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CHAPTER 1 

 

 

 

The Transition from Obesity-Induced Left Ventricular Hypertrophy 

   To Abnormalities of Cardiac Function: Current Understanding 

and Existing Controversies. 
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1.0 Introduction 

 

The excessive prevalence of obesity in both developed and developing countries is 

of concern. In the United States of America (USA) earlier reports estimated that~20% of 

adults were obese (body mass index [BMI] ≥30 kg/m2) (Mokdad et al 2003, Mokdad et al 

2003), whilst in 2004, the prevalence of obesity was noted to be ~31% in men and ~33% in 

women (Ogden et al 2007). In South Africa, a country which from an economic perspective 

is considered to be a developing nation, at approximately the turn of the century, in a 

nationally representative population sample of 13 089 participants, ~29% of men and ~57% 

of women were noted to be obese (Puoane et al 2002). Although there is no question that 

weight reduction programmes have proved to be successful, there is evidence to indicate 

that obesity, once established, is difficult to manage. Indeed, weight reduction programmes 

seldom result in obese individuals reaching target body weights and the outcome is 

frequently an inability to maintain decreases in body weight (Latner et al 2002, Perri and 

Corsica 2002, Anderson et al 2001). The concern regarding the high prevalence of obesity 

world-wide is based on the evidence that obesity is a major public health risk. What is the 

current state of this knowledge? 

There is substantial evidence to indicate that obesity is associated with a 

considerable mortality (Allison et al 1997, Calle et al 1999, Heitmann et al 2000, Lahmann et 

al 2002, McGee 2005, Gu et al 2006, Jee et al 2006, Whitlock et al 2009) and a large 

component of this is through an increased risk for cardiovascular events (Eckel et al 2002, 

Klein et al 2004, Poirier P et al 2006, Murphy et al 2006). Indeed, obesity is a risk factor for 

heart failure (Chen et al 1999, He et al 2001, Johansson et al 2001, Wilhelmsen et al 2001, 

Kenchaiah et al 2002, 2009, Ingelsson et al 2005a and 2005b, Nicklas et al 2006, Bahrami 

et al 2008, Spies et al 2009), myocardial infarction (Yusuf et al 2005, Steyn et al 2005) and 

cerebrovascular events (stroke) (Kurth et al 2002, Suk et al 2003). This increased risk for 

cardiovascular events is in-part attributed to the association between obesity and classical 

cardiovascular risk factors, including hypertension, diabetes mellitus, and dyslipidaemia 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V8K-4R7NPWM-11&_user=1378557&_coverDate=11%2F29%2F2007&_alid=672151671&_rdoc=13&_fmt=full&_orig=search&_cdi=5873&_sort=d&_st=13&_docanchor=&_ct=357&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=9e6d3b55cf54d674217d9172648dcd98#bbib32#bbib32
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(Eckel et al 2002, Klein et al 2004). However, there is significant evidence that the adverse 

effects of obesity on the cardiovascular system are still present even after adjustments for 

these risk factors. Indeed, the relationships between obesity and the development of heart 

failure (Chen et al 1999, He et al 2001, Johansson et al 2001, Wilhelmsen et al 2001, 

Kenchaiah et al 2002, 2009, Ingelsson et al 2005a and 2005b, Nicklas et al 2006, Bahrami 

et al 2008, Spies et al 2009), myocardial infarction (Yusuf et al 2005, Steyn et al 2005), and 

stroke (Kurth et al 2002, Suk et al 2003) are noted after adjustments for age, the presence of 

hypertension, diabetes mellitus and dyslipidaemia. The relationship between measures of 

adiposity and cardiovascular outcomes independent of traditional cardiovascular risk factors 

has promoted the concept that obesity could produce damage to key cardiovascular organs 

that is not necessarily mediated through traditional risk factors. Thus managing 

hypertension, diabetes mellitus and dyslipidaemias in obesity may be insufficient to prevent 

obesity-induced increases in cardiovascular risk. 

In the present thesis I have conducted a series of studies designed to advance our 

current understanding of the role of obesity in promoting the transition from left ventricular 

hypertrophy (LVH) to abnormalities of LV function that could ultimately cause heart failure. 

Consequently, in the present chapter I will first highlight the need to better understand this 

question and discuss in more detail the evidence to support the view that obesity is an 

independent risk factor for the development of heart failure. Second, I will discuss the current 

evidence to support the view that LVH is an important transition process involved in the 

evolution of heart failure. Third, I will highlight the evidence to show that obesity is a major 

determinant of LVH and that this effect has pathophysiological implications. Fourth, I will 

review the evidence that suggests that obesity is associated with the transition to 

abnormalities in LV function, and the outstanding evidence with respect to whether these 

changes are mediated by LVH or abnormalities in LV remodelling, associated 

haemodynamic factors or alternative changes related to obesity. In this regard, I will highlight 

the evidence to support or oppose the views that obesity-induced LVH or LV remodelling is a 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V8K-4R7NPWM-11&_user=1378557&_coverDate=11%2F29%2F2007&_alid=672151671&_rdoc=13&_fmt=full&_orig=search&_cdi=5873&_sort=d&_st=13&_docanchor=&_ct=357&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=9e6d3b55cf54d674217d9172648dcd98#bbib32#bbib32
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key determinant of the transition to abnormalities of both diastolic and systolic function of the 

LV chamber and in so doing underscore the hypotheses developed in the present thesis. 

 

1.1 Heart failure: A need for a better understanding 

 

Heart failure is a condition that from the time of diagnosis, subsequently results in 

survival rates that are comparable to those of malignancies with the worst possible 

outcomes (Cowie et al 2000, Stewart et al 2001). Because of the appalling outcomes in 

patients with heart failure, and the marked burden to health care systems and patients alike 

produced by heart failure, over the past three-to-four decades there has been a considerable 

number of studies that have been performed to attempt to improve the current situation. 

The past three-to-four decades have been highly successful with respect to research 

into an understanding of the pathophysiological mechanisms responsible for the progressive 

decline in cardiac function in heart failure, once heart failure is established. The identification 

of these mechanisms has culminated in a number of novel therapeutic approaches including 

the use of blockers of the renin-angiotensin-aldosterone system and β-blockers (Hunt et al 

2001). However, in comparison to the success achieved with studies evaluating the 

mechanisms of the progression of heart failure once it is established, research into the 

mechanisms responsible for the development of heart failure has been comparatively less 

successful. In this regard there are still many aspects of heart failure and causes of heart 

failure where the pathophysiological mechanisms still require further elucidation. 

Identifying the pathophysiological mechanisms responsible for the development of 

heart failure is particularly important in developing countries, such as South Africa. Indeed, a 

recent clinical audit conducted in a developing community in South Africa, indicates that the 

burden of cardiovascular disease in a hospital setting appears to be through hospitalizations 

or referrals for heart failure (Sliwa et al 2008, Stewart et al 2008). An important question that 

emerges from these data is whether this apparently high prevalence of heart failure in 

hospital settings in emerging  communities (Sliwa et al 2008, Stewart et al 2008) represents 
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the outcomes of a failed health care system in general, or a high prevalence of disease 

processes the pathophysiology of which is uncertain. One important question is whether the 

high prevalence of obesity in these communities accounts for a significant burden of heart 

failure? 

 

1.2 Excess adiposity is associated with heart failure independent of conventional 

cardiovascular risk factors. 

 

As alluded to in the aforementioned discussion, over the past decade, a nested case-

control study and a number of prospective studies have demonstrated an independent 

relationship between the degree of adiposity and the development of heart failure (Chen et al 

1999, He et al 2001, Johansson et al 2001, Wilhelmsen et al 2001, Kenchaiah et al 2002, 

2009, Ingelsson et al 2005a and 2005b, Nicklas et al 2006, Bahrami et al 2008, Spies et al 

2009). This relationship has been demonstrated in the general population (He et al 2001, 

Kenchaiah et al 2002 Ingelssonb et al 2005, Bahrami et al 2008), in the middle-aged 

(Ingelssona et al 2005), in the elderly (Chen et al 1999, Nicklas et al 2006), in men 

(Wilhelmsen et al 2001, Ingelssonb 2005), in women (He et al 2001), in general practice 

(Johansson et al 2001), in physicians (Kenchaiah et al 2009) and in persons with established 

coronary artery disease (Spies et al 2009). 

As compared to referent BMI between 20 and 25 kg/m2 (normal) a BMI of between 

25 and 30 kg/m2 (overweight) may increase the risk of heart failure by 39-49% (Bahrami et al 

2008, Kenchaiah et al 2009) and a BMI greater than or equal to 30 kg/m2 (obese) increases 

the risk of heart failure by 83-180% independent of conventional cardiovascular risk factors 

(Johansson et al 2001, Kenchaiah et al 2002, Bahrami et al 2008, Kenchaiah et al 2009). In 

one study however, no increased risk for heart failure was noted in persons with a BMI of 

between 25 and 30 kg/m2 (overweight) in a general practice setting (Johansson et al 2001). 

Moreover, in one study (Spies et al 2009), but not in other studies (Ingelssonb et al 2005, 

Nicklas et al 2006) the adipose tissue-heart failure relationship was better predicted by the 
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use of indices of adiposity that reflect an accumulation of fat in central (abdominal) stores, 

such as waist circumference or waist-to-hip ratio, than indices of general adiposity, such as 

BMI. Depending on the study population and the study design, the independent risk for heart 

failure in people whom are overweight or obese is quantitatively comparable with the impact 

of for example the presence of hypertension, or diabetes mellitus in these same studies. 

 Although the relationship between excess adiposity and the development of heart 

failure is modified by adjustments for conventional cardiovascular risk factors, including 

hypertension, diabetes mellitus and cholesterol concentrations as well as with adjustments 

for coronary events, the impact of these adjustments is surprisingly modest. Indeed, 

considering overweight and obese persons overall, the percentage risk for heart failure is 

diminished by only 1-13% with these adjustments (He et al 2001, Ingelsson et al 2005a, 

2005b,  Nicklas et al 2006, Spies et al 2009) and by only 55% in obese individuals in a study 

in which obesity increased the risk for heart failure by 180% (Kenchaiah et al 2009). Thus, 

although there is no question that to prevent overweight/obesity-induced heart failure, 

targeting modifiable cardiovascular risk factors with lifestyle interventions and medication is 

an essential approach, the large residual risk for heart failure after adjustments for 

conventional cardiovascular risk factors indicates that this may not be the most appropriate 

solution. Better understanding the mechanisms by which excess adiposity contributes 

toward heart failure may shed light on more effective therapeutic approaches other than 

weight loss per se. 

 

2.0 Transition from cardiac hypertrophy to heart failure: What is the evidence? 

 

As will be highlighted in subsequent discussion, at a population level, obesity 

contributes the most to variations in left ventricular mass (LVM) indexed to allometric signals 

to height. The concept that LVH preceeds the development of cardiac dysfunction and 

subsequently heart failure has been well documented. However, the debate as to whether 

LVH is a compensatory change or whether LVH causes decompensation has still not been 
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completely resolved. Assuming that LVH is involved in the pathophysiology of heart failure, 

as obesity causes LVH, it is also possible that obesity-induced LVH is involved in the 

pathophysiology of obesity-related heart failure. Hence, before discussing the impact of 

obesity on LVH and abnormalities in LV function, I will first highlight the evidence to indicate 

that LVH may be involved in the transition to LV dysfunction. 

A number of clinical studies have demonstrated that LVH is an independent predictor 

of the development of heart failure (Casale et al 1986, Levy et al 1990, Levy et al 1996, 

Gottdiener et al 2000, Gardin et al 2001, Aurigemma 2001). Nevertheless, these 

relationships between LVH and heart failure (Casale et al 1986, Levy et al 1990, Levy et al 

1996, Gottdiener et al 2000, Gardin et al 2001, Aurigemma 2001) are not necessarily cause-

effect relationships as there are no studies that have specifically targeted LVH 

therapeutically and demonstrated an ability to prevent the development of heart failure. 

Therefore, the role of LVH as a cause of heart failure remains controversial. The following 

section will highlight the evidence both for and against LVH as a pathophysiological process 

responsible for heart failure. However, first I will discuss the potential theories that suggest 

that LVH could promote the development of cardiac decompensation and heart failure. 

 

2.1 Potential mechanisms through which left ventricular hypertrophy may promote 

cardiac decompensation. 

 

The miriad of potential mechanisms that may be responsible for the transition from 

LVH to LV dysfunction have been extensively reviewed on a number of occassions, with a 

more recent review on pressure-overload hypertrophy eminating from Frohlich et al (2010). 

A complete elaboration of all of these mechanisms goes beyond the scope of the present 

thesis. In brief, however, because of a shift in substrate utilisation from fatty acids to 

carbohydrates, the hypertrophied heart is an energy-compromised organ with diminished 

adenosine triphosphate (ATP) production; and hence is sensitive to lipotoxicity and 

contractile dysfunction through the accumulation of intracellular fatty acids (Bugger et al 
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2010). In LVH re-expression of the cardiomyocyte fetal gene programme occurs which 

includes repression of genes important for myocardial relaxation (e.g SERCA2) and 

contraction (e.g. α myosin heavy chain) and overexpression of genes responsible for 

prgrammed cell death (apoptotic pathways). Activation of specific protein kinases in LVH 

may induce apoptosis (Liu et al 2000, Wang et al 1998) with an ensuing decline in intrinsic 

myocardial contractility and myocardial systolic function (Brooks et al 1997). Not only is there 

excessive apoptosis in LVH, but also an increase in cardiomyocyte autophagy. Moreover, 

LVH may diminish LV systolic function as a consequence of chamber dilatation which 

develops subsequent to reparative interstitial changes (Bing et al 1995, Norton et al 2002, 

Tsotetsi et al 2001) or apoptosis (Liu et al 2000, Wang et al 1998). Through a global 

increase in collagen gene expression, LVH is associated with an increase in LV stiffness. 

