of a strong association 

between physical activity facilities and lower adiposity in middle-aged adults, even after adjustment for 

socioeconomic position.161 Nevertheless, those from more deprived social backgrounds are less likely to 

access recreational facilities162 and participate in moderate-to-vigorous physical activity more 

infrequently than their wealthier counterparts, suggesting that it may be wise for more governmental 

strategies to be implemented to encourage those who live in less advantageous communities. 

 

Diet also has a substantial impact on present health and health trajectories. The regular intake of 

energy-dense foods with a high glycaemic index or fat content, particularly of fast food (which often 

have a high level of trans fats) and sugary drinks, is likely to result in weight gain and increase the risk of 

obesity.163,164 The consumption of excessive calories, having a nutrient-poor diet characterised by a low 

intake of fruit and vegetables, and chronic physical inactivity, have contributed to raised levels of 

obesity, particularly in children165 and the health risk imposed by these things is concerning. It is well 

documented that a high intake of saturated fat and of red meat is associated with an increased risk of 

CVD,166,167 with the regular consumption of soft drinks being associated with an increased risk for the 

development of T2DM164 and the increased intake of fruit, vegetables and fibre contributing towards a 

reduced risk of coronary heart disease.168  

 

Lastly, age has an important impact on physical capabilities. As men and women age, their activity levels 

tend to decrease,169,170 accompanied by a gain in body fat and a decrease in lean tissue which can be 

observed in both sexes.171 However, as at other ages, aerobic exercise can increase muscle protein 

synthesis, reducing the impact of aging on muscle and possible sarcopenia.171 Overall, better physical 

fitness is associated with improved function of the autonomic nervous system and its control of the 

heart (which can often be impaired in obese adolescents172), as well as more favourable cardiovascular 

risk factors, including reduced plasma cholesterol concentration (particularly LDL), improved vascular 

(endothelial) and muscular function154,173,174 and improved mental health outcomes.175,176 
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Socioeconomic position  
 
 

A strong association exists between BMI, SEP, educational attainment and the overall health of parents 

and children, although this relationship varies both within and between populations over time.177 In the 

UK, the general trend indicates that a more favourable SEP is associated with smaller body size for both 

men and women, while children from deprived areas are much more likely to be either underweight or 

obese.178,179 These findings may be due in part to the fact that lower socioeconomic groups are 

commonly less well financially supported and educated as to the practicalities of living a healthy 

lifestyle, or they may be more resistant to governmental measures targeted towards lifestyle 

change.180,181 There are also ethnic discrepancies; obesity in the UK is more prevalent among 

black/African/Caribbean/Black British adults compared with Whites, while both Chinese adults and 

children appear to be at lower risk of obesity than Whites in the UK.182 These disparities highlight the 

importance for analyses to be stratified by SEP and address the importance of the continued 

development of policies to reduce socioeconomic inequalities.177,183  

 

Obese people are more likely to be from a lower socioeconomic background184 and, as well as being 

more common in people from a lower SEP, mental illnesses such as depression are likely to contribute to 

obesity through lack of physical activity, poor eating habits and low adherence to recommended lifestyle 

modifications.185 Obese individuals are also more likely to experience long-term self-image problems, 

stigmatisation and greater psychological distress as a result, which may contribute to more severe 

obesity.186 Socioeconomic position is also closely associated with diet and more deprived 

neighbourhoods often have a greater number of fast-food outlets.187 A large UK-based convenience 

sample of adults found clear associations between the density of fast-food outlets, processed meat 

consumption and multiple measures of adiposity (body mass index and body fat percentage), with 

independent associations also existing between household income and these outcomes.149  

 

Smoking  
 

As discussed previously, tobacco smoking is a major health hazard which strongly increases one’s risk for 

CVD.188 However, it also has a strong impact on body weight. Most of the effect of smoking on body 

weight is mediated by the action of nicotine, which increases energy expenditure by impacting 

peripheral tissues and neuroendocrine circuits in the CNS, and impacts hypothalamic regions in the 

arcuate nucleus, such as the the NPY/AgRP and POMC/CART neurons, which suppress appetite and 
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increase satiety.189 Nicotine causes a rise in basal metabolic rate and a reduction in food intake, causing 

a reduction in body weight, thus smokers often gain weight when they quit smoking.189 

 

There are also gender differences in cigarette smoking in adolescents. Evidence suggests that girls tend 

to pick up smoking as a method for controlling their weight and, while some boys begin smoking for the 

same reason, many smoke for pleasure, enjoying the taste/smell or stimulation.190,191 However, a meta-

analysis reported a higher risk of coronary artery disease (CAD) in women despite men in general being 

heavier smokers.192 Some evidence has suggested that females in the latter phases of the menstrual 

cycle may be more likely to crave cigarettes193 and the use of oral contraceptives also increase the risk 

for disease in heavy female smokers.194 Added to this, females also tend to have less success than men 

when attempting to quit smoking.194,195 Smoking has also been associated with adverse changes in 

lipids196 and is known to increase triglyceride, LDL and total cholesterol levels.197 HDL cholesterol has 

been found to be reduced in women compared with men, although the risk and incidence of MI is often 

greater in men than women.196 Despite this, female smokers appear to have greater perturbations in the 

their lipid profile than males and retain a greater risk for CAD.197  

 

The adverse lipid profile which is brought on by smoking is also exacerbated by the presence of obesity. 

Obese smokers have a much reduced life expectancy compared with that for non-obese smokers.198 

Cigarette smoking may also regulate adiponectin concentrations through lipolysis and influence the 

concentration of cytokines such as tumour necrosis factor-α (TNF-α), which may also decrease 

adiponectin concentrations and cause insulin resistance.199 Indeed, previous findings confirm an 

association between chronic smoking, lower adiponectin levels and insulin resistance.200 

 

Diabetes Mellitus (type 2)  
 

Development 
 

In 2018 the number of people suffering from diabetes mellitus was four times greater than the number 

thirty years previous, and approximately 1 in 11 adults worldwide had diabetes, of which over 90% 

suffered from type 2.201 Although more common in older individuals, T2DM is becoming increasingly 

more prevalent in all age groups, especially young adults, driven by the obesity epidemic.202 An 

unhealthy diet and sedentary lifestyle often lead to overweight or obesity (commonly resulting in 

metabolic syndrome), which is the usual context for the development of T2DM in Europeans, although 

there is a strong genetic influence and smoking can also increase the risk of developing T2DM.201 Chronic 

adiposity has an adverse effect on homeostasis and lipid levels, resulting in sustained hyperlipidaemia, 



81 
 

hypercholesterolaemia and a low-grade inflammatory state, reduced tissue sensitivity to insulin and 

ultimately insulin resistance.199,203  

 

The presence of free fatty acids in the blood plasma play a key role in the development of insulin 

resistance and also reduce insulin-activated glucose uptake.110-112 Over time, the elevated FFAs reduce 

hepatic insulin uptake, leading to hyperinsulinaemia, increased gluconeogenesis (resulting in increased 

circulating glucose levels) and hyperglycaemia.113 Hyperglycaemia further stimulates the secretion of 

insulin by the pancreatic β-cells117 and the hyperinsulinaemia, in turn, causes the downregulation of 

insulin receptors (IRs), reducing the intracellular events triggered by insulin action and further worsening 

insulin resistance.117 IRs are distributed throughout the body and are found not only in the more insulin-

sensitive tissues such as the liver and muscles, but also in fat and neuronal tissue of the central nervous 

system (CNS).204 In the CNS, IRs are thought to regulate energy homeostasis and body weight, playing a 

key role in the regulation of fuel metabolism.204 However in individuals with T2DM, tissues such as the 

liver, muscle and adipose tissue have lost their sensitivity to insulin and are largely insulin-resistant; 

while insulin may bind to the remaining few IRs available, their respective cells do not take up much or 

any glucose.201 This results in a permanent state of hyperglycaemia. The number of β-cells in the 

pancreas also decreases by around 50% 118 with an associated decline in their function.119  

 

Diabetes mellitus and cardiovascular disease (CVD) 
 

As well as glucose intolerance, disturbed adipokine secretion and dyslipidaemia, insulin resistance is 

commonly accompanied by hypertension, microalbuminuria, oxidative stress and disturbances in 

haemostasis and fibrinolysis, which increase one’s risk of developing CVD.199  

 

If an individual with T2DM does not manage their condition well in the long-term, local and systemic 

damage and dysfunction can result, beginning at the microvascular level and working its way up to the 

organs.205 The pro-inflammatory and pro-thrombotic state created by T2DM exacerbates 

atherosclerosis, and can lead to the development of peripheral artery disease, coronary microvascular 

dysfunction and blunted coronary flow reserve, increasing the risk of myocardial angina, CHD and 

stroke.205,206  

 

The presence of T2DM also increases the risk of congestive heart failure. When LV diastolic dysfunction 

develops in patients with T2DM, with an absence of CAD, valvular disease or hypertension, this often 

results in what is termed diabetic cardiomyopathy.207 It is characterised by the presence of an abnormal 
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myocardial structure and functional abnormalities, including diastolic dysfunction and LVH, which 

progress to fibrosis, systolic dysfunction and heart failure, initially with preserved ejection fraction but 

progressing to reduced ejection fraction.208  

 

The relationship between individuals with T2DM and the increased incidence of CVD is well 

documented. CVD has been found to develop 14.6 years earlier in patients with T2DM and is more 

severe, compared with individuals without T2DM.206 A recent meta-analysis of 102 prospective studies 

which included 530,083 participants showed in addition that those with T2DM have double the risk of 

developing a wide range of vascular diseases, including CHD, MI and stroke, compared with those 

without T2DM, independent of conventional risk factors including age, smoking, BMI and SBP.209 In 

addition, type 2 diabetes is reported to be asymptomatic for many years, meaning that younger 

individuals who may be identified as ‘non-diabetic’, may in fact be undiagnosed.210 Moreover, the 

obesity pandemic is known to have been influencing the incidence of T2DM from younger ages and this 

raises questions about the unhealthy environments to which children and adolescents may be 

exposed.201   

 

Risk factor tracking and sensitive periods in childhood and adolescence  
 
 

Another consideration for CV RFs, particularly obesity, is the length of time for which an individual’s 

body has been subjected to them, and how strongly cardiovascular risk tracks through the life 

course.211,212 The tracking of the development of cardiovascular risk from childhood into adulthood is 

becoming increasingly important in our understanding of how the incidence of CVD might be reduced, 

yet there are inconsistencies as to the roles of RFs in different life stages and their contribution to 

cardiovascular risk. A large proportion of literature has focused on middle age, by which time 

therapeutic or surgical interventions are often the only options. Possible associations between 

exposures and adverse cardiovascular outcomes have been comparatively understudied in both 

adolescence and early adulthood and the significance of this time period in development remains 

unclear. Therefore, research into these life stages and into the sensitive periods of growth and 

development, and their impact on cardiovascular risk, is important. We will first consider these so-called 

sensitive periods, and then move onto the tracking of overweight/obesity through the life course. 

 

Sensitive growth periods  
 

The significance of developing an adipose phenotype during different periods of the life course, with 

respect to increasing CV risk, is not fully understood. Factors in childhood and even in utero may have a 
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strong influence on CV risk in later life, influencing the risk of hypertension, T2DM and stroke,213,214 and 

intrauterine growth restriction, low birth weight and accelerated growth appear to predispose 

individuals to more severe vascular remodelling and dysfunction.215,216 ‘Critical’ or ‘sensitive’ periods 

exist; these are developmental or life course stages during which the organism is particularly sensitive to 

a particular exposure, for example an exposure resulting in greater risk of obesity and/or CVD later in 

life.217,218 Dietz has proposed that three sensitive periods exist for obesity: fetal life; the period of 

adiposity rebound between ages 4 and 6, and adolescence,219 which are helpfully illustrated in Figure 16. 

 

Increased birthweight itself is associated with increased risk for later abdominal obesity, while low 

birthweight may be associated with leanness and diminished growth.218,220 Some theories have focused 

on fetal exposures from the mother, such as the developmental overnutrition hypothesis, and suggest 

that increased maternal obesity during gestation leads to increased adiposity in their offspring in later 

life.221 However, an analysis from 4000 parent-offspring trios found that neither paternal nor maternal 

fat mass, as measured by DXA scanning, nor the expression of the FTO phenotype, had a marked impact 

on offspring fat mass at age 9-11 years.221 It is now well documented that premature babies (or those 

with a low birth weight) who go on to gain weight quickly (‘catch-up growth’) are at greater risk of MetS, 

hypertension and CHD, compared with those who were carried to full term.214,222,223 Another prominent 

theory is the Barker hypothesis, which highlights the association between adverse nutrition and specific 

changes to physiology in infancy and early childhood and increased susceptibility to developing MetS, 

hypertension and CVD later in life.213,224-226  

 

Sensitive periods further along the life course include the ‘adiposity rebound’ (AR), referring to period 

during early childhood when BMI begins to increase from a nadir, commonly around the age of 5-7.227,228 

A study of the ALSPAC cohort found that early AR (before age 5 years) was associated with increased 

BMI and fat mass index (FMI) at age 15, even after adjustment for parity, maternal education, 

household social class, parental obesity, gestational smoking, gestational age, child birthweight and child 

pubertal status at age 15.228 Experiencing AR at an earlier age also appears to be associated with a 

greater risk of obesity and hypertension in adulthood.229,230 A study which focused on ALSPAC children at 

the age of 7 found that increasing birth weight was linearly and independently associated with the 

increasing prevalence of obesity at age 7, and age 7 obesity was also significantly associated with 

maternal smoking during pregnancy, between 28 and 32 weeks in particular.231 Parental obesity, 

television viewing and sleep duration were also important factors in this study which were 

independently associated with obesity risk, alongside early life exposures including weight gain during 
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infancy, catch-up growth and BMI rebound (<43 months).231 In addition, having greater rates of weight 

change from birth up to the age of 10 have been found to be linked with greater LV mass, LV internal 

diameter and greater LA size, with the most significant associations observed between ages 3 to 7.232 

 

 

Figure 16: Schematic representation showing risk for chronic diseases due to fluctuations in body mass during growth periods in early life (foetal, 
neonatal, infancy and childhood) and in young adulthood. Taken from Dulloo et al.(2006).233 

 

Having a small birth weight and then a undergoing a rapid period of adiposity catch-up during infancy is 

also associated with greater central and brachial blood pressure in young adulthood234 underweight 

babies who gained weight rapidly between ages 3 to 7 are also at greater risk of CHD, T2DM and 

hypertension.214 

The next important periods of particular interest are the onset of puberty and adolescence. In 

agreement with a number of findings previously mentioned, a comparatively recent systematic review, 

informed by a large and consistent body of evidence, concluded that being overweight or obese during 

childhood and adolescence is associated with increased morbidity, especially cardiometabolic morbidity, 

followed by premature mortality.235 Increased BMI and adiposity gain in girls is also associated with 

earlier pubertal onset, including a younger age of menarche.236-238 Analyses of participants of the MRC 

NSHD cohort found that rapid growth between ages 2 and 7 years, accompanied by low birthweight, is 

associated with earlier age at menarche,239 and another study of the same cohort found that girls who 
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were heavier at the age of 7 years also had menarche at an earlier age.237 Meanwhile, undernutrition is 

associated with a later age of menarche.123  

The onset of puberty in boys is harder to detect and so associations between adiposity, pubertal onset 

and CVD are both more difficult to measure, as well as being less studied, although some evidence has 

suggested rather than causing puberty to happen earlier, as in girls, adiposity in boys delays pubertal 

onset.236 Age at puberty also has implications for later adiposity for both genders. Earlier pubertal 

maturation has been found to be associated with increased adiposity in adulthood in both genders, 

across multiple cohorts, including the 1958 British National Child Development Study,240 the Amsterdam 

Growth and Health Study,241 the National Collaborative Perinatal Project 242 and the Bogalusa Heart 

Study.243 

Rates of change in growth during adolescence also have significant implications for later life. Peak 

weight velocity (when one experiences the greatest rate of change in body mass) and peak height 

velocity (greatest rate of change in height) during pubescence are important predictors for total body fat 

and % body fat, especially in males,230 and others have found that accelerated maturation is associated 

with increased adiposity during adulthood.241 Rapid weight gain during adolescence has also been found 

to have a strong impact on BP and hypertension in the longer term,244 and early maturation in females is 

associated with greater adiposity and shorter height in adulthood,241,245,246 and a greater prevalence of 

metabolic syndrome in adulthood.247 In addition, early age at menarche (before age 12 years) is 

associated with an increased risk of cardiovascular events in women, mortality related to CVD and 

overall mortality, associations which are only partially mediated by greater adiposity.248  

As well as impacting physical health, overweight and obesity also have adverse effects on mental health, 

causing poorer psychosocial functioning and increased risk of depression in adolescents, particularly 

females,249-252 alongside impacting educational attainment,253 factors which are particularly poignant for 

teenagers and adults alike. Combating childhood adiposity may prevent early puberty, adiposity in later 

life and associated problems with social, mental and physical health,238 although other interventions 

need to be implemented in tandem to tackle these multifaceted issues.   

In summary, sensitive periods of life may impact adiposity in adulthood to lesser and greater extents, 

which, in turn, impact on both cardiovascular risk and psychosocial development. However, since 
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multiple factors influence puberty, including birth weight, foetal programming and prepubertal growth, 

determining what is key driver of certain phenotypes is not simple.254   

Tracking of overweight and obesity from childhood and adolescence into adulthood 
 

While some overweight and unhealthy children and adolescents may develop into healthier adults, the 

prevalence of overweight and obesity is known to rise with age and a strong association exists between 

one’s being obese at age 5-7 years and again at age 15-17 years.25 Many have found that that larger 

children are more likely than thinner individuals to become obese adults255 and evidence clearly 

indicates that childhood adiposity increases the risk of the development of CVD or related conditions 

later in life.256 A recent Norwegian study observed that the tracking of overweight and obesity was 

significant in early childhood between 2-4 and 5-7 years of age, and between both of these periods with 

15-17 years of age.25 Again, this finding is consistent with previous findings that overweight and obesity 

tend to remain stable over the life course, from childhood into adolescence and beyond.257-260 

 

These findings are both supported and challenged elsewhere. One systematic review found the tracking 

of weight from childhood to adulthood to be moderate for overweight and obese youth, yet also stated 

in the same paper that “the majority of overweight adults were not overweight during childhood”, 

highlighting the fact that body mass must increase at some point during adolescence or adulthood.257 In 

addition, BMI at different ages can predict BMI later in life, although to different extents; BMI at age 13 

and 18 are both good predictors of the likelihood of being overweight at age 35, while associations 

between BMI at ages <13 are only moderate predictors of BMI at age 35.261  

 

Nevertheless, it remains unclear whether the danger of childhood adiposity is due mainly to the tracking 

of childhood obesity into adulthood and the culmination of long-term metabolic and vascular changes 

over this period,262 or whether behaviours during so-called ‘sensitive’ periods of life are more culpable in 

the thread to lifelong health. One problem which occludes the answer to this question is that many 

studies of childhood and adolescent obesity and cardiovascular risk are cross-sectional, making 

interpretation difficult. Since it is often unclear whether outcomes are caused by exposures or vice 

versa, the use of tools which improve causal inference are very useful. More prospective cohort studies 

which focus on the periods between early childhood and adulthood are also warranted to illuminate 

how CV risk develops and to clarify which are the best measures to use for routine screening of CV risk 

at earlier ages.47 If more clarity can be afforded as to the pathways involved in the early accumulation of 
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CV risk and the development of cardiac pathogenesis, better preventative strategies and improved 

treatments for CVD may also arise. 

 

Adiposity in childhood, adolescence and adulthood and associations with disease  
 

Adiposity and associated comorbidities 
 
 

Weight gain during childhood and adolescence increases the risk of developing T2DM and CVD.263 In 

adulthood obesity itself is an independent RF for the development of CVD, particularly coronary artery 

disease (CAD).12,157,264 These trends have also been found in youth; obesity in childhood and adolescence 

is a strong predictor of general cardiovascular risk and premature mortality in adulthood, including a 

greater risk of coronary heart disease in later life.235,265,266,267 

 

The causes of these trends are often attributable to the clustering of particular traits (MetS) in 

overweight and obese individuals which put them at higher risk of developing CVD, although it is 

important to remember that the severity of numerous cardiovascular risk factors such as blood pressure 

(BP) and non-HDL cholesterol increase with age, even in individuals with a BMI from 21 kg/m2.13 

Adiposity is strongly associated with the development of elevated BP or hypertension, dyslipidaemia, 

raised plasma triglycerides, raised CRP, decreased HDL-C and insulin resistance,113,268,269 of which the 

latter is particularly important in obese individuals, since evidence shows that it is better at predicting 

CVD events than other traditional risk factors.268,270 

 

Even in young children increased adiposity has is associated with increased BP, glucose and insulin,271-273 

trends which have also been observed in pre-pubertal children from the ALSPAC cohort.274 BP, 

inflammatory proteins, triglyceride concentrations, HDL-C, LDL-C , insulin resistance and total childhood 

body fat have all been observed to track into adulthood275 and it is this ‘tracking’ of both body mass and 

related cardiovascular RFs that appear to be important predictors of health outcomes in both 

adolescence and young adulthood. Elevated serum LDL and total cholesterol in childhood track strongly 

into young adulthood, and raised plasma triglycerides in childhood are known to predict CVD events 

later in life, as far as the fourth and fifth decade.276-277 Dyslipidaemia in childhood is closely associated 

with elevated BP and hypertension and meta-analyses of data from diverse populations have shown 

that the prevalence of paediatric hypertension been increasing,278 with the tracking of BP from 

childhood into adulthood being strong.279,280 Concurrent with these findings, an ALSPAC study showed 

that individuals who were overweight or obese between age 9-12 and 15-16 were at greater risk of 

developing dyslipidaemia and increased SBP later on.262,281,282 Furthermore, children with a worsening 
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metabolic profile over a long period of time, alongside the presence of other RFs, are likely to 

experience more cardiovascular problems, developing more extensive fatty streaks, plaques and lesions 

as they age.263 In addition, as discussed previously, the seeds of atherosclerosis and vascular disease are 

sown in childhood and the accumulation of fatty streaks and early atheroma during this period has a 

high correlation with risk for coronary events in later adulthood.283 Nevertheless, obese individuals with 

hypertension may remain metabolically healthy, perhaps due to the impact of certain optimal lifestyle 

choices.113,284  

 

Adiposity and the heart 
 

Obesity leads to a range of haemodynamic and cardiac structural and functional changes285 which 

manifest early in the presence of childhood adiposity and progressively worsen into adulthood.262,286-289 

It has been said that these changes are “...independently associated with significant changes in 

myocardial structure and function, indicating an early onset of potentially unfavourable alterations in 

the myocardium.”290 Increased levels of fat mass impose the a greater metabolic demand on the body, 

which is met with proportional increases in total blood volume and BP, stroke volume and resting CO, to 

increase tissue perfusion.113,262 Interestingly, some have found that in overweight (BMI of 25-29.9 kg/m2) 

and obese individuals (BMI of 30-34.9 kg/m2), increased CO is attributable more to increased lean mass 

than to increased fat mass.285 In the presence of peripheral obesity, heart rate is only normal or mildly 

increased, so the increase in CO is due primarily to the augmentation of LV stroke volume, which is also 

accompanied by a decrease in total peripheral resistance and an increase in oxygen consumption.285 I 

will now discuss associations between adiposity and cardiac structure and function.   

 

LV structural measures 
 

The presence of obesity and hypertension commonly leads to cardiac hypertrophy and dilatation in 

adults.291 Chronically raised cardiac preload and afterload measures typically lead to increased LV wall 

stress, LV mass and left atrial (LA) size which, in the long-term, may lead to eccentric hypertrophy, LV 

dilatation and LV diastolic dysfunction.262,289,291-294 Obesity is also an independent risk factor for the 

development of atrial fibrillation (AF), and the majority of patients with AF have concurrent 

hypertension and LVH.278 

 

Both eccentric and concentric LV remodelling patterns have been observed in obese individuals. While a 

number of studies have reported that eccentric LV hypertrophy (LVH) is more common in normotensive 
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obese individuals,295,296 a recent review observed that more recent studies have found concentric LVH or 

remodelling to be just as prevalent, if not more so, than the eccentric pattern.285 This may be related to 

the fact that CO is not raised in those with central adiposity, although this is unclear. Hypertension and 

growth factors such as insulin also contribute towards LVH,285 and as the cohorts of different studies 

often have different characteristics at baseline, this is likely to explain some discrepancies.  

 

LA size, chamber dimensions of the LV and LV mass are elevated in overweight children and 

adolescents,286,290,294,297-299 it being likely that these increases in cardiac measures are a compensatory 

response to the increase in haemodynamic load and neurohormonal factors brought on by 

obesity.291,294,300 Interestingly, studies have found that weight loss can also result in reduced LV mass in 

adults,301,302 alongside a reversal of other haemodynamic alterations associated with obesity, including 

lower central blood volume, SV, CO and BP and improvements in LV diastolic function, Mitral annular 

systolic velocities and LV radial and longitudinal strain.285  LV mass has been found to be strongly 

associated with elevated SBP and lean mass303 and SBP, together with adiposity, are significant 

predictors of LV mass in young adults.299 Similarly, the Bogalusa Heart Study has shown that in groups of 

children, teenagers and young adults, body size and adiposity correlate strongly with LV mass.304  

 

There are mixed reports as to the impact of adiposity on RWT. Some reports show increased LV mass 

accompanied by greater RWT (indicative of concentric remodelling) in obese children, adolescents and 

young adults compared with those of normal weight286,305 and Dhuper et al. found similar types of 

ventricular remodelling between both sexes.286 By contrast, others have found no difference in RWT 

between overweight and normal weight children and adolescents, with the suggestion that observed 

eccentric remodelling in the overweight group was just due to the adaptive response to volume 

overload, which raised LV mass.294,298   

 

Despite trying to compensate for the raised haemodynamic and metabolic load imposed by adiposity, 

these structural changes to the LV are associated with reduced systolic and diastolic function and an 

increased risk of CVD,294 and it is suggested that over time, due to this adverse cardiometabolic 

phenotype, the atria and ventricles lose their functional integrity and congestive heart failure may 

develop.113,297,305,306  

 

Systolic and diastolic functional measures 
 

Obesity in adolescence and adulthood has been shown to be associated with reductions in both systolic 

and diastolic function.290,294,307 Increased LA size due to adiposity is also closely associated with the 
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severity of LV diastolic dysfunction in children and adolescents, with obese subjects possessing much 

larger left atria and ventricles.286 In a small cohort of obese children (n=111, mean age 10.6±2.5 years) 

Bonito et al. found no impairment of diastolic and systolic function, although this might be due to the 

short amount of time for which the participants had been obese, meaning that little damage may as yet 

have been incurred.298  

 

Chinali et al. reported significantly higher LA systolic force in obese adolescents, accompanied by mildly 

lower measures for ejection fraction, MFS and contractility, although with no differences between the 

overweight and normal weight groups for LV filling patterns.294 Mangner et al. also found that measures 

of peak systolic velocity (measured using TDI and averaged using different annuli), circumferential and 

longitudinal strain were also lower in obese children compared with non-obese adolescents, although 

values for radial strain were similar, with increased values of SV and CO for the obese group.290  

 

Obesity is an independent risk factor for diastolic dysfunction and impaired LV diastolic filling (as 

measured using E/A) has been seen in a number of adult cohorts.308-310 This has also been observed in a 

small study of obese children, although E/e’ was used to measure diastolic function (most studies of 

diastolic function in adolescents use E/A) and the cohort was comparatively small (n=43).311 However, 

Mangner et al. also found reduced measures for both E/A and E/e’ in their cohort.290 In another, larger 

study of young adolescents (n=300) with a mean age of 12 years, obese individuals were found to have 

impaired LV diastolic function but to retain normal systolic function (based on ejection fraction (EF)), 

albeit with a significant reductions in longitudinal strain.312  

 

Vascular structure, function and stiffness 
 

Numerous papers have observed that over time, increased adiposity and rises in BP are associated with 

increased arterial stiffness (AS) and endothelial dysfunction in both adults305,309,310,313,314 and 

children,262,315-319 which also contribute to further rises in BP. Total peripheral resistance (TPR) appears 

to be elevated in obese individuals with hypertension, but lower in normotensive individuals with 

peripheral adiposity,285 which occurs in order to maintain mean arterial pressure (MAP) and counteract 

the increase in CO (as TPR=MAP/CO). LV afterload is also elevated in obese individuals, putting greater 

strain on the heart, which also contributes further to LV remodelling.310 

 

Even from a young age, adiposity appears to have a strong influence on arterial structure and stiffness. A 

large American study of 670 children and youths (aged 10-24 years) found that measures of carotid-to-
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femoral pulse wave velocity (PWV) and endothelial dysfunction increased with adiposity, being 

particularly greater in obese subjects with T2DM, although sex-stratified data were not provided.319 

Another study compared children of normal weight with those who were severely obese (average age 

~12 years) and found that severe paediatric obesity was associated with both early endothelial 

dysfunction and increased AS of elastic arteries, perhaps highlighting the early stages of an 

atherosclerotic state.318 Further research will be useful in establishing how adiposity, regional fat 

distribution and different risk factors influence atherosclerotic progression in children and 

adolescents.316  

 

A number of studies of older children, adolescents and significantly obese individuals have also shown 

that obese subjects have increased cIMT, compared with leaner controls.315 Obese children have been 

found to have a much more advanced vascular dysfunction for their age and the use of vascular age as a 

clinical tool may be useful in predicting cardiovascular risk in children.316 In the short term, the 

vasculature may compensate for the endothelial dysfunction and increased AS associated with adiposity, 

but over time, adaptive mechanisms can be countered by the severity and duration of obesity, the onset 

of T2DM and the influence of puberty, although the interactions between these factors remain 

unclear.315 Importantly, the influence of sex and pubertal stage is often overlooked in studies of AS, so 

further studies ought to account for the respective influences of these factors.316 

 

Interestingly, the impact of adiposity on cardiovascular structure and function may be reversible and 

some studies have found that weight loss interventions have a strong impact on cardiovascular health. 

One such study of a sample of obese middle-aged subjects found that over a two-year period, weight 

loss was associated with improved diastolic and systolic function, lower SBP and DBP, and decreased LV 

mass, RWT and cIMT.302 Similarly in another weight loss study, Alpert et al. reported increases in 

fractional shortening and decreased BP and LV chamber size.320  

 

Additional problems caused by adiposity  
 

Sustained adiposity leads to other concurrent problems with metabolism,79,156 renal function 321,322 and 

pulmonary circulation, which can cause chronic hypoventilation, sleep apnea and thromboembolic 

disease.262,286 The presence of MetS in abdominal obesity has also been associated with cognitive 

decline, including dementia, decreased hippocampal volume and an increase in the number of white 

matter hyperintensities,323 although these diseases do not tend to present until middle- to older- age. 
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Nevertheless, obese individuals with hypertension may remain metabolically healthy, perhaps due to 

the impact of certain optimal lifestyle choices.113,284,285  

 

 

Closing comments  
 

The multifaceted nature of obesity and its impact on cardiac structure and function and cardiovascular 

health highlights the need for governmental strategies to be in place which tackle the development of 

overweight and obesity in children and adolescents. These ought to both encourage healthy behaviour 

and pastor those who are more vulnerable to develop adverse behaviours, especially those from less 

advantageous social backgrounds and who suffer from poorer mental health.  

 

Certain public health approaches to address the obesity epidemic in the UK have been implemented, 

and the call for, and subsequent establishment of strategies such as the ‘sugar tax’ and physical activity 

campaigns appear to have been successful so far.324 Nevertheless, continued preventative measures are 

needed and by improving the public awareness of the adverse effects of adiposity on cardiovascular and 

general health, the national health burden may be reduced. 
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Chapter 3: Context of research and general methods 
 

a) Research context: the ALSPAC cohort  
 

Background  
 

The research context for this thesis is the Avon Longitudinal Study of Parents and Children (ALSPAC) 

study, a birth cohort study in the historical area of Avon, near Bristol, UK. This study, often referred to 

by its more informal name of ‘Children of the nineties’ is based at the University of Bristol and initial 

enrolment began thirty years ago, in 1990.1 ALSPAC is funded by the UK Medical Research Council and 

the Wellcome Trust, and its methodology was set up by Professor Jean Golding, who was the ALSPAC 

Scientific and Executive Director from the start until 31st December 2005.2 Ethical approval for the study 

was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees, 

accompanied by the submission of written consent by both the parent/guardian and child, wherever 

applicable.   

 

An ambitious study, ALSPAC was set up with the intention to illuminate the impact which genetic and 

environmental characteristics may have on the health outcomes of both parents and children.3  

The longitudinal design of ALSPAC makes it an incredibly useful resource, which now spans three 

generations, from the original parents who were enrolled from 1990-1992 (‘ALSPAC-G0’), to their 

children who are now in their late 20s (‘ALSPAC-G1’ - whose measurements will be discussed in this 

thesis), and to their grandchildren (‘ALSPAC-G2’; see Figure 17 for further details for each generation).4   

 

 

Figure 17: Summary of the recruitment of different ALSPAC generations.’ Taken from Barratt (2012). 4  



110 
 

Initial design (ALSPAC-G0) 

 
 

 

Figure 18: ALSPAC recruitment process, from its inception and recruitment of parents in ALSPAC-G0 through to recruitment phase III for ALSPAC-
G1. Taken from Boyd et al.(2013).5 
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Of 20, 248 eligible pregnant women, 16,734 were invited to participate in the study. Of these, 14, 541 

women enrolled into ALSPAC, all of whom had expected dates of delivery between 1 April 1991 and 31 

December 1992. Of the initial 14, 541 pregnancies, 13, 988 were alive at 1 year old. Further recruitment 

drives were undertaken when the oldest children were around age 7, targeting eligible individuals who 

failed to join the study previously, with an additional recruitment drive from age 8 onwards. By the end 

of recruitment phase three, the number of children had increased to 15,247 in total.  

 

A 10% sample of the cohort (known as the Children in Focus (CiF) group) were randomly selected to 

attend clinics at the University of Bristol at various time points between 4 to 61 months of age (1432 

families attended a minimum of one clinic) and 9 clinical assessment visits in total were held between 

the ages of 7 and 18 years. Follow-up also included participation in 59 (predominantly qualitative) 

questionnaires (age 4 weeks-18 years). A large range of data is available, covering a range of behavioural 

and biological factors. A further subset of the cohort were genotyped and genome-wide data is available 

from 8,365 children, 2,000 of whom have their genome completely sequenced. Full details of the initial 

study methodology and cohort profile have been described previously and Figure 18 provides details of 

the cohort profile from the initial recruitment drive in 1991, up until the third recruitment phase at age 

8.5 The ALSPAC website contains further details of all the data that is available through a fully searchable 

data dictionary (http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/). 

 

Focus clinic at age 17  
 

After some smaller clinical visits during adolescence, ALSPAC-G1 study participants were invited back to 

attend another clinical examination at age 17, named ‘Focus at 17’ (F@17). 5,215 willing participants 

attended this clinical visit, which included the collection of biological, anthropometric (including dual-

energy x-ray absorptiometry (DXA)) and echocardiographic data. Written informed consent and ethical 

approval was obtained from the ALSPAC Law and Ethics Committee and the Local Research Ethics 

Committee. Biological samples, biometric measurements and numerous medical images were taken 

from willing participants at F@17 (average age 17.8 years). 4,849 participants had DXA measurements 

taken and a subset of the cohort underwent echocardiography (n=2,119). Key details of F@17 may be 

seen in Figure 19 and baseline physical and socioeconomic characteristics for the whole F@17 group 

may be seen in Tables 1a and 1b. An additional recruitment drive took place after the F@17 clinical visit, 

ahead of the clinical visit at the age of 24.  

 

http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/
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Key details of ALSPAC cohort design up to F@17 

 

 

Figure 19: Original infographic highlighting key ALSPAC clinical visits and features of  the cohort design. While the information disclosed is not 
exhaustive, events and clinical visits are highlighted which are of particular relevance to this thesis.  
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b) Physiological measurements  
 

Echocardiography 
 

Echocardiography is one of the most widely used clinical diagnostic tools in daily practice11. It is now the 

third most frequently performed cardiovascular method, after electrocardiography and chest X-ray,12 

and it is also the most commonly used method for cardiac imaging, due to its low cost, the speed at 

which it can be performed and the minimal discomfort it causes to patients.13  The technique makes use 

of ultrasound waves to generate a sonogram of the heart, permitting the visualisation of high-resolution 

real-time and the quantification of different measures of cardiac structure and function, which may then 

be used to assess whether individuals have particular conditions e.g. diastolic dysfunction, LVH, etc.14  

 

Echocardiography may be performed either non-invasively through the use of an external transducer or 

probe on the thorax, known as transthoracic echocardiography (TTE), or invasively by inserting a probe 

into the individual’s oesophagus, known as trans-oesophageal echocardiography (TEE). While TEE 

provides improved resolution, it does pose an increased risk compared with TTE, meaning that TTE is 

preferred wherever possible, being simpler, non-invasive and less stressful by comparison, with TEE only 

being performed clinically during a hospital-based operation or if there are serious problems with 

visibility.14,15  

 

The principles of echocardiography make use of ultrasonic waves and the Doppler effect to visualise 

cardiac morphology and the movement of blood through the chambers. Ultrasonic waves, i.e. waves 

with a frequency of greater than 20 kHz, are transmitted transversely from a transducer into the body 

(see Figure 20).15 The transducer contains piezoelectric crystals, through which an electric current is 

passed, resulting in the transmission of these ultrasonic waves.16 The ultrasonic waves travel through 

multiple different bodily tissues, each of which have a different resistance or ‘acoustic impedance’ to 

ultrasonic transmission, such that when an ultrasonic pulse goes between tissues with very different 

acoustic impedances, much of the energy within the ultrasonic pulse is reflected back in the direction of 

the transducer.15 It is the relative difference in frequencies at which the waves are reflected from each 

tissue which permit the visualisation of the different tissues. The reflected waves are received by the 

piezoelectric crystals in the transducer and the ultrasonic information is processed and visualised by the 

echocardiography machine to produce an image.16  
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Figure 20: Image showing basic principles of ultrasound, applied to echocardiography. Adapted using images from 
https://northsideheart.com/diagnostic-procedures and https://slideplayer.com/slide/5725085/. 

 

Echocardiography machines can make measurements in real-time, meaning that measurements can be 

both temporal and spatial, and the use of Doppler permits the tracking of tissue and blood movement, 

allowing the measurement of systolic and diastolic function and cardiac haemodynamics.13 

Echocardiographic technology has been much developed since its inception and first widespread clinical 

use over seventy years ago,15 and a number of different modalities are now available which will be 

discussed now. 

 

M-mode echocardiography  
 

M-mode echocardiography was the first form of cardiac ultrasound which was widely used, and involves 

the direction of a single beam of ultrasound towards the heart, with the reflected signals being 

visualised on an oscillograph and appearing as a single line of ultrasound over time.12,16 It was developed 

by Inge Edler and Carl Hellmuth Hertz in Sweden in 1953, who applied the principle of echoreflection to 

cardiovascular imaging and produced a simplistic image of the cardiac tissues in the format now known 

as A-mode, which measured amplitude.15 After being given an ultrasound machine of their own, they 

were able to produce what we now call M-mode scans. These scans may be produced when a single 

beam of pulsed ultrasound is transmitted into the body cavity. The beam is reflected back at different 

frequencies, depending on the type of tissue the ultrasonic waves hit, and an image is constructed.14 

Using M-Mode echocardiography, Edler and Hertz were able to examine heart structures including the 

LA, the mitral valve and the pericardium, permitting the diagnosis of conditions such as pericardial 

effusion and atrial thrombus.15 M-Mode is still in use today, although a key limitation is its linear format. 

The subsequent development of more sophisticated modalities has meant that is used comparatively 

less frequently when these more comprehensive modalities are available, although M-Mode remains 

useful, particularly when assessing the timing of events during the cardiac cycle.17  
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Two-dimensional (2D) echocardiography 
 

Real-time two-dimensional (2D) echocardiography was developed a decade later and by the early 1970s 

mechanical transducers were available which could be moved backward and forward to produce 2D 

images.15 Phased-array transducers were then developed which could shape and control ultrasonic 

beams automatically. 2D echocardiography provides a more comprehensive view of the cardiac 

chambers and walls which is now used more often than M-mode. Whereas M-mode provides images of 

the heart along a single scan line, 2D echocardiography uses a series of adjacent scan lines with 

transducers which contain multiple emitting and receiving elements.13 The ultrasound probe is able to 

sweep a beam across the heart approximately 20-30 times every second, creating multiple scan lines 

(~120) every time it makes a sweep, which builds up a 2D image.15 As the probe must transmit and 

receive a pulse of ultrasound for every scan line of the image, there is a limit on how many frames can 

be created each second,15 although developments in processing speed have now permitted frame rates 

to reach speeds greater than 100 per second.13 2D echocardiography provides a comprehensive view of 

the cardiac structures, and chamber dimensions and regional and global myocardial function may be 

assessed more easily.14    

 

 

Doppler echocardiography and tissue Doppler imaging (TDI) 
 

In the 1970s Doppler techniques were also developed, with colour Doppler imaging becoming widely 

used by the 1980s.15 By applying Doppler echocardiography to 2D echocardiography, one can visualise 

and track the flow and velocity of blood through the cardiac chambers, as well as the movement of the 

myocardium through the cardiac cycle.13 As suggested by its name, Doppler echocardiography makes 

use of the principles of the Doppler effect; the frequency of returning ultrasound waves is greater if they 

are reflected by red blood cells in blood that is flowing towards the transducer, and reduced if the blood 

is flowing away from the transducer (see Figure 21).15 The difference in frequencies between the 

transmitted and returning ultrasound waves can then be used to calculate the velocity of the blood.15 

The application of the Doppler function to 2D echocardiography studies makes the assessment of  LV 

function and contractility much easier, and the ability to measure the quantity, direction and speed at 

which blood is flowing through the cardiac chambers allows one to diagnose more easily whether 

problems are at hand.  
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Two main types of Doppler echocardiography are available for use, pulse wave (PW) Doppler and 

continuous wave (CW) Doppler, each of which have slightly different applications. 

  

Pulsed wave Doppler echocardiography  
 

PW Doppler is used to measure blood velocity at a particular location, which is identified by placing a 

sample volume at the area of interest.15 Discrete single pulses of ultrasound are transmitted through the 

body and are then reflected by moving structures, for example, RBCs as they move through the 

chambers of the heart, with the reflected wave subsequently returning to the transducer.13 The sample 

volume can be repositioned along the path of the ultrasonic beam if and when required, allowing the 

observer to check how the Doppler signals relate with the 2D image.18 As the echocardiography machine 

must transmit a single pulse and then wait for its return, there is a limit as to how frequently 

consecutive pulses can be transmitted; the further the sample volume is from the transducer, the longer 

it takes for each ultrasound pulse to return.15 This results in what is known as ‘aliasing’, a key limitation 

to the use of PW Doppler.18 Although aliasing restricts the use of PW Doppler at high frequencies, it 

retains depth acuity, while CW Doppler has no aliasing but has considerable depth ambiguity.18 This 

means that PW and CW Doppler are complementary to each other, with each providing information 

with the other can miss.18  

 

Assessment of mitral inflow (E/A) 
 

PW Doppler can be used to measure mitral inflow, an important measurement of LV diastolic function 

which is used as a key variable of interest in later chapters of this thesis. Velocities of blood flow across 

Figure 21: Principles of the Doppler effect as applied to Doppler echocardiography.                                    
Taken from https://www.esp-inc.com/category/ultrasound-physics/. 

https://www.esp-inc.com/category/ultrasound-physics/
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the mitral valve reflect the pressure gradient between the LA and LV, being both proportional to LA 

pressure (a measure of preload) and independently and inversely associated with ventricular 

relaxation.19 Transmitral bloodflow can be seen as two distinct waves, named the E wave and the A 

wave. The trace in Figure 22 (below) highlights the E wave (‘E’ for ‘early’), which is indicative of early 

diastolic relaxation and filling of the LV (a passive process), while the later A wave (‘A’ for ‘after’) 

indicates late diastolic filling, which is dependent upon atrial contraction (and therefore, an active 

process).15 The myocardium moves away from the transducer during early diastolic relaxation and again 

upon atrial contraction, producing a trace.15 By dividing the E wave by the A wave, the E/A ratio is 

obtained, a measurement of diastolic function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E/A is commonly used as a tool for measuring diastolic function. In youth, the E wave is almost invariably 

greater than the A wave, with a ratio between the two velocities of 1-2.15 As individuals age and early LV 

diastolic filling and function decline, the A wave becomes greater than the E wave causing in a reduction 

of E/A to <1. The deceleration time of the E wave also increases, which may be caused by impaired LV 

relaxation or reduced LV compliance.19 As diastolic function worsens, E/A ratio may appear normal or 

‘pseudonormalised’. This is when the LV is noncompliant, but due to elevated LA pressure there is a 

greater driving pressure, resulting in an elevated E wave velocity across the mitral valve.19 This 

dysfunction may progress further to severe impairment where the inflow pattern is restrictive, due to 

 
Figure 22: PW Doppler echocardiographical image showing the measurement of mitral inflow velocities. E represents the peak 

velocity of the early wave of mitral inflow (indicating passive filling), while A represents the peak velocity of active LV filling, where 
the force of ventricular systole ejects more blood across the mitral valve. 
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rapid equilibration of raised LA and LV diastolic pressures in the noncompliant LV.19 The different 

presentations of E/A alongside their interpretations can be seen below in Figure 23. 

 

Figure 23: Guidelines for the assessment of mitral inflow using PW Doppler. The normal pattern for mitral valve inflow is characterised by E>A 
alongside an E wave deceleration time of 150-220ms. Adapted from an image in Ho & Solomon (2006).19 

 

Colour Doppler 
 

2D colour Doppler echocardiography is a very useful tool for assessing intracardiac flow velocities.20 

After acquiring a 2D image, one can superimpose the colour Doppler mode, when the machine will 

measure blood velocity at that particular area and visualise its movement using different colours. Each 

pixel in the 2D image behaves like a small sample volume, showing the movement of blood as a 

coloured dot.18 Blood moving towards the transducer is coloured in shades of red, while blood moving 

away from the transducer is coloured in shades of blue, with turbulent, nonlaminar flow being 

represented with green colours.18  

 

As colour flow imaging is a PW technique, it also has depth acuity, although at high velocities aliasing 

can result, manifesting in the pixels changing colour from red to blue (or vice versa).18 However, the 

problem of aliasing can be reduced by adjusting the velocity scale, decreasing the transmitted 

frequency, increasing the angle of incidence at which the beam is transmitted, or by sampling at the 

lowest distance possible from the transducer.15  

 

In any case, the visualisation of moving blood using colour Doppler is very useful, and it permits 

clinicians to determine whether the net movement of blood is in the correct direction, or to detect the 

presence of any abnormalities in the chambers which might affect flow. The benefits of colour Doppler 

can be seen clearly in Figures 24a and 24b (below). One can see a hole in the interventricular septum 
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(IVS) (Fig. 24a), and with the addition of colour Doppler (Fig. 24b), one can see that the size of the hole is 

considerable, with blood is flowing from the LV, through the IVS and into the RV.   

 

Continuous wave Doppler echocardiography 

 
As mentioned previously, a key limitation of PW Doppler is ‘aliasing’, which occurs when the velocity is 

too high and it becomes impossible to determine the direction of blood flow, meaning that it is 

sometimes necessary to switch to CW Doppler as an alternative.15 Rather than transmitting single 

pulses, CW Doppler involves the continuous transmission and receiving of ultrasound pulses, where one 

piezoelectric element continuously transmits ultrasound and another piezoelectric element 

continuously receives the reflected signals which travel back to the transducer.13 An advantage of CW 

over PW Doppler is that higher sampling rates are achieved, meaning that higher velocities can be 

measured, for example in the case of stenotic and regurgitant lesions.16 However, CW Doppler can only 

measure velocities along the scan line and it does not permit ranging information, meaning that it 

cannot assess flow at any one specific point within the heart.15,16 CW Doppler has its own specific uses, 

and measurements of the VTI at the aortic valve, and the maximum velocity of bloodflow across it 

(AVVmax) were taken, although they will not be discussed in this thesis.    

 

Tissue Doppler echocardiography 
 

Conventional Doppler echocardiography is a well-established technique which continues to be highly 

useful for the assessment of cardiac function, although it has certain limitations, including its 

dependency on preload, the difficulty of distinguishing between normal diastolic function and 

pseudonormalised diastolic function.21 Tissue Doppler imaging (TDI) is a further use of Doppler 

echocardiography which has been developed recently and can be performed with both PW and colour 

  

Figure 24a (left) and 24b (right). Figure 24a is a 4 chamber 2D echocardiographical image of the heart. Figure 24b is the same image, superimposed with 
colour flow Doppler. Mean velocities moving toward the transducer are coloured red, while those moving away from the transducer are coloured blue.  
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Doppler modes. It provides helpful information regarding myocardial mechanics and permits the 

assessment of diastolic and systolic function, in a manner which is more direct and less reliant on 

preload.21  

 

TDI can also be used to assess LV systolic function, LV hypertrophy, RV function, cardiac dyssynchrony, 

constrictive pericarditis and restrictive cardiomyopathy.15 It has become more widely used in diagnostics 

due to its sensitivity in detecting early subclinical changes to myocardial structure and function, for 

example in identifying symptoms in patients with familial hypertrophic cardiomyopathy,22 diabetic 

cardiomyopathy23 and myocardial ischaemia.24 

 

Using Doppler principles, TDI measures the motion and velocities of cardiac structures, most commonly 

the movement of regions of the myocardial wall through the cardiac cycle.16 The Doppler signals which 

are reflected by the myocardium are distinct from those reflected by the blood, being stronger, of a 

higher amplitude and of a lower velocity, meaning that they can be detected with the use of specific 

filters.15 The resultant signals may be displayed either as colour Doppler images to show more general 

myocardial motion, or as a spectral PW Doppler trace, permitting the assessment of motion in more 

specific regions of the myocardium.15 The motion of the myocardial wall can be measured at different 

regions, namely at the tricuspid, septal and lateral annuli (see Figure 25), which can be tracked through 

real-time and used to measure the systolic and relaxation performance of the LV.16 

 

 

 

Figure 25: Different annuli from which tissue Doppler measurements were taken. 1= tricuspid annulus; 2 = septal annulus; 3 = lateral annulus.                                                                                                
Figure adapted from Saccheri et al.(2006). 25 
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PW TDI permits the measurement of peak myocardial velocities at specific regions 15 and is well-suited 

to measuring long-axis ventricular motion, since the endocardial fibres are arranged longitudinally and 

are therefore most parallel to ultrasound beams transmitted from the apical view.19 The movement of 

the mitral annulus is also a good indicator of global longitudinal LV contraction and relaxation, since the 

apex remains comparatively stationary during the cardiac cycle.19,26   

 

Exemplar PW TDI traces and interpretation  
 

Three waveforms appear during the cardiac cycle, each of which represent a myocardial velocity. The 

first wave ascends above the baseline and is the systolic myocardial velocity, known as S’ or Sm  (see the 

area labelled ‘S’ in Figures 26-28, below). The S’ wave is caused by the longitudinal contraction of the LV 

during systole, causing the annulus to descend towards the apex, and correlates well with LV ejection 

fraction.15,19 

 

 

Figure 26: Tissue Doppler trace taken from the septal wall of the LV. ‘S’ (commonly called S’ or Sm) represents the peak myocardial velocity 
generated during the systolic phase. E (commonly called e’ or Em  to distinguish from the Mitral E waveform) represents the peak velocity 

generated during the ‘early velocity, and ‘A’ (commonly called a’ or Am to distinguish from the Mitral A waveform) indicates the peak myocardial 
velocity generated during the ‘atrial’ phase. 
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If peak S’ is greater than 6 cm/s it is indicative of a healthy ejection fraction.19 Alongside the 

measurement of global LV systolic function, TDI can be used to assess regional systolic function, through 

measuring myocardial velocities within each LV segment.19  

 

The second wave can be seen beneath the baseline and corresponds to the myocardial velocity as the LV 

relaxes in early diastole, known as e’ or Em, which arises due to the myocardium moving away from the 

apex and transducer (‘E’ stands for ‘early’; see the area labelled ‘E’ in Figures 26-28).15,19 Filling pressure 

can be measured by calculating the ratio between peak LV inflow E wave velocity and Em (‘E/e’), with 

normal parameters for being <8 at the septal and <10 at the lateral wall.15 

 

 
Figure 27: Tissue Doppler trace taken from the lateral wall of the left ventricle. ‘S’ (commonly called S’ or Sm) represents the peak myocardial 

velocity generated during the systolic phase. E (commonly called e’ or Em to distinguish from the Mitral E waveform) represents the peak velocity 
generated during the ‘early velocity, and ‘A’ (commonly called a’ or Am to distinguish from the Mitral A waveform) indicates the peak myocardial 

velocity generated during the ‘atrial’ phase. 

 

Atrial contraction causes a further movement of the myocardium away from the transducer, resulting in 

the third and final waveform which can also be seen under the baseline, adjacent to the ‘E’ wave, known 

as Am or a’ (A for ‘atrial’, see area labelled ‘A’ in Figures 26-28).15,19 The Em and Am waves are generated at 

the same time and essentially from the same cause as the E and A waves generated by mitral inflow. Em 
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and Am differ in that they correspond to the myocardial velocities measured at the septal, lateral and 

tricuspid walls, while the mitral E and A waves are velocities of bloodflow, measured at the mitral valve. 

As with the peak mitral E and A velocities, the velocity of the peak Em ought to be greater than peak Am 

in healthy individuals, with a ratio between the two velocities in the range 1-2.15 However, as also is the 

case with peak mitral E and A waves, with age and in the presence of diastolic dysfunction, the 

magnitude and ratio of the Em and Am waves reverse (see Figure 30 for an example).15  

 
 

 

Figure 28: Tissue Doppler trace taken from the tricuspid wall of the left ventricle, adapted from https://www.researchgate.net/figure/Tricuspid-
annulus-tissue-Doppler-imaging-TDI_fig4_308669351. ‘S’ (commonly called S’ or Sm) represents the peak myocardial velocity generated during 
the systolic phase. E (commonly called e’ or Em  to distinguish from the Mitral E waveform) represents the peak velocity generated during the 

‘early velocity, and ‘A’ (commonly called a’ or Am to distinguish from the Mitral A waveform) indicates the peak myocardial velocity generated 
during the ‘atrial’ phase. In this image, Am is greater than Em, indicative that the individual in question has suboptimal diastolic function.  

 

If the velocities at two points in the myocardium have been measured, strain rate can be obtained by 

calculating the difference between the two velocities, and integrating strain rate over time provides a 

value for strain.15 Strain and strain rate may also be measured using speckle tracking,15 although this 

method was not used for the purposes of this thesis.   
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Limitations of PW TDI and advantages of colour TDI  

  
Although PW TDI has high temporal resolution, it can only measure myocardial velocities within one 

sample volume and therefore cannot permit the analysis of multiple myocardial segments 

simultaneously.19 As with 2D echocardiography, colour Doppler can also be applied to TDI using the 

principles of PW Doppler, with certain advantages over PW TDI.15  

 

Colour TDI assesses myocardial velocity within a pre-selected area of interest, across multiple time 

points.15 It also permits the evaluation of multiple segments and structures within a single view, with 

greater spatial resolution than PW Doppler.19 The myocardial velocities are colour-coded according to 

their direction and mean velocity within each sample volume (movement towards the transducer is 

shown as red, movement away from the transducer is shown as blue),15 and these colour-coded 

representations are superimposed over grey-scale M-mode or 2D echocardiographical images.19 While 

PW measures peak velocity, colour TDI measures mean velocity,19 since measurements can be collected 

from multiple myocardial segments. As a result, mean values for velocity which measured using colour 

Doppler are around 25% lower than those obtained using PW Doppler.19  

 

The main limitation to TDI is that it can only accurately measure motion which is parallel to the direction 

of the ultrasound beam being applied, and it is unable to discriminate active motion (when the 

myocardial fibres lengthen or shorten) from passive motion (when the myocardial fibres are tethered or 

translated).19 

 

Three-dimensional (3D) echocardiography  

 
2D echocardiography provides a useful, cost-effective diagnostic tool for cardiac imaging, although like 

M-mode, it is not without its limitations. Some images may present false, missing, distorted or 

mislocated structures, due to artefacts which arise from the interaction between the ultrasound waves 

with the tissues.27 Foreshortened views in 2D images also lead to measurement errors.  Further 

technological advances have led to the development of three-dimensional (3D) echocardiography, which 

visualises the heart and provides a live 3D anatomical display in multiple planes, at the same time, 

alongside live 3D colour flow and 3D zoom features.15 3D echocardiography permits the comparatively 

easy tracking of the myocardium through real-time (the myocardium can be tracked using 2D 

echocardiographical images using a technique known as speckle tracking, although this is a more 

complicated to do using 2D echocardiography compared with 3D), thus allowing more accurate 

measurements of myocardial strain and stress. 3D echocardiography is particularly accurate in 
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evaluating chamber volumes, as one does not need to make geometric assumptions about cardiac 

morphology because the chamber shape and size can be visualised and measured.11 However, as 3D 

echocardiography was not performed on ALSPAC participants during the F@17 visit, it will not be 

discussed further. 

 

Pulse wave velocity  
 

The measurement of arterial pulse wave velocity (PWV) is considered to be the gold standard method 

available for estimating arterial stiffness (AS) and target organ damage.28 Due to its non-invasive nature 

and strong predictive power for CV events, the assessment of AS using carotid-to-femoral or aortic PWV 

is very useful as those with higher baseline CV risk also tend to have greater PWV.29 Evidence has shown 

that arterial stiffening both precedes and predicts conditions including atherosclerosis, arterial 

hypertension, stroke and myocardial infarction risks,30 although it is more expensive and comparatively 

less widely available for clinical use than other techniques.28  

 

PWV is normally measured using two sites of the vasculature, such as the carotid and femoral arteries, 

although other arteries may also be used. A pulse of energy is sent through the individual and 

measurements are taken between the first site, e.g. the carotid artery, and the second site which is 

further down the arterial tree, e.g. the femoral artery (see Figure 35). The velocity (in metres per 

second) is measured by dividing the distance (in metres) it takes for the pulse to travel from the first site 

to the second, by the time it takes to get there (in seconds).31 PWV is commonly measured with 

oscillometry, using a Vicorder device, or with applanation tonometry, using a Sphygmocor device.32 In 

both cases, the device measures PWV using the waveforms which are produced by the transmission of 

the pulse through the arterial tree.  

 

Carotid-to-femoral PWV (cfPWV) is the most commonly used method in clinical practice.31 It is also the 

measurement closest to the true PWV reference value, which may be obtained invasively by recording 

simultaneous pressure waveforms close to the aortic valve and aortic bifurcation.33  

The health of individuals with a clinical cfPWV value of >12m/s is a concern and those with high PWV, 

alongside raised BP, T2DM, metabolic syndrome or a combination of three or more CV risk factors are 

considered to be at particularly high risk of having a CV event.28 Suitable age- and height-specific 

reference values have also been suggested for children and teenagers, although the researchers of this 

study were not able to provide hard cut-off points for predicting CV end-points.34  
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c) Protocols for the F@17 clinical visit 
 

M-mode, 2D and Doppler echocardiographical measurements  
 

The focal point of most echocardiographical analyses undertaken for this thesis was the left ventricle 

(LV). M-Mode, 2D and Doppler echocardiography were performed on 2,119 participants using a Phillips 

HDI 5000 ultrasound machine equipped with a P4-2 Phased Array ultrasound transducer.  

 

Chamber views 
 

Depending on the relative position in which an ultrasound probe is placed on the body, different views 

of the cardiac chambers can be obtained. Figures 29a and 29b indicate the positioning for some of these 

views, to which I will refer when outlining the protocol for the collection of the measurements with 

which we are concerned in this thesis (only measurements requiring the parasternal long axis, 

parasternal short axis and apical four chamber views (4ch) were used).   

  

 

Procedure and quality control 
 

Measurements were taken by one of two echocardiographers, using a standard examination protocol 

and in accordance with American Society of Echocardiography (ASE) guidelines.8 Image analysis was 

later carried out by an experienced cardiac physiologist. Further measurements were derived from the 

measurements, which were calculated as described in the ‘measurements’ section.  

 

 
Figure 29a ( left) and 29b (right): Different chamber views which may be obtained using 2D echocardiography. Images taken from 

https://www.123sonography.com/ebook/parasternal-short-axis-views and https://www.cardioserv.net/echo-mitral-valve/, respectively. 
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Reproducibility between the two echocardiographers was assessed, as outlined in Table 7. Each 

sonographer scanned the same 30 participants on two separate occasions. Data were analysed using 

random fixed effects models and intra-class correlation coefficients (ICC) were calculated for 

observation within and between the sonographers. All ICC values fell within the ‘excellent’ range as 

outlined by Rosner (2005) (ICC values of >0.75 are indicative of excellent reproducibility),35 rendering the 

sonographers’ reproducibility as excellent.  

 

Measure  ICC between observers ICC within observers 

Chamber measurements   

LVIDd 0.92 0.93 

LVIDs 0.93 0.93 

IVSd 0.86 0.85 

IVSs 0.85 0.84 

PWTd 0.91 0.91 

PWTs 0.85 0.83 

LA_AV 0.92 0.93 

Tissue Doppler Measures   

Lateral S’ 0.89 0.90 

Lateral e’        0.84 0.83 

Lateral a’  0.80 0.76 

Transmitral flow   

E 0.78 0.75 

A 0.91 0.89 

E/A 0.78 0.89 
 

Table 1: Intra-class correlation coefficients for key variables, between and within observers. LVIDd = left ventricular (LV) internal dimension in 
diastole; LVIDs = LV  internal dimension in systole; IVSd = interventricular septal wall dimension in diastole; IVSs = interventricular septal wall 
dimension in systole; PWTd = LV posterior wall thickness in diastole; PWTs = LV posterior wall thickness in systole; LA_AV = average left atrial 

diameter; S’ = peak tissue Doppler S’ velocity (measured at lateral annulus);  e’ = peak tissue Doppler e’ velocity (measured at lateral annulus); a’ 
= peak tissue Doppler a’ velocity (measured at lateral annulus); E = transmitral Doppler E wave; A = transmitral Doppler A wave; E/A = Mitral E/A 

ratio. 

 

M-mode and 2D echocardiographical measurements 

 
Images of the LA and LV chambers were taken from ALSPAC participants using both M-mode and 2D 

settings. The probe was placed in the parasternal long-axis view five cycles of the 2D view were taken. 

The M-mode cursor was then placed through the aortic root and LA (as shown below in Figures 30 and 

31) and ten cycles were recorded in the M-mode setting.  
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Figure 30: Diagram showing appropriate positioning of the cursor to obtain a 2D image of the LA (top right) and an M-mode image of the LA and 
aortic root (bottom right).   

 

 

 

 

 

 

 

 

 

 

 

Five cycles of the LV were also recorded using 2D echocardiography, in the parasternal long axis view (as 

shown below in Figures 32a and 32b). After checking that the image was on axis, the M-mode cursor 

was placed through the LV at the level of the mitral valve tips and ten further cycles were taken in the 

M-Mode setting (see Figure 33 for further detail). The thickness of the septum and posterior wall, and 

the diameter of the LA and LV, were each measured from three consecutive beats of the M-mode traces 

at both end-systole and end-diastole and the measurements were averaged. If the M-mode was off-axis, 

measurements were collected from the 2D loops.  

 
Figure 31: Anatomical diagram of the heart, with corresponding structures as seen in the parasternal long axis view, obtained using 2D echocardiography. 

Figure taken from http://pocketicu.com/index.php/2016/08/30/echo/.  
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Figure 33: Diagrams showing appropriate positioning of the M-mode cursor to obtain an M-mode image of the left atrium (bottom right). 

 

PW Doppler measurements 
 

PW Doppler examination of transmitral flow in ALSPAC participants was recorded from the apical 4ch 

view. The sample volume was placed at the tips of the mitral leaflets (see Figure 34, below). The position 

was adjusted to maintain the sample volume at an angle as near parallel to transmitral flow as possible, 

with the participant in passive end expiration. Ten cycles were recorded in this view and the peak E and 

A wave velocities from three consecutive cardiac cycles were measured, alongside the deceleration time 

  

Figure 32a (left) and 32b (right): 2D echocardiographical images taken from the parasternal long axis view in. LA = left atrium;  LV = left ventricle; LVOT = left 
ventricular outflow tract; Ao = aorta in diastole (Fig. 32a) and systole (Fig. 32b). Working down from the top coloured lines, the electronic callipers measured the 

thicknesses of the interventricular septum (IVS), LV internal diameter and LV posterior wall.  
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for each of the three E waves (a healthy parameter for the deceleration time is 150-220ms). The ratio 

between the peak E wave velocity and peak A wave velocity were also calculated (E/A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tissue Doppler echocardiography measurements (Pulse Wave) 
 

To obtain peak myocardial wall velocities, TDI was performed at the LV lateral and septal walls at the 

level of the mitral annulus at end-expiration. Ten cycles were recorded taken for each wall. 

Measurements of lateral Sm, Lateral Em, Lateral Am, Septal Sm, Septal Em, Septal Am were made off-line 

using HDI Lab. Three values were measured at each waveform and the average was calculated for each 

measurement.  

 

 

Carotid-to-femoral pulse wave velocity methods 
 

At F@17, all cfPWV measurements were taken by one of two trained vascular scientists, using a vicorder 

device, with the foot-to-food method. A 100 mm wide blood pressure cuff was placed around the upper 

thigh and a 30 mm partial cuff was positioned around the neck, adjacent to the carotid artery (see 

Figure 35). Participants lay in the supine position and high quality waveforms were recorded 

simultaneously for three seconds. Inter-observer mean difference was measured and found to be 

(standard deviation of difference) was 0.2 (0.1) m/s. 