Furthermore, reparative myocardial fibrosis, induced by tissue necrosis (Tsotetsi et al 2001), 

or reactive fibrosis (Brilla et al 1996, Weber et al 1990), may promote increases in LV 

stiffness (Conrad et al 1995) and alterations in the cross-linked properties of myocardial 

collagen may also increase myocardial stiffness (Norton et al 1997). Thus, a host of potential 

pathophysiological changes may occur in LVH that may explain a transition from 

compensated to decompensated LVH. What is the evidence therefore to support a causal 

role of LVH in the pathophysiology of LV dysfunction?   

 

2.2 What evidence supports or opposes the theory that left ventricular hypertrophy is 

causally related to cardiac decompensation? 

 

Few studies that have examined the possible causal role of LVH in cardiac 

decompensation have been able to segregate the adverse effects of blood pressure (BP) or 

LV load on cardiac function from those potentially mediated by the presence of LVH per se. 

Although not extensive, there is nevertheless some pre-clinical and clinical evidence that 

provide insights into this question. These pre-clinical and clinical findings either supporting or 
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refuting the view that LVH mediates cardiac decompensation will be reviewed in the 

following section.  

 

2.2.1 Pre-clinical evidence supporting or opposing the theory that left ventricular 

hypertrophy is causally related to cardiac decompensation. 

 

There are a number of pre-clinical studies that have demonstrated that the 

development of LVH is associated with LV dysfunction (Hernandez et al 2013, Frohlich et al 

2010, Dodd et al 2012, Reutter et al 2011, Brooks et al 2010) and that regression of LVH is 

associated with improvements in LV systolic or diastolic function (Hernandez et al 2013, 

Frohlich et al 2010, Dodd et al 2012, Reutter et al 2011, Brooks et al 2009)  However, as 

previously indicated, with the exception of a few studies, none of these studies have been 

able to segregate the adverse effects of BP or LV load on the heart from those potentially 

produced by LVH per se. Nevertheless, revealing insights as to whether LVH per se could 

be causally related to the progression to heart failure have been provided by a few pre-

clinical studies. In one pre-clinical study the striking outcome was the finding that genetic 

modifications targeting molecules that influence sympathetic nervous system activation, that 

reduce the LV hypertrophic response to a pressure overload state in mice, attenuate the 

development of LV decompensation (Esposito et al 2002). A bold interpretation of this study 

(Esposito et al 2002) could be that an attenuation of pressure overload-induced increases in 

LVM prevented the transition to cardiac decompensation. Alternatively, these data may also 

be interpreted as an indication that the genetic variations themselves, which reduced 

sympathetic nervous system activity, were protective. Irrespective of the cause however, 

these data (Esposito et al 2002) dispel the notion that LVH is a necessary compensatory 

response to maintain cardiac function in pressure overload states. However, they do not 

necessarily imply a deleterious effect of LVH per se. 
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In contrast to evidence from pre-clinical studies that suggests that LVH may promote 

the transition to cardiac decompensation, there are pre-clinical studies which do not support 

this standpoint. Indeed, in rats, following chronic pressure overload, the extent of LVH may 

be equivalent in animals with as opposed to those without evidence of left heart failure 

(Norton et al 2002). Thus I must question whether LVH independently governs the 

progression to cardiac decompensation. Nevertheless the authors of that study (Norton et al 

2002) could not rule out the possibility that those animals identified as having compensated 

LVH may have been in an earlier phase of LV decompensation. Indeed, in that study 

myocardial systolic function in rats without heart failure was diminished (Norton et al 2002). 

Further evidence opposing a role of LVH as a critical mediator in the development of 

cardiac decompensation comes from data which indicate that the progression from 

compensated LVH to either diastolic decompensation (Norton et al 1997) or systolic 

decompensation and cardiac dilatation (Tsotetsi et al 2001) can be attenuated by 

antihypertensive agents that do not regress LVH. If LVH was a critical mediator in the 

transition to cardiac decompensation, we would expect that in the presence of persistent 

LVH, animals would develop some degree of either diastolic (Norton et al 1997) or systolic 

(Tsotetsi et al 2001) dysfunction in comparison to animals which did not receive 

antihypertensive therapy. However, the authors of these studies (Norton et al 1997, Tsotetsi 

et al 2001) could not exclude the possibility that LVH in the presence of an elevated BP 

promotes cardiac decompensation. Nevertheless, at the very least, these studies suggest 

that LVH is not a change which in its own right triggers the transition to cardiac 

decompensation (Norton et al 1997, Tsotetsi et al 2001). 

 

2.2.2 Clinical evidence supporting or opposing the theory that left ventricular 

hypertrophy is causally related to cardiac decompensation. 

 

Is there clinical evidence to either support or dispel the notion that LVH promotes LV 

decompensation? In keeping with the classical tenet that LVH is a compensatory response 
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to increases in LV load and myocardial systolic dysfunction, an increased LV mass (LVM) is 

associated with an unchanged LV chamber systolic function as indexed by ejection fraction 

(EF) (Aurigemma et al 1995, de Simoneb et al 1994, Shimizu et al 1991). Moreover, LVH 

may even be associated with an enhanced EF for that predicted by wall stress (Hartford et al 

1985). Thus, earlier studies favour LVH being a compensatory change rather than a 

pathophysiological process responsible for cardiac decompensation. 

There are few longitudinal studies which provide insights into the significance of the 

relationship between LVM and cardiac decompensation. In this regard, in a cohort of the 

Cardiovascular Health Study (CHS) which was followed for approximately five years, 

(Drazner et al 2004), independent of traditional risk factors, including conventional BP, LVH 

was associated with the development of a decreased LV EF. Since a reduced LV EF in 

asymptomatic patients is associated with the subsequent development of heart failure 

(Wang et al 2003), it is possible that an increase in LV mass may be a critical 

pathophysiological mechanism which drives the transition to heart failure. However, 

intervention studies demonstrating that regression of LVH with therapy is associated with an 

improved LV systolic chamber function would be required to put this question to rest. What 

have intervention studies demonstrated? 

There are few intervention studies that provide insights into the pathophysiological 

role of the relationship between LVH and cardiac decompensation. In keeping with the 

classical tenet that LVH is a compensatory response to increases in LV load and myocardial 

systolic dysfunction, on-treatment decreases in LVM (Perlini et al 2001) have been shown to 

be associated with an unchanged LV EF. Whether a significant number of patients had 

systolic chamber dysfunction to begin with in this study (Perlini et al 2001) may however be 

questioned. Further insights may nevertheless be gained from the Losartan Intervention For 

Endpoint reduction (LIFE) study. The multicentre LIFE study evaluated a large sample of 

hypertensive patients with electrocardiographic evidence of LVH. The LIFE study found a 

greater regression of LVH in the patient group treated with an angiotensin II receptor blocker 

in combination with other antihypertensive agents, as compared to the patient group 
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receiving a β-adrenoreceptor blocker together with other antihypertensive agents (Okin et al 

2003). As compared to the β-adrenoreceptor blocker-treated group, patients receiving the 

angiotensin II receptor blocker experienced a greater reduction in overall cardiovascular 

mortality (Dahlof et al 2002). Surprisingly though, the secondary end-point of heart failure 

was not reduced to a greater extent in the angiotensin II receptor blocker treated group 

(Dahlof et al 2002). Moreover, in the echocardiographic subgroup of the LIFE study, on-

treatment decreases in LVM were related to reductions rather than increases in indices of LV 

systolic chamber function, despite improvements in indices of myocardial systolic function 

(Wachtell et al 2002). Thus, the LIFE Study provides contradictory evidence for a 

pathophysiological role for LVH as a cause of cardiac decompensation. 

Are there additional clinical intervention studies that provide some insight into the role 

of LVH as a causal factor in the development of heart failure? Notably, in the Heart 

Outcomes Prevention Evaluation (HOPE) trial, angiotensin-converting enzyme inhibition 

both reduced LVM and improved LV function beyond BP control (Lonn et al 2004), providing 

some additional evidence that LVH may be causally related to LV dysfunction. 

One explanation for the variable relationships between LVM or LVM index (LVMI) 

and LV systolic chamber function is that absolute LVM and LVMI may incorporate a 

component of LVH considered to be compensatory in nature, whilst also reflecting a 

component of LVH that contributes to systolic decompensation of the LV chamber. What are 

the possible factors that determine whether LVH is a decompensatory response? 

 

2.2.3 Inappropriate left ventricular hypertrophy may explain the transition from 

compensated to decomensated left ventricular hypertrophy. 

 

One proposal for the transition from compensated LVH to LV systolic chamber 

decompensation is that LVH in-keeping with work load (i.e. stroke work=blood pressure x 

stroke volume) is compensatory, whilst that exceeding workload (i.e. “inappropriate” LVM 

[LVMinappr]) (de Simone et al 1998) contributes toward decompensation. Indeed a number of 
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studies have demonstrated an inverse relationship between LVMinappr and LV systolic 

chamber function (Palmieri et al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone 

et al 2004, Chinali et al 2006, Chinali et al 2007, Cioffi et al 2011). However, whether 

LVMinappr is associated with a reduced systolic chamber function independent of and more 

strongly than absolute or indexed LVM is uncertain. Some prior studies conducted in select 

clinical samples have demonstrated inverse correlations between LV systolic chamber 

function and both absolute LVM as well as LVMinappr (Palmieri et al 1999, Palmieri et al 2001) 

and in one these studies LVM was equally as strongly inversely correlated with EF as 

LVMinappr (Palmieri et al 2001). This finding is at odds with the notion that it is only LVM 

beyond stroke work that explains decompensation. Thus, whether inverse relationships 

between LVMinappr and EF are independent of absolute LVM is unclear. Moreover, prior 

relationships between LVMinappr and LV systolic chamber function were demonstrated in 

cross-sectional studies (Palmieri et al 1999, Palmieri et al 2001, Celentano et al 2001, de 

Simone et al 2004, Chinali et al 2006, Chinali et al 2007, Cioffi et al 2011).. Conclusions 

regarding cause and effect cannot be drawn from cross-sectional studies. Indeed, 

relationships between LVMinappr and LV systolic chamber function may reflect residual 

confounding effects or compensatory increases in LVM as a consequence of systolic 

dysfunction (reverse causality). Although one previous study has reported that on-treatment 

regression but not persistence of LVMinappr is associated with an improved EF (Muiesan et al 

2007), whether increases in EF in the participants showing regression of LVMinappr in that 

study were independent of or stronger than changes in LVM or LVMI is uncertain. Thus 

further work is required to assess these relationships. 

In the present thesis, as I noted that the strongest determinant of LVMinappr was 

obesity, I performed several studies (community-based and prospective intervention studies) 

to further evaluate the hypothesis that inappropriate LVH rather than LVM or LVM index 

accounts for EF. In this regard I have provided substantially more evidence to indicate that 

inverse LVMinappr and LV systolic chamber function relations are indeed likely to be beyond 

LVM or LVMI and that these relations may be accounted for by increases in LVMinappr rather 
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than residual confounding effects or reverse causality. In one of these studies I evaluated 

the independent relationship between LVMinappr and EF independent of LVM or LVM index in 

a large randomly selected community-based study. In a secondary study I evaluated the 

relationship between antihypertensive treatment-induced decreases in LVMinappr and 

increases in EF independent of LVM or LVM index. The hypotheses advanced will be 

described later in this chapter and the details of the studies are given in chapters 4 and 5. 

Importantly, these studies have been published in-part in the journals Hypertension and J 

Hypertens (Libhaber et al 2013, Woodiwiss and Libhaber et al 2012).  

 

2.2.4 Left ventricular geometry may explain the transition from compensated to 

decompensated left ventricular hypertrophy 

 

When reflecting on the role of LVH as a possible cause of LV dysfunction, it is also 

important to consider the LV remodelling process that coexists with LVH. In this regard, it is 

now well accepted that heart failure may occur as a consequence of a reduced or preserved 

EF and that therapy may have differential effects on mortality in these two different groups of 

patients (Borlaug and Redfield 2011, Holland et al 2011). Patients with a reduced EF 

generally have associated eccentric LV remodelling (increases in chamber volumes that 

exceed increases in wall thickness), whilst patients with a preserved EF are thought to have 

abnormalities of diastolic function produced in-part by excessive LV wall thickness 

(concentric LV remodelling) (Zile et al 2008). Indeed, concentric LV remodelling is strongly 

associated with a reduced LV early-to-late (atrial) (E/A) transmitral velocity, and an increase 

in the relationship between measures of myocardial tissue relaxation in the early phase of 

diastole (e’) and E (E/e’), or alternative indexes of LV diastolic function (Chahal et al 2010, 

Schillaci et al 2002, Fischer et al 2003). As decreases in E/A reflect a shift in LV filling from 

early to late diastole, this index is thought to reflect both an impaired relaxation of the LV and 

changes in left atrial driving pressures, alterations which could occur as a consequence of 

changes in either active processes in the myocardium or through a stiffer LV. In addition, as 
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e’ is thought to reflect only changes in LV relaxation, an increase in E/e’ is hypothesised to 

index increases in left atrial driving pressures only and hence filling pressures in the LV 

(Paulus et al 2007). As concentric LV remodelling is strongly associated with abnormalities 

of LV diastolic function (Chahal et al 2010, Schillaci et al 2002, Fischer et al 2003), many of 

the controversies associated with the possible role of LVH as a cause of heart failure or a 

reduced EF may in-part be associated with the original definitions of heart failure or cardiac 

decompensation. In this regard, although subsequently modified, these original definitions 

did not recognise heart failure with a preserved EF as a form of heart failure. Moreover, 

these original definitions failed to acknowledge cardiac decompensation as consisting of two 

possible forms, either diastolic or systolic decompensation, either of which may progress to 

heart failure. In the present thesis I have therefore carefully considered the role of both 

concentric and eccentric remodelling as determinants of obesity-induced diastolic and 

systolic LV decompensation. Obviously the important question that requires answering when 

discussing the role of obesity-induced LVH or remodelling in the pathophysiology of the 

transition to LV dysfunction, is to what extent does obesity contribute toward LVH and either 

concentric or eccentric LV remodelling? 

 

3.0 Obesity is a major determinant of left ventricular hypertrophy 

 

A strong relationship between body size and LVM is supported by a number of 

studies with large sample sizes (Lauer et al 1991, Lauer et al 1992, de Simone et al 1992, 

de Simonea et al 1994, Gottdiener et al 1994, Urbina et al 1995, Gardin et al 1995, Sherif et 

al 2000, Lorber et al 2003, Fox et al 2004). Importantly, even in large cohorts of mild-to-

moderate hypertensive patients, BMI is the strongest predictor of LVM (Lauer et al 1992, 

Gottdiener et al 1994). The effects of body size may be through either the impact of adiposity 

and muscularity, effects which are accounted for by indexing LVM for body surface area, or 

simply by growth effects, which are in-turn, accounted for by indexing LVM for height to 

appropriate allometric signals (growth signals). The fact that a bigger body size, irrespective 
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of the reason (muscularity, obesity or growth) results in an increased LVM obviously raises 

the question as to whether obesity-induced LVH is truly pathological or a necessary 

compensatory change to generate an increased blood flow (cardiac output) for a larger body 

size. 

In support of a pathological role for obesity-induced LVH, LVM indices that 

incorporate the impact of adiposity on LVM (those indexing LVM for allometric signals of 

height) are associated with a higher proportion of incident cardiovascular events than are 

LVM indices that discount the impact of adiposity on LVM (those indexing LVM for body 

surface area) (de Simone et al 2005). Consequently, unlike normal growth effects on LVM 

which are physiological in nature, obesity-induced LVH is currently considered to be of 

pathophysiological significance. However, no study has produced evidence to indicate that 

obesity-induced LVH is causally related to heart failure. Hence, there is insufficient evidence 

to draw a firm conclusion that obesity-induced LVH is indeed a pathophysiological process. 

Is there alternative evidence to support a pathophysiological role for obesity-induced LVH? 

Importantly, recent evidence suggests that obesity enhances the impact of blood 

pressure (BP) on LVM (Avelar et al 2007, Norton et al 2009) potentially through the adverse 

effects of leptin (Norton et al 2009). As BP effects on the heart are generally considered to 

be of pathological relevance, these data may provide further evidence to support a view that 

obesity effects on LVM are of pathophysiological and not just physiological significance. It is 

nevertheless important to note that previous studies had failed to show such interactions 

(Fox et al 2004, Lauer et al 1992). However, in these prior studies, either participants with a 

narrow range of BP levels were evaluated due to the exclusion of treated participants (Lauer 

et al 1992), or analysis was conducted in a sample in whom ~50% of participants were 

receiving antihypertensive treatment (Fox et al 2004). 

Perhaps the strongest evidence in support of a pathophysiological role for obesity-

induced LVH, is now the considerable data obtained from preclinical and clinical studies to 

suggest that obesity-induced LVH is indeed associated with abnormalities in LV function 

(see section 4.0 below). However, as will be highlighted in subsequent discussion, whether 
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these effects can be explained by obesity-induced LVH is controversial. This controversy is 

in-part what prompted me to further explore the role of obesity-induced LVH as an important 

determinant of the transition to LV dysfunction. 

 

3.1 Obesity and left ventricular geometry: Eccentric, concentric or both?  

 

As highlighted in section 2.4.4 above, when considering the role of obesity-induced 

LVH as a possible cause of LV dysfunction (see section 4.0 below), it is also important to 

consider the LV remodelling process that coexists with LVH. As previously indicated, it is 

more likely that eccentric LVH will progress to LV systolic chamber dysfunction, whilst 

concentric LVH is more likely (but not exclusively) to progress to LV diastolic dysfunction. 

With respect to obesity, the prevailing hypothesis is that the load that the LV faces is driven 

largely by increases in blood volume which result in an enhanced cardiac output and stroke 

volume (Stoddard et al 1992, Messerli et al 1983). The chronic volume overload results in an 

increase in LV filling volumes and thus an augmented preload and myocardial oxygen 

demand. The compensatory change that occurs is thus cardiomyocyte growth which is 

intended to reduce wall stress and myocardial oxygen demand by increasing the wall 

thickness of the heart. If wall thickness does not increase in keeping with increments in filling 

volumes, LV wall stress may increase (Alpert et al 1995, Berkalp et al 1995, Zarich et al 

1991), the consequence potentially being a failed myocardium. Although there is no doubt 

that severe obesity is associated with a cardiomyopathy attributed to chronic volume 

overload which is characterized by LV dilatation (Alpert et al 2001), there is nevertheless 

dispute as to whether the primary remodelling process in obesity is concentric (which is likely 

to progress mainly to diastolic heart failure) or eccentric (which is likely to progress in the 

first instance to systolic heart failure). What is the evidence for or against a concentric or 

eccentric LV remodelling process in obesity? 

Earlier studies suggested that the predominant effect of obesity on LV structure is 

eccentric LVH (LV end diastolic diameter increases in proportion to wall thickness with no 
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change in relative wall thickness) (Messerli et al 1983, Messerli et al 1982, Lauer et al 1992, 

Gottdiener et al 1994, de Simonea et al 1994). This notion has been supported by some 

larger studies also showing a lack of impact of body size on relative wall thickness despite 

an increase in LVM (Kizer et al 2004, Fox et al 2004). However, alternative studies indicate 

that adiposity may be associated with a relatively greater increase in LV wall thickness as 

compared to LV end diastolic diameter with an increased relative wall thickness (concentric 

LV remodelling and concentric LVH) being the primary consequence (Mensah et al 1999, 

Gutin et al 1998, Avelar et al 2007, Peterson et al 2004, Wong et al 2004, Woodiwiss et al 

2008). The uncertainty as to whether overweight or obesity promotes primarily eccentric or 

concentric LVH in these studies may be attributed to a number of problems. 

Inconsistencies in studies reporting on the LV geometric remodelling process 

associated with obesity may be attributed to the use of small study samples (Messerli et al 

1983, Messerli et al 1982, 1983, Mensah et al 1999, Gutin et al 1998, Peterson et al 2004, 

Wong et al 2004), non-random recruitment approaches (Messerli et al 1983, Messerli et al 

1982, 1983, Gottdiener et al 1994, de Simonea et al 1994), the assessment of study groups 

with a limited BP range (Lauer et al 1991, Lauer et al 1992), the use of a high proportion of 

previously treated participants (~44-90% of participants) (Gottdiener et al 1994, Kizer et al 

1994, Fox et al 2004), the assessment of adiposity indices employed as discrete traits 

(Messerli et al 1983, Messerli et al 1982, Lauer et al 1991, Lauer et al 1992, Gottdiener et al 

1994, de Simonea et al 1994, Fox et al 2004, Avelar et al 2007, Peterson et al 2004, Wong 

et al 2004), and the recruitment of patients with severe obesity (BMI>35 kg/m2) only (Avelar 

et al 2007). Further, in some studies showing relations between excess adiposity and 

relative wall thickness, adjustments were not made for confounders (Mensah et al 1999, 

Gutin et al 1998, Peterson et al 2004). Thus, there are many reasons to explain the 

uncertainty that exists regarding the impact of obesity on LV geometry. 

More recent evidence obtained by our group which addressed all of the 

aforementioned concerns indicates that obesity is indeed associated with concentric LV 

remodelling and hypertrophy (Woodiwiss et al 2008). However, in a subsequent study 
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conducted in a large, randomly selected population sample with a high prevalence of obesity 

(The Strong Heart Study) the authors reported that obesity was associated with a decrease 

in relative wall thickness (eccentric LV remodelling) despite an increased LVMI (De Simone 

et al 2011). Moreover, in a recent large community-based study although obesity was 

associated an increased LVMI, no increases in relative wall thickness were noted (Russo et 

al 2011). Of note is that in all of the prior studies, echocardiographic techniques wrere 

employed to assess LV dimensions. In contrast, in the The Multi-Ethnic Study of 

Atherosclerosis (MESA), where much more accurate magnetic resonance imaging 

assessments of LV dimensions and mass were evaluated in 5098 participants, although 

obesity was associated with increasing LV volumes, the extent of LVH exceeded the 

increase in LV volumes, and thus obesity was associated with concentric LVH (Turkbey et al 

2010). In summary, obesity can be considered to be related to concentric LV remodelling, 

but the nature of the concentric remodelling is atypical in that chamber volumes may also be 

increased. Therefore, based on the geometric LV remodelling process noted in obesity, it is 

possible that obesity-induced LVH may progress to either diastolic or systolic dysfunction. 

What is the evidence that obesity is associated with LV dysfunction and is there sufficient 

evidence to suggest that this may be attributed to LVH or the LV geometric remodelling 

process?   

 

4.0 Excess adiposity and cardiac dysfunction 

 

In the Multiethnic Study of Atherosclerosis, the independent relationship between 

obesity and congestive heart failure was reduced from an 83% to a 58% risk of heart failure 

with the inclusion of left ventricular EF in the regression model (Bahrami et al 2008). These 

data indicate that decreases in LV systolic chamber function, which in otherwise well 

individuals is a well established risk factor for the development of heart failure (Bahrami et al 

2008), is a potentially important mechanism through which obesity promotes heart failure. 

However, not all studies support the view that the relationship between excess adiposity and 



         -20- 
 

heart failure can be explained by the development of cardiac dysfunction. Indeed, the risk of 

heart failure that is explained by waist-to-hip ratio may persist even with adjustments for 

measures of cardiac function, including EF and measures of diastolic dysfunction (Spies et 

al 2009). Is there additional evidence to support a view that excess adiposity may mediate 

heart failure through direct effects on the heart? 

 

4.1 Excess adiposity may cause cardiac dysfunction through direct effects on the heart. 

 

A number of pre-clinical studies have provided evidence to suggest that 

cardiomyocyte dysfunction or damage to the heart may occur in obese states (Caroll et al 

2006, Relling et al 2006, Dong et al 2006, Ren et al 2000, Barouch et al. 2006, Zhou et al 

2000). However, as many of the animal models employed in these studies (Caroll et al 1997, 

Relling et al 2006, Dong et al 2006, Ren et al 2000, Barouch et al. 2006, Zhou et al 2000, 

Majane et al 2009) also have associated conventional cardiovascular risk factors, whether 

the outcomes of these studies are indeed beyond all conventional risk factors is uncertain. Is 

there evidence from human studies to suggest that obesity may cause abnormalities in 

diastolic or systolic chamber function? In the following sections I will review the evidence to 

support or refute a role for obesity as a cause of diastolic or systolic cardiac function 

independent of traditional risk factors. I will underscore the evidence or lack thereof to 

suggest that these processes may be driven by preceding LVH or an abnormal LV 

remodelling. I will also highlight the deficiencies in these data and develop the arguments to 

support the hypotheses generated and tested in the current thesis. 

 

4.1.1 Excess adiposity as a cause of abnormalities in diastolic function of the left 

ventricular chamber. 

 

In the more recent past, several cross-sectional studies conducted in small (Peterson 

et al 2004, Wong et al  2004) and large (Redfield et al 2003, Ammar et al 2008, Fischer et al 
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2003, Tsioufis et al 2009, Powell et al 2006, Russo et al 2011) study groups and in both 

select study populations (Tsioufis et al 2009, Peterson et al 2004, Wong et al  2004) and 

randomly selected community samples (Redfield et al 2003, Ammar et al 2008, Fischer et al 

2003, Powell et al 2006, Russo et al 2011) have suggested that independent of alternative 

risk factors, even modest levels of obesity contribute toward the pathogenesis of an 

abnormal LV diastolic function. Moreover, some studies suggest that weight loss induced 

either by gastric bypass surgery (Willens et al 2005, Leichman et al 2008, Rider et al 2009, 

Hsuan et al 2010, Owan et al 2011) or by lifestyle intervention (Wong et al 2006) results in 

improvements in myocardial diastolic function independent of conventional cardiovascular 

risk factors. With the exception of one relatively large study (n=423) conducted in severely 

obese patients (Owan et al 2011), these intervention studies were conducted in small study 

samples and hence may reflect the effects of a selection bias or false positive findings. In 

contrast to studies reporting on relationships between excess adiposity and abnormalities in 

LV diastolic function, some cross-sectional studies conducted in a large study sample have 

failed to establish a contribution of obesity toward the pathogenesis of an abnormal LV 

diastolic function (Bella et al 2002, Chinali et al 2006, De Simone et al 2011) and others 

have demonstrated a relatively minor contribution of obesity to LV diastolic function (Fischer 

et al 2003). Moreover, some studies suggest that weight loss is not associated with 

improvements in LV diastolic dysfunction (Leichmana et al 2006, Skilton et al 2007). There 

are several potential explanations for differences in results between studies. 