 

 
Figure 34: Diagram indicating appropriate placement of the transducer and PW beam relative to 

the LV (top chamber) and LA (bottom chamber), for the measurement of mitral inflow. 
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Figure 35: Image showing principles of carotid-to-femoral pulse wave velocity. Figure adapted from 

https://www.researchgate.net/figure/260994460_fig1_Figure-1-Carotid-femoral-pulse-wave-velocity-cfPWV-and-central-arterial-waveform. 

 

Blood pressure, blood samples and anthropometric measurements   
 

Seated rested systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured using an 

Omron 705 IT oscillometric BP monitor with the appropriate cuff, in accordance with European Society 

of Hypertension guidelines.36 As per recommended guidelines, a total of three measurements were 

made and the final two of the three BP readings were averaged and used in analyses.  

Participants attending the F@17 clinic had fasted and blood was drawn using a phlebotomist. Samples 

were later analysed for insulin, glucose, high density lipoprotein cholesterol (HDL-C), total cholesterol 

(Total-C), C-reactive protein (CRP) and triglycerides. Glycoprotein acetyls (GlycA) were also measured, as 

previously described.37,38  

 

Height (rounded to the nearest centimetre) was measured using a Harpenden stadiometer (SECA 13, 

Birmingham, UK) and body mass (to the nearest 0.1 kg) was recorded using a Tanita scale (Marsden M-

110, Rotherham, UK). Participants were weighed wearing lightweight clothing and without shoes. BMI 

was calculated as kg/m2. Body composition was assessed by Dual-energy X-ray absorptiometry (DXA) 
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using a Lunar Prodigy narrow fan-beam densitometer, from which total body fat mass and total lean 

mass, in kilograms, were quantified. 

 

Socioeconomic position, smoking and physical activity 
 

Socioeconomic position was derived from parental occupation. Participants were categorised as 

‘professional’, ‘managerial and technical’, ‘skilled non-manual’, ‘skilled manual’, ‘partly skilled’ and 

‘unskilled’. Smoking status was obtained using a questionnaire and participants were coded as ‘never’, 

‘ever’ or ‘current’ smokers. The most recent data for physical activity were collected from participants at 

the age 15 clinic using an MTI Actigraph AM7163 2.2 accelerometer. This was worn for seven days and 

minutes spent in moderate-to-vigorous physical activity (MVPA) were recorded.39  

 

d) Calculations  
 
Key variables of interest were derived using the following calculations.  

 

M-Mode and 2D echocardiography  
 
 
Left ventricular (LV) end diastolic volume (Teichholz formula) 

𝐥𝐯𝐞𝐝𝐯𝐨𝐥 =  
𝟕. 𝟎

𝟐. 𝟒 + 𝐥𝐯𝐢𝐝𝐝
× 𝐥𝐯𝐢𝐝𝐝𝟑 

 

LV end systolic volume (Teichholz formula) 

𝐥𝐯𝐞𝐬𝐯𝐨𝐥 =  
𝟕. 𝟎

𝟐. 𝟒 + 𝐥𝐯𝐢𝐝𝐬
× 𝐥𝐯𝐢𝐝𝐬𝟑 

 

M-mode stroke volume  

𝐬𝐭𝐫𝐨𝐤𝐞 𝐯𝐨𝐥𝐮𝐦𝐞 =  𝐥𝐯𝐞𝐝𝐯𝐨𝐥 − 𝐥𝐯𝐞𝐬𝐯𝐨𝐥 

 

Stroke index  

𝐬𝐭𝐫𝐨𝐤𝐞_𝐢𝐧𝐝𝐞𝐱 =
𝐬𝐭𝐫𝐨𝐤𝐞_𝐯𝐨𝐥𝐮𝐦𝐞

𝐛𝐬𝐚
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Cardiac output (CO) 

  𝐜𝐚𝐫𝐝𝐢𝐚𝐜_𝐨𝐮𝐭𝐩𝐮𝐭 = 𝐬𝐭𝐫𝐨𝐤𝐞_𝐯𝐨𝐥𝐮𝐦𝐞 × 𝐡𝐞𝐚𝐫𝐭 𝐫𝐚𝐭𝐞 

 

Cardiac index (CI)  

 𝐜𝐚𝐫𝐝𝐢𝐚𝐜_𝐢𝐧𝐝𝐞𝐱 = 𝐜𝐚𝐫𝐝𝐢𝐚𝐜_𝐨𝐮𝐭𝐩𝐮𝐭 𝐛𝐬𝐚⁄  

  

Total peripheral resistance (TPR) 

 𝐭𝐩𝐫 = 𝐦𝐚𝐩/𝐜𝐚𝐫𝐝𝐢𝐚𝐜_𝐨𝐮𝐭𝐩𝐮𝐭 

 

Total arterial compliance (TAC)  

 𝐬𝐯_𝐩𝐩 = 𝐬𝐭𝐫𝐨𝐤𝐞_𝐯𝐨𝐥𝐮𝐦𝐞/𝐩𝐩 

 

LV mass (calculated using Devereux’s formulae,40 as advised by the ASE) 

𝐋𝐕 𝐦𝐚𝐬𝐬 = 𝟎. 𝟖 × (𝟏. 𝟎𝟒 × [(𝐥𝐯𝐢𝐝𝐝 + 𝐩𝐰𝐭𝐝 + 𝐢𝐯𝐬𝐝)𝟑 − 𝐥𝐯𝐢𝐝𝐝𝟑]) 

 

LV mass2.7  

𝐋𝐕 𝐦𝐚𝐬𝐬𝟐.𝟕 = (𝐋𝐕 𝐦𝐚𝐬𝐬 (𝐠)(𝐚𝐬 𝐝𝐞𝐫𝐢𝐯𝐞𝐝 𝐚𝐛𝐨𝐯𝐞)/(𝐡𝐞𝐢𝐠𝐡𝐭 (𝐦)𝟐.𝟕) 

 

Relative wall thickness (derived as per 41) 

𝐑𝐖𝐓 = (
𝐏𝐖𝐓𝐝 + 𝐈𝐕𝐒𝐝

𝐋𝐕𝐈𝐃𝐝
) 

 

Concentricity   

𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐢𝐜𝐢𝐭𝐲 = (
𝐋𝐕 𝐦𝐚𝐬𝐬

𝐞𝐧𝐝 − 𝐝𝐢𝐚𝐬𝐭𝐨𝐥𝐢𝐜 𝐯𝐨𝐥𝐮𝐦𝐞
)𝟎.𝟔𝟕 
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Midwall fractional shortening (mfs)12, 13 (derived as per 42): 

𝐦𝐟𝐬 =
(𝐥𝐯𝐢𝐝𝐝 +  𝐢𝐯𝐬𝐝

𝟐⁄ +
𝐩𝐰𝐭𝐝

𝟐
⁄ ) − √(𝐥𝐯𝐢𝐝𝐝 + 𝐢𝐯𝐬𝐝

𝟐⁄ +
𝐩𝐰𝐭𝐝

𝟐
⁄ )𝟑 −  𝐥𝐯𝐢𝐝𝐝𝟑 + 𝐥𝐯𝐢𝐝𝐬𝟑

𝟑

𝐥𝐯𝐢𝐝𝐝 + 𝐢𝐯𝐬𝐝
𝟐⁄ +

𝐩𝐰𝐭𝐝
𝟐

⁄
 

 

Ejection fraction (EF) (derived as per 41) 

𝐄𝐅 = (
𝐋𝐕𝐈𝐃𝐝 + 𝐋𝐕𝐈𝐃𝐬

𝐋𝐕𝐈𝐃𝐝
) ∗ 𝟏𝟎𝟎 

 
 

Calculations: Anthropometry and blood pressure 
 

Body mass index (BMI)  

𝐁𝐌𝐈 = 𝐭𝐨𝐭𝐚𝐥 𝐛𝐨𝐝𝐲 𝐦𝐚𝐬𝐬(𝐤𝐠)/(𝐡𝐞𝐢𝐠𝐡𝐭(𝐦))
𝟐

   

 

Fat mass index (FMI)  

𝐅𝐌𝐈 = 𝐭𝐨𝐭𝐚𝐥 𝐟𝐚𝐭 𝐦𝐚𝐬𝐬(𝐤𝐠)/(𝐡𝐞𝐢𝐠𝐡𝐭(𝐦))
𝟐

   

Lean mass index (FMI)  

𝐋𝐌𝐈 = 𝐭𝐨𝐭𝐚𝐥 𝐟𝐚𝐭 𝐦𝐚𝐬𝐬(𝐤𝐠)/(𝐡𝐞𝐢𝐠𝐡𝐭(𝐦))
𝟐

   

 

Body Surface Area (DuBois formula)  

BSA = 0.007184 * (height (cm) 0.725) * (weight (kg) 0.425)  

 

Pulse pressure (pp) 

 𝐩𝐩 = 𝐬𝐛𝐩 − 𝐝𝐛𝐩 

 

Estimated mean arterial pressure (MAP) 

𝐦𝐚𝐩 = 𝐝𝐛𝐩 +
𝐩𝐩

𝟑
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e) Baseline characteristics for participants of F@17 
 

The baseline characteristics of all the participants of F@17 are provided in Tables 2a and 2b. Most 

analyses which were undertaken for this thesis focused on participants who had echocardiographical 

and anthropometric measures taken. Importantly, due to the design of the F@17 clinic, only a 

subsample of the returning participants were able to attend the echocardiography clinic. Therefore, as 

not all participants were present in each analysis, specific tables for baseline physical and socioeconomic 

characteristics are provided for each chapter in the following tables.  

The tables for chapter 4 show sex-stratified measures of baseline physical and socioeconomic 

characteristics (Tables 3a-b). In chapter 5, to ensure that those who had echocardiographical 

measurements taken were representative of the general cohort, the physical and socioeconomic 

characteristics for participants with measured LV mass (Tables 4a and 4b) and for participants without 

measured LV mass (Tables 4c and 4d) were measured separately and then compared. A one-way ANOVA 

test was applied using Stata SE 15.1 (StataCorp LLC, College Station, Texas, USA) to assess any 

differences between the two groups. The results revealed that all physical measurements were similar 

between the two groups, including anthropometric measurements, with a few exceptions (denoted by 

asterisks in Table 4c).  

Males without echocardiographical measurements had slightly higher mean heart rates (67.4 ± 10.7 vs 

65.65 ± 10.4 bpm) and slightly lower plasma glucose concentrations (5.11 ± 0.43 vs 5.17 ± 0.39 mmol/l) 

than those who had echocardiographical measurements. Like the males, females without 

echocardiographical measurements also had higher heart rates (73.03 ± 10.6 vs 70.99 ± 10.16 bpm) in 

addition to greater acetylated glycoprotein concentrations (1.25 ± 0.14 vs 1.24 ± 0.13 mmol/l). There 

were also differences between the two groups for socioeconomic background (SEP) and smoking, for 

both sexes (denoted by asterisks in Table 4d). Those without echocardiographical measurements were 

from a more disadvantaged SEP, on average (7.41% vs 11.48% of parents were professional; 31.94% vs 

39.77% of parents were managerial or technical) and were also more likely to be smokers (45.60% vs 

53.17% never smokers; 30.16 vs 25.27% current smokers). The differences between the groups are likely 

to be due mainly to the differences in SEP, and since the echocardiographic subsample was a 

convenience sample this may be reflective of the observation that those from more affluent social 

backgrounds are, in general, more likely to ‘opt in’ (known as ‘participation’ or ‘selection’ bias), as 

observed elsewhere.6,7 As most measurements between the two groups are comparable, especially our 

key anthropometric exposures (BMI and total fat mass), the differences between the groups are not too 
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restrictive, although this may mean that the findings of this thesis may be more relevant to adolescents 

from more favourable social backgrounds. 

Table 4e shows baseline measures of blood pressure and BMI for those who were classified as having 

left ventricular hypertrophy, using different cut-offs which have been recommended by different 

papers. These tables are shown to indicate how the measures change, depending on the cut-off used 

(more detail is given in Chapter 5). Table 4f provides a final comparison of key baseline characteristics 

for participants who were classified as having normal geometry, with those who were shown to have 

concentric remodelling (as per the indices given in Figure 8 on p.28). In Chapter 5 more individuals were 

found to have either normal geometry or a concentric remodelling pattern (see Table 10b), so I felt it 

would be helpful to compare certain baseline characteristics for participants who fell into these group 

(discussed further in Chapter 5).  

Sex-stratified physical and socioeconomic characteristics are provided in Tables 5a-b for participants 

included in the structural equation modelling analyses in Chapter 6. Physical and socioeconomic 

characteristics are given in Tables 6a-b, for all participants included in the Mendelian randomisation 

analyses outlined in Chapter 7. Due to low power, it was not possible to stratify these analyses by sex.  
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Physical characteristics (entire cohort) 

                All (n = 5169) Males (n = 2259) Females (n = 2910) 

 N Mean ± St Dev N Mean ± St Dev N Mean ± St Dev 

Age (years) 5169 17.82 ± 0.46 2259 17.81 ± 0.44 2910 17.83 ± .466 

Height (cm) 5023 171.1 ± 13.9 2200 178.74 ± 6.74 2823 165.18 ± 6.20 

Total body mass (kg) 5022 67.04 ± 13.2 2201 72.39 ± 13.45 2821 62.87 ± 12.76 

Body mass index (kg/m2) 5017 22.84 ± 4.20 2198 22.63 ± 3.87 2819 23.02 ± 23.02 

<25 kg/m2 3897 (78%)  1741 (79%)  2156 (76%)  

>25 kg/m2 1120 (22%) 457 (21%) 663 (24%) 

Total lean mass (kg) 4818 45.57 ± 10.00 2124 55.16 ± 6.27 2694 38.00 ± 4.26 

Body surface area (BSA) (m2) 5017 1.78 ± 0.20 2198 1.90 ± 0.17 2819 1.68 ± .16 

Systolic blood pressure (mmHg) 5051 116.44 ± 11.4 2212 122.36 ± 10.71 2839  111.84 ± 9.65 

Diastolic blood pressure (mmHg) 5051 64.64 ± 7.61 2212 64.39 ± 7.70 2839 64.83 ± 7.54 

Pulse pressure (mmHg) 5051 51.81 ± 9.84 2212 57.96 ± 9.24 2839 47.00 ± 7.23 

Mean arterial pressure (mmHg) 5051 81.91 ± 7.77 2212 83.71 ± 7.67 2839 80.5 ± 7.56 

Heart rate (bpm) 3864 69.69 ± 10.86 1713 66.633 ± 10.59 2151 72.14 ± 10.45 

Stroke volume (ml) 2104 54.82 ± 12.94 941 60.15 ± 13.46 1163 50.51 ± 10.73 

Average left ventricular end-diastolic volume (ml)  2104 94.07 ± 21.51 941 105.61 ± 21.77 1163 84.72 ± 16.08 

Left ventricular end-systolic volume (ml) 2106 39.27 ± 12.11 943 45.51 ± 12.66 1163 34.21 ± 8.87 

Stroke index 2068 30.76 ± 6.34 923 31.74 ± 6.55 1145 29.97 ± 6.06 

Cardiac output (L/min)  2092 3.77 ± 0.94 939 3.99 ± 1.00 1153 3.59 ± 0.85 

Cardiac index (L/min/m2)   2057 2.12 ± 0.49 921 2.10 ± 0.50 1136 2.13 ± 0.48 

Ejection fraction 2104 66.72 ± 6.48 941 65.50 ± 6.53 1163 67.70 ± 6.26 

Total arterial compliance (ml/mmHg) 2092 1.08 ± 0.27 939 1.05 ± 0.27 1153 1.09 ± 0.27 

Total peripheral resistance (mmHg/min-1ml-1)  2092 23.04 ± 5.98 939 22.27 ± 5.88 1153 23.66 ± 5.99 

Pulse wave velocity (m/s) 3598 5.74 ± 0.69 1613 6.00 ± 0.68 1985 5.52 ± 0.61 

  

Average left atrial size (cm) 1906 3.18 ± 0.41 863 3.30 ± 0.41 1043 3.07 ± 0.376 

Average interventricular septum in diastole (cm) 2106 0.82 ± 0.13 943 0.87 ± 0.13 1163 0.79 ± 0.12 

Average interventricular septum in systole (cm) 2106 1.14 ± 0.17 943 1.20 ± 0.17 1163 1.09 ± 0.15 

Average posterior wall thickness in diastole (cm) 2105 0.87 ± 0.12 943 0.92 ± 0.11 1162 0.82 ± 0.11 

Average posterior wall thickness in systole (cm) 2106 1.28 ± 0.16 943 1.35 ± 0.16 1163 1.22 ± 0.15 

Left ventricular mass (g) 2103 124.48 ± 32.84 941 144.79 ± 31.96 1162 108.04 ± 22.81 

Relative wall thickness  2103 0.38 ± 0.06 941 0.38 ± 0.06 1162 0.38 ± 0.06 
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Midwall fractional shortening (%) 2103 15.65 ± 2.19 941 15.25 ± 2.13 1162 15.96 ± 2.19 

Average lateral sa wave (cm/s) 2053 8.64 ± 1.81 926 8.79 ± 1.88 1127 8.51 ± 1.74 

Average septal sa wave (cm/s) 2045 7.04 ± 1.44 922 7.13 ± 1.45 1123 6.968 ± 1.43 

Average lateral ea wave (cm/s) 2053 13.59 ± 2.93 926 13.32 ± 2.90 1127 13.80 ± 2.937 

Average septal ea wave (cm/s) 2045   10.96 ± 2.16 922 10.94 ± 2.18 1123 10.975 ± 2.146 

Average mitral E wave (cm/s) 2046 64.64 ± 11.80 924 63.10 ± 11.73 1122 65.919 ± 11.71 

Average mitral A wave (cm/s) 2045 34.41 ± 7.68 923 33.10 ± 7.11 1122 35.486 ± 7.957 

Average mitral E/A ratio 2045 1.93 ± 0.40 923 1.95 ± 0.04 1122 1.91 ± 0.4056 

Average E/e’ (lateral annulus) ratio 2028 4.87 ± 1.01 918 4.87 ± 1.07 1110 4.88 ± 0.965 

  

Glucose (mmol/l) 3264 5.02 ± 0.41 1568 5.14 ± 0.42 1696 4.91 ± 0.37 

LDL cholesterol (mmol/l) 3264 2.10 ± 0.61 1568 2.00 ± 0.56 1696 2.20 ± 0.63 

HDL cholesterol (mmol/l) 3264 1.27 ± 0.30 1568 1.18 ± 0.26 1696  1.35 ± 0. 31 

Total cholesterol (mmol/l) 3264 3.75 ± 0.68 1568 3.56 ± 0.62 1696  3.93 ± 0.69 

Glyc A (mmol/l) 3153 1.22 ± 0.14 1514 1.18 ± 0.13 1639  1.25 ± 0.14 

  

 N Median (+IQR) N Median (+IQR) N Median (+IQR) 

Total fat mass (kg) 4818 16.37 (10.7, 23.3) 2124 10.92 (6.95, 17.87) 2694 19.44 (15.02, 25.75) 

Triglycerides (mmol/l) 3264 0.75 (0.6, 0.98) 1568 0.74 (0.60, 0.96) 1696 0.76 (0.61, 0.99) 

C-reactive protein (mg/l) 3264 0.55 (0.28, 1.35)  1568 0.45 (0.26, 0.99) 1696 0.68 (0.31, 1.76) 

Insulin (mu/l) 3213 6.77 (4.89, 9.43) 1549 6.08 (4.46, 8.68) 1664 7.41 (5.45, 9.98) 

MVPA at age 15 (minutes/day) 2345 18.86 (9.43, 33.5) 1042 25.23 (15.0,41.6) 1303 14.75 (7.0, 25.2) 

                                                                                                  Table 2a: Baseline physical characteristics for participants who attended F@17. Participants with congenital heart disease, diabetes mellitus, 
hypercholesterolaemia, or who were pregnant were excluded from analyses. MVPA = moderate-to-vigorous physical activity.  
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Socioeconomic characteristics (entire cohort) 

 
 All Males Females 

Smoking  N % N % N % 

Never 2039 48.99 973 53.17 1066 45.71 

Ever 959 23.04 386 21.09 573 24.57 

Current 1164 27.97 471 25.74 693 29.72 

Total 4162 100 1830 100 2332 100 

       

Socioeconomic status N % N % N % 

I - Professional 505 10.90 231 11.31 274 10.59 

II - Managerial and technical 1764 38.09 797 39.01 967 37.36 

IIINM - Skilled non-manual 549 11.85 252 12.33 297 11.48 

IIIM - Skilled manual 1352 29.19 557 27.26 795 30.72 

IV - Partly skilled 335 7.23 161 7.88 174 6.72 

V - Unskilled  126 2.72 45 2.20 81 3.13 

Total 4631 100 2043 100 2588 100 
                                                                Table 2b: Baseline socioeconomic characteristics for participants who attended F@17. Participants with congenital heart disease, diabetes mellitus, hypercholesterolaemia, or who 

were pregnant were excluded from analyses. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



140 
 

Z-score analyses (Chapter 4) 

Physical characteristics 

 Males Females  

 N Mean ± St Dev N Mean ± St Dev 

Age (years) 2198 17.8 ± 0.44 2819 17.8 ± 0.45 

Height (cm) 2198 178.7 ± 6.74 2819 165.2 ± 6.20 

Total body mass (kg) 2198 72.4 ± 13.46 2819 62.9 ± 12.76 

Body mass index (kg/m2) 2198 22.5 ± 3.67 2819 23.02 ± 4.42 

Total lean mass (kg) 2111 55.2 ± 6.28 2819 38.01 ± 4.27 

Total fat mass indexed to height (kg/m2) 2111 4.4 ± 3.10   2684 7.9 ± 3.48 

Total lean mass indexed to height (kg/m2) 2111 17.2 ± 1.56 2684 13.9 ± 1.25 

Systolic blood pressure (mmHg) 2150 122.4 ± 10.7 2757 111.8 ± 9.59 

Diastolic blood pressure (mmHg) 2150 64.4 ± 7.70 2757 64.8 ± 7.52 

Mean arterial pressure (mmHg) 2150 83.7 ± 7.69 2757 80.5 ± 7.53 

Pulse pressure (mmHg) 2150 58.1 ± 9.21 2757 46.97 ± 7.23 

Heart rate (bpm) 1670 66.6 ± 10.6 2095 72.1 ± 10.5 

Left ventricular end-diastolic volume (ml)  923 105.4 ± 21.75 1145 84.7 ± 16.11 

Left ventricular end-systolic volume (ml) 925 45.4 ± 12.61 1145 34.2 ± 8.89 

Stroke volume (ml) 923 60.1 ± 13.51 1145 50.5 ± 10.77 

Cardiac output (L/min) 921 3.98 ± 1.01 1136 3.59 ± 0.85 

Ejection fraction (%) 941 65.5 ± 6.55 1145 67.7 ± 6.28 

Total arterial compliance (ml/mmHg) 921 1.05 ± 0.27  1136 1.09 ± 0.27 

Total peripheral resistance (mmHg/min-1ml-1)  921 22.3 ± 5.92 1136 23.7 ± 6.02 

Pulse wave velocity (m/s) 1691 6.04 ± 0.71 2112 5.54 ± 0.62 

Average left atrial size (cm) 847 3.30 ± 0.41 1026 3.07 ± 0.38 

Average interventricular septal thickness in diastole (cm) 925 0.87 ± 0.13 1145 0.79 ± 0.12 

Average left ventricular internal diameter during diastole (cm) 925 4.74 ± 0.42 1145 4.32 ± 0.35 

Average left ventricular internal diameter during systole (cm) 925 3.31 ± 0.38 1145 2.95 ± 0.31 

Average left ventricular posterior wall thickness in diastole (cm) 925 0.92 ± 0.11 1144 0.82 ± 0.11 

Left ventricular mass  (g) 923 144.6 ± 31.79 1144 108.05 ± 22.87 

Relative wall thickness (RWT)  923 0.38 ± 0.06 1144 0.38 ± 0.06 

Midwall fractional shortening (MFS) (%)  923 15.3 ± 2.14 1144 15.96 ± 2.19 

Average peak S’ velocity (lateral + septal) (cm.s-1) 900 7.96 ± 1.49 1099 7.75 ± 1.42 

Average peak e’ velocity (lateral + septal) (cm.s-1) 900 12.1 ± 2.38 1099 12.4 ± 2.36 

Average mitral E/A ratio 905 1.95 ± 0.39 1104 1.91 ± 0.41 

Average E/e’ (lateral annulus) ratio  893 5.31 ± 1.06 1083 5.39 ± 0.95 

Total fat mass (kg) 2111 10.9 (6.95, 17.81) 2684 19.4 (15.00, 25.73) 
Table 3a: Baseline physical characteristics for participants who attended the age 17 clinical assessment and were included in z-
score analyses. For total fat mass and moderate to vigorous activity the median + IQR are presented.   



141 
 

 

Socioeconomic characteristics 

 
 

 Males Females 

Smoking N % N % 

Never 960 53.27 1054 45.77 

Ever 383 21.25 568 24.66 

Current 459 25.47 681 29.57 

Total 1802 100 2303 100 

     

Socioeconomic status N % N % 

I - Professional 226 11.36 268 10.65 

II - Managerial and technical 775 38.94 945 37.54 

IIINM - Skilled non-manual 248 12.46 286 11.36 

IIIM - Skilled manual 538 27.04 770 30.59 

IV - Partly skilled 159 7.99 168 6.67 

V - Unskilled  44 2.21 80 3.18 

Total 1990 100 2517 100 
Table 3b: Baseline socioeconomic characteristics for participants who attended the age 17 clinical assessment and were included in z-score analyses. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



142 
 

Comparison of participants with and without echocardiographical measurements (Chapter 5) 
 

Participants with measured LV mass 

Physical characteristics 

 
                All (n = 2103)                     Males (n = 941)                     Females (n = 1162) 

 N Mean ± St Dev N Mean ± St Dev N Mean ± St Dev 

Age (years) 2103 17.7 ± 0.32 941 17.7 ± 0.32 1162 17.7 ± 0.32 

Height (cm) 2068 171 ± 9.35 924 179 ± 6.71 1144 165.01 ± 6.1 

Total body mass (kg) 2071 67.1 ± 13.2 926 71.99 ± 12.8 1145 63.10 ± 12.2 

Body mass index (kg/m2) 2067 22.9 ± 3.97 923 22.5 ± 3.67 1144 23.2 ± 4.17 

Lean mass (kg) 2055 45.6 ± 9.77 918 54.91 ± 5.99 1137 38.07 ± 4.12 

Body surface area (BSA) (m2) 2067 1.78 ± 0.19 923 1.89 ± 0.17 1144 1.69 ± 0.16 

Left ventricular mass (g) 2103 124.48 ± 32.8 941 144.80 ± 31.96 1162 108.04 ± 22.8 

Systolic blood pressure (mmHg) 2091 116.61 ± 11.34 939 122.46 ± 10.70 1152 111.8 ± 9.44 

Diastolic blood pressure (mmHg) 2091 64.60 ± 7.55 939 64.29 ± 7.66 1152 64.90 ± 7.45 

Heart rate (bpm) 1718 68.58 ± 10.6 775 65.65 ± 10.4 943 70.99 ± 10.16 

Glucose (mmol/l) 1454 5.04 ± 0.40 712 5.17 ± 0.39 742 4.92 ± 0.37  

HDL cholesterol (mmol/l) 1454 1.27 ± 0.30 712 1.19 ± 0.26 742 1.35 ± 0.32 

Total cholesterol (mmol/l) 1454 3.74 ± 0.66 712 3.58 ± 0.61 742 3.90 ± 0.66 

Glyc A (mmol/l) 1412 1.21 ± 0.13 694 1.18 ± 0.13  718 1.24 ± 0.13 

       

 N Median (+IQR) N Median (+IQR) N Median (+IQR) 

Total fat mass (kg) 2055 16.4 (10.7, 23.3) 918 10.9 (7.06, 17.9) 1137 19.8 (15.5, 26.5) 

Triglycerides (mmol/l) 1454 0.75 (0.61, 0.97) 712 0.75 (0.61, 0.96) 742 0.75 (0.60, 0.98) 

C-reactive protein (mg/l) 1454 0.55 (0.28, 1.35) 712 0.45 (0.26, 1.09) 742 0.67 (0.32, 1.63) 

Insulin (mu/l) 1432 6.77 (4.89, 9.43) 702 6.08 (4.63, 8.70) 730 7.62 (5.67, 10.2) 

MVPA at age 15 (minutes/day) 981 18.9 (9.43, 33.5) 433 24.7 (15.6, 42.4) 548 14.8 (6.76, 26.6) 

                                                 Table 4a: Baseline physical characteristics for participants who attended the age 17 clinical assessment and had left ventricular mass measured. HDL cholesterol = high density lipoprotein 
cholesterol; Glyc A = acetylated glycoproteins; MVPA = moderate-to-vigorous physical activity 
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Socioeconomic characteristics 

 
 All Males Females 

Smoking N % N % N % 

Never 991 53.17 483 57.78 508 49.42 

Ever 402 21.57 164 19.62 238 23.15 

Current 471 25.27 189 22.61 282 27.43 

Total 1864 100 836 100 1028 100 

       

Socioeconomic status N % N % N % 

I - Professional 220 11.48 99 11.38 121 11.57 

II - Managerial and technical 762 39.77 352 40.46 410 39.20 

IIINM - Skilled non-manual 223 11.64 106 12.18 117 11.19 

IIIM - Skilled manual 527 27.51 227 26.09 300 28.68 

IV - Partly skilled 132 6.89 68 7.82 64 6.12 

V - Unskilled  52 2.71 18 2.07 34 3.25 

Total 1916 100 870 100 1046 100 
Table 4b: Baseline socioeconomic characteristics for participants who attended the age 17 clinical assessment and had left ventricular mass measured.    
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Participants without LV mass  

Physical characteristics 

                All (n = 3066)                     Males (n = 1318)                     Females (n = 1748) 

 N Mean ± St Dev N Mean ± St Dev N Mean ± St Dev 

Age (years) 3066 17.9 ± 0.51 1318 17.9 ± 0.49 1748 17.9 ± 0.52 

Height (cm) 2955 171.1 ± 9.29 1276 178.7 ± 6.77  1679 165.3 ± 6.27 

Total body mass (kg) 2951 67.01 ± 14.3 1275 72.7 ± 13.9 1676 62.7 ± 13.15 

Body mass index (kg/m2) 2950 22.8 ± 4.35 1275 22.7 ± 4.01 1675 22.9 ± 4.60 

Lean mass (kg) 2763 45.6 ± 10.2 1206 55.4 ± 6.48 1557 37.96 ± 4.36 

Body surface area (BSA) (m2) 2950 1.78 ± 0.199 1275 1.90 ± 0.18 1675 1.69 ± 0.16 

Systolic blood pressure (mmHg) 2960 116.3 ± 11.4 1273 122.3 ± 10.7 1687 111.8 ± 9.79 

Diastolic blood pressure (mmHg) 2960 64.7 ± 7.66 1273 64.47 ± 7.73 1687 64.8 ± 7.60 

Heart rate (bpm) 2146 70.6 ± 11.00 938 67.4 ± 10.7* 1208 73.03 ± 10.6* 

Glucose (mmol/l) 1810 5.00 ± 0.24 856 5.11 ± 0.43* 954 4.90 ± 0.38 

HDL cholesterol (mmol/l) 1810 1.26 ± 0.30 856 1.17 ± 0.25 954 1.34 ± 0.31 

Total cholesterol (mmol/l) 1810 3.76 ± 0.70 856 3.54 ± 0.62 954 3.96 ± 0.71 

Glyc A (mmol/l) 1741 1.22 ± 0.14 820 1.19 ± 0.12 921 1.25 ± 0.14* 

       

 N Median (+IQR) N Median (+IQR) N Median (+IQR) 

Total fat mass (kg) 2763 16.2 (10.8, 22.96) 1206 10.9 (6.91, 17.8) 1557 19.1 (14.7, 25.3) 

Triglycerides (mmol/l) 1810 0.76 (0.6, 0.99) 856 0.74 (0.59, 0.97) 954 0.77 (0.61, 1.00) 

C-reactive protein (mg/l) 1810 0.55 (0.28, 1.34) 856 0.45 (0.25, 0.94) 954 0.70 (0.31, 1.80) 

Insulin (mu/l) 1781 6.63 (4.78, 9.35)  847 6.09 (4.34, 8.68) 934 7.07 (5.28, 9.77) 

MVPA at age 15 (minutes/day) 1364 33.1 (18.7, 33.1) 609 25.3 (14.7, 41.2) 755 14.7 (7.00, 24.3)  

                   Table 4c: Baseline physical characteristics for participants who attended the age 17 clinical assessment and did not have left ventricular mass measured. SBP = systolic blood pressure; DBP = diastolic blood 
pressure; HR = heart rate;  HDL cholesterol = high density lipoprotein cholesterol; Glyc A = acetylated glycoproteins. Asterisks indicate instances where ANOVA testing indicated statistically significant differences 

(p<0.05) between those with and without LV mass. MVPA = moderate-to-vigorous physical activity 
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Socioeconomic characteristics 

 All Males Females 

 N % N % N % 

Smoking    *  *  

Never 1048 45.60 490 49.30 558 42.79 

Ever 557 24.24 222 22.33 335 25.69 

Current 693 30.16 282 28.37 411 31.52 

Total 2298 100 994 100 1304 100 

       

Socioeconomic status   *  *  

I - Professional 773 7.41 414 7.53 359 7.28 

II - Managerial and technical 3331 31.94 1752 31.85 1579 32.03 

IIINM - Skilled non-manual 1080 10.35 562 10.22 518 10.51 

IIIM - Skilled manual 4038 38.72 2121 38.56 1917 38.88 

IV - Partly skilled 821 7.87 444 8.07 377 7.65 

V - Unskilled  387 3.71 207 3.76 180 3.65 

Total 10 430 100 5500 100 4930 100 
                                                                                                                           Table 4d: Baseline socioeconomic characteristics for participants who attended the age 17 clinical assessment and did not have left 

ventricular mass measured. Asterisks indicate instances where ANOVA testing indicated a statistically significant difference (p<0.05) between those with and without LV mass.  

Comparison of blood pressure and body mass index for those with and without LVH 

      
Indexing method and source Males Females 

Cut-off n SBP DBP  n BMI Cut-off n SBP DBP  n BMI 
Absolute LV mass, g (linear)8 <224 924 122.29 ± 10.65 64.22 ± 7.66 909 22.4 ± 3.64 <162 1126 111.68 ± 9.40 64.75 ± 7.42 1117 23.0 ± 4.05 

 >224 15 132.67 ± 10.01 68.80 ± 6.24 14 26.0 ± 4.24 >162 26 118.83 ± 8.46 69.00 ± 7.76 27 28.6 ± 5.31 

Absolute LV mass, g (2D)8 <200 890 122.14 ± 10.52 64.16 ± 7.68 877 22.3 ± 3.52 <150 1097 111.56 ± 9.32 64.66 ± 7.28 1089 22.9 ± 3.96 

 >200 49 128.20 ± 12.67 66.71 ± 7.03 46  26.5 ± 4.10 >150 55 117.45 ± 10.16 68.56 ± 9.60 55 27.8 ± 5.32 

LV mass/BSA, g/m2 (linear)8 <115 911 122.39 ± 10.72 64.24 ± 7.63 913 22.5 ± 3.65 <95 1123 111.77 ± 9.41 64.80 ± 7.46 1131 23.1 ± 4.16 

 >115 28 124.71 ± 10.59 65.79 ± 8.72 10 25.0 ±  4.57 >95 29 114.28 ± 10.17 66.72 ± 6.54 13 25.4 ± 4.01 

LV mass/BSA, g/m2(2D)8 <102 887 122.23 ± 10.65 64.16 ± 7.63 889 22.4 ± 3.66 <88 1106 111.76 ± 9.40 64.76 ± 7.33 1114 23.1 ± 4.18 

 >102 52 126.42 ± 11.20 66.53 ± 7.98 34 23.8 ± 3.74 >88 46 113.68 ± 10.17 66.99 ± 9.62 30 23.9 ± 3.65 

LV mass/height2.7, g/m2.79                                         <50 916 122.39 ± 10.70 64.24 ± 7.61 917 22.5 ± 3.65 <47 1127 111.78 ± 9.42 64.80 ± 7.47 1136 23.1 ±  4.16 

 >50 23 125.15 ± 11.23 66.15 ± 9.51 6 26.9 ± 5.01 >47 25 114.52 ± 9.83 66.98 ± 6.24 8 26.3 ± 4.05 

LV mass/height1.7, g/m1.7 10                    <81 909 122.37 ± 10.71 64.22 ± 7.62 910 22.4 ± 3.62 <60 1059 111.48 ± 9.35 64.61 ± 7.31 1066 22.8 ± 3.83 

 >81 30 125.18 ± 10.89 66.4 ± 8.89 13 26.8 ± 4.51 >60 93 115.94 ± 9.45 67.55 ± 8.45 78 27.9 ± 5.47 
Table 4e: Comparison of participants’ systolic blood pressure (SBP, mmHg), diastolic blood pressure (DBP, mmHg) and body mass index (BMI, kg/m2), stratified by hypertrophy group (more detail for cut-off groups is 

provided in chapter 4). Mean values are presented ± standard deviation 
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Comparison of key baseline characteristics for individuals with normal geometry and individuals with concentric remodelling 

 
 Males 

 Normal geometry Concentric remodelling 

 N Mean/Median/ percentage N Mean/Median/ percentage 

Body mass index (kg/m2) 755 22.43 ± 3.58 162 22.65 ± 3.92 

Total fat mass (kg) 741 13.54 ± 9.13 162 14.92 ± 10.69 

MVPA at age 15 (minutes/day) 337 25.29 (16.17, 43.00) 82 24.33 (11.00, 39.5) 

Lower parental socioeconomic status (%) 703 48.08% 145 48.63% 

Current Smokers (%) 676 23.22% 142 18.88% 

Drinks >10 alcoholic beverages per week 655 7.18% 140 10.64% 

 Females 

 Normal geometry Concentric remodelling 

 N Mean/Median/ percentage N Mean/Median/ percentage 

Body mass index (kg/m2) 960 22.99 ± 3.98 176 23.90 ± 4.97 

Total fat mass (kg) 948 21.63 ± 9.06 175 23.60 ± 11.22 

MVPA at age 15 (minutes/day) 438 15.00 (7.33, 27.00) 98 12.42 (6.33, 23.00) 

Lower parental socioeconomic status (%) 861 48.55% 157 50.3% 

Current Smokers (%) 850 27.06% 156 27.78% 

Drinks >10 alcoholic beverages per week 833 6.84% 153 10.06% 
Table 4f: Anthropometric and socioeconomic characteristics for participants classified as having normal geometry or concentric remodelling. MVPA = moderate-to-vigorous physical activity.  The m-mode cut-off for 
LV mass indexed to height2.7 was used, as it was the most sensitive at detecting concentric remodelling. Lower parental socioeconomic class was defined as either skilled non-manual, skilled manual, partly skilled or 

unskilled class. Mean values are presented ± standard deviation; median values are presented with the interquartile range.  
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Structural equation modelling analyses (Chapter 6) 

Physical characteristics 

 
 

 Males Females  
 N Mean ± St Dev N Mean ± St Dev 

Age (years) 941 17.7 ± 0.32 1162 17.7 ± 0.32 

Height (cm) 924 178.8 ± 6.71 1144 165.01 ± 6.1 

Total body mass (kg) 926 71.99 ± 12.8 1135 63.11 ± 12.2 

Body mass index (kg/m2) 923 22.5 ± 3.67 1135 23.2 ± 4.17 

Total lean mass (kg) 918 54.9 ± 5.99 1122 38.1 ± 4.12 

Systolic blood pressure (mmHg) 939 122 ± 10.7 1152 111.8 ± 9.44 

Diastolic blood pressure (mmHg) 939 64 ± 7.66 1135 64.9 ± 7.45 

Mean arterial pressure (mmHg) 939 83.7 ± 7.68 1152 80.5 ± 7.43 

Pulse pressure (mmHg) 939 58.2 ± 9.11 1152 46.99 ± 7.17 

Heart rate (bpm) 761 65.7 ± 10.4 1135 71 ± 10.2 

Left ventricular end-diastolic volume (ml)  941 105.6 ± 21.8 1163 84.7 ± 16.1 

Ejection fraction (%l) 941 65.5 ± 6.53 1163 67.7 ± 6.26 

Average left atrial size (cm) 863 3.30 ± 0.41 1043 3.07 ± 0.38 

Average left ventricular internal diameter during diastole (cm) 941 4.74 ± 0.42 1163 4.32 ± 0.35 

Left ventricular mass  (g) 941 144.8 ± 31.96 1162 108.04 ± 22.8 

Relative wall thickness (RWT)  941 0.38 ± 0.06 1162 0.38 ± 0.06 

Midwall fractional shortening (MFS) (%)  941 15.3 ± 2.13 1162 15.96 ± 2.19 

Average S’ (lateral + septal) (cm.s-1) 918 7.96 ± 1.48 1117 7.74 ± 1.41 

Average e’ (lateral + septal) (cm.s-1) 918 12.1 ± 2.37 1117 12.4 ± 2.35 

Mitral E/A ratio 923 1.95 ± 0.39 1122 1.91 ± 0.41 

Glucose (mmol/l) 712 5.17 ± 0.39 724 4.92 ± 0.37 

HDL cholesterol (mmol/l) 712 1.19 ± 0.26 724 1.35 ± 0.32 

Total cholesterol (mmol/l) 712 3.57 ± 0.61 724 3.91 ± 0.66 

Glycoprotein acetyls (mmol/l) 694 1.18 ± 0.13 718 1.24 ± 0.13 

 N Median (+IQR) N Median (+IQR) 

Total fat mass (kg) 918 10.9 (7.06, 17.9) 1137 19.8 (15.5, 26.5) 

Insulin (mu/l) 702 6.08 (4.63, 8.70) 730 7.62 (5.67, 10.2 

HOMA-IR  699 0.69 (0.53, 1.00) 729 0.85 (0.63, 1.14) 

Triglycerides (mmol/l) 712 0.75 (0.61, 0.96) 742 0.75 (0.06, 0.98) 

C-reactive protein (mg/l) 712 0.45 (0.26, 1.09) 742 0.67 (0.32, 1.63) 

Moderate to vigorous physical activity at age 15 (mins/day) 433 24.7 (15.5, 42.4) 548 14.8 (6.76, 26.6) 

Table 5a: Baseline physical characteristics for participants who attended the age 17 clinical assessment and were included in 
SEM analyses. N for each variable differs as a complete case scenario was unnecessary. 
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Socioeconomic characteristics 

 
 

 Males Females 

Smoking N % N % 

Never 483 57.8 508 49.4 

Ever 164 19.6 238 23.15 

Current 189 22.6 282 27.43 

Total 836 100 1028 100 

     

Socioeconomic status N % N % 

I - Professional 99 11.38 121 11.57 

II - Managerial and technical 352 40.46 410 39.20 

IIINM - Skilled non-manual 106 12.18 117 11.19 

IIIM - Skilled manual 227 26.09 300 28.68 

IV - Partly skilled 68 7.82 64 6.12 

V - Unskilled  18 2.07 34 3.25 

Total 870 100 1046 100 
Table 5b: Baseline socioeconomic characteristics for participants who attended the age 17 clinical assessment and were included in SEM analyses. 
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Mendelian randomisation analyses (Chapter 7)  

Physical characteristics 

 

  

 N Mean ± St Dev or Median (IQR) 

Age (years) 3844 17.78 (0.41) 

Height (cm) 3844 171.38 (9.39) 

Weight (kg) 3844 66.94 (13.67) 

Body mass index (kg/m2) 3844 22.75 (4.05) 

Total fat mass (kg) 3718 16.23 (10.65, 23.02) 

Total lean mass (kg) 3718 43.08 (37.23, 54.15) 

Moderate to vigorous physical activity at age 15 (mins/day) 1580 18.33 (9.59, 33.46) 

Predicted change in calorie intake between ages 7-13 (caloric intake/year) 3805 92.15 (79.42, 112.78) 

Systolic blood pressure (mmHg) 3844 116.39 (11.38) 

Diastolic blood pressure (mmHg) 3844 64.48 (7.49) 

Pulse pressure (mmHg) 3844 51.91 (9.77) 

Mean arterial pressure (mmHg) 3844 81.79 (7.70) 

Heart rate (bpm) 2959 69.31 (10.66) 

End diastolic volume (ml) 1656 94.03 (21.47) 

End systolic volume (ml) 1658 39.18 (11.87) 

Stroke volume (ml) 1656 54.88 (13.14) 

Stroke index (ml/kg/m2) 1656 30.80 (6.39) 

Ejection fraction (%) 1656 66.77 (6.44) 

Cardiac output (L/min) 1656 3.77 (0.96) 

Total arterial compliance (ml/mmHg) 1656 1.08 (0.27) 

Total peripheral resistance (mmHg/min/ml-1) 1656 23.05 (6.00) 

Pulse wave velocity, m/s 3070 5.76 (0.70) 

Average left atrial diameter (cm) 1499 3.17 (0.41) 

Average LV internal diameter during diastole (cm) 1656 4.51 (0.44) 

Average LV internal diameter during systole (cm) 1658 3.11 (0.38) 

Average interventricular septal thickness during diastole (cm) 1658 0.82 (0.13) 

Average LV posterior wall thickness during diastole (cm) 1657 0.87 (0.12) 

Indexed left ventricular mass (g/m2.7) 1655 28.89 (6.16) 

Relative wall thickness  1655 0.38 (0.06) 

Midwall fractional shortening  1655 15.66 (2.19) 
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Socioeconomic characteristics 

 
 

Smoking N % 

Never 1557 48.55 

Ever 751 23.42 

Current 899 28.03 

Total 3207 100 

   

Socioeconomic status N % 

I - Professional 396 11.05 

II - Managerial and technical 1411 39.37 

IIINM - Skilled non-manual 423 11.80 

IIIM - Skilled manual 1000 27.90 

IV - Partly skilled 259 7.23 

V - Unskilled  95 2.65 

Total 3584 100 

   

Maternal highest education N % 

cse 380 10.60 

Vocational 252 7.03 

O Level 1242 34.64 

A level 1004 28.01 

Degree 707 19.72 

Total 3585 100 
Table 6b: Baseline socioeconomic characteristics for participants who attended the age 17 clinical assessment and were included in Mendelian randomisation analyses.

Peak S’ ( Average of lateral and septal annuli) (cm/s) 1608 7.85 (1.43) 

Peak e’ (average of lateral and septal annuli) (cm/s) 1608 12.29 (2.35) 

Mitral E/A ratio 1591 1.94 (0.39) 

E/e’ (average of lateral and septal) 1591 5.34 (0.98) 

Table 6a: Baseline physical characteristics for participants who attended the age 17 clinical assessment and were included in Mendelian randomisation analyses. Peak S’ = peak systolic myocardial 
velocity; Peak e’ = peak early diastolic myocardial velocity; E/A = ratio of mitral E/A waves; E/e’ = ratio of mitral E wave and peak e’. 
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f) Overview and uses of statistical methods in this thesis 
 
Multiple different approaches are available to analyse associations between adiposity and 

cardiovascular (CV) risk. For this thesis, linear, multiple linear and logistic regression, structural 

equation modelling and Mendelian randomisation were all applied to provide information as to 

which associations or causal pathways might exist. Multiple linear regression was used to assess 

associations between our key exposure, adiposity, and different CV outcomes (see Chapter 4). Linear 

and logistic regression were used to assess the impact of adiposity on the normalisation of LV mass 

to body size (Chapter 5). Structural equation modelling (SEM) was used to investigate the role of 

potential CV risk factors as mediators in associations between adiposity and key CV outcomes of 

interest (Chapter 6), while Mendelian randomisation analyses provided further insights into the 

heritability of adiposity and its impact on different CV outcomes (Chapter 7).   

 

i) Application of logistic, linear and multivariable linear regression 
 

The distributions of all variables were assessed and variables were log transformed when required, 

prior to analysis when distributions were nonparametric. Logistic regression was applied in place of 

linear regression when the exposure and outcome in an association were not continuous.  

 

Simple linear regression was used in Chapters 6 to establish whether the regression coefficients 

between total fat mass and CV measures were statistically significant, prior to analysing their 

associations using structural equation modelling. Log-linear regression was used in Chapter 5, 

where, following log transformation of x and y variables, group and sex-specific allometric 

relationships between LV mass, lean mass and BSA were determined as described by the equation 

(log(y) = a+b*log(x)) (where b = the allometric exponent).  

 

Multivariable linear regression (MLR), also known as multivariable regression, is a better method to 

use for assessing associations between exposures and outcomes, since it is important to adjust for 

important confounders which can which can bias the estimate of the effect of the exposure on the 

outcome if ignored.43 MLR was used to assess associations between particular exposures and key CV 

outcomes in several chapters. In Chapter 4 it was used to investigate how the coefficients vary 

between different measures of adiposity and CV outcomes, after adjustment for age. Multiple 

imputation was used to account for missing observations, as outlined in Chapter 4. Lastly, it was 

used in Chapter 7 where estimates obtained using MLR were compared with estimates derived using 

Mendelian randomisation. 
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MLR is a useful method for assessing associations between exposures and outcomes of interest, 

especially when confounders exist which can affect overall coefficient.44 However, it is limited by the 

assumption that confounders affect both the exposure and the outcome, which, if untrue, biases the 

magnitude of the coefficient observed. In a given association between an exposure and an outcome, 

some variables may exist which affect either the exposure or the outcome only, which cannot be 

accounted for by MLR, an important limitation which, again, may inflate the estimate. In addition, 

confounders might be adjusted for in an MLR model which might be correlated to lesser or greater 

extents (i.e. collinearity)45 and collider bias might also exist, affecting the regression coefficient 

between the exposure and outcome.46  

 

Another shortcoming of MLR is that one cannot account for all the relationships between the 

exposure, outcome and confounders. While one can use MLR to observe that certain variables 

behave as mediators in an association between a particular exposure and outcome (that is, variables 

which lie between the exposure and the outcome), the inability to account for the other 

relationships between the exposure, outcome and other confounders comprehensively means that 

it is difficult to ascertain how much of the association a mediator actually accounts for, particularly 

when relationships or variables exist which cannot be measured directly, e.g. latent variables.47  

 

ii) Structural equation modelling and its application 
 

Structural equation modelling (SEM) is a form of causal modelling which has been thought of as an 

amalgamation of MLR and exploratory factor analysis.48 It is a less restrictive method than regression 

modelling because it permits the inclusion of measurement error in the exposure and outcome 

variables.49 SEM can also account for covariates which affect the exposure-outcome relationship, 

and all the relationships which exist between them and the key outcome and exposure variables.49  

 

One can use SEM to measure the extent to which a specific variable mediates the association 

between an exposure and an outcome, whilst accounting for covariate relationships, which is the 

key reason for which SEM was utilised in this thesis. A variable is described as being a mediator if it 

accounts for the association between the exposure and outcome under study,50 and this area is of 

interest to researchers, since it is important to understand the process by which an exposure affects 

an outcome.51 If a strong mediational structure exists, most of the effect of the exposure on the 

outcome is captured by the mediator variable by an intervening process.51 If mediation does not 

appear to be taking place, one can be a little clearer as to the closeness of the relationship between 

the exposure and outcome.  
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The key feature of SEM is the use of causal or ‘path’ diagrams, such as directed acyclic graphs 

(DAGs), which model the suggested causal pathway(s) and relationships with covariates for the 

association of interest. In a DAG, the variables are known as ‘nodes’.52 Importantly, the exposure (X) 

must be an ancestor of the outcome (Y), and the mediator variable of interest (M) must be both a 

descendant of the exposure and an ancestor of the outcome (see Figure 36).53 Arrows between the 

nodes indicate a priori assumptions about the causal relationships between different variables, 

which must be informed by robust empirical evidence and not inferred from the dataset being used 

(i.e. informed by robust scientific literature by sources which are independent from the dataset with 

which the analyses are being conducted).52  

 

 

Figure 36: A directed acyclic graph, suggested by Baron and Kenny,50 explaining basic structural equation modelling. X = exposure; Y = 
outcome; M = mediator. Labels a, b and c represent paths a, b and c, respectively. 

 

Baron and Kenny’s model 

 
Baron and Kenny suggested a simple model by which mediation may happen.50 In its simplest form, 

their model is a three-variable system with two causal paths which feed into the outcome variable 

(see Figure 20 for an example): the direct effect of exposure X on outcome Y (path c) and the effect 

of mediator M on outcome Y (path b). There is also a path from the exposure to the mediator M 

(path a). Baron and Kenny’s approach may be used, provided the following conditions are satisfied:  

 

i. One is sufficiently confident that variation in exposure X significantly accounts for variation 

in mediator M (path a); 

ii. Variation in mediator M significantly accounts for variation in outcome Y (path b); 

iii. When paths a and b are controlled, a previously significant relationship between the 

exposure and outcome becomes insignificant. When path c is zero, this is the strongest 

M

YcX



154 
 

demonstration of mediation, providing strong evidence of there being a single, dominant 

mediator.50  

 

Using Baron and Kenny’s approach, three regression models are fitted:   (1) M = β1 + aX + ε1 ;  (2) Y = 

β2 + cX + ε2 ; (3)  Y = β3 + c’X + bM + ε3. The betas and epsilons represent the intercepts and the 

model fit errors, respectively (both of which are largely ignored), while a, b, c and c’ are the 

regression coefficients which capture the relationships between X, Y and M.51   

 

These regression models can be calculated automatically using SEM programmes in statistical 

software. The effect size derived from path c (c’) is calculated, commonly known as the ‘direct effect’ 

of X on Y (whilst controlling for the mediator), as is the effect size derived from paths a and b, 

commonly known as the ‘indirect effect’ of X on Y (which is equivalent to the product of a and b). 

The sum of the direct and indirect effects is known as the ‘total effect’. If the magnitude of the direct 

effect, c’, is small and insignificant relative to the size of the total effect, this indicates that the 

mediator accounts for most of the effect of X on Y.47 However, if the direct effect is similar in size to 

the total effect, then M only partially mediates the effect of X on Y.47  

 

There are a number of limitations to SEM, which will be discussed further in Chapter 6.  
 
 

iii) Mendelian randomisation  
 

Context 

 
The completion of the human genome project in 2001 provided the basis and impetus for great 

developments in our understanding of genetics, especially in the development of disease-associated 

traits through the human life-course. What is becoming increasingly clearer is the role of genetic 

traits in influencing modifiable behaviours and the power genetic data has to ameliorate the causal 

inference of observational studies.  

 

Genetic variants serve as excellent instruments for several reasons54 and genome-wide association 

studies (GWAS) have identified an increasing number of single nucleotide polymorphisms (SNPs) 

which are robustly associated with many important modifiable exposures, 55 including blood 

pressure and arterial stiffness,56 coronary heart disease,57 schizophrenia58 and depression.59 It is now 

well established that genetic factors also play a major role in metabolism, body composition and 

obesity risk.60-62 More than a decade ago, certain genes, such as SEC16B and FTO, were proven to 

predispose an individual to develop a greater body mass and also to impact absolute measures of 

one’s fat, lean and bone mass63 and a recent GWAS by the Genetic Investigation of ANthropometric 

Traits (GIANT) consortium identified 97 genetic loci which are robustly associated with BMI.61  
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Rationale and priniciples 
 

Genetic variants such as these can be utilized effectively in Mendelian randomisation (MR) studies, 

which permits the estimation of the causal effects of particular modifiable exposures on disease 

outcomes.64 Due to the limitations of observational epidemiology, there has been a considerable 

need to develop improved epidemiological approaches for the analysis of longitudinal data in order 

to distinguish correlation from causation. Numerous problems compromise and restrict the findings 

of observational cohort studies, such as recall and selection bias, unmeasured and residual 

confounding and the potential effect of reverse causation. In this genomic age, with multiple sources 

of genetic data now available to researchers and epidemiologists, certain new approaches have 

been developed which make use of both genetic and observational data, in order to improve causal 

inference. MR is one such method which avoids many common issues of confounding, thus 

improving causal inference. MR uses genetic variants or SNPs as instrumental variables (IVs) for a 

modifiable exposure of interest, as a means “to estimate causal effects of modifiable risk factors on 

disease outcomes”.54,55,65 

The use of MR is underpinned by the laws of Mendelian genetics. The random assortment and 

distribution of alleles throughout populations implies that, in genetic association studies, the 

comparison of groups of individuals defined by genotype should only differ with respect to the locus 

being studied. Therefore, genotypes may be used as a proxy for some modifiable risk factors. In MR 

analyses, there should be no influence of confounders which are common to observational 

epidemiological studies, meaning that causal inference is stronger than when other methodologies 

are used.66  

In order to better understand the principles of MR, we may liken it to a randomised control trial 

(RCT).67 Just as RCTs randomly allocate either a dose of a drug or a placebo to a participant, with MR 

we may think of individuals as being randomly allocated a certain number of alleles, rather than 

drugs, which render them more or less likely to develop particular (disease) phenotypes. Groups of 

individuals defined by genotype should only differ with respect to the locus under study, since 

genotypes are ‘randomly’ allocated, like drugs are in an RCT (see Figure 37, on the next page). The 

application of MR to this research context rests on the hypothesis that participants who possess 

more BMI-related alleles (i.e. a higher ‘dosage’), as measured by genetic variants (G), will have 

elevated BMI (X), and that G will work through X to impact on different cardiovascular outcomes (Y).   
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Figure 37: Comparison of Mendelian randomisation studies with randomised control trials. Taken from Smith & Ebrahim (2008).66  

 

Key assumptions 
 

Genetic variants may be used as proxy for a modifiable exposure of interest (in the research context 

of Chapter 7, BMI) provided that a number of testable criteria are met (see Figure 38, on the next 

page). Firstly, genetic variants (G) of interest must be shown to be robustly associated with the 

exposure of interest (X) in order to be eligible for use in MR studies.54,68 Single variants identified by 

GWAS must have a p-value of 5 × 10−8 or under to be considered significant and appropriate for 

use.69  

Secondly, G must be completely independent of the outcome(s) of interest, Y (BMI in this research 

context) and G must only be associated with Y through X. Any direct association between G and Y 

would confound any effect size that was observed.  

Thirdly, G must be independent of any confounders (C) which may impact X and Y (such as 

socioeconomic status, age, physical activity etc).70 With MR, since alleles are independently assorted 

at conception and distributed randomly in a population, there is little chance that any environmental 

confounders which an individual experiences can directly impact that individual’s genes. Provided 

that these initial assumptions are met, a MR analysis can proceed, and with control for population 

structure, there should be no confounding by behavioural, socioeconomic or physiological factors 

(except for those that are influenced by alleles at closely proximate loci or affected by population 

stratification).  
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Figure 38: Causal diagram showing assumptions intrinsic to Mendelian randomisation analyses. G = genetic variant(s); X = modifiable 
exposure of interest; C = (environmental) confounders. 

 

Limitations of MR analyses 
 

Provided the key assumptions of MR are not violated, it is a valuable tool because it is independent 

of the confounding which so often precludes or exaggerates findings in observational studies. 

However, situations arise when the three fundamental criteria for MR are not met, or when other 

problems arise which compromise the strength of the associations observed. Some of these will now 

be discussed. 

 

Identifying suitable genetic instruments  
 

While more and more GWAS are being published which have uncovered numerous SNPs associated 

with a range of different exposures, MR studies are dependent on the existence of ‘established 

functional genetic variants’.70 Having multiple SNPs available which are all associated with the same 

exposure is much more useful than having only one, since this both increases the statistical power71 

and also increases the researcher’s confidence in the existence of a causal association between the 

exposure and outcome. With more variants, it is less likely it is that any observed association is due 

merely to chance. The discovery of more SNPs is very useful and directly applicable to MR studies, 

but these SNPs must be robustly associated with an exposure, with sufficient statistical significance 

and effect sizes. Not all SNPs which are discovered are sufficiently robust, and the use of multiple 

variants as independent IVs can result in biased effect estimates if the instruments are weak.71 
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Weak instrument bias 
 

When performing regression analyses, if low partial correlation exists between the IVs (in this case 

the genetic variants) and the phenotype (X) then they are described as being weak.72 This means 

that a weak IV will only account for a small amount of variance of the phenotype, subject to the 

sample size73 (an IV in one cohort may not be weak in another, larger one). Usually, the strength of 

the instrument can be tested by checking the F-statistic from the first stage regression analysis of 

exposure X on genetic variant G.74 Any F-statistic value >10 is usually accepted to be sufficiently 

strong, but since bias is only reduced to a certain level when this threshold is applied, the greater the 

F-statistic, the better.75  

As mentioned previously, while it is better to use more than one genetic variant (subject to 

availability) in a MR analysis, and using multiple variants causes a reduction in the variance of the IV 

estimator, there is also an increase in the bias.73 To avoid this problem, combining the multiple 

variants into one allele score, effectively creating one IV, makes analysis simpler, provides more 

statistical power71 and reduces the risk of weak instrument bias.65 However, the variants which are 

used must have been identified in a source (i.e. a GWAS), external to the dataset being used for 

investigation (in my MR analysis I used 96 robust genetic variants which were identified by the 

GIANT consortium,61 in a GWAS separate from the ALSPAC cohort). In conclusion, while weak 

instruments (e.g. with an F-statistic < 10) can be a serious problem for MR studies, they can be a 

useful alarm bell to the researcher in highlighting the need for more investigation into the genetic 

background, and sometimes other methods are available which may be more suitable to use.  

Canalisation 

Canalisation, or developmental compensation, refers to the buffering of certain genetic or 

environmental mechanisms which may disrupt development and reduce the extent of variance in 

the relevant phenotype.68,76-78 For example, the body of an individual with a genotype which caused 

elevated circulating levels of CRP might undergo certain anatomical and physiological strategies to 

counterbalance the effect of the high CRP levels, thus exhibiting milder phenotypic traits than 

otherwise expected.70 The role of compensatory mechanisms in reducing the severity of phenotypes 

have been most clearly seen in animal knockout studies,68 and in humans, such buffering effects can 

be developed due to greater or reduced levels of an exposure or risk factor.78 When present, 

canalisation may nullify findings from an MR study through impacting the G->Y pathway, without 

affecting the G->X pathway, thereby causing a biased IV estimate.70 
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Population stratification 

When subgroups exist in a population which have difference disease rates and different allele 

frequencies, population stratification occurs.70 Allele frequencies vary dramatically, both within and 

between different populations, due to the unique genetic and social history of each.79 It is 

important, therefore, to check the ethnic origin and possible population subgroups of the 

participants in both the cohort of interest and in the GWAS from which the genetic variants were 

taken. However, in most cases population stratification is unlikely to be much of a concern,79,80 

especially when the heritage of the individuals in both the cohort and the GWAS are the same (as 

was the case in the present research context; both the ALSPAC cohort and the individuals in the 

GIANT consortium61 were of Caucasian heritage).   

Linkage disequilibrium  
 

Linkage disequilibrium (LD) exists when alleles are non-randomly associated at two or more loci, 

when the frequency of association between the alleles is greater or less than the value expected for 

a random association.81 This is opposed to the more ideal scenario of linkage equilibrium (LE), where 

all loci are completely independent of one another.70 If there is a correlation between the genetic 

variant of interest and another locus which influences the outcome, confounding is likely to arise,70 

especially if an allele score is used which is comprised of numerous genetic variants, all of which are 

in high LD.82 However, the three MR assumptions will not be violated if the genetic variant(s) (G) is 

only correlated with other variants which are related to X, and provided that the G->X association 

can be estimated (see Figure 24 in the pleiotropy section below).70 

 

Winner’s curse 

 
When SNPs are identified in a GWAS, the SNPS with the smallest p values are often selected, while 

those with higher (but still significant) p values are omitted.83 This results in an over-estimation of 

the SNP-trait effect, known as ‘winner’s curse’ or the ‘Beavis effect’, which occurs due to chance 

correlation between the confounders and the SNPs in the original GWAS.83 Winner’s curse means 

that the effect sizes generated in MR studies are often inflated, with the true genetic effect likely to 

be smaller than its estimate.84,85 Provided the GWAS and the dataset being used for the MR study 

are independent, winner’s curse should not affect the effect size or power of the causal estimates, 

but the MR estimates will be biased towards the null.83 One can use the Wald ratio to check the 

relationship between the SNP-exposure association and the SNP-outcome association (see below). 

βIV, the instrumental variable estimator, is calculated by dividing the coefficient of the SNP-outcome 

association (cov(y,z)), by the coefficient of the SNP-exposure association (cov(x,z)).83 If the SNP-

exposure association is overestimated and the SNP-outcome association remains constant, βIV will be 
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smaller,86 and if the GWAS and MR analysis samples are the same, both the SNP-exposure 

association and the SNP-outcome association are overestimated.83 

 

𝛃𝐈𝐕 =  
𝐜𝐨𝐯 (𝐲, 𝐳)

𝐜𝐨𝐯 (𝐱, 𝐳)
 

 

Pleiotropy 

Problems also arise when the genetic variants affect the outcome through a pathway other than 

through the main exposure, X (see Figure 39).86 Pleiotropy is most clearly seen when a SNP at a 

single locus impacts multiple (apparently) independent phenotypes.87 Pleiotropy is common but the 

three core MR assumptions will only be violated if the genetic variants with the pleiotropic effects 

directly affect outcome Y, independently of exposure X.70  

 

Figure 39: Directed acyclic graph. Z:G =genetic variant; X = exposure; Y = outcome; PE = pleiotropic effects; U = confounders. Pleiotropy 
exists in scenario (a) but the three core MR assumptions are not violated. In (b), pleiotropy exists and core MR assumptions are violated 

because pleiotropic effects are associated with outcome Y. Figure adapted from Palmer et al.(2012).65    

 

It is possible that directional pleiotropy is present in this research context. The 96 genetic variants 

which are being used in this thesis have a strong association with adiposity,61 including the FTO gene, 

and it is known that there is a strong association between increased BMI and CV risk.88 It is possible 

that the rs9939609 FTO variant, for example, has significant association with CV risk independent of 

conventional CVD risk factors, including BMI,89 which may compromise the reliability the MR 

analyses outlined in Chapter 7.  