Differences in the anthropometric measures employed to index obesity, where 

measures of central adiposity may be more closely associated with abnormalities of LV 

diastolic chamber function than BMI (Ammar et al 2008, Tsioufis et al 2009), could explain 

discrepancies between studies. In this regard, in the cross-sectional studies where 

relationships between obesity and LV diastolic function were not clearly demonstrated, only 

the effects of BMI were evaluated (Bella et al 2002, Chinali et al 2006, De Simone et al 

2011). In this regard, as will be discussed in section 5.0, indices of abdominal adiposity are 

more likely to be associated with the metabolic disturbances that accompany obesity and 
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these disturbances could explain many of the myocardial changes that contribute toward LV 

dysfunction. Whether relationships between BMI and LV diastolic dysfunction are easily 

detected in populations where metabolic disturbances that accompany obesity are closely 

associated with the extent of abdominal obesity, is uncertain. 

A second potential explanation for the variable relationships between obesity and LV 

diastolic function is the extent to which obesity is associated with concentric LVH or 

concentric LV remodelling in some but not other populations. As indicated in section 2.2 4 in 

the aforementioned discussion, LV diastolic dysfunction is strongly determined by LVM or 

concentric LV remodelling (Schillaci et al 2002, Fischer et al 2003, Chahal et al 2010), whilst 

the relatiopnship between excess adiposity and concentric LV remodelling is highly variable. 

Indeed, in the Strong Heart Study, which has consistently revealed a lack of relationship 

between BMI and E/A (Bella et al 2002, Chinali et al 2006, De Simone et al 2011), obesity 

was associated with a decrease in relative wall thickness (eccentric LV remodelling) (De 

Simone et al 2011). In contrast, after adjustments for LVM, the previously described 

relationships between obesity and LV diastolic function were considerably reduced, 

suggesting an important role for LVH (possibly concentric LVH) in mediating the obesity-

induced decreases in diastolic function (Fischer et al 2003). However, whether the impact of 

obesity on diastolic function is determined by the LV remodelling process may not be an 

appropriate explanation as in one study demonstrating a strong independent relationship 

between increasing categories of BMI and a decreased E/A, relative wall thickness was 

unrelated to BMI (Russo et al 2011). Nevertheless, in none of the aforementioned studies 

demonstrating relationships between obesity and E/A (Redfield et al 2003, Ammar et al 

2008, Fischer et al 2003, Tsioufis et al 2009, Powell et al 2006, Russo et al 2011) was the 

impact of adjustments for LV relative wall thickness evaluated. Thus, further studies are 

required to assess this question. 

A third potential explanation for discrepancies between studies demonstrating 

inconsistencies in relationships between obesity and LV diastolic function is that in some, but 

not other populations, the impact of alternative haemodynamic factors such as 24-hour BP 
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or arterial stiffness, may be more pronounced than in other populations. In this regard, 24-

hour BP is a better measure of long-term BP loads on the heart and hence a better measure 

of obesity-induced target organ changes. Moreover, arterial stiffness is a key determinant of 

aortic BP, and brachial BP may not closely reflect aortic BP values. Indeed, aortic pulse 

wave velocity (PWV), the current “gold-standard” (referrant) method of assessing arterial 

stiffness, is also well recognised as an independent predictor of target organ changes. 

Whether or not obesity mediates adverse effects on LV diastolic function through 24-hour BP 

or arterial stiffness has important therapeutic implications. Thus, further studies are required 

to address these questions. 

Because a number of questions arise from our current understanding of the role of 

obesity in mediating LV diastolic function, as part of the present thesis I therefore assessed 

the extent to which an excess abdominal as opposed to general adiposity contributes toward 

LV diastolic function in a community sample with a high prevalence of obesity; whether LVH 

or LV relative wall thickness play an important role in mediating the impact of obesity on LV 

diastolic function; and whether 24-hour BP or aortic stiffness contribute toward the impact of 

obesity on abnormalities of LV diastolic function. These data are described in chapters 2 and 

3 of the present thesis and have been published in-part in the Am J Cardiol (Libhaber et al 

2009). 

 

4.1.2 Excess adiposity as a cause of abnormalities in systolic function of the left ventricular 

chamber. 

 

Load-independent tissue Doppler indices of systolic myocardial function have been 

shown to be reduced in overweight and obese people without conventional cardiovascular 

risk factors (Peterson et al 2004, Wong et al 2004). However, the independent relationship 

between excess adiposity and LV systolic chamber function is controversial, with some 

studies showing a relationship between excess adiposity and systolic function (Ammar et al 

2008, Chinali et al 2006, Scaglione et al 1992, Karason et al 1998, Alpert et al 1995), whilst 
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other earlier studies have failed to do so (Pascual et al 2003, de Devitiis et al 1981, Zarich et 

al 1991, Stoddard et al 1992, De Simoneb et al 1996, Mureddu et al 1996, Iacobellis et al 

2002, Peterson et al 2004, Wong et al 2004). Moreover, more recent studies conducted in 

large samples have provided strong evidence that obesity is not associated with a reduced 

LV systolic chamber function (Turkbey et al 2010, Powell et al 2006, Bazzano et al 2011, 

Russo et al 2011). Furthermore, even with the use of load-independent tissue Doppler 

measures of myocardial as opposed to chamber function, or with chamber function 

assessments, weight loss produced by either lifestyle modification or gastric bypass does 

not influence left ventricular systolic function (Willens et al 2005, Rider et al 2009, Wong et al 

2006, Skilton et al 2007). Nevertheless after gastric bypass surgery in 423 patients with 

severe obesity, LV midwall fractional shortening, an index of myocardial systolic function, 

increased (Owan et al 2011). Although there is more evidence against rather than in favour 

of obesity producing decreases in LV systolic chamber function, it should be clearly evident 

that there is still considerable controversy as to whether obesity contributes toward 

decreases in LV systolic chamber or even regional myocardial function. What are the 

possible explanations for the discrepant outcomes of studies assessing the role of obesity as 

a potential determinant of LV systolic dysfunction? 

 As it is more likely that eccentric LV remodelling will progress to LV systolic chamber 

dysfunction (see section 2.2.4 above), it is possible that one potential explanation for the 

variable results of studies assessing the relationship between obesity and LV systolic 

chamber function is that obesity may have different effects on the LV remodelling process 

(see discussion in section 3.1). This is nevertheless an unlikely explanation as a number of 

studies performed in large study samples have demonstrated that although obesity is a 

principle risk factor for increased chamber dimensions, that this does not translate into a 

reduced LV systolic chamber function (Bazzano et al 2011, Russo et al 2011, Turkbey et al 

2010). What alternative possibilities may explain the variable relationship between obesity 

and LV systolic chamber dysfunction? 
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As discussed in section 2.2.3, if LVH is to translate into a reduced LV systolic 

chamber function, it is important that the hypertrophic process exceeds that predicted from 

workload (inappropriate LVM). That is, a factor other than the workload to which the LV is 

exposed, should be driving this process. The same principle would hold for obesity-induced 

LVH. That is, if obesity can produce LVH in excess of that to which the LV is exposed, then 

this may result in a reduced LV systolic chamber function. Thus, it would only be in 

circumstances where obesity is responsible for a high proportion of individuals having 

inappropriate LVM that obesity may ultimately cause LV systolic dysfunction. Can obesity 

produce inappropriate LVH? In this regard there are indeed reports to suggest that obesity 

may be an important determinant of the development of inappropriate LVH (see subsequent 

paragraph). Thus, obesity may promote the transition from compensated LVH (LVH within a 

range of values predicted from workload) to LV systolic chamber dysfunction once it induces 

inappropriate LVH. In support of this hypothesis is work produced by our group to show that 

premature LV pump dysfunction and cardiomyocyte apoptosis may occur in spontaneously 

hypertensive rats (SHR) following the addition of an obesity-inducing diet, and that this was 

associated with a marked exacerbation of LVH in the SHR (Majane et al 2009). Under these 

circumstances, it is likely that variable results will be obtained when assessing relations 

between excess adiposity and LV systolic chamber function depending on the extent to 

which obesity has produced inappropriate LVM.  

Although the hypothesis that obesity may promote the transition from compensated 

LVH to LV systolic chamber dysfunction only once it induces inappropriate LVH, is indeed an 

attractive hypothesis, there are a number of outstanding issues with respect to this 

hypothesis. First, the extent to which excess adiposity contributes toward the variability in 

inappropriate LVM at a community level is uncertain. Although there are a number of studies 

that have demonstrated a higher BMI in participants with as compared to those without 

inappropriate LVH, there are similarly an equal number of studies that have failed to show 

this relationship. What is the evidence to support or refute the notion that obesity is a major 

determinant of an increased LVM exceeding that predicted from stroke work? 
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With respect to studies demonstrating an increased BMI in those with inappropriate 

LVH, in 28 hypertensive participants of the LIFE study with inappropriate LVM, but without 

LVH, BMI was increased as compared to 180 participants without inappropriate LVM or LVH 

(Palmieri et al 2004). As compared to 67 hypertensives without inappropriate LVH, in 51 

hypertensives with inappropriate LVH, BMI was increased (Lopez et al 2007). In addition, in 

659 participants of the LIFE study, as compared to 354 participants without, 305 participants 

with inappropriate LVH had an increased BMI (Palmieri et al 2001). Moreover, as compared 

to 1284 hypertensives of the Hypertension Genetic Epidemiology Network (HyperGen) study 

without inappropriate LVH, 229 hypertensives with an inappropriate LVH had an increased 

BMI (de Simone et al 2004). As compared to 275 hypertensives without, 84 hypertensives 

with inappropriate LVH had a modest increase in BMI (27.4±4.4 vs 28.6±4.3 kg/m2, 

p=0.032)(Chinali et al 2007). As compared to 114 and 113 normal weight and overweight 

adolescents respectively, 223 obese adolescents had an increased LVMinappr (Chinali et al 

2006). As compared to 164 hypertensives without, 16 hypertensives with inappropriate LVH 

had a higher BMI (Palmieri et al 1999). As compared to 185 normotensives without, 25 

normotensives with inappropriate LVH had a higher BMI, but in 231 hypertensives without, 

64 hypertensives with inappropriate LVH had no differences in BMI (Celentano et al 2001). 

Last, as compared to 259 hypertensives without, 143 hypertensives with inappropriate LVH 

had a higher BMI (Ratto et al 2008). 

In contrast to the aforementioned studies demonstrating relations between excess 

adiposity and inappropriate LVH, a number of studies have also failed to demonstrate these 

relationships. In 294 hypertensives consecutively assessed at a University Hospital centre, 

BMI was equivalent in those with as compared to those without inappropriate LVH (de 

Simone et al 2001). Furthermore, in 104 of 522 hypertensives who showed regression of 

inappropriate LVH with antihypertensive therapy, BMI increased over the treatment period 

(Muiesan et al 2007). In 562 subjects (231 normotensives obtained from Hospital staff and 

other sources and the remaining hypertensives referred to a Hospital clinic), BMI was similar 

between participants with, as compared to those without an inappropriate LVH (Mureddu et 
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al 2001). Also in 340 high risk participants, BMI was almost identical in those with as 

compared to without inappropriate LVH (Cioffi et al 2011). In summary, there is considerable 

uncertainty as to the role of obesity as a determinant of LVMinappr. Previous studies have 

been conducted in either select clinical samples or in adolescents. Hence, whether the 

results reflect a selection bias or effects that occur early in life is uncertain. Moreover, in 

none of these studies were relationships between BMI or alternative adiposity indices 

assessed in continuous analysis with adjustments for confounders. Furthermore, 

discrepancies between studies demonstrating inconsistencies in relationships between 

obesity and LVMinappr is that in some, but not other populations, the impact of alternative 

haemodynamic factors such as 24-hour BP or arterial stiffness, may be more pronounced 

than in other populations. In this regard, as indicated in the aforementioned discussion, 24-

hour BP is a better measure of long-term BP loads on the heart and hence a better measure 

of obesity-induced target organ changes. Indeed, in one study both BMI and 24-hour BP 

were increased in 16 hypertensives with inappropriate LVH as compared to 164 

hypertensives with an appropriate LVM (Palmieri et al 1999). Moreover, arterial stiffness is a 

key determinant of aortic BP, and brachial BP may not closely reflect aortic BP values. 

Indeed, aortic PW, is also well recognised as being an independent predictor of target organ 

changes. Whether or not obesity mediates adverse effects on LVMinappr through 24-hour BP 

or arterial stiffness has important therapeutic implications. Thus, further studies are required 

to address these concerns. Hence, as described in chapter 4, as part of the present thesis I 

examined the extent to which excess adiposity contributes toward the variability of LVMinappr 

independent of a number of haemodynamic factors in a community sample with a high 

prevalence of obesity. 

As highlighted in section 2.2.3 above, there are also a number of outstanding issues 

which require clarity with respect to the hypothesis that it is LVMinappr rather than LVM or 

LVMI that contributes toward a reduced LV systolic chamber dysfunction. The controversy 

related to these questions has been discussed in section 2.2.3. Thus in chapters 4 and 5 of 

the present thesis I have also provided evidence to further substantiate the hypothesis that 
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inappropriate LVH may account for the transition to LV systolic chamber decompensation. 

These data have been published in-part in the journals Hypertension and J Hypertens 

(Libhaber et al 2013, Woodiwiss and Libhaber et al 2012).     

 

5.0 Insulin resistance as a potential mechanism responsible for obesity-associated 

left ventricular hypertrophy or dysfunction. 

 

 From a therapeutic perspective, it is important to understand the mechanisms that 

may explain the transition from obesity-induced LVH to LV dysfunction. As indicated in the 

aforementioned discussion, it is possible that LV dysfunction in obesity may be attributed to 

the adverse effects of concentric or eccentric LVH on either LV diastolic or systolic chamber 

function. Alternatively, obesity may promote LV diastolic or systolic chamber dysfunction 

independent of effects on LVH or LV geometry. It is therefore important to consider possible 

mechanisms that may explain obesity-induced increases in either LVM or LV dysfunction. 

In the present section I will review the evidence to suggest a potential role for insulin 

resistance in mediating obesity-induced increases in LVM or the transition to LV dysfunction. 

In this regard, a number of alternative mechanisms have been suggested, but this was the 

only potential mechanism that I explored in the present thesis. Thus, a review of alternative 

mechanisms goes beyond the scope of the present thesis. In the present section I will first 

discuss the concept of obesity-induced insulin resistance. Secondly, I will suggest possible 

changes that occur in insulin resistance that may explain the adverse effects of insulin 

resistance on the heart. Last, I will summarise the evidence to indicate that obesity-induced 

effects on LVM and LV dysfunction in human studies may be explained by insulin resistance 

and describe the studies performed in the present thesis in the context of evidence still 

required to either support or refute these hypothesis.  

 

5.1 Insulin resistance in obesity 
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Insulin resistance may occur as a consequence of excess adiposity and this effect is 

more closely associated with the extent of abdominal as opposed to general obesity (Kahn 

and Flier 2000). At a cellular level, insulin binds to its receptor on the surface of target cells, 

thereby causing tyrosine autophosphorylation and consequent intracellular signaling. These 

events culminate in cellular responses, such as the translocation of glucose transporters to 

the cell surface to allow glucose uptake for use or glycogen storage. In obesity, however, 

insulin signaling may be defective. Insulin-stimulated protein kinase activity of the insulin 

receptor, which mediates tyrosine autophosphorylation, is reduced in obese as compared to 

non-obese people, and it is further reduced in patients with obesity-induced type II diabetes 

mellitus (Caro et al 1989). However, euglycaemia is maintained in the initial stages of 

insulin-resistance through compensatory hyperinsulinaemia. Indeed, there is considerable 

evidence to suggest that a large proportion of obese individuals are insulin-resistant, but that 

compensatory hyperinsulinaemia maintains fasting blood glucose concentrations (Reaven 

2003). Thus, insulin resistance goes undetected in these individuals. 

 

5.2 Adverse effects of insulin resistance that may influence the myocardium.  

 

Insulin resistance will undoubtedly promote adverse cardiovascular effects once type 

II diabetes mellitus develops and the effects of hyperglycaemia are noted. However, insulin 

resistance may also induce adverse cardiac changes prior to the development of diabetes 

mellitus and poor blood glucose control through a number of mechanisms. In this regard, 

insulin resistance is not specific to skeletal muscle, but also involves myocardial muscle 

tissue as well (Nikolaidis et al 2004, Ouwens et al 2005, Coort et al 2007) where it 

downregulates glucose uptake and hence precludes the energetic advantage provided by 

glucose versus free fatty acid oxidation (Nikolaidis et al 2004, Ouwens et al 2005). 

Moreover, insulin resistance is associated with an accumulation of intracellular triacylglycerol 

which promotes lipotoxicity (Coort et al 2007). In addition, hyperinsulinaemia, that occurs as 

a consequence of insulin resistance, promotes obesity-induced increases in sympathetic 

http://www.obesityresearch.org/cgi/content/full/10/suppl_2/97S#B32#B32
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nervous system activity (Esler et al 2001). Importantly, LVH is associated with excessive 

myocardial sympathetic effects (Schlaich et al 2003) and activation of the sympathetic 

nervous system can promote the transition from compensated LVH to LV systolic 

dysfunction through mechanisms that appear to be unrelated to BP changes (Badenhorst et 

al 2003, Veliotes et al 2005). Furthermore, insulin may directly promote cardiomyocyte 

growth through a number of mechanisms (Samuelsson et al 2006). 

Insulin resistance is often associated with leptin resistance and a reduced cardiac 

efficiency and an altered myocardial substrate metabolism may accompany obesity 

associated with leptin deficiency or leptin resistance (Buchanan et al 2005). These changes 

in myocardial substrate metabolism may contribute toward an increased cardiomyocyte 

apoptosis in obesity models of leptin deficiency or leptin resistance (Barouch et al 2006). 

The cardiomyocyte apoptosis in leptin resistant or leptin deficient animals is thought to occur 

through a reduced cardioprotection mediated by leptin, possibly induced via a resultant 

increase in ectopic lipid overload in cardiac myocytes (lipoapoptosis) (Zhou et al 2000). 

Irrespective of the potential adverse myocardial changes that may be mediated by insulin 

resistance, an important question is to what extent does the current evidence suggest that 

obesity in humans may promote LVH or LV dysfunction through the presence of insulin 

resistance? 

 

5.3 Insulin resistance as a possible cause of left ventricular hypertrophy 

 

Data showing independent relationships between insulin resistance and LVM are 

conflicting. In this regard, there are a number of studies that have shown such relationships, 

but similarly, there are also a number that have failed to demonstrate marked independent 

relationships. In this section I will first describe the studies that have demonstrated important 

relationships and subsequent to this, I will summarise those that have been unable to show 

similar independent relationships. 
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A number of studies with small sample sizes conducted in select patient populations 

have provided evidence to support a role for insulin resistance as a possible mechanism 

involved in LVMI. In a small study sample of hypertensives, but not in normotensives, fasting 

plasma insulin concentrations were associated with LVM independent of BP and BMI (Sharp 

et al 1992). In 40 normotensive, non-diabetic obese participants, insulin resistance 

(intravenous glucose tolerance test) and the associated hyperinsulinaemia were strongly 

associated with LVM independent of BMI and BP (Sasson et al 1993). In 50 hypertensives 

insulin sensitivity was associated with LV wall thickness independent of BMI (Lind et al 

1995). In 40 non-diabetic, hypertensives, an association between insulin sensitivity, 

determined with a modified euglycaemic insulin clamp technique, and LVMI was 

demonstrated (Kamide et al 1996). In 25 hypertensives with LVH, as compared to 12 

hypertensives without LVH matched for BMI, a greater degree of insulin resistance, as 

determined using the euglycaemic insulin clamp technique was noted (Paolisso et al 1995). 

In 26 hypertensives, insulin resistance, as assessed from the euglycaemic insulin clamp 

technique was associated with LV wall thickness independent of BMI and BP (Paolisso et al 

1997). In 52 hypertensives, urinary excretion rates of C-peptide were associated with LVM 

(Tomiyama et al 1997). In 29 obese, but not lean participants, the area under the curve for 

circulating insulin concentrations after oral glucose loading was associated with LVM (Vetta 

et al 1998). Furthermore, in 29 non-obese, non-diabetic, glucose tolerant participants with a 

high-normal BP, insulin sensitivity (minimal model of glucose kinetics) was related to LVM 

independent of BP (Phillips et al 1998). In 26 hypertensives with impaired gluocse tolerance, 

39 hypertensives with a normal glucose tolerance and in 18 normotensives, insulin 

resistance, as determined from the insulin suppression test was independently associated 

with LVMI and change in insulin resistance was associated with change in LVMI during 

angiotensin-converting enzyme inhibitor treatment (Watanabe et al 1999). In 49 male but not 

in 42 female hypertensives,  the homeostasis model assessment of insulin resistance 

(HOMA-IR), which mirrors the outcomes of the more sensitive glucose clamp technique 

(Bonara et al 2000), was associated with LVM independent of BMI (Shigematsu et al 2006). 
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In 41 patients with untreated essential hypertension and LVH, HOMA-IR was noted to be 

independently associated with LVH (Anan et al 2007). In 230 hypertensives, HOMA-IR was 

associated with LVH independently of BMI or waist circumference (Sesti et al 2007). 

However, in this study neither BMI nor waist circumference were related to the presence of 

LVH (Sesti et al 2007). 

The relatively small sample sizes (n=29-230) and the use of select clinical 

populations in the aforementioned studies obviously raises the question of false positive 

associations and a selection bias. Nevertheless, glucose intolerance without diabetes 

mellitus was associated with LVM indexed to height2.7 in 1345 non-diabetic patients (457 of 

whom had glucose intolerance) (Ilercil et al 2001). In that study (Ilercil et al 2001) glucose 

intolerance in non-diabetic participants was presumably attributed to insulin resistance, but 

this relationship was not assessed. Furthermore, in a community sample of 820 70 year 

olds, HOMA-IR was strongly associated with LVMI and relative wall thickness, but these 

relations were not adjusted for indices of adiposity (Sundstrom et al 2008). Moreover, in 767 

never-treated hypertensives, an index of insulin resistance (Matsuda index/ISI) or fasting 

circulating insulin concentrations were associated with LVM indexed to body surface area 

independent of waist circumference and BMI and additional confounders (Sciacqua et al 

2011). However, the inclusion of two indices of obesity (waist circumference and BMI) in the 

same multivariate model in this study (Sciacqua et al 2011) is likely to diminish the effect of 

an adjustment for either parameter. Last, in 1599 participants being evaluated for health 

checks, HOMA-IR was associated with LVM, but this relationship was not adjusted for 

indices of excess adiposity (Hwang et al 2011). 

Evidence suggesting that insulin resistance without diabetes mellitus is either not 

associated with or is only modestly associated with either LVM or geometry independent of 

confounding factors also comes from studies with both small and large sample sizes 

conducted in select and unselected samples. In 33 hypertensives, parameters of insulin 

metabolism were not associated with LVMI (Nagano et al 1994). In 93 unselected 

participants, fasting plasma insulin concentrations were not associated with LVM 
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independent of body weight or systolic BP (Kupari et al 1994). In 29 hypertensives, fasting 

plasma insulin was not correlated with LVM (Costa et al 1995). Furthermore, although in 180 

male hypertensives and 210 normotensives, insulin sensitivity was associated with LV 

relative wall thickness independent of BMI, no independent relationship was noted with LVMI 

(Ohya et al 1996). In 24 obese participants, the intravenous glucose tolerance test was not 

independently associated with LVM (Avignon et al 1997). Moreover, in 27 overweight/obese 

and 31 age-matched controls, no relationship between HOMA-IR and LVM was noted 

(Merudda et al 1998). In 30 hypertensives, fasting plasma insulin concentrations were not 

associated with LVM (Jelenc et al 1998). In addition, in 101 never-treated, non-diabetic, 

hypertensive subjects, insulin and insulin growth factor-1 were, but HOMA-IR was not 

associated with LVM and geometry independent of BMI (Verdecchia et al 1999). Moreover, 

post-load glucose and insulin concentrations, measured two hours after glucose 

administration, were noted to be more important than fasting insulin as a potential 

determinant of LVM (Verdecchia et al 1999). In 50 subjects without diabetes mellitus, insulin 

concentration, secretion or action (euglycaemic clamp) was not independently associated 

with LVM when accounting for body mass or blood pressure (Galvan et al 2000). In 51 

hypertensives, neither insulin resistance as assessed using the euglycaemic insulin clamp, 

nor circulating insulin concentrations were related to LVM indexed to height independent of 

BMI (Malmquist et al 2001). In 89 hypertensives, no relationship between insulin resistance, 

as assessed using the euglycaemic insulin clamp technique, and LVM or remodeling was 

noted (Olsen et al 2003). Moreover, in 153 healthy subjects, neither insulin resistance 

(HOMA-IR), nor fasting insulin concentrations were associated with LVH, independent of 

obesity (Ebnic et al 2006). 

In the aforementioned studies showing a lack of relationship between insulin or 

insulin resistance and LVM, the small study sizes and the use of select patient populations 

may have resulted in false negative results or a selection bias. However, C-peptide 

concentrations were not associated with LVM independent of BMI and BP in 1315 

participants from a population survey (Chen et al 1998). Furthermore, In 470 elderly men, 
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insulin resistance assessed from the euglycaemic insulin clamp technique was associated 

with relative wall thickness, but not with LVMI (Sundstrom et al 2000). However, in that study 

(Sundstrom et al 2000) the relationship between insulin resistance and relative wall 

thickness was not adjusted for BMI. Moreover, in 1542 hypertensives without diabetes 

mellitus of the Hypertension and Genetic Epidemiology (HyperGen) study, independent of 

BMI, no relationship between circulating insulin concentrations and LVM were noted 

(Devereux et al 2002). However, in that study (Devereux et al 2002) there was a weak 

independent relationship with relative wall thickness. Furthermore, in a large community-

based sample of 2623 Framingham Study subjects, although LVM and wall thickness 

increased with worsening glucose intolerance and insulin resistance (as determined by 

HOMA-IR) in non-diabetic participants, an effect that was more striking in women compared 

with men, this relation was eliminated when adjusting for body size (Rutter et al 2003). 