Fortunately, statistical tests are available which can check for pleiotropy and LD. The MR-Egger test, 

which was developed from adapting Egger regression, can be used to investigate whether there are 

any violations of the assumptions made when conducting MR, specifically the existence of 

directional pleiotropy.90 Although the MR-Egger test provides a useful sensitivity test for MR, it is 

important to note its limitations. The Egger test is not a panacea for detecting violations of the IV 

assumptions, and one must be aware that even a single genetic variant can distort MR-Egger 
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analyses, so it is vital to use valid IVs to prevent this issue from arising.91 Further sensitivity tests can 

be used to test for violations of the key assumptions to MR; these will be discussed in context in 

Chapter 7.  

Potential problems of population stratification, LD and pleiotropic associations can also be 

investigated by conducting separate analyses in ethnically homogenous cohorts, which can allow the 

identification of possible population subgroups, and by looking at the effect of two or more variants 

already known to influence the exposure of interest through different biological pathways.70 If the IV 

estimates from all instruments are identical then pleiotropy, LD and population stratification are 

highly unlikely, as the same level of confounding would have been needed in the mechanisms for the 

associations across all variants.65,70  

The assumptions and limitations of MR puts the onus on researchers to design and carry out their 

studies carefully, making use of well-characterised variants and being cautious when making 

conclusions about associations between observed phenotypes and outcomes.86 Despite its 

limitations, MR analyses provide useful insights which other epidemiological methods cannot. 
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Chapter 4: The use of different measures of body composition and their respective 
associations with cardiac structural and functional outcomes  
 

Introduction 
 

Respective associations between body mass index (BMI), fat mass and lean mass and cardiovascular 

outcomes in adolescents are unclear. Due to the ease of its measurement, BMI is the most widely used 

measure of adiposity. However, it has major shortcomings as a measure of body composition. Some 

suggest that BMI is a reasonable proxy for adiposity in most adults,1 yet others propose that the 

accuracy of BMI in diagnosing obesity is especially reduced particularly in men, elderly people and 

individuals who fall into intermediate BMI categories.2 In children and adolescents some have observed 

that measures of total body fat and BMI are closely associated,3,4 while in leaner children BMI is 

reported to be a poor measure of adiposity.5  

As a measurement of adiposity, BMI has numerous limitations. Firstly, it is calculated by dividing total 

body mass (kg) by height^2,1 for which the anthropometric assumptions regarding the shape of the 

human body, and the relationship between height and weight, may be incorrect.6,7 Secondly, BMI is an 

over-simplified assessment of body composition, due to individuals having different bone, fat and lean 

mass densities. In addition, the association between BMI and cardiovascular risk is not straightforward. 

Not all individuals with BMI >25 kg/m2 will be automatically identifiable as unhealthy and at greater risk 

of cardiovascular disease (CVD) than those with BMI <25 kg/m2, and since adiposity is a spectrum, one 

may be overweight, or even obese, whilst having sound metabolic health.8 Likewise, those with lower 

BMI may not necessarily be at a lower risk of disease. As discussed in Chapters 1 and 2, age, gender, 

lifestyle behaviours and genetic predisposition all strongly influence adiposity, fat deposition and 

cardiovascular risk.9  

Most importantly, BMI is unable to differentiate between fat mass and lean mass, which is the main 

focus of this chapter.10 There is evidence that fat mass and lean mass have different associations with 

haemodynamic and cardiac structural and functional outcomes and the measurement of these 

associations may provide additional insights which BMI cannot.9 Although it is excessive fat mass, rather 

than excess weight itself which is believed to lead to ill-health,11 comparatively few papers appear to 

have considered and compared the respective associations of BMI, fat mass and lean mass with 

cardiovascular outcomes in adolescence. In this chapter I sought to investigate basic associations 

between BMI, fat mass and lean mass and a range of cardiovascular outcomes in each sex using simple 
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regression models. I hypothesised that the results would indicate key differences between each 

exposure and outcome, that the results for fat and lean mass would differ from those for BMI and that 

the results would differ by sex.  

Background 
 

The importance of distinguishing between ‘appropriate’ and disease-associated increases in cardiac 

measures, such as LV mass, has been highlighted previously.12 As people gain weight, both fat mass and 

lean mass increase, but the respective relationships of each tissue type with haemodynamic and cardiac 

outcomes, and the physiological pathways involved, appear to be quite different.13 Some might assume 

that fat determines pathological changes, while lean mass determines physiological changes, yet 

differences between the tissues with respect to their effects on cardiac outcomes are not so clear cut. 

Provided fat and lean mass have similar associations with cardiovascular outcomes, then BMI ought to 

predict these outcomes at least as well as fat mass and lean mass individually.14 However, if the two 

tissues have quite different associations with the outcomes, studies which use BMI to measure 

cardiovascular risk  in adolescence may have spurious findings.14  

It is well reported that excess fat mass imposes additional strain on the cardiovascular and metabolic 

systems in adults.15-18 However, increases in both fat and lean mass lead to the expansion of 

extracellular volume, causing increased venous return, cardiac output (CO).18,19 Many papers report 

close associations between adiposity and raised blood pressure, LV mass and changes to LV geometry in 

adults,20-23 and over time these are often followed by LV diastolic dysfunction.16 With obesity the 

vascular tree is also affected, and some report an increase total peripheral resistance (TPR), even in 

young adults, which is particularly pronounced in the presence of central obesity.15,16,24  

There is also evidence that these cardiac adaptations associated with adiposity begin in childhood. As 

with adults, higher BMI and adiposity has been associated with increased BP, LV mass and changes to LV 

geometry,25-29 accompanied by worsened cardiac systolic and diastolic function.26,30 Vascular changes in 

association with obesity have also been observed in children, including increased cIMT and arterial 

stiffness (AS) even in young pre-pubertal children (aged 8-9 years),14,30 although studies of associations 

between adiposity and AS have had inconsistent findings.  

Interestingly, increased lean mass also appears to affect a number of cardiovascular outcomes in similar 

ways to fat mass. In fact, lean mass may be a stronger determinant of LV mass than BMI or fat mass in 

adults31 and increases in LV chamber size have been attributed more to increased lean mass.13 Some 
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also report that lean mass may also contribute more to increased cIMT than fat mass in both adults32 

and children.14 In children, increases in SBP have been shown to be mainly attributable to lean mass, 

rather than fat mass.14 In another cohort of children and adolescents, lean mass, fat mass and systolic 

BP (SBP) have all been reported to have independent associations with LV mass, and increases in both 

lean mass and fat mass led to LV remodelling.33 One paper found that lean mass may be a more 

important determinant of heart growth than fat mass in children aged 10 years,10 which was also 

observed in another study which found stronger associations between lean mass and LV mass in 

American children (aged 11 years) than between fat mass and LV mass.34 Regarding associations with LV 

function, one paper showed that both fat and lean mass were inversely correlated with midwall 

fractional shortening in children (MFS) aged 11.5 years, but it was unclear whether these associations 

were independent.35 There appears to be no other literature regarding associations between lean mass 

and LV systolic and diastolic function in childhood or adolescence.  

Perhaps surprisingly, the literature indicates that fat and lean mass have similar associations with a 

number of cardiovascular outcomes, although the strength of the associations, as well as the pathways 

involved, may be where the key differences lie. Gender differences are also known to exist and 

determine the progression of cardiovascular disease (CVD) in each sex36,37 and pubertal development 

has strong implications for cardiovascular risk.38 In addition, there is increasing evidence that the 

pathways of some endocrine and biochemical factors which influence cardiovascular risk behave 

differently in each sex.39  

Adolescents have very often been overlooked in analyses, and given the comparative ‘lean-ness’ and 

youth of the participants of the F@17 clinic (most participants (79%) had BMI <25kg/m2; average BMI of 

participants who underwent echocardiographical measurement was 22.9 ± 3.97 kg/m2, see Chapter 3, 

Table 2a), I chose to investigate associations between BMI, indexed fat mass and indexed lean mass and 

a range of cardiovascular outcomes in ALSPAC participants. I also investigated whether combining the 

effects of lean and fat mass explains more of the association with each outcome than BMI, and whether 

the effects of lean and fat mass are independent of BMI. Since no studies appear to have investigated 

associations between fat and lean mass and cardiac structural and functional outcomes at this age, 

these findings appear to be novel. 
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Methods 

Inclusion criteria 
 

Participants were eligible for analysis if they had attended F@17 and had echocardiographical and 

anthropometric measurements taken, including dual-energy x-ray absorptiometry (DXA). Those with a 

history of heart disease were excluded from analyses (n=3), as were those who were pregnant (n=15) or 

who had type 2 diabetes mellitus (n=21), hypercholesterolaemia (n=6) or who had not been assigned as 

male or female (n=591). Baseline physical and socioeconomic characteristics of the study group can be 

seen in Tables 2a-b in Chapter 3. 

Measurements and calculations 
 

All anthropometric, haemodynamic and echocardiographical measurements (including DXA scanning) 

and relevant calculations were derived as outlined in the calculations section of Chapter 3. 

Statistical analyses 
 

Measures of BMI (kg/m2), total fat mass indexed to height in m2 (FMI, kg/m2) and total lean mass 

indexed to height in m2 (LMI, kg/m2) were the anthropometric measures chosen for use as exposures in 

the analysis. This permitted a comparison between body mass, fat mass and lean mass relative to body 

size.40 The cardiovascular measurements which were used as outcomes were SBP, diastolic blood 

pressure (DBP), mean arterial pressure (MAP), pulse pressure (PP), HR, EDV, end-systolic volume (ESV), 

SV, ejection fraction (EF), CO, total arterial compliance (TAC), TPR, average left atrial diameter (LA_AV), 

average interventricular septum during diastole (IVSd); average LV internal diameter during diastole 

(LVIDd); average LV internal diameter during systole (LVIDs); average LV posterior wall thickness in 

diastole (LVPWTd); LV mass, relative wall thickness (RWT), MFS, peak e’ myocardial velocity, peak S’ 

myocardial velocity, mitral E/A, E/e’ and carotid-to-femoral PWV. Unadjusted LV mass was used, rather 

than LV mass indexed to height2.7, to avoid overadjusting for the effect of height. 

Linear regression was used to investigate associations between the anthropometric measures and 

cardiovascular outcomes. Analyses were stratified by sex a priori, however as a sensitivity analysis, sex 

interactions were also tested. The associations between BMI and SBP, MAP, PP, EDV, ESV, SV, CO, 

LA_AV, IVSd, LVIDd, LVIDs, LV mass and PWV were found to be modified by sex (p≤0.05). Sex also 

modified the associations between FMI and HR, EDV, ESV, CO, LV mass and PWV, and the associations 

between LMI and DBP, PP, EDV, ESV, SI, LV mass and RWT. 
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 Sex-specific z-scores were created for BMI, FMI and LMI prior to regression with each cardiovascular 

outcome (the pooled results can be seen in Appendix 2). To ensure that the number of observations for 

each outcome was the same between each exposure, multiple imputation was applied. Missing data in 

the exposures were imputed and 20 imputations were performed (data were missing at random, 

outcomes were not imputed and further details of the numbers of observations for each exposure which 

were imputed for each outcome are shown in Appendix 3). Interactions between fat and lean mass were 

also investigated with regard to each cardiovascular outcome.  

As the aim of this chapter was to determine which measure of body composition is most strongly 

associated with cardiovascular health in adolescence, analyses are adjusted for age. Further 

investigations, where confounders and potential mediators are accounted for, are presented in Chapters 

6 and 7.  

To further investigate whether combining difference measures of body composition in the same model 

explained more of the variance than single measures alone, R2 and effect modifications by lean mass 

and fat mass were also investigated. R2 from the models containing all the exposures in separate models 

were compared with those in a combined model, which included FMI and LMI only. It was hypothesised 

that the effects of BMI would be accounted for by FMI and LMI, and indeed, adding BMI to the models 

did not alter the percentage variance. Therefore, BMI was excluded from the combined models.  
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Results 

Tables 7a-b: Sex-specific coefficients derived from regressing cardiovascular outcomes against each anthropometric exposure (z-score) 

Males 
 Body mass index (z-score) Indexed fat mass (z-score) Indexed lean mass (z-score) 

Variable  n Coefficient  n Coefficient  n Coefficient  

SBP, mmHg 2212 3.71 (3.29, 4.13)** 2212 2.91 (2.48, 3.34)** 2212 2.96 (2.51, 3.40)** 

DBP, mmHg 2212 1.77 (1.45, 2.08)** 2212 1.91 (1.60, 2.23)** 2212 0.29 (-0.04, 0.62) 

MAP, mmHg 2212 2.42 (2.11, 2.72)** 2212 2.24 (1.94, 2.55)** 2212 1.18 (0.86, 1.50)** 

PP, mmHg 2212 1.94 (1.56, 2.32)** 2212 1.00 (0.62, 1.38)** 2212 2.67 (2.28, 3.05)** 

HR (resting), bpm 1713 0.49 (-0.04, 1.01) 1713 1.36 (0.84, 1.88)** 1713 -1.73 (-2.25, -1.22)** 

EDV, ml  941 8.88 (7.52, 10.24)** 941 5.91 (4.50, 7.33)** 941 9.20 (7.85, 10.55)** 

ESV, ml 943 4.37 (3.56, 5.18)** 943 2.88 (2.05, 3.71)** 943 4.52 (3.71, 5.32)** 

SV, ml 941 4.43 (3.57, 5.29)** 941 3.00 (2.13, 3.89)** 941 4.55 (3.69, 5.41)** 

EF, % 941 -0.43 (-0.87, 0.01) 941 -0.23 (-0.67, 0.21) 941 -0.50 (-0.94, -0.05)* 

CO, L/min 939 0.32 (0.26, 0.39)** 939 0.28 (0.22, 0.35)** 939 0.19 (0.12, 0.26)** 

TAC, ml/mmHg 939 0.04 (0.02, 0.06)** 939 0.03 (0.01, 0.05)** 939 0.03 (0.01, 0.05)** 

TPR, mmHg/min-1ml-1 939 -1.15 (-1.54, -0.76)** 939 -0.96 (-1.35, -0.57)** 939 -0.84 (-1.23, -0.45)** 

LA_AV, cm 863 0.21 (0.18, 0.23)** 863 0.16 (0.14, 0.19)** 863 0.16 (0.13, 0.19)** 

IVSd, cm 943 0.048 (0.040, 0.056)** 943 0.040 (0.032, 0.049)** 943 0.030 (0.021, 0.038)** 

LVIDd, cm 941 0.17 (0.15, 0.20)** 941 0.115 (0.09, 0.14)** 941 0.18 (0.15, 0.21)** 

LVIDs, cm 943 0.13 (0.11, 0.15)** 943 0.08 (0.06, 0.11)** 943 0.14 (0.11, 0.16)** 

LVPWTd, cm 943 0.035 (0.028, 0.042)** 943 0.025 (0.017, 0.032)** 943 0.033 (0.026, 0.040)** 

LV mass, g 941 17.34 (15.47, 19.20)** 941 12.72 (10.71, 14.72)** 941 15.21 (13.27, 17.15)** 

RWT 941 0.003 (-0.001, 0.007) 941 0.004 (0.0004, 0.008)* 941 -0.002 (-0.006, 0.001) 

MFS, % 941 -0.17 (-0.31, -0.02)* 941 -0.14 (-0.28, 0.003) 941 -0.08 (-0.23, 0.06) 

S’, cm/s 918 0.03 (-0.08, 0.13) 918 0.07 (-0.04, 0.17) 918 -0.08 (-0.19, 0.02) 

e’, cm/s 918 0.07 (-0.10, 0.23) 918 0.04 (-0.13, 0.20) 918 0.09 (-0.07, 0.25) 

E/A 923 -0.03 (-0.06, -0.007)* 923 -0.05 (-0.07, -0.02)** 923 0.02 (-0.01, 0.04) 

E/e’ 911 -0.05 (-0.12, 0.03) 911 -0.01 (-0.09, 0.06) 911 -0.09 (-0.17, -0.02)* 

PWV, m/s 1717 -0.02 (-0.06, 0.02) 1717 -0.02 (-0.06, 0.01) 1717 -0.006 (-0.04, 0.03) 
Table 7a: Coefficients (+95% Confidence Intervals) derived from regressing sex-specific z-scores for body mass index (BMI) (kg/m2) with different cardiovascular outcomes, using multivariable regression (adjusted 
for age only).  SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; PP = pulse pressure; HR = heart rate; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke 
volume; EF = ejection fraction; CO = cardiac output; TAC = total arterial compliance; TPR = total peripheral resistance; TAC = total arterial compliance; LA_AV = left atrial diameter; IVSd = average interventricular 
septal thickness during diastole; IVSs = average interventricular septal thickness during systole; LVIDd = average LV internal diameter during diastole; LVIDs = average LV internal diameter during systole; LVPWTd 
= Average LV posterior wall thickness in diastole; LVPWTs = average LV posterior wall thickness in systole; MFS = midwall fractional shortening; Peak e’ = peak early diastolic myocardial velocity (average of lateral 
and septal annuli); Peak S’ = peak systolic myocardial velocity (average of lateral and septal annuli); E/A = ratio of mitral E/A waves; E/e’ = ratio of mitral E wave and peak early diastolic myocardial velocity. * = 
P≤0.05; ** = P ≤0.001 
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Females 

 

 Body mass index (z-score) Indexed fat mass (z-score) Indexed lean mass (z-score) 

Variable  n Coefficient  n Coefficient  n Coefficient  

SBP, mmHg 2839 3.01 (2.67, 3.35)** 2839 2.95 (2.60, 3.29)** 2839 2.06 (1.71, 2.42)** 

DBP, mmHg 2839 2.04 (1.77, 2.31)** 2839 2.23 (1.96, 2.50)** 2839 0.79 (0.50, 1.08)** 

MAP, mmHg 2839 2.36 (2.09, 2.63)** 2839 2.47 (2.20, 2.73)** 2839 1.22 (0.93, 1.50)** 

PP, mmHg 2839 0.96 (0.70, 1.24)** 2839 0.72 (0.44, 0.99)** 2839 1.27 (1.00, 1.54)** 

HR (resting), bpm 2151 0.25 (-0.22, 0.71) 2151 0.65 (0.20, 1.10)* 2151 -1.14 (-1.58, -0.69)** 

EDV, ml  1163 5.39 (4.45, 6.33)** 1163 4.25 (3.33, 5.17)** 1163 5.31 (4.40, 6.23)** 

ESV, ml 1163 2.55 (2.03, 3.08)** 1163 2.06 (1.55, 2.57)** 1163 2.43 (1.92, 2.94)** 

SV, ml 1163 2.84 (2.20, 3.48)** 1163 2.19 (1.57, 2.81)** 1163 2.88 (2.26, 3.50)** 

EF, % 1163 -0.35 (-0.73, 0.03) 1163 -0.33 (-0.70, 0.04) 1163 -0.23 (-0.60, 0.15) 

CO, L/min 1153 0.22 (0.17, 0.27)** 1153 0.19 (0.14, 0.24)** 1153 0.15 (0.10, 0.20)** 

TAC, ml/mmHg 1153 0.04 (0.02, 0.05)** 1153 0.03 (0.01, 0.04)** 1153 0.03 (0.01, 0.05)** 

TPR, mmHg/min-1ml-1 1153 -0.70 (-1.07, -0.33)** 1153 -0.54(-0.89, -0.18)* 1153 -0.68 (-1.04, -0.33)** 

LA_AV, cm 1043 0.18 (0.16, 0.21)** 1043 0.16 (0.14, 0.18)** 1043 0.14 (0.12, 0.16)** 

IVSd, cm 1163 0.043 (0.036, 0.050)** 1163 0.038(0.032, 0.045)** 1163 0.029 (0.022, 0.036)** 

LVIDd, cm 1163 0.12 (0.10, 0.14)** 1163 0.09 (0.07, 0.11)** 1163 0.12 (0.10, 0.14)** 

LVIDs, cm 1163 0.09 (0.07, 0.11)** 1163 0.07 (0.05, 0.09)** 1163 0.09 (0.07, 0.10)** 

LVPWTd, cm 1162 0.036 (0.030, 0.042)** 1162 0.029 (0.023, 0.035)** 1162 0.031 (0.025, 0.037)** 

LV mass, g 1162 12.06 (10.83, 13.28)** 1162 10.02 (8.80, 11.24)** 1162 10.18 (8.95, 11.41)** 

RWT 1162 0.008 (0.004, 0.011)** 1162 0.007 (0.004, 0.010)** 1162 0.004 (0.0003, 0.007)* 

MFS (%) 1162 -0.28 (-0.41, -0.15)** 1162 -0.26 (-0.39, -0.13)** 1162 -0.16 (-0.29, -0.03)* 

S’, cm/s 1117 0.003 (-0.09, 0.09) 1117 0.03 (-0.06, 0.11) 1117 -0.05 (-0.13, 0.04) 

e’, cm/s 1117 0.08 (-0.07, 0.23) 1117 0.05 (-0.10, 0.19) 1117 0.15 (0.004, 0.29)* 

E/A 1122 -0.05 (-0.07, -0.02)** 1122 -0.05 (-0.08, -0.03)** 1122 0.01 (-0.01, 0.04) 

E/e’ 1101 -0.08 (-0.14, -0.02)* 1101 -0.07 (-0.12, -0.01)* 1101 -0.07 (-0.13, -0.01)* 

PWV, m/s 2142 0.05 (0.02, 0.08)* 2142 0.06 (0.03, 0.09)** 2142 -0.005 (-0.03, 0.02) 
Table 7b: Coefficients (+95% Confidence Intervals) derived from regressing sex-specific z-scores for body mass index (BMI) (kg/m2) with different cardiovascular outcomes, using multivariable regression (adjusted 
for age only). SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; PP = pulse pressure; HR = heart rate; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke 
volume; EF = ejection fraction; CO = cardiac output; TAC = total arterial compliance; TPR = total peripheral resistance; TAC = total arterial compliance; LA_AV = left atrial diameter; IVSd = average interventricular 
septal thickness during diastole; IVSs = average interventricular septal thickness during systole; LVIDd = average LV internal diameter during diastole; LVIDs = average LV internal diameter during systole; LVPWTd 
= Average LV posterior wall thickness in diastole; LVPWTs = average LV posterior wall thickness in systole; MFS = midwall fractional shortening; Peak e’ = peak early diastolic myocardial velocity (average of lateral 
and septal annuli); Peak S’ = peak systolic myocardial velocity (average of lateral and septal annuli); E/A = ratio of mitral E/A waves; E/e’ = ratio of mitral E wave and peak early diastolic myocardial velocity.                             
* = P≤0.05; ** = P ≤0.001 
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Table 8: Percentage variance (r2) in each outcome accounted for by each exposure  
 

Variable 

Males  Females  

 Percentage variance accounted for (r2, %)  Percentage variance accounted for (r2, %) 

E.M. BMI FMI LMI FMI + LMI E.M. BMI FMI LMI FMI + LMI 

SBP, mmHg * 13.18 9.84 10.52 16.31  10.64 10.60 5.90 12.06 

DBP, mmHg  6.33 7.21 0.68 7.21 * 8.13 9.43 1.28 9.43 

MAP, mmHg  11.31 10.51 3.83 11.86 * 10.76 11.69 3.19 11.92 

PP, mmHg * 4.68 2.39 10.87 11.32 * 1.91 1.65 4.29 4.41 

HR (resting), bpm * 1.09 2.86 3.90 6.48 * 0.54 1.23 2.26 3.58 

EDV, ml  * 14.66 11.14 23.69 27.11 * 10.50 13.34 18.88 21.37 

ESV, ml * 10.41 7.66 16.72 19.07  7.83 11.04 14.28 16.34 

SV, ml * 9.80 7.92 15.93 18.27 * 6.46 7.44 11.53 12.91 

EF, %  0.59 0.42 0.81 0.85  0.33 0.86 0.75 0.91 

CO, ml/min  9.74 9.49 6.15 11.93 * 6.56 7.01 5.28 8.39 

TAC, ml/mmHg  2.03 2.23 2.70 3.48  1.66 2.18 2.61 3.10 

TPR, mmHg/min-1ml-1  3.41 2.62 2.45 4.11 * 1.69 1.65 2.34 2.63 

LA_AV, cm  22.96 15.27 15.68 26.23  22.08 18.85 14.70 25.28 

IVSd, cm * 12.68 11.33 8.42 15.32  12.43 12.53 8.47 15.08 

LVIDd, cm * 14.76 10.77 23.52 26.92 * 10.56 13.04 18.57 21.08 

LVIDs, cm * 10.26 7.32 16.79 18.99 * 7.72 10.71 13.96 15.99 

LVPWTd, cm * 8.71 7.22 12.75 15.10  10.74 10.40 12.30 15.84 

LV mass, g * 26.15 21.60 32.48 41.39 * 25.41 27.61 30.36 39.63 

RWT  0.31 0.72 0.32 0.93  1.76 1.67 0.55 1.72 

MFS (%)  0.90 0.92 0.68 1.00  1.51 1.82 0.96 1.94 

S’, cm/s  1.57 1.99 2.01 2.29  1.18 1.99 1.98 2.08 

e’, cm/s * 0.71 1.22 1.32 1.33  0.95 0.96 1.29 1.29 

E/A  0.72 1.54 0.27 1.89  1.10 1.78 0.22 2.35 

E/e’  0.80 0.94 1.64 1.64 * 1.45 1.86 1.99 2.24 

PWV, m/s  0.47 3.12 3.02 3.12 * 0.85 2.59 1.75 2.63 
Table 8: Percentage variance in each outcome which is accounted for by each exposure, as measured by r2. All models were adjusted for age and the FMI and LMI models were also adjusted to height2.Asterisks 
indicate that fat mass and lean mass modify the effects of the other. E.M. = Effect modification; BMI = body mass index (kg/m2), FMI = fat mass indexed to height2 (kg/m2), LMI = lean mass indexed to height2 
(kg/m2). SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; PP = pulse pressure; HR = heart rate; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke 
volume; EF = ejection fraction; CO = cardiac output; TAC = total arterial compliance; TPR = total peripheral resistance; TAC = total arterial compliance; LA_AV = left atrial diameter; IVSd = average interventricular 
septal thickness during diastole; LVIDd = average LV internal diameter during diastole; LVIDs = average LV internal diameter during systole; LVPWTd = Average LV posterior wall thickness in diastole; MFS = 
midwall fractional shortening; Peak e’ = peak early diastolic myocardial velocity (average of lateral and septal annuli); Peak S’ = peak systolic myocardial velocity (average of lateral and septal annuli); E/A = ratio 
of mitral E/A waves; E/e’ = ratio of mitral E wave and peak early diastolic myocardial velocity.  
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Size of coefficients  
 

Each coefficient in Tables 7a-7b represents a per unit increase in the outcome, relative to a per unit 

increase in the exposure (z-score). The size of the coefficients varies between each anthropometric 

measurement and the values for males are often greater than those for females. The majority of 

associations were statistically significant (p≤0.05). In the males, statistically insignificant associations 

were found between BMI and HR, EF, RWT, e’, S’, E/e’ and PWV, between FMI and EF, MFS, e’, S’, 

E/e’ and PWV, and between LMI and DBP, RWT, MFS, e’, S’, E/A and PWV. Meanwhile in females, 

associations between BMI and HR, EF, e’ and S’, between FMI and EF, e’ and S’, and between LMI 

and EF, S’, E/A and PWV were statistically insignificant.  

Males 
 

Increases in all exposures are associated with increases in SBP, DBP, MAP and PP.  The greatest 

increases in SBP and MAP can be seen with BMI (β=3.71 and 2.42 mmHg, respectively), while FMI is 

associated with the largest increase in DBP (β=1.91 mmHg). The associations between LMI and DBP 

and MAP are comparatively small (β=0.29 and 1.18, respectively), but the association between LMI 

and PP is the largest of the three exposures (β=2.67 mmHg), which fits with the comparatively large 

difference between the size of the SBP and DBP coefficients.  

Increases in BMI, FMI and LMI are all associated with increases in EDV, ESV and SV. Interestingly, the 

largest volumetric increases can be seen with LMI for EDV, ESV and ESV (β=9.20, β=4.52 and β=4.55 

ml, respectively). The greatest reduction in EF (β=-0.50) can also be seen with LMI. BMI has the 

weakest association with HR (β=0.49 bpm), while the association with FMI is much larger (β=1.36 

bpm). FMI is associated with the smallest increase in SV (β=3.00 ml) and the coefficient for CO is 0.28 

ml. By contrast, LMI is associated with a decrease in HR (β=-1.73 bpm) and a much larger increase in 

SV (β=4.55 ml), yet the association between CO and LMI is the weakest (β=0.19 ml).  

The coefficients for TAC are similar between the exposures (β=0.04 ml/mmHg for BMI; β= 0.03 

mmHg for both FMI and LMI). BMI and FMI are associated with greater reductions in TPR than LMI. 

Increases in all three exposures are associated with increases in cardiac structural measures (LA_AV, 

IVSd, LVIDd, LVPWTd and LV mass) and the coefficients between BMI and LA_AV and LV mass are 

the largest (β=0.21 cm and 17.34g, respectively). Although the coefficients for LA_AV are identical 

for both FMI and LMI, the coefficients for LV chamber size tend to be larger for LMI and LV mass is 

greater when regressed on LMI (β=15.21g) than FMI (β=12.72g). BMI and FMI are associated with 

increases in RWT (β=0.003 and 0.004, respectively), while LMI is associated with a reduction in 

relative wall thickness (β=-0.002), although only the association between FMI and RWT is statistically 

significant.  



175 
 

With regard to LV functional measures, BMI is associated with the largest decline in MFS (β=-0.17%). 

Meanwhile, FMI and LMI are associated with smaller reductions in MFS (β=-0.14% and -0.08%, 

respectively). All associations with e’ and S’ were statistically insignificant, although the regression 

coefficients for e’ were the largest for LMI (β=0.09 cm/s). While the association between S’ and LMI 

was negative (β=-0.08 cm/s), it was positive for the association with FMI (β=0.07 cm/s). The reverse 

was true for E/A; while the associations with both BMI and FMI were negative (β=-0.03 and -0.05, 

respectively), LMI was associated with an increase in E/A (β=0.02), albeit statistically insignificant. All 

anthropometric measures were associated with a reduction in E/e’, the largest of which was for LMI 

(β=-0.09). All associations for PWV were negative and statistically insignificant, although the 

coefficients for both BMI and FMI were identical (β=-0.02 m/s) and the coefficient for LMI was 

smaller (β=-0.006 m/s).  

Females 
 

As with the males, increases in all anthropometric exposures were associated with increases in SBP, 

DBP, MAP and PP. The greatest increase in SBP can be seen with BMI (β=3.01 mmHg), closely 

followed by FMI (β=2.95 mmHg). FMI is associated with the largest increases in DBP and MAP 

(β=2.23 and 2.47 mmHg, respectively), although all the BP coefficients for BMI and FMI are similar. 

LMI is associated with a comparatively small increase in DBP (β=0.79 mmHg), while the association 

between LMI and PP was the largest (β=1.27 mmHg), comparable with the males. BMI and FMI are 

positively associated with HR (β=0.25 and 0.65 bpm, respectively), while LMI is negatively associated 

(β=-1.14 bpm), as with the males.  

Increases in all the anthropometric measures are associated with increases in EDV, ESV and SV, 

although in contrast with the males, the coefficients for LMI are similar to those for BMI and slightly 

greater than those for FMI (β=5.31 and 2.43 ml, respectively). As with the males, the coefficients for 

CO are lowest for LMI and highest for BMI. Despite the association between LMI and SV being 

greater than that for FMI, the coefficient for the relationship between FMI and CO (β=0.19 ml) in the 

females is still greater than that between LMI and CO (β=0.15 ml), due to the opposing effects on 

HR.  

The coefficients for TAC are identical to those for the males (BMI β=0.04 ml/mmHg; for both FMI and 

LMI β=0.03 ml/mmHg). In contrast with the males, the decline in TPR is greater for BMI and LMI 

(BMI β=-0.70 mmHg/min/ml; FMI β=-0.54 mmHg/min/ml; LMI β=-0.68 mmHg/min/ml).  

With regard to the cardiac structural measures, increases in all exposures are associated with an 

increase in LA_AV. The coefficient for BMI is the largest (β=0.18 cm), followed by FMI (β=0.16 cm) 

and LMI (β=0.14 cm). The coefficients for the LV chamber measures in association with BMI tend to 

be the largest of the three, or equal to those for LMI. Those for LMI tend to be greater than those for 
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FMI, with the exception of IVSd. Coefficients between BMI and LV mass are also the largest 

(β=12.06g, respectively). Interestingly, the coefficients between LV mass and FMI and LMI are very 

similar in the females (β=10.02g and 10.18g, respectively), whereas the disparity between the 

coefficients was much greater in the males. Also in contrast with the boys, all associations between 

the anthropometric measures and RWT and MFS were statistically significant, and BMI and FMI were 

associated with greater increases in RWT (BMI β=0.008; FMI β=0.007) than for LMI (β= 0.004).  

Regarding the LV functional measures, BMI and FMI (BMI β=-0.28%; FMI β=-0.26%) are associated 

with greater reductions in MFS compared with LMI (β=-0.16%). All associations for e’ were 

statistically insignificant, with the exception of e’ regressed on LMI, the association which was also 

the largest (β=0.15 cm/s). All associations for S’ were statistically insignificant, although as with the 

males, the associations with BMI and FMI were positive, while the association with LMI was 

negative. Consistent again with the males, BMI and FMI were associated with a reduction in E/A 

(both β=-0.05), while FMI was associated with an increase in E/A (β=0.01), although the latter 

association was statistically insignificant. All anthropometric measures were associated with a 

reduction in E/e’ (BMI β=-0.08; FMI β=-0.07; LMI β=-0.07). BMI and FMI were associated with 

increases in PWV (BMI β=0.05 m/s; FMI β= 0.06 m/s) while there was a slightly negative association 

with LMI (β=-0.005 m/s), although the association with LMI was statistically insignificant.  

Fat and lean mass interactions 
 

When the sexes were pooled together, fat mass and lean mass were also found to modify the effects 

of the other, in associations with DBP, PP, HR, EDV, SV, TAC, TPR, LVIDd, LVIDds, MFS, E/A and PWV. 

When interactions were investigated in the males only, fat and lean mass were found to modify the 

effects of the other, in associations with SBP, PP, HR, EDV, ESV, SV, IVSd, LVIDd, LVIDs, LVPWTd, LV 

mass and e’. In the females, fat and lean mass modified the effects of each other in associations with 

DBP, MAP, PP, HR, EDV, SV, CO, TPR, LVIDd, LVIDs, LV mass, E/e’ and PWV.  

Variance explained by exposures 
 

Table 8 shows the percentage variance in the outcomes which is explained by the exposures, for 

each sex. In most cases, the exposures explained more variance in the males than in the females. 

The combined models (FMI + LMI) always explained more variance than BMI, with the exception of 

RWT in the females (where there was only a 0.04% difference in the percentage variance explained). 

There were large discrepancies between the percentage variance accounted for by BMI, and that 

accounted for by the combined model (CM) with respect to PP, HR, EDV, ESV, SV, CO, TAC, LVIDd, 

LVIDs, LVPWTd, LV mass, S’, E/A, E/e’ and PWV, in both sexes, RWT and e’ in the males, and EF in the 

females. BMI may be an inadequate substitute for fat and lean mass for these measures in 

particular, as it does not capture the variance in these associations in these outcomes well. It is also 
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clear from Table 8 that the variances for which FMI and LMI account are not additive, since 

collectively they account for less variance than they do individually.  

In both sexes, LMI explained more of the variance in PP, HR, EDV, ESV, SV, TAC, LVIDd, LVIDs, 

LVPWTd, LV mass, e’ and E/e’ than FMI. FMI explained more of the variance in DBP, MAP, CO, IVSd, 

RWT, MFS, E/A and PWV, suggesting that these variables might be more adversely influenced by 

adiposity. Large sex differences in variance accounted for by each tissue type are likely to be driven 

by body composition differences. The variance in S’ explained by FMI and LMI was virtually identical, 

in both sexes (all 1.98-2.01%). In the males, LMI accounted for more variance in SBP, EF and LA_AV, 

while in the females FMI accounted for more of the variance in these outcomes. FMI accounted for 

more of the variance in TPR in the males, while in the females LMI accounted for more of the 

variance in TPR.  

The CM accounts for 7.2-16.3% of the variance in the BP variables (SBP, DBP, MAP, PP) in the males, 

and for 4.4-12.1% of the variance in the females. It accounts for 6.5% of the variance in HR in the 

males, and only 3.6% of the variance in HR in females. For the volumetric measures (EDV, ESV, SV, 

CO), the CM accounts for 11.9-27.1% of the variance in the males and 8.4-21.4% in females. The CM 

accounted for a larger amount of the variance in LA_AV, IVSd, LVIDd, LVIDs, LVPWTd and LV mass 

(15.1-41.4% in males, 15.1-39.6% in females), but only a small amount of the variance pf EF, TAC, 

TPR, RWT, MFS, S’, e’, E/A, E/e’ and PWV (0.85-4.1% in males; 0.91-3.10% in females). The greatest 

amount of variance for which the CM accounts is in LV mass (41.4% in the males, 39.6% in the 

females). 

Discussion 
 

The betas which were derived from regressing the cardiovascular outcomes on the different 

anthropometric z-scores varied considerably, epitomising the debate within the scientific community 

as to the most appropriate anthropometric measure to use for quantifying cardiovascular risk. The 

BMI coefficients suggest that gaining any weight has adverse consequences for some outcomes, 

while the similarities and differences between the coefficients for fat and lean mass have some 

interesting implications for the roles and effects of each tissue.  

Blood pressure, HR and volumetric measures 
 

Increases in all body composition measures were associated with increases in BP. These results are 

consistent with the literature in both adults41-44 and children, including those reported in the ALSPAC 

participants aged 9 years. 14,45,46 Associations of SBP with BMI were of a higher magnitude than those 

for FMI or LMI in agreement with results reported by Hanvey et al.(2016), who analysed data taken 

from Australian adolescents (mean age 15.1±0.6 years) and reported a greater association between 
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BMI and SBP than that for FMI and LMI,47 suggesting that these measurements provide limited 

additional advantage over BMI. However, while BMI was standardised, it was not explicitly stated 

whether the same was done for FMI and BMI and the betas for the latter exposures were 

considerably smaller. In addition, the analyses were not sex-stratified, it was unclear which 

confounders were adjusted for and the cohort was small (n=202), so it is difficult to make a fair 

comparison of the results.47 In contrast, these results differ to those reported by Slatner et al. in 

prepubertal children, who found that increases in lean mass had the greatest effect on SBP at this 

younger age.14 In my analyses, there was evidence that fat modified the effect of lean mass on SBP, 

and lean mass modified the effect of fat on SBP, but in males only.    

With regard to the other BP components, there was a stronger association with DBP and MAP and 

adiposity measures (BMI and FMI), compared with LMI. Whereas PP was most strongly associated 

with LMI. Limited data is available on the relationship between body composition and PP. To the 

best of my knowledge, this is the first study to assess associations between body composition and 

the steady (MAP) and pulsatile (PP) components of BP in adolescents.    

In the present results, lean mass is associated with a decrease in HR in both males and females. 

While fat mass and BMI are both associated with increases in HR, with the association between HR 

and fat mass being the largest.  

There is limited literature which reports baseline sex-stratified associations between fat mass, lean 

mass and HR in teenagers. However, Mueller et al.(2003) investigated correlations between body 

composition and some select cardiovascular measures in American adolescents aged 11-16 years 

and reported associations between fat mass and HR, with a higher correlation in the boys than in 

girls.48 These findings would agree with ours, although where we found a strong, inverse relationship 

between lean mass and HR, Mueller et al. curiously did not find any association. However, a key 

shortcoming of Mueller’s paper was that fat mass and lean mass were not measured directly using 

DXA scanning but calculated using equations, which may account for some of the apparent 

discrepancy between our results.  

Increases in fat mass are associated with large increases in EDV, ESV and SV and these are attributed 

to there being an expanded cardiovascular system,49 although increases in both fat and lean mass 

lead to an expansion of extracellular volume18,19 and one paper reports that that increases in lean 

mass which are associated with adiposity are the main determinants of SV and CO.13 The greater 

associations with lean mass may also be reflective of a greater metabolic demand which lean mass 

imposes, which is met subsequently by a greater volume expansion and tissue perfusion. 

Interestingly in each sex, the coefficients for lean mass and BMI are similar to one another for EDV, 
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ESV and SV, particularly in the females. This suggests that at this age, the regression of these 

volumetric measures on BMI might be a good alternative option if data for lean mass is unavailable.  

The differences in the associations between fat and lean mass and SV, HR and CO are interesting. In 

each sex, the betas for CO per unit increase in fat and lean mass are similar, but the components 

which contribute to CO appear to have different associations with fat and lean mass. For both males 

and females, increases in fat mass are associated with increases in both SV and HR. The SV 

coefficients are larger as a greater volume of blood is available to be ejected from the LV with each 

beat. Meanwhile, the increase in HR seen in association with fat mass is moderated by the 

autonomic nervous system and is thought to be caused primarily by a withdrawal of 

parasympathetic tone.18 By contrast, there is a larger increase in SV per unit increase in lean mass 

that is accompanied by a reduction in HR, which results in the betas for CO being similar between 

each exposure (HR*SV = CO).50 Haemodynamic adaptations like this can be seen clearly in response 

to regular exercise; HR declines and total lean mass, metabolic demand, blood volume, BP regulation 

and VO2max are all increased in order to optimise performance.51,52 However, the physiological 

adaptations which the cardiovascular system undergoes in response to exercise, which also result in 

an increase in CO, are mediated by a number of structural, metabolic and autonomic mechanisms.53 

Vascular measures (TAC, TPR and PWV) 
 

Fat and lean mass accounted for very little (<4%) of the variance in TAC, TPR and PWV. All exposures 

were associated with a slight increase in TAC, with the values being identical between each sex for 

each exposure. The positive coefficients indicate that for a given change in blood volume and 

pressure, the artery walls distend accordingly, even with increasing total body mass. The similarity of 

the betas also indicates that between each exposure, the proportion of SV to PP is similar. Each 

exposure is also associated with a reduction in TPR, which is intuitive given that each exposure has is 

a positive association with TAC and increased compliance is associated with reduced resistance.54  

In the males, the reduction in TPR is larger with fat than with lean mass, whilst in females the 

reduction in TPR with lean mass is greater than that for fat. This again suggests that there are sex-

specific sensitivities to changes in fat and lean mass, perhaps due in part to the sexual dimorphism in 

body composition. The largest reduction in TPR can be seen in association with BMI in both sexes 

and interestingly, the betas for BMI and lean mass are virtually identical to each other in the 

females.  

In our cohort, we observe a drop in TPR in association with increased in BMI, fat and lean mass, 

reflective of a relative decrease in afterload. This is somewhat surprising, given that others report a 

positive association between adiposity and TPR.15,16,24,55 In agreement with my results, others have 

observed that for a constant arterial pressure, elevated CO results in a fall in TPR in obese patients, 
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and that for any level of arterial pressure, CO is greater and TPR is lower in an obese individual, 

relative to a leaner individual.56 However, no papers appear to have compared sex-specific 

associations between fat and lean mass and TPR in adolescents in this way, so it is difficult to make a 

balanced argument as to whether what we observe here is observed in other cohorts. Nevertheless, 

the slight increase in TAC and reduction in TPR in association with increased fat, lean and BMI are 

most likely attributable to the youth and comparatively good arterial function which the ALSPAC 

participants possess at this age. As vascular disease begins and progresses in association with 

cardiovascular risk factors such as adiposity, hypertension and type 2 diabetes mellitus, arterial 

stiffness and resistance increase and compliance decreases.54,57,58  

In the males, all exposures were associated with a reduction in PWV, while in the females BMI and 

fat mass were associated with small increases in PWV and lean mass was associated with a small 

reduction in PWV. However, it is notable that all associations had very small effect sizes and it is 

somewhat surprising that we observe such a weak relationship between adiposity and PWV in our 

cohort. However, there is not a general consensus regarding the association and there are 

comparatively few papers which report sex-stratified measures of PWV in participants at age 17.  

It is likely that we observe weaker associations between adiposity and PWV because the ALSPAC 

participants are comparatively healthy and lean. In a five year follow-up study of Swedish teenagers 

(mean age 13.8 years) with similar PWV at baseline (PWV was 6.5 m/s in the overweight/obese 

group and 6.6 m/s in the baseline group), those who were overweight/obese at baseline had 

increased in both BMI (mean BMI 29.6 kg/m2 at baseline; 34.5 kg/m2 at age 18 years) and arterial 

stiffness (mean PWV 8.1 m/s).59 By contrast, the leaner group, who were similar to our participants 

with respect to BMI, PWV and BP, had gained less weight (mean BMI 19.8 kg/m2 at baseline; 22.4 

kg/m2 at age 18) and their PWV had only increased very moderately (6.8 m/s at age 18 years).59 

However, the cohort was small (28 obese subjects, 14 lean subjects) and did not stratify by sex.  

A larger study reported that obesity is associated with increased arterial stiffness across a wide age 

range (20-77 years),60 and at ages 20 and 40 years, a 4 kg/m2 increase in BMI was associated with a 

decline in PWV of -0.19 and -0.05 m/s, respectively, in males, and an increase of 0.02 and 0.14 m/s in 

females,60 somewhat consistent with our findings (albeit with slightly different effect sizes). Again 

consistent with our findings, a study of 983 healthy British children aged 8-9 years reported a weak 

association of 0.06(95% CI, 0.03–0.09) between fat mass index and carotid-femoral pulse wave 

velocity.14 It is possible that duration of adiposity has a stronger impact on PWV, as implied by the 

findings of Dangardt et al59 and that certain fat deposition patterns are more strongly associated 

with AS than general adiposity. A separate study of the same ALSPAC participants as ours at age 17 

found that total and visceral fat mass were both positively associated with PWV, but persistent 
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adiposity through adolescence was associated with greater AS and worsened by having an adverse 

metabolic profile.61 Those who lost fat during adolescence and reverted to having a healthy level of 

fat mass also had normal PWV by age 17.61 However, the statistical methodology was different to 

ours, as only fat mass was considered, the data were not standardised and analyses were not sex 

stratified.  

Lastly, further interrogation of the estimates showed that our estimates are confounded 

considerably by BP. After further analyses which adjusted for both age and MAP, the betas for BMI 

and fat mass became more negative in the males (β=-0.09 m/s and -0.07 m/s, respectively; P<0.001) 

while the association with lean mass became positive (β=0.04 m/s; P=0.03). In the females, after 

adjusting analyses for age and MAP the beta for BMI became negative (β=-0.02 m/s; P=0.26), the 

association with fat mass became negligible (β=0.009 m/s; P=0.56) and the association with lean 

mass became positive (β=0.02 m/s; P=0.12). It is curious that after adjusting for MAP, the 

associations between PWV and lean mass became positive in both sexes, yet all the associations in 

the females became statistically insignificant. However, few, if any papers appear to have 

investigated associations between lean mass and PWV in adolescents, so it is difficult to 

contextualise these findings. Further research is necessary to investigate these associations, which is 

outside the scope of this thesis.  

Structural measures (LA_AV, LV mass and RWT) 
 

Most betas for structural measures are greater in the males than the females, in agreement with 

previous literature.12,62 As shown in Table 2a (Chapter 3), in our cohort the males had greater LA_AV 

(3.30±0.41 (males); 3.07±0.38 (females)) and LV mass (144.6±31.79 (males); 108.05±22.87 (females)) 

than females and all measured LV dimensions were greater in the males to varying degrees. This sex 

difference may influence the greater coefficients we see for the males in associations between LV 

mass and fat and lean mass, compared with females.  However, the standardised coefficients we see 

for LA_AV in this analysis are very similar within and between each sex, suggesting that the sex 

difference at baseline does not makes much difference to the relationship between LA_AV and fat 

and lean mass, perhaps due to the difference in the size of the LA, relative to the size of the LV.  

Increases in total body mass and in fat and lean mass are associated with increasing chamber sizes to 

accommodate the rising blood volumes and collectively, fat and lean mass account for 26% of the 

variance in LA_AV, in both sexes. The coefficients for LV mass are relatively large and the largest 

associations can be seen with lean mass in both sexes, in agreement with other studies.31,63,64 

Collectively, fat and lean mass account for 41.4% and 39.6% of the variance in males and females, 

respectively, and lean mass accounts for a larger amount of the variance than fat in both sexes 

(albeit to a lesser extent in females). This is consistent with other findings that lean mass is more 
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closely correlated to, and a stronger predictor of, LV mass than fat mass, 31,33,35,64 so maintaining a 

healthy weight and composition may also be important in terms of moderating CV risk. The female 

coefficients are very similar to one another, suggesting again that slightly different pathways operate 

within each sex, or that different outcomes have different sensitivities to changes in body 

composition (this idea will be revisited in Chapter 6).  

Measured RWT at baseline (shown in Table 2a, Chapter 3) was the same in both sexes (0.38±0.06) 

and increasing BMI and fat mass are associated with increased RWT in both sexes, although in males 

lean mass is associated with a decline in RWT (although the association is statistically insignificant), 

suggesting that as with LV mass, there may be sex-specific pathways in operation. However, few 

studies appear to have compared associations between fat mass and lean mass with RWT. One study 

of children aged 7-13 years which investigated partial correlations between fat and lean mass (age-

adjusted) did find a positive association between fat mass and RWT, and a negative association 

between lean mass and RWT, although the cohort was small (n=62) and it does not appear as though 

the exposures were standardised.35 Other studies have found strong associations between adiposity 

(particularly visceral adiposity) and increased RWT in adolescents,65,66 and low cardiovascular disease 

profiles have been associated with lower LV mass and comparatively better RWT.62 In contrast with 

LV mass, fat and lean mass accounted for very little of the variance in RWT (0.93% and 1.72% in 

males and females, respectively).  

The males had much greater betas for EDV and SV than females for all exposures and this, 

accompanied by reduced RWT, might indicate that males have a greater propensity to develop 

eccentric hypertrophy (cardiac hypertrophy induced by volume overload, when elevated LV mass is 

accompanied by RWT<0.42). This could also mean that males who undertake strenuous physical 

activity may be more likely to develop eccentric hypertrophy than females who undertake the same 

level of activity, perhaps due in part to males laying down more lean mass than females. 

Interestingly, one study found that eccentric remodelling was more common in cyclists, although it is 

unclear whether the cohort was predominantly male or female.67   

Systolic and diastolic functional measures (EF, MFS, S’, e’, E/A, E/e’) 
 

Fat and lean mass accounted for very little (≤2.3%) of the variance in the systolic and diastolic 

measures. All exposures were associated with a reduction in EF in the males, the largest (and only 

statistically significant association) of which can be seen with lean mass. Although this isn’t wholly 

surprising given the large increases in blood volume in association with lean mass, it suggests that 

increases in lean mass may have the most adverse effect on systolic function in males. Adding LV 

mass into the regression model attenuated the association, suggesting that the association is largely 
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mediated by LV mass. Further consideration of the role of LV mass as a mediator of structural and 

functional cardiac outcomes is outlined in Chapter 6.  

In females, the reduction in EF is greatest for fat mass, suggesting that increased fat mass has the 

most adverse effect on systolic function in females. Fat mass also accounts for more of the variance 

in EF in the females (0.86%) than lean mass (0.75%), while in the males, lean mass accounts for 

nearly twice the variance in EF (0.81%) which FMI accounts for (0.42%). This sex difference may be 

attributable in part to the structural differences mentioned above. On average, females also carry 

less lean mass and more fat mass for their size than males, with a propensity to store fat more 

easily. For some outcomes, the female physiology may respond more strongly to increases in fat 

mass, while the male physiology may respond more strongly to increases in lean mass.  

All exposures were associated with a reduction in circumferential LV systolic function (MFS) in both 

sexes. This is consistent with previous findings by Gutin et al. (1998), who observed that both fat 

mass and fat-free mass were associated with reduced MFS in children aged 7-13 years,35 and Chinali 

et al. (2006), who reported mildly lower measures for ejection fraction, MFS and contractility in 

obese adolescents compared with leaner adolescents.27 It is interesting that the female betas in this 

analysis were much more negative than for the males and that BMI and fat mass had stronger 

associations than lean mass, in both sexes. BMI and fat mass were associated with increases in peak 

tissue Doppler S’, while lean mass was associated with a reduction in S’, which appears to conflict 

with the findings of Mangner et al. (2014) that S’ was lower in obese adolescents than non-obese 

adolescents.68 However, Mangner et al. analysed a younger and much smaller cohort (mean age 13.5 

years, n=101) and most participants in our analysis were not obese.  

All coefficients were positive for peak Doppler e’, with the BMI and lean mass values being larger in 

both sexes. Fat mass and BMI were associated with a reduction in E/A for both sexes, while lean 

mass was associated with an increase in E/A. All exposures were associated with a reduction in E/e’, 

the betas being more negative and similar in females. Meanwhile the associations for E/e’ in the 

males were much smaller with the coefficient for lean mass being very small, although all 

associations were statistically insignificant. The present findings for E/A are broadly in agreement 

with other literature which has reported associations between elevated BMI and worsened diastolic 

function,69,70 although our results differ in that we report reduced E/e’ and increased e’ in 

association with any kind of weight gain. It was hypothesised that BP might mediate the association, 

so I undertook further analyses which are outlined in depth in Chapter 6.    

Similarity between coefficients 
 

For the outcomes where there is a large disparity between the betas for BMI and those for fat mass, 

it may be inferred that BMI isn’t a good measure of adiposity.  
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Most of the betas for BMI and fat mass are similar in the females, while for the males a number of 

the betas for lean mass and BMI in the males are similar. Where the betas for lean mass and BMI are 

similar in the males, it suggests that lean mass accounts for more of the association between BMI 

and the outcome in question, and where the betas for fat mass and BMI are similar in the females, 

fat mass might account for more of the association between BMI and the outcome in question. 

While there are exceptions to this and there are instances where the betas for BMI and fat mass are 

similar in the males, and where the betas for BMI and lean mass are similar in the females, it is likely 

that the general trends are due to the sexual dimorphism seen in body composition, with males 

having more lean tissue for their size, and females having more adipose tissue. Where certain betas 

are similar in size, it may be acceptable to use one exposure as a substitute for the other, when data 

for one is lacking.  

Limitations 
 

Firstly, it must be stressed that this analysis sets the scene for subsequent chapters and age was the 

only confounder which was included in all the models, with the exception of the associations with 

PWV, when the role of BP was considered as a confounder in a sensitivity analysis. It is important to 

account for other factors which may affect and modify associations and I investigate these more 

thoroughly in subsequent chapters. 

More importantly, while the associations here are interesting, it cannot be inferred that they are 

causal. It is highly possible that for each association, fat and lean mass do not directly cause the 

changes in the outcomes that were measured and the associations may be mediated by any number 

of factors, be they haemodynamic, biochemical, genetic, or something else entirely. Causal inference 

is notoriously difficult to establish in observational epidemiological studies. However, by employing a 

range of statistical methods one can ameliorate this problem, something I seek to do in later 

chapters of this thesis. Through investigating the roles of potential mediators, the associations 

between adiposity and different cardiovascular outcomes become clearer.  

The fact that multiple imputation was used to account for missing data may also have some 

implications for the results. However, as the missing data were ‘missing at random’, it meant that 

the missing values could be predicted based on the participants who had complete data.71 In 

addition, since only a small number of values were missing (see Appendix 2), imputation barely 

changed the results but ensured that for each outcome, all associations had the same number of 

observations, increasing the power and permitting a fairer comparison of the betas.  

Indexing total fat mass and lean mass to height also allowed a fair comparison of the coefficients 

with each other and with BMI. However, as discussed previously, the indexation of body mass to 

height in metres-squared is debated. A study which looked at anthropometric measures and their 
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relationship with height in children and adolescents from the ALSPAC cohort found that it is more 

appropriate to use age- and sex-specific powers of height, as opposed to height2, when comparing 

measures of adiposity or mass.72 This may mean that at age 17, it could be inappropriate to scale to 

height2, an issue which will be considered again in Chapter 5. Wrongly accounting for height would 

result in incorrect coefficients, although if the analysis were run again and height was indexed 

differently, but consistently for each exposure, all the betas ought to remain in the same 

proportions. Therefore, the issue of indexation to height may not be a great cause for concern in this 

analysis.  

Another limitation is that it is impossible to say that the effect of lean mass or of fat mass on the 

cardiovascular outcomes is entirely independent of the other; in fact, the r2 values in Table 8 

strongly infer the opposite, given that the variances for which fat and lean mass account are not 

additive. The effect modifications also indicate that the effects of fat mass on cardiovascular 

outcomes are strongly modified by the effects of lean mass in a range of outcomes, and vice versa. 

This tension is exemplified by the observation that weight loss involves the loss of both fat and lean 

mass11 suggesting that any increase in body mass is due to an increase in both fat and muscle tissue. 

Thus, untangling the effects of fat mass and lean mass from each other and ascertaining the 

‘independent’ effects of both fat and lean mass is somewhat challenging.73 

In most cases, the size of the coefficients for BMI, relative to those for fat and lean mass, suggest 

that there must be a compromise, or trade-off, as to how much of the associations between BMI and 

the cardiovascular outcomes fat and lean mass can each account. When looked at holistically, it 

appears as though the fat mass may ‘dampen’ the effects of lean mass on cardiovascular outcomes, 

and likewise, lean mass appears to modify the effect of fat mass on the cardiovascular outcomes. As 

has been discussed, the sizes of the betas tend to vary with each sex, which is likely to be driven by 

the sexual dimorphism in body composition. In this cohort, fat mass made up 19.37% of the males’ 

total mass, while lean mass accounted for 76.2%, on average. For the females, fat mass made up 

34.43% of total mass while lean mass accounted for 60.45%, on average. Pooling the all participants 

together results in very different results, which highlights the importance of sex-stratifying. 

When considering associations like these, it is important to remember the roles which lifestyle 

behaviours, age and health status play in contributing to body composition and adiposity, and their 

respective effects on cardiovascular risk,9 as discussed in Chapters 1 and 2. A key behaviour which 

has a strong impact is physical activity, which has a powerful effect on body composition and 

cardiovascular outcomes. In one community-based population study of participants who had no 

apparent CVD, greater physical activity was associated with proportionally greater LV  mass, end-

diastolic volume (EDV) and a lower resting heart rate( HR).74 Others also have observed that 



186 
 

moderate physical activity is associated with an increase in left ventricular (LV) chamber sizes, mass 

and blood volumes,75 presumably driven to a considerable extent by a physiological increase in total 

lean mass.76 

Most importantly, body composition is not static and with increasing age there is a progressive 

increase in the ratio between fat and lean mass.11 Body composition influences mortality risk and in 

one study of older adults it was found that fat and lean mass have opposite associations with 

mortality, with high body fat and low lean mass being independent predictors of all-cause 

mortality.77 By contrast, in cohorts with coronary heart disease (CHD), greater body fat has been 

associated with increased survival and those with greater fat mass had better survival outcomes 

than their leaner counterparts (the so-called ‘obesity paradox’).78 In another cohort of patients with 

cardiovascular disease (CVD), increasing fat mass, muscle mass and BMI were all associated with an 

improved survival rate.79 Although papers which support the obesity paradox would appear to 

suggest that a certain level of adiposity is helpful for survival later in older adulthood, adiposity in 

youth and early adulthood does not appear to be advantageous. As discussed in previous chapters, 

having a more adipose phenotype, even in childhood, is associated with poorer cardiometabolic 

health and unfavourable cardiovascular outcomes later in the life course.15,17,80-87 In addition, the 

findings in this analysis also have important implications for the role of lean mass and its influence 

on cardiovascular health.  

Lastly, in this analysis I did not consider the association between regional fat distribution and 

different cardiovascular outcomes. The android fat pattern has stronger associations with increased 

CV risk compared with the gynoid pattern,88,89 even in children and adolescents,63,90,91 so further 

research into this area is needed. 

Conclusions  
 

Consistent with some previous literature, body composition has a significant effect on cardiac 

measures in adolescence. The associations for the males tend to be larger than those for the females 

and this is most evident with the volumetric measures and LV structural measures.92 In general, 

increases in overall body mass, whether by increased fat or increased lean mass, result in 

corresponding increases in haemodynamic, volumetric and chamber size increases, and increases in 

lean mass are associated with the greatest increases in these measures.  

My results also indicate that increases in fat mass are more strongly associated with increased BP 

and concentric remodelling. Adiposity may have a more adverse effect on EF in the females and is 

associated with a greater decline in MFS and E/A in both sexes. In addition, increases in lean mass 

are more strongly associated with the volumetric measures and LV mass than fat and have a 
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stronger impact on LV mass and cardiac size. This is consistent with other findings which report that 

lean mass is more closely correlated to, and a stronger predictor of, LV mass than fat mass.31,33,35,49,64  

As LV mass is an independent predictor of cardiovascular morbidity and mortality, independent of 

traditional risk factors,93,94 and weight gain is associated with both increased body fat and lean mass, 

maintaining a healthy weight is likely to be important for moderating LV mass and reducing CV risk. 

However, in older adults it has been shown that low lean mass, low body fat and low BMI are 

independent predictors of mortality in patients with CHD78 and in a population-based cohort study 

of 1,335 adults (aged ≥65 years), greater lean tissue was shown to protect against cardiovascular and 

all-cause mortality.95 Therefore, it is important to note that the relationship between body 

composition and CVD risk and mortality is dynamic and changes through the life course.   

Increased lean mass may also contribute towards a reduction in RWT and a greater decline in EF and 

S’ in males than in females. Interestingly, fat mass was associated with increased PWV (AS) in 

females while lean mass was associated with a reduction in PWV. In males increased BMI, fat and 

lean mass were all associated with a reduction in PWV.  

The BMI coefficients are not equal to the sum of the FMI and LMI betas and the results suggest that 

the effects of fat mass on cardiovascular outcomes are strongly modified by the effects of lean mass, 

and vice versa. Fat and lean mass each account for varying amounts of the variance in the 

cardiovascular measures, ranging from 0.85-41.4%, collectively. The amount of variance for which 

fat and lean mass each account is likely to change with body composition over time, with age, diet 

and lifestyle playing major roles, alongside sex.  

Despite the limitations to this analysis, it is clear that fat mass and lean mass have different and 

seemingly opposite effects on some cardiovascular outcomes. These findings are also useful, since 

few (if any) papers have considered these anthropometric exposures with all of these cardiovascular 

outcomes in adolescents in this way. The shortage of relevant literature and predominant focus on 

the older range has made contextualising these findings difficult. However, this highlights the need 

for more data to be collected, from different ages and from different cohorts, to permit further 

study of the development of CVD through the life course. The detection and monitoring of adverse 

cardiovascular phenotypes from an early age may help clinicians to identify subclinical disease more 

easily and to tackle CVD more effectively and on a broader scale. 
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Chapter 5: Investigating the indexation of left ventricular mass to body size in 
adolescents 
 

Introduction 
 

Left ventricular mass (LV mass) is strongly associated with CVD and is an independent predictor of 

cardiovascular morbidity and mortality.1,2 It can also indicate inherited cardiac disease, such as 

familial hypertrophic cardiomyopathy.3 Most crucially, the measurement of LV mass is important as 

it can indicate the development of left ventricular hypertrophy (LVH), which is associated with 

decline in left ventricular systolic and diastolic function.4  

 

In adolescence LV mass is conventionally indexed to height2.7; although evidence suggests that this 

may not fully account for sex differences and there is disagreement as to the most appropriate 

indexing method. Due to the strong (and different) associations which I found to exist between 

indexed fat and lean mass and LV mass in each sex (see Chapter 4) and the debate in the literature 

as to the most appropriate method of normalising LV mass to body size and composition, I 

investigated appropriate sex-specific allometric scaling of LV mass to height, total lean mass and 

body surface area (BSA), in participants from the ALSPAC cohort. I also considered how the 

application of different clinical reference values might affect the classification of individuals as 

having left ventricular hypertrophy (LVH). I hypothesised that differences would exist in both the 

exponents relating LV mass to each measure of body size and composition and that the range of 

detection of LVH might vary when different clinical cut-offs were applied.  

 

Common methods for indexing LV mass to body size 
 

When determining whether an individual has ‘normal’ LV mass, the impact of body size must be 

accounted for,5 in order to allow the comparison of LV mass between individuals, to construct 

appropriate reference values and to ascertain whether a subject has LVH.6 However, the best 

method for indexing LV mass to body size remains as elusive, especially in younger cohorts.  