Furthermore, in 1603 Framingham Study subjects although magnetic resonance imaging-

determined LVM indexed to height increased across quartiles of HOMA-IR, this relationship 

was abolished with adjustments for BMI (Velagaletti et al 2010). Moreover, in 2399 African 

Americans of the Jackson Heart Study, although trends for associations between insulin 

resistance and indices of LV remodelling were noted independent of BMI in categories of 

fasting blood glucose concentrations, no relationships between HOMA-IR and LVM index 

were noted after adjustments for BMI (Fox et al 2011). Last, in the Strong Heart Study, a 

large (1068 men and 1851 women) population-based study conducted in an American-

Indian population with a high prevalence of excess adiposity, HOMA-IR was not 

independently associated with LVM or LV geometry (de Simone et al 2003, 2011). 

Despite the conflicting evidence for an independent relationship between insulin 

resistance and LVM, apart from one small study conducted in 53 hypertensives with 

electrocardiographic LVH from the LIFE study showing no irelationship between circulating 

insulin concentrations and LVMinappr (Olsen et al 2004), no studies have been performed to 

assess the relationship between insulin resistance and the presence of inappropriate LVM. 

Hence, it is uncertain whether relationships between insulin resistance and LVM beyond that 
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predicted from LV workload are independent of indices of excess adiposity. As in the present 

thesis I was able to show that obesity was the main factor independently associated with 

inappropriate LVM, and that inappropriate LVM and regression of inappropriate LVM were 

strongly related to EF, I evaluated whether insulin resistance could account for the effect of 

obesity on inappropriate LVM. These data and the implications thereof are described in 

chapter 6 of the present thesis. 

 

5.4 Insulin resistance as a possible cause of abnormalities of left ventricular function 

 

As with the conflicting data reporting on relationships between insulin resistance and 

LVM beyond body size, similar disparities exist with respect to the association of insulin 

resistance with LV dysfunction independent of adiposity indices. What is this evidence? In 33 

hypertensives, although those with an impaired glucose tolerance had a reduced E/A, E/A 

was unrelated to the area under the insulin curve after an oral glucose load (Nagano et al 

1994). In 50 hypertensives, insulin resistance, as assessed using the euglycaemic insulin 

clamp technique, was associated with E/A, whether this association survived adjustments for 

adiposity indices is uncertain (Lind et al 1995). In 27 otherwise healthy overweight and 

obese participants, 12 of whom had insulin resistance, insulin resistance was not associated 

with LV isovolumic relaxation time (an index of LV diastolic relaxation) after adjusting for 

body weight (Mureddu et al 1998). In 29 hypertensives men, insulin resistance, as assessed 

using the euglycaemic insulin clamp technique was associated with LV isovolumic relaxation 

time independent of BMI (Galderisi et al 1997). In 26 hypertensives with an impaired glucose 

tolerance, 39 hypertensives with a normal glucose tolerance and 18 normotensives, insulin 

resistance, as determined from the insulin suppression test, was related to E/A independent 

of BMI (Watanabe et al 1999). In 89 hypertensives, insulin resistance, as assessed with the 

euglycaemic insulin clamp technique was not independently associated with E/A and LV 

isovolumic relaxation time (Olsen et al 2003). In 109 obese and 33 normal weight 

participants, fasting insulin concentrations were inversely correlated with tissue Doppler 
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indices of both systolic and diastolic myocardial but not chamber function (Wong et al 2004). 

In 29 participants with a normal glucose tolerance, 20 with impaired glucose tolerance and 

70 with type II diabetes mellitus, insulin resistance, as identified from the Quantitative Insulin 

Sensitivity Check Index was associated with LV diastolic dysfunction independent of BMI 

and waist-to-hip ratio (Bajraktari et al 2006). In 208 patients with normal ejection fraction of 

whom 57 had type 2 diabetes, insulin resistance was independently associated with left 

ventricular diastolic dysfunction in subjects without overt type 2 diabetes (Dinh W et al, 

2010).  

 Although in 29 insulin resistant and 36 insulin sensitive women, diagnosed on the 

basis of HOMA-IR, LV peak filling rate, an index of an abnormal diastolic function was 

reduced, it is uncertain whether these differences were independent of adiposity indices (Utz 

et al 2011). Similarly, in 42 prediabetic adults with a HOMA-IR above 2.7, as compared to 79 

prediabetics with a HOMA-IR below 2.7, although E/A was reduced (Sliem et al 2011), 

whether these differences were independent of adiposity indices is uncertain. Furthermore, 

in 92 participants either with or without an impaired glucose tolerance or diabetes mellitus, 

HOMA-IR was not correlated with E/A (Wada et al 2010) and in 102 otherwise healthy 

individuals although visceral fat was associated with diastolic dysfunction, HOMA-IR was not 

(Wu et al 2011). In 18 lean and 25 overweight/obese people, although tissue Doppler indices 

of diastolic function were noted to be abnormal in overweight or obese individuals, HOMA-IR 

did not account for these differences (Lambert et al 2010). The results of the aforementioned 

studies conducted in small sample sizes of select clinical populations, may nevertheless 

reflect inadequate sample sizes and a selection bias. What is the evidence with respect to 

studies conducted with a large sample size in unselected populations? 

In 1603 Framingham participants, EF as assessed from magnetic resonance imaging 

was not associated with HOMA-IR (Velagaletti et al 2010). These data are consistent with 

the poor relationship between excess adiposity and LV systolic function as described in 

section 4.1.2. In 1542 hypertensives without diabetes mellitus of the HyperGen study, 

circulating insulin concentrations were not associated with EF or stress-corrected midwall 
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fractional shortening (a measure of myocardial systolic function) independent of confounders 

(Devereux et al 2002). In 2399 participants of the Jackson Heart Study, in women with a 

normal fasting blood glucose, HOMA-IR was related to a higher proportion with a lower EF 

after adjustments for BMI, but this only achieved marginal significance (p=0.02) (Fox et al 

2011). In that study (Fox et al 2011), although diastolic function was assessed using 

transmitral velocity and tissue Doppler assessments, the results were not reported on. 

Lastly, in 1599 participants being evaluated for health checks, although increasing quartiles 

of HOMA-IR were associated with decreases in E/A and increases in E/e’, whether these 

relationships survived adjustments for indices of excess adiposity was not reported on 

(Hwang et al 2011). Thus, in summary, the aforementioned studies were either 

characterised by small sample sizes in select clinical populations, thus raising the question 

of a selection bias confounding the results or type I or II statistical errors occurring, or 

positive relationships between HOMA-IR and diastolic function were not adjusted for indices 

of excess adiposity. Moreover, in some large studies relationship between indices of insulin 

resistance and LV diastolic function were noted, it is unclear whether the relationship was 

independent of adiposity indices. Hence, in the present thesis I evaluated whether HOMA-IR 

is associated with E/A in a relatively large, randomly selected community-based study 

sample independent of indices of excess adiposity. These data and the implications thereof 

are described in chapter 3 of the present thesis. 

 

6.0 Summary of problem statements and aims of the thesis 

 

As underscored in the aforementioned discussion, there are a number of areas of 

uncertainty with respect to the possible role of obesity in the transition from LVH to LV 

dysfunction. The following section summarises these areas of uncertainty (problem 

statements) and subsequently the study designs employed in the context of the aims of the 

present thesis. The chapters of the thesis, where each aim is addressed are also indicated. 
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6.1 Problem statements 

 

With respect to the role of obesity in the transition from LVH to LV dysfunction: 

 

1) The extent of the contribution of central as opposed to general obesity to 

abnormalities in LV diastolic function at a community level is uncertain. 

2) The extent to which concentric LV remodelling accounts for obesity-induced 

abnormalities in LV diastolic function is uncertain. 

3) Whether obesity is associated with abnormalities in LV diastolic function beyond all 

haemodynamic effects including 24-hour BP and large artery stiffness is unknown. 

4) Whether obesity-associated relationships with abnormalities in LV diastolic function 

can be accounted for by insulin resistance is uncertain. 

5) The extent to which obesity contributes toward the development of inappropriate LVH 

is unknown. 

6) Whether obesity is associated with LVMinappr beyond all haemodynamic effects 

including 24-hour BP and large artery stiffness is unknown. 

7) Whether inappropriate LVH contributes toward a reduced EF independent of 

ablsoute LVM or LVMI is unknown. 

8) Whether inverse relationships between inappropriate LVH and EF are accounted for 

by inappropriate LVH, residual confounding effects, or reverse causality is unknown. 

9) Whether obesity associated relationships with inappropriate LVH are accounted for 

by insulin resistance is uncertain. 

 

6,2 Aims 

 

1) To address problem statements 1-3 above, I aimed to evaluate the extent of the 

contribution of central as opposed to general obesity to abnormalities in LV diastolic function 

at a community level; the extent to which concentric LV remodelling accounts for obesity-
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induced abnormalities in LV diastolic function; and whether obesity is associated with 

abnormalities in LV diastolic function beyond all haemodynamic effects including 24-hour BP 

and large artery stiffness in a large cross-sectional, randomly selected, community-based 

sample with a high prevalence of obesity. This study is described in chapter 2 and has been 

published in-part in the Am J Cardiol (Libhaber et al 2009). 

2) To address problem statement 4 above, I aimed to evaluate the relationship between 

HOMA-IR and LV diastolic function independent of indices of body size or obesity in a large 

cross-sectional, randomly selected, community-based sample with a high prevalence of 

obesity. This study is described in chapter 3. 

3) To address problem statements 5-7 above, I aimed to evaluate the extent to which 

obesity contributes toward the development of inappropriate LVH independent of a number 

of haemodynamic factors and whether LVMinappr is inversely associated with a reduced EF 

independent of absolute LVM or LVMI in a large cross-sectional, randomly selected, 

community-based sample with a high prevalence of obesity. This study is described in 

chapter 4 and is to be published in-part in J Hypertens (Libhaber et al 2012, in-press). 

4) To address problem statement 8 above, I aimed to evaluate whether regression of 

LVMinappr with antihypertensive therapy is associated with increases in on-treatment EF 

independent of changes in LVM or LVMI in a large single-centre clinical trial.  This study is 

described in chapter 5 and has been published in Hypertension (Woodiwiss and Libhaber et 

al 2012). 

5) To address problem statement 9 above, I aimed to evaluate the relationship between 

HOMA-IR and LVMinappr independent of indices of body size or obesity in a large cross-

sectional, randomly selected, community-based sample with a high prevalence of obesity. 

This study is described in chapter 6. 
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CHAPTER 2 

 

 

 

Contribution of Central and General Adiposity to an Abnormal Left 

Ventricular Diastolic Function in a Community Sample with a High 

Prevalence of Obesity. 

 

 

Published in-part as: Libhaber CD, Norton GR, Majane OHI, Libhaber E, Essop MR, 

Brooksbank R, Maseko M, Woodiwiss AJ. Contribution of central and general adiposity to 

abnormal left ventricular diastolic function in a community sample with a high prevalence of 

obesity. Am J Cardiol 2009;104:1527-1533. 
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Abstract 

The relative independent contribution of excess adiposity as indexed by measures of 

central, general or peripheral adiposity toward an abnormal cardiac diastolic chamber 

function at a community level is unclear. In 626 randomly selected participants over 16 years 

of age from a community sample with a high prevalence of excess adiposity (~24% 

overweight and ~43% obese) I assessed the independent contribution of indices of adiposity 

to the variation in E/A and to E/e’. After adjustments for a number of confounders including 

age, gender, pulse rate, conventional diastolic (or systolic) blood pressure (BP), 

antihypertensive treatment, left ventricular mass index (LVMI) and the presence of diabetes 

mellitus or an HbA1c>6.1%; waist circumference (p=0.0012) and body mass index (BMI) 

(p=0.02) were independently associated with a reduced E/A. In contrast neither waist-to-hip 

ratio (p=0.23) nor skin-fold thickness (p=0.37) were independently associated with E/A, and 

waist circumference was independently associated with E/A even after adjustments for other 

adiposity indices including BMI (p<0.05-0.005). No independent relationships between 

adiposity indices and E/e’ were noted (n=212). In contrast to the effects on diastolic function, 

waist circumference was not correlated with left ventricular ejection fraction (p=0.83). The 

independent relationship between waist circumference and E/A (standardized β-coefficient=-

0.11±0.04, p=0.0036) was second only to age (standardized β-coefficient=-0.54±0.04, 

p<0.0001) and similar to BP (standardized β-coefficient=-0.14±0.03, p<0.0001) in the 

magnitude of the independent effect on E/A. The inclusion of relative wall thickness rather 

than LVMI in the regression equation produced similar outcomes. The exclusion of LVMI and 

relative wall thickness from the regression equations, or the inclusion of carotid-femoral 

pulse wave velocity, or 24-hour BP as  confounders, failed to modify the relationship 

between waist circumference and E/A. In conclusion, waist circumference is second only to 

age in the impact of the independent association with E/A in a population sample with a high 

prevalence of excess adiposity. This effect was not accounted for by left ventricular 

hypertrophy or remodeling, 24-hour BP or arterial stiffness. 
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2.0 Introduction 

 

Left ventricular (LV) diastolic dysfunction identified from echocardiographic 

transmitral velocity measurements (E/A) and tissue Doppler assessments (E/e’), is 

associated with adverse cardiovascular outcomes and the development of heart failure 

(Aurigemma et al 2001, Schillaci et al 2002, Bella et al 2002, Redfield et al 2003, Ammar et 

al 2008). Several studies suggest that independent of alternative risk factors, even modest 

levels of obesity contribute toward the pathogenesis of an abnormal LV diastolic function 

(Redfield et al 2003, Ammar et al 2008, Fischer et al 2003, Tsioufis et al 2009, Powell et al 

2006, Peterson et al 2004, Wong et al  2004, Russo et al 2011). In contrast, some studies 

have failed to establish a relationship (Bella et al 2002, Chinali et al 2006) and others have 

demonstrated a relatively minor relationship of obesity to LV diastolic function (Fischer et al 

2003). There are several potential explanations for differences in results between studies. 

Differences in the anthropometric measures employed to index obesity, where 

measures of central adiposity may be more closely associated with abnormalities of LV 

diastolic chamber function than body mass index (BMI) (Ammar et al 2008, Tsioufis et al 

2009), could explain discrepancies between studies. Moreover, in community-based studies 

demonstrating an independent association between adiposity and LV diastolic chamber 

dysfunction (Redfield et al 2003, Ammar et al 2008, Russo et al 2011), the role of LV mass 

(Redfield et al 2003, Ammar et al 2008), and LV relative wall thickness (Redfield et al 2003, 

Ammar et al 2008, Russo et al 2011) which are recognized as being associated with LV 

diastolic dysfunction (Schillaci et al 2002, Fischer et al 2003, Chahal et al 2010), and that of 

24-hour BP and arterial stiffness, which are more closely associated with indexes of central 

adiposity than general or peripheral adiposity (Majane et al 2007, Majane et al 2008) have 

not been evaluated. To address the question of whether indices of central, general or 

peripheral adiposity are indeed important independent determinants of an abnormal LV 

diastolic chamber function at a community level, and to assess whether this effect is 

mediated through an impact of obesity on LV mass, LV geometry, 24-hour BP or arterial 
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stiffness, I therefore evaluated the relationship between a variety of indices of adiposity and 

E/A or E/e’ in a community sample with a high prevalence of obesity (Majane et al 2007, 

Majane et al 2008). 

 

2.1 Methods 

 

2.1.1 Study group 

 

The present study which was initiated in 2002, was approved by the University of the 

Witwatersrand Committee for Research in Human Subjects (approval number: M02-04-72) 

and was conducted according to the principles outlined in the Helsinki declaration. 

Participants gave informed, written consent. Nuclear families (either both parents and at 

least one sibling or one parent and two or more siblings) of black African descent (Nguni and 

Sotho chiefdoms) with siblings older than 16 years were randomly recruited from the South 

West Township (SOWETO) of Johannesburg, South Africa. Street names and addresses of 

households from formal dwellings represented in the 2001 census were obtained from the 

Department of Home Affairs. These households were allocated numbers and numbers were 

selected from a random number generator. People residing in informal dwellings or 

institutions/homes were not recruited. No subjects of mixed, Asian, or European ancestry 

were recruited and no Khoi-San subjects were recruited. Of the 700 households 

approached, nuclear families from 397 housholds agreed to participate (56.7%) 

Of the 671 participants enrolled in the study up until November 2006, 418 (62%) 

agreed to echocardiograph assessments and these original data were published in the Am J 

Cardiol (Libhaber et al 2009). Since this time and up until the end of 2011 a total sample of 

678 had echocardiographic assessments. Of these, data from 23 were not included because 

of poor quality echocardiograph assessments and data in a further 12 participants were 

excluded because of poor quality transmitral velocity measurements and data in 17 

participants were excluded as their left atrial diameters exceeded 2.3 cm/m2.17 Thus, in total, 
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data from 626 participants from 212 families were assessed for the purposes of this thesis. 

To ensure that relations between indexes of obesity and LV function were independent of 

haemodynamic factors other than conventional BP, I also adjusted in statistical analyses for 

24-hour ambulatory BP in 437 participants with high quality echocardiograms who also had 

ambulatory BP recordings that met with pre-specified quality criteria (longer than 20 hours 

and more than 10 and 5 readings for the computation of daytime and night-time means, 

respectively), or pulse wave velocity (PWV) in 559 participants in whom these data could be 

obtained. 

 

2.1.2 Demographic and clinical data 

 

A questionnaire was administered to obtain demographic and clinical data. In order to 

avoid translational errors, the questionnaire was not translated into an African language, but 

study assistants familiar with all languages spoken in SOWETO and who either previously 

lived in SOWETO or currently reside in SOWETO assisted with the completion of each 

questionnaire. Nevertheless, the majority of participants were reasonably proficient in 

English. Only same sex assistants were used to assist each family member with the 

completion of the questionnaire. Assistance was only provided when requested. Study 

assistants first visited homes of subjects that agreed to participate in the study in order to 

familiarise participants with the questionnaire. The questionnaire was only completed at a 

subsequent clinic visit and then ambiguities checked by performing a follow-up home visit. If 

family members were absent at follow-up home visits, data was checked with them 

personally via telephonic conversations whenever possible. Ambiguities in answers to the 

questionnaire were detected by an independent observer prior to a second home visit. A 

pilot study was conducted in 20 participants to ensure that data obtained in the 

questionnaires were reproducible when obtained with the assistance of two separate study 

assistants. 
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The questionnaire requested specific answers to date of birth, gender, previous 

medical history, including the presence of hypertension, diabetes mellitus and kidney 

disease, previous cardiovascular events, including stroke, myocardial infarction or heart 

failure, the presence of angina pectoris, prior and current drug therapy (analgesic, 

antihypertensive use and glucose lowering agents included), smoking status (including the 

number of cigarettes smoked in the past and at the present time), daily alcohol consumption 

(beer, traditional beer or other forms of alcohol and the daily quantity), caffeine consumption 

(number of cups of tea or coffee and whether they are decaffeinated and the number of 

cola’s a day), exercise frequency and family history of hypertension. For females, menstrual 

history, history of pregnancies and oral contraceptive use was evaluated. Most of the 

questions simply required a “yes”-“no” answer, but understanding was assessed by 

requesting some short answers. If participants were unable to provide the name of 

medication taken these were obtained on a second home visit. 

Height, weight, waist circumference (WC), and sub-scapular and triceps skin-fold 

thickness (Harpenden callipers) were measured using standard approaches and participants 

were identified as being overweight if their body mass index (BMI) was ≥25 kg/m2 and obese 

if their BMI was ≥30 kg/m2. Central obesity was defined as an enlarged WC (≥88 cm in 

women and ≥102 cm in men) (Third report of the National Cholesterol Education Program 

(NCEP) expert panel, 2002). Mean skin-fold thickness was calculated as the mean of sub-

scapular and triceps skin-fold thickness values. Standard laboratory blood tests of renal 

function, liver function, haematological parameters, and percentage glycated haemoglobin 

(HbA1C) were performed. Diabetes mellitus or abnormal blood glucose control was defined 

as the use of insulin or oral hypoglycaemic agents or a glycated haemoglobin (Roche 

Diagnostics, Mannheim, Germany) value >6.1% (Bennett et al 2007). 
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2.1.3 Blood pressures 

 

Conventional BP. High quality conventional BP measurements were obtained by a 

trained nurse-technician according to the European Society of Hypertension and the 

American Heart Association recommendations using a standard mercury 

sphygmomanometer (O’Brien et al 2003, Pickering et al 2005). Blood pressure was recorded 

to the nearest 2 mm Hg. Korotkov phases I and V were employed to identify systolic and 

diastolic BP respectively and care was taken to avoid auscultatory gaps. Blood pressure was 

measured 5 times consecutively, at least a minute apart, using appropriate sized cuffs after 

the subjects had rested for 5-10 minutes in the sitting position. The BP measurements were 

obtained between 9:00 and 14:00h. The average of the five recordings was taken as the 

conventional BP. The frequency of identical consecutive conventional recordings was 0.32% 

for systolic BP and 0.64% for diastolic BP. No conventional BP values were recorded as an 

odd number. Of the conventional systolic and diastolic BP readings, 31% ended on a zero 

(expected =20%). 

Ambulatory BP. Ambulatory 24-hour BP was determined using SpaceLabs monitors 

(model 90207). The size of the cuff was the same as that used for conventional BP 

measurements. Monitors were programmed to measure 24-hour BP at 15-minute intervals 

from 06:00 to 22:00 hours and at 30-minute intervals from 22:00 to 06:00 hours. The 

average (±SD) number of ambulatory BP recordings obtained was 60.4±11.9 (range=24 to 

81) for the 24-hour period. 

 

2.1.4 Pulse wave velocity 

 

After participants had rested for 15 minutes in the supine position, arterial waveforms 

at the carotid and femoral artery pulses were recorded by applanation tonometry, each 

during an 8-second period using a high-fidelity SPC-301 micromanometer (Millar Instrument, 

Inc., Houston, Texas) interfaced with a computer employing SphygmoCor, version 9.0 
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software (AtCor Medical Pty. Ltd., West Ryde, New South Wales, Australia) (Norton et al 

2012, Shiburi et al 2006) (Figure 2.1). Recordings where the systolic or diastolic variability of 

consecutive waveforms exceeded 5% or the amplitude of the pulse wave signal was less 

than 80 mV were discarded. Aortic PWV was measured from sequential waveform 

measurements at carotid and femoral sites as previously described (Shiburi et al 2006) 

(Figure 2.2). Pulse wave transit time i.e. the time it takes the pulse wave to travel from the 

carotid to the femoral site, was determined as the difference between the times taken to 

generate the femoral and carotid pulse waveforms. To assess the differences in time of the 

generation of the femoral and carotid pulse waveforms, a single lead electrocardiogram was 

performed concurrently with pulse waveform sampling. The time delay in the pulse waves 

between the carotid and femoral sites was determined using the R wave as a fiducial point. 

Pulse transit time was taken as the average of 10 consecutive beats. The distance which the 

pulse wave travels was determined as the difference between the distance from the femoral 

sampling site to the suprasternal notch, and the distance from the carotid sampling site to 

the suprasternal notch. Aortic PWV was calculated as distance (meters) divided by transit 

time (seconds). 

 

2.1.5 Echocardiography 

. 

Echocardiographic measurements were performed using previously described 

methods on the same echocardiogram (HP-5500, Palo Alto, Ca) (Norton et al 2008, 

Woodiwiss et al 2008, Libhaber et al 2008, Woodiwiss et al 2009). All measurements were 

recorded and analyzed by two experienced investigators (CL and AJW) whom were unaware 

of the clinical data of the participants. All participants were assessed for mitral valve 

abnormalities as determined using 2-dimensional and color Doppler imaging. Left ventricular  
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  A Applanation tonometer. 

  B Electrocardiograph electrodes. 

  C SphygmoCor device. 

 

 

 

Figure 2.1 SphygmoCor device coupled to an applanation tonometer used to determine 

aortic pulse wave velocity. 
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Figure 2.2. Examples of femoral and carotid artery pulse waves obtained using applanation 

tonometry from the same participants. Together with simultaneous electrocardiographic 

(ECG) recordings aortic pulse wave velocity (PWV) is calculated. The arrows indicate the 

time between electrical events and the arterial pressure changes in the carotid and femoral 

arteries used to calculate PWV. See text for a further description. 
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(LV) dimensions were determined using two-dimensional directed M-mode 

echocardiography in the short axis view and these recordings analyzed according to the 

American Society of Echocardiography convention (Sahn et al 1978). During recordings, the 

transducer was placed perpendicular to the chest wall or pointed slightly inferiorly and 

laterally at the end of the long axis. M-mode images were obtained perpendicular to the 

posterior wall and as close to the mitral leaflet as possible without images of the mitral leaflet 

appearing. The interventricular septal wall thickness (IVS) at end diastole and end systole, 

the posterior wall thickness (PWT) at end diastole and end systole and the end diastolic and 

end systolic internal dimensions of the left ventricle were measured only when appropriate 

visualization of both the right and the left septal surfaces occurred and where the 

endocardial surfaces of both the septal and posterior wall were clearly visible. Figure 2.3 

shows a representative M-mode image employed to assess left ventricular mass and 

function.  

In each participant, left ventricular diastolic function was assessed from a pulsed 

wave Doppler examination of the mitral inflow at rest and myocardial tissue Doppler imaging 

of the septal and the lateral wall of the left ventricle in 212 participants (Tissue doppler 

imaging software was unavailable in South Africa at the time the study was initiated in 2002). 

Pulse wave Doppler recordings of transmitral velocity were obtained with the sample volume 

at the tip of the mitral valve in the apical 4-chamber view. Figure 2.4 shows representative 

images of transmitral velocity measurements obtained during the early (E) and late (atrial-A) 

period of left ventricular diastolic inflow. Left ventricular diastolic function was assessed from 

E/A ratio. Tissue Doppler recordings were obtained from the apical 4-chamber view with the 

Doppler sample volume positioned at the lateral and septal wall, close to the mitral annulus. 

Figure 2.5 shows a representative image of myocardial tissue Doppler measurements 

obtained during the early (e’) and late (atrial-a’) period of left ventricular diastole. Analysis 

was conducted on the average of the e’/a’ obtained from the lateral wall and septum. 
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Figure 2.3. A two-dimensional guided (upper panel) M-mode echocardiographic image 

(lower panel) derived from a Hewlett Packard model 5500 utilised to assess left ventricular 

dimensions and function. 