LV mass is known to increase with body size and it is closely associated with height, weight, fat and 

lean mass, BSA and body mass index (BMI).5,7-13 In grown adults, LV mass is commonly indexed to 

BSA.6,9,14 While this method is reported to have strong predictive value for cardiovascular mortality,9 

it has been much criticised as being a poor indicator of LVH and it falls short as an indexing measure 

for LV normalisation, underestimating LVH especially in those who are overweight, obese, or who 

have obesity-related diseases such as hypertension.8,11,15,16 Due to these shortcomings, indexing LV 

mass to height raised to allometric powers such as 1.711 and 2.78 has been preferred, as these 

methods have been found to be more effective in accounting for different body sizes, ethnicities and 

detecting LVH,11 and in predicting CV events in obese patients.11,17 Furthermore, the use of height-
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based exponents has also been described as being the most promising clinical method for scaling 

myocardial mass to body size.18  

 

For some years, LV mass has conventionally been indexed to height2.7 for both sexes during 

childhood, adolescence and adulthood.8 Some have also shown that in adulthood, it is the best 

method for normalizing LV mass because it most closely approximates lean body mass.8,19 However, 

others report that height2.7 does not account sufficiently for sex differences or ethnicity and that its 

use can misclassify the presence of LVH.11 Indexing LV mass to height1.7 has been proposed as a 

better and more sensitive alternative for detecting obesity-related LVH, as well as being a superior 

predictor of cardiovascular events and all cause death.11 Still others have suggested that indexing LV 

mass to height2.16 is a reliable method for use in childhood and adolescence for both sexes.20 

 

A problem with scaling to size measurements such as height is that LV mass increases with body size, 

and variability with it.19 While indexing LV mass to BSA is proposed to underestimate LV mass, 

indexing to height is considered by some to overestimate LV mass, particularly among overweight 

people, compared with indexing to lean mass.21,22 Consequently, it has been suggested that total 

lean mass is a better measure to which LV mass should be indexed, than height.10,12,13,21,23 Lean mass 

is thought to be an ideal alternative because, like height, lean mass is not disproportionately 

affected by fat mass16 and is a stronger predictor of LV mass, cardiac output and stroke volume than 

other anthropometric measures.10,13,24,25 However, data on the predictive value of LV mass indexed 

to lean mass compared with other measures in different populations, including adolescents, is 

limited.  

 

Another important consideration is that the majority of studies which have investigated LV 

normalisation by indexing to body size have focused on middle-aged or elderly cohorts, meaning 

that the LVH cut-offs derived from such studies are likely to be inappropriate for application to 

younger individuals. Studies in older adults are also potentially confounded by the presence of 

clinical and sub-clinical disease, which are strongly impacted by age and sex and are strongly 

associated with cardiovascular function and its decline.26,27 

 

Given the lack of clarity in the literature as to the best anthropometric measurement to which to 

index LV mass, especially in youth, I investigated the impact of indexing LV mass to height, lean mass 

and BSA in a large cohort of adolescents. The impact of sex and adiposity on the indexation of LV 

mass were also considered (see Table 9). In Chapter 4, the variance in LV mass for which fat and lean 

mass account was considered in each sex and it is worth cross-referencing here (refer to Table 8, 

Chapter 4). Individually, fat and lean mass were found to account for 21.6% and 32.5% of the 

variance in LV mass, respectively, in the males of this cohort, and for 27.6% and 30.4% of the 
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variance in LV mass in the females. It is perhaps to be expected that fat mass might account for more 

variance in LV mass in the females, and that lean mass accounts for more variance in LV mass in the 

males, given the sexual dimorphism in body composition. Together, fat and lean mass were found to 

account for 41.4% of the variance in LV mass in the males and for 39.6% of the variance in the 

females. These observations provide a good motive for accounting for the effects of lean mass and 

fat mass together.  

 

In addition, I undertook further analyses to see how the use of different indices impacted the 

detection of LVH and different types of LV geometry. Table 10a shows the application of different 

clinical cut-offs for detecting LVH, using cut-offs for absolute LV mass (g), LV mass indexed to BSA 

(both cut-offs proposed by Lang et al.20156) LV mass indexed to height2.7 (cut-offs proposed by de 

Simone et al.19928) and LV mass indexed to height1.7 (cut-offs proposed by Chirinos et al. 201011). 

Table 10b shows the results obtained when these same clinical cut-offs for LV mass were used 

alongside RWT, to assess the presence of ‘normal’ LV geometry, eccentric hypertrophy (EH), 

concentric remodelling (CR) and concentric hypertrophy (CH).  

 

Methods 

Inclusion criteria 
 
 

Participants were eligible for analysis if they had attended F@17 and had echocardiographical and 

anthropometric measurements taken, including DXA scanning. Those with a history of heart disease 

were excluded from analyses, as were individuals who were pregnant or who had type 1 diabetes 

mellitus or hypercholesterolaemia, leaving a total of 2,103 individuals. Physical and socioeconomic 

baseline characteristics for the study group can be viewed in Tables 4a-b in Chapter 3.  

 

Measurements and calculations 
 

 
 

The methods applied for obtaining echocardiographical and anthropometric measurements 

(including DXA scanning) have been described previously in the methods chapter. LV mass was 

derived as outlined in the calculations section of the methods chapter. 

 

Statistical analyses  
All statistical analyses were performed using Stata SE 15.1 (StataCorp LLC, College Station, Texas, 

USA). Due to the design of the focus at 17 clinic, only a subsample of the returning participants were 

able to attend the echocardiography station. Physical and socioeconomic characteristics were 

measured, both for participants with measured LV mass (Tables 4a-b) and for participants without 

LV mass (Tables 4c-d). ANOVA was applied to assess any differences between the two groups (a 

comparison of individuals with and without measured LV mass can be seen in the methods chapter).   
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Linear regression was used to assess differences in LV mass stratified by sex, after adjusting for age 

and either height/total fat mass/lean mass or BSA.  Allometric relationships were determined using 

linear regression, following log transformation of x and y variables (ln(y) = a+b*ln(x) (where b is the 

allometric exponent). Given the impact of sex and body size on LV mass, analyses were stratified a) 

by sex and b) by sex and fat mass quartile (kg) and sex*b, fat mass*b interactions were investigated. 

Likelihood-ratio tests were also performed to test the goodness of fit of models which included, and 

excluded, sex as a confounder.   

 

In order to determine the number of participants with LVH the ASE cut-offs for unindexed and BSA 

indexed results (both linear and 2D) were applied.6 For height2.7 the cut-offs suggested by De Simone 

et al. (1992)8 were used and for height1.7, those suggested by the Chirinos et al (2010).11 The same 

cut-offs were also applied to assess the presence of normal LV geometry, eccentric hypertrophy, 

concentric remodelling and concentric hypertrophy, with a measurement of RWT<0.42 being 

defined as normative, as outlined by Lang et al. 2015 (see also Figure 8, Chapter 1).6 Inter-relater 

agreement between the schemes of detecting LVH was assessed using the ‘kappaetc’ command in 

Stata SE 15.1. 
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Results 

Scatterplots of associations between LV mass, height, lean mass and fat mass 

 
Figure 40a (above): Relationship between height (logged) and LV mass (logged) in males (blue circles) and females (red circles). The solid black 

lines indicate the gradient for each sex separately, while the dashed line indicates the gradient for the pooled group. 

 
Figure 40b (above): Relationship between total lean mass and LV mass for males (blue circles) and females (red circles). The solid black lines 

indicate the gradient for each sex separately, while the dashed line indicates the gradient for the pooled group. 
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Figure 40c (above): Relationship between body surface area and LV mass for males and females. The solid black lines indicate the gradient for 
each sex separately, while the dashed line indicates the gradient for the pooled group 

 

Figure 40d (above): Relationship between fat mass and LV mass for males (blue circles) and females (red circles). The solid black lines indicate 
the gradient for each sex separately, while the dashed line indicates the gradient for the pooled group. 
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Allometric relationships between LV mass and height, lean mass and body surface area 

 Height  Lean mass  BSA 

n Coefficient (+ 95% CI) r2 n Coefficient (+ 95% CI) r2 n Coefficient (+ 95% CI) r2 

Unstratified  Group 2039 2.68 
(2.51, 2.84) 

0.32 2039 0.87 
(0.84, 0.91) 

0.52 2039 1.74 
(1.66, 1.81) 

0.51 

Male 908 1.66 
(1.30, 2.03) 

0.08 908 1.15 
(1.04, 1.26) 

0.32 908 1.53 
(1.39, 1.66) 

0.36 

Female 1131 1.59 
(1.27, 1.90) 

0.08 1131 1.07 
(0.97, 1.16) 

0.31 1131 1.34 
(1.23, 1.45) 

0.35 

Total fat mass 
 1st Quartile 

Group 510 2.75 
 (2.33, 3.16) 

0.25 510 1.05 
(0.96, 1.15) 

0.51 509 1.96 
 (1.77, 2.14) 

0.47 

Male 227 1.77 
(0.94, 2.60) 

0.07 227 1.31 
(1.09, 1.53) 

0.38 227 1.99 
(1.59, 2.39) 

0.30 

Female 283 0.90 
(0.27. 1.52) 

0.03 283 0.94  
(0.74, 1.15) 

0.23 283 1.20 
(0.84, 1.56) 

0.13 

Total fat mass 
 2nd Quartile 

Group 510 3.08 
 (2.78, 3.38) 

0.44 510 0.99 
 (0.92, 1.05) 

0.66 510 1.90 
 (1.76, 2.04) 

0.60 

Male 227 1.64 
(0.94, 2.34) 

0.09 227 1.29 
(1.09, 1.50) 

0.41 227 1.96 
(1.58, 2.33) 

0.31 

Female 283 1.31 
(0.75, 1.87) 

0.07 283 0.92 
(0.75, 1.09) 

0.29 283 1.59 
(1.24, 1.93) 

0.22 

Total fat mass 
3rd Quartile 

Group 510 2.66 
 (2.31, 3.01) 

0.31 510 0.94 
 (0.87, 1.01) 

0.56 510 1.92 
 (1.75, 2.09) 

0.49 

Male 227 1.15  
(0.53, 1.77) 

0.06 227 0.87 
(0.69, 1.05) 

0.28 227 1.48 
(1.11, 1.84) 

0.22 

Female 283 1.11  
(0.56, 1.66) 

0.05 283 0.84 
(0.66, 1.03) 

0.22 283 1.40 
(1.00, 1.79) 

0.15 

Total fat mass 
4th Quartile 

Group 509 2.78 
 (2.46, 3.11) 

0.36 509 0.89 
 (0.82, 0.97) 

0.52 509 1.71 
 (1.55, 1.86) 

0.48 

Male 227 1.43 
(0.78, 2.07) 

0.08 227 0.83 
(0.62, 1.04) 

0.21 227 1.13 
(0.83, 1.43) 

0.19 

Female 283 1.53 
(0.97, 2.10) 

0.09 283 0.81 
(0.63, 0.98) 

0.23 283 1.25 
(0.98, 1.52) 

0.22 

Table 9: Allometric relationships between LV mass and height, lean mass and body surface area, stratified by sex and fat mass quartiles and presented with 95% confidence intervals and r2 values. All p values 
<0.001 with the exception of the female result for the 1st fat mass quartile for height (p=0.005).  
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The use of different indexing methods and cut-offs to identify individuals with LVH 
 

 Male  Female 
 Cut-off n % Cut-off n % 

Absolute LV mass, g 
(linear) from6 

<224 926 98.4 <162 1135 97.7 

>224 15 1.6 >162 27 2.3 

Total 941 100 Total 1162 100 

 

Absolute LV mass, g 
(2D) from6 

<200 892 94.8 <150 1106 95.2 

>200 49 5.2 >150 56 4.8 

Total 941 100 Total 1162 100 

 

LV mass/BSA, g/m2 

(linear), from6 
<115 913 97 <95 1131 97.3 

>115 28 3 >95 31 2.7 

Total 941 100 Total 1162 100 

 

LV mass/BSA, g/m2 

(2D), from6 
<102 889 94.5 <88 1114 95.9 

>102 52 5.5 >88 48 4.1 

Total 941 100 Total 1162 100 

 

LV mass/height2.7,                                        

g/m2.7, from8 
 

<50 918 97.6 <47 1136 97.8 

>50 23 2.4 >47 26 2.2 

Total 941 100 Total 1162 100 

 

LV mass/height1.7,                   
g/m1.7, from11 

<81 911 96.8 <60 1066 91.7 

>81 30 3.2 >60 96 8.3 

Total 941 100 Total 1162 100 

 

Table 10a: Application of different clinical cut-offs in detecting the presence of LVH. The papers from which the cut-offs 
were taken are subscripted.  
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The use of different indexing methods to characterise LV geometry  
 

 Male  Female 
 Cut-off n % Cut-off n % 
Absolute LV mass, 
g (linear), from6 

LVM<224 & RWT<0.42 (N) 764 81.2 LVM<162 & RWT<0.42 (N) 966 83.1 

LVM >224 & RWT<0.42 (EH) 8 0.9 LVM >162 & RWT<0.42 (EH) 11 0.9 

LVM<224 & RWT>0.42 (CR) 162 17.2 LVM<162 & RWT>0.42 (CR) 169 14.5 

LVM>224 & RWT>0.42 (CH) 7 0.7 LVM>162 & RWT>0.42 (CH) 16 1.4 

Total 941 100 Total 1162 100 

 
Absolute LV mass, 
g (2D), from6 

LVM<200 & RWT<0.42 (N) 742 78.9 LVM<150 & RWT<0.42 (N) 946 81.4 

LVM >200 & RWT<0.42 (EH) 30 3.2 LVM >150 & RWT<0.42 (EH) 31 2.7 

LVM<200 & RWT>0.42 (CR) 150 15.9 LVM<150 & RWT>0.42 (CR) 160 13.8 

LVM>200 & RWT>0.42 (CH) 19 2.0 LVM>150 & RWT>0.42 (CH) 25 2.2 

Total 941 100 Total 1162 100 

 
LV mass/BSA, 
g/m2 (linear), 
from6 

LVM<115 & RWT<0.42 (N) 755 80.2 LVM<95 & RWT<0.42 (N) 958 82.4 

LVM >115 & RWT<0.42 (EH) 17 1.8 LVM >95 & RWT<0.42 (EH) 19 1.6 

LVM<115 & RWT>0.42 (CR) 158 16.8 LVM<95 & RWT>0.42 (CR) 173 14.9 

LVM>115 & RWT>0.42 (CH) 11 1.2 LVM>95 & RWT>0.42 (CH) 12 1.03 

Total 941 100 Total 1162 100 

 
LV mass/BSA, 
g/m2 (2D), from6 

LVM<102 & RWT<0.42 (N) 741 78.7 LVM<88 & RWT<0.42 (N) 949 81.7 

LVM >102 & RWT<0.42 (EH) 31 3.3 LVM >88 & RWT<0.42 (EH) 28 2.4 

LVM<102 & RWT>0.42 (CR) 148 15.7 LVM<88 & RWT>0.42 (CR) 165 14.2 

LVM>102 & RWT>0.42 (CH) 21 2.2 LVM>88 & RWT>0.42 (CH) 20 1.7 

Total 941 100 Total 1162 100 

 
LV mass/height2.7,  

g/m2.7, from8 
 

LVM<50 & RWT<0.42 (N) 755 80.2 LVM<47 & RWT<0.42 (N) 960 82.6 

LVM >50 & RWT<0.42 (EH) 17 1.8 LVM >47 & RWT<0.42 (EH) 17 1.5 

LVM<50 & RWT>0.42 (CR) 163 17.3 LVM<47 & RWT>0.42 (CR) 176 15.1 

LVM>50 & RWT>0.42 (CH) 6 0.6 LVM>47 & RWT>0.42 (CH) 9 0.8 

Total 941 100 Total 1162 100 

 
LV mass/height1.7, 
g/m1.7, from11 

LVM<81 & RWT<0.42 (N) 753 80.0 LVM<60 & RWT<0.42 (N) 915 78.7 

LVM >81 & RWT<0.42 (EH) 19 2.0 LVM >60 & RWT<0.42 (EH) 62 5.3 

LVM<81 & RWT>0.42 (CR) 158 16.8 LVM<60 & RWT>0.42 (CR) 151 13.0 

LVM>81 & RWT>0.42 (CH) 11 1.2 LVM>60 & RWT>0.42 (CH) 34 2.9 

Total 941 100 Total 1162 100 

 

Table 10b: Detection rates of left ventricular patterns of normal geometry (N), eccentric hypertrophy (EH), concentric 
remodelling (CR) and concentric hypertrophy (CH) in the cohort under study. The cut-offs used for left ventricular mass are 
the same as those used in Table 10a.  

 

Comparison of those with and without LV mass 
 
 

45% of the cohort were male; males were taller and heavier with greater lean mass, less fat mass, 

and higher systolic blood pressure compared with females. Comparison of those with and without 

measured LV mass using ANOVA revealed differences (p ⩽0.05) between the two groups for heart 

rate, socioeconomic status and smoking prevalence for both males and females, a difference in 

plasma glucose level (between the male groups only) and in plasma glycoprotein level (female 
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groups only) (Tables 4a-d, Chapter 3). However, the groups were well matched for sex, height, body 

size and fat composition.  

 

Effect modifications 
 

 

Sex modified the associations between LV mass and height (p=0.04), lean mass and BSA (both 

p<0.001), indicating that there are distinctive differences between each sex in the relationship 

between LV mass and height, lean mass and BSA. Figure 40d indicates that for a given level of 

adiposity males have a greater LV mass, although there was no evidence that fat mass modified any 

of the associations with LV mass when the sexes were pooled together. When males and females 

were considered separately fat mass did not modify the associations between LV mass and the 

anthropometric measures in females, yet it did modify the associations between LV mass and lean 

mass (p<0.001) and BSA (p<0.001) in males.  

 

Allometric relationships between LV mass and height, lean mass, fat mass and BSA 
 
 

 

Figures 40a-c show the relationships between LV mass and height, lean mass and BSA, alongside the 

association between LV mass and fat mass in Figure 40d. The straight black lines show the gradients 

for males and females individually, while the dashed lines show the gradients for the pooled data. It 

is clear from these graphs that the coefficients change considerably when the data is pooled 

together, compared with when the analyses are conducted separately for each sex, and there is a 

striking difference between each sex, as to the magnitude of LV mass for a given lean mass or fat 

mass.   

 

There was a log-linear association between LV mass and height. In the height-adjusted model 

(acquired through calculating marginal means), men had on average 20.02g greater LV mass than 

females. Height explained comparatively little of the variance in LV mass. For the pooled group, 

r2=0.32, but in males and females separately this value decreased considerably (r2=0.08 for each 

sex). When the influence of sex was ignored, the allometric exponent relating LV mass to height was 

2.68(2.51, 2.85) [mean (95% confidence interval)] which was very close to the conventional estimate 

of 2.7. However, when regression was performed in males and females separately the height 

exponents were 1.66(1.30, 2.03) in males and 1.59(1.27, 1.90) in females, indicating that the 

estimate of slope was biased when the sexes were pooled (see Figure 40a and Table 9). 

 

For the association between LV mass and lean mass, the confidence intervals derived from the sex-

stratified analysis included unity, meaning that a linear regression model was used in subsequent 

analyses of the relationship between LV mass and lean mass (Figure 40b). After adjustment for lean 
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mass, women had on average 14.07(10.25, 17.90) g higher LV mass than males. Lean mass explained 

much more of the variance in LV mass than height, both when all participants were pooled (r2=0.52), 

and in males (r2=0.32) and females (r2=0.31) separately.  The allometric exponents obtained when 

indexing LV mass to lean mass were 0.87(0.84, 0.91) for the group, 1.15(1.04, 1.26) for males and 

1.07(0.97, 1.16) for females (Table 2). 

 

Lastly, in the model which adjusted for BSA, males had on average 16.31(14.03, 18.60)g higher LV 

mass than females (Figure 40c) and the exponents were 1.74(1.67, 1.81), 1.53(1.40, 1.66) and 

1.34(1.24, 1.45) for the group, males and females, respectively (see Table 2). Interestingly, BSA 

accounted for approximately the same amount of variance in LV mass as lean mass in the pooled 

group (r2=0.51), and slightly more of the variance in males (r2=0.36) and females (r2=0.35) than lean 

mass. 

 

Allometric relationships stratified by fat mass quartiles 
 
 

The allometric relationships between LV mass and height, lean mass and BSA stratified by sex and fat 

mass quartile are presented in Table 9. It is interesting that fat mass did not modify the associations 

between LV mass and the anthropometric measures in females but it did modify the associations 

between LV mass and lean mass (p<0.001) and BSA (p<0.001) in males. As such, I will give some brief 

comments.  

 

In keeping with the observation that fat did not modify the association between LV mass and the 

anthropometric measures in either sex, when LV mass was indexed to height, the coefficients 

generated for the pooled sex group were very similar between each fat quartile, with the exception 

of the second fat quartile. For the pooled group, the coefficients for the first, second, third and 

fourth fat quartile were as follows (respectively): 2.73(2.32, 3.15); 3.09(2.79, 3.39); 2.66(2.31, 3.00) 

and 2.79(2.46, 3.11) (all p<0.001). After stratifying by sex as well as fat quartile, the coefficients 

changed considerably more (ranging from 1.11-1.72 in males and 0.89-1.58 in females), with no 

consistent pattern.    

 

When LV mass was indexed to lean mass, the size of the group exponents decreased incrementally 

with increasing fat but they remained fairly similar, with the following results for the first, second, 

third and fourth fat quartiles: 1.05(0.96, 1.15); 0.99(0.93, 1.05); 0.94(0.86, 1.01) and 0.90(0.82, 0.97). 

When the analyses were further subdivided by sex, the exponents for the first and second fat 

quartiles, and for the third and fourth quartiles, tended to be quite similar within each sex, and the 

exponents for the third and fourth quartiles were very similar between the males and females. The 

results for the males were as follows for the first, second, third and fourth fat quartiles: 1.32(1.10, 
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1.54); 1.29(1.09, 1.50); 0.87(0.69, 1.05) and 0.83(0.62, 1.05). In keeping with the finding that fat did 

not modify the association between LV mass and lean mass for the females, the female exponents 

were much less variable than for the males and were as follows, for the first, second, third and 

fourth fat quartiles, respectively: 0.94(0.74,1.15); 0.91(0.75, 1.09); 0.84(0.66, 1.03) and 0.81(0.63, 

0.98). 

 

When LV mass was indexed to BSA the exponents generated for the pooled sex group for the first, 

second and third fat quartiles were similar (1.95(1.77, 2.14); 1.90(1.77, 2.04) and 1.92(1.75, 2.09), 

respectively), while the result for the fourth quartile was lower 1.71(1.56, 1.86). In general, the 

coefficients were larger and less variable in the group analysis compared with the sex stratified 

analysis. As with lean mass, the magnitude of the exponents declined with increasing fat for the 

males, and the exponents for females declined with increasing fat from the second through to the 

fourth quartiles. For males, the fat-stratified results were as follows for the first, second, third and 

fourth fat quartiles, respectively: 1.99(1.59, 2.39), 1.96(1.58, 2.33), 1.48(1.11, 1.84) and 1.13(0.83, 

1.43), and for females, the results were 1.20(0.84, 1.56), 1.58(1.24, 1.93), 1.40(1.00, 1.79) and 

1.25(0.98, 1.52). 

 

The impact of different indexing methods on categorisation of LVH 
 
 

Table 10a shows how the use of different scaling indices and their respective cut-offs impact the 

classification of individuals with LVH.  Using clinical reference values for unindexed/absolute LV mass 

taken from Lang et al.(2015)6, 15 (1.6%) males and 27 (2.3%) females were classified into the LVH 

category when using the ASE linear cut-off, compared with and 49 (5.2%) males and 56 (4.8%) 

females when using the 2D cut-offs.  After applying cut-offs from the same source for LV mass 

indexed to BSA, 28 (3%) males and 31 (2.7%) females were identified as having LVH. Cut-offs for 

indexing to height2.7 taken from de Simone et al. (1992)8 placed 23 (2.4%) males and 26 (2.2%) 

females in the LVH group, while indexing to height1.7 using cut-offs from Chirinos et al.(2010)11 

highlighted 30 (3.2%) males and 96 (8.3%) females as having LVH. The Fleiss’ kappa result which was 

used to compare agreement for the different cut-offs indicated that there was only moderate 

agreement between the schemes (for males, κ=0.38(95% CI: 0.26, 0.49); for females, κ=0.40(95% CI: 

0.32, 0.47.)  
 

The impact of different indexing methods on measurement of LV geometry 
 
 

It is helpful to assess RWT alongside LV mass, as different types of LV remodelling have different 

implications for future disease. The results in Table 10b indicate that of the group under study, most 

had normal LV geometry, a subset of each sex had concentric remodelling (CR) and a very small 
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number had eccentric (EH) or concentric hypertrophy (CH). 78.7-81.2% of males and 78.7-83.1% of 

females had RWT and LV mass within normal limits, indicative of normal geometry.  

 

With most indexing methods, a greater percentage of females were found to have normal geometry 

and a lower prevalence of EH and CR than males. An exception to this was when the LV 

mass/height1.7 cut-off was used and 5.3% of females were detected as having EH, compared with 

2.0% of males. The range was therefore much wider for females, with EH at 0.9-5.3% for females and 

0.9-3.3% for males. Meanwhile, CR was more prevalent in males, irrespective of the indexing 

method used (15.7-17.3% males vs 13.0-15.1% females). There was no clear pattern for CH and the 

range for both sexes was similar (0.7-2.2% for males; 0.8-2.9% for females). However, the detection 

of CH was higher in females than in the males when absolute LV mass and LV mass/height cut-offs 

were used, while the detection rate was higher in males when LV mass/BSA was used.  

 

Compared with the group of individuals with normal LV geometry, males with CR were marginally 

more adipose, with slightly raised BMI and total fat mass. Those with CR were also slightly less 

physically active and more likely to drink >10 alcoholic beverages per week (see Table 4f, Chapter 3). 

Interestingly, fewer of those with CR were current smokers, yet between the normal geometry and 

CR groups there was little difference in the percentage of individuals who came from a lower 

socioeconomic background (SEP). Females with CR had slightly greater BMI and carried more fat 

than those with normal LV geometry, and were less physically active. A greater percentage of 

individuals in the CR group were from a lower SEP than those with normal geometry, and there was 

also a greater prevalence of heavy drinkers in the CR group and a marginally greater prevalence of 

smokers.  

 

Discussion 
 
 

I present analyses of data taken from over 2,000 17-year-old participants from the Avon Longitudinal 

Study of Parents And Children (ALSPAC) study. These indicate that height2.7 is not an appropriate 

index for normalisation of LV mass in adolescent men or women and that the pooling together of 

data from both sexes results in an ecological fallacy. The results suggest that it is more appropriate 

to index LV mass to height^1.66 (1.30, 2.03) for males and to height^1.58 (1.27, 1.90) for females, at 

or around the age of 17 years. Adiposity also influences the exponents and LV geometry, consistent 

with previous studies.10,28  

 

The importance of sex-stratified indexing 
 
 

These analyses expand upon the findings of previous sex stratified studies by investigating the 

allometric relationship not only with height, but also with lean mass and BSA. My findings 
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demonstrate the importance of stratifying by sex when indexing LV mass to body size and it is clear 

that misleading and biased results can arise when data from both sexes are aggregated, irrespective 

of the allometric component used for indexing. Figures 40a-c and Table 9 show clearly that pooling 

together of both sexes results in an ecological fallacy across all allometric components. 

 

In the case of normalising LV mass to exponents of height, height2.7 remains the most widely used 

index for LV mass in young people. The original data on which height2.7 is based were from three 

comparatively small samples with a wide range of ages and the existence of a proportional bias 

between men and women was not explored.11 However, our sex-stratified analyses show that this 

exponent is not optimal for the indexation of LV mass in adolescents and height1.7 is likely to be 

preferable at this age.  

 

Although Chirinos et al. found that indexing LV mass to height1.7 is a superior approach for 

application to European Caucasian subjects, they pooled together males and females from two 

different cohorts, who were also from quite different age brackets (aged 35-55 years and 45-84 

years for the Asklepios and MESA studies, respectively), meaning that application of their findings to 

adolescents and generalising the results for both sexes may be inappropriate.11 Indeed, I report sex 

differences, in agreement with previous findings that boys have slightly larger LV mass for a given 

height, through both childhood and adolescence.16,23,29,30   

 

Previously, Foster et al. analysed the indexing of LV mass relative to body size centile curves, using 

the more conventional index of height2.7 in adolescents, yet they did not adequately stratify by sex.12 

Daniels et al. have also suggested that the most appropriate index for application to children and 

adolescents was LV mass/height^3, which is much closer to the 2.7 exponent.10 While analyses by 

Daniels et al. were stratified by both sex and ethnicity, the difference between our results may be 

explained by the facts that the cohort under study was comparatively small (n=192) and participants 

ranging from age 6 to 17 years were all pooled together,10 despite the fact that LV geometry is 

known to change considerably during this time period.16,29   

 

In both sexes, in this analysis I found a linear relationship between lean mass and LV mass, with the 

exponents for each sex being close to unity (1.15(males); 1.07 (females)), suggesting that the 

indexation of LV mass to lean mass is a preferable option above indexation to height or BSA. In 

addition, although there was evidence that fat mass modified the association between LV mass and 

lean mass, with increasing adiposity the exponents for lean mass varied comparatively little by sex 

and again tended to stay close to 1. Elsewhere, lean mass has been reported to be an ideal 

alternative to BSA and height, as it has been suggested that LV mass is determined by lean mass 
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only, and by no other measure of body composition or size.31 However, these conclusions were 

made from data taken from an older (aged 45-75 years), smaller cohort (n=106), half of whom were 

hypertensive, so ought to be interpreted with care.31  

 

A key disadvantage of normalising LV mass to lean mass is that it is less readily available than height 

or BSA. In the past, where it has not been possible to quantify lean mass, researchers have often 

chosen to use height as an alternate indexing method because its effects are thought to account for 

(close to) those of lean mass.32 However, height may remain an inadequate substitute for lean mass 

due to the variability in lean mass between subjects of the same height, and due to overweight 

individuals having both greater fat and lean mass compared with their counterparts of equal 

height.21,33,34 Indeed, the coefficients for lean mass in our results are considerably different from 

those for height, in agreement with the suggestion that height is not an appropriate proxy for lean 

mass.  

 

While the exponents for height and lean mass were somewhat similar between the sexes, those for 

BSA differed much more between each sex (1.53 (males); 1.34 (females)). Moreover, the exponents 

for BSA were not close to unity and the association between BSA and LV mass is, therefore, non-

linear. In order to be used more reliably, our results suggest that BSA ought to be raised to an 

allometric power when indexing LV mass to body size. As with lean mass, when the sexes were 

considered separately there was evidence that fat mass modified the associations BSA (p<0.001) in 

males. When we stratified by fat mass as well as by sex (see Table 9) the sex-specific exponents 

changed considerably with increasing adiposity, adding to our finding that untransformed BSA is an 

inappropriate method for indexation of LV mass for older adolescents, particularly in males. This is 

consistent with previous literature which has criticised BSA as an index to which LV mass should be 

normalised, since it has been found to underestimate LVH in those who are overweight or obese, in 

keeping with previous literature.8,11,15,16  

 

My results shown in Table 9 indicate that the pooling together of individuals by age and by sex when 

investigating appropriate scaling coefficients is inappropriate and doing so is likely to result in 

numerous cases of ecological fallacy, particularly during periods where individuals are still growing. 

Although pre-pubescent boys and girls are known to have similar body composition, indexed LV 

mass values are known to change considerably during childhood,16 and differences between pre- and 

post-pubertal growth and body composition between each gender are likely to have an important 

effect on LV mass.29,35-37 Predictors of LV mass also change during the life course. While de Simone et 

al. found that height2.7 was the main determinant of LV mass in children and adolescents younger 
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than 18 years, they found that in adulthood, stroke work and sex were more important predictors 

than height.38 This is yet another indicator that exponents which are appropriate in childhood and 

adolescence may not be transferable to adulthood, and vice versa. In addition, earlier studies have 

found that volume load is a very important predictor of LV mass.39,40 Volume load is known to be 

strongly affected by fat mass and much evidence has shown that elevated adiposity is associated 

with increased LV mass in adults,41-46 adolescents and children alike.34,47-52 Therefore, pooling 

together individuals with differing levels of adiposity when investigating appropriate measures of 

scaling LV mass may also bias results and lead to fallacious allometric exponents. 

 

The question of adiposity stratified indexing 
 
 

Our data highlight that the exponents to which LV mass should be indexed can change with the 

extent of adiposity, as well as with sex. In females, fat did not modify the associations between the 

anthropometric measures and LV mass, suggesting that there is not enough evidence, based on our 

analysis, that adiposity ought to be taken into account when indexing LV mass to body size.  

Meanwhile, fat did modify the associations between LV mass and lean mass and BSA in males, 

suggesting that it may be appropriate for ponderosity to be taken into account when LV mass is 

indexed to lean mass or BSA in older male adolescents, although this is not a generalisation to be 

applied to all males at this age.  

 

However, these findings indicate that the ‘one size fits all’ approach to indexing LV mass is likely to 

be incorrect, particularly when ponderosity is considered, and more research should seek to assess 

whether fat mass modifies associations between height, lean mass and BSA and LV mass in different 

cohorts. Since sex-specific associations between LV mass and anthropometric measures will differ 

from cohort to cohort, it is difficult so say how far these findings should be applied in clinical 

practice, except to say that sex-specific indexation appears to be highly important and it may be 

important for adiposity to be taken into account alongside sex.  

 

Assessment of left ventricular hypertrophy and geometry using different clinical cut-offs 
 

Identifying individuals with left ventricular hypertrophy 
 

 

LVH is known to be a forerunner of cardiovascular disease1 and a meta-analysis of 48,545 

participants, across 20 different studies showed that LVH invariably predicts high risk for clinical 

events, irrespective of the presence of coronary artery disease or hypertension.2 It is therefore of 

great importance for individuals with LVH to be diagnosed correctly.  

In addition, it is helpful to assess RWT alongside LV mass, as different types of LV remodelling have 

different implications for future disease. While the application of all cut-offs showed that the 
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majority of individuals did not have LVH at this young age, the detection rate of LVH varied 

considerably, ranging from 1.6-5.5% in males, and from 2.3-8.3% in females. The range was also 

much wider in females compared with males, with 27-96 women identified as potentially having 

LVH, compared with 15-52 men.  

In females, the LV mass/height1.7 cut-offs classified the highest number of individuals as having LVH 

(n=96 (8.3%), 69 more individuals than detected using height2.7). The reasons for this are not 

immediately clear, although this pattern would appear to agree with previous evidence which has 

suggested that height2.7 does not account for sex differences and that its use can cause subjects to 

be misclassified as to the presence of LVH.11 For males, the LV mass/BSA cut-off detected the highest 

percentage of LVH (5.5%, 52 subjects). This is consistent with the guidelines made by the American 

Society of Echocardiography, which suggest that LV size and volume measurements ought to be 

reported as indexed to BSA.6 These analyses highlight a considerable disparity which may have 

concerning implications for the detection of hypertrophy in young people.   

It remains unclear whether a height-based approach is superior to a BSA-based approach when 

determining the presence of LVH, with different studies reaching different conclusions. 

Normotensive subjects with LV mass greater than 51 g/m2.7 have been found previously to have a 

four-fold greater risk of cardiovascular mortality than hypertensive individuals with normal LV mass, 

compared with only a 2.7 fold increase in risk of mortality for LV mass indexed to BSA.19 By contrast, 

a separate study of middle-aged normotensive individuals found that LV mass indexed to BSA was a 

better predictor of LVH, but that all measures of increased LV mass, no matter the indexing method, 

conveyed a similar level of mortality risk.53  

These data indicate that it is inappropriate to use universal methods for determining LVH, and 

suggest that the most sensitive methods for detecting LVH differ with respect to sex. Most 

outstanding clinical guidelines do not make distinctions in this way and what remains concerning is 

that when a universal approach is applied for determining the presence of LVH, individuals can easily 

be misclassified as having a ‘normal’ LV mass, which may have serious clinical implications later in 

adulthood. It may be appropriate for more than one clinical cut-off to be applied when determining 

the presence of LVH, since this would both ensure a thorough approach as well as identifying 

individuals who are at higher risk of cardiovascular morbidity and mortality.53 We cannot determine 

which is the most appropriate method for detecting LVH in males and females at this age due to 

outcome data being unavailable, although our data suggest that better sex-specific cut-points may 

be required. Clinicians ought to continue revising their approaches, in order for LVH to be discovered 

as early as possible in individuals and perhaps to delay the onset of further complications, especially 

given that LVH is believed to be a modifiable risk factor.54  
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Discordance of different indices in assessing left ventricular geometry 
 
 

In the present cohort, most participants exhibited normal LV geometry, with 78.7-81.2% of males 

and 78.7-83.1% of females having RWT and LV mass within normal limits. After normal geometry, CR 

was the most common geometric pattern in our cohort, most likely because most subjects were 

normotensive.  

 

The trends in the results suggest that the LV could be slightly more susceptible to volume and 

pressure overload in males than females, resulting in chamber enlargement and increased wall 

thickness. The idea that males might be more susceptible to developing increased wall thickness 

than females is supported by the fact that the males had, on average, a greater systolic BP than 

females (see Table 4a in Chapter 3), resulting in greater systolic wall stress. However, females had 

slightly greater diastolic BP than males, suggesting that the slightly greater prevalence of EH in males 

may not be driven by males being subject to greater diastolic stress than females.  

 

What makes the results less clear is that the detection of CH varied considerably within and between 

each sex. When the cut-offs for absolute LV mass and LV mass indexed to height were used, CH was 

slightly more prevalent in the females, yet when the cut-offs for LV mass indexed to BSA were used, 

CH was slightly more prevalent in the males. This calls into question whether males have a greater 

predisposition for elevated LV mass and wall thickness than females. It could be the case that males 

are more likely to have either increased LV mass or wall thickness, while females are more likely to 

have the two concurrently, resulting in the cut-offs often detecting more CH in the females. 

Alternatively, it may be due to the way in which males and females put on weight, with males being 

more likely to have central obesity, which could have different haemodynamic effects compared 

with peripheral obesity. 

 

The correct identification of CH is important because the evidence suggests that it poses the greatest 

threat to cardiovascular health. One study of relatively young men (age range 24 to 44 years) found 

that concentric hypertrophy, eccentric hypertrophy and concentric remodelling were all associated 

with a greater incidence of cardiovascular events,55 yet other studies have found that concentric 

hypertrophy is associated with the greatest level of risk for the development of CVD.56 Even in young 

adolescents (mean age 13.8±0.2 years), CR was the most common geometric pattern in participants 

who were obese, while CH was the most common in participants with both obesity and 

hypertension, posing a double risk on cardiac health.28 
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The range of detection between each indexing method and the lack of consistency in the trends 

indicates further that more research must be done so that a clearer consensus can be reached when 

assessing LV geometry. It is unclear from these data alone whether one particular method superior 

in classifying LV geometry, although similarity exists between the results for LV mass/BSA (linear), 

height1.7 and height2.7 in males, and between results for LV mass/BSA (linear) and height2.7 in females. 

The results for the detection of LVH were also very similar when the LV mass/BSA (linear), height2.7 

and height1.7 (males) were used. This suggests that at this age, indexing LV mass to BSA and to 

exponents of height may have some value when assessing LV geometry, although the variability in 

the detection rate precludes the identification of one indexing method as being superior. Only 

through the analysis of further measurements collected from the ALSPAC participants at older ages, 

and through analysing data from other cohorts, can the answer to this question be better addressed.    

 

These results also reiterate the need the need for individuals with cardiac hypertrophy to be 

identified and monitored as early in their life course as possible. Studies have found that individuals 

with EH (normative RWT accompanied by elevated LV mass) or CR (elevated RWT accompanied by 

elevated LV mass) have a moderately greater risk of cardiovascular events and death compared with 

individuals with ‘normal’ LV geometry.57 Meanwhile those with CH (elevated RWT and elevated LV 

mass) are at the greatest risk of experiencing cardiovascular events and death.58 As discussed at 

length previously, raised cardiovascular risk is often accompanied by high BP, and EH and CH tend to 

be more observed more commonly in subjects with hypertension.59-61 

 

Limitations  
 

 

 

A limitation of these analyses is that even though the results are statistically significant, the groups 

are still relatively small in size and more research ought to be done in other adolescents of a similar 

age and background for comparison. In addition, as the ALSPAC cohort is comparatively 

homogenous, with all participants being from the same geographical region of Avon and most 

individuals being of Caucasian heritage, it would be interesting to apply these methods to other, 

larger cohorts of different ethnicities. Left ventricular structure and function can vary considerably 

with ethnicity and numerous studies have shown that what is defined as ‘normative’ largely depends 

on the population under study.47,62-67 It is also important to note that for each fat quartile the 95% 

confidence intervals for each sex often overlap, yet it remains clear that pooling together all 

participants results in a biased estimate.  

 

Another important issue of consideration is whether echocardiographical data provides sufficiently 

accurate values of LV mass, compared with other techniques. Our data showed that males 

consistently had greater LV mass and volumes than females, even after adjusting for height. This is 
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consistent with another study which used cardiac magnetic resonance (CMR) imaging data from the 

Framingham Offspring cohort, which showed that in a group of ‘healthy’ adults free from 

hypertension and cardiac disease, males had greater LV mass and volumes than their female 

counterparts, with these differences persisting after indexing to body size.68 I am confident, 

therefore, that these findings are meaningful. Although CMR is known to have benefits over 

echocardiography and that echocardiographical measurements are subject to number of geometric 

assumptions, LV mass as assessed by echocardiography has good event prediction power18 and 

remains the most widely used method of cardiac imaging, being a good compromise between cost 

and quality.   

 

Conclusions 
 
 

 

 

The results from these analyses indicate that the common approaches of indexing LV mass to body 

size are not appropriate for use in adolescent men or women, and that the role of sex as a modifier 

ought to be accounted for. Misleading and biased results arise when data from both sexes are 

aggregated; an example of Simpson’s paradox,69 rendering a ‘gender-blind’ approach to LV mass 

indexation as inappropriate. Indexation of LV mass to height1.7 appears to be a more appropriate 

method than height2.7 for adolescents of this age, but indexing LV mass to lean mass appears to be 

the better choice, since the relationship between LV mass and lean mass was linear and the 

exponents for each sex were close to unity. However, one should be careful when considering these 

approaches in cohorts of different ages and ethnicities. By comparison, indexing LV mass to BSA 

appears to be inappropriate. It may be useful to account for adiposity alongside sex in some cases, 

but in this analysis the effect modification by fat mass was not consistent in each sex.  

 

As body size and composition in adolescence are strongly associated with LV mass70,71 and have been 

shown to predict cardiac mass in adulthood,72 it is important that the scaling exponents that are 

used to ascertain whether LV mass is ‘normal’ should account for these factors adequately. The 

variable rates of LVH detection and only moderate agreement between the different clinical cut-offs 

in our dataset in serve as a reminder more generally of the use and perhaps limited sensitivity of 

current LVH screening. It will be important for current clinical guidelines to be reviewed in order to 

for the best methods of LVH detection to be established, as there will be multiple benefits in 

identifying and monitoring young individuals with LVH who are at greater risk of developing adverse 

cardiac conditions later in their lives.   

 

Lastly, it will be important for research like this to be replicated in other cohorts and populations, 

considering subjects of different ages and ethnicities, in order to ascertain the best indexing 
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methods for the normalisation of LV mass to body size and the most sensitive reference methods 

and values for identifying individuals with LVH. These method may also extend to the ways in which 

other cardiovascular measurements and organs are indexed to body size. Lastly, if practicable, it may 

be useful for the NHS to undertake more cardiac screening of the general population, perhaps from 

an earlier age, prioritising those who may be at higher risk due to greater adiposity or elevated BP.  
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Chapter 6: What accounts for the associations between total fat mass and key 
cardiovascular outcomes? Analyses using structural equation modelling  
 

Introduction 
 

In Chapter 1 I discussed that the development and severity of CVD is strongly associated with a 

number of traditional CV risk factors, including obesity, which I considered further in Chapter 2.  

Subsequently in Chapter 4 I investigated the relationship between different measures of adiposity 

and left ventricular (LV) structure and function in adolescents from the ALSPAC cohort. The results of 

this analysis provided convincing evidence that body mass index and fat mass are closely associated 

with LV structure and function in these adolescents, even at this comparatively young age of 

seventeen.  

In this chapter, I explored the basic associations I observed between fat mass and the cardiovascular 

outcomes in Chapter 4 by investigating the extent to which common cardiovascular risk factors 

account for the associations. I tested the hypothesis that much of the effect of fat mass on the 

outcomes is a direct effect. Previous literature has suggested that blood pressure and other risk 

factors strongly mediate the association between adiposity and cardiac structure and function, so I 

sought to investigate this. Although Chapter 4 showed that lean mass, like fat mass, is closely 

associated with a range of cardiovascular measures, the main focus of this thesis is the relationship 

between adiposity and cardiovascular outcomes in adolescents, so in this chapter I focused solely on 

fat mass as an exposure. I selected fat mass as my key measure of adiposity rather than body mass 

index (BMI), since it is a more precise measure of adiposity. 

After investigating the way adiposity modifies the indexation of LV mass to body size, it was of 

interest to me to investigate the extent to which different biomarkers accounted for the associations 

between fat mass and different echocardiographical outcomes, particularly LV mass and relative wall 

thickness (RWT). Individuals who were classified as having LVH in Chapter 5 also had raised systolic 

(SBP) and diastolic blood pressure (DBP) and were considerably heavier (see Table 4e, Chapter 3), so 

it seemed possible that blood pressure (BP) might mediate a certain amount of the effect of total fat 

mass on different cardiovascular outcomes. Much literature also proposes that that associations 

between adiposity and cardiac structural and functional outcomes may be mediated by a range of 

blood-based biomarkers.  

 

I chose to investigate the roles of a number of different haemodynamic and metabolic measures. 

These included measures of BP, including mean arterial pressure (MAP) and pulse pressure (PP), and 

blood-based biomarkers associated with diet, metabolism and inflammation, including insulin, 
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cholesterol and C-reactive protein (CRP). The role of total lean mass was also investigated as a 

mediator, as increases in fat mass tend to be accompanied by concurrent increases in lean mass. The 

results from Chapter 4 also demonstrate that fat and lean mass are both associated with a range of 

cardiovascular outcomes and I found that fat mass and lean mass modify the effects of each other. 

In the males, fat and lean mass modified the effects of the other in associations with SBP, PP, HR, 

EDV, ESV, SV, IVSd, LVIDd, LVIDs, LVPWTd, LV mass and e’. In the females, the tissues modified the 

effects of each other in associations with DBP, MAP, PP, HR, EDV, SV, CO, TPR, LVIDd, LVIDs, LV mass, 

E/e’ and PWV. It seemed wise, therefore, to investigate the role of lean mass as a mediator.  

Since all the risk factors I considered as mediators are associated with both adiposity and CV risk 

factors to different extents, I was able to use structural equation modelling (SEM) to investigate the 

extent to which these potential mediators accounted for the association between fat mass and 

cardiovascular outcomes. Very little literature is available regarding this area and I found virtually no 

literature which had looked at these associations in adolescents, so I sought to address this gap.  

Background 
 

Cardiovascular risk factors in childhood and adolescence have strong implications for health later in 

life and childhood obesity is known to trigger structural and functional changes to cardiac structure 

and geometry, which may continue and progressively worsen through adulthood.1-5  

LV structure and function are of great importance when monitoring the development of CVD. Left 

ventricular hypertrophy (LVH) is an established, independent risk factor for CVD development6 and 

heart failure in older adults.7 The LV adapts itself in a compensatory manner in order to balance 

cardiac load, resulting in LV remodelling. Excessive increases in LV mass are associated with 

hypertension and with clustered geometric and functional abnormalities.8-11 When diagnosed in 

children and young adults, elevated LV mass indicates the early development of CVD12 and much 

evidence has shown that elevated adiposity is associated with increased LV mass in adults,8,13-17 

adolescents and children alike.18-24 The presence of elevated LV mass is associated with numerous 

alterations in LV geometry and systolic and diastolic function, such as concentric and/or eccentric 

remodelling, reduced midwall fractional shortening (MFS) and elevated chamber size, accompanied 

by reduced LV chamber function and impaired LV diastolic filling.23 In addition, central adiposity and 

waist-to-hip ratio have been associated with worsened global longitudinal strain, early diastolic 

strain rate, tissue Doppler s’ velocity and tissue Doppler e’ velocity.25 

The pathophysiological pathways that lead to LV structural and functional changes in response to 

obesity in adolescence are not well understood, and it is likely that the associations are mediated by 

a number of different pathways. which utilise both direct and indirect mechanisms.26,27  
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As discussed previously in Chapter 2, it is well established that adiposity leads to worsened 

cardiovascular outcomes. Sustained adiposity imposes an ongoing increased metabolic demand on 

the body, which leads to a state of chronic volume overload, raising blood pressure and measures of 

preload such as end-diastolic volume.28-30 After these alterations, further changes to the left atrial 

(LA) and LV structure often ensue, including increased LA and LV dilatation and elevated LV mass 

(hypertrophy of the LV is a compensatory mechanism, thought to be driven by the increases in blood 

volume and pressure),31-33 which can then lead to LV diastolic dysfunction.4,5 This has given rise to 

the widely-held opinion that associations between fat mass and alterations in LV structural and 

functional measures are associated with, predicted by, or possibly mediated by BP.  

Chronic volume overload and pressure overload remodel the LV differently, with volume overload 

causing eccentric LVH (raised LV mass accompanied by normal RWT) and pressure overload leading 

to concentric hypertrophy (both raised LV mass and elevated RWT).34 Thus, measuring RWT 

alongside LV mass and BP can provide further insight into LV geometric changes which occur on the 

pathway to CVD. 

Many papers have observed close, often additive associations between adiposity, BP, raised LV mass 

and changes to LV geometry, both in adults35-37 and children.2,23,38,39 However, some studies of young 

and middle-age patients report that overweight and obesity are stronger determinants of LVH, 

irrespective of BP.37,40 One study found that abdominal obesity and hypertension each have 

independent effects on both indexed LV mass (LVMI) and LV wall thickness.41 A Swedish study also 

observed that obese subjects (age range 37-61 years) had greater BP, LVMI and RWT compared with 

their leaner counterparts and that these structural abnormalities observed in association with 

obesity were diminished after weight loss.42 Interestingly, weight reduction was found to have a 

stronger impact on cardiac remodelling than BP management, suggesting that body mass has a 

direct effect on chamber and wall thicknesses.42 Lastly, in a younger cohort of adolescents (aged 15 

years) current weight was found to be directly associated with septal thickness, and birthweight, 

current weight and physical activity level were directly associated with LV posterior wall thickness.43  

As well as additive effects, there appear to be interactive effects between obesity and hypertension 

and LVH and LV geometry. A helpful review has been written which explores this topic.36 In two 

studies it was observed that obesity and BP interact with one another to further raise LV mass, and it 

appears that the relationship between BP and LV mass may be stronger in more adipose 

subjects.44,45 However, the consensus is not clear as to the predominant mechanism of operation 

and it is likely that both additive and interactive mechanisms are at play. 
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In the longer term, elevated LV mass and thickened ventricular walls are associated with poorer 

diastolic function.46 Reduced myocardial function and contractility have also been observed in obese 

adults47 and raised LV mass has been associated with worsened LV systolic function and myocardial 

performance in obese children and adolescents.23 Patients with greater BP have been found also to 

have reduced midwall fractional shortening (MFS), a measure of LV systolic performance which 

provides an indication of contractile function.48 In those with hypertension, depressed MFS has also 

been associated with impaired LV diastolic function and increased mortality.49 It is likely that the 

development of systolic dysfunction is strongly determined by duration of obesity,50 although this 

will not always be the case.   

Possible mechanisms which account for the association between adiposity and LV structure and 

function 
 

Several biological mechanisms may explain some of the association between adiposity and LV 

structure and function and a number of plasma-based mediators may account for a significant part 

of some of the associations.26,27 Firstly, visceral fat is a metabolically active component which has 

been closely associated with increased CV risk.51,52 Greater android fat is associated with more 

adverse plasma lipid and lipoprotein concentrations, BP and LV mass,53 and visceral fat may mediate 

the association between increased total fat mass and LV mass through the secretion of different 

hormones and proteins, including angiotensin ll and inflammatory cytokines.29,30  

Insulin resistance may mediate the association between adiposity and elevated LV mass, particularly 

in obese individuals,54 and hyperinsulinaemia and insulin resistance might induce hypertrophy of the 

myocardium directly or through increasing blood volume.47 One paper which investigated the effect 

of a fitness intervention on CV health found that those who had the greatest increases in fitness and 

reduced central adiposity, BP and insulin resistance also showed physiological adaptations including 

increased cardiac chamber size and better diastolic function.55 Insulin, insulin resistance and high-

density lipoprotein cholesterol (HDL-C) have also been associated with LV mass and geometry in 

subjects with essential hypertension, and HDL-C and insulin resistance have been identified as 

independent predictors for the presence of LVH.56,57  

HDL-C is a well-known risk factor for coronary heart disease (CHD) and in patients with treated 

essential hypertension HDL-C may modify LV structure and diastolic function unfavourably.58 Low 

HDL-C has also been identified as an independent predictor of LV mass in untreated hypertensive 

subjects, which may be explained by insulin resistance.59 Further evidence from obese adolescents 

found that adiposity is highly correlated with low HDL-C and raised triglyceride and low-density 
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lipoprotein cholesterol (LDL-C) levels, with the degree of insulin resistance explaining a large amount 

of the variance in triglycerides, LDL-C, and HDL-C concentrations.60  

In addition, C-reactive protein (CRP) concentration has been independently associated with LV 

mass.61 Alongside triglyceride, HDL-C, LDL-C and total cholesterol (total-C) levels, CRP has been 

shown to be a strong predictor of CVD in several large studies, being closely associated with the 

development of CHD and peripheral artery disease in particular.62-65 Lastly, increases BMI and in fat 

mass are likely to be accompanied by increases in lean mass at this age,66,67 and lean mass has been 

found to be a strong predictor of LV mass.18 As discussed, I found lean mass to be closely associated 

with range of cardiovascular outcomes in Chapter 4, so it is possible that lean mass might mediate 

some of the association between fat mass and LV structural and functional measures. 

Despite the aforementioned literature, evidence for the roles of different haemodynamic and 

biochemical markers as mediators remains divisive and no studies appear to have sought to quantify 

how much they mediate of the associations between fat mass and cardiac structural and functional 

outcomes in adolescents. Moreover, the associations between fat mass and cardiac outcomes such 

as LV mass are likely to be mediated by more than one haemodynamic measure or biochemical 

biomarker. To address the shortcomings in the literature and to further my understanding of the 

mechanisms linking increased adiposity with changes in LV structure and function, I investigated the 

roles of potential mediators linking adiposity with detailed measures of LV structure and function, 

using clinical data from the ALSPAC participants.   

 

Methods  
 

Inclusion criteria 
 

Participants were eligible for the present analysis if they had attended F@17 and had undergone 

echocardiography, DXA scanning and sphygmomanometry, alongside having their blood assayed. 

Those with a history of heart disease were excluded from analyses (n=3), as were individuals who 

were pregnant (n=15) or who had diabetes mellitus (n=21) or hypercholesterolaemia (n=6), leaving a 

total of 2,055 individuals. Physical and socioeconomic baseline characteristics for the study group 

can be viewed in Tables 5a-b of Chapter 3. 

 

Measurements and calculations 
 

The methods applied for obtaining echocardiographical, anthropometric (including DXA scanning), 

haemodynamic and biochemical measurements have been described previously in the methods 

chapter. MAP, PP, LV mass, RWT, MFS and mitral E/A were derived as outlined in the calculations 

section of the methods chapter. 
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Outcomes and mediators 
 

In this analysis I focused on four outcomes. Structural measures LV mass (unadjusted to body size, as 

height was included as a covariate in the model) and RWT were investigated; MFS was investigated 

as a key systolic measure, and as a key diastolic measurement, mitral E/A ratio was investigated (it 

was decided that E/A was a better measure of diastolic function and filling pressure than E/e’ since 

the participants were only ~17 years of age). Additional analyses were also performed which looked 

at peak systolic Doppler S’ (average of lateral and septal annuli peak diastolic Doppler e’ (average of 

lateral and septal annuli), concentricity (calculated as LV mass(g)/end-diastolic volume (EDV)^0.67), 

LVIDd, LA_AV and EF (see results in Appendix 5). 

 

Potential mediators of the four cardiovascular outcomes were chosen based on a priori evidence 

which linked the sole exposure (adiposity, as measured by total fat mass (kg)) to the mediator and 

the mediator to the outcome (NB: for ease, the terms ‘risk factor’ and ‘biomarker’ will be used 

interchangeably with ‘mediator’). We observed the effects of the following twelve potential 

mediators which are associated with adiposity and CV risk: MAP (mmHg), PP (mmHg) (MAP and PP 

were chosen as the primary measures of BP since these variables describe different aspects of 

haemodynamics and are less correlated than systolic and diastolic BP (sensitivity analyses which 

modelled the effects of systolic and diastolic BP were subsequently performed),68,69 heart rate (HR), 

insulin, glucose, HOMA-IR (homeostatic model assessment, a measurement of pancreatic β-cell 

function and insulin resistance),68,70 HDL-C and total-C,68,71,72 CRP, plasma triglycerides and 

glycoprotein acetyl concentration (GP-A) as measures of inflammation68,71,73 and total lean mass, as 

measured by DXA scanning. All biomarkers were tested for correlations with each other.  

 

Significant correlation existed between insulin and HOMA-IR, and between MAP and PP. These 

biomarkers were tested for their mediative effects to see if either variable explained any variance 

which the other did not, and it became clear that the amount of mediation was similar between 

insulin and HOMA-IR, and between MAP and PP. Neither insulin and HOMA-IR, nor MAP and PP 

were placed in a model together, ensuring that collinearity between the biomarkers was not 

deemed problematic.  
 

Statistical analyses 
 

Statistical modelling was conducted using Stata SE 15.1 (StataCorp LLC, College Station, Texas, USA). 

The extent of mediation accounted for by the biomarkers was estimated using the ‘SEM Builder’ 

package for structural equation modelling and direct, indirect (i.e. mediated) and total effects were 

calculated.74 Although some values were missing (i.e. analyses were not complete-case), this was 
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accounted for by the ‘maximum likelihood with missing values’ (MLMV) estimation method. This 

estimation method works to retrieve the maximum information as possible using observations which 

contain missing values. Since MLMV requires observed variables to follow a normal distribution, 

variables with a non-parametric distribution were transformed before analyses.  

Although there was some evidence to suggest that sex modified the association between fat mass 

and LV mass (p=0.065), there was no strong evidence that it modified the associations with RWT 

(p=0.33), MFS (p=0.185) and E/A (p=0.75). However, much previous literature has reported sex 

differences in cardiovascular risk and my results from Chapter 4 highlighted that differences do exist 

between males and females in their associations with different cardiovascular outcomes. I retained 

an a priori assumption that sex would impact the coefficients and stratified all analyses by sex. 

Smoking, physical activity (at age 15, as it was unavailable at age 17) and socioeconomic position 

(SEP) were also included as covariates in all models. The respective relationships which smoking, 

physical activity and SEP have with adiposity have been discussed in Chapter 1, as well as their 

impact on cardiac structure and function. Height2 was also added into the models as a covariate in 

models where the outcomes were deemed to be scalable to height, i.e. LV mass. Predicted calorie 

intake between ages 7-13 years was also included in the models to begin with, however, sensitivity 

analyses revealed that it had no effect on the magnitude of the coefficients so it was removed to 

simplify the model.  

 

As SEM models require variables to have a parametric distribution, total fat mass (kg) was natural 

log transformed, physical activity (daily number of minutes of moderate-to-vigorous physical activity 

at age 15) was square-rooted and height was squared in all models, in order to conform the 

variables to a parametric pattern. The need for parametric distribution also applied to the mediator 

variables, so CRP, insulin, HOMA-IR and triglycerides were natural log-transformed accordingly. For 

all analyses, individuals who were pregnant, had type 2 diabetes, congenital heart disease, high 

cholesterol, or who had not been assigned as male or female, were dropped prior to statistical 

analysis. For the individual models, any participants who were missing the outcome and/or the 

mediator of interest were dropped prior to statistical analysis.  

 

After assessing each individual model, I grouped together the haemodynamic and biochemical 

biomarkers into composite models in order to quantify how much of the respective associations 

between fat mass and LV mass, RWT, MFS, E/A the biomarkers accounted for collectively. The 

biomarkers which were investigated individually were also included in the composite models, with 

the exceptions of PP, insulin and Total-C.  
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Having suspected that keeping both MAP and PP in the composite model may be inappropriate due 

to collinearity, sensitivity analyses revealed that keeping MAP in the composite models without PP 

made virtually no difference to the coefficients and percentage mediation for structural outcomes 

LV mass and RWT. However, removing PP from the MFS and E/A composite models increased the 

overall percentage mediation. This was because, as an individual mediator, PP was found to 

suppress the total mediation of MFS and E/A. The suppressive effect by PP is likely due in part to the 

fact that diastolic measures such as E/A are very load dependent.75 To be consistent and to avoid the 

issues which arose with MFS and E/A, PP was removed from the composite models and MAP was 

retained in the models.  

 

Insulin was not included in the composite models due to its close (and collinear) relationship with 

HOMA-IR. The respective roles of HDL-C and total-C were investigated individually as mediators to 

allow a comparison between the extent of mediation by HDL-C alone, compared with total 

cholesterol. However, the inclusion of both HDL-C and total-C in the composite models meant that 

the effects of HDL-C were counted for twice, so HDL, low-density lipoprotein cholesterol (LDL-C) and 

remnant cholesterol concentration (rChol-C) were included instead in the composite models. 

Therefore, ten biomarkers were included in the composite models: MAP, HR, HDL-C, LDL-C, rChol-C, 

HOMA-IR, CRP, triglycerides, GP-A and total lean mass. The models were also run without lean 

mass, as it was unclear whether it was appropriate to include both height^2 and lean mass in the 

composite models (this is also discussed later).   

 

The roles of LA_AV and EDV as mediators were investigated, to see the extent to which measures of 

preload might account for the total effect of fat on the outcomes. However, it became clear that 

feedback was occurring when these preload biomarkers were included as mediators; that is, there 

was evidence that there was a path back from the outcome to the LA_AV and EDV, which violated 

the assumptions of SEM and rendered their inclusion as mediators as problematic.  

 

With the exception of MFS, all associations between total fat mass and the key outcomes (LV mass, 

RWT and E/A) had significant p values. The p values of the total and indirect effect (the effect 

attributable to the mediator) for each outcome were assessed, as were the 95% confidence intervals 

(95% CIs). 

 

Exemplar models 
 

 

Basic examples of the models which were used for investigating the role of individual biomarkers can 

be seen below in Figures 41 and 42. Figure 41 was drawn using Dagitty, free online software 

available online which permits the drawing and analysis of directed acyclic graphs (DAGs) (the code 
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used to generate the DAG is available in Appendix 4 and can be uploaded to http://www.dagitty.net/ 

to replicate the DAG shown below). Figure 42 is an image of the DAG used in Stata SE 15.1 

(StataCorp LLC, College Station, Texas, USA), constructed using the ‘SEM Builder’ software.  

 

Results 
 

Tables 11a-11d show the direct, indirect and total effects of the twelve biomarkers in mediating the 

associations between fat mass, LV mass, RWT, MFS and E/A (additional results for associations with 

other outcomes can be viewed in Appendix 5). Results are presented as standardised betas and p 

values and 95% CIs are provided for both the indirect (the effect attributable to the mediator(s)) and 

total effects. The percentage of the total effect which was mediated by the indirect effect was 

calculated by ((indirect effect/total effect)*100), when partial mediation took place. When 

inconsistent mediation took place, resulting in an attenuation of the total effect, the percentage 

attenuation was calculated using ((indirect effect/direct effect)*100). 

The 95% CIs for the total effects are standardised, while those for the indirect effects are 

unstandardised (Stata does not provide standardised 95% CIs for the indirect effects but they have 

been provided for the sole purpose of considering the precision of the estimate and to assess 

whether the 95% CIs include the null). Tables 11e and 11f show the collective total mediation by the 

biomarkers when they were included in a composite model, as outlined above.  

All biomarkers/mediators were measured at age 17 and all models were run using the MLMV 

estimation, which accounted for missing values and rendered a complete case scenario unnecessary, 

hence n differs with each biomarker and outcome. 

 

  

 

 

http://www.dagitty.net/
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Figure 41: Exemplar directed acyclic graph showing relationships between the exposure, fat mass, the outcome, left ventricular mass, the 
mediator, mean arterial pressure, and covariates (pink boxes). In this model, the covariates were all ancestors of the exposure, the outcome 

and the mediator. All variables were measured at the clinical visit at age 17, unless stated otherwise. Socioeconomic position was derived from 
parental education and work-based outcomes.  

 

 

Figure 42: Exemplar directed acyclic graph with the same structure as Figure 41, created using Stata ‘SEM Builder’ software. SEP = 

socioeconomic position; MAP = mean arterial pressure; Sqrt P.activity = physical activity after square-root transformation; Height^2 = height 
squared; Log fat mass = total fat mass, after natural log-transformation 
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Results tables (individual mediator models) 
Table 11a: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and LV mass 

Mediator 

Total fat mass (male) Total fat mass (female) 

n 
Direct 
effect 

Indirect effect 
(±unst. 95% CI) 

P 
Total effect         
(±95% CI)  

P %m n 
Direct 
effect 

Indirect effect               
(±unst. 95% CI.) 

P 
Total effect            
(±95% CI) 

P %m 

MAP 939 0.37 0.03 (0.52, 2.16) ** 0.40 (0.32, 0.43) ** 6.6 1152 0.41 0.03 (0.67. 2.36) ** 0.44 (0.36, 0.46) ** 6.3 

PP 939 0.37 0.03 (0.63, 2.04) ** 0.40 (0.32, 0.43) ** 6.6 1152 0.42 0.02 (0.38, 1.45) ** 0.44 (0.37, 0.47) ** 3.8 

HR 775 0.42 -0.02(-1.61, -0.20) 0.01 0.40 (0.36, 0.48) ** -4.3* 943 0.45 -0.01(-1.21, 0.006) 0.05 0.44 (0.40, 0.50) ** -2.4* 

Glucose 712 0.38 -0.007(-0.89, 0.18) 0.19 0.37 (0.32, 0.44) ** -1.8* 742 0.42 -0.004 (-0.84, 0.32) 0.39 0.42 (0.36, 0.48) ** -1.0* 

Insulin 702 0.38 0.002 (-1.33, 1.52) 0.89 0.38 (0.31, 0.44) ** 0.5 730 0.42 0.006 (-1.24, 1.94) 0.68 0.43 (0.35, 0.49) ** 1.4 

HOMA-IR 699 0.38 0.001 (-1.41, 1.50) 0.94 0.38 (0.31, 0.45) ** 0.3 729 0.42 0.006 (-1.26, 1.94) 0.69 0.43 (0.35, 0.49) ** 1.3 

HDL-C 712 0.37 0.002 (-0.46, 0.70) 0.69 0.37 (0.31, 0.44) ** 0.6 742 0.42 0.005 (-0.94, 0.95) 0.99 0.42 (0.35, 0.48) ** 0.0 

Total-C 712 0.36 0.013 (-0.21, 1.56) 0.14 0.38 (0.30, 0.43) ** 3.5 742 0.41 0.002 (-0.18, 0.35) 0.49 0.42 (0.35, 0.48) ** 0.4 

Triglycerides 712 0.37 0.01 (-0.49, 1.76) 0.44 0.38 (0.30, 0.44) ** 2.3 742 0.40 0.01 (19.36, 27.04) 0.03 0.42 (0.34, 0.46) ** 3.6 

CRP 712 0.35 0.03 (0.17, 2.76) 0.03 0.38 (0.28, 0.41) ** 7.6 742 0.41 0.004 (-1.10. 1.61) 0.74 0.42 (0.35, 0.48) ** 0.9 

GP-A 694 0.36 0.016 (-0.44, 2.05) 0.20 0.38 (0.29, 0.43) ** 4.2 718 0.41 0.02 (0.30, 2.28) 0.01 0.43 (0.34, 0.47) ** 5.3 

Lean mass 918 0.33 0.07 (2.05, 5.12) ** 0.40 (0.28, 0.38) ** 17.7 1137 0.33 0.11 (4.78, 7.58) ** 0.44 (0.28, 0.38) ** 25.4 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg.  %m. = % mediated. * denotes that the biomarker attenuates the 
overall coefficient; ** = P≤0.001.  

Table 11b: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and RWT 

 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect effect (±unst. 
95% CI) 

P 
Total effect             
(±95% CI) 

P %m n 
Direct 
effect 

Indirect effect          
(±unst. 95% CI) 

P 
Total effect          
(±95% CI) 

P %m 

MAP 939 0.02 0.03 (0.001, 0.005) ** 0.05 (-0.05, 0.09) 0.11 62.2 1152 0.055 0.04 0.003, 0.009) ** 0.10 (0.005, 0.12) ** 44.1 

PP 939 0.05 0.001 (-0.001, 0.001) 0.81 0.05 (-0.01, 0.12) 0.10 2.7 1152 0.10 0.002 (-0.001, 0.001) 0.67 0.10 (0.04, 0.16) ** 1.8 

HR 775 0.035 0.011(0.0001, 0.002) 0.04 0.05 (-0.04, 0.11) 0.20 25.4 943 0.111 0.004(-0.0002, 0.001) 0.17 0.116 (0.05, 0.18) ** 3.6 

Glucose 712 0.06 -0.007(-0.002, 0.0004) 0.24 0.05 (-0.01, 0.14) 0.16 -11.1* 742 0.14 0.004 (-0.001, 0.002) 0.48 0.14 (0.06, 0.21) ** 2.7 

Insulin 702 0.04 0.01 (-0.002, 0.004) 0.41 0.05 (-0.04, 0.12) 0.16 24.4 730 0.10 0.04 (0.001, 0.01) 0.02 0.14 (0.02, 0.18) ** 27.1 

HOMA-IR 699 0.04 0.01 (-0.002, 0.004) 0.40 0.05 (-0.04, 0.12) 0.16 25.9 729 0.10 0.04 (0.001, 0.01) 0.03 0.14 (0.02, 0.18) ** 26.9 

HDL-C 712 0.06 -0.0008(-0.001, 0.001) 0.91 0.06 (-0.02, 0.13) 0.12 -1.3* 742 0.13 0.008 (-0.001, 0.004) 0.37 0.14 (0.06, 0.21) ** 5.9 

Total-C 712 0.05 0.0006(-0.001, 0.002) 0.95 0.06  (-0.02, 0.13) 0.14 1.0 742 0.14 0.002(-0.0004, 0.001) 0.43 0.14 (0.07, 0.21) ** 1.4 

Triglycerides 712 0.05 0.005 (-0.002, 0.003) 0.68 0.06  (-0.02, 0.13) 0.12 8.4 742 0.13 0.01 (-0.001, 0.004) 0.14 0.14 (0.05, 0.20) ** 7.9 

CRP 712 0.05 0.002 (-0.002, 0.003) 0.90 0.06  (-0.02, 0.13) 0.13 3.0 742 0.12 0.02 (-0.0004, 0.007) 0.08 0.14 (0.04, 0.20) ** 16.4 

GP-A 694 0.04 0.01 (-0.001, 0.003) 0.47 0.05  (-0.04, 0.12) 0.20 19.4 718 0.11 0.02 (0.0001, 0.006) 0.04 0.13 (0.03, 0.19) ** 14.7 

Lean mass 918 0.06 -0.003 (-0.002, 0.001) 0.63 0.05 (-0.001, 0.12) 0.11 -5.9* 1137 0.09 0.007 (-0.002, 0.004) 0.50 0.10 (0.03, 0.16) ** 7.1 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg. %m. = % mediated.  * denotes that the biomarker attenuates the 
overall coefficient; ** = P≤0.001. 
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Table 11c: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and midwall fractional shortening (MFS) (%) 

 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect effect      
(±unst. 95% CI) 

P 
Total effect             
(±95% CI) 

P %m n 
Direct 
effect 

Indirect effect 
(±unst. 95% CI) 

P 
Total effect          
(±95% CI) 

P %m 

MAP 939 -0.037 -0.019(-0.13, -0.003) 0.04 -0.056 (-0.10, 0.03) 0.09 34.2 1152 -0.056 -0.045 (-0.34, 0.14) ** -0.101 (-0.12, -0.004) ** 44.6 

PP 939 -0.060 0.005 (-0.02, 0.06) 0.43 -0.055 (-0.13, 0.006) 0.10 -7.8* 1152 -0.106 0.005 (-0.02, 0.07) 0.23 -0.101 (-0.16, -0.05) ** -5.0* 

HR 775 -0.036 0.009 (-0.06, 0.002) 0.07 -0.045 (-0.11, 0.04) 0.22 -25.2 943 -0.113 -0.003 (-0.04, 0.01) 0.27 -0.115 (-0.18, -0.05) **  2.4 

Glucose 712 -0.086 0.006 (-0.02, 0.06) 0.27 -0.080 (-0.16, -0.01) 0.04 -7.4* 742 -0.159 0.007 (-0.02, 0.10) 0.24 -0.152 (-0.23, -0.09) **  -4.2* 

Insulin 702 -0.066 -0.013 (-0.15, 0.06) 0.41 -0.079 (-0.15, 0.01) 0.04 16.4 730 -0.128 -0.021 (-0.30, 0.06) 0.19 -0.150 (-0.21, -0.05) **  14.2 

HOMA-IR 699 -0.067 -0.011 (-0.15, 0.07) 0.49 -0.079 (-0.15, 0.01) 0.04 14.4 729 -0.130 -0.02 (-0.29, 0.07) 0.22 -0.150 (-0.21, -0.05) **  13.2 

HDL-C 712 -0.068 -0.013 (-0.09, 0.004) 0.07 -0.081 (-0.14, 0.01) 0.03 15.9 742 -0.145 -0.007 (-0.14, 0.06) 0.44 -0.152 (-0.22, -0.07) ** 4.6 

Total-C 712 -0.073 -0.009 (-0.09, 0.03) 0.31 -0.082 (-0.15, 0.003)  0.03 10.6 742 -0.152 -0.001 (-0.03, 0.02) 0.61 -0.153 (-0.22, 0.08) ** 0.7 

Triglycerides 712 -0.076 -0.006 (-0.10, 0.06) 0.59 -0.082 (-0.15, 0.002) 0.03 7.8 742 -0.157 0.005 (-0.05, 0.11) 0.51 -0.152 (-0.23, 0.08) **  -3.1* 

CRP 712 -0.078 -0.003 (-0.10, 0.08) 0.85 -0.080 (-0.16, -0.001) 0.03 3.3 742 -0.129 -0.025 (-0.29, 0.01) 0.06 -0.154 (-0.21, -0.05) ** 16.2 

GP-A 694 -0.084 0.009 (-0.06, 0.11) 0.5 -0.075 (-0.16, -0.004) 0.05 -10.5* 718 -0.136 -0.007 (-0.14, 0.06) 0.44 -0.143 (-0.21, -0.06) **  4.8 

Lean mass 918 -0.047 -0.009 (-0.08, 0.02) 0.22 -0.056 (-0.11, 0.02) 0.09 15.5 1137 -0.082 -0.021(-0.22,-0.001) 0.05 -0.103 (-0.14, -0.02) **  20.4 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg. %m. = % mediated.  * denotes that the biomarker attenuates the 
overall coefficient; ** = P≤0.001. 

 

Table 11d: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and mitral E/A ratio  

 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect effect 
(±unst. 95% CI) 

P 
Total effect               
(±95% CI) 

P %m n 
Direct 
effect 

Indirect effect 
(±unst. 95% CI) 

P 
Total effect          
(±95% CI) 

P %m 

MAP 921 -0.09 -0.024(-0.03, -0.003) 0.01 -0.12 (-0.16, -0.03) ** 20.6 1113 -0.08 -0.04 (-0.06, -0.02) ** -0.12 (-0.14, -0.02) ** 32.4 

PP 921 -0.13 0.012(-0.0002, 0.01) 0.06 -0.12 (-0.19, -0.06) ** -9.1* 1113 -0.13 0.01 (0.003, 0.02) 0.01 -0.12 (-0.19, -0.07) ** -10.0* 

HR 761 -0.09 -0.030 (-0.03, 0.006) 0.004 -0.12 (-0.16, -0.02) ** 25.2 910 -0.12 -0.02 (-0.03, 0.001) 0.07 -0.13 (-0.18, -0.05) ** 12.5 

Glucose 700 -0.143 0.005 (-0.004, 0.01) 0.46 -0.138 (-0.22, -0.07) ** -3.2* 725 -0.17 -0.003 (-0.01, 0.01) 0.57 -0.17 (-0.24, -0.09) ** 1.7 

Insulin 689 -0.14 0.013 (-0.01, 0.03) 0.44 -0.13 (-0.22, -0.06) ** -9.0* 713 -0.14 -0.02 (-0.06, 0.01) 0.16 -0.17 (-0.22, -0.06) ** 13.6 

HOMA-IR 686 -0.16 0.023 (-0.01, 0.03) 0.18 -0.14 (-0.24, -0.08) ** -14.4* 712 -0.15 -0.02 (-0.05, 0.01) 0.17 -0.17 (-0.23, -0.07) ** 13.2 

HDL-C 700 -0.07 -0.013 (-0.01, 0.005) 0.07 -0.08 (-0.21, -0.06) 0.03 15.9 725 -0.14 -0.007 (-0.03, 0.01) 0.44 -0.15 (-0.22, -0.07) ** 4.6 

Total-C 700 -0.14 -0.001 (-0.01, 0.01) 0.95 -0.14 (-0.14, -0.006) ** 0.4 725 -0.17 -0.001 (-0.004, 0.003) 0.77 -0.17 (-0.24, -0.10) ** 0.3 

Triglycerides 700 -0.14 -0.002 (-0.01, 0.01) 0.89 -0.14 (-0.21, -0.06) ** 1.1 725 -0.16 -0.005 (-0.02, 0.01) 0.47 -0.17 (-0.24, -0.09) ** 3.1 

CRP 700 -0.155 0.018 (-0.006, 0.03) 0.19 -0.136 (-0.23, -0.08) ** -11.9* 725 -0.16 -0.006 (-0.03, 0.02) 0.66 -0.17 (-0.24, -0.09) ** 3.4 

GP-A 681 -0.13 -0.013 (-0.02, 0.008) 0.34 -0.14 (-0.21, -0.05) ** 9.0 701 -0.16 -0.006 (-0.02, 0.01) 0.47 -0.16 (-0.23, -0.08) ** 3.9 

Lean mass 900 -0.13 0.011 (-0.002, 0.02) 0.13 -0.12 (-0.20, -0.06) ** -8.5* 1097 -0.13 0.012 (-0.01, 0.03) 0.29 -0.12 (-0.19, -0.07) ** -8.9* 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg. %m= % mediated. * denotes that the biomarker attenuates the 
overall coefficient; ** = P≤0.001. 
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Table 11e: Standardised direct, indirect and total effects for composite models of haemodynamic and biochemical mediators (including lean mass) 

Outcome 

Total fat mass (male) Total fat mass (female) 

n 
Direct 
effect 

Indirect effect 
(±unst. 95% CI) 

P 
Total effect             
(±95% CI) 

P % m n 
Direct 
effect 

Indirect effect 
(±unst. 95% CI) 

P 
Total effect              
(±95% CI) 

P 
 

% m 

LV mass 941 0.30 0.10  (2.58, 7.74) <0.001 0.40  (0.24, 0.36) ** 24.8 1162 0.32 0.12 (4.25, 9.33) <0.001 0.44 (0.26, 0.38) ** 27.9 

RWT 941 0.03 0.02 (-0.003, 0.007) 0.42 0.05 (-0.05, 0.11) 0.10 41.7 1162 0.004 0.10 (0.006, 0.02) <0.001 0.10 (-0.07, 0.08) ** 96.2 

MFS 941 -0.01 -0.04 (-0.33, 0.06) 0.12 -0.05 (-0.09, 0.07) 0.10 80.2 1162 -0.02 -0.09(-0.76, -0.21) <0.001 -0.11 (-0.10, 0.05) ** 84.3 

E/A 923 -0.12 0.005 (-0.03, 0.04) 0.87 -0.11 (-0.20, -0.04) ** -4.1* 1122 -0.08 -0.05 (-0.10, 0.01) 0.08 -0.13 (-0.15, -0.001) ** 39.2 

LV mass = left ventricular mass; RWT = relative wall thickness; MFS = midwall fractional shortening; E/A = Mitral E/A ratio. %m = % mediated. * denotes that the biomarker attenuates the overall coefficient; ** = 
P≤0.001. 

 

Table 11f: Standardised direct, indirect and total effects for composite models of haemodynamic and biochemical mediators (excluding lean mass) 

Outcome 

Total fat mass (male) Total fat mass (female) 

n 
Direct 
effect 

Indirect effect 
(±unst. 95% CI) 

P 
Total effect                   
(±95% CI) 

P % m n 
Direct 
effect 

Indirect effect 
(±unst. 95% CI) 

P 
Total effect                   
(±95% CI) 

P 
 

% m 

LV mass 941 0.35 0.05 (1.18, 6.23) 0.04 0.40 (0.28, 0.42) ** 13.0 1162 0.39 0.05 (0.13, 5.05) 0.04 0.44 (0.33, 0.45) ** 10.7 

RWT 941 0.03 0.025 (-0.003, 0.007) 0.36 0.05 (-0.05, 0.11) 0.10 46.4 1162 0.008 0.09 (0.006, 0.02) <0.001 0.10 (-0.07, 0.08) ** 92.0 

MFS 941 -0.02 -0.036 (-0.30, 0.08) 0.20 -0.05 (-0.10, 0.06) 0.10 65.4 1162 -0.03 -0.08(-0.64, -0.12) 0.002 -0.11 (-0.11, 0.04) ** 69.7 

E/A 923 -0.11 0.003 (-0.03, 0.04) 0.93 -0.11 (-0.20, -0.03) ** -2.3* 1122 -0.07 -0.05 (-0.10, 0.01) 0.05 -0.12 (-0.15, 0.002) ** 42.2 

LV mass = left ventricular mass; RWT = relative wall thickness; MFS = midwall fractional shortening; E/A = Mitral E/A ratio. %m = % mediated. * denotes that the biomarker attenuates the overall coefficient; ** = 
P≤0.001. 
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Types of mediation 
 

Prior to discussing the results thoroughly, it is important to outline what will be called ‘inconsistent’ or 

‘negative’ mediation. Inconsistent mediation arises when the indirect effects are negative coefficients 

while the direct and total effects are positive, or when the direct and total effects are negative and the 

indirect effect is positive. With inconsistent mediation, the effect of fat mass mediated through the 

biomarker is attenuated or suppressed, causing a reduction in the overall total effect. Examples of 

inconsistent mediation can be seen in some of the associations between fat mass and RWT, MFS and 

E/A; two clear instances include insulin and HOMA-IR with regard to the association between fat mass 

and E/A in males (see Table 11d), where insulin and HOMA-IR both appear to suppress the total effects. 

Such effects have been denoted using asterisks in Tables 11a-f. 

When the direct, indirect and total effects for a particular association all have a positive or a negative 

coefficient, this could be described as indicating ‘true’ mediation. For example, MAP demonstrates a 

’true’ mediative effect with respect to the association between total fat mass and E/A, accounting for 

20.6% of the total effect (Table 11d). In these cases, there can be either partial mediation, where the 

mediator accounts for only a small proportion of the total effect, or full mediation, where the 

mediator(s) accounts for all of the total effect. These different scenarios are outlined below in Figure 43: 

 

 

Figure 43: Summary of different scenarios which arise during SEM analysis. X = exposure; Y = outcome; M = mediator. Figure 
adapted from https://data.library.virginia.edu/introduction-to-mediation-analysis/. 

https://data.library.virginia.edu/introduction-to-mediation-analysis/
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Interpretation of results 
 

As a general rule, if the 95% CIs for the estimates of the indirect and/or total effects included the null, 

the associations were interpreted as being less reliable. Associations were considered statistically 

insignificant when the p values for the total effects were >0.05. Those with p≤0.05 and comparatively 

tighter 95% CIs which did not transgress the null were considered to be more reliable. If the p value for 

the total effect (pt.e.) was <0.05 and the 95% CIs did not transgress the null, but the p value for the 

indirect effect (pi.e.) was >0.05 and the 95% CIs did transgress the null, I interpreted this to mean that 

there was not sufficient evidence of a robust association. For associations where pt.e. and pi.e. were 

≤0.05, the 95% CIs of both the indirect and total effects were examined. Where the 95% CIs of neither 

association transgressed the null, this was interpreted as a more robust and reliable association.  
 

Associations where mediation was <10% were not deemed to be of particular note, and associations 

where the biomarker attenuated or suppressed the size of the total effect, i.e. inconsistent mediation, 

are denoted with an asterisk.   

 

Individual models (Tables 11a-d)  
 

The results of the roles of MAP, PP, HR, insulin, HOMA-IR, HDL-C, total-C, triglyerides, CRP, GP-A and 

lean mass as individual mediators of the effect of fat mass on outcomes LV mass, RWT, MFS and E/A will 

now be discussed (see Tables 11a-d). Associations where the p values for both the indirect and total 

effects were significant (≤0.05) or borderline significant (≤0.08) are highlighted in grey.  

LV Structure: LV mass 

Males 
 

For the associations with LV mass, all pt.e.were <0.001. Of the associations that retained statistical 

significance as indicated by p values and 95% CI intervals, MAP (6.6%), PP (6.6%), CRP (7.6%; p≤0.03) and 

lean mass (17.7%; p=<0.001) partially mediated the association between total fat mass and LV mass in 

the males. While HR attenuated the total effect by -4.3%, (p=0.01), indicative of inconsistent mediation. 

P values for insulin, HOMA-IR, HDL-C, total-C, triglycerides and GP-A were statistically insignificant and 

these biomarkers also accounted for very little of the association between fat mass and LV mass, 

mediating 0.5, 0.3, 0.6, 3.5, 2.3 and 4.2%, respectively. The association with glucose was also statistically 

insignificant and attenuated the total effect by -1.8%. 

 



232 
 

Females 
 

The statistically significant results for the associations between fat mass and LV mass in the female 

group were modest and similar to those seen in the males. All pt.e were <0.001 but not all associations 

had significant pi.e. Lean mass (25.4%), MAP (6.3%), GP-A (5.3%), PP (3.8%) and plasma triglycerides 

(3.6%) also partially mediated the association and had pi.e and pt.e ≤0.05. The 95% CIs for the indirect 

effects for these did not transgress zero.  

As with the male subgroup, the association with HR was statistically significant and demonstrated 

inconsistent mediation, attenuating the total effect by -2.4% (p≤0.05). However, 95% CI for the indirect 

effect of HR crossed zero, calling into question its statistical significance. Glucose also had a suppressive 

effect of -1% but the pi.e. for this association was statistically insignificant, as was also the case for the 

indirect effects of insulin (1.4%), total-C (0.4%) and CRP (0.9%). HDL appeared to mediate nothing of the 

total effect.    

LV Structure: RWT 
 

For RWT, all pt.e  in the female group were statistically significant, yet for the male group pt.e  were 

statistically insignificant.  

Males 
 

All p values of the total effects of the associations between fat mass and RWT in the males were 

statistically insignificant. MAP (62.2%), HR (25.4%) insulin (24.4%) and HOMA-IR (25.9%) partially 

mediated considerable amounts of the association, however, the insignificant pt.e  nullifies the 

associations. All other biomarkers had modest mediative effects and glucose, HDL and lean mass 

attenuated the total effects but these associations also had insignificant pi.e and pt.e.  

Females 
 

By contrast, all pt.e were statistically significant for the female group (≤0.001) but only the associations 

with MAP, insulin, HOMA-IR and GP-A also had significant pi.e, mediating 44.1%, 27.1, 26.9% and 14.7%, 

respectively. CRP had pt.e.<0.001 and mediated 16.4% of the association but pi.e. was borderline 

significant (0.08). The 95% CIs for the indirect effects of MAP, HOMA-IR and insulin did not transgress 

zero, while those for CRP and GP-A did. Triglycerides, lean mass and HDL mediated 7.9% (pi.e.= 0.14), 

7.1% (pi.e.= 0.5) and 5.9% (pi.e.= 0.37), respectively. PP, HR, glucose and total-C mediated <5% and had 

insignificant pi.e..  
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Systolic function: MFS 

Males 
 

Most biomarkers had pt.e<0.05, with the exception of MAP, PP, HR and lean mass which had pt.e>0.05. 

No associations had significant p values for both total and indirect effects. The associations for MAP 

(p.i.e.=0.04; pt.e.= 0.09) and HDL-C (p.i.e.= 0.07; pt.e.= 0.03) had borderline significant p values. However, for 

MAP, the 95% CIs for the total effect transgressed zero rendering the association statistically 

insignificant. The 95% CIs for the total effect of HDL-C did not transgress zero, but did for the indirect 

effect. The associations for both biomarkers are not statistically significant, and all other biomarkers had 

insignificant pi.e., nullifying their contribution to the effect of fat mass on MFS. Nevertheless, it is 

interesting that PP (07.8%), HR (-25.2%), glucose (-7.4%) and GP-A (-10.5%) suppressed the total effect.  

Females 
 

All pt.e. were ≤0.001, but only the effects of MAP (34.2%) and lean mass (20.4%) also had p.i.e. ≤0.05. CRP 

had borderline statistical significance with p.i.e=0.06 and mediated 16%. The CIs for the indirect effects of 

MAP and lean mass did not transgress zero, while those for CRP did transgress zero. All other 

associations had insignificant p.i.e.as well as pt.e.. Interestingly, PP (-5%), glucose (-4.2%) and triglycerides 

(-3.1%) suppressed the total effect.   

Diastolic function: E/A 

Males 
 

All pt.e. were statistically significant. MAP (20.6%) and HR (25.2%) partially mediated large amounts of 

the association with significant p.i.e.and pt.e.. HDL-C also mediated a considerable amount (15.9%), 

although the association was borderline significant with p.i.e = 0.07. Upon closer assessment, only the 

95% CIs for the indirect effects of MAP and HR did not transgress zero.  

GP-A mediated 9% but p.i.e was 0.34 and all other mediative effects were suppressive, indicative of 

inconsistent mediation. PP suppressed the total effect (-9.1%) and the indirect effect was borderline 

significant (p.i.e.=0.06) but the 95% CI for the indirect effect transgressed zero. Glucose (-3.2%), insulin (-

9%), HOMA-IR (-14.4%), CRP (-11.9%) and lean mass (-8.5%) also attenuated the total effect but the p.i.e.. 

were high and the 95% CIs confirmed that there was not enough evidence to rely on these associations. 

Females 

As with the males, p.t.e. were ≤0.001. The associations with MAP (32.4%) and PP (-11.1%) remained 

statistically significant and the association for HR (12.46%) had a borderline significant p.i.e of 0.07. The 

95% CIs for the indirect effect of MAP did not transgress zero but did for HR. Other biomarkers such as 
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insulin and HOMA-IR mediated ~13% but had very high p values. This was also the case for HDL, GP-A, 

CRP, triglycerides, glucose and total-C which mediated less than 5% of the total association between fat 

mass and E/A. PP suppressed the total effect (-10%;  p.i.e and p.t.e ≤0.01) and the 95% CI for the indirect 

effect of PP not transgressing zero. Lean mass also suppressed the total effect (-8.9%) but the 

association was statistically insignificant.  

 

Composite models (Tables 11e-f) 
 

Collectively, the ten biomarkers mediated 24.8% of the association between fat mass and LV mass in the 

males and 27.9% of the association in the female subgroup (pi.e and pt.e<0.001 in all cases; 95% CI>0).  

For RWT in the males, it appeared as though the biomarkers mediated 41.7% of the association but both 

pi.e and pt.e were insignificant (0.42 and 0.10, respectively). In females, the biomarkers accounted for 

nearly all of the association (96.2%) and statistical significance was retained for both pi.e and pt.e (p 

≤0.001).   

For the association between fat mass and MFS in males, the ten mediators appeared to account for 

80.2% of the total effects, but the p values for both indirect and total effects were insignificant (pi.e= 

0.10; pt.e = 0.12). In females, 84.3% of the association was accounted for by the biomarkers and the 

association was statistically significant (pi.e and pt.e <0.001). 

Lastly, for the association between fat mass and Mitral E/A ratio, the ten mediators demonstrated 

inconsistent mediation and had a suppressive effect on the overall coefficient of -4.1% in males 

(p.i.e=0.005; p.t.e=0.001). In females, the association was positive and the biomarkers mediated 39.2% of 

the total effect, although the p.i.e=0.08. The 95% CIs were found to transgress zero, rendering the 

association statistically insignificant and unreliable.   

Discussion 
 

The results indicate that in this cohort of adolescents, increased adiposity is associated with altered LV 

structure and function. The extent of the direct effect of adiposity on the LV and the amount of the total 

effect which is mediated by the biomarkers, varies by sex and by echocardiographic outcome.  

LV Mass 
 

Increased fat mass was associated with increased LV mass in both sexes, in agreement with previous 

literature.1,23,76 The majority of the biomarkers individually accounted for only a modest part of the total 
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effect of fat in both males and females and most of the association between fat mass and LV mass 

appears to be a direct effect (i.e. little is mediated individually by the biomarkers). Of the associations 

that retained statistical significance, most biomarkers individually mediated <10% of total effect.  

MAP mediated little of the association between fat mass and LV mass in each sex, contrary to what 

might have been expected. However, while many papers have indicated an association between BP and 

LV mass,77-81 fewer have intentionally implied or stated that BP mediates the association between 

adiposity and LV mass. Various studies in adults have investigated the independent effect of obesity and 

blood pressure on LV mass, with mixed results.  

A study of adults aged 43-55 years found that abdominal obesity and hypertension each have 

independent effects on both indexed LV mass (LVMI) and LV wall thickness,41 but it was not established 

that the relationships between BMI, MAP and LV mass were causal, or whether the association between 

BMI and LV mass were mediated by MAP. There seems to be less of a consensus as to the relationship in 

younger cohorts. One study of adolescents found that birth weight, PP and weight were independently 

associated with LV mass.43 However, Daniels et al. studied associations between body composition, BP 

and sexual maturation and LV mass in a cohort of children and adolescents and commented that, “fat 

mass and systolic BP have only a small impact on left ventricular mass... [they] would be expected to be 

of only minor clinical importance in determining left ventricular mass in normal children and 

adolescents”.18 Given that increasing age and the presence of disease are associated with greater LV 

mass,82-84 it may be that BP mediates more of the association between adiposity and LV mass in 

participants older than those in the present cohort, although this is difficult to establish due to the 

paucity of studies of these relationships in younger cohorts. The results of my analysis suggest that most 

of the effect of fat mass on LV mass is a direct effect.  

Meanwhile, other adult studies report that the relationship between obesity and BP may be additive or 

synergistic, particularly in more adipose subjects, as discussed in the introduction.36,44,45,85 Interestingly, 

a study of a general population of 3287 adults in Norway (age range 25-85 years) observed a strong 

synergistic association between BMI, SBP and LVH in males, but not in females.86 Other studies have 

found an interaction between adiposity and BP which was particularly pronounced in obese subjects, 

and suggested that this interaction might be mediated by leptin.44,45 In my analyses, I tested for an effect 

modification by MAP and PP of the association between fat mass and LV mass was in each sex, but there 

was no evidence that either modified the association. However, after running a sensitivity analysis to 

check whether fat mass mediates the association between MAP and LV mass, I discovered that fat 
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accounts for 47.3% of the association between MAP and LV mass in the males and 53.6% of the 

association in the females. I also found that fat mediates 27.0% of the association between PP and LV 

mass in males, and 31.67% of the association in females. When checking for an interaction, there was no 

evidence that fat mass modified the association between MAP and LV mass, in either sex (p values 

>0.50).  This suggests that the association between fat and LV mass is direct, but the association 

between BP and LV mass is mediated to some extent by fat mass.  

On its own, lean mass accounted for a reasonable amount of the association between fat mass and LV 

mass (17.7% males; 25.4% females). Collectively, the biomarkers accounted for 25-28% of the 

association between fat and LV mass, much of which is attributable to lean mass. When lean mass was 

removed from the model, the total amount of mediation fell to 13% in the males and to 10.7% in the 

females. However, much of the association between fat and LV mass remains unexplained and is not 

accounted for by lean mass or the other biomarkers. At first glance this appears to contradict the finding 

by Bella et al. that LV mass is more strongly associated with lean mass than fat mass at this age,87 but 

the fact that lean mass does not account for most of the association between fat and LV mass does not 

mean that lean mass cannot have a strong direct effect on the LV by itself. In fact, my results in Chapter 

4 highlight that a stronger association exists between lean mass and LV mass than between fat mass and 

LV mass, in both sexes (albeit to a lesser extent in females, who also have a greater percentage of body 

fat). The associations of fat and lean mass with LV mass are also known to change over time; with 

increasing age, measures of body composition change and height and body surface area are less able to 

explain LV mass.88,89  

A couple of other associations worth discussing briefly are CRP in the males (7.6%) and GP-A in the 

females (5.3%). Although still small, these associations do suggest that inflammation plays a minor part 

in the pathway between adiposity and LV hypertrophy, consistent with previous literature which has 

observed an association between CRP and elevated LV mass,61 and between GP-A and increased risk of 

CVD.90 Due to the low-grade inflammatory state associated with obesity, inflammation may play a 

greater mediative role in more adipose individuals and, as with MAP, it may be that with increasing age, 

humoral factors account for more of the association between adiposity and LV mass.  

Alternative mediators of the association between adiposity and LV mass 
 

It has also been suggested previously that total load and contractility might be better predictors of LV 

mass than BP.79 De Simone et al. (2001) stated that ‘LV growth depends on haemodynamic load 
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influenced by genetic and environmental factors’,27 signposting to the interplay between one’s genotype 

and environment, an association which will be considered further in Chapter 7.  

While there appears to be a distinct ‘cardiomyopathy of obesity’,91 it remains unclear what is at the root 

of the effect of fat mass on LV mass. As discussed, many studies maintain that LVH is mediated by BP-

independent pathways,41,43,92-94 yet reports of associations between adiposity and LV structure and 

function are inconsistent across different cohorts and ages. Frohlich suggested that alongside obesity 

and coexisting diseases, multiple humoral factors, aging and race contribute largely to LVH.26 It is 

interesting then, that the plama-based biomarkers in the present analysis mediated comparatively little 

of the association between fat mass and LV mass, and this suggests that other factors and mechanisms 

must be at play at this age. A previous study identified insulin resistance as a key mediator of the 

association between fat and LV mass,54 yet in the present analysis insulin and HOMA-IR accounted for 

little of the total effect, and the associations were statistically insignificant. However, the authors 

suggested that hypertension may be a mechanism by which insulin affects LV mass, and since the cohort 

under study consisted of normotensive, obese adults,54 the findings may not translate into our research 

context.  

It has been stated that ‘the most important mechanisms in the development of obesity cardiomyopathy 

are metabolic disturbances (insulin resistance, increased free fatty acid levels, and also increased levels 

of adipokines), activation of the renin–angiotensin–aldosterone and sympathetic nervous systems, 

myocardial remodelling, and small-vessel disease (both microangiopathy and endothelial dysfunction).’91 

The presence of cardiac fibrosis is also closely associated with adiposity and metabolic dysfunction, and 

numerous molecular signals are likely to be involved in the regulation of the fibrotic response.94 

However, robust studies which examine the mechanisms involved with fibrotic cardiac remodelling are 

lacking and their impact on cardiac function and disease are poorly understood.94  

In our cohort of comparatively healthy adolescents, it is unlikely that cardiac fibrosis and metabolic 

disturbances have taken root in most individuals, although some mechanisms may account for some LV 

hypertrophy. Preload may mediate some of the association, but due to the problems I encountered with 

‘feedback’ (discussed further in the limitations section), it was difficult to determine how much of the 

association it might account for.  
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RWT 
 

An association between fat and increased RWT is also present in the results. This is consistent with other 

previous studies which found an association between increased adiposity and increased RWT in 

children, adolescents and adults1,39,95,96although this has not been observed universally.23,51 

In our results none of the associations for the individual mediators were statistically significant in the 

males and collectively the biomarkers accounted for 41.7% of the association between fat and RWT but 

the association was statistically insignificant. Therefore, the evidence in the males was not strong 

enough to rely upon. By contrast, several of the associations in the females retained statistical 

significance, including the composite model, which accounted for nearly all of the association between 

fat mass and RWT (96.2%) This suggests that the direct effect of fat mass on RWT is small and that most 

of the pathway between adiposity and RWT can be accounted for by these factors.  

MAP mediated little of the association between fat mass and LV mass, yet it accounts for the largest 

proportion of the association between fat mass and RWT (44.1%), suggesting that much of the effect of 

BP on RWT might be independent of LV mass in this cohort. Interestingly, MAP attenuated the 

association between fat mass and LVIDd (albeit to a small degree of 0.3% and 4.2% in the males and 

females, respectively; see Table A5d, Appendix 5), but it accounted for more of the association between 

fat mass and concentricity (13.2% in the males and 13.5% in the females; see Table A5c, Appendix 5). 

Upon further examination, LV mass was found to mediate 22% of the association between MAP and 

RWT in the males (pi.e. and pt.e.≤0.001) and 32% of the association in females (pi.e. and pt.e.≤0.001). This 

indicates that some of the association of fat on RWT which is mediated by MAP is accounted for by LV 

mass, but most independent of LV mass.  

Although most the association between fat and RWT which was accounted for by MAP was independent 

of LV mass, elevated LV mass is known to be associated with alterations to LV geometry23 and it seemed 

possible that some of the association between fat and RWT might be mediated directly by LV mass. 

Additional analyses confirmed that LV mass mediated 69.5% of the association between fat and RWT in 

the males and for all of the association in the females (all p values ≤0.05), while RWT mediated very little 

(<5%) of the association between fat and LV mass. This indicated that there is little feedback between 

RWT and LV mass and shows that in the females of our cohort, LV mass is a strong mediator of the 

association between fat and RWT.   
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When raised RWT is accompanied by elevated LV mass it is indicative of the presence of concentric 

hypertrophy (CH) (elevated LV mass and RWT>042), which poses a greater cardiovascular risk than 

eccentric hypertrophy or concentric remodelling (CR) (normative LV mass and RWT>0.42).97 High RWT 

and abnormal cardiac geometry have been observed in several studies of children and adolescents with 

severe obesity or chronic hypertension, in whom CR and CH were common patterns.1,39,98 Furthermore, 

a small study which compared normal weight and obese African-American adolescents (mean age 

13.8±0.2 years, n=343) found that obesity and DBP were predictors of CR, while SBP and DBP were 

prime mediators of the association between adiposity and CH.1 However, the obese adolescents were 

considerably more adipose than ours (mean BMI = 36.5±0.5 kg/m2).  

Insulin (27.1%) and HOMA-IR (26.9%) mediated comparatively large amounts of the association between 

fat mass and RWT, and at similar levels, as would be expected. This is consistent with other studies 

which report associations between adiposity, insulin resistance and RWT. In a cross–sectional study 

study of African-American adolescents with high BP and obesity (age range 13–18 years, 47% female) 

RWT was associated with HOMA.99 Similarly in another cohort of adolescents (age range 10-19 years), it 

was observed that insulin-resistant, overweight participants had greater RWT than their leaner 

counterparts.100 A further study of obese adolescents (age range 10-19 years) found that participants 

with type 2 diabetes mellitus (T2DM) had much greater RWT than participants without T2DM, which 

suggested a trend towards concentric remodelling.101 The main limitation of these studies is the 

comparatively small cohorts; while the first analysed data from 280 participants,99 the second had data 

from 104 participants100 and the third from only 35.99 Another small study of children (n=62) aged 

between 7 and 13 suggested that the relationship between adiposity and LV mas might be due to higher 

insulin concentrations observed in more adipose children.96 

Interestingly in the composite model of the association between fat and RWT, lean mass had only a 

minor role, in both sexes. In the males, the removal of lean mass from the composite model actually 

increased the total mediation by 4.7%, indicating that lean mass has a mild attenuating effect in males, 

although the association was statistically insignificant. Meanwhile in the females, the removal of lean 

mass reduced the total mediation by only 4.2%. 

MFS 
 

The results show that increasing fat mass is associated with a decrease in MFS, consistent with other 

papers which report associations between obesity and reduced systolic function, including reduced 

myocardial function and contractility, in both adolescence and adulthood.23,47,50,76,96,102 Gutin et al. (1998) 
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found that percentage fat was correlated with greater RWT and lower MFS in children aged 7-13 years96 

and Chinali et al. (2006) reported mildly lower measures for ejection fraction, MFS and contractility in 

obese adolescents compared with leaner adolescents.23 Mangner et al. (2014) also found that 

circumferential strain, longitudinal strain and peak tissue Doppler S’ were lower in obese adolescents 

than in non-obese adolescents.76 In addition, a longer duration of morbid obesity is associated with 

worsened systolic function.50 

In the males, nearly all associations were statistically insignificant and, therefore, unreliable for MFS. An 

exception was HDL, which mediated nearly 16% of the association between fat mass and MFS in the 

males. A similar association between HDL and MFS has been observed in asymptomatic, unmedicated 

normotensive (n=366) and hypertensive (n=282) adults in a New York-based population; lower midwall 

shortening was associated independently with raised HR and TPR, low HDL-C and male gender.103 In the 

males, the composite model mediated 80.2% when lean mass was included (65.4% without lean mass in 

the model), yet the association was again statistically insignificant and thus unreliable.  

For the females, although only the associations where MAP, CRP and lean mass were mediators were 

statistically significant, the association for the composite model was statistically significant and 84.3% of 

the association was accounted for (69.7% without lean mass in the model). In contrast with the males, 

HDL mediated a very minor proportion of the association in the females (4.6%; this association was also 

statistically insignificant). Elevated LV mass is associated with alterations to LV geometry and worsened 

systolic and diastolic function,23 suggesting that LV mass and RWT are upstream of MFS. I undertook 

further analyses to see whether LV mass and RWT account for any of the association with MFS. The 

results showed that LV mass mediated 53.97% of the effect of fat on MFS in the females (total effect β=-

0.10; p values ≤0.001). In males, the direct effect of fat on MFS was considerably attenuated by LV mass 

(the direct effect of 0.014 was reduced to the total effect of -0.053), but as with most of the associations 

with MFS in the males, the p values were high and the association was unreliable.  

Despite the statistical insignificance of the males’ results, the findings appear to be consistent with other 

reports that MFS is reduced in subjects with LV hypertrophy104 and those with both raised LV mass and 

lower MFS have been shown to be at greater risk of cardiac disease.105 Circumferential fibre shortening 

has also been shown to be reduced in hypertensive patients with LV hypertrophy and dilatation.106 I 

found that MAP individually accounts for 44.6% of the association between fat mass and MFS in the 

females of our cohort and further analyses showed that together, LV mass and MAP mediated 86% of 

the effect of fat on MFS in the females.  
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RWT is also an independent predictor of LV systolic and diastolic dysfunction in primary hypertension.107 

My additional analyses also showed that in our cohort, RWT mediated 53% of the association between 

fat and MFS in the females (p≤0.001). RWT mediated 51% of the association between fat and MFS in the 

males, but the p values were again high (pi.e=0.11; pt.e=0.08). Increased LV wall stress and dilatation are 

responses to chronically elevated pressure,11 and consequently most studies in humans have 

investigated fractional shortening in patients with hypertension and/or pressure-overload 

hypertrophy.48,49,104-106 Further analyses of our cohort revealed that together, MAP and RWT mediated 

71% of the association between fat and MFS in the females (p≤0.001).  

CRP mediated 16.2% of the association between fat and MFS in the females in a borderline significant 

association (pi.e=0.06). It is interesting that this association was only present in females, but it could be 

due in part to the fact that females carry a greater percentage of body fat. Interestingly, this gender 

difference has been observed elsewhere; elevated CRP was associated with greater LA diameter, RWT 

and poorer midwall mechanics in females from a study of 1071 middle-aged subjects in Taipei.102 Other 

evidence has also suggested that resistin, another inflammatory adipokine, might be associated with 

reduced systolic function, including worsened MFS, alongside LVH.108 When CRP was included as a 

mediator alongside MAP and RWT in the female model, the total mediation increased from 71% to 806% 

(p values≤0.001).  

Lean mass accounted for a large amount of the association between fat and MFS in the females (20.4%). 

This is consistent with the finding elsewhere (also discussed in chapter 4) that lean mass strongly 

influences LV structure and function.18,87 However, relevant literature on the association between lean 

mass and MFS is scarce so it is difficult to contextualise the relationship which lean mass has with MFS. 

Gutin et al. (1998) investigated age-adjusted partial correlations between measures of body composition 

and measures of LV structure and function in children aged between 7 and 13, and found that both lean 

mass and fat mass are associated with reduced MFS, although it did not appear as though the analyses 

were adjusted for other risk factors.96 Little else appears to have been researched in children and 

adolescents.  

In the ALSPAC participants at age 17, all of the effect of fat mass on MFS can be accounted for by lean 

mass, MAP, CRP and LV mass. Direct measurement of mediation of the association between fat mass 

and MFS has not been considered in the literature and as my findings appear to be novel, it is difficult to 

contextualise them. One study of adults from Taipei showed that adjustment for age, gender, BMI, BP 

and estimated glomerular filtration rate attenuated the association between body fat composition and 



242 
 

worsened MFS, but the association remained and it is debatable as to whether it was appropriate to 

adjust for the model.102 Other studies which consider the association between adiposity and MFS also 

fail to adjust appropriately for relevant confounders and most do not stratify by sex.  

In the absence of any convincing literature, I present here a novel finding that most of the association 

between total fat mass and MFS is not direct, but accounted for by MAP, CRP and lean mass in females. 

Most of the association in males also appears to be accounted for, but these results are unreliable due 

to the wide confidence intervals. In order to establish more about what mediates the association 

between adiposity and MFS, and to permit a more thorough comparison of my findings with others, 

more research needs be undertaken.  

E/A 
 

Fat mass was associated with a reduction in E/A in both sexes, as shown in Chapter 4 and in agreement 

with the literature, which has shown that increased adiposity is associated with reduced E/A in 

childhood, adolescence and adulthood.23,50,76,93,100,110-112 The results for the composite models were quite 

different in each sex; for the males, total mediation was -4.3% when lean mass was included in the 

model (-2.33% without lean mass), while for the females, total mediation was 39.2% when lean mass 

was included in the model (42.2% without lean mass).  

E/A is known to be load-dependent75 and my results appear to support this, given the fact that MAP 

mediated a considerable amount of the association with E/A, in both sexes (20.6% and 32.4% for males 

and females, respectively). Interestingly, PP attenuated the total effect in both sexes (-10.05% and -

11.1% for males and females, respectively). These findings appear to support the theory that with 

increased adiposity, there is a consequent rise in BP which may lead to corresponding structural and 

functional adaptations within the LV. Arterial hypertension is known to be associated with a range of LV 

geometric adaptations113 and children and adolescents with hypertension tend to develop LVH, which 

can lead to LV diastolic dysfunction.109  

In the longer term, elevated LV mass and thickened ventricular walls are associated with poorer diastolic 

function46 and obesity, hypertension and concentric hypertrophy were found to be independent 

predictors of diastolic dysfunction in a study of obese African-American youths.1 Duration of obesity also 

has strong implications for cardiac structure and function. Being obese for a longer time is associated 

with greater LV mass, poorer LV systolic function and worsened LV diastolic filling, and weight loss has 

been shown to ameliorate these measures due to improving the LV loading conditions.50  
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HR mediated a considerable amount of the association with E/A (25.2% in males, 12.5% in females). As 

HR is an indicator of how frequently the heart is pumping per minute, and E/A is dependent on the flow 

of blood across the mitral valve, this association seems intuitive. While good diastolic function is 

associated with good autonomic function, resting diastolic dysfunction has been associated with cardiac 

autonomic abnormalities and abnormal HR recovery.114,115 

As with the association with MFS in the males, HDL appeared to mediate a certain amount of the 

association between fat mass and E/A in the males (15.9%; pi.e.=0.07). Two studies have previously 

found an association between low HDL-C and worsened E/A and E/e’ in Chinese116 and Japanese58 men 

and women, independent of risk factors including age, SBP, HR and RWT, but in both studies, the 

participants had essential hypertension. It does not appear as though this association has been observed 

previously in European adolescents.  

Furthermore, it is interesting how much HOMA-IR and CRP attenuated the total effects for E/A, 

particularly in the males, although the statistical insignificance of the indirect effects renders this 

association unreliable in both sexes. It has been reported elsewhere that diastolic function (measured by 

E/e’) is moderately reduced in overweight adolescents, particularly in those with insulin resistance,100 

yet by contrast in my results, HOMA-IR appears to reduce the extent to which fat mass reduces E/A. The 

same paper also found that CRP was a positive predictor of filling pressure (E/e’) and a negative 

determinant of myocardial relaxation velocity (e’), after adjustment for BMI.100  

Based on the original composite model, most of the association between fat and E/A is not accounted 

for by the biomarkers and remains a direct effect. Given that adiposity is associated with worsened 

measures of cardiac structure and function1,23,47,50,117 it is possible that the association between fat and 

E/A is mediated by LV mass, RWT, MFS or even arterial stiffness, as these have been included as 

confounders in some multivariable regression studies.58,116 Depressed MFS has also been shown to 

predict LV diastolic abnormalities (albeit in hypertensive patients with otherwise normal LV systolic 

outcomes)49 and it is also possible that atrial dilatation might mediate the association between adiposity 

and E/A, given that it often accompanies diastolic dysfunction in people with morbid obesity.118 

I undertook further analyses and found that in the males, LV mass and LA_AV attenuated the association 

between fat mass and E/A by 24% and 31.9%, respectively (p values ≤0.018). RWT behaved as a partial 

mediator but it only accounted for 1.85% of the association in the males and pi.e. was 0.36. Similarly, MFS 

mediated the association by 5.6% but pi.e. was 0.17. Arterial stiffness (as measured by carotid-to-femoral 



244 
 

pulse wave velocity (PWV)) attenuated the total effect by 0.1% and the association was statistically 

insignificant (pi.e=0.97). In the females, LV mass and LA_AV attenuated the association between fat and 

E/A by 20.4% and 28%, respectively (p values≤0.037). RWT partially mediated the association by 10.9% 

(p values ≤0.007), the same amount by which E/A mediated the association between fat and MFS. MFS 

attenuated the association between fat and E/A by 9.4% (p values≤0.012). PWV also attenuated the 

association by a small amount (6.6%) but as with the males, pi.e. was high (0.20).  

Removing biomarkers with attenuating effects from the composite models and retaining those with 

statistically significant effects (i.e. MAP, HR, HDL retained in the male model; MAP and HR retained in 

the female model) had interesting results, particularly in the males. 44.8% of the association was 

mediated in the males, much more than the amount in the original composite model (-2.3%), and 37.4% 

was mediated in the females, less than the amount mediated in the original composite model (of 

42.2%). Surprisingly, adding in the echo variables LV mass, RWT and MFS to these more basic composite 

models did not result in an increase in the amount of the association mediated, in either sex, leaving 

much of the association unaccounted for.  

These findings indicate that either most of the effect of fat mass on E/A is direct, or that different 

biomarkers account for the rest of the association. Some believe that myocardial energetics and 

steatosis contribute more to LV diastolic function than concentric hypertrophy and propose that it is 

worthwhile to target metabolic processes in the treatment of diastolic dysfunction in people with 

obesity.119 It has also been suggested that visceral adiposity contributes to diastolic dysfunction not 

through adipokines, but through a metabolic pathway involving ectopic fat accumulation and blood 

lipids.120 A close association also exists between epicardial fat thickness, atrial enlargement and diastolic 

dysfunction,118 and due to the proximity of epicardial fat to the adjacent myocardium, it is thought that 

there may be interaction between the tissues.121 However, given that the participants in the present 

cohort are comparatively lean with little visceral fat, on average, and a low likelihood of having much 

ectopic and/or epicardial fat, it is difficult to know how much these mechanisms might contribute to 

diastolic dysfunction at this age. 

Inclusion of lean mass in composite models 
 

During analyses, the question arose of whether height and lean mass ought to be included in the same 

model (see Table 11f for results for composite models without lean mass in the model), or whether 

height accounts for the effect of lean mass.  
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Initially, the question of whether to adjust for lean mass was thought to be a major issue only for the 

models where LV mass was the outcome, since this was the only outcome variable for which scaling to 

height was believed to be important. It was hypothesised that height might account for the effect of 

lean mass, since the two are highly correlated (r=0.60 for males and females separately; r2 (and adjusted 

r2 value) = 0.36 for males and females separately, implying that 36% of the variation in lean mass is due 

to variation in height). When height2 was present in the model as a covariate and lean mass was 

retained as a mediator, total mediation was 24.8% and 27.9% for the association between total fat mass 

and LV mass in males and females, respectively. In theory, if height accounted for the effect of lean 

mass, removing lean mass from the composite LV mass model shouldn’t have affected the total amount 

of mediation. However, removing lean mass resulted in a reduction of the total mediation to 13.0% in 

the males and 10.7% in the females (see Table 11f), meaning that height2 did not account entirely for 

the role of lean mass. When lean mass was removed as a mediator and replaced height2 as a covariate, 

the percentage mediation changed to 9.3% in the males and to 3.3% in the females. These differences 

suggest that it is important for both height and lean mass to be kept in the models where the outcome 

variables are affected by body size. 

Although the removal of lean mass from the composite models for the outcome variables which were 

not believed to be influenced by height (RWT, MFS and E/A) did not have quite such drastic effects as for 

LV mass (in terms of influencing the overall coefficients and percentage mediation), there were still 

some considerable changes. There were some interesting gender differences in the amount of the 

associations lean mass mediated, perhaps due to sexual dimorphism in total lean mass, and sometimes 

the associations were opposite in each sex. For example, consistent with the findings of Gutin et 

al.(1998),96 lean mass mildly attenuated the total effect for RWT in the males (demonstrating 

inconsistent or ‘negative’ mediation), so the removal of lean mass from the male composite model 

resulted in an increase in the overall mediation increased from 41.7% to 46.4% (although pt.e. remained 

insignificant at 0.10). Lean mass appeared to work in an opposite way in the females and partially 

mediated the effect of fat mass on RWT (7.1%) Therefore, the removal of lean mass from the female 

composite model resulted in a reduction of the total mediation from 96.2% to 92.0% (the association 

remained statistically significant; pi.e<0.001; pt.e= 0.001).  

Lean mass partially mediated the association between fat and MFS in both sexes, its removal from the 

composite models, resulted in a decrease in the overall mediation in both genders, from 80.2% to 65.4% 

in the males (pt.e. remained insignificant at 0.10) and from 84.3% to 69.7% in the females (p<0.001 for pi.e 
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and pt.e). Lastly, as lean mass attenuated the association between fat and E/A, removing it from the 

composite models reduced the overall attenuation of the total effect in both males and females. In the 

males, the overall mediation changed from -4.3% to -2.3% (pt.e<0.001; pi.e ≥0.87), while in females the 

mediation increased marginally from 39.2% to 42.2% (pi.e = 0.05; pt.e<0.001.  

With all these effects taken into consideration, it appears to be better practice to retain lean mass in the 

composite models, although keeping both height and lean mass in the models which are scalable to 

height (e.g. LV mass) may result in an overadjustment for body size. Lastly, lean mass is known to be a 

strong predictor of LV mass and volumes29,122 and the findings of Chapter 4 suggest that the effects of 

lean mass ought to be accounted for when looking at relationships between adiposity and cardiac 

outcomes. However, as discussed previously, it is difficult to disentangle the effects of fat mass and lean 

mass from each other.123  

  

Sex differences  
 

As discussed, there are a number of sex differences in the associations. The differences in the 

associations which remained statistically significant suggest that some biomarkers may execute their 

functions slightly differently in each sex, or that LV structural, systolic and diastolic outcomes might 

show different sensitivities to the effects of these biomarkers in each sex. 

It is interesting that collectively, most or all of the effect of fat on RWT and MFS in the females was 

accounted for, yet in the males, although the mediators tend to explain a large amount of the 

associations, the indirect and/or total effects remained insignificant. In the case of the associations 

between fat mass and RWT in the males, the total effects are consistently insignificant, so even in the 

case of HR where the indirect effect is significant, the mediation by HR is not important due to the 

insignificance of the total effect. In the case of the associations with RWT in the males, only some of the 

total effects are insignificant while most of the indirect effects are insignificant, again highlighting that 

none of these associations can be relied upon, despite some mediators seemingly accounting for 

comparatively large amounts of the association.  

It is curious, however, that when fat mass was regressed on RWT and MFS, statistical significance was 

retained in both sexes, so the reasons for the insignificance of the total effects in the males remain 

unclear. It is possible that some of the associations in the males are underpowered, although this clearly 

isn’t the case for associations between fat and LV mass, where  the collective mediation by the 

biomarkers is similar between each sex (24.8% (males); 27.9% (females)). As power is similar within each 
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sex across each outcome, this might suggest that the males are not underpowered and that the 

statistical insignificance of the male composite models for RWT and MFS could be due to a real 

difference from the females, with the unreliability of the indirect and total effects perhaps rendering 

these associations unimportant.  

In the case of the association with LV mass in the females, the biomarkers collectively mediate only 

slightly more of the association than in the males, perhaps due to the smaller attenuation by HR and a 

greater amount of mediation by lean mass. The greater amount of mediation by lean mass in the 

females is interesting, since females tend to have a smaller percentage of lean mass in their bodies than 

males. This may suggest that the effect of lean mass on LV mass is more potent in females than in males, 

due to their having proportionally less lean mass.  

The same is true for the composite mediation of E/A being statistically significant only in the males. At 

first glance, this association is very small and not worth much consideration (-4.3%). MAP mediates 

much more of the association between fat mass and E/A in the females than in the males, and HR 

mediates much more of the association in the males than in the females. Many of the other biomarkers 

also have opposite effects in the males to those seen in the females, despite being statistically 

insignificant. For example, whereas glucose, insulin, HOMA-IR and CRP attenuate the total coefficients in 

the males, they demonstrate true, partial mediation in the females. Thus, the removal of the biomarkers 

which attenuate the association between fat and E/A from the male composite model results in a large 

increase in the amount of mediation, up to 44.8%, as discussed previously. HDL also appears to behave 

differently in the association with MFS in the males, from that seen in the females, as discussed 

previously. 

As individual biomarkers, MAP, insulin, HOMA-IR, CRP and GP-A each mediated a large amount of the 

total effect of fat on RWT in the females, as further demonstrated in the composite model, and MAP 

and lean mass accounted for most of the association between fat mass and MFS. In the females, LV 

mass appeared to mediate all of the effect of fat on RWT, and all of the effect of fat on MFS was 

accounted for by MAP, CRP, lean mass and LV mass. However, statistical insignificance in the 

associations between fat and RWT and MFS in the males meant that the same conclusions could not be 

drawn.  

It was believed a priori that sex might affect associations between fat mass and the outcomes 

differently. LV morphology is known to be affected by body mass, composition and LV anatomy, blood 
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viscosity and volume regulatory hormone levels all differ by gender.124-126The concentration and efficacy 

of other hormones, particularly adipokines are also known to differ between each gender and impact 

anthropometry,127 which may be responsible for some of the differences we observe in mediation 

between each gender. The role of resistin was also alluded to when discussing the results for MFS. 

However, the reasons behind the sex differences we observe remain unclear. It is not obvious why some 

sex differences for some associations are so striking, while for other outcomes the associations in each 

sex are virtually identical.   

Limitations 
 

While SEM is a very useful tool for investigating mediation, these analyses have numerous limitations. 

One fundamental limitation is that there are certainly other confounders and covariates at play which 

affect the main causal pathways between fat mass and the CV measures which have not been 

acknowledged in our models. Although it was deemed that all the variables which have been included in 

our model were relevant, and that there is good literary evidence for the causal associations we have 

assumed in the models in these analyses, it is likely that there are associations between different 

variables which have not been considered. It is possible that unseen colliders exist in our model which 

may bias the results which have been obtained.  

There are also limitations to the confounders and mediators which we have been included in the 

models, an obvious one being the fact that data for physical activity was only available for age 15 (when 

all other measurements were taken from participants at age 17).  It could also be argued that the roles 

of SBP and/or DBP ought to have been investigated as mediators, however MAP and PP provide more 

mechanistic information and, after undertaking further sensitivity analyses, mediation by MAP was 

much greater than by SBP. In addition, based on the findings of the previous chapter, it may be that 

adjusting to height2 was inappropriate and that using sex-specific exponents of height is more 

appropriate.  

Another important limitation is that observational mediation is weakened considerably by measurement 

error.128,129 If there is measurement error present in any or all of the mediator variables, it is likely to 

result in an underestimation of the effect of the mediators, accompanied by an overestimation of the 

effect of the exposure on the outcome when the coefficients are positive.130 Since successful mediators 

are caused by the exposure and cause the outcome, mediators which are measured with error are 

particularly susceptible to this so-called overestimation bias, which may result in successful mediators 

being overlooked.129 With sample sizes larger than ALSPAC, it would be possible to interrogate 
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mediation through use of genetic data with a Mendelian randomisation approach, but this approach 

could not be applied here. 

There is also the issue of whether ‘feedback’ exists in any associations. SEM assumes that there is no 

feedback; that is, that the outcome, Y, does not have a causal path back to the mediator, which may not 

always be the case.129 For example, there is evidence that increased LV mass, gives rise to increased 

BP,131 and subsequent increases in BP can also precede structural and functional changes to the LV, 

including elevated LV mass, which then cause further rises in BP.85,113,132 In this cohort, the majority of 

study participants had healthy cardiac function and did not have LV hypertrophy, which might have 

caused an increase in BP. Nevertheless, these associations could compromise our findings.  

I tested whether feedback existed by performing several sensitivity analyses. The coefficients derived 

from regressing LV mass (Y) on MAP (M) (path b) were much higher than from regressing MAP (M) on LV 

mass (Y), suggesting that the effect of LV mass in raising MAP is small. However, this was not the case 

for RWT and the coefficient derived by regressing MAP (M) on RWT (Y) was much higher than the 

coefficient derived when RWT (Y) was regressed on MAP (M), suggestive of the existence of feedback in 

this case. This was also true when I considered whether to include LA_AV and EDV as measures of 

preload in the composite models, as discussed briefly in the methods section. It became clear that it was 

inappropriate to use these variables as biomarkers due to their close associations with LV mass and so 

they were not included in the models. When I undertook further analyses to consider the roles of the LV 

outcomes as mediators, it also became clear that some outcomes mediated each other, which affects 

the interpretation of some of the results. Therefore, despite being evidence-based, our assumptions and 

results are certainly limited in how much of the effect of fat mass on the cardiovascular outcomes they 

can truly explain. 

Conclusions  
 

When investigated individually, many biomarkers account for only small amounts of the effects of fat 

mass on the cardiovascular outcomes. Some key biomarkers mediated much larger amounts (>10%) of 

the total effect and retained statistical significance (or close to it), including lean mass in the association 

between fat mass and LV mass (17.7% males; 25.4% females); MAP (44.1%), insulin (27.1%), HOMA-IR 

(26.9%), CRP (16.4%; pi.e.= 0.08) and GP-A (14.7%) in associations between fat mass and RWT in the 

females; HDL (15.9%; pi.e.= 0.07) in the association between fat and MFS in the males, and MAP (44.6%), 

CRP (16.4%; pi.e.= 0.06) and lean mass (20.4%) in associations between fat and MFS in the females; MAP 

(20.6%), PP (-10.05%; pi.e.= 0.06), HR (25.2%) and HDL (15.9%; pi.e.= 0.07) in the association between fat 
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and E/A in the males, and MAP (32.4%) and PP (-11.1% pi.e.= 0.07) in the association between fat and E/A 

in the females. Associations when glucose, insulin, HOMA-IR, cholesterol, triglycerides and GP-A were 

mediators often did not retain statistical significance, despite accounting for a reasonable amount of the 

associations. 

Collectively, the biomarkers accounted for 24.8% of the total effect of fat mass on LV mass in the males 

and 27.9% of the association in females. This suggests that much of the effect of fat mass on LV mass is 

direct (i.e. non-mediated), which is supported by other evidence which reported that increased 

adiposity has a causal effect on LV mass.133 While the direct mechanisms are unclear, it is likely that 

numerous haemodynamic and humoral factors are at play, which have been discussed previously. Much 

of the association between fat and E/A also remains a direct effect, in both sexes. Possible pathways 

have been discussed previously. 

The biomarkers also accounted for most of the association between fat and RWT (96.2%) and MFS 

(84.3%) in the females. LV mass accounted for all of the association between fat and RWT in the 

females. Sex differences for some of the outcomes suggest that the underlying mechanisms may 

operate differently in each sex.  

Although many effect sizes are small and despite the limitations outlined in the discussion, these 

findings have many implications for the aetiology of the development of CVD and highlight the need for 

adiposity to be monitored from adolescence. Since there is a lack of literature which has utilised 

mediation analysis in this way, it is difficult to compare the findings with other studies and to 

contextualise my findings with the available scientific literature which is available. Nevertheless, these 

findings provide novel insights into the roles of these biomarkers as mediators of the association 

between fat mass and these cardiovascular outcomes, and additional insights are provided as to the 

roles which the LV outcomes play as mediators.  

It remains unclear how associations between adiposity and cardiac structure and function change 

through early adulthood and how modifiable these associations are. Data from the Framingham study 

have indicated that in middle age, the majority of the association between body weight and coronary 

heart disease can be attributed to mediation by hypertension, dyslipidaemia and diabetes.134 However, 

duration of adiposity, as well as its extent, is known to influence changes to cardiac structure and 

function.135 Those who had an adverse cardiometabolic profile in childhood are at a greater risk of 

disease in adulthood136,137 and it may be that the relative youth and lean-ness of the participants in our 
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study means that comparatively little damage has been incurred as yet. As the participants age, these 

cardiometabolic biomarkers may account for more of the associations between fat mass and the 

cardiovascular outcomes. 

It will be important for further research and analyses of this kind to be undertaken, both in this cohort 

and in other longitudinal cohorts. Additional research may provide more insights into the biomarkers, 

mechanisms and signals which are involved in the pathways between adiposity and CVD, which may 

help to improve its primary prevention. 
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Chapter 7: BMI-associated genetic determinants of cardiovascular health: causal 
relationships between body mass index and cardiac structure and function in 
adolescents 
 

Introduction  

Many exposures modify one’s risk of developing cardiovascular disease (CVD) and the impact of 

obesity on cardiovascular health is a major concern worldwide.1 The results in the preceding 

chapters reflect findings in the literature that adiposity is associated with changes to a number of 

cardiac structural and functional measures, although a causal relationship cannot be confirmed in 

these associations. Genotype is known to influence both adiposity2-6 and susceptibility to 

cardiovascular disease.7-9 Others have established causal relationships between adiposity and CVD 

risk.10-12 However, these relationships remain comparatively understudied in late adolescence. In this 

analysis I sought to investigate the role which heredity (via genotype) plays in this cohort by testing 

the hypothesis that causal relationships exist between body mass index (BMI) and measures of 

cardiac structure and function in adolescents, using Mendelian randomization (MR). I expected that 

my analyses would show important differences between the observed and genetic associations.  

Background 

The possession of a greater BMI is associated with the development and severity of CVD.13 It is 

known to implement adverse changes to the cardiovascular system, including elevated blood 

pressure (BP) and changes to cardiac structure and left ventricular (LV) systolic and diastolic 

function. 14-17 Although the association between adiposity and increased cardiovascular risk appears 

to be evident at least from adolescence,18 the impact of adiposity on the cardiovascular system 

through the life course is not fully understood. Many studies focus on middle or older age, when 

recall bias and the possibility of reverse causation may be problematic. Moreover, the majority of 

studies are based on observational data and are vulnerable to unmeasured and residual 

confounding.  

MR is a comparatively recent method which makes use of genetic data through using natural allelic 

variation to estimate causal effects of modifiable risk factors.19 It has proved to be a useful 

epidemiological approach which may be less vulnerable to confounding and other biases which are 

common to observational studies.20 This is because genotype is highly unlikely to be subject to the 

variables which commonly confound such studies. Provided the assumptions on which MR depends 

are not violated (as outlined in section f)iii) of Chapter 3), the findings from MR studies have 
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important implications for the way in which causality is understood and may provide a basis for 

future preventative and therapeutic interventions.20,21  

It has been known for some years that there is a genetic basis to adiposity22 and much genetic data 

is now available for use in epidemiological studies. In 2015, one of the largest BMI-related genome-

wide association studies (GWAS) identified 97 single nucleotide polymorphisms (SNPs) (56 of which 

were novel) in 339,224 European individuals, which are robustly associated with BMI and significant 

at the genome-wide level (p<5x10-8).4 This resource is invaluable for MR studies and formed the 

basis of my study.  

I utilised individual-level genetic and clinical data from the ALSPAC participants to investigate 

observational and MR associations between genotype, BMI and cardiac structural and functional 

measures.  

Methods 

Inclusion criteria 
 

Anthropometric and cardiovascular measurements, including echocardiography, were performed on 

a total of 3,844 participants in the Avon Longitudinal Study of Parents and Children (ALSPAC) 

(average age 17.8; 44.2% male). Participants were eligible for analysis if they had been genotyped 

and attended clinic for cardiovascular investigations including echocardiography at age 17. Baseline 

characteristics of the study group can be seen in Tables 6a-b in Chapter 3.  

 

Individuals with non-European ancestry, evidence of cryptic relatedness, disproportionate amounts 

of individual missingness or either excessive or minimal heterozygosity were excluded from analyses 

(further details provided below), as were those who were pregnant, had diabetes mellitus, or had a 

history of heart disease. Ethical approval for the study was obtained from the ALSPAC Ethics and Law 

Committee and the Local Research Ethics Committees, accompanied by the submission of written 

consent by both the parent/guardian and their children. 

 

Measurements and calculations 
 

The methods applied for obtaining echocardiographical, anthropometric, haemodynamic and 

biochemical measurements are outlined in Chapter 3. Mean arterial pressure (MAP), pulse pressure 

(PP), SI, ejection fraction (EF), total peripheral resistance (TPR), total arterial compliance (TAC), 

midwall fractional shortening (MFS) and relative wall thickness (RWT) were calculated as described 

in Chapter 3. 
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Genotyping  
 

Participants were genotyped using an Illumina HumanHap550 quad genome-wide SNP genotyping 

platform23 by 23andme, subcontracted by the Wellcome Trust Sanger Institute, Cambridge, UK and 

the Laboratory Corporation of America, Burlington, NC, US. The resulting raw genome-wide data 

were subjected to standard quality control methods. Individuals were excluded on the basis of 

gender mismatches; minimal or excessive heterozygosity; disproportionate levels of individual 

missingness (>3%) and insufficient sample replication (IBD < 0.8). Population stratification was 

assessed using multidimensional scaling analysis and compared with Hapmap II (release #22) 

European descent (CEU), Han Chinese, Japanese and Yoruba reference populations; all individuals 

with non-European ancestry were removed.  

 

Only SNPs which passed an exact Hardy-Weinberg equilibrium test (P value <5x10-7) were included 

for analyses and SNPs with a call rate of <95% and minor allele frequency of <1% were removed. 

Cryptic relatedness was measured as proportion of identity by descent (IBD > 0.1). Related subjects 

that passed all other quality control thresholds were retained during subsequent phasing and 

imputation. Genotype imputation was conducted with MACH 1.0.16 Markov Chain Haplotyping 

software, using CEPH individuals from phase 2 of the HapMap project as a reference (release #22). 

From the cohort, 9,115 subjects and 500,527 SNPs passed these quality control filters. Individual-

level data for 96 of the 97 SNPs which are robustly associated with BMI (identified by Locke et al. 

20154) were extracted (reasons for the omission of one SNP will be outlined shortly). 

   

Statistical analyses 
 

Unlike in previous chapters, all participants were pooled together in this analysis. Due to the 

comparatively small sample size of the ALSPAC cohort, I was unable to sex-stratify the analyses 

whilst retaining sufficient power to detect reliable effect sizes. Sample sizes larger than ALSPAC 

would permit sex-stratified MR. 

Associations with BMI were analysed firstly using multivariable regression and then with an MR 

approach. In the MR analysis, the causal effect of BMI on cardiovascular outcomes was estimated 

using a genetic risk score (GRS), also known as a polygenic risk score. The GRS was created using 

individual-level genetic data for the 96 variants and was then used as an instrumental variable (IV). 

The cardiovascular outcomes which were investigated were systolic blood pressure (SBP), diastolic 

blood pressure (DBP), MAP, PP, heart rate (HR), end-diastolic volume (EDV), end-systolic volume 

(ESV), stroke volume (SV), SI, EF, cardiac output (CO), TAC, TPR, average left atrial diameter (LA_AV), 

average interventricular septum during diastole (IVSd), average LV internal diameter during diastole 
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(LVIDd), average LV internal diameter during systole (LVIDs); average LV posterior wall thickness in 

diastole (LVPWTd), LV mass indexed to height2.7(LVMI2.7), MFS, RWT, peak S’ myocardial velocity, 

peak e’ myocardial velocity, mitral E/A, E/e’ and carotid-to-femoral pulse wave velocity (PWV). 

Multivariable regression analyses 
 

 

Associations between BMI and each cardiovascular exposure were analysed using multiple 

regression using Stata SE 15.1 (StataCorp LLC, College Station, Texas, USA) and R (https://cran.r-

project.org/). Three models were applied with potential confounders which were chosen a priori: (1) 

adjusted for age, sex, parental socioeconomic background (SEP) and smoking (at age 17); (2) 

adjusted for age, sex, SEP, smoking, maternal education and predicted change in caloric intake 

between ages 7 and 13; (3) a age, sex, SEP, smoking, maternal education, predicted change in caloric 

intake between ages 7 and 13 and daily minutes of moderate-to-vigorous physical activity (collected 

at age 15). The physical activity and predicted caloric intake variables were known to have 

shortcomings as they were not collected at the F@17 clinical visit, and the caloric intake variable was 

based on questionnaire data. However, the variables were initially included in the models as they 

were the most relevant data available which reflected something of participants’ diet and exercise 

levels.  

 

Due to differences in the numbers of participants in each model, multiple imputation was used to 

check whether the estimates changed after accounting for missing data in the confounders. The 

estimates for models 1 and 2 barely changed after imputation of the missing data. However, a large 

number of participants were missing physical activity data (>58%) so the estimates in model 3 

changed considerably after imputation. The reliability of the existing data was also called into 

question. For this reason, the model 3 results were not considered reliable, but they have been 

shown in the results section.  

 

Mendelian randomisation analyses 

As stated, the genetic variants which were used for the GRS were identified in a GWAS which 

analysed genetic information from nearly 340,000 individuals, predominantly of European heritage, 

who participated in the GIANT consortium.24 However, one of the 97 SNPs (rs2033529) which were 

identified by Locke et al. (2015)4 was identified in our dataset as a triallelic variant and was removed 

during quality control. This left a total of 96 SNPs available for use in the analysis. Details regarding 

the specific SNPs and the betas which were used to create the weighted genetic score are provided 

in Appendix 6, Table S6a in the Supplement. Descriptions of the functions of the nearest genes to the 

https://cran.r-project.org/
https://cran.r-project.org/
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SNPs are also provided in Table A6b (sourced in www.uniprot.org [accessed 26th November 2019]; 

only SNP functions which had been peer-reviewed were included in the summary table).  

The GRS was created with Stata SE 15.1 (StataCorp LLC, College Station, Texas, USA) using individual-

level genetic information from genotyped participants at F@17. The amount by which each of the 

participants’ alleles (at each locus) increased BMI (the ‘dosage’), was weighted by the effect size of 

each of the corresponding 96 variants as provided by Locke et al. 20154, a commonly used method 

which has been outlined elsewhere.25 Once added together, the ‘doses’ were multiplied by the 

average effect of all the 96 SNPs on BMI, which gave a measure of the average number of BMI-

increasing alleles carried by each individual. Two-stage least squares analysis was performed in Stata 

using the ivreg2 command. F-statistics generated in the first-stage regression analysis between BMI 

and the BMI-increasing allele score were used to check that the instruments were valid and that the 

instrument was associated with the exposure, in order to establish that the IV was sufficiently 

associated with BMI, as outlined previously in section e)iii) of Chapter 3.  

To test for endogeneity, the Durbin-Wu-Hausman (DWH) test was used to compare the multivariable 

regression estimates with the instrumental variable effects, using the ivendog command.26 A high p 

value for the DHW test provides evidence for accepting the null hypothesis that there is no 

difference between the observational and MR estimates, suggesting that either or both of the 

observational and MR estimates are biased or reflective of a true causal effect. A small p value 

provides evidence against the null hypothesis, suggesting that the observational analyses are 

confounded, resulting in either an over- or under- estimation of the effect estimate.  

Sensitivity tests 

The use of multiple genetic variants in MR analyses increases statistical power and increases one’s  

confidence in the existence of a causal association between the exposure and outcome.27 However, 

using multiple variants also increases the likelihood of pleiotropic effects (i.e. the genetic variants 

affect the outcome(s) through a pathway other than through the main exposure). Therefore, several 

sensitivity analyses were applied to assess the robustness and reliability of the results. The weighted 

median, inverse weighted median (IVW) and MR-Egger tests were all applied using R (https://cran.r-

project.org) to test whether any violations of the instrumental variable assumptions were present, 

amounting to pleiotropy.28 The associations between the SNPs and BMI, and between the SNPs and 

the CV outcomes (i.e. the Wald ratio, as discussed in Chapter 3) can be seen in the graphs which 

follow the results tables, with detail regarding the MR-Egger, weighted median and inverse weighted 

median (IVW) tests. 

http://www.uniprot.org/
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Results 
 

 

Figure 44 shows two graphs superimposed over each other. Each blue dot represents the BMI of 

each participant, while the histogram shows the frequency of individuals with each particular genetic 

risk score (GRS). Tables 12a-b show associations for observational analyses between BMI and each 

cardiovascular variable. The MR estimates derived regressing the GRS (the IV) with each 

cardiovascular outcome are shown in Table 13. The results are presented as mean differences in 

each cardiovascular outcome (±95% confidence interval (CI)) per unit increase in BMI. For example, 

Table 12a indicates that each one unit increase in BMI (kg/m2) is associated with a 0.79 (95% CI: 

0.70, 0.87) mmHg increase in SBP (unadjusted estimate, observational analyses). The observational 

(model 2) and IV estimates for the cardiovascular outcomes are also shown in forest plots in Figures 

46 and 47.  

 

Figures 47-72 are scatterplots of the SNP-outcome associations against the SNP-BMI associations. 

Each dot indicates the association for an individual SNP, so for each plot there are 96 different 

estimates. The axes are on a standardised scale (SD) and the error bars represent the 95% 

confidence intervals (CIs). The coloured lines show the estimates for the different sensitivity analyses 

which were used to assess whether there was evidence for pleiotropy - the MR-Egger (thick dark 

blue line), weighted median (green line) and IVW (thin, light blue line) regressions. Like the 

associations for each SNP, they can each be interpreted as the unit change in the outcome for each 

unit increase in BMI, due to the genetic variants,29 although each method calculates the average 

total estimate using different criteria. 

 

The MR-Egger regression method gives an estimate of the average direct effect across all the genetic 

variants.29 Adapted from Egger’s test, a method used for assessing bias in meta-analysis, MR-Egger is 

used to detect horizontal pleiotropy between the genetic IVs and the outcomes.28 The MR-Egger test 

also relaxes the exclusion restriction assumption of MR, that the genetic variants are only associated 

with the outcomes through the exposure.29 The slope of the MR-Egger, weighted median and IVW 

regression lines in Figures 47-72 provide estimates of the true causal effects of the genetic variants 

on the outcome and if the p values of these sensitivity tests remain high there is no evidence for 

pleiotropy. The I2_GX statistic which is also measured with MR-Egger regression is an indicator of the 

potential relative dilution bias caused by measurement error.30 There is an assumption that there is 

no or negligible measurement error (NOME), which is indicated when I2_GX is close to 1 or 100%, 

indicating that weak instrument bias is unlikely.30  

MR-Egger is thought to be a very flexible approach because it permits an estimation of the causal 

association between X and Y, even when some or all of the SNPs are invalid and the standard MR 
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assumptions are violated.28 It is recommended, therefore, that the weighted median method is used 

alongside the MR-Egger method.31 Although similar method to MR-Egger, the weighted median 

method is more stringent because it permits a maximum of 50% of the information which 

contributes to the analysis to come from invalid genetic variants, rather than permitting the 

inclusion of all variants, whether valid or not.31 I also used a third sensitivity test, the IVW method. 

Like MR-Egger, IVW is a meta-analysis method which uses summarised data for the associations 

between each SNP with BMI and between each SNP and outcome, in a fixed meta-analysis 

model.32,33 It calculates an combined estimate from the causal estimates for each outcome, and is 

thus also known as the ‘summary statistic estimate’.32 It assumes that all the genetic variants are 

valid and uncorrelated and that there is no linkage disequilibrium, but differs because it constrains 

the intercepts in the model to equal zero.31 It has been said that in MR studies which use multiple 

genetic variants, the use of both MR-Egger and median-based methods for sensitivity analyses is 

important.31 Through using the MR-Egger, weighted median and IVW approaches, I was able to gain 

sufficient information to detect whether the presence of pleiotropy was likely. 
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Association between BMI and GRS  

 

Figure 44: Frequency distribution of genetic risk score (GRS) and correlation between GRS and body mass index (BMI). Bars show the frequency of each GRS based on 96 SNPs, the filled circles the BMI for each 
GRS and the solid line indicates the regression with the 95% confidence interval shown in grey. 
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Variable  
Unadjusted Model 1 

n Estimate (±95% CI) P Coefficient  Estimate (±95% CI) P 

SBP, mmHg 3844 0.79 (0.70, 0.87) <0.001 3472 0.83 (0.73, 0.91) <0.001 

DBP, mmHg 3844 0.51 (0.45, 0.56) <0.001 3472 0.47 (0.40, 0.53) <0.001 

MAP, mmHg 3844 0.60 (0.54, 0.66) <0.001 3472 0.60 (0.52, 0.65) <0.001 

PP, mmHg 3844 0.28 (0.20, 0.35) <0.001 3472 0.34 (0.28, 0.43) <0.001 

HR (resting), bpm 2971 0.15 (0.06, 0.25) 0.002 2684 0.097 (-0.03, 0.19) 0.18 

EDV, ml  1664 1.37 (1.12, 1.62) <0.001 1512 1.58 (1.34, 1.83) <0.001 

ESV, ml 1666 0.64 (0.50, 0.77) <0.001 1513 0.73 (0.60, 0.88) <0.001 

SV, ml 1664 0.73 (0.58, 0.88) <0.001 1512 0.85 (0.69, 1.01) <0.001 

SI, ml/m2   1664 -0.06 (-0.14, 0.02) 0.13 1512 -0.03 (-0.12, 0.06) 0.52 

Ejection fraction, % 1664 -0.05 (-0.13, 0.03) 0.19 1512 -0.05 (0.16, -0.15) 0.16 

CO, ml/min 1656 0.06 (0.05, 0.07) <0.001 1504 0.07 (0.05, 0.08) <0.001 

TAC, ml/mmHg  1656 0.009 (0.006, 0.01) <0.001 1504 0.010 (0.006, 0.013) <0.001 

TPR, mmHg/min-1ml-1 1656 -0.21 (-0.29, -0.14) <0.001 1504 -0.23 (-0.31, -0.16) <0.001 

LA_AV, cm 1505 0.045 (0.04, 0.05) <0.001 1364 0.047 (0.044, 0.054) <0.001 

IVSd, cm 1666 0.01 (0.009, 0.012) <0.001 1513 0.011 (0.009, 0.012) <0.001 

LVIDd, cm 1664 0.03 (0.02, 0.03) <0.001 1512 0.033 (0.028. 0.037) <0.001 

LVIDs, cm 1666 0.02 (0.02, 0.03) <0.001 1513 0.024 (0.020. 0.029) <0.001 

LVPWTd, cm 1665 0.008 (0.006, 0.009) <0.001 1512 0.009 (0.008, 0.010) <0.001 

LV mass, g/m2.7 1663 0.79 (0.73, 0.86) <0.001 1511 0.84 (0.77, 0.91) <0.001 

RWT 1663 0.0014 (0.001, 0.002) <0.001 1511 0.002 (0.001, 0.0023) <0.001 

MFS, % 1663 -0.047 (-0.07, -0.02) <0.001 1511 -0.05 (-0.08, -0.02) <0.001 

S’, cm/s 1614 0.0045 (-0.01, 0.02) 0.62 1465 0.009 (-0.015, 0.025) 0.64 

e’, cm/s 1614 0.028 (-0.001, 0.06) 0.06 1465 0.028 (-0.010, 0.056) 0.17 

E/A 1623 -0.010 (-0.01, -0.006) <0.001 1476 -0.011 (-0.015, -0.005) <0.001 

E/e’ 1597 -0.015 (-0.03, -0.003) 0.017 1451 -0.018 (-0.035, -0.007) 0.003 

PWV, m/s 3070 -0.003 (-0.01, 0.003) 0.33 2789 -0.001 (-0.006, 0.009) 0.63 
Table 12a: Multivariable regression associations between BMI and cardiovascular outcomes, measured in participants of the  ALSPAC F@17 clinic. Unadjusted = coefficients with no adjustments made. Model 1 = adjusted for age, sex, 
socioeconomic background and smoking. SBP = Systolic blood pressure; DBP = diastolic blood pressure;  PP = pulse pressure; MAP = mean arterial pressure; HR= heart rate;  EDV = left ventricular end-diastolic volume; ESV = left ventricular 
end-systolic volume; SV = stroke volume; SI = stroke index; CO = cardiac output; TPR = total peripheral resistance; TAC = total arterial compliance; LAD = left atrial dimension; IVSd = interventricular septal wall dimension in diastole; LVIDd = 
left ventricular internal dimension in diastole; LVIDs = left ventricular internal dimension in systole; LVPWTd = left ventricular posterior wall thickness in diastole; LV mass = left ventricular mass indexed to height2.7; MFS = midwall 
fractional shortening; RWT = relative wall thickness; e’ = peak tissue Doppler e’ velocity (average of lateral and septal annuli); S’ = peak tissue Doppler S’ velocity (average of lateral and septal annuli)’; E/A = Mitral E/A ratio; E/e’ = Mitral 
E/peak tissue Doppler e’ ratio; PWV = pulse wave velocity. 
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Variable  
Model 2 Model 3 

n Estimate (±95% CI) P Coefficient  Estimate (±95% CI) P 

SBP, mmHg 2900 0.82 (0.73, 0.91) <0.001 1268 0.87 (0.73, 1.01) <0.001 

DBP, mmHg 2900 0.47 (0.40, 0.54) <0.001 1268 0.46 (0.36, 0.56) <0.001 

MAP, mmHg 2900 0.59 (0.52, 0.65) <0.001 1268 0.60 (0.49, 0.70) <0.001 

PP, mmHg 2900 0.35 (0.28, 0.43) <0.001 1268 0.41 (0.29, 0.53) <0.001 

HR (resting), bpm 2317 0.08 (-0.04, 0.19) 0.18 1018 -0.01 (-0.19, 0.16) 0.87 

EDV, ml  1353 1.59 (1.34, 1.83) <0.001 687 1.66 (1.30, 2.01) <0.001 

ESV, ml 1353 0.74 (0.60, 0.88) <0.001 687 0.73 (0.53, 0.93) <0.001 

SV, ml 1353 0.85 (0.69, 1.01) <0.001 687 0.93 (0.69, 1.17) <0.001 

SI, ml/m2   1353 -0.03 (-0.12, 0.06) 0.52 687 0.01 (-0.12, 0.14) 0.85 

Ejection Fraction, % 1353 -0.06 (-0.15, 0.02) 0.16 687 -0.014 (-0.140, 0.111) 0.82 

CO, ml/min 1349 0.065 (0.05, 0.08) <0.001 685 0.064 (0.046, 0.083) <0.001 

TAC, ml/mmHg  1349 0.010 (0.006, 0.014) <0.001 685 0.010 (0.005, 0.016) <0.001 

TPR, mmHg/min-1ml-1 1349 -0.22 (-0.30, -0.14) <0.001 685 -0.23 (-0.35, -0.11) <0.001 

LA_AV, cm 1221 0.049 (0.044, 0.054) <0.001 611 0.047 (0.040, 0.055) <0.001 

IVSd, cm 1353 0.011 (0.009, 0.012) <0.001 687 0.012 (0.009, 0.014) <0.001 

LVIDd, cm 1353 0.033 (0.028, 0.038) <0.001 687 0.035 (0.027, 0.042) <0.001 

LVIDs, cm 1353 0.024 (0.020, 0.029) <0.001 687 0.024 (0.017, 0.030) <0.001 

LVPWTd, cm 1352 0.01 (0.008, 0.010) <0.001 686 0.010 (0.008, 0.013) <0.001 

LV mass, g/m2.7 1352 0.84 (0.77, 0.91) <0.001 686 0.91 (0.81, 1.01) <0.001 

RWT 1352 0.002 (0.001, 0.002) <0.001 686 0.002 (0.001, 0.003) 0.004 

MFS, % 1352 -0.05 (-0.08, -0.02) <0.001 686 -0.046 (-0.091, -0.001) 0.045 

S’, cm/s 1308 0.005 (-0.015, 0.025) 0.64 659 0.026 (-0.005, 0.056) 0.096 

e’, cm/s 1308 0.023 (-0.010, 0.056) 0.17 659 0.049 (-0.001, 0.099) 0.06 

E/A 1318 -0.010 (-0.015, -0.005) <0.001 663 -0.007 (-0.015, 0.001) 0.07 

E/e’ 1295 -0.021 (-0.035, -0.007) 0.003 651 -0.03 (-0.05, -0.01) 0.005 

PWV, m/s 2420 0.002 (-0.006, 0.009) 0.63 1088 -0.005 (-0.016, 0.006) 0.39 
Table 12b: Multivariable regression associations between BMI and cardiovascular outcomes, measured in participants of the ALSPAC F@17 clinic. Model 2 = adjusted for age, sex, socioeconomic background, smoking and predicted change 
in caloric intake between ages 7-13; model 3 = adjusted for age, sex, socioeconomic background, smoking, predicted change in caloric intake between ages 7-13 and daily minutes of moderate-to-vigorous physical activity at age 15. SBP = 
Systolic blood pressure; DBP = diastolic blood pressure;  PP = pulse pressure; MAP = mean arterial pressure; HR= heart rate;  EDV = left ventricular end-diastolic volume; ESV = left ventricular end-systolic volume; SV = stroke volume; SI = 
stroke index; CO = cardiac output TPR = total peripheral resistance; TAC = total arterial compliance; LAD = left atrial dimension; IVSd = interventricular septal wall dimension in diastole; LVIDd = left ventricular internal dimension in diastole; 
LVIDs = left ventricular internal dimension in systole; LVPWTd = left ventricular posterior wall thickness in diastole; LV mass = left ventricular mass indexed to height2.7; MFS = midwall fractional shortening; RWT = relative wall thickness; e’ 
= peak tissue Doppler e’ velocity (average of lateral and septal annuli); S’ = peak tissue Doppler S’ velocity (average of lateral and septal annuli)’; E/A = Mitral E/A ratio; E/e’ = Mitral E/peak tissue Doppler e’ ratio; PWV = pulse wave 
velocity. 



Variable  n Estimate (±95% CI) P-value F-Statistic DHW P-value 

SBP, mmHg 3844 0.73 (0.27, 1.19) 0.002 136.45 0.80 

DBP, mmHg 3844 0.22 (-0.09, 0.53) 0.16 136.45 0.06 

MAP, mmHg 3844 0.39 (0.08, 0.70) 0.014 136.45 0.17 

PP, mmHg 3844 0.51 (0.10, 0.92 0.015 136.45 0.26 

HR (resting), bpm 2971 -0.36 (-0.89, 0.18) 0.19 107.01 0.05 

EDV, ml  1664 2.1 (0.79, 3.42) 0.002 62.67 0.26 

ESV, ml 1666 1.11 (0.37, 1.85) 0.003 62.39 0.19 

SV, ml 1664 1.00 (0.19, 1.80 0.016 62.67 0.51 

SI, ml/m2   1664 -0.01 (-0.41, 0.39) 0.97 62.67 0.80 

EF, % 1664 -0.18 (-0.58, 0.23) 0.39 62.67 0.53 

CO, ml/min 1656 0.09 (0.03, 0.15) 0.003 59.36 0.35 

TAC, ml/mmHg  1656 0.01 (-0.01, 0.02) 0.42 59.36 0.81 

TPR, mmHg/min-1ml-1 1656 -0.45 (-0.84, -0.06) 0.02 59.36 0.22 

LA_AV, cm 1505 0.080 (0.053, 0.11) <0.001 51.91 0.005 

IVSd, cm 1666 0.01 (0.001, 0.02) 0.005 62.39 0.82 

LVIDd, cm 1664 0.04 (0.02, 0.07) 0.001 62.67 0.21 

LVIDs, cm 1666 0.04 (0.01, 0.06) 0.003 62.39 0.20 

LVPWTd, cm 1665 0.01 (0.005, 0.02) <0.001 62.37 0.19 

LV mass, g/m2.7 1663 0.94 (0.61, 1.28) <0.001 62.66 0.36 

RWT 1663 0.001 (-0.003,0.004) 0.61 62.66 0.77 

MFS, % 1663 -0.08 (-0.21, 0.06) 0.27 62.66 0.66 

S’, cm/s 1614 0.02 (-0.08, 0.12) 0.71 56.25 0.77 

e’, cm/s 1614 0.03 (-0.13, 0.19) 0.72 56.25 0.99 

E/A 1623 -0.02 (-0.05, 0.0005) 0.055 63.21 0.26 

E/e’ 1597 -0.03 (-0.10, 0.03) 0.31 58.16 0.56 

PWV, m/s 3070 -0.005 (-0.04, 0.03) 0.80 104.34 0.94 
Table 13: Multivariable regression associations between the genetic risk score (IV) and cardiovascular outcomes, measured in participants of the  ALSPAC F@17 clinic. Systolic blood pressure; DBP = diastolic blood pressure;  PP = pulse 
pressure; MAP = mean arterial pressure; HR= heart rate;  EDV = left ventricular end-diastolic volume; ESV = left ventricular end-systolic volume; SV = stroke volume; SI = stroke index; CO = cardiac output; EF = Ejection fraction; TPR = total 
peripheral resistance; TAC = total arterial compliance; LAD = left atrial dimension; IVSd = interventricular septal wall dimension in diastole; LVIDd = left ventricular internal dimension in diastole; LVIDs = left ventricular internal dimension in 
systole; LVPWd = left ventricular posterior wall thickness in diastole; LV mass = left ventricular mass indexed to height2.7; MFS = midwall fractional shortening; RWT = relative wall thickness; e’ = peak tissue Doppler e’ velocity (average of 

lateral and septal annuli); S’ = peak tissue Doppler S’ velocity (average of lateral and septal annuli)’; E/A = Mitral E/A ratio; E/e’ = Mitral E/peak tissue Doppler e’ ratio; PWV = pulse wave velocity. DWH = Durbin-Wu-Hausman p value. 
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Figures 45 and 46: Forest plots showing observational and causal estimates for cardiovascular 

outcomes  
 

 
Figure 45: Forest plot showing observational (model 2) and Mendelian randomisation estimates showing the causal effect 
of each unit increase in BMI (kg/m2) on each cardiovascular outcome. ES = estimate size. Results are presented as mean 
differences in each cardiovascular outcome (95% confidence interval (CI)) per unit increase in BMI (kg/m2) or per unit 
increase in GRS.  
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Figure 46: Forest plot showing observational (model 2) and Mendelian randomisation estimates showing the causal effect of each unit increase 
in BMI (kg/m2) on each cardiovascular outcome (cont’d). ES = estimate size. Results in are presented as mean differences in each cardiovascular 
outcome (95% confidence interval (CI)) per unit increase in BMI. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 47-72: Observational and IV associations between BMI and cardiovascular outcomes  
 



272 
 

Systolic blood pressure  

 

Figure 47: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and systolic blood pressure (SBP). 
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Diastolic blood pressure  

 
 

Figure 48: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and diastolic blood pressure (DBP). 
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Mean arterial pressure  

 

Figure 49: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and mean arterial pressure (MAP). 
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Pulse pressure   

 
Figure 50: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and pulse pressure (PP). 
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Heart rate 

 

 
Figure 51: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and heart rate (HR). 
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End-diastolic volume  

 

 

Figure 52: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and end-diastolic volume (EDV). 
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End-systolic volume  

 

 

 

Figure 53: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and end-systolic volume (ESV). 
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Stroke volume  

 

 

  

 

Figure 54: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and stroke volume (SV). 



280 
 

Stroke Index  

 

  

 

Figure 55: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and stroke index (SI). 
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Ejection fraction  

 

  

 

Figure 56: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and ejection fraction (EF). 
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Cardiac output  

 

 Figure 57: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and cardiac output (CO). 
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Total arterial compliance  

 
Figure 58: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and total arterial compliance (TAC). 
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Total peripheral resistance  

 

  

 
Figure 59: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and total peripheral resistance (TPR). 
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Average left atrial diameter    

 

 

Figure 60: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and average left atrial diameter (LA_AV). 
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Average interventricular septal thickness during diastole   

 

  

 
Figure 61: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and average interventricular septal thickness in diastole (IVSd). 
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Average LV internal diameter during diastole  

 

 

  

 

Figure 62: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and average LV internal diameter during diastole (LVIDd). 
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Average LV internal diameter during systole  

 

 

 
Figure 63: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and average LV internal diameter during systole (LVIDs). 
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Average LV posterior wall thickness in diastole  

 

 

 
Figure 64: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and average LV posterior wall thickness during diastole (LVPWTd). 
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Indexed left ventricular mass  

 

 

 

 
Figure 65: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and average left ventricular mass indexed to height2.7 (LVMI2.7). 
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Relative wall thickness  

 

 

 
Figure 66: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and relative wall thickness (RWT). 
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Midwall fractional shortening  

 

 
Figure 67: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and midwall fractional shortening (MFS). 
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Peak systolic myocardial velocity  

 

 
Figure 68: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and peak systolic myocardial velocity (S’). 
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Peak early diastolic myocardial velocity  

 

 
Figure 69: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and peak diastolic  myocardial velocity (e’). 
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Mitral E/A  

 

 

 
Figure 70: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and mitral E/A ratio. 
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E/e’  

 

  

 

Figure 71: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and E/e’. 
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Carotid-to-femoral pulse wave velocity  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 72: Scatterplot showing the mean observational association between BMI and the SNP effect, plotted against the mean IV association between BMI and carotid-to-femoral pulse wave velocity (PWV) 
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Main comments 
 

Figure 44 indicates that a close positive correlation exists between the number of BMI-associated alleles 

which a person carries and their BMI. There is a normal distribution for both the GRS and BMI of the 

cohort, which is typical in studies like these. Most participants had a BMI of 20-25 kg/m2 and carried 70-

110 BMI-related alleles (out of a maximum of 192). The high I^2_GX statistic of 87.9% indicates that the 

SNP-exposure associations are sufficiently heterogeneous and gives evidence that the uncertainty in the 

associations are small compared with the variability,1 showing that NOME is not violated and the 

presence of weak instrument bias is unlikely (the large F-statistics also suggest that weak instrument 

bias is not present).  

MR analyses are only reliable if the association between BMI and the genetic instrument is strong. 

Figure 44 indicates a strong association between the GRS and participants’ BMI. The magnitude of the F-

statistics indicate that the genetic instrument is associated well with the exposure and in Table 13, all F-

statistics are >50 (an F-statistic of 10 is considered acceptable), showing that weak instrument bias is 

unlikely. The DWH p values for most associations are high (≥0.17), providing little evidence that the 

estimates from the MR analyses are different from those obtained in the observational analyses, with 

the exception of the associations with LA_AV (p=0.005), DBP (p=0.06) and HR (p=0.05).  

In general, statistical adjustment for potential confounders had minimal effects on the observational 

associations (Tables 12a-b). Due to a large number of people missing data for physical activity and 

questions over its reliability, the observational estimates (OE) for model 2 had more power and were 

deemed more reliable (as discussed in the methods section). The observational estimates (OE) from 

model 2 are presented graphically alongside the IV estimates (IVE) in Figures 45 and 46. There was a 

strong association between BMI and the confounders (all p values ≤0.04, see Table A7a, Appendix 7) and 

there was no reliable association between the GRS and the confounders, with the exception of physical 

activity (p=0.03; see Table A7b, Appendix 7), which will be considered further in the discussion.  

The mean number of alleles in the boys (mean 86.52±6.34, IQR: 82.29-90.75) barely differed from that 

for the girls (mean 86.52±6.42, IQR: 82.34-90.82) and I found no evidence for a strong association 

between the GRS and age (p=0.60), sex (p=0.80), smoking (p=0.37), socioeconomic position (p=033), 

maternal education (p=0.15) or physical activity (p=0.40). However, there was a statistically significant 

association between the GRS and predicted caloric intake at age 13 (p=0.04), suggesting a minor 



299 
 

violation of the core assumptions that there should not be an association between the IV and the 

confounders. 

Each unit increase in BMI was associated with an increase in SBP (OE: 0.82 mmHg (95% CI: 0.73, 0.91); 

IVE: 0.73 mmHg (95% CI: 0.27, 1.19)) and DBP (OE: 0.47 mmHg (95% CI: 0.40, 0.53); IVE: 0.22 mmHg 

(95% CI: -0.09, 0.53)), PP (OE: 0.35 mmHg (95% CI: 0.28, 0.43); IVE: 0.51 mmHg (95% CI: 0.10, 0.92)) and 

MAP (OE: 0.58 mmHg (95% CI: 0.52, 0.65); IVE: 0.39 mmHg (95% CI: 0.08, 0.70)), HR (OE only: 0.08 bpm 

(95% CI: -0.03, 0.19)), EDV (OE: 1.59 ml (95% CI: 1.34, 1.83); IVE: 2.10 ml (95% CI: 0.79, 3.42)), ESV (OE: 

0.74 ml (95% CI: 0.60, 0.88); IVE: 1.11 ml (95% CI: 0.37, 1.85)), SV (OE: 0.85 ml (95% CI: 0.69, 1.01); IVE: 

1.0 ml (95% CI: 0.19, 1.80)), CO (OE: 0.07 ml/min (95% CI: 0.05, 0.08); IVE: 0.09 ml/min (95% CI: 0.03, 

0.15)), TAC (OE: 0.01 ml/mmHg (95% CI: 0.006, 0.014); IVE: 0.01 ml/mmHg (95% CI: -0.01, 0.02)),  LA_AV 

(OE: 0.05 cm (95% CI: 0.04, 0.05); IVE: 0.08 cm (95% CI: 0.05, 0.11)), IVSd (OE: 0.01 cm (95% CI: (0.009, 

0.012) ); IVE: 0.01 cm (95% CI: 0.005, 0.02)),  LVIDd (OE: 0.03 cm (95% CI: 0.028, 0.038); IVE: 0.04 cm 

(95% CI: 0.02, 0.07)), LVIDs (OE: 0.02 cm (95% CI: 0.02, 0.03); IVE: 0.04 cm (95% CI: 0.01, 0.06)), LVPWTd 

(OE: 0.01 cm (95% CI: 0.008, 0.010); IVE: 0.01 cm (95% CI: 0.01, 0.02)), LVMI2.7 (OE: 0.84g2.7(95% CI: 0.77, 

0.91); IVE: 0.94g2.7 (95% CI: 0.61, 1.28)), RWT (OE: 0.002 (95% CI: 0.001, 0.002); IVE: 0.001 (95% CI: -

0.003, 0.004)), peak Doppler S’ (OE: 0.005 cm/s (95% CI: -0.015, 0.025); IVE: 0.02 cm/s (95% CI: -0.08, 

0.12)), peak Doppler e’ (OE: 0.02 cm/s (95% CI: -0.010, 0.056); IVE: 0.03 cm/s (95% CI: -0.13, 0.19)) and 

PWV (OE only: 0.002 m/s (95% CI: -0.006, 0.009)).  

Each unit increase in BMI was associated with a reduction in HR (IVE only: -0.36 bpm (95% CI: -0.89, 

0.18)), stroke index (OE: -0.03 ml/m2 (95% CI: -0.12, 0.06), IVE: -0.01 ml/m2 (95% CI: -0.41, 0.39)), 

ejection fraction (OE: -0.06% (95% CI: -0.15, 0.02); IVE: -0.18% (95% CI: -0.58, 0.23)), TPR (OE: -0.22 

mmHg/min/ml (95% CI: -0.30, -0.14); IVE: -0.45 mmHg/min/ml (95% CI: -0.84, -0.06)), MFS (OE: -0.05% 

(95% CI: (-0.08, -0.02); IVE: -0.08% (95% CI: -0.21, 0.06)), mitral E/A (OE: -0.010 (95% CI: -0.015, -0.005); 

IVE: -0.02 (95% CI: -0.05, 0.001)), E/e’ (OE: -0.02 (95% CI: -0.035, -0.007 ); IVE: -0.03 (95% CI: -0.10, 0.03)) 

and PWV (IVE only: -0.005 m/s (95% CI: -0.04, 0.03)).  

All observational associations had p values <0.001 with the exception of HR, SI, EF, peak Doppler e’ and 

PWV. The IV associations generally had wider 95% CIs and more were statistically insignificant: DBP, HR, 

SI, EF, RWT, MFS, S’, e’, E/e’ and PWV all had p values >0.05. The wide 95% CIs which accompany the 

high p values also suggest that the associations are not very reliable.  
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The observational and IV associations were similar with overlapping 95% CIs for most of the variables. 

For the echocardiographical structural and functional variables, most IV associations were stronger than 

the observational associations, with the exception of RWT, MFS, Mitral E/A and PWV. The IV 

associations were stronger than the observational associations for PP, HR, EDV, ESV, SV, CO, EF and TPR, 

while the observational associations were stronger for SBP, DBP, MAP and SI.  

Most of the DWH p values for the IV estimates were high, providing no convincing evidence that there 

was a substantial difference between the observational and IV estimates for the majority of the 

associations. The DWH p values for DBP (0.06), HR (0.05) and LA_AV (0.005) were low, indicating that 

the OE and IVE were different and suggesting that the OEs for these variables were the most 

confounded, resulting in an over- or under-estimation of the OE size. In contrast with the other results, 

the 95% CIs for the OE and IVE also overlapped to a much smaller extent. The mean difference per 

kg/m2 of the IVE for DBP (0.22 mmHg (95% CI: -0.09, 0.53)) was almost half the size of that for the model 

2 OE (0.47 mmHg (95% CI: 0.40, 0.53)), suggesting the OE for DBP is overestimated. For HR there was 

more than a five-fold reduction in the IVE (-0.36 bpm (95% CI: -0.89, 0.18)) compared with the OE (0.08 

bpm (95% CI: -0.03, 0.19)), and for LA_AV the IVE (0.08 cm (95% CI: 0.05, 0.11)), was 1.6 cm greater than 

the OE (OE: 0.05 cm (95% CI: 0.04, 0.05). For each of these three cases, the IVE appears to be more 

accurate than the OE, although less precise due to there being wider 95% CIs.  

For most associations there were high p values for the MR-Egger, weighted median and IVW 

regressions, confirming that pleiotropy was minimal. Even when the associations were penalised to 

account for outliers (see Figures 47-72 for scatterplots showing outliers) there wasn’t much change in 

the size of the p values, indicating that the outliers do not bias the overall estimates much. Most 

importantly, this provides sufficient evidence that in most cases, the genetic variants do not bias the 

results to an extent which would compromise the findings. One exception was the association with HR, 

where p values for the MR-Egger, weighted median and IVW associations were 0.05, 0.15 and 0.006, 

respectively, suggesting the existence of pleiotropy. The p values for the penalised MR-Egger analysis 

(which accounts for outliers) remained low, suggesting that the pleiotropy for HR exists across a number 

of genetic variants, not just the outliers.  
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Discussion 
 

Associations between BMI and a range of cardiovascular outcomes were assessed using both 

conventional multivariable regression and MR. There is sufficient evidence to suggest that increased 

BMI causes a number of changes to the cardiovascular system, including greater SBP, PP and MAP, EDV, 

ESV, SV, CO, LA_AV, LV mass2.7, LV chamber sizes and wall thickness, and lower TPR and E/A (p≤0.001). 

The OE indicate that elevated BMI is also associated with increased DBP, TAC, RWT, S’, e’ and reduced SI, 

TAC, MFS and E/e’, but for there is not sufficient evidence that these associations are causal.  

 

Interestingly although all associations for HR and PW have high p values (thus rendering them 

unreliable), increased BMI was observationally associated with modest increases in HR (consistent with 

the observational associations between BMI and indexed fat mass and HR in Chapter 4) and PWV, but 

the IV associations were negative, suggesting that the OE are considerably confounded. The low DWH p 

value for HR (p=0.05) would appear to confirm this, although there is evidence for pleiotropic 

associations between the genetic variants and HR, compromising the integrity of this association. The 

DWH P values for the associations between BMI and LA_AV (p=0.005) and DBP (p=0.06) were also low, 

suggesting that the presence of confounding considerably overestimated the OE for DBP and 

underestimated the OE for LA_AV. Although the p value for the IVE for LA_AV was low (≤0.001), the 

higher p value for the IVE for DBP (0.16) calls into question the reliability of the estimate. 

 

The present findings are consistent with other cross-sectional studies which report associations between 

increased adiposity and increased LV mass and abnormalities of LV systolic and diastolic function in 

adolescents2 and adults.3 All of the observational and MR findings follow the same patterns as the 

associations I reported in Chapter 4 (see Table A2, Appendix 2 for the associations between BMI, 

indexed fat and indexed lean mass for the pooled group (i.e. not sex-specific)), with the exception of the 

associations with HR and PWV (since the OE and IVE are in conflict with one another).  Differences 

between the observational and MR estimates are likely to be due to bidirectionality or residual 

confounding in the case of the observational estimates, resulting in a biased estimate which is either an 

over- or under-estimation of the true effect. Although numerous confounders were included in the 

observational analyses, the limitations of the variables and in how they are measured mean that there is 

likely to be residual confounding which is not accounted for in the observational models. This highlights 

the importance of applying better methods to assess associations between adiposity and cardiovascular 

health, to avoid the limitations of observational analyses.34 The MR estimates which do not transgress 

the null are, therefore, more reliable than the observational estimates, as long as the key MR 
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assumptions have not been violated (which we have evidence for, with the exception of the association 

with HR, where there was evidence for pleiotropy), and given that the genetic variants are robustly 

associated with BMI, which the size of the F-statistics (see p.269) would support (an acceptable F-

statistic, indicating the robustness of the GRS, is 10). Therefore, there is evidence that the MR 

associations I report are causal and one may say that increased BMI causes a range of changes to the 

heart.  

 

These findings agree with a previous MR study which used analysed associations between BMI and 

cardiovascular outcomes in a subset of the ALSPAC cohort, using multivariable regression and MR 

approaches and a recall-by-genotype (RbG) design.4 In agreement Wade’s findings,4 I report causal 

associations between BMI and elevated SBP, PP and MAP, indexed LV mass, SV and CO. Also consistent 

with Wade’s paper, I found no evidence for a causal association between BMI and HR, due to the 

presence of pleiotropy. In contrast with Wade’s findings, I found evidence for a causal association 

between increased BMI and reduced TPR, and although I found strong evidence for an association 

between BMI and DBP the p value for the IVE was statistically insignificant. 

There are some interesting differences between the IVE in our studies but this may be because there 

were around 700 fewer participants in Wade’s study. 450 participants were removed from Wade’s 

observational/MR analyses because they were included in the RbG analysis and different exclusion 

criteria may have been used. Wade et al. also used all of the 97 SNPs identified by the GIANT 

consortium, while I used 96 SNPs for reasons previously explained. In addition, as my analysis was 

conducted at a later date, more data may have been available due to the time required for data 

processing.  

 

Adding to Wade et al.’s findings, I report evidence for causal associations between BMI and elevated 

EDV, ESV, SV, CO and LA and LV chamber volume and wall sizes. Similar associations are reported in 

other observational studies of children and adolescents.5-7 The most reliable causal association is 

between BMI and LA_AV, given the low p value for the DHW test (0.005) and the IVE (≤0.001), and the 

fact that the 95% CIs for the OE and IVE overlap to a negligible extent. I also found a causal relationship 

between increased BMI and reduced E/A, in agreement with previous research which has shown that 

adiposity has a detrimental effect on diastolic function.7,8 Although I investigated a number of other 

functional measures and there is a hint that BMI may increase RWT, S’ and e’ and reduce MFS and E/e’, 

none of the IVE have reliable p values (all P>0.3).  
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Very little, if any other literature reports causal associations between BMI and cardiac structural and 

functional measures, making it difficult to contextualize these findings. However, one paper which 

analysed data from over 22,000 European participants of the ENGAGE consortium found causal 

relationships between adiposity (as measured with BMI) and coronary heart disease, heart failure and 

ischaemic stroke.9 There is also evidence for causal associations between highly correlated genetic 

variants within the FTO locus and a range of cardiometabolic traits, including SBP, DBP and liver 

enzymes, fasting plasma insulin, plasma C-reactive protein, plasma triglycerides and plasma high-density 

lipoprotein cholesterol concentrations, found using data from the same consortium.10  However, I have 

found no other papers, besides Wade et al., which considers causal associations between adiposity and 

cardiac structural and functional measures, using MR.4  

Limitations 

This study has a number of limitations. Firstly, although there is sufficient evidence to suggest that 

causal associations exist between the BMI and a number of cardiovascular outcomes, the 95% CIs for 

the majority of the OE and IVE overlap, so it is difficult to confirm the accuracy of the effect sizes and the 

extent of confounding of the observational estimates.  

Secondly, although BMI is widely used as a measure of adiposity, it may be an inadequate tool for 

measuring cardiovascular risk.11,12 As shown in Chapter 4, direct measures of fat and lean mass are more 

discriminative and collectively account for more variance in cardiovascular outcomes than BMI. In 

addition, cardiovascular health is influenced not only by the quantity of fat, but also by the quality, 

location and distribution of adipose tissue, with visceral or ectopic fat being more closely correlated 

with cardiometabolic disease.13 However, I have found no GWAS which have found a large number of 

SNPs which are robustly and independently associated with fat mass alone, and so the SNPs from the 

GIANT consortium are a valuable resource.  

Thirdly, many of the features of this analysis are peculiar to this cohort. The sample size of the cohort 

puts limitations on the analyses (e.g. we could not do a sex-stratified MR analysis), some outcomes may 

be underpowered and there are shortcomings in terms of some of the variables that are available. 

Adjusting for confounders did not alter many of the observational estimates to a huge degree, and 

imputing the missing data in the confounders also did not change the estimates. In keeping with the 

core MR assumptions, there was a strong association between BMI and the confounders which were 

included in analyses. However, even after adjustment for confounders, there was evidence that the OE 
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remained confounded, due to their differences with the IVE. The larger the difference between the 

estimates, the greater the degree of confounding of the OE, although a reliable significant difference 

between the estimates was only detected for LA_AV. 

There was no statistically significant association between the GRS and the majority of the confounders, 

with the exception of physical activity (p=0.03; see Table A7b, Appendix 7). While this finding is 

somewhat concerning as it would seem to violate the core MR assumptions, it is unlikely to be of huge 

importance because of the unreliability of the physical activity variable, as discussed previously in the 

methods section. >58% of individuals were missing the physical activity data and, as it was collected 

when participants were 15, it is unlikely to be a good indication of participants’ physical activity at age 

17. Its collection was also believed to be unreliable, reflective of other observations that the obtaining 

reliable physical activity data and interpreting it appropriately is difficult.14  

Although the evidence that the association between the GRS and physical activity in our cohort is not 

compelling, gene-environment interactions (GEI) have been given an increasing amount of attention and 

a number of reviews report interesting findings about the way in which genotype modifies behaviours 

such as physical activity and diet.15-17 An obesogenic environment may augment one’s genetic risk for 

obesity, while individuals who are genetically at a higher risk of obesity may ameliorate their risk 

through physical exercise and avoiding certain foods.18,19 However, many results remain inconclusive 

and there are numerous challenges in uncovering the mechanisms and interplay between the genetic 

and environmental factors which contribute to adiposity.16,19  

Fourthly, it is well known that some SNPs are able to bias the results disproportionately by linkage 

disequilibrium (LD). Although the MR-Egger tests indicated that there was not enough evidence for 

directional pleiotropy in most cases, except for the association with HR, it is still possible that pleiotropy 

or genetic clustering may have influenced the present findings.20 Researchers differ in opinion as to the 

best thresholds for detecting pleiotropy in sensitivity analyses and the general consensus is that a higher 

MR-Egger p value equates to a more robust association. However, by applying this approach, one could 

conceivably rule out the presence of any robust associations if very strict thresholds were applied. 

Similarly, researchers differ in opinion as to how similar (or dissimilar) a SNP can be to another before it 

ought to be excluded from analysis. This pre-analysis quality control method is known as ‘clumping’ or 

‘pruning’ and reduces the chance of LD, to ensure a greater likelihood of independence. While some 

suggest that ‘light’ pruning to r2=0.95 is sufficient when creating a GRS,21 others suggest a more 
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stringent approach of r2=0.05,22 which may also correct for population stratification. Still others believe 

that the pruning of SNPs increases the risk of removing true causal variants from analyses, resulting in 

an unnecessary loss of power and causal inference.23 While the lack of agreement regarding sensitivity 

analyses presents challenges, particularly when comparing different studies, a universal approach clearly 

would not be appropriate across all analyses.  

In cases of doubt, it is best to run sensitivity analyses, comparing the results from analyses in which all 

proposed SNPs were included, with the results from analyses in which some SNPs were pruned. Due to 

the quality control procedures outlined in the methods section and the strong emphasis by the GIANT 

consortium that the SNPs I used are independent,24 I used all 96 SNPs which were available for my 

analysis. Wade et al. conducted sensitivity analyses in her study and found that the results she obtained 

from using a subset of SNPs were comparable to those she obtained when all SNPs were included in her 

analyses.4 In this study I used data from the same cohort and utilised the same SNPs. In addition, in my 

study, the penalised p values for the MR-Egger, weighted median and IVW analyses which dealt with 

outliers were usually very similar to the unpenalised p values and, in the vast majority of cases, did not 

indicate the existence of pleiotropy. Given this evidence, I felt justified in my decision to utilize all 96 

SNPs which were available for analysis and to maximize power in this way.  

Lastly, it is important to acknowledge that the 96 SNPs used in this analysis account for a very small 

amount of the variance (<2.7%) in BMI. Some genome-wide estimates have suggested that common 

variation may account for over 20% of BMI variation,24 while others estimate that BMI heritability is as 

much as 40-70%.25 Collectively, GWAS have now identified over 300 SNPs for BMI, waist-to-hip ratio and 

other traits related to adiposity18 and it is useful for MR studies to utilise the SNPs available to maximise 

the amount of variance in BMI which is accounted for. However, pooling together multiple SNPs for 

analyses which were identified in different populations can raise problems such as population 

stratification, and with a larger number of SNPs there is a greater likelihood of LD and pleiotropy.26 Since 

the genetic ancestry of the ALSPAC participants is predominantly European, it was appropriate to use 

SNPs which were genome-wide and which had been identified in a Caucasian GWAS. The comparison or 

application of my findings to cohorts of different ages, ethnicities and health status therefore ought to 

be done with caution. 

Despite these limitations MR has numerous advantages, providing additional insights and causal 

inference than most conventional observational studies, 27 and there appears to be good reason to give 
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credence to the evidence here that a moderate causal relationship may exist between BMI and a more 

adverse cardiac phenotype, as shown by associations with a number of cardiovascular outcomes. 

However, it is important to remember that beyond the genetic influence, lifestyle behaviours strongly 

influence adiposity and cardiovascular health, and factors such as diet and physical activity may interact 

with genotype, as previously discussed. In addition, there is much evidence that early life exposures 

predispose one’s susceptibility to developing adiposity and cardiovascular health.28-32  

Conclusions 
 
 

My results suggest that higher BMI in our adolescents is causally associated with a range of potentially 

adverse effects on the cardiovascular system, including elevated SBP, PP, MAP, EDV, ESV, SV, CO, LA_AV 

and indexed LV mass, and with reduced E/A, although the association between increased BMI and 

reduced TPR is a positive finding. The associations for LA_AV, EDV, ESV, E/A and TPR are novel findings 

and the strongest evidence is for a causal association between BMI and LA_AV. There may be a causal 

relationship between higher BMI and worsened systolic function, but the evidence is not strong enough 

to support this. Observational estimates are likely to be influenced by residual confounding and reverse 

causality. 

 

Although the loci used in this analysis only account for a small amount of the variance (<2.7%) in BMI, 

these findings further emphasize the need for individuals to monitor their lifestyle and adiposity from 

adolescence and through adulthood. The prevention of excessive weight gain and establishment of 

healthy lifestyle habits from youth may prevent future CVD. While further research is required to reach 

a more detailed understanding of how different genetic loci influence phenotype, the discoveries from 

many analyses may collectively lead to the development of preventative and therapeutic solutions for 

obesity.18  
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Chapter 8: Final discussion 
 

Adiposity in childhood and adolescence is known to trigger structural and functional changes to cardiac 

structure and geometry, which may continue and progressively worsen through adulthood. All of my 

analyses indicate, in different ways, that adiposity is associated with worsened cardiovascular health, 

even from late adolescence, and add to the existing evidence that adiposity is associated with worsened 

cardiac structure and function in adolescence, consistent with previous findings.1-5  

 

The results from Chapter 4 provide interesting insights into the roles of fat mass and lean mass and their 

respective associations with measures of blood pressure (BP), cardiac structure and function and 

vascular function. The associations also differed considerably by sex. Lean mass, as well as fat mass, may 

have a worsening effect on some cardiac structural and functional measures. Increases in fat mass 

(adjusted for height) were more strongly associated with elevated BP, relative wall thickness (RWT), left 

ventricular (LV) mass, concentric remodelling and worsened systolic and diastolic function. Increases in 

lean mass were associated with greater increases in blood volume and LV mass and a reduction in RWT. 

Increased fat mass was associated with an increase in heart rate (HR), while lean mass was associated 

with a reduction in HR, while both tissues were associated with similar increases in left atrial (LA) size. 

Lastly, there were some interesting differences in the associations between fat and lean mass and 

measures of systolic and diastolic function.  

 

In general, there were stronger associations in the males than in the females and there were some 

important sex differences. These findings provide evidence that the associations of fat and lean mass 

with cardiovascular outcomes is not clear cut and further research is warranted across different cohorts, 

as to the ways in which measures of fat and lean mass influence cardiovascular risk. The emergence of 

these sex differences also has important implications for how cardiovascular disease (CVD) might 

develop differently through the life course in men and women.  

 

The analyses presented in Chapter 5 suggest that current methods which are used to detect left 

ventricular hypertrophy (LVH) may be incorrect or inadequately informed. The results highlight the 

pitfalls of failing to analyse males and females separately when indexing LV mass to body size, and show 

that exponents of height, lean mass and body surface area (BSA) to which LV mass should be indexed 

alter with sex and body composition. For adolescents of this age, indexing LV mass to height1.7 seems to 

be preferable to the common exponent of height2.7, but indexing LV mass to lean mass appears to be 
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better than using height, since the relationship between LV mass and lean mass in our analysis was 

linear and the exponents for each sex were close to unity. Indexing LV mass to BSA appeared to be 

inappropriate.  

 

The use of different cut-offs also results in different rates of detection of LVH and LV remodelling. My 

findings suggest that in late adolescence, the use of incorrect cut-offs may lead to the misdiagnosis of 

participants as being healthy or low-risk. It appears that none of the conventional cut-offs for childhood, 

adolescence or adulthood are perfect for use in either sex at this age, but indexation to lean mass may 

be the best option for older adolescents. Clinical guidelines for the assessment of normative LV mass of 

older adolescents may need to be revised to take age, sex and body composition into account. However, 

further research needs to be conducted in other cohorts of adolescents and across different ethnicities, 

to assess which indexing methods are the most appropriate for detecting LVH and LV remodelling, in 

both adolescents and in the general population. Following up adolescents through early adulthood will 

also be important in assessing how LV morphology changes with age.  

 

In Chapter 6 I investigated the extent to which different cardiovascular risk factors mediated the 

association between adiposity and different cardiac outcomes. Most of the association between total fat 

mass and LV mass was not accounted for by the common cardiovascular risk factors I investigated as 

mediators, in both sexes, and BP accounted for very little of the association. Other hormonal or 

biochemical factors may mediate this association, or alternatively a large proportion of the effect of fat 

mass on LV mass may be direct. By comparison, the mediators accounted for much larger proportions of 

the association between fat mass and RWT and midwall fractional shortening (MFS), highlighting the 

extent to which these outcomes are affected by BP and plasma-based biomarkers. Further analyses 

showed that LV mass mediated a considerable amount of the association between fat mass and RWT, 

and between fat mass and MFS.  

 

However, the associations for RWT and MFS in the males remained dubious due to wide confidence 

intervals and it is unclear what is driving the lack of statistical significance in these outcomes for the 

males. As with the association with LV mass, the majority of the association between fat mass and mitral 

E/A remained unaccounted for in both sexes, raising further questions about the factors which might be 

responsible for the rest of the association. There appear to be some important sex differences with 

respect to both the influence of fat mass and lean mass on key cardiovascular outcomes, and in the 
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extent to which the associations are mediated, suggesting that certain physiological mechanisms 

operate differently in males from females. Further research into these areas and into the sexual 

dimorphism of the association between fat and cardiac outcomes will be important for understanding 

the pathways which influence the presentation of CVD in each sex.  

 

Lastly, in Chapter 7 I investigated causal relationships between adiposity and a range of cardiovascular 

outcomes using multivariable regression and a Mendelian randomisation (MR) approach. There was a 

strong association between the body mass index (BMI) and the number of BMI-associated alleles which 

participants carried, and both BMI and the genetic risk score were associated with a range of 

cardiovascular outcomes. My results provided evidence that the observational associations between 

BMI and the cardiovascular outcomes are likely to remain subject to residual confounding and reverse 

causality which is not accounted for by the confounders included in the observational models. Given 

that the MR assumptions were met, there is evidence that in the ALSPAC cohort BMI has a causal effect 

on elevating BP, blood volumes, left atrial size and LV mass and reducing E/A, all of which are adversely 

associated with cardiovascular risk. Interestingly there was also evidence for a causal association 

between increased BMI and reduced total peripheral resistance, which is a positive finding, although the 

effect size was small.  

 

The finding that the observational estimates are likely to be biased by residual confounding or reverse 

causation compromises their reliability and highlights the importance of using  statistical methods which 

avoid or reduce the effects of confounders and reverse causality and evade the limitations of 

observational analyses, where possible.6 In addition, there is evidence from my MR analyses that, 

although the genetic variants included in the MR analysis accounted for <3% of the variance in BMI, 

those who carry more BMI-associated alleles may be predisposed towards toward being more adipose 

and are likely to be at greater risk of developing an adverse cardiometabolic phenotype. It is clear that 

many non-hereditary factors also contribute towards BMI and disease risk, and so it is important for 

individuals, particularly those who are able to gain weight more easily, to maintain a healthy lifestyle 

and monitor their weight throughout their lives. However, certain young people may already have an 

unfavourable cardiac profile in their youth1-2 and may need extra support or advice in mitigating their 

disease risk.   
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Relationship of cardiovascular outcomes with future cardiovascular risk and disease  
 

As has been stated at various points in this thesis, there are numerous adverse cardiovascular outcomes 

which are associated with an increase in cardiovascular risk. High systolic blood pressure (BP), diastolic 

BP and pulse pressure are strong predictors of cardiovascular disease (particularly coronary heart 

disease)7 and these measures of BP are also strong predictors of risk for congestive heart failure (CHF).8  

 

LA size and function are useful as predictors of cardiovascular events, in general populations and in 

those with atrial fibrillation (AF), cardiomyopathy, valvular heart disease and ischaemic heart disease.9 

LV mass is an independent predictor of cardiovascular morbidity and mortality, independent of 

traditional risk factors.10,11 In the presence of LV hypertrophy (LVH), systolic and 

diastolic dysfunction worsen over time, ejection fraction (EF) is gradually reduced and symptoms of 

heart failure (HF) begin to develop.12 Although systolic and diastolic dysfunction do not always occur 

together, both are predictive of CHF and worsen in the presence of HF.13  

 

All of these conditions are also associated with and worsened by the presence of adiposity, as discussed 

previously, and are also associated with the development of AF, including hypertension,14 increased LA 

size,15-17 LVH18,19 and diastolic dysfunction.20 Hypertension, LVH15 and systolic and diastolic dysfunction 

are also associated with HF  later in adulthood21,22 and in patients with chronic HF, AF is also the most 

common sustained arrhythmia.23 LA size is a particularly powerful predictor of outcomes in patients with 

HF who also have impaired systolic function,24 although the relationship between systolic function and 

HF varies with aetiology, given that some patients present with HF have preserved EF (pEF), while others 

have reduced EF. Patients with AF and low EF have been shown to have high absolute risk of 

cardiovascular morbidity and mortality, although those with preserved EF have also found be at 

relatively greater risk of major adverse cardiac outcomes, compared with those with low or reduced 

EF,25 a finding which has been replicated elsewhere.26 

 

AF is the most common sustained arrhythmia27 and, as with LV mass and hypertrophy, it is strongly 

associated with body composition. Increased fat and lean mass have both been associated with a 

greater risk of AF in older men and women (age range 50-64 years),28 although there is some contention 

as to which tissue is the stronger predictor of AF in adult life. The association between adiposity 

(particularly abdominal and epicardial adiposity) and AF is well-reported29,30 and recent research has 
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suggested a pathway whereby some products of adipose tissue influence a range of cardiac remodelling 

effects which lead to AF (known as the ‘Lipotoxicity’ model).31 Meanwhile, others have reported both 

that lean mass is the predominant anthropometric risk factor for AF and that fat mass does not have an 

independent influence on AF.32,33  

 

It may be the case that both tissue types are linked, with increased adipose tissue leading to subsequent 

increases in lean mass, which then lead to increases atrial size and mass and influence AF, outline in 

what is known as the ‘Corporal Load’ model.31 Mendelian randomisation studies would appear to 

support this, with evidence of independent causal relationships of fat and lean mass on AF in a large 

study of participants in UK Biobank (mean age 56.5 (SD 8.1) years).34 Interestingly in this study, the 

hazard ratio for AF was greater for lean mass (1.77(95% CI: 1.72–1.83)) than fat mass (1.40(1.37–1.43)), 

and the paper demonstrated that the observational estimates were likely to be confounded, an 

important limitation of observational models.34 Nevertheless, the genetic variants did not account for all 

the variance in AF and other factors are known to have an influence, including lifetime physical activity 

and height, which have also been reported as risk factors for AF in healthy middle-aged adults.17 

 

Final comments 
 
Identifying and monitoring cardiovascular risk earlier in the life course is becoming increasingly 

important as a preventative measure for future disease. Although adverse measures of cardiac structure 

and function at a younger age are strongly predictive of future disease,3,35,36 a number of studies have 

found that weight loss and exercise interventions are able to improve a number of outcomes, including 

LV mass, measures of chamber size and diastolic and systolic function.35,37,38 However, the earlier 

detection and monitoring of adiposity of adverse cardiac structure or of systolic and diastolic function is 

likely to reduce the impact of the disease burden and improve long-term quality of life, particularly in 

higher-risk individuals.  

 

Given that adolescence is still a comparatively understudied period of life, it will be important for 

researchers to continue assessing cardiovascular health in adolescents, particularly in those from under-

represented ethnic backgrounds. From a young age, it is also important that healthy lifestyle attitudes 

and behaviours are encouraged and adopted in order to prevent or mitigate the development of 

cardiovascular risk and disease. The amelioration of the effects of the global obesity pandemic is likely 

to have a positive influence, not only on rates of cardiovascular morbidity and mortality, but also on 
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adiposity-associated cancers, cognitive function, neuropsychiatric conditions and orthopaedic conditions 

such as osteoarthritis.39-43  

 

Further research into the next period on from adolescence, early adulthood, will also be important in 

assessing how cardiovascular risk progresses with age.44 More sex-stratified investigations are needed to 

help to identify the mechanisms at work which underpin key sex differences in cardiovascular outcomes 

and which lead to the sexual dimorphism which we see frequently in disease risk and presentation.45-47 A 

better understanding of these processes may also lead to improved primary and secondary care 

procedures for men and women. In addition, studies of hereditary factors which contribute to the 

development of adiposity and cardiovascular disease are of continuing importance and the study of 

gene-environment interactions will be essential to helping us to understand how genotype modifies 

certain behaviours.39,48 Through characterising the associations between adiposity and cardiovascular 

health outcomes through the life course, we may be able to manage and mitigate adiposity and disease 

risk earlier and more effectively, improving individuals’ lives and reducing the economic costs needed to 

treat disease.49 
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Appendices 

Appendix 1: Review of reported cardiac structural and functional and vascular measures in adolescence (referenced in Chapter 1) 
 Average or median value  

Measure Author(s) Mean age/range All Males Females 

SBP, mmHg Chinali et al. 20061 

(Italian & German populations) 
0-18y; mean age 9.6y (SD 4.3) 

n= 400, 52% male 
104 ± 10   

 Hunt et al. 20112
 

(British population - ALSPAC) 
Median age 9.8y (IQR 9.7 – 10y) 

m = 3526, f = 3590 
 102.4 ± 9.0 103.0 ± 9.6 

 
De Simone et al. 20013 

(USA & Italian population) 

1-17 y; n=349 
m = 190, mean age 9.70 ± 3.3y 
f =159, mean age 9.84 ± 3.1y 

 106.16 ± 7.9 105.68 ± 8.8 

 
Falaschetti et al. 20104  

(British population - ALSPAC) 

8.8–11.7y; mean age 9.9y 
n=7589 children 

(m = 3694; f = 3787) 
 101.1 ± 8.4 101.2 ± 8.7 

 Charakida et al. 20125 

(British population - ALSPAC) 

10.5-10.8y; mean age 10.6y 
m= 3228, f = 3347 

 104.0 ± 9.1 104.3 ± 9.2 

 
Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

106.91 ± 0.54 
(Mean ± SE) 

106.14 ± 0.75 
(Mean ± SE) 

106.37 ± 0.86 
(Mean ± SE) 

 
Majonga et al. 20177 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
112.7 ± 12.9 112 ± 13.0 113 ± 12.9 

 
Curcio et al. 20168 

(Uruguyan population) 

Aged 8-1y, n=79 
m=50, mean age 11.8 ± 1.9 
f=29 mean age 11.8 ± 2.3 

 106 ± 6 105 ±7 

 Diaz et al. 20189 
(Argentinian population) 

Mean age 13.8 ± 0.1y  
n = 365 (m=290); f =75) 

111.5 ± 0.4 
(Mean ± SE)   

 
Diaz et al. 201910 

(Argentinian population) 

Mean age 15 ± 3y, n=1000 
m = 560, mean age 15 ± 2 
f = 440, mean age 15 ± 3 

112 ± 9 114 ± 9 109 ± 8 

 
Diaz et al. 201911  

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

111.97 ± 9.76 114.20 ± 9.53 108.27 ± 8.98 

 
Howe et al. 201012 

(British population - ALSPAC) 

15 y, n=5113 
m=2413, mean age = 15.45±0.32y 
f = 2700; mean age = 15.48±0.38y 

 125.97 ± 10.36 120.56 ± 10.49 

 
De Simone et al. 1997 13 

(USA & Italian population) 

≤17 y (mean age omitted) 
m=207, age range 0.03-17y 

f = 166, age range 0.01 – 16y 
 86-127 

(range) 
72-127 
(range) 
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 Diaz et al. 20189 
(Argentinian population) 

Mean age 17.5 ± 0.1y  
n = 221; m=159, f=62 

119.6 ± 0.6 
(Mean ± SE)   

 Park et al. 201814 
(British population - ALSPAC) 

Average 17.7 y (for both m & f) 
(SD 17.5-17.8 for both m & f) 

117 ± 11 122 ± 11 112 ± 9 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

SBP, mmHg 
(cont’d) 

Curcio et al. 2016 8 
(Uruguyan population) 

≥15 y, n = 60 
m=30, mean age 22.0 ± 3.8y 
f=30 mean age 23.4 ± 4.1y 

 125 ± 11 114 ± 11 

 
De Simone et al. 1997 13 

(USA & Italian population 

>17 y (mean age omitted) 
m=229, age range 18-85y 
f=164, age range 18-76y 

 94-140 
(range) 

86-140 
(range) 

 
De Simone et al. 2001 3 

(USA & Italian population) 

18-85 y; n=470 
m = 254, mean age 44.60 ± 12.3y 
f = 216, mean age 41.33 ± 13.6y 

 120.46 ± 8.5 113.28 ± 12.3 

 

DBP, mmHg Chinali et al. 2006 1 

(Italian & German populations) 
0-18y; mean age 9.6y (SD 4.3) 

n= 400, 52% male 
60 ± 9   

 Hunt et al. 2011 2
 

(British population) 
Median age 9.8y (IQR 9.7 – 10y) 

m = 3526, f = 3593 
 57.2 ± 6.4 57.8 ± 6.4 

 
De Simone et al. 20013 

(USA & Italian population) 

1-17 y; n=349 
m = 190, mean age 9.70 ± 3.3y 
f =159, mean age 9.84 ± 3.1y 

 63.12 ± 9.2 64.14 ± 9.2 

 Falaschetti et al. 2010 4  
(British population - ALSPAC) 

 

8.8–11.7y; mean age 9.9y 
n=7589 children 

(m = 3694; f = 3787) 
 56.7 ± 6.3 57.1 ± 6.3 

 Charakida et al. 2012 5 

(British population - ALSPAC) 

10.5-10.8y; mean age 10.6y 
m= 3228, f = 3347 

 59.6 ± 7.9 60.9 ± 8.1 

 
Goble et al. 1992 6 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

58.24 ± 0.70 
(Mean ± SE) 

58.24 ± 1.10 
(Mean ± SE) 

60.88 ± 1.10 
(Mean ± SE) 

 
Majonga et al. 2017 7 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
74 ± 9.6 73 ± 9.0 74.7 ± 9.7 

 
Curcio et al. 2016 8 

(Uruguyan population) 

Aged 8-14 years, n=79 
m=50, mean age 11.8 ± 1.9 
f=29 mean age 11.8 ± 2.3 

 58 ± 6 59 ± 6 

   Diaz et al. 2018 9 
(Argentinian population) 

Mean age 13.8 ± 0.1y 
n = 365; m=290, f =75 

60.3 ± 0.3  
(Mean ± SE) 

  

 Diaz et al. 2019 10 Mean age 15 ± 3 years, n=1000 63 ± 7 62 ± 7 64 ± 7 
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(Argentinian population) m = 560, mean age 15 ± 2 
f = 440, mean age 15 ± 3 

 
Diaz et al. 2019 11  

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

62.59 ± 7.04 62.06 ± 7.07 63.46 ± 6.92 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

DBP (mmHg) 
(cont’d) 

Howe et al. 2010 12 
(British population - ALSPAC) 

15 y, n=5113 
m=2413, mean age = 15.45±0.32y 
f = 2700; mean age = 15.48±0.38y 

 68.29 ± 9.11 66.97 ± 8.33 

 
De Simone et al. 1997 13 

(USA & Italian population) 

≤17 y (mean age omitted) 
m=207, age range 0.03-17y 

f = 166, age range 0.01 – 16y 
 34-85 

(range) 
38-82 
(range) 

   Diaz et al. 2018 9 
(Argentinian population) 

Mean age 17.5 ± 0.1y (SE) 
n = 221; m=159, f=62 

64.7 ± 0.5) 
(Mean ± SE) 

  

 Park et al. 2018 14 
(British population - ALSPAC) 

Average 17.7 y (for both m & f) 
(SD 17.5-17.8 for both m & f) 

65 ± 8 64 ± 8 65 ± 7 

 
Curcio et al. 2016 8 

(Uruguyan population) 

≥15 y, n = 60 
m=30, mean age 22.0 ± 3.8y 
f=30 mean age 23.4 ± 4.1y 

 64±7 64 ±9 

 
De Simone et al. 1997 13 

(USA & Italian population) 

>17 y (mean age omitted) 
m=229, age range 18-85y 
f=164, age range 18-76y 

 55-90 
(range) 

50-90 
(range) 

 
De Simone et al. 1997 13 

(USA & Italian population) 

18-85 y; n=470 
m = 254, mean age 44.60 ± 12.3y 
f = 216, mean age 41.33 ± 13.6y 

 74.48 ± 7.2 70.96 ± 8.3 

 

PP, mmHg 
Curcio et al. 2016 8 

(Uruguyan population) 

Aged 8-14y, n=79 
m=50, mean age 11.8 ± 1.9 
f=29 mean age 11.8 ± 2.3 

 48± 6 46 ±6 

   Diaz et al. 2018 9 
(Argentinian population) 

Mean age 13.8 ± 0.1y (SE) 
n = 365 m=290, f =75 

51.2 ± 0.4 
(Mean ± SE)   

 
Diaz et al. 2019 10 

(Argentinian population) 

Mean age 15 ± 3 y, n=1000 
m = 560, mean age 15 ± 2 
f = 440, mean age 15 ± 3 

49 ± 8 52 ± 8 45 ± 6 

 
Diaz et al. 2019 11  

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

49.38 ± 8.70 52.15 ± 8.60 44.80 ± 6.70 

   Diaz et al. 2018 9 
(Argentinian population) 

Mean age 17.5 ± 0.1y (SE) 
n = 221; m=159, f=62 

54.9 ± 0.6) 
(Mean ± SE)   
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Curcio et al. 2016 8 

(Uruguyan population) 

≥15 y, n = 60 
m=30, mean age 22.0 ± 3.8y 
f=30 mean age 23.4 ± 4.1y 

 60± 10 49 ±7 

 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

HR (bpm) Schmitz et al. 1998  15 
(German population) 

9.3 (6.2–13.5)y, n = 82 
m = 42, f=40 

82 (58–100) 
(Median + IQR)   

 Chinali et al. 2006 1 

(Italian & German populations) 
0-18y; mean age 9.6y (SD 4.3) 

n= 400, 52% male 
81 ± 13   

 De Simone et al. 2001 3 
(USA & Italian population) 

1-17 y; n=349 
m = 190, mean age 9.70 ± 3.3y 
f =159, mean age 9.84 ± 3.1y 

 80.16 ± 13.6 81.12 ± 12.5 

 Charakida et al. 2012 5 

(British population - ALSPAC) 

10.5-10.8y; mean age 10.6 years 
m= 3228, f = 3347 

 69.7 ± 10.5 74.2 ± 11.4 

 
Majonga et al. 2017 7 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
81.7 ± 13.0 80.2 ± 12.0 83.3 ± 13.7 

 
Goble et al. 1992 6 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

73.55 ± 0.67 
(Mean ± SE) 

70.56 ± 0.99 
(Mean ± SE) 

76.44 ± 0.99 
(Mean ± SE) 

 
Curcio et al. 2016 8 

(Uruguyan population) 

Aged 8-14 years, n=79 
m=50, mean age 11.8 ± 1.9 
f=29 mean age 11.8 ± 2.3 

 74 ± 11 80 ± 12 

   Diaz et al. 2018 9 
(Argentinian population) 

Mean age 13.8 ± 0.1y (SE);  
n = 365 m=290, f =75 

69.2 ± 0.7 
(Mean ± SE)   

 
Diaz et al. 2019 10 

(Argentinian population) 

Mean age 15 ± 3 years, n=1000 
m = 560, mean age 15 ± 2 
f = 440, mean age 15 ± 3 

67 ± 11 65 ± 11 71 ± 11 

 Schmitz et al. 1998  15 
(German population) 

15.6 (14.2–19.1)y, n = 25 
m = 15, f=10 

72 (51–104) 
(Median + IQR)   

 
Diaz et al. 2019 11  

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

70.20 ± 12.55 68.31 ± 12.01 73.34 ± 12.82 

 
De Simone et al. 1997 13 

(USA & Italian population) 

≤17 y (mean age omitted) 
m=207, age range 0.03-17y 

f = 166, age range 0.01 – 16y 
 45-141 

(range) 
52-136 
(range) 
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   Diaz et al. 2018 9 
(Argentinian population) 

Mean age 17.5 ± 0.1y (SE), n = 221 
m=159, f=62 

66.8 ± 0.8) 
(Mean ± SE)   

 Park et al. 2018 14 
(British population - ALSPAC) 

Average 17.7 y (for both m & f) 
(SD 17.5-17.8 for both m & f) 

69 ± 10 67 ± 10 71 ± 10 

 
Curcio et al. 2016 8 

(Uruguyan population) 

≥15 y, n = 60 
m=30, mean age 22.0 ± 3.8y 
f=30 mean age 23.4 ± 4.1y 

 68 ± 12 75 ± 10 

 
 
 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

HR (bpm) (cont’d) 
 

De Simone et al. 1997 13 

(USA & Italian population) 

>17 y (mean age omitted) 
m=229, age range 18-85y 
f=164, age range 18-76y 

 46-97 
(range) 

43-98 
(range) 

 
De Simone et al. 20013 

(USA & Italian population) 

18-85 y; n=470 
m = 254, mean age 44.60 ± 12.3y 
f = 216, mean age 41.33 ± 13.6y 

 66.21 ± 11.3 70.10 ± 10.8 

 

Left atrial (LA) 
diameter (mm) 

Bonatto et al. 2006 16 
(Brazilian study) 

0-12 y, n=595 mean 5.08 ± 3.3y 
m= 5.07 ± 3.3y, n = 326; 
f = 5.08 ± 3.4y, n = 269 

25.7 ± 4.7 26.0 ± 4.8 25.3 ± 4.7 

 Huwez et al. 1994 17 
(Scottish population) 

7 months – 19.5y, n = 127 
Mean age 5.54 ± 3.5y 

m = 77, f = 50 
23.95 ± 3.73   

 
Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

27.6 ± 0.3 
(Mean ± SE) 

27.3 ± 0.5 
(Mean ± SE) 

27.7 ± 0.4 
(Mean ± SE) 

 Majonga et al. 20177 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y m=143, 
f= 149. 107 aged 6-9y, 107 aged 10-13y; 

68 aged 14-16y 
25.6 ± 3.4 25.7 ± 3.3 25.5 ± 3.5 

 Oran et al. 2014 18 
(Turkish study) 

1 day-17y, n = 1200 (mean age omitted. 
Average/median value presented for 50% 

centile for variable and body weight 
 30.0 28.0 

 
Diaz et al. 2019 11 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

32.36 ± 4.23 33.66 ± 4.05 30.21 ± 3.60 

 
Hirschler et al. 2012 19 

(Argentinian population)  
Mean age 16.6 ± 1.9, n=72 

(Boys only) 
 33.4 ± 3.8  

Left atrial (LA) 
volume (ml) 

Diaz et al. 201911  
(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

38.70 ± 10.18 41.19 ± 10.70 34.56 ± 7.65 
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Interventricular 
septum in diastole 
(IVSd, mm) 

Bonatto et al. 2006 16 
(Brazilian study) 

0-12y, n=595 mean 5.08 ± 3.3y  
m= 5.07 ± 3.3y, n = 326; 
 f = 5.08 ± 3.4y, n = 269 

5.3 ± 0.9 5.4 ± 0.9 5.3 ± 0.8 

 Huwez et al. 1994 17 
(Scottish population) 

7 months – 19.5y, n = 127 
Mean age 5.54 ± 3.5y 

m = 77, f = 50 
6.43 ± 1.17   

 
Kervancioglu et al. 2011 20 

(Turkish population)  

1 day-14y, n=209 
Group mean age = 6.4 ± 4.2y 

m = 143, mean age = 6.4 ± 4.3y 
f = 65, mean age = 6.4 ± 4.1y 

6.2 ± 1.4 6.3 ± 1.4 5.9 ± 1.4 

 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

Interventricular 
septum in diastole 
(IVSd) (mm)(cont’d) 

Khoury et al. 2009 21 
(Cincinnati, USA population) 

Age 0-18y, n = 2273 
m = 1267, mean age 9.55 ± 5.34y 
f = 1006, mean age = 9.68 ± 5.22y 

 6.42 ± 1.7 6.15 ± 1.51 

 
Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119; mean age for both 

sexes = 11.2±0.02y 

0.58 ± 0.01 
(Mean ± SE) 

0.59 ± 0.01 
(Mean ± SE) 

0.57 ± 0.01 
(Mean ± SE) 

 
Majonga et al. 20177 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
7.5 ± 1.3 7.6 ± 1.3 7.5 ± 1.3 

 
Foster et al. 2016 22 

(Cincinnati, USA study) 

5-18y, n=1710 
m = 939, mean age 12.6 (8.9-15.0)y 
f = 771, mean age 12.5 (8.6-14.9)y 

 6.9 (5.9 - 8.0) 
(Median + IQR) 

6.5 (5.6 -7.4) 
(Median + IQR) 

 Hietalampi et al. 2012 23 
(Finnish population)  

Age 15y, n=418 adolescents 
m = 217; f = 201 

 7.6 ± 1.0 7.2 ± 0.9 

 Hirschler et al. 2012 19 
(Argentinian population) 

Mean age 16.6 ± 1.9, n=72 
(Boys only) 

 7.8 ± 1.7  

 
Diaz et al. 201911  

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

7.35 ± 1.11 7.67 ± 1.08 6.83 ± 0.95 

 Oran et al. 2014 18 
(Turkish study) 

1 day-17y, n = 1200 (mean age omitted. 
Average/median value presented for 50% 

centile for variable and body weight 
 8.3 8.0 

 

Interventricular 
septum in systole 
(IVSs) (mm) 

Majonga et al. 20177 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
9.9 ± 1.7 10 ± 1.8 9.8 ± 1.6 
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Diaz et al. 201911 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

11.64 ± 2.06 12.26 ± 2.05 10.61 ± 1.64 

 

LV posterior wall 
in diastole 
(LVPWTd) (mm) 

Bonatto et al. 2006 16 
(Brazilian study) 

0-12 y, n=595 mean 5.08 ± 3.3y 
m= 5.07 ± 3.3y, n = 326; 
f = 5.08 ± 3.4y, n = 269 

5.3 ± 0.9 5.4 ± 0.9 5.3 ± 0.9 

 
Kervancioglu et al. 2011 20 

(Turkish population)  

1 day-14y, n=209 
Group mean age = 6.4 ± 4.2y; 

m = 143, mean age = 6.4 ± 4.3y 
f = 65, mean age = 6.4 ± 4.1y 

5.6 ± 1.3 5.6 ± 1.3 5.4 ± 1.2 

 
Khoury et al. 2009 21 

(Cincinnati, USA population) 

Age 0-18y, n = 2273 
m = 1267, mean age 9.55 ± 5.34y 
f = 1006, mean age = 9.68 ± 5.22y 

 6.06 ± 1.71 5.75 ± 1.49 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

LV posterior wall 
in diastole (cont’d) 
(LVPWTd) (mm) 

De Simone et al. 20013 
(USA & Italian population) 

1-17 y; n=349 
m = 190, mean age 9.70 ± 3.3y 
f =159, mean age 9.84 ± 3.1y 

 5.9 ± 1.6 5.8 ± 1.3 

 
Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

5.7 ± 0.1 
(Mean ± SE) 

5.8 ± 0.1 
(Mean ± SE) 

5.6 ± 0.1 
(Mean ± SE) 

 
Majonga et al. 20177 
(African population) 

6-16y, n=282 (mean age omitted) 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
7.3 ± 1.1 7.4 ± 1.1 7.2 ± 1.1 

 
Foster et al. 2016 22 

(Cincinnati, USA study) 

5-18y, n=1710 
m = 939, mean age 12.6 (8.9-15.0)y 
f = 771, mean age 12.5 (8.6-14.9)y 

 6.5 (5.5-7.6) 
(Median + IQR) 

6.1 (5.2-7.0) 
(Median + IQR) 

 Hietalampi et al. 2012 23 
(Finnish population) 

Age 15y, n=418 adolescents 
m = 217; f = 200 

 7.9 ± 1.0 7.5 ± 0.9 

 
Hirschler et al. 2012 19 

(Argentinian population) 
Mean age 16.6 ± 1.9, n=72 

(Boys only) 
 7.2 ± 1.4  

 Oran et al. 2014 18 
(Turkish study) 

1 day-17y, n = 1200 (mean age omitted. 
Average/median value presented for 50% 

centile for variable and body weight 
 8.0 7.7 

 
De Simone et al. 20013 

(USA & Italian population) 

18-85 y, n=470 
m = 254, mean age 44.60 ± 12.3y 
 f = 216, mean age 41.33 ± 13.6y 

 8.5 ± 1.1 7.3 ± 1.1 
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LV posterior wall 
in systole 
(LVPWTs, mm) 

Majonga et al. 2017 7 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
9.8 ± 1.7 9.8 ± 1.7 9.7 ± 2.9 

 Diaz et al. 2019 11  
(Argentinian population) 

 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

12.70 ± 2.00 13.25 ± 2.04 11.80 ± 1.58 

 

LV (end) diastolic 
diameter (LVIDd, 
mm) 

Bonatto et al. 2006 16 
(Brazilian study) 

0-12 y, n=595, mean age 5.08± 3.3y 
m= 5.07 ± 3.3y, n = 326; 
f = 5.08 ± 3.4y, n = 269 

34.9 ± 3.5 35.5 ± 6.2 34.1 ± 5.8 

 
Huwez et al. 1994 17 

(Scottish population) 

7 months – 19.5y, n = 127 
Mean age 5.54 ± 3.5y 

m = 77, f = 50 
34.12 ± 5.00   

 
Kervancioglu et al. 2011 20 

(Turkish population)  

1 day-14y, n=209 
Group mean age = 6.4 ± 4.2y 

m = 143, mean age = 6.4 ± 4.3y 
f = 65, mean age = 6.4 ± 4.1y 

31.9 ± 7.0 32.2 ± 7.0 31.2 ± 7.0 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

LV (end) diastolic 
diameter (LVIDd, 
mm) (cont’d) 

Khoury et al. 2009 21 
(Cincinnati, USA population) 

Age 0-18y, n = 2273 
m = 1267, mean age 9.55 ± 5.34y 
f = 1006, mean age = 9.68 ± 5.22y 

 40.46 ± 8.89 39.12 ± 7.75 

 
De Simone et al. 20013 

(USA & Italian population) 

1-17 y; n=349 
m = 190, mean age 9.70 ± 3.3y 
f =159, mean age 9.84 ± 3.1y 

 41.3 ± 5.0 39.8 ± 4.7 

 
Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

44.8 ± 0.02 
(Mean ± SE) 

45.5 ± 0.03 
(Mean ± SE) 

44.1 ± 0.03 
(Mean ± SE) 

 
Majonga et al. 20177 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
39.2 ± 4.1 39.7 ± 4.0 38.7 ± 4.1 

 
Foster et al. 2016 22 

(Cincinnati, USA study) 

5-18y, n=1710 
m = 939, mean age 12.6 (8.9-15.0)y 
f = 771, mean age 12.5 (8.6-14.9)y 

 
44.1 (39.2 - 49.0) 

(Median + IQR) 
42.4 (37.8 - 45.9) 

(Median + IQR) 

 Hirschler et al. 2012 19 
(Argentinian population) 

Mean age 16.6 ± 1.9, n=72 
(Boys only) 

 48.5 ± 4.8  

 Oran et al. 2014 18 
(Turkish study) 

1 day-17y, n = 1200 (mean age omitted. 
Average/median value presented for 50% 

centile for variable and body weight 
 41.0 41.0 

 Diaz et al. 2019 11  5-24 y, n=1095, 49.06 ± 5.11 50.92 ± 4.71 45.96 ± 4.15 
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(Argentinian population) m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

 
De Simone et al. 1997 13 

(USA & Italian population) 

≤17y (mean age omitted) 
m=207, age range 0.03-17y 

f = 166, age range 0.01 – 16y 
 23.8-57.5 

(range) 
17.3-55.0 

(range) 

 
De Simone et al. 1997 13 

(USA & Italian population) 

>17y (mean age omitted) 
m=229, age range 18-85y 
f=164, age range 18-76y 

 39.7-63.4 
(range) 

35.8-54.8 
(range) 

 
De Simone et al. 20013 

(USA & Italian population) 

18-85y; n=470 
m = 254, mean age 44.60 ± 12.3y 
f = 216, mean age 41.33 ± 13.6y 

 50.1 ± 4.0 45.6 ± 4.0 

 

LV systolic 
diameter (LVIDs) 
(mm) 

Bonatto et al. 2006 16 
(Brazilian study) 

0-12y, n=595 mean 5.08 ± 3.3y  
m= 5.07 ± 3.3y, n = 326; 
 f = 5.08 ± 3.4y, n = 269 

20.8 ± 4.2 21.2 ± 4.4 20.3 ± 4.0 

 Huwez et al. 1994 17 
(Scottish population) 

7 months – 19.5y, n = 127  
Mean age 5.54 ± 3.5y, m = 77, f = 50 

21.56 ± 3.49   

 
 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

LV systolic 
diameter (LVIDs) 
(mm) (cont’d) 

Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

29.0 ± 0.2 
(Mean ± SE) 

29.4 ± 0.2 
(Mean ± SE) 

28.6 ± 0.3 
(Mean ± SE) 

 
Majonga et al. 20177 
(African population) 

6-16y, n=282, mean age 10.7 ± 3y 
m=143, f= 149. 107 aged 6-9y, 107 

aged 10-13y; 68 aged 14-16y 
26.8 ± 3.1 27 ± 3.1 26.5 ± 3.2 

 
Diaz et al. 201911 

(Argentinian population) 

5-24y, n=1095,  
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

31.55 ± 3.44 32.65 ± 3.28 29.72 ± 2.87 

 
Hirschler et al. 2012 19 

(Argentinian population) 
Mean age 16.6 ± 1.9, n=72 

(Boys only) 
 30.3 ± 4.0  

 Oran et al. 2014 18 
(Turkish study) 

1 day-17y, n = 1200 (mean age omitted. 
Average/median value presented for 50% 

centile for variable and body weight 
 25.0 24.0 

 De Simone et al. 1997 13 

(USA & Italian population) 

≤17y (mean age omitted) 
m=207, age range 0.03-17y 

f = 166, age range 0.01 – 16y 
 14.2-39.0 

(range) 
10.2-35.0 

(range) 

 De Simone et al. 1997 13 

(USA & Italian population) 

>17y (mean age omitted) 
m=229, age range 18-85y  
f=164, age range 18-76y 

 23.2-46.2 
(range) 

20.2-37.3 
(range) 
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Left ventricular 
mass (LV mass) (g) 

Bonatto et al. 2006 16 
(Brazilian study) 

0-12 y, n=595 mean 5.08 ± 3.3y 
m= 5.07 ± 3.3y, n = 326; 
f = 5.08 ± 3.4y, n = 269 

58.0 ± 26.8 60.6 ± 28.3 54.8 ± 24.6 

 
Huwez et al. 1994 17 

(Scottish population) 

7 months – 19.5y, n = 127 
Mean age 5.54 ± 3.5y 

m = 77, f = 50 
65.12 ± 30.4   

 
Kervancioglu et al. 2011 20 

(Turkish population)  

1 day-14y, n=209 
Group mean age = 6.4 ± 4.2y 

m = 143, mean age = 6.4 ± 4.3y 
f = 65, mean age = 6.4 ± 4.1y 

47.00 ± 23.05 48.85 ± 23.92 42.9 5± 20.59 

 
Khoury et al. 2009 21 

(Cincinnati, USA population) 

Age 0-18y, n = 2273 
m = 1267, mean age 9.55 ± 5.34y 
f = 1006, mean age = 9.68 ± 5.22y 

 78.33 ± 45.7 67.73 ± 34.95 

 De Simone et al. 20013 
(USA & Italian population)   

1-17 y, n=349 
m = 190, mean age 9.70 ± 3.3y 
f =159, mean age 9.84 ± 3.1y 

 70.25 ± 31.2 62.83 ± 23.9 

 
Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

79.03 ± 1.23 
(Mean ± SE) 

83.32 ± 1.57 
(Mean ± SE) 

74.56 ± 1.81 
(Mean ± SE) 

 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

Left ventricular 
mass (LVM) (g) 
(cont’d) 

Daniels et al. 1995 24 
(USA population (Cincinnati)) 

6-17 y, n=192  
Mean age 11.6 + 2.7y, m =100, f=92 

 
92.9 ± 31.5 (white) 
101.6 ± 40.3 (black) 

79.5 ± 24.1 (white) 
(81.4 ± 21.2 (black)) 

 
Foster et al. 2016 22 

(Cincinnati, USA study) 

5-18y, n=1710 
m = 939, mean age 12.6 (8.9-15.0)y 
f = 771, mean age 12.5 (8.6-14.9)y 

 88.6 (62.0-122.8) 
(Median + IQR) 

78.2 (54.0-100.8) 
(Median + IQR) 

 De Simone et al. 1995 25 
(USA & Italian population) 

11-13y; n=52  
m = 25, f = 27 

 78.8  75.6 

 Hietalampi et al. 2012 23 
(Finnish population) 

Age 15y, n=418 adolescents 
m = 217; f = 201 

 131.4 ± 26.7 106.9 ± 20.8 

 
Diaz et al. 201911 

(Argentinian population) 

5-24 y, n=1095,  
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

121.13 ± 37.71 135.31 ± 36.64 97.62 ± 25.85 

 
Hirschler et al. 2012 19 

(Argentinian population)  

Mean age 16.6 ± 1.9, n=72 
(Boys only) 

 153.5 ± 47.6  

 De Simone et al. 20013 18-85 y; n=470  156.53 ± 32.3 110.82 ± 26.0 
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(USA & Italian population) m = 254, mean age 44.60 ± 12.3y 
f = 216, mean age 41.33 ± 13.6y 

 

LV mass indexed 
to body surface 
area (LVMI, g/m2) 

Bonatto et al. 2006 16 
(Brazilian study) 

0-12 y, n=595 mean 5.08 ± 3.3y 
m= 5.07 ± 3.3y, n = 326; 
f = 5.08 ± 3.4y, n = 269 

76.6 ± 15.1 79.2 ± 15.0 73.5 ± 14.6 

 
Kervancioglu et al. 2011 20 

(Turkish population)  

1 day-14y, n=209;  
Group mean age = 6.4 ± 4.2y 

m = 143, mean age = 6.4 ± 4.3y 
f = 65, mean age = 6.4 ± 4.1y 

55.56 ± 15.09 57.88 ± 15.90 55.43 ± 11.70 

 
Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

64.30 ± 0.81 
(Mean ± SE) 

68.20 ± 1.05 
(Mean ± SE) 

60.23 ± 1.14  
(Mean ± SE) 

 Dhuper et al. 2012 26 
(Predominantly African 

American/Hispanic population) 

Mean age 13.8 ± 0.2  
n =130; m=61, f=39 

80.7 ± 1.7 
(Mean ± SE)   

 Diaz et al. 201911 
(Argentinian population) 

 

5-24 y, n=1095,  
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

72.44 ± 14.57 77.78 ± 13.70 63.58 ± 11.30 

 
 
 

 
 Average or median value 

Measure Author(s) Mean age/range All Males Females 

LV mass index 
indexed to 
height2.7 
(LVMI, g/m2.7) 

Khoury et al. 2009 21 
(Cincinnati, USA population) 

Age 0-18y, n = 2273 
m = 1267, mean age 9.55 ± 5.34y 
f = 1006, mean age = 9.68 ± 5.22y 

 33.64 ± 10.45 31.19 ± 10.14 

 
Foster et al. 2016 22 

(Cincinnati, USA study) 

5-18y, n=1710 
m = 939, mean age 12.6 (8.9-15.0)y 
f = 771, mean age 12.5 (8.6-14.9)y 

 29.5 (25.3-34.4) 
(Median + IQR) 

27.4 (23.8-31.5) 
(Median + IQR) 

 Dhuper et al. 2012 26 
(Predominantly African 

American/Hispanic population) 

Mean age 13.8 ± 0.2  
n =130; m=61, f=39 

46.0 ± 1.0 
(Mean ± SE)   

 Hietalampi et al. 2012 23 
(Finnish population) 

Age 15y, n=418 adolescents 
m = 201; f = 217 

 29.4 ± 5.5 27.0 ± 5.3 

 Diaz et al. 201911 
(Argentinian population) 

5-24 y, n=1095,  
m = 683, mean age 15.67 ± 3.02 y 

31.09 ± 6.34 32.81 ± 6.17 28.24 ± 5.54 
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f = 412, mean age 15.30 ± 3.56 y 

      

RWT 
De Simone et al. 20013 

(USA & Italian population) 

1-17 y; n=349 
m = 190, mean age 9.70 ± 3.3y 
f =159, mean age 9.84 ± 3.1y 

 0.29 ± 0.06 0.29 ± 0.06 

 
Goble et al. 19926 
(USA population) 

Mean age 11.2±0.01y, n=243 
m =124, f =119 

mean age for both sexes = 11.2±0.02y 

0.25 ± 0.002 
(Mean ± SE) 

0.25 ± 0.003 
(Mean ± SE) 

0.25 ± 0.003 
(Mean ± SE) 

 
Foster et al. 2016 22 

(Cincinnati, USA study) 

5-18y, n=1710 
m = 939, mean age 12.6 (8.9-15.0)y 
f = 771, mean age 12.5 (8.6-14.9)y 

 0.30 (0.26 to 0.34) 
(Median + IQR) 

0.29 (0.26 to 0.33) 
(Median + IQR) 

 Dhuper et al. 2012 26 
(Predominantly African 

American/Hispanic population) 

Mean age 13.8 ± 0.2  
n =130; m=61, f=39 

0.40  
(Mean ± SE)   

 Hietalampi et al. 2012 23 
(Finnish population) 

Age 15y, n=417 adolescents 
m = 217; f = 200 

 0.31 ± 0.04 0.32 ± 0.04 

 
De Simone et al. 20013 

(USA & Italian population) 

18-85 y, n=470 
m = 254, mean age 44.60 ± 12.3y 
f = 216, mean age 41.33 ± 13.6y 

 0.34 ± 0.05 0.32 ± 0.05 

 

Left ventricular 
end-diastolic 
volume (LVEDV) (ml) 

Huwez et al. 1994 17 
(Scottish population) 

7 months – 19.5y, n = 127 
Mean age 5.54 ± 3.5y 

m = 77, f = 50 
44.31 ± 20.94   

 
Diaz et al. 201911 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

114.87 ± 26.59 124.87 ± 24.86 98.31 ± 20.36 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

Left ventricular 
end-systolic 
volume (LVESV) (ml) 

Huwez et al. 1994 17 
(Scottish population) 

7 months – 19.5y, n = 127 
Mean age 5.54 ± 3.5y 

m = 77, f = 50 
11.33 ± 5.66   

 
Diaz et al. 2019 11 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

40.32 ± 10.17 43.69 ± 9.88 34.74 ± 7.95 

 

Left ventricular 
ejection fraction 
(LVEF, %) 

Bonatto et al. 2006 16 
(Brazilian study) 

0-12 y, n=595 mean 5.08 ± 3.3y 
m= 5.07 ± 3.3y, n = 326; 
f = 5.08 ± 3.4y, n = 269 

78.5 ± 5.4 78.5 ± 5.6 78.5 ± 5.1 
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Diaz et al. 201911 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

64.94 ± 3.25 65.09 ± 3.20 64.70 ± 3.34 

 

Stroke volume (ml) 
Diaz et al. 201911 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

74.55 ± 17.51 81.17 ± 16.27 63.57 ± 13.54 

 

Cardiac output (L) 
Diaz et al. 201911 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

5.14 ± 1.22 5.47 ± 1.20 4.60 ± 1.04 

 

Cardiac index 
(L/m2) 

Schmitz et al. 1998  15 
(German population) 

9.3 (6.2–13.5)y, n = 82 
m = 42, f=40 

4.95 ± 1.27   

 Schmitz et al. 1998  15 
(German population) 

15.6 (14.2–19.1)y, n = 25 
m = 15, f=10 

4.2 ± 1.38   

 
Diaz et al. 201911 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

3.16 ± 0.67 3.22 ± 0.63 3.07 ± 0.71 

 

Left ventricular 
midwall fractional 
shortening  
(MFS) (%) 

Diaz et al. 201911 
(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

22.54 ± 2.69 22.55 ± 2.67 22.53 ± 2.72 

 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

Doppler transmitral 
early peak filling 
velocity (E wave) (cm/s) 

Diaz et al. 201911 
(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

0.92 ± 0.15 0.93 ± 0.14 0.92 ± 0.15 

 
Hirschler et al. 2012 19 

(Argentinian population) 
Mean age 16.6 ± 1.9, n=72 

(Boys only) 
 0.9 ± 0.1  
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Doppler transmitral 
late peak filling 
velocity (A wave) (cm/s) 

Diaz et al. 201911 
(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

0.44 ± 0.11 0.44 ± 0.11 0.45 ± 0.12 

 
Hirschler et al. 2012 19 

(Argentinian population) 
Mean age 16.6 ± 1.9, n=72 

(Boys only) 
 0.4 ± 0.1  

 

Doppler E/A ratio 
Diaz et al. 201911 

(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

2.21 ± 0.60 2.23 ± 0.62 2.16 ± 0.57 

 Dhuper et al. 2012 26 
(Predominantly African 

American/Hispanic population) 

Mean age 13.8 ± 0.2  
n =130; m=61, f=39 

2.4 ± 0.07 
(Mean ± SE) 

  

 

Doppler E/e’ ratio Hirschler et al. 2012 19 
(Argentinian population) 

Mean age 16.6 ± 1.9, n=72 
(Boys only) 

 5.0 ± 1.2  

 

Total peripheral 
resistance 
(mmHg/l) 

Diaz et al. 201911 
(Argentinian population) 

5-24 y, n=1095, 
m = 683, mean age 15.67 ± 3.02 y 
f = 412, mean age 15.30 ± 3.56 y 

1.21 ± 0.28 1.14 ± 0.25 1.33 ± 0.29 

 
 

cIMT (mm) 
Curcio et al. 20168 

(Uruguyan population) 

Aged 8-14 years, n=79 
m=50, mean age 11.8 ± 1.9 
f=29 mean age 11.8 ± 2.3 

 0.449 ± 0.054 0.433 ± 0.036 

 
Curcio et al. 20168 

(Uruguyan population) 

≥15 years 
m=30, av. age 22.0 ± 3.8 
 f=30, av. age 23.4 ± 4.1 

 0.497 ± 0.069 0.459 ± 0.044 

 Average or median value 

Measure Author(s) Mean age/range All Males Females 

Carotid-to-femoral 
pulse wave 
velocity (PWV) 
(m/s) 

Curcio et al. 20168 
(Uruguyan population) 

Aged 8-14 years, n=79 
m=50, mean age 11.8 ± 1.9 
f=29 mean age 11.8 ± 2.3 

 4.8 ± 0.6 4.7 ± 0.6 

   Diaz et al. 20189 Mean age 13.8 ± 0.1y (SE); 5.1 ± 0.0 
(Mean ± SE) 
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(Argentinian population) n = 365 m=290, f =75 

 
Diaz et al. 201910 

(Argentinian population) 

Mean age 15 ± 3 years, n=1000 
m = 560, mean age 15 ± 2 
f = 440, mean age 15 ± 3 

5.5 ± 0.6 5.5 ± 0.6 5.5 ± 0.6 

   Diaz et al. 20189 
(Argentinian population) 

Mean age 17.5 ± 0.1y (SE); 
n = 221, m=159, f=62 

5.6 ± 0.0  
(Mean ± SE)   

 
Curcio et al. 20168 

(Uruguyan population) 

≥15 years 
m=30, mean age 22.0 ± 3.8 
f=30 mean age 23.4 ± 4.1 

 6.6 ± 1.0 5.6 ± 0.9 

 Charakida et al. 20125 

(British population - ALSPAC) 
10.5-10.8y; mean age 10.6y, n=6575; 

m= 3228, f = 3347 
 7.65 ± 1.25 7.48 ± 1.20 

 
Table A1: Reported values for different haemodynamic, vascular and echocardiographical measures, including left atrial and left ventricular structural and functional outcomes. All values are presented as mean ± SD, unless 

otherwise stated as mean ±SE or median + interquartile range (IQR). 
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Appendix 2: Table showing coefficients derived from regressing cardiovascular outcomes against each anthropometric exposure (all 
participants) (Chapter 4) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

                  
Table A2: Coefficients (+95% Confidence Intervals) derived from regressing z-scores for body mass index (BMI) (kg/m2) with different cardiovascular outcomes, using multivariable regression (adjusted for age only). All 
participants were included in analyses. SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; PP = pulse pressure; HR = heart rate; EDV = end-diastolic volume; ESV = end-systolic 
volume; SV = stroke volume; EF = ejection fraction; CO = cardiac output; TAC = total arterial compliance; TPR = total peripheral resistance; TAC = total arterial compliance; LA_AV = left atrial diameter; IVSd = average 
interventricular septal thickness during diastole; IVSs = average interventricular septal thickness during systole; LVIDd = average LV internal diameter during diastole; LVIDs = average LV internal diameter during systole; 
LVPWTd = Average LV posterior wall thickness in diastole; LVPWTs = average LV posterior wall thickness in systole; MFS = midwall fractional shortening; Peak e’ = peak early diastolic myocardial velocity (average of lateral 
and septal annuli); Peak S’ = peak systolic myocardial velocity (average of lateral and septal annuli); E/A = ratio of mitral E/A waves; E/e’ = ratio of mitral E wave and peak early diastolic myocardial velocity. ; * = P≤0.05; ** 
= P ≤0.001 

Variable  
Body mass index (z-score) Indexed fat mass (z-score) Indexed lean mass (z-score) 

n Coefficient (+95% CI) P n Coefficient (+95% CI) P n Coefficient (+95% CI) P 

SBP, mmHg 4907 3.13 (2.83,3.44) <0.001 4715 0.17 (-0.16, 0.49) 0.32 4715 5.70 (5.42, 5.98) <0.001 

DBP, mmHg 4907 1.98 (1.78, 2.19) <0.001 4715 1.96 (1.76, 2.17) <0.001 4715 0.21 (-0.01, 0.42) 0.06 

MAP, mmHg 4907 2.37 (2.16, 2.57) <0.001 4715 1.36 (1.15, 1.58) <0.001 4715 2.04 (1.83, 2.25) <0.001 

PP, mmHg 4907 1.15 (0.87, 1.42) <0.001 4715 -1.80 (-2.07, -1.52) <0.001 4715 5.49 (5.26, 5.72) <0.001 

HR (resting), bpm 3765 0.51 (0.15, 0.87) 0.005 3686 2.19 (1.84, 2.53) <0.001 3686 -2.97 (-3.31, -2.64) <0.001 

EDV, ml  2068 5.90 (4.95, 6.85) <0.001 2041 -1.11 (-2.06, -0.17) 0.02 2041 12.86 (12.07, 13.66) <0.001 

ESV, ml 2070 2.80 (2.26, 3.34) <0.001 2043 -0.83 (-1.35, -0.30) 0.002 2043 6.62 (6.16, 7.08) <0.001 

SV, ml 2068 3.08 (2.50, 3.65) <0.001 2041 -0.31 (-0.88, 0.26) 0.29 2041 6.21 (5.69, 6.73) <0.001 

EF, % 2068 -0.28 (-0.58, 0.02) 0.06 2041 0.30 (0.02, 0.59) 0.04 2041 -1.07 (-1.36, -0.78) <0.001 

CO, L/min 2057 0.25 (0.20, 0.29) <0.001 2031 0.09 (0.05, 0.14) <0.001 2031 0.27 (0.23, 0.31) <0.001 

TAC, ml/mmHg 2057 0.04 (0.03, 0.05) <0.001 2031 0.04 (0.02, 0.05) <0.001 2031 0.004 (-0.01, 0.02) 0.56 

TPR, mmHg/min-1ml-1 2057 -0.83 (-1.10, -0.56) <0.001 2031 -0.25 (-0.51, 0.02) 0.07 2031 -1.03 (-1.30, -0.77) <0.001 

LA_AV, cm 1873 0.19 (0.17, 0.20) <0.001 1854 0.08 (0.06, 0.10) <0.001 1854 0.19 (0.17, 0.20) <0.001 

IVSd, cm 2070 0.04 (0.04, 0.05) <0.001 2043 0.01 (0.01, 0.02) <0.001 2043 0.05 (0.05, 0.06) <0.001 

LVIDd, cm 2068 0.12 (0.10, 0.14) <0.001 2041 -0.02 (-0.04, -0.001) 0.04 2041 0.26 (0.24, 0.28) <0.001 

LVIDs, cm 2070 0.09 (0.07, 0.11) <0.001 2043 -0.03 (-0.04, -0.01) 0.003 2043 0.21 (0.20, 0.23) <0.001 

LVPWTd, cm 2069 0.03 (0.03, 0.04) <0.001 2042 -0.001 (-0.01, 0.004) 0.69 2042 006 (0.05, 0.06) <0.001 

LV mass, g 2067 12.64 (11.24, 14.03) <0.001 2040 0.14 (-1.30, 1.57) 0.85 2040 22.64 (21.54, 23.74) <0.001 

RWT 2067 0.01 (0.003, 0.01) <0.001 2040 0.004 (0.001, 0.01) 0.002 2040 0.002 (-0.0005, 0.005) 0.11 

MFS, % 2067 -0.20 (-0.30, -0.10) <0.001 2040 -0.004 (-0.10, 0.09) 0.94 2040 -0.35 (-0.45, -0.25) <0.001 

S’, cm/s 1999 0.002 (-0.07, 0.07) 0.95 1975 -0.02 (-0.09, 0.04) 0.52 1975 0.05 (-0.02, 0.11) 0.18 

e’, cm/s 1999 0.09 (-0.02, 0.20) 0.12 1975 0.11 (0.002, 0.22) 0.05 1975 -0.02(-0.13, 0.09) 0.68 

E/A 2009 -0.04 (-0.06, -0.02) <0.001 1982 -0.05 (-0.07, -0.04) <0.001 1982 0.03 (0.01, 0.04) 0.004 

E/e’ 1976 -0.07(-0.11, -0.02) 0.006 1952 -0.02 (-0.06, 0.03) 0.44 1952 -0.09 (-0.13, -0.04) <0.001 

PWV, m/s 3803 0.002 (-0.02, 0.03) 0.88 3737 -0.12 (-0.14, -0.09) <0.001 3737 0.19 (0.17, 0.22) <0.001 
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Table A3: Numbers of complete and imputed observations for Chapter 4 analyses 
 

 Males  Females  

 BMI FMI LMI BMI FMI LMI 

Variable  n0 ni n0 ni n0 ni n0 ni n0 ni n0 ni 

SBP, mmHg 2150 62 2081 131 2081 131 2757 82 2634 205 2634 205 

DBP, mmHg 2150 62 2081 131 2081 131 2757 82 2634 205 2634 205 

MAP, mmHg 2150 62 2081 131 2081 131 2757 82 2634 205 2634 205 

PP, mmHg 2150 62 2081 131 2081 131 2757 82 2634 205 2634 205 

HR (resting), bpm 1670 43 1637 76 1637 76 2095 56 2049 102 2049 102 

EDV, ml  923 18 909 32 909 32 1145 18 1132 31 1132 31 

ESV, ml 925 18 911 32 911 32 1145 18 1132 31 1132 31 

SV, ml 923 18 909 32 909 32 1145 18 1132 31 1132 31 

EF, % 923 18 909 32 909 32 1145 18 1132 31 1132 31 

CO, ml/min 921 18 908 31 908 31 1136 17 1123 30 1123 30 

TAC, ml/mmHg 921 18 908 31 908 31 1136 17 1123 30 1123 30 

TPR, mmHg/min-1ml-1 921 18 908 31 908 31 1136 17 1123 30 1123 30 

LA_AV, cm 847 16 836 27 836 27 1026 17 1018 25 1018 25 

IVSd, cm 925 18 911 32 911 32 1145 18 1132 31 1132 31 

LVIDd, cm 923 18 909 32 909 32 1145 18 1132 31 1132 31 

LVIDs, cm 925 18 911 32 911 32 1145 18 1132 31 1132 31 

LVPWTd, cm 925 18 911 32 911 32 1144 18 1131 31 1131 31 

LV mass, g 923 18 909 32 909 32 1144 18 1131 31 1131 31 

RWT 923 18 909 32 909 32 1144 18 1131 31 1131 31 

MFS (%) 923 18 909 32 909 32 1144 18 1131 31 1131 31 

S’, cm/s 900 18 886 32 886 32 1099 18 1089 28 1089 28 

e’, cm/s 900 18 886 32 886 32 1099 18 1089 28 1089 28 

E/A 905 18 891 32 891 32 1104 18 1091 31 1091 31 

E/e’ 893 18 879 32 879 32 1083 18 1073 28 1073 28 

PWV, m/s 1691 26 1661 56 1661 56 2112 30 2076 66 2076 66 
Table A3: Numbers of complete observations at baseline (n0) and numbers of observations imputed for each outcome (ni), for each sex. Imputation was performed to account for missing baseline data in the 
exposures. The total number of observations after imputation is equal to + ni. BMI = body mass index (kg/m2), FMI = fat mass indexed to height2 (kg/m2), LMI = lean mass indexed to height2 (kg/m2). SBP = systolic 
blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; PP = pulse pressure; HR = heart rate; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke volume; EF = ejection 
fraction; CO = cardiac output; TAC = total arterial compliance; TPR = total peripheral resistance; TAC = total arterial compliance; LA_AV = left atrial diameter; IVSd = average interventricular septal thickness during 
diastole; LVIDd = average LV internal diameter during diastole; LVIDs = average LV internal diameter during systole; LVPWTd = Average LV posterior wall thickness in diastole; MFS = midwall fractional shortening; 
Peak e’ = peak early diastolic myocardial velocity (average of lateral and septal annuli); Peak S’ = peak systolic myocardial velocity (average of lateral and septal annuli); E/A = ratio of mitral E/A waves; E/e’ = 
ratio of mitral E wave and peak early diastolic myocardial velocity.  
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Appendix 4: Dagitty code for exemplar structural equation model (Chapter 6) 
 

 

The following code can be inserted into http://www.dagitty.net/ to replicate the directed acyclic graph 
shown in Figure 41 in Chapter 6. 
 
Height%20(cm) 1 @0.057,-0.364 
Left%20ventricular%20mass%20(g) O @0.064,0.112 
Mean%20arterial%20pressure%20(mmHg) 1 @-0.096,0.698 
Physical%20activity%20(age%2015) 1 @-0.076,-0.251 
Smoking 1 @-0.282,0.294 
Socioeconomic%20position 1 @-0.275,-0.367 
Total%20fat%20mass%20(kg) E @-0.135,0.110 
 
Height%20(cm) Left%20ventricular%20mass%20(g) Mean%20arterial%20pressure%20(mmHg) 
Total%20fat%20mass%20(kg) 
Mean%20arterial%20pressure%20(mmHg) Left%20ventricular%20mass%20(g) 
Physical%20activity%20(age%2015) Left%20ventricular%20mass%20(g) 
Mean%20arterial%20pressure%20(mmHg) Total%20fat%20mass%20(kg) 
Smoking Left%20ventricular%20mass%20(g) Mean%20arterial%20pressure%20(mmHg) 
Total%20fat%20mass%20(kg) 
Socioeconomic%20position Height%20(cm) Left%20ventricular%20mass%20(g) 
Mean%20arterial%20pressure%20(mmHg) Physical%20activity%20(age%2015) Smoking 
Total%20fat%20mass%20(kg) 
Total%20fat%20mass%20(kg) Left%20ventricular%20mass%20(g) 
Mean%20arterial%20pressure%20(mmHg) 

http://www.dagitty.net/
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Appendix 5: Additional SEM Tables (Chapter 6) 

Table A5a: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and peak Doppler S’  
 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI 

MAP 916 0.069 -0.004 0.69 0.066 0.05 0.001, 0.14 1109 0.055 -0.001 0.88 0.053 0.08 -0.007, 0.12 

PP 916 0.069 -0.002 0.70 0.067 0.05 0.003, 0.14 1109 0.053 -0.0001 0.98 0.053 0.08 -0.007, 0.11 

HR 755 0.094 0.003 0.44 0.096 0.01 0.02, 0.17 907 0.043 0.004 0.22 0.046 0.17 -0.02, 0.11 

Glucose 695 0.055 0.003 0.64 0.058 0.13 -0.02, 0.13 725 0.039 0.01 0.23 0.046 0.22 -0.04, 0.11 

Insulin 685 0.041 0.02 0.28 0.060 0.12 -0.04, 0.12 714 0.020 0.01 0.34 0.035 0.36 -0.06, 0.10 

HOMA-IR 682 0.042 0.02 0.29 0.061 0.12 -0.04, 0.13 713 0.022 0.01 0.35 0.036 0.34 -0.06, 0.10 

HDL-C 695 0.060 -0.003 0.62 0.056 0.14 -0.02, 0.14 725 0.060 -0.02 0.10 0.045 0.23 -0.02, 0.14 

Total-C 695 0.058 -0.002 0.84 0.056 0.14 -0.02, 0.13 725 0.046 0.0001 0.96 0.046 0.22 -0.03, 0.12 

Triglycerides 695 0.071 -0.02 0.17 0.055 0.15 -0.01, 0.15 725 0.044 0.002 0.81 0.046 0.22 -0.03, 0.12 

CRP 695 0.063 -0.006 0.67 0.057 0.14 -0.02, 0.14 725 0.039 0.01 0.62 0.045 0.23 -0.04, 0.12 

GP-A 678 0.048 0.0003 0.98 0.049 0.21 -0.03, 0.13 703 0.039 0.002 0.83 0.041 0.29 -0.04, 0.12 

Lean mass 895 0.069 -0.003 0.71 0.067 0.05 0.002, 0.14 1095 0.049 0.01 0.55 0.055 0.07 -0.01, 0.11 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg.  %m. = % mediated.  

Table A5b: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and peak Doppler e’ 
 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI 

MAP 916 0.049 -0.017 0.06 0.032 0.34 -0.02, 0.12 1109 0.053 -0.008 0.30 0.045 0.14 -0.01, 0.11 

PP 916 0.021 0.011 0.09 0.032 0.34 -0.05, 0.09 1109 0.038 0.008 0.10 0.046 0.13 -0.02, 0.10 

HR 755 0.060 -0.013 0.03 0.047 0.20 -0.01, 0.13 907 0.044 -0.004 0.21 0.040 0.23 -0.02, 0.11 

Glucose 695 0.011 -0.003 0.58 0.008 0.84 -0.06, 0.09 725 0.014 0.003 0.58 0.017 0.7 -0.06, 0.09 

Insulin 685 0.028 -0.013 0.43 0.015 0.70 -0.05, 0.11 714 0.029 -0.014 0.38 0.015 0.69 -0.05, 0.11 

HOMA-IR 682 0.026 -0.011 0.54 0.015 0.70 -0.06, 0.11 713 0.029 -0.013 0.39 0.016 0.67 -0.05, 0.11 

HDL-C 695 0.015 -0.005 0.45 0.010 0.80 -0.06, 0.09 725 0.031 -0.013 0.15 0.017 0.65 -0.05, 0.11 

Total-C 695 0.012 -0.004 0.61 0.007 0.85 -0.07, 0.09 725 0.019 -0.001 0.58 0.018 0.64 -0.06, 0.09 

Triglycerides 695 0.045 -0.037 0.002 0.009 0.82 -0.03, 0.12 725 0.016 0.002 0.77 0.018 0.64 -0.06, 0.09 

CRP 695 0.001 0.008 0.55 0.010 0.80 -0.08, 0.08 725 0.015 0.003 0.84 0.017 0.65 -0.06, 0.09 

GP-A 678 0.033 -0.029 0.03 0.005 0.91 -0.05, 0.11 703 0.023 0.002 0.86 0.024 0.53 -0.05, 0.10 

Lean mass 895 0.035 -0.002 0.76 0.033 0.33 -0.03, 0.10 1095 0.040 0.003 0.75 0.043 0.15 -0.02, 0.10 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg.  %m. = % mediated. 
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Table A5c: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and concentricity 
 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI 

MAP 939 0.276 0.042 <0.001 0.318 <0.001 0.22, 0.34 1152 0.299 0.047 <0.001 0.346 <0.001 0.24, 0.35 

PP 939 0.297 0.021 0.002 0.318 <0.001 0.24, 0.36 1152 0.333 0.013 0.01 0.347 <0.001 0.28, 0.39 

HR 775 0.325 -0.005 0.18 0.320 <0.001 0.26, 0.39 943 0.363 -0.003 0.21 0.359 <0.001 0.31, 0.42 

Glucose 712 0.313 -0.009 0.11 0.303 <0.001 0.24, 0.38 742 0.356 -0.001 0.92 0.356 <0.001 0.29, 0.42 

Insulin 702 0.301 0.009 0.55 0.310 <0.001 0.23, 0.38 730 0.331 0.028 0.07 0.359 <0.001 0.26, 0.40 

HOMA-IR 699 0.300 0.009 0.58 0.308 <0.001 0.22, 0.37 729 0.332 0.027 0.07 0.360 <0.001 0.26, 0.41 

HDL-C 712 0.305 0.002 0.81 0.307 <0.001 0.24, 0.37 742 0.350 0.005 0.58 0.355 <0.001 0.28, 0.42 

Total-C 712 0.304 0.001 0.87 0.305 <0.001 0.23, 0.37 742 0.354 0.001 0.54 0.356 <0.001 0.29, 0.42 

Triglycerides 712 0.304 0.004 0.73 0.308 <0.001 0.23, 0.38 742 0.339 0.015 0.04 0.354 <0.001 0.27, 0.41 

CRP 712 0.287 0.018 0.19 0.305 <0.001 0.21, 0.36 742 0.339 0.016 0.20 0.355 <0.001 0.27, 0.41 

GP-A 694 0.295 0.009 0.48 0.304 <0.001 0.22, 0.37 718 0.331 0.023 0.01 0.355 <0.001 0.26, 0.40 

Lean mass 918 0.254 0.065 <0.001 0.319 <0.001 0.20, 0.31 1137 0.260 0.090 <0.001 0.350 <0.001 0.21, 0.32 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg.  %m. = % mediated 
 
 

Table A5d: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and left ventricular internal dimension in diastole 
(LVIDd) 

 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI 

MAP 939 0.299 -0.001 0.91 0.298 <0.001  0.24, 0.36 1153 0.296 -0.012 0.14 0.284 <0.001  0.24, 0.35 

PP 939 0.275 0.02 0.002 0.296 <0.001  0.22, 0.34 1153 0.270 0.013 0.005 0.283 <0.001  0.22, 0.32 

HR 775 0.320 -0.02 0.008 0.296 <0.001  0.26, 0.38 944 0.291 -0.013 0.05 0.278 <0.001  0.23, 0.35 

Glucose 712 0.273 -0.002 0.73 0.271 <0.001  0.20, 0.34 743 0.241 -0.006 0.25 0.234 <0.001  0.17. 0.31 

Insulin 702 0.285 -0.007 0.64 0.278 <0.001  0.21, 0.36 731 0.272 -0.027 0.09 0.246 <0.001 0.20, 0.35 

HOMA-IR 699 0.286 -0.009 0.58 0.277 <0.001  0.21, 0.36 730 0.272 -0.027 <0.001  0.245 <0.001  0.20, 0.35 

HDL-C 712 0.267 0.002 0.77 0.269 <0.001  0.20. 0.34 743 0.243 -0.008 0.40 0.235 <0.001  0.17, 0.31 

Total-C 712 0.266 0.005 0.56 0.271 <0.001  0.19, 0.34 743 0.235 0.000 0.85 0.234 <0.001  0.17. 0.30 

Triglycerides 712 0.271 0.00002 0.998 0.271 <0.001  0.20. 0.34 743 0.232 0.004 0.60 0.235 <0.001  0.16, 0.30 

CRP 712 0.245 0.025 0.07 0.270 <0.001  0.17, 0.32 743 0.250 -0.017 0.20 0.233 <0.001  0.18, 0.32 

GP-A 694 0.274 0.002 0.85 0.276 <0.001  0.20, 0.35 719 0.252 0.002 0.85 0.253 <0.001  0.18, 0.32 

Lean mass 918 0.233 0.06 <0.001  0.297 <0.001  0.18, 0.29 1138 0.196 0.089 <0.001  0.285 <0.001  0.14, 0.25 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg.  %m. = % mediated. 
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 Table A5e: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and average left atrial diameter (LA_AV) 
 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI 

MAP 861 0.359 0.001 0.90 0.360 <0.001  0.30, 0.42 1035 0.436 -0.003 0.72 0.433 <0.001  0.38, 0.49 

PP 861 0.341 0.018 0.004 0.359 <0.001 0.28, 0.40 1035 0.417 0.015 0.003 0.432 <0.001 0.36, 0.47 

HR 706 0.392 -0.020 0.01 0.373 <0.001  0.33, 0.46 845 0.469 -0.015 0.02 0.454 <0.001  0.41, 0.52 

Glucose 653 0.334 -0.001 0.91 0.334 <0.001 0.26, 0.41 666 0.443 -0.005 0.36 0.438 <0.001 0.38, 0.51 

Insulin 644 0.317 0.019 0.28 0.336 <0.001 0.24, 0.40 655 0.464 -0.024 0.15 0.440 <0.001 0.39, 0.54 

HOMA-IR 641 0.315 0.020 0.26 0.334 <0.001  0.24, 0.39 654 0.463 -0.023 0.15 0.440 <0.001  0.39, 0.54 

HDL-C 653 0.335 0.000 0.99 0.335 <0.001 0.26, 0.41 666 0.434 0.005 0.62 0.438 <0.001 0.37, 0.50 

Total-C 653 0.335 0.000 0.98 0.335 <0.001  0.26, 0.41 666 0.440 -0.003 0.38 0.437 <0.001  0.37, 0.51 

Triglycerides 653 0.328 0.008 0.52 0.336 <0.001 0.25, 0.40 666 0.431 0.005 0.54 0.436 <0.001 0.36, 0.50 

CRP 653 0.322 0.012 0.40 0.335 <0.001  0.25, 0.40 666 0.436 -0.001 0.97 0.435 <0.001  0.37, 0.51 

GP-A 636 0.313 0.022 0.12 0.335 <0.001 0.24, 0.39 643 0.428 0.004 0.71 0.432 <0.001 0.36, 0.50 

Lean mass 844 0.309 0.050 <0.001  0.360 <0.001  0.25, 0.37 1023 0.351 0.079 <0.001  0.430 <0.001  0.30, 0.41 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg.  %m. = % mediated. 
 

 

Table A5f: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and left ventricular end-diastolic volume (LVEDV) 
 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI 

MAP 939 0.297 -0.001 0.92 0.296 <0.001  0.24, 0.36 1153 0.293 -0.012 0.15 0.281 <0.001  0.24, 0.35 

PP 939 0.274 0.020 0.002 0.294 <0.001 0.21, 0.33 1153 0.267 0.013 0.006 0.280 <0.001 0.21, 0.32 

HR 775 0.318 -0.023 0.009 0.295 <0.001  0.25, 0.38 944 0.289 -0.013 0.05 0.275 <0.001  0.23, 0.35 

Glucose 712 0.274 -0.002 0.73 0.273 <0.001 0.20, 0.34 743 0.237 -0.006 0.29 0.231 <0.001 0.17, 0.31 

Insulin 702 0.283 -0.004 0.74 0.279 <0.001 0.21, 0.36 731 0.269 -0.027 0.09 0.242 <0.001  0.19, 0.34 

HOMA-IR 699 0.285 -0.006 0.70 0.279 <0.001  0.21, 0.36 730 0.269 -0.027 0.09 0.242 <0.001  0.19, 0.34 

HDL-C 712 0.269 0.002 0.77 0.271 <0.001 0.20, 0.34 743 0.240 -0.008 0.38 0.232 <0.001  0.17, 0.31 

Total-C 712 0.267 0.006 0.53 0.273 <0.001  0.20, 0.34 743 0.231 0.000 0.96 0.231 <0.001 0.16, 0.30 

Triglycerides 712 0.271 0.002 0.89 0.272 <0.001 0.20, 0.34 743 0.228 0.004 0.55 0.232 <0.001  0.16, 0.30 

CRP 712 0.247 0.025 0.07 0.271 <0.001  0.17, 0.32 743 0.248 -0.018 0.16 0.230 <0.001 0.17, 0.32 

GP-A 694 0.273 0.004 0.76 0.277 <0.001 0.20, 0.35 719 0.250 0.001 0.89 0.251 <0.001 0.18, 0.32 

Lean mass 918 0.232 0.063 <0.001  0.295 <0.001  0.18, 0.29 1138 0.193 0.089 <0.001  0.282 <0.001  0.14, 0.25 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg.  %m. = % mediated 
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Table A5g: Standardised direct, indirect and total effects of different mediators of the association between total fat mass and ejection fraction (EF) (%) 
 Total fat mass (male) Total fat mass (female) 

Mediator n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI n 
Direct 
effect 

Indirect 
effect 

P 
Total 
effect 

P 95% CI 

MAP 939 -0.030 -0.002 0.84 -0.032 0.35 (-0.1, 0.04) 1153 -0.01 -0.02 0.02 -0.03 0.27 (-0.07, 0.05) 

PP 939 -0.037 0.007 0.25 -0.030 0.37 (-0.1, 0.03) 1153 -0.04 0.01 0.05 -0.03 0.28 (-0.10, 0.02) 

HR 775 -0.015 -0.003 0.43 -0.018 0.63 (-0.09, 0.06) 944 -0.04 0.00 0.70 -0.04 0.21 (-0.11, 0.02) 

Glucose 712 -0.060 0.003 0.60 -0.057 0.14 (-0.14, 0.02) 743 -0.08 0.01 0.08 -0.07 0.08 (-0.15, -0.02) 

Insulin 702 -0.046 -0.009 0.58 -0.055 0.16 (-0.13, 0.04) 731 -0.07 0.00 0.88 -0.07 0.07 (-0.15, 0.01) 

HOMA-IR 699 -0.048 -0.006 0.70 -0.055 0.16 (-0.13, 0.03) 730 -0.07 0.00 0.81 -0.07 0.07 (-0.15, 0.01) 

HDL-C 712 -0.041 -0.015 0.04 -0.055 0.15 (-0.12, 0.04) 743 0.06 -0.01 0.53 -0.07 0.08 (-0.14, 0.02) 

Total-C 712 -0.046 -0.012 0.22 -0.058 0.13 (-0.12, 0.03) 743 -0.07 0.00 0.99 -0.07 0.08 (-0.14, 0.01) 

Triglycerides 712 -0.051 -0.005 0.67 -0.056 0.14 (-0.13, 0.03) 743 -0.08 0.01 0.11 -0.07 0.08 -0.15, -0.003) 

CRP 712 -0.057 0.002 0.89 -0.055 0.15 (-0.14, 0.02) 743 -0.06 -0.01 0.48 -0.07 0.08 (-0.14, 0.02) 

GP-A 694 -0.070 0.019 0.17 -0.051 0.19 (-0.15, 0.01) 719 -0.07 0.01 0.55 -0.06 0.10 (-0.15, 0.01) 

Lean mass 918 -0.021 -0.011 0.07 -0.031 0.35 (-0.09, 0.05) 1138 -0.03 -0.01 0.44 -0.03 0.26 (-0.09, 0.04) 
MAP = mean arterial pressure, mmHg; PP = pulse pressure, mmHg; HR = heart rate, bpm; HOMA-IR = homeostatic model assessment; HDL-C = high density lipoproteins, mmol/L; Total-C = total cholesterol 
mmol/L; CRP = C-reactive protein, mg/L; GP-A = glycoprotein acetyls, mmol/L. Triglycerides are measured in mmol/L, lean mass is measured in kg.  %m. = % mediated. 
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Appendix 6a: Basic information regarding SNPs which are robustly associated with body mass index and 
which were used in Chapter 7 analyses (Mendelian randomisation) 
 

# rsID Chr Nearest gene EA OA EAF Beta SE Variance 
explained 

(%) 
1 rs1000940 17 RABEP1 G A 0.320 0.019 0.003 0.016 

2 rs10132280 14 STXBP6 C A 0.682 0.023 0.003 0.023 

3 rs1016287 2 FLJ30838 T C 0.287 0.023 0.003 0.021 

4 rs10182181 2 ADCY3 G A 0.462 0.031 0.003 0.047 

5 rs10733682 9 LMX1B A G 0.478 0.017 0.003 0.015 

6 rs10938397 4 GNPDA2 G A 0.434 0.040 0.003 0.079 

7 rs10968576 9 LINGO2 G A 0.320 0.025 0.003 0.027 

8 rs11030104 11 BDNF A G 0.792 0.041 0.004 0.056 

9 rs11057405 12 CLIP1 G A 0.901 0.031 0.006 0.017 

10 rs11126666 2 KCNK3 A G 0.283 0.021 0.003 0.017 

11 rs11165643 1 PTBP2 T C 0.583 0.022 0.003 0.023 

12 rs11191560 10 NT5C2 C T 0.089 0.031 0.005 0.015 

13 rs11583200 1 ELAVL4 C T 0.396 0.018 0.003 0.015 

14 rs1167827 7 HIP1 G A 0.553 0.020 0.003 0.020 

15 rs11688816 2 EHBP1 G A 0.525 0.017 0.003 0.015 

16 rs11727676 4 HHIP T C 0.910 0.036 0.006 0.021 

17 rs11847697 14 PRKD1 T C 0.042 0.049 0.008 0.019 

18 rs12016871 
(rs9581854) 

13 MTIF3 T C 0.203 0.030 0.005 0.029 

19 rs12286929 11 CADM1 G A 0.523 0.022 0.003 0.023 

20 rs12401738 1 FUBP1 A G 0.352 0.021 0.003 0.020 

21 rs12429545 13 OLFM4 A G 0.133 0.033 0.005 0.026 

22 rs12446632 16 GPRC5B G A 0.865 0.040 0.005 0.038 

23 rs12566985 1 FPGT-TNNI3K G A 0.446 0.024 0.003 0.029 

24 rs12885454 14 PRKD1 C A 0.642 0.021 0.003 0.020 

25 rs12940622 17 RPTOR G A 0.575 0.018 0.003 0.016 

26 rs13021737 2 TMEM18 G A 0.828 0.060 0.004 0.103 

27 rs13078960 3 CADM2 G T 0.196 0.030 0.004 0.028 

28 rs13107325 4 SLC39A8 T C 0.072 0.048 0.007 0.030 

29 rs13191362 6 PARK2 A G 0.879 0.028 0.005 0.016 

30 rs13201877 6 IFNGR1 G A 0.142 0.023 0.005 0.013 

31 rs1441264 13 MIR548A2 A G 0.609 0.018 0.003 0.015 

32 rs1460676 2 FIGN C T 0.173 0.020 0.004 0.011 

33 rs1516725 3 ETV5 C T 0.872 0.045 0.005 0.045 

34 rs1528435 2 UBE2E3 T C 0.631 0.018 0.003 0.015 

35 rs1558902 16 FTO A T 0.415 0.082 0.003 0.325 

36 rs16851483 3 RASA2 T G 0.066 0.048 0.008 0.029 

37 rs16907751 8 ZBTB10 C T 0.916 0.035 0.007 0.019 

38 rs16951275 15 MAP2K5 T C 0.784 0.031 0.004 0.033 

39 rs17001654 4 SCARB2 G C 0.153 0.031 0.005 0.024 

40 rs17024393 1 GNAT2 C T 0.040 0.066 0.009 0.033 

41 rs17094222 10 HIF1AN C T 0.211 0.025 0.004 0.021 

42 rs17203016 2 CREB1 G A 0.197 0.021 0.004 0.014 

43 rs17405819 8 HNF4G T C 0.700 0.022 0.003 0.021 

44 rs17724992 19 PGPEP1 A G 0.746 0.019 0.004 0.014 

45 rs1808579 18 C18orf8 C T 0.534 0.017 0.003 0.014 

46 rs1928295 9 TLR4 T C 0.548 0.019 0.003 0.018 

47 rs2033732 8 RALYL C T 0.747 0.019 0.004 0.014 

48 rs205262 6 C6orf106 G A 0.273 0.022 0.004 0.019 



342 
 

49 rs2075650 19 TOMM40 A G 0.848 0.026 0.005 0.017 

50 rs2080454 16 CBLN1 C A 0.405 0.017 0.003 0.014 

51 rs2112347 5 POC5 T G 0.629 0.026 0.003 0.032 

52 rs2121279 2 LRP1B T C 0.152 0.025 0.004 0.015 

53 rs2176040 2 LOC646736 A G 0.365 0.014 0.003 0.009 

54 rs2176598 11 HSD17B12 T C 0.251 0.020 0.004 0.015 

55 rs2207139 6 TFAP2B G A 0.177 0.045 0.004 0.058 

56 rs2245368 7 PMS2L11 C T 0.180 0.032 0.006 0.030 

57 rs2287019 19 QPCTL C T 0.804 0.036 0.004 0.041 

58 rs2365389 3 FHIT C T 0.582 0.020 0.003 0.019 

59 rs2650492 16 SBK1 A G 0.303 0.021 0.004 0.018 

60 rs2820292 1 NAV1 C A 0.555 0.020 0.003 0.019 

61 rs2836754 21 ETS2 C T 0.612 0.016 0.003 0.013 

62 rs29941 19 KCTD15 G A 0.669 0.018 0.003 0.015 

63 rs3101336 1 NEGR1 C T 0.613 0.033 0.003 0.053 

64 rs3736485 15 DMXL2 A G 0.454 0.018 0.003 0.015 

65 rs3810291 19 ZC3H4 A G 0.666 0.028 0.004 0.036 

66 rs3817334 11 MTCH2 T C 0.407 0.026 0.003 0.033 

67 rs3849570 3 GBE1 A C 0.359 0.019 0.003 0.016 

68 rs3888190 16 ATP2A1 A C 0.403 0.031 0.003 0.046 

69 rs4256980 11 TRIM66 G C 0.646 0.021 0.003 0.020 

70 rs4740619 9 C9orf93 T C 0.542 0.018 0.003 0.016 

71 rs4787491 16 INO80E G A 0.509 0.016 0.003 0.013 

72 rs492400 2 USP37 C T 0.423 0.016 0.003 0.012 

73 rs543874 1 SEC16B G A 0.193 0.048 0.004 0.072 

74 rs6091540 20 ZFP64 C T 0.723 0.019 0.004 0.014 

75 rs6465468 7 ASB4 T G 0.304 0.017 0.004 0.012 

76 rs6477694 9 EPB41L4B C T 0.365 0.017 0.003 0.014 

77 rs6567160 18 MC4R C T 0.236 0.056 0.004 0.111 

78 rs657452 1 AGBL4 A G 0.394 0.023 0.003 0.025 

79 rs6804842 3 RARB G A 0.575 0.019 0.003 0.017 

80 rs7138803 12 BCDIN3D A G 0.384 0.032 0.003 0.047 

81 rs7141420 14 NRXN3 T C 0.527 0.024 0.003 0.028 

82 rs7164727 15 LOC100287559 T C 0.686 0.018 0.003 0.014 

83 rs7239883 18 LOC284260 G A 0.393 0.016 0.003 0.013 

84 rs7243357 18 GRP T G 0.812 0.022 0.004 0.014 

85 rs758747 16 NLRC3 T C 0.265 0.023 0.004 0.020 

86 rs7599312 2 ERBB4 G A 0.724 0.022 0.003 0.019 

87 rs7715256 5 GALNT10 G T 0.421 0.016 0.003 0.013 

88 rs7899106 10 GRID1 G A 0.052 0.040 0.007 0.015 

89 rs7903146 10 TCF7L2 C T 0.713 0.023 0.003 0.022 

90 rs9374842 6 LOC285762 T C 0.748 0.019 0.004 0.013 

91 rs9400239 6 FOXO3 C T 0.688 0.019 0.003 0.015 

92 rs9540493 13 MIR548X2 A G 0.456 0.017 0.003 0.015 

93 rs9641123 7 CALCR C G 0.429 0.019 0.004 0.018 

94 rs977747 1 TAL1 T G 0.391 0.017 0.003 0.013 

95 rs9914578 17 SMG6 G C 0.211 0.020 0.004 0.013 

96 rs9925964 16 KAT8 A G 0.620 0.019 0.003 0.017 

97 rs2033529 missing from ALSPAC cohort 
Table 6a: Basic information regarding 96 SNPs which are robustly associated with body mass index and which were used in Chapter 7 analyses. SNPs were 
identified in GWAS performed by the GIANT consortium. EA=effect allele; OA = other allele; EAF = effect allele frequency. Further details are provided by Locke et 
al.(2015). 
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Appendix 6b: Functions of proximal genes to the 96 SNPS used in Chapter 7 analyses (Mendelian randomisation)   
 

 SNP Nearest 
Gene 

Locus Protein Function  Link  Job description (as outlined by www.uniprot.org)  

1 rs1000940 RABEP1 17:5283252_A_G 
 

Rab GTPase-binding 
effector protein 1 

https://www.uni
prot.org/uniprot/
Q15276 

Rab effector protein acting as linker between gamma-adaptin, RAB4A and 
RAB5A. Involved in endocytic membrane fusion and membrane trafficking 
of recycling endosomes. Involved in KCNH1 channels trafficking to and from 
the cell membrane (PubMed:22841712). Stimulates RABGEF1 mediated 
nucleotide exchange on RAB5A. Mediates the traffic of PKD1:PKD2 complex 
from the endoplasmic reticulum through the Golgi to the cilium. 

2 rs10132280 STXBP6 14:25928179_C_A 
 

Syntaxin-binding 
protein 6 (Amisyn) 

https://www.uni
prot.org/uniprot/

Q8NFX7  

Forms non-fusogenic complexes with SNAP25 and STX1A and may thereby 
modulate the formation of functional SNARE complexes and exocytosis. 
Cadherin binding involved in cell-cell adhesion. Forms non-fusogenic 
complexes with SNAP25 and STX1A and may thereby modulate the 
formation of functional SNARE complexes and exocytosis.  

3 rs1016287 FLJ30838 2:59305625_T_C No results found   

4 rs10182181 ADCY3 2:25150296_A_G 
 

Adenylate cyclase 
type 3, E 

https://www.uni
prot.org/uniprot/

O60266 

Catalyses the formation of the signaling molecule cAMP in response to G-
protein signaling. Participates in signaling cascades triggered by odorant 
receptors via its function in cAMP biosynthesis. Required for the perception 
of odorants. Required for normal sperm motility and normal male fertility. 
Plays a role in regulating insulin levels and body fat accumulation in 
response to a high fat diet. 

5 rs10733682 LMX1B 9:129460914_A_G 
 

LIM homeobox 
transcription factor 

1-beta 

https://www.uni
prot.org/uniprot/

O60663 

Essential for the specification of dorsal limb fate at both the zeugopodal 
and autopodal levels. DNA-binding transcription factor activity, RNA 
polymerase II-specific, metal ion binding. 

6 rs10938397 GNPDA2 4:45182527_A_G 
 

Glucosamine-6-
phosphate 

isomerase 2, 

https://www.uni
prot.org/uniprot/

Q8TDQ7 

Catalytic activity α-D-glucosamine 6-phosphate + H2O = β-D-fructose 6-
phosphate + NH4

+. Glucosamine-6-phosphate deaminase activity, 
carbohydrate metabolic process, glucosamine metabolic process  

7 rs10968576 LINGO2 9:28414339_A_G 
 

Leucine-rich repeat and 
immunoglobulin-like 

domain-containing nogo 
receptor-interacting 

protein 2 

https://www.uni
prot.org/uniprot/

Q7L985 

Positive regulation of synapse assembly 

8 rs11030104 BDNF 11:27684517_A_G 
 

Brain-derived 
neurotrophic factor 

https://www.uni
prot.org/uniprot/

P23560 

Important signaling molecule that activates signaling cascades downstream 
of NTRK2 (PubMed:11152678). During development, promotes the survival 
and differentiation of selected neuronal populations of the peripheral and 
central nervous systems. Participates in axonal growth, pathfinding and in 
the modulation of dendritic growth and morphology. Major regulator of 

https://www.uniprot.org/uniprot/Q15276
https://www.uniprot.org/uniprot/Q15276
https://www.uniprot.org/uniprot/Q15276
https://www.uniprot.org/uniprot/Q8NFX7
https://www.uniprot.org/uniprot/Q8NFX7
https://www.uniprot.org/uniprot/Q8NFX7
https://www.uniprot.org/uniprot/O60266
https://www.uniprot.org/uniprot/O60266
https://www.uniprot.org/uniprot/O60266
https://www.uniprot.org/uniprot/O60663
https://www.uniprot.org/uniprot/O60663
https://www.uniprot.org/uniprot/O60663
https://www.uniprot.org/uniprot/Q8TDQ7
https://www.uniprot.org/uniprot/Q8TDQ7
https://www.uniprot.org/uniprot/Q8TDQ7
https://www.uniprot.org/uniprot/Q7L985
https://www.uniprot.org/uniprot/Q7L985
https://www.uniprot.org/uniprot/Q7L985
https://www.uniprot.org/uniprot/P23560
https://www.uniprot.org/uniprot/P23560
https://www.uniprot.org/uniprot/P23560
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synaptic transmission and plasticity at adult synapses in many regions of 
the CNS.  

9 rs11057405 CLIP1 12:122781897_G_A 
 

CAP-Gly domain-
containing linker 

protein 1 

https://www.uni
prot.org/uniprot/

P30622 

Binds to the plus end of microtubules and regulates the dynamics of the 
microtubule cytoskeleton. Promotes microtubule growth and microtubule 
bundling. Links cytoplasmic vesicles to microtubules and thereby plays an 
important role in intracellular vesicle trafficking. Plays a role 
macropinocytosis and endosome trafficking. Identical protein binding, 
metal ion binding, microtubule binding. 

10 rs11126666 KCNK3 2:26928811_G_A 
 
 
 

 

Potassium channel 
subfamily K 
member 3 

https://www.uni
prot.org/uniprot/

O14649 

pH-dependent, voltage-insensitive, background potassium channel protein. 
Rectification direction results from potassium ion concentration on either 
side of the membrane. Acts as an outward rectifier when external 
potassium concentration is low. When external potassium concentration is 
high, current is inward. 

11 rs11165643 PTBP2 1:96924097_C_T 

 

 

Polypyrimidine 
tract-binding 

protein 2 

https://www.uni
prot.org/uniprot/

Q9UKA9 

RNA-binding protein which binds to intronic polypyrimidine tracts and 
mediates negative regulation of exons splicing. May antagonize in a tissue-
specific manner the ability of NOVA1 to activate exon selection. In addition 
to its function in pre-mRNA splicing, plays also a role in the regulation of 
translation. Isoform 5 has a reduced affinity for RNA. 

12 rs11191560 NT5C2 10:104869038_T_C 
 

Cytosolic purine 5'-
nucleotidase 

https://www.uni
prot.org/uniprot/

P49902 

May have a critical role in the maintenance of a constant composition of 
intracellular purine/pyrimidine nucleotides in cooperation with other 
nucleotidases. Preferentially hydrolyzes inosine 5'-monophosphate (IMP) 
and other purine nucleotides. 

13 rs11583200 ELAVL4 1:50559820_C_T 
 
 

ELAV-like protein 4 https://www.uni
prot.org/uniprot/

P26378 

May play a role in neuron-specific RNA processing. Protects CDKN1A mRNA 
from decay by binding to its 3'-UTR . Binds to AU-rich sequences (AREs) of 
target mRNAs, including VEGF and FOS mRNA. 

14 rs1167827 HIP1 7:75163169_A_G 

 
 
 
 
 
 
 
 
 

 

Huntingtin-
interacting protein 

1 

https://www.uni
prot.org/uniprot/

O00291 

Plays a role in clathrin-mediated endocytosis and trafficking 
(PubMed:11532990, PubMed:11577110, PubMed:11889126). Involved in 
regulating AMPA receptor trafficking in the central nervous system in an 
NMDA-dependent manner. Regulates presynaptic nerve terminal activity. 
Enhances androgen receptor (AR)-mediated transcription 
(PubMed:16027218). May act as a proapoptotic protein that induces cell 
death by acting through the intrinsic apoptosis pathway 
(PubMed:11007801) and play a functional role in the cell filament networks 
(PubMed:18790740). The affinity of the huntingtin protein-HIP1 interaction 
is inversely correlated to the length of the polyglutamine tract added to the 
huntingtin protein in Huntington disease. 

15 rs11688816 EHBP1 2:63053048_G_A 

 
 

EH domain-binding 
protein 1 

https://www.uni
prot.org/uniprot/

Q8NDI1 

May play a role in actin reorganization. Links clathrin-mediated endocytosis 
to the actin cytoskeleton. May act as Rab effector protein and play a role in 
vesicle trafficking (PubMed:14676205, PubMed:27552051). Required for 

https://www.uniprot.org/uniprot/P30622
https://www.uniprot.org/uniprot/P30622
https://www.uniprot.org/uniprot/P30622
https://www.uniprot.org/uniprot/O14649
https://www.uniprot.org/uniprot/O14649
https://www.uniprot.org/uniprot/O14649
https://www.uniprot.org/uniprot/Q9UKA9
https://www.uniprot.org/uniprot/Q9UKA9
https://www.uniprot.org/uniprot/Q9UKA9
https://www.uniprot.org/uniprot/P49902
https://www.uniprot.org/uniprot/P49902
https://www.uniprot.org/uniprot/P49902
https://www.uniprot.org/uniprot/P26378
https://www.uniprot.org/uniprot/P26378
https://www.uniprot.org/uniprot/P26378
https://www.uniprot.org/uniprot/O00291
https://www.uniprot.org/uniprot/O00291
https://www.uniprot.org/uniprot/O00291
https://www.uniprot.org/uniprot/Q8NDI1
https://www.uniprot.org/uniprot/Q8NDI1
https://www.uniprot.org/uniprot/Q8NDI1
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perinuclear sorting and insulin-regulated recycling of SLC2A4/GLUT4 in 
adipocytes. 

 rs11727676 HHIP 4:145659064_T_C 
 
 
 

 

Hedgehog-
interacting protein, 

HHIP, HIP 

https://www.uni
prot.org/uniprot/

Q96QV1 

Modulates hedgehog family protein signaling in several cell types including 
brain and lung through direct interaction with members of the hedgehog 
family. Involved with zinc ion binding, dorsal/ventral pattern formation, 
epithelial tube branching involved in lung morphogenesis, negative 
regulation of apoptotic process and signal transduction, regulation of 
fibroblast growth factor receptor signaling pathway, neuroblast 
proliferation and skeletal system morphogenesis.  

16 rs11847697 PRKD1 14:30515112_C_T 
 
 
 
 
 
 
 

 

Serine/threonine-
protein kinase D1 

https://www.uni
prot.org/uniprot/

Q15139 

Serine/threonine-protein kinase that converts transient diacylglycerol 
signals into prolonged physiological effects downstream of PKC. It is 
involved in the regulation of MAPK8/JNK1 and Ras signaling, Golgi 
membrane integrity and trafficking, cell survival through NF-kappa-B 
activation, cell migration, cell differentiation by mediating HDAC7 nuclear 
export, cell proliferation via MAPK1/3 (ERK1/2) signalling. Also plays a role 
in cardiac hypertrophy, VEGFA-induced angiogenesis, genotoxic-induced 
apoptosis and flagellin-stimulated inflammatory response. Phosphorylates 
the epidermal growth factor receptor (EGFR) on dual threonine residues, 
which leads to the suppression of epidermal growth factor (EGF)-induced 
MAPK8/JNK1 activation and subsequent JUN phosphorylation.  

17 rs12286929 CADM1 11:115022404_A_G 

 
 
 
 
 
 
 
 
 

 

Cell adhesion 
molecule 1 

https://www.uni
prot.org/uniprot/

Q9BY67 

 Mediates homophilic cell-cell adhesion in a Ca2+-independent manner. 
Also mediates heterophilic cell-cell adhesion with CADM3 and NECTIN3 in a 
Ca2+-independent manner. Acts as a tumor suppressor in non-small-cell 
lung cancer (NSCLC) cells. Interaction with CRTAM promotes natural killer 
(NK) cell cytotoxicity and interferon-gamma (IFN-gamma) secretion by CD8+ 
cells in vitro as well as NK cell-mediated rejection of tumors expressing 
CADM3 in vivo. May contribute to the less invasive phenotypes of lepidic 
growth tumor cells. Acts as a synaptic cell adhesion molecule and plays a 
role in the formation of dendritic spines and in synapse assembly. May be 
involved in neuronal migration, axon growth, pathfinding, and fasciculation 
on the axons of differentiating neurons.  

18 rs12401738 FUBP1 1:78446761_G_A 
 
 

 

Far upstream 
element-binding 

protein 1 

https://www.uni
prot.org/uniprot/

Q96AE4  

Regulates MYC expression by binding to a single-stranded far-upstream 
element (FUSE) upstream of the MYC promoter. May act both as activator 
and repressor of transcription. Involved with DNA-binding transcription 
factor activity, RNA binding, single-stranded DNA binding, positive 
regulation of gene expression, transcription by RNA polymerase ll.  

19 rs12429545 OLFM4 
13:54102206_G_A 

 
 

Olfactomedin-4 
(OLM4) 

https://www.uni
prot.org/uniprot/

Q6UX06  

May promote proliferation of pancreatic cancer cells by favoring the 
transition from the S to G2/M phase. In myeloid leukemic cell lines, inhibits 
cell growth and induces cell differentiation and apoptosis. May play a role 
in the inhibition of EIF4EBP1 phosphorylation/deactivation. Facilitates cell 
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adhesion, most probably through interaction with cell surface lectins and 
cadherin. Involved with cadherin binding, protein homodimerization 
activity, cell adhesion, neutrophil degranulation, positive regulation of 
substrate adhesion-dependent cell spreading. 

20 rs12446632 GPRC5B 16:19935389_G_A 

 
 
 
 
 
 
 
 

 

G-protein coupled 
receptor family C 

group 5 member B 

https://www.uni
prot.org/uniprot/

Q9NZH0 

Function unknown. GPRC5B is a retinoic acid-inducible G-protein coupled 
receptor which could provide evidence for a possible interaction between 
retinoid and G-protein signalling pathways, but it is uncertain whether Met-
1 or Met-9 is the initiator. Involvement with positive regulation of canonical 
Wnt signaling pathway, I-kappaB kinase/NF-kappaB signalling, 
inflammatory response, macrophage cytokine production, neuron 
differentiation and protein tyrosine kinase activity. Expression is high in 
kidney, pancreas, and testis, medium in brain, heart, prostate, small 
intestine, and spleen, low in liver, placenta, skeletal muscle, colon, ovary, 
and thymus, and not detectable in lung and peripheral leukocyte. 

21 rs12566985 FPGT-
TNNI3K 

1:75002193_G_A 

 

 

Unreviewed  
(4 entries but none 

reviewed) 

  

22 rs12885454 PRKD1 14:29736838_C_A 

 
 
 
 
 
 
 
 
 

 

 

Serine/threonine-
protein kinase D1 

https://www.uni
prot.org/uniprot/

Q15139  

Serine/threonine-protein kinase that converts transient diacylglycerol 
signals into prolonged physiological effects downstream of PKC, and is 
involved in the regulation of MAPK8/JNK1 and Ras signaling, Golgi 
membrane integrity and trafficking, cell survival through NF-kappa-B 
activation, cell migration, cell differentiation by mediating HDAC7 nuclear 
export, cell proliferation via MAPK1/3 (ERK1/2) signaling, and plays a role in 
cardiac hypertrophy, VEGFA-induced angiogenesis, genotoxic-induced 
apoptosis and flagellin-stimulated inflammatory response. In the trans-
Golgi network (TGN), regulates the fission of transport vesicles that are on 
their way to the plasma membrane. May act by activating the lipid kinase 
phosphatidylinositol 4-kinase beta (PI4KB) at the TGN for the local synthesis 
of phosphorylated inositol lipids. 

23 rs12940622 RPTOR 17:78615571_G_A 

 
 
 
 
 

 
 

 

Regulatory-
associated protein 

of mTOR 

https://www.uni
prot.org/uniprot/

Q8N122 

Involved in the control of the mammalian target of rapamycin complex 1 
(mTORC1) activity which regulates cell growth and survival, and autophagy 
in response to nutrient and hormonal signals; functions as a scaffold for 
recruiting mTORC1 substrates. mTORC1 is activated in response to growth 
factors or amino acids. Amino acid-signaling to mTORC1 requires its 
relocalization to the lysosomes mediated by the Ragulator complex and the 
Rag GTPases. Activated mTORC1 up-regulates protein synthesis by 
phosphorylating key regulators of mRNA translation and ribosome 
synthesis. mTORC1 phosphorylates and activates S6K1 at 'Thr-389', which 
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then promotes protein synthesis by phosphorylating PDCD4 and targeting it 
for degradation. Involved in ciliogenesis. 

24 rs13021737 TMEM18 2:632348_A_G 

 
 

 

Transmembrane 
protein 18 

https://www.uni
prot.org/uniprot/

Q96B42 

Transcription repressor. Sequence-specific ssDNA and dsDNA binding 
protein, with preference for GCT end CTG repeats. Cell migration modulator 
which enhances the glioma-specific migration ability of neural stem cells 
(NSC) and neural precursor cells (NPC). 

25 rs13078960 CADM2 3:85807590_T_G 

 
 

 

Cell adhesion 
molecule 2 

https://www.uni
prot.org/uniprot/

Q8N3J6 

Adhesion molecule that engages in homo- and heterophilic interactions 
with the other nectin-like family members, leading to cell aggregation. 
Important for synapse organization, providing regulated trans-synaptic 
adhesion. Preferentially binds to oligodendrocytes. 

26 rs13107325 SLC39A8 4:103188709_C_T 
 

 
 

Zinc transporter 
ZIP8 

https://www.uni
prot.org/uniprot/

Q9C0K1 

Acts as a manganese and zinc influx transporter (PubMed:12504855, 
PubMed:26637978). Plays a role in manganese reabsorption in the 
proximal tubule of the kidney and in manganese uptake into the brain 
(PubMed:26637978). 

27 rs13191362 PARK2 6:163033350_A_G 
 
 
 
 
 
 
 
 
 
 
 

 
 

E3 ubiquitin-protein 
ligase parkin 

https://www.uni
prot.org/uniprot/

O60260  

Functions within a multiprotein E3 ubiquitin ligase complex, catalyzing the 
covalent attachment of ubiquitin moieties onto substrate proteins, such as 
BCL2, SYT11, CCNE1, GPR37, RHOT1/MIRO1, MFN1, MFN2, STUB1, SNCAIP, 
SEPTIN5, TOMM20, USP30, ZNF746 and AIMP2 (PubMed:10973942, 
PubMed:10888878, PubMed:11431533, PubMed:12150907, 
PubMed:12628165, PubMed:16135753, PubMed:21376232, 
PubMed:23754282, PubMed:23620051, PubMed:24660806, 
PubMed:24751536). Mediates monoubiquitination and 'Lys-6', 'Lys-11', 
'Lys-48'- and ‘Lys-63’-linked polyubiquitination of substrates depending on 
the context (PubMed:19229105, PubMed:20889974, PubMed:25621951). 
Participates in the removal and/or detoxification of abnormally folded or 
damaged protein by mediating 'Lys-63'-linked polyubiquitination of 
misfolded proteins such as PARK7: Mediates monoubiquitination of BCL2, 
thereby acting as a positive regulator of autophagy (PubMed:20889974).  

28 rs13201877 IFNGR1 6:137675541_A_G 
 
 
 

 
 

Interferon gamma 
receptor 1 

https://www.uni
prot.org/uniprot/

P15260  

Associates with IFNGR2 to form a receptor for the cytokine interferon 
gamma (IFNG) (PubMed:7615558, PubMed:2971451, PubMed:7617032, 
PubMed:10986460). Ligand binding stimulates activation of the JAK/STAT 
signaling pathway (PubMed:7673114). Plays an essential role in the IFN-
gamma pathway that is required for the cellular response to infectious 
agents (PubMed:20015550). 

29 rs1441264 MIR548A2 13:79580919_G_A No results found   

30 rs1460676 FIGN 2:164567689_T_C 
 

Fidgetin https://www.uni
prot.org/uniprot/

Q5HY92  

ATP-dependent microtubule severing protein. Severs microtubules along 
their length and depolymerizes their ends, primarily the minus-end, that 
may lead to the suppression of microtubule growth from and attachment 
to centrosomes. Microtubule severing may promote rapid reorganization of 
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cellular microtubule arrays and the release of microtubules from the 
centrosome following nucleation. Microtubule release from the mitotic 
spindle poles may allow depolymerization of the microtubule end proximal 
to the spindle pole, leading to poleward microtubule flux and poleward 
motion of chromosome. 

31 rs1516725 ETV5 3:185824004_T_C ETS translocation 
variant 5 

https://www.uni
prot.org/uniprot/

P41161  

DNA binding/transcription activator activity. Binds to DNA sequences 
containing the consensus nucleotide core sequence 5'-GGAA.-3' 

32 rs1528435 UBE2E3 2:181550962_C_T Ubiquitin-
conjugating enzyme 

E2 E3 

https://www.uni
prot.org/uniprot/

Q969T4 

Involved in the pathway protein ubiquitination, which is part of Protein 
modification Accepts ubiquitin from the E1 complex and catalyzes its 
covalent attachment to other proteins. In vitro catalyzes 'Lys-11'- and 'Lys-
48'-, as well as 'Lys-63'-linked polyubiquitination. Participates in the 
regulation of transepithelial sodium transport in renal cells. May be 
involved in cell growth arrest. 

33 rs1558902 FTO 16:53803574_T_A Alpha-
ketoglutarate-

dependent 
dioxygenase FTO 

https://www.uni
prot.org/uniprot/

Q9C0B1 

Involved in the regulation of fat mass, adipogenesis, energy homeostasis 
and body weight, thereby contributing to the regulation of body size and 
body fat accumulation (PubMed:18775698, PubMed:20376003 
PubMed:22002720, PubMed:26458103, PubMed:28002401, 
PubMed:30197295, PubMed:26457839, PubMed:25452335).  Involved in 
the regulation of thermogenesis and the control of adipocyte 
differentiation into brown or white fat cells (PubMed:26287746). Acts as an 
RNA demethylase that mediates oxidative demethylation of different RNA 
species, such as mRNAs, tRNAs and snRNAs. Specifically demethylates N6-
methyladenosine (m6A) RNA, the most prevalent internal modification of 
messenger RNA (mRNA) in higher eukaryotes (PubMed:22002720, 
PubMed:26458103, PubMed:30197295, PubMed:26457839, 
PubMed:25452335) and other targets  

34 rs16851483 RASA2 3:141275436_G_T Ras GTPase-
activating protein 2 

https://www.uni
prot.org/uniprot/

Q15283 

Inhibitory regulator of the Ras-cyclic AMP pathway. Binds inositol 
tetrakisphosphate (IP4). 

35 rs16907751 ZBTB10 8:81375457_C_T Zinc finger and BTB 
domain-containing 

protein 10 

https://www.uni
prot.org/uniprot/

Q96DT7 

May be involved in transcriptional regulation. Molecular function – DNA 
binding and metal ion binding.  

36 rs16951275 MAP2K5 15:68077168_T_C Dual specificity 
mitogen-activated 

protein kinase 
kinase 5 

https://www.uni
prot.org/uniprot/

Q13163  

Acts as a scaffold for the formation of a ternary MAP3K2/MAP3K3-
MAP3K5-MAPK7 signaling complex. Activation of this pathway appears to 
play a critical role in protecting cells from stress-induced apoptosis, 
neuronal survival and cardiac development and angiogenesis. 
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37 rs17001654 SCARB2 4:77129568_C_G Lysosome 
membrane protein 

2 

https://www.uni
prot.org/uniprot/

Q14108 

Acts as a lysosomal receptor for glucosylceramidase (GBA) targeting. Acts as 
a receptor for enterovirus 71 (Microbial infection). Involved with 
cholesterol, phosphatidylserine and phosphatidylcholine binding, receptor-
mediated endocytosis, transmembrane signalling receptor activity and 
regulation of cellular carbohydrate catabolic process.  

38 rs17024393 GNAT2 1:110154688_T_C Guanine 
nucleotide-binding 
protein G(t) subunit 

alpha-2 

https://www.uni
prot.org/uniprot/

P19087 

Guanine nucleotide-binding proteins (G proteins) are involved as 
modulators or transducers in various transmembrane signaling systems. 
Transducin is an amplifier and one of the transducers of a visual impulse 
that performs the coupling between rhodopsin and cGMP-
phosphodiesterase. 

39 rs17094222 HIF1AN 10:102395440_T_C Hypoxia-inducible 
factor 1-alpha 

inhibitor 

https://www.uni
prot.org/uniprot/

Q9NWT6 

Hydroxylates HIF-1 alpha at 'Asn-803' in the C-terminal transactivation 
domain (CAD). Functions as an oxygen sensor and, under normoxic 
conditions, the hydroxylation prevents interaction of HIF-1 with 
transcriptional coactivators including Cbp/p300-interacting transactivator. 
Involved in transcriptional repression through interaction with HIF1A, VHL 
and histone deacetylases. Hydroxylates specific Asn residues within ankyrin 
repeat domains (ARD) of NFKB1, NFKBIA, NOTCH1, ASB4, PPP1R12A and 
several other ARD-containing proteins. Also hydroxylates Asp and His 
residues within ARDs of ANK1 and TNKS2, respectively. Negatively regulates 
NOTCH1 activity, accelerating myogenic differentiation. Positively regulates 
ASB4 activity, promoting vascular differentiation 

40 rs17203016 CREB1 2:208255518_A_G Cyclic AMP-
responsive 

element-binding 
protein 1 

https://www.uni
prot.org/uniprot/

P16220   

Phosphorylation-dependent transcription factor that stimulates 
transcription upon binding to the DNA cAMP response element (CRE), a 
sequence present in many viral and cellular promoters. Transcription 
activation is enhanced by the TORC coactivators which act independently of 
Ser-133 phosphorylation. Involved in different cellular processes including 
the synchronization of circadian rhythmicity and the differentiation of 
adipose cells.  

41 rs17405819 HNF4G 8:76806584_T_C Hepatocyte nuclear 
factor 4-gamma 

https://www.uni
prot.org/uniprot/

Q14541  

Transcription factor. Has a lower transcription activation potential than 
HNF4-alpha. DNA-binding transcription activator activity, RNA polymerase 
II-specific. 

42 rs17724992 PGPEP1 19:18454825_A_G Pyroglutamyl-
peptidase 1 

https://www.uni
prot.org/uniprot/

Q9NXJ5  

Removes 5-oxoproline from various penultimate amino acid residues 
except L-proline. Catalytic activity - release of an N-terminal pyroglutamyl 
group from a polypeptide, the second amino acid generally not being Pro. 
Activity regulation - Inhibited by transition metal ions including Ni2+, Zn2+, 
and Cu2+ and by sulfhydryl-blocking agents.  

43 rs1808579 C18orf8 18:21104888_C_T Regulator of MON1-
CCZ1 complex 

https://www.uni
prot.org/uniprot/

Q96DM3  

Componement of the CCZ1-MON1 RAB7A guanine exchange factor (GEF). 
Acts as a positive regulator of CCZ1-MON1A/B function necessary for 
endosomal/autophagic flux and efficient RAB7A localization 
(PubMed:29038162) 
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44 rs1928295 TLR4 9:120378483_T_C Toll-like receptor 4 https://www.uni
prot.org/uniprot/

O00206  

Cooperates with LY96 and CD14 to mediate the innate immune response to 
bacterial lipopolysaccharide (LPS) (PubMed:27022195). Acts via MYD88, 
TIRAP and TRAF6, leading to NF-kappa-B activation, cytokine secretion and 
the inflammatory response (PubMed:9237759, PubMed:10835634, 
PubMed:27022195). Also involved in LPS-independent inflammatory 
responses triggered by free fatty acids, such as palmitate, and Ni2+. 
Responses triggered by Ni2+ require non-conserved histidines and are, 
therefore, species-specific (PubMed:20711192). In complex with TLR6, 
promotes sterile inflammation in monocytes/macrophages in response to 
oxidized low-density lipoprotein (oxLDL) or amyloid-beta 42. In this context, 
the initial signal is provided by oxLDL- or amyloid-beta 42-binding to CD36. 
This event induces the formation of a heterodimer of TLR4 and TLR6, which 
is rapidly internalized and triggers inflammatory response, leading to the 
NF-kappa-B-dependent production of CXCL1, CXCL2 and CCL9 cytokines, via 
MYD88 signaling pathway, and CCL5 cytokine, via TICAM1 signaling 
pathway, as well as IL1B secretion. Binds electronegative LDL (LDL-) and 
mediates the cytokine release induced by LDL- (PubMed:23880187).  
Miscellaneous 

45 rs2033732 RALYL 8:85079709_T_C RNA-binding Raly-
like protein 

https://www.uni
prot.org/uniprot/

Q86SE5  

RNA-binding Raly-like protein. RNA binding, identical protein binding 

46 rs205262 C6orf106 6:34563164_A_G Protein ILRUN https://www.uni
prot.org/uniprot/

Q9H6K1  

Negative regulator of innate antiviral response. Blocks IRF3-dependent 
cytokine production such as IFNA, IFNB and TNF (PubMed:29802199). 
Interacts with IRF3 and inhibits IRF3 recruitment to type I IFN promoter 
sequences while also reducing nuclear levels of the coactivators EP300 and 
CREBBP (PubMed:29802199). Ubiquitin binding. 

47 rs2075650 TOMM40 19:45395619_A_G Mitochondrial 
import receptor 
subunit TOM40 

homolog 

https://www.uni
prot.org/uniprot/

O96008  

Channel-forming protein essential for import of protein precursors into 
mitochondria. Porin activity, protein transmembrane transporter activity, 
ion transport, macroautophagy, protein import into mitochondrial matrix, 
protein targeting to mitochondrion.  

48 rs2080454 CBLN1 16:49062590_C_A Cerebellin-1 https://www.uni
prot.org/uniprot/

P23435  

Required for synapse integrity and synaptic plasticity. During cerebellar 
synapse formation, essential for the matching and maintenance of pre- and 
post-synaptic elements at parallel fiber-Purkinje cell synapses, the 
establishment of the proper pattern of climbing fiber-Purkinje cell 
innervation, and induction of long-term depression at parallel fiber-Purkinje 
cell synapses. Plays a role as a synaptic organizer that acts bidirectionally on 
both pre- and post-synaptic components. Exerts neuromodulatory 
functions. Directly stimulates norepinephrine release via the adenylate 
cyclase/PKA-dependent signaling pathway; and indirectly enhances 
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adrenocortical secretion in vivo, through a paracrine mechanism involving 
medullary catecholamine release. 

49 rs2112347 POC5 5:75015242_T_G Centrosomal 
protein POC5 

https://www.uni
prot.org/uniprot/

Q8NA72  

Involvement with cell cycle. Essential for the assembly of the distal half of 
centrioles, required for centriole elongation 

50 rs2121279 LRP1B 2:143043285_C_T Low-density 
lipoprotein 

receptor-related 
protein 1B 

https://www.uni
prot.org/uniprot/

Q9NZR2  

Calcium ion binding, protein binding, receptor-mediated endocytosis. 
Potential cell surface proteins that bind and internalize ligands in the 
process of receptor-mediated endocytosis. The gene is preferentially 
inactivated in one histological type of lung cancer (non-small cell lung 
cancer (NSCLC)). May thus play an important role in tumorigenesis of 
NSCLCs. 

51 rs2176040 LOC646736 2:227092802_A_G No results found   

52 rs2176598 HSD17B12 11:43864278_T_C Very-long-chain 3-
oxoacyl-CoA 

reductase 

https://www.uni
prot.org/uniprot/

Q53GQ0  

Catalyzes the second of the four reactions of the long-chain fatty acids 
elongation cycle. This endoplasmic reticulum-bound enzymatic process, 
allows the addition of two carbons to the chain of long- and very long-chain 
fatty acids/VLCFAs per cycle. This enzyme has a 3-ketoacyl-CoA reductase 
activity, reducing 3-ketoacyl-CoA to 3-hydroxyacyl-CoA, within each cycle of 
fatty acid elongation. Thereby, it may participate in the production of 
VLCFAs of different chain lengths that are involved in multiple biological 
processes as precursors of membrane lipids and lipid mediators. May also 
catalyze the transformation of estrone (E1) into estradiol (E2) and play a 
role in estrogen formation. 

53 rs2207139 TFAP2B 6:50845490_A_G Transcription factor 
AP-2-beta 

https://www.uni
prot.org/uniprot/

Q92481  

Sequence-specific DNA-binding protein that interacts with inducible viral 
and cellular enhancer elements to regulate transcription of selected genes. 
AP-2 factors bind to the consensus sequence 5'-GCCNNNGGC-3' and 
activate genes involved in a large spectrum of important biological 
functions including proper eye, face, body wall, limb and neural tube 
development. They also suppress a number of genes including 
MCAM/MUC18, C/EBP alpha and MYC. AP-2-beta appears to be required 
for normal face and limb development and for proper terminal 
differentiation and function of renal tubular epithelia 

54 rs2245368 PMS2L11 7:76608143_C_T Putative postmeiotic 
segregation increased 

2-like protein 11 

https://www.uni
prot.org/uniprot/

Q13670  

ATPase activity, kinase activity. Encoded by one of the numerous copies of 
postmeiotic segregation increased 2-like genes scattered in the q11-q22 
region of the chromosome 7. 

55 rs2287019 QPCTL 19:46202172_C_T Glutaminyl-peptide 
cyclotransferase-

like protein 

https://www.uni
prot.org/uniprot/

Q9NXS2  

Responsible for the biosynthesis of pyroglutamyl peptides. 

56 rs2365389 FHIT 3:61236462_C_T Bis(5'-adenosyl)-
triphosphatase 

https://www.uni
prot.org/uniprot/

P49789  

Cleaves P1-P3-bis(5'-adenosyl) triphosphate (Ap3A) to yield AMP and ADP. 
Can also hydrolyze P1-P4-bis(5'-adenosyl) tetraphosphate (Ap4A), but has 
extremely low activity with ATP. Modulates transcriptional activation by 

https://www.uniprot.org/uniprot/Q8NA72
https://www.uniprot.org/uniprot/Q8NA72
https://www.uniprot.org/uniprot/Q8NA72
https://www.uniprot.org/uniprot/Q9NZR2
https://www.uniprot.org/uniprot/Q9NZR2
https://www.uniprot.org/uniprot/Q9NZR2
https://www.uniprot.org/uniprot/Q53GQ0
https://www.uniprot.org/uniprot/Q53GQ0
https://www.uniprot.org/uniprot/Q53GQ0
https://www.uniprot.org/uniprot/Q92481
https://www.uniprot.org/uniprot/Q92481
https://www.uniprot.org/uniprot/Q92481
https://www.uniprot.org/uniprot/Q13670
https://www.uniprot.org/uniprot/Q13670
https://www.uniprot.org/uniprot/Q13670
https://www.uniprot.org/uniprot/Q9NXS2
https://www.uniprot.org/uniprot/Q9NXS2
https://www.uniprot.org/uniprot/Q9NXS2
https://www.uniprot.org/uniprot/P49789
https://www.uniprot.org/uniprot/P49789
https://www.uniprot.org/uniprot/P49789


352 
 

CTNNB1 and thereby contributes to regulate the expression of genes 
essential for cell proliferation and survival, such as CCND1 and BIRC5. Plays 
a role in the induction of apoptosis via SRC and AKT1 signaling pathways. 
Inhibits MDM2-mediated proteasomal degradation of p53/TP53 and 
thereby plays a role in p53/TP53-mediated apoptosis, which sensitizes the 
low-affinity Ca2+ transporters, enhancing mitochondrial calcium uptake. 
Functions as tumor suppressor 

57 rs2650492 SBK1 16:28333411_G_A Serine/threonine-
protein kinase SBK1 

https://www.uni
prot.org/uniprot/

Q52WX2  

May be involved in signal-transduction pathways related to the control of 
brain development. 

58 rs2820292 NAV1 1:201784287_A_C Neuron navigator 1 https://www.uni
prot.org/uniprot/

Q8NEY1  

May be involved in neuronal migration, microtubule bundle formation, 
nervous system development.  

59 rs2836754 ETS2 21:40291740_T_C Protein C-ets-2 https://www.uni
prot.org/uniprot/

P15036  

Transcription factor activating transcription. Binds specifically the DNA 
GGAA/T core motif (Ets-binding site or EBS) in gene promoters and 
stimulates transcription. 

60 rs29941 KCTD15 19:34309532_A_G BTB/POZ domain-
containing protein 

KCTD15 

https://www.uni
prot.org/uniprot/

Q96SI1  

During embryonic development, interferes with neural crest formation 
Inhibits AP2 transcriptional activity by interaction with its activation 
domain. Multicellular organism development and protein homo-
oligomerisation 

61 rs3101336 NEGR1 1:72751185_T_C Neuronal growth 
regulator 1 

https://www.uni
prot.org/uniprot/

Q7Z3B1  

May be involved in cell-adhesion. May function as a trans-neural growth-
promoting factor in regenerative axon sprouting in the mammalian brain) 

62 rs3736485 DMXL2 15:51748610_A_G DmX-like protein 2 https://www.uni
prot.org/uniprot/

Q8TDJ6  

May serve as a scaffold protein for MADD and RAB3GA on synaptic vesicles 
(PubMed:11809763). Plays a role in the brain as a key controller of 
neuronal and endocrine homeostatic processes  

63 rs3810291 ZC3H4 19:47569003_G_A Zinc finger CCCH 
domain-containing 

protein 4 

https://www.uni
prot.org/uniprot/

Q9UPT8  

DNA-binding transcription factor activity, RNA polymerase II intronic 
transcription regulatory region sequence-specific DNA binding, metal ion 
binding  

64 rs3817334 MTCH2 11:47650993_C_T Mitochondrial 
carrier homolog 2 

https://www.uni
prot.org/uniprot/

Q9Y6C9  

The substrate transported is not yet known. Induces mitochondrial 
depolarization. Positive regulation of apoptotic process, protein localization 
to mitochondrion. 

65 rs3849570 GBE1 3:81792112_C_A 1,4-alpha-glucan-
branching enzyme 

https://www.uni
prot.org/uniprot/

Q04446  

Required for normal glycogen accumulation (PubMed:8463281, 
PubMed:26199317, PubMed:8613547). The alpha 1-6 branches of glycogen 
play an important role in increasing the solubility of the molecule  

67 rs3888190 ATP2A1 16:28889486_C_A Sarcoplasmic/endo
plasmic reticulum 
calcium ATPase 1 

https://www.uni
prot.org/uniprot/

O14983  

Key regulator of striated muscle performance by acting as the major Ca2+ 
ATPase responsible for the reuptake of cytosolic Ca2+ into the sarcoplasmic 
reticulum. Catalyzes the hydrolysis of ATP coupled with the translocation of 
calcium from the cytosol to the sarcoplasmic reticulum lumen. Contributes 
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to calcium sequestration involved in muscular excitation/contraction 
(PubMed:10914677). 

68 rs4256980 TRIM66 11:8673939_C_G Tripartite motif-
containing protein 

66 

https://www.uni
prot.org/uniprot/

O15016  

May function as transcription repressor; The repressive effects are 
mediated, at least in part, by recruitment of deacetylase activity. May play 
a role as negative regulator of postmeiotic genes acting through CBX3 
complex formation and centromere association  

69 rs4740619 C9orf93 
(CCDC171) 

9:15634326_T_C Coiled-coil domain-
containing protein 

171 

https://www.uni
prot.org/uniprot/

Q6TFL3  

Possible role in transcription. 

70 rs4787491 INO80E 16:30015337_A_G INO80 complex 
subunit E 

https://www.uni
prot.org/uniprot/

Q8NBZ0  

Putative regulatory component of the chromatin remodeling INO80 
complex which is involved in transcriptional regulation, DNA replication and 
probably DNA repair 

71 rs492400 USP37 2:219349752_C_T Ubiquitin carboxyl-
terminal hydrolase 

37 

https://www.uni
prot.org/uniprot/

Q86T82  

Deubiquitinase that antagonizes the anaphase-promoting complex (APC/C) 
during G1/S transition by mediating deubiquitination of cyclin-A (CCNA1 
and CCNA2), thereby promoting S phase entry. Specifically mediates 
deubiquitination of 'Lys-11'-linked polyubiquitin chains, a specific ubiquitin-
linkage type mediated by the APC/C complex. Also mediates 
deubiquitination of 'Lys-48'-linked polyubiquitin chains in vitro. 
Phosphorylation at Ser-628 during G1/S phase maximizes the 
deubiquitinase activity, leading to prevent degradation of cyclin-A (CCNA1 
and CCNA2) (PubMed:21596315). Plays an important role in the regulation 
of DNA replication by stabilizing licensing factor CDT1 (PubMed:27296872). 

72 rs543874 SEC16B 1:177889480_A_G Protein transport 
protein Sec16B 

https://www.uni
prot.org/uniprot/

Q96JE7  

Plays a role in the organization of the endoplasmic reticulum exit sites 
(ERES), also known as transitional endoplasmic reticulum (tER). Required 
for secretory cargo traffic from the endoplasmic reticulum to the Golgi 
apparatus (PubMed:17192411, PubMed:21768384, PubMed:22355596). 
Involved in peroxisome biogenesis. Regulates the transport of peroxisomal 
biogenesis factors PEX3 and PEX16 from the ER to peroxisomes 
(PubMed:21768384). 

73 rs6091540 ZFP64 20:51087862_C_T Zinc finger protein 
64 

https://www.uni
prot.org/uniprot/

Q9NTW7  

May be involved in transcriptional regulation. 

74 rs6465468 ASB4 7:95169514_G_T Ankyrin repeat and 
SOCS box protein 4 

https://www.uni
prot.org/uniprot/

Q9Y574  

Probable substrate-recognition component of a SCF-like Elongin-Cullin-
SOCS-box protein. E3 ubiquitin-protein ligase complex which mediates the 
ubiquitination and subsequent proteasomal degradation of target proteins. 
Promotes differentiation and maturation of the vascular lineage by an 
oxygen-dependent. This protein is involved in the pathway protein 
ubiquitination, which is part of Protein modification.  
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75 rs6477694 EPB41L4B 9:111932342_C_T Band 4.1-like 
protein 4B 

https://www.uni
prot.org/uniprot/

Q9H329  

Up-regulates the activity of the Rho guanine nucleotide exchange factor 
ARHGEF18. Involved in the regulation of the circumferential actomyosin 
belt in epithelial cells (PubMed:22006950). Promotes cellular adhesion, 
migration and motility in vitro and may play a role in wound healing 
(PubMed:23664528). May have a role in mediating cytoskeletal changes 
associated with steroid-induced cell differentiation (PubMed:14521927). 
Cytoskeletal protein binding and structural constituent of cytoskeleton.  

76 rs6567160 MC4R 18:57829135_T_C Melanocortin 
receptor 4 

https://www.uni
prot.org/uniprot/

P32245  

Receptor specific to the heptapeptide core common to adrenocorticotropic 
hormone and alpha-, beta-, and gamma-MSH. Plays a central role in energy 
homeostasis and somatic growth. This receptor is mediated by G proteins 
that stimulate adenylate cyclase (cAMP). 

77 rs657452 AGBL4 1:49589847_A_G Cytosolic 
carboxypeptidase 6 

https://www.uni
prot.org/uniprot/

Q5VU57  

Metallocarboxypeptidase that mediates deglutamylation of target proteins. 
Catalyzes the deglutamylation of polyglutamate side chains generated by 
post-translational polyglutamylation in proteins such as tubulins. Also 
removes polyglutamates from the carboxy-terminus of target proteins such 
as MYLK. Mediates deglutamylation of CGAS, regulating the antiviral 
activity of CGAS. Acts as a long-chain deglutamylase and specifically 
shortens long polyglutamate chains, while it is not able to remove the 
branching point glutamate, a process catalyzed by AGBL5/CCP5. 

78 rs6804842 RARB 3:25106437_A_G Retinoic acid 
receptor beta 

https://www.uni
prot.org/uniprot/

P10826  

Retinoic acid receptors bind as heterodimers to their target response 
elements in response to their ligands, all-trans or 9-cis retinoic acid, and 
regulate gene expression in various biological processes. In the absence or 
presence of hormone ligand, acts mainly as an activator of gene expression 
due to weak binding to corepressors (PubMed:12554770). In concert with 
RARG, required for skeletal growth, matrix homeostasis and growth plate 
function.  

79 rs7138803 BCDIN3D 12:50247468_G_A RNA 5'-
monophosphate 

methyltransferase 

https://www.uni
prot.org/uniprot/

Q7Z5W3  

O-methyltransferase that specifically monomethylates 5'-monophosphate 
of cytoplasmic histidyl tRNA, acting as a capping enzyme 
(PubMed:28119416). Also methylates the 5' monophosphate of pre-
miRNAs, acting as a negative regulator of miRNA processing 
(PubMed:23063121, PubMed:28119416). The 5' monophosphate of pre-
miRNAs is recognized by DICER1 and is required for pre-miRNAs processing: 
methylation at this position reduces the processing of pre-miRNAs by 
DICER1. Able to mediate methylation of pre-miR-145, as well as other pre-
miRNAs (PubMed:23063121).  

80 rs7141420 NRXN3 14:79899454_C_T Neurexin-3-beta https://www.uni
prot.org/uniprot/

Q9HDB5  

Neuronal cell surface protein that may be involved in cell recognition and 
cell adhesion. May play a role in angiogenesis 

81 rs7164727 LOC100287
559 

15:73093991_C_T 
 

No results found 
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82 rs7239883 LOC284260 18:40147671_G_A LOC284260 protein 
(unreviewed) 

https://www.uni
prot.org/uniprot/

Q8WTX6  

May be involved in transcriptional regulation. 

83 rs7243357 GRP 18:56883319_T_G  Gastrin-releasing 
peptide 

https://www.uni
prot.org/uniprot/

P07492  

Stimulates the release of gastrin and other gastrointestinal hormones. 
Contributes to the perception of prurient stimuli and to the transmission of 
itch signals in the spinal cord that promote scratching behavior. Contributes 
primarily to nonhistaminergic itch sensation. Contributes to long-term fear 
memory, but not spatial memory, and to the regulation of food intake. 

84 rs758747 NLRC3 16:3627358_C_T NLR family CARD 
domain-containing 

protein 3 

https://www.uni
prot.org/uniprot/

Q7RTR2  

Negative regulator of the innate immune response (PubMed:15705585, 
PubMed:22863753, PubMed:25277106). Attenuates signalling pathways 
activated by Toll-like receptors (TLRs) and the DNA sensor STING/TMEM173 
in response to pathogen-associated molecular patterns. May affect TLR4 
signaling by acting at the level of TRAF6 ubiquitination, decreasing the 
activating 'Lys-63'-linked ubiquitination and leaving unchanged the 
degradative 'Lys-48'-linked ubiquitination (PubMed:22863753). Inhibits the 
PI3K-AKT-mTOR pathway possibly by directly interacting with the 
phosphatidylinositol 3-kinase regulatory subunit p85 (PIK3R1/PIK3R2), 
disrupting the association between PIK3R1/PIK3R2 and the catalytic subunit 
p110 (PIK3CA/PIK3CB/PIK3CD) and reducing PIK3R1/PIK3R2 activation. 
Controls cell proliferation via regulation of the PI3K-AKT-mTOR pathway 
predominantly in intestinal epithelial cells. May also affect the 
inflammatory response by preventing NLRP3 inflammasome formation, 
CASP1 cleavage and IL1B maturation (PubMed:25277106). 

85 rs7599312 ERBB4 2:213413231_G_A Receptor tyrosine-
protein kinase 

erbB-4 

https://www.uni
prot.org/uniprot/

Q15303  

Tyrosine-protein kinase, plays an essential role as cell surface receptor for 
neuregulins and EGF family members. Regulates development of the heart, 
central nervous system and mammary glands, gene transcription, cell 
proliferation, differentiation, migration and apoptosis. Required for normal 
cardiac muscle differentiation during embryonic development and 
postnatal cardiomyocyte proliferation, and for normal development of the 
embryonic central nervous system, especially normal neural crest cell 
migration and normal axon guidance. Required for mammary gland 
differentiation, induction of milk proteins and lactation. Acts as cell-surface 
receptor for the neuregulins NRG1-NRG4 and EGF family members BTC, 
EREG and HBEGF. Mediates phosphorylation of SHC1 and activation of the 
MAP kinases MAPK1/ERK2 and MAPK3/ERK1. Isoforms JM-A CYT-1 and JM-
B CYT-1 phosphorylate PIK3R1 and protect cells against apoptosis. Isoforms 
JM-A CYT-1 and JM-B CYT-1 mediate reorganization of the actin 
cytoskeleton and promote cell migration in response to NRG1.  
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86 rs7715256 GALNT10 5:153537893_G_T Polypeptide N-
acetylgalactosamin

yltransferase 10 

https://www.uni
prot.org/uniprot/

Q86SR1  

Catalyzes the initial reaction in O-linked oligosaccharide biosynthesis, the 
transfer of an N-acetyl-D-galactosamine residue to a serine or threonine 
residue on the protein receptor. Has activity toward Muc5Ac and EA2 
peptide substrates. 

87 rs7899106 GRID1 10:87410904_A_G Glutamate receptor 
ionotropic, delta-1 

https://www.uni
prot.org/uniprot/

Q9ULK0  

Receptor for glutamate. L-glutamate acts as an excitatory neurotransmitter 
at many synapses in the central nervous system. The postsynaptic actions 
of Glu are mediated by a variety of receptors that are named according to 
their selective agonists. 

88 rs7903146 TCF7L2 10:114758349_C_T Transcription factor 
7-like 2 

https://www.uni
prot.org/uniprot/

Q9NQB0   

Participates in the Wnt signaling pathway and modulates MYC expression 
by binding to its promoter in a sequence-specific manner. Acts as repressor 
in the absence of CTNNB1, and as an activator in its presence. Activates 
transcription from promoters with several copies of the Tcf motif 5'-
CCTTTGATC-3' in the presence of CTNNB1. Expression of dominant-negative 
mutants results in cell-cycle arrest in G1. Necessary for the maintenance of 
the epithelial stem-cell compartment of the small intestine 

89 rs9374842 LOC285762 6:120185665_C_T No results found 
 

  

90 rs9400239 FOXO3 6:108977663_T_C Forkhead box 
protein O3 

https://www.uni
prot.org/uniprot/

O43524  

Transcriptional activator that recognizes and binds to the DNA sequence 5'-
[AG]TAAA[TC]A-3' and regulates different processes, such as apoptosis and 
autophagy (PubMed:10102273, PubMed:16751106, PubMed:21329882). 
Acts as a positive regulator of autophagy in skeletal muscle: in starved cells, 
enters the nucleus following dephosphorylation and binds the promoters of 
autophagy genes, such as GABARAP1L, MAP1LC3B and ATG12, thereby 
activating their expression, resulting in proteolysis of skeletal muscle 
proteins. Triggers apoptosis in the absence of survival factors, including 
neuronal cell death upon oxidative stress (PubMed:10102273, 
PubMed:16751106). Participates in post-transcriptional regulation of MYC: 
following phosphorylation by MAPKAPK5, promotes expression of miR-34b 
and miR-34c, 2 post-transcriptional regulators of MYC that bind to the 
3'UTR of MYC transcript and prevent its translation (PubMed:21329882). 
Translocates into the mitochondria in response to metabolic stress, where 
it promotes mtDNA transcription (PubMed:23283301). 

91 rs9540493 MIR548X2 13:66205704_A_G No results found   

92 rs12016871 
(rs9581854) 

MTIF3 13:28017782_C_T Translation 
initiation factor IF-
3, mitochondrial 

https://www.uni
prot.org/uniprot/

Q9H2K0  

IF-3 binds to the 28S ribosomal subunit and shifts the equilibrum between 
55S ribosomes and their 39S and 28S subunits in favor of the free subunits, 
thus enhancing the availability of 28S subunits on which protein synthesis 
initiation begins. 

93 rs9641123 CALCR 7:93197732_G_C Calcitonin receptor https://www.uni
prot.org/uniprot/

P30988  

A receptor for calcitonin. The activity of this receptor is mediated by G 
proteins which activate adenylyl cyclase. The calcitonin receptor is thought 
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to couple to the heterotrimeric guanosine triphosphate-binding protein 
that is sensitive to cholera toxin. Isoform 2: Receptor for calcitonin but is 
unable to couple to G proteins and activate adenylyl cyclase 
(PubMed:7476993). Does not undergo receptor internalization following 
ligand binding (PubMed:7476993). 

94 rs977747 TAL1 1:47684677_T_G T-cell acute 
lymphocytic 

leukemia protein 1 

https://www.uni
prot.org/uniprot/

P17542  

Implicated in the genesis of hemopoietic malignancies. It may play an 
important role in hemopoietic differentiation. Serves as a positive regulator 
of erythroid differentiation. 

95 rs9914578 SMG6 17:2005136_C_G Telomerase-binding 
protein EST1A 

https://www.uni
prot.org/uniprot/

Q86US8  

Component of the telomerase ribonucleoprotein (RNP) complex that is 
essential for the replication of chromosome termini (PubMed:19179534). 
May have a general role in telomere regulation (PubMed:12676087, 
PubMed:12699629). Promotes in vitro the ability of TERT to elongate 
telomeres (PubMed:12676087, PubMed:12699629). Overexpression 
induces telomere uncapping, chromosomal end-to-end fusions (telomeric 
DNA persists at the fusion points) (PubMed:12676087, PubMed:12699629). 
Plays a role in nonsense-mediated mRNA decay (PubMed:18974281, 
PubMed:19060897, PubMed:20930030, PubMed:17053788). Degrades 
single-stranded RNA (ssRNA), but not ssDNA or dsRNA (PubMed:18974281, 
PubMed:19060897, PubMed:20930030, PubMed:17053788). 

96 rs9925964 KAT8 16:31129895_A_G Histone 
acetyltransferase 

KAT8 

https://www.uni
prot.org/uniprot/

Q9H7Z6  

Histone acetyltransferase, may be involved in transcriptional activation 
(PubMed:12397079, PubMed:22020126). May influence the function of 
ATM (PubMed:15923642).Part of the MSL complex, involved in acetylation 
of nucleosomal histone H4 producing specifically H4K16ac 
(PubMed:16227571, PubMed:16543150, PubMed:21217699, 
PubMed:22547026, PubMed:22020126). May be involved in acetylation of 
nucleosomal histone H4 on several lysine residues (PubMed:20018852, 
PubMed:22547026).  

Table A6b: Functions of the genes nearest to each of the 96 SNPs used for Mendelian randomisation analysis in Chapter 7. All descriptions were extracted from www.uniprot.org and edited accessed 26th November 2019].  

https://www.uniprot.org/uniprot/P17542
https://www.uniprot.org/uniprot/P17542
https://www.uniprot.org/uniprot/P17542
https://www.uniprot.org/uniprot/Q86US8
https://www.uniprot.org/uniprot/Q86US8
https://www.uniprot.org/uniprot/Q86US8
https://www.uniprot.org/uniprot/Q9H7Z6
https://www.uniprot.org/uniprot/Q9H7Z6
https://www.uniprot.org/uniprot/Q9H7Z6
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Appendix 7: Associations between body mass index and genetic risk score and 
confounders (Chapter 7) 
 

 

Table A7a: Univariate regression associations between body mass index and confounders, as referenced in the Chapter 7.  MVPA = minutes 
of moderate-to-vigorous physical activity All measurements pertain to the F@17 clinical visit, except for physical activity, which was 
measured at age 15, and change in predicted calorie intake, which was measured retrospectively using questionnaire data.  

 
 

Table A7b: Univariate regression associations between the genetic risk score and confounders, as referenced in Chapter 7. MVPA = minutes 
of moderate-to-vigorous physical activity All measurements pertain to the F@17 clinical visit, except for physical activity, which was 
measured at age 15, and change in predicted calorie intake, which was measured retrospectively using questionnaire data. 

 
 
 

Confounder n Coefficient (+95% CI) P 

Age 3844 0.68 (0.36, 0.99) <0.001 

Sex 3844 0.33 (0.08, 0.59) 0.01 

Parental socioeconomic position 3584 -0.23 (-0.33, -0.13) <0.001 

Smoking  3207 0.34 (0.17, 0.50) <0.001 

Maternal education 3585 -0.40 (-0.51, -0.29) <0.001 

Minutes of MVPA per day 1580 -0.011 (-0.021, -0.0003) 0.04 

Change in predicted calorie intake 
between ages 7 and 13  

3805 -0.023 (-0.029, 0.017) <0.001 

Confounder n Coefficient (+95% CI) P 

Age 3844 0.11 (-0.38, 0.60) 0.66 

Sex 3844 0.05 (-0.35, 0.45) 0.80 

Parental socioeconomic position 3584 -0.01 (-0.17, 0.15) 0.91 

Smoking  3207 0.09 (-0.16, 0.35) 0.47 

Maternal education 3585 -0.10 (-0.28, 0.07) 0.24 

Minutes of MVPA per day 1580 0.019 (0.002, 0.035) 0.03 

Change in predicted calorie intake 
between ages 7 and 13 

3805 -0.006 (-0.015, -0.004) 0.23 