         -52- 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Transmitral Doppler patterns obtained from two participants showing a normal 

early (E)-to-late (atrial)(A) transmitral flow velocity ratio (E/A) (upper panel) and a reduced 

E/A (lower panel). Dotted lines in the upper panel show measurements obtained for the E 

wave amplitude. 
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Figure 2.5. Myocardial tissue Doppler patterns obtained from a participant showing normal 

early (e’) and late (atrial)(a’) myocardial tissue lengthening. 



         -54- 
 

Left ventricular end diastolic and systolic volumes were determined using both the 

Teichholz (Teichholz et al 1976) and the Z-derived (de Simonec et al 1996) methods. Left 

ventricular ejection fraction (EF) was calculated as [(LV end diastolic volume-LV end systolic 

volume)/ LV end diastolic volume] x 100. An abnormal systolic function was defined as an 

LV EF of ≤50%, with a moderate-to-severe reduction in LV EF defined as ≤40% (Redfield et 

al 2003). Left ventricular (LVM) mass was derived according to an anatomically validated 

formula (Devereux et al 1986) (LVM = 0.8 x [1.04 (LVEDD + IVS +PWT) 3 – (LVEDD) 3] + 

0.6g) and indexed to height2.7 (LVM index, LVMI). Left ventricular relative wall thickness was 

calculated as (LV diastolic posterior wall thickness x2)/LV end diastolic diameter (Ganau et 

al1992). Left ventricular mean wall thickness was determined from the mean of LV septal 

and posterior wall thickness. Left ventricular hypertrophy (LVH) was defined as a LVMI >51 

g/m2.7 for both women and men (Nunez et al 2005). 

Intra-observer variability studies were conducted on 29 subjects on whom repeat 

echocardiographic measurements have been performed within a two week period of the 

initial measurements. The Pearson’s correlation coefficients for LV end diastolic diameter, 

septal wall thickness and posterior wall thickness were 0.76, 0.94 and 0.89 (all p<0.0001) 

respectively, and the variances (mean % difference ± SD) were 0.12±5.95%, -0.77±4.47% 

and 0.67±5.57% respectively. In addition, no significant differences between repeat 

measurements were evident on paired t-test analysis (p=0.99, p=0.42 and p=0.48 

respectively). The Pearson’s correlation coefficients for E and A were 0.92 and 0.77 (both 

p<0.0001) respectively, and the variances (mean % difference ± SD) were -1.48±12.3% and 

-0.94±16.69% respectively. No significant differences between repeat measurements were 

evident on paired t-test analysis (p=0.41, p=0.94 respectively).  

Inter-observer variability studies were conducted on 26 participants on whom the two 

echocardiographers involved in obtaining measurements performed echocardiography on 

the same participants whilst blinded to each others measurements. The Pearson’s 

correlation coefficients for LV end diastolic diameter, septal wall thickness and posterior wall 

thickness were 0.96, 0.84 and 0.88 (all p<0.0001) respectively, and the variances (mean % 



         -55- 
 

difference ± SD) were 0.49±2.71%, -1.69±7.19% and 0.23±5.89% respectively. In addition, 

no significant differences between measurements were evident on unpaired t-test analysis 

(p=0.38, p=0.26 and p=0.85 respectively). The Pearson’s correlation coefficients for E and A 

were 0.71 and 0.86 (both p<0.0001) respectively, and the variances (mean % difference ± 

SD) were 4.76±16.03% and 3.58±12.13% respectively. No significant differences between 

repeat measurements were evident on unpaired t-test analysis (p=0.16 for both). 

 

2.1.6 Data analysis 

 

Database management and statistical analyses were performed with SAS software, 

version 9.1 (SAS Institute Inc., Cary, NC, USA). Descriptive data are reported as mean±SD. 

Independent relations between indexes of adiposity and diastolic (E/A, or E/e’) or systolic 

(LV ejection fraction) chamber function were determined from multivariate linear regression 

analysis with adjustments for age, sex, conventional systolic or diastolic BP (or 24-hour BP 

or PWV), diabetes mellitus or an HbA1c>6.1%, antihypertensive treatment, regular tobacco 

or alcohol intake, total/HDL cholesterol, pulse rate and either LVMI or relative wall thickness 

(calculated from LV septal plus posterior wall thickness/LV end diastolic diameter). Partial 

correlation coefficients between indexes of obesity and E/A were determined by assessing 

these relations after adjusting for covariates. Probability values were further adjusted for 

non-independence of family members using the method of maximum likelihood as 

implemented by the mixed procedure as defined in the SAS package. The mixed model 

contains both fixed effects (all phenotypic data) parameters and random-effects (familial 

relationships) parameters. To compare the magnitude of the impact of different variables on 

E/A, standardized β-coefficients were determined from stepwise linear regression analysis 

and these coefficients compared using a one way analysis of variance. 
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2.2 Results 

 

2.2.1 Participant characteristics 

 

Table 2.1 gives the demographic, clinical and haemodynamic characteristics of the 

participants with E/A data and the characteristics of the participants without E/A data. No 

differences were noted between these two groups. More women than men participated. In 

general the group had a high BMI, and a high proportion of participants were overweight or 

obese. A high proportion of participants were hypertensive with ~54% of hypertensives 

receiving treatment and only ~36% of hypertensives controlled to target BP values. 

Approximately a quarter of the participants had diabetes mellitus or an impaired blood 

glucose control. None of the participants had mitral valve abnormalities. ~20% of men and 

~23% of women had LVH. Approximately 12% (n=74) had mild diastolic chamber 

dysfunction or impaired relaxation with an E/A ≤0.75, and ~30% (n=189) severe diastolic 

chamber dysfunction with an E/A≥1.50. Only 20 participants had a reduced LV ejection 

fraction (<50%) and none had moderate-to-severe reductions in LV ejection fraction. No 

differences were noted between participants with tissue Doppler assessments as compared 

to those without (see Appendix, Table 1). In this group the mean±SD e’ wave velocity was 

11.59±3.80 cm/sec, a’ wave velocity was 8.10±2.96 cm/sec, e’/a’ was 1.67±0.87 and E/e’ 

was 6.86±3.46.  

 

2.2.2 Bivariate relationships between indices of adiposity and left ventricular function. 

 

Figure 2.6 shows unadjusted correlations and Pearson’s correlations coefficients 

between some indices of adiposity and either E/A or LV ejection fraction. A strong inverse 

correlation between waist circumference and E/A, and between BMI and E/A was noted 

(Figure 2.6). Moreover, waist-to-hip ratio (r=-0.41, p<0.0001) and mean skin-fold thickness  
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Table 2.1. Characteristics of study participants with and those without all echocardiographic 

data. 

       With        Without    

____________________________________________________________________ 

Number             626   565 

Women         65%                65.5% 

Age (years)      43.0±18  44.0±19 

Body mass index (kg/m2)    29.3±7.6  29.6±8.5 

Waist circumference (cm)    90.3±16.6  90.2±16.8 

Waist-to-hip ratio     0.84±0.10  0.83±0.10 

Subscapular skin-fold thickness (cm)   2.37±1.22  2.41±1.31 

Triceps skin-fold thickness (cm)   1.78±1.05  1.60±1.03 

Mean skin-fold thickness (cm)   2.07±1.03  2.01±1.06 

Overweight/obese (%)    23.8/42.5  22.1/43.0 

Central obesity (%)        44.7     42.1  

Hypertension (%)        43.0     41.6 

Receiving antihypertensives 9%)      23.5     23.0 

Diabetes mellitus or glycated haemoglobin >6.1% (%) 27.0     23.4 

Regular smoking (%)         14.1     15.9 

Regular alcohol (%)         20.1                22.3 

Conventional systolic BP/ diastolic BP (mm Hg)    129±22/84±13       130±23/85±13  

24-hour systolic BP/diastolic BP (mm Hg)      119±15/73±10 (n=437)  118±15/73±10 (n=359)    

Pulse wave velocity (m/sec)           6.13±2.75 (n=559) 6.73±2.52 (n=482) 

LV mass (g)                      155.5±50.4   - 

LV mass indexed for height2.7 (g/m2.7)   42.8±14.2   - 

LV hypertrophy (%)         21.7    - 

E wave velocity (cm/s)     77.4±25.2   - 

A wave velocity (cm/s)     64.5±21.7   - 

E/A        1.30±0.49   - 

LV ejection fraction (%)     66.9±8.7   - 

BP, blood pressure; LV, left ventricular; E, early transmitral velocity; A, late (atrial) transmitral 

velocity.
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Figure 2.6. Bivariate relationships between indexes of adiposity and left ventricular early-to-

late (atrial) transmitral velocity (E/A) and left ventricular ejection fraction (EF) in the study 

sample. BMI, body mass index. 
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(r=-0.26, p<0.0001) were also inversely correlated with E/A. No relationship between either 

waist circumference or BMI and LV ejection fraction were noted (Figure 2.6). Similarly, 

neither waist-to-hip ratio nor mean skin-fold thickness were correlated with LV ejection 

fraction (data not shown). 

Strong inverse correlations between waist circumference and both E/A (r=-0.46, 

p<0.0001, n=212) and e’/a’ (r=-0.52, p<0.0001, n=212) were noted in the cohort with tissue 

Doppler assessments. Moreover, BMI (r=-0.48, p<0.0001, n=212), mean skinfold thickness 

(r=-0.36, p<0.0001, n=212) and waist-to-hip ratio (r=-0.44, p<0.0001, n=212) were inversely 

correlated with e’/a’. Univariate direct correlations between waist circumference (r=0.25, 

p<0.0005), BMI (r=0.25, p<0.0005, n=212), waist-to-hip ratio (r=0.26, p=0.0001, n=212) or 

mean skinfold thickness (r=0.17, p<0.0001, n=212) and E/e’ were also noted. 

 

2.2.3 Factors other than adiposity indices related to left ventricular diastolic function 

 

Factors other than adiposity indexes associated with E/A included age (r=-0.67, 

p<0.0001), male gender (r=-0.12, p<0.005), conventional systolic (r=-0.46, p<0.0001) and 

diastolic (r=-0.35, p<0.0001) BP, LVMI (r=-0.36, p<0.0001), relative wall thickness (r=-0.31, 

p<0.0001), diabetes mellitus or an HbA1c>6.1% (r=-0.35, p<0.0001), and antihypertensive 

treatment (r=-0.39, p<0.0001). Neither pulse rate, regular tobacco intake, or regular alcohol 

intake were associated with E/A. In addition, 24-hour systolic (r=-0.33, p<0.0001), and 

diastolic (r=-0.32, p<0.0001) BP, and PWV (r=-0.48, p<0.0001) were inversely correlated 

with E/A. 

 

2.2.4 Multivariate adjusted relationships between adiposity indices and left ventricular 

diastolic function. 

 

Figure 2.7, upper panel shows the partial correlation coefficients (correlations 

between adiposity indices and E/A obtained after adjustments for additional variables) for the  
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Figure 2.7. Partial correlations coefficients and 95% confidence intervals of the multivariate 

adjusted relationships between indices of adiposity and left ventricular early-to-late (atrial) 

transmitral velocity (E/A) in 626 participants. The upper panel shows adiposity indices 

considered separately in each model. The lower panel considers WC effects with additional 

adjustments for BMI, or Skinf. WC, waist circumference; BMI, body mass index; WHR, waist-

to-hip ratio; Skinf, mean skin-fold thickness. Adjustments were for age, sex, conventional 

diastolic BP, diabetes mellitus or a glycated haemoglobin>6.1%, antihypertensive treatment, 

regular tobacco or alcohol intake, pulse rate and LV mass index. Probability values were 

further adjusted for non-independence of family members.  
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independent relations between different indices of adiposity and E/A with LVMI included in 

the regression model. Waist circumference, BMI and mean skinfold thickness were 

independently and inversely correlated with E/A. In contrast waist-to-hip ratio showed no 

significant independent relations with E/A. With LV relative wall thickness rather than LVMI 

included in the regression model, waist circumference (partial r=-0.15, p<0.0005), BMI 

(partial r=-0.12, p<0.005) and mean skinfold thickness (partial r=-0.085, p<0.05) remained 

independently and inversely correlated with E/A. 

Figure 2.7, lower panel shows the independent relations between waist 

circumference and E/A after adjustments for either BMI, or mean skin-fold thickness with 

LVMI included in the regression models. The relationship between waist circumference and 

E/A persisted following adjustments for either BMI, or mean skin-fold thickness. Similarly, 

with LV relative wall thickness rather than LVMI included in the regression model, waist 

circumference was associated with E/A independent of BMI (partial r=-0.08, p=0.029) or 

skin-fold thickness (partial r=-0.10, p=0.014). In contrast, the relationships between BMI and 

E/A (partial r=-0.001, p=0-.97) and between skinfold thickness and E/A (partial r=-0.004, 

p=0.92) were abolished following adjustments for waist circumference. 

With adjustments for confounding variables including LVMI in the model, in the group 

with tissue Doppler assessments waist circumference (partial r=-0.22, p<0.005), and BMI 

(partial r=-0.21, p<0.005, n=212), but neither mean skinfold thickness (partial r=-0.13, 

p=0.06, n=212) nor waist-to-hip ratio (partial r=-0.13, p=0.06, n=212) were independently 

and inversely correlated with e’/a’. Replacing LVMI with LV relative wall thickness in the 

model, waist circumference (partial r=-0.22, p<0.005, n=212), and BMI (partial r=-0.22, 

p<0.005) but neither mean skinfold thickness (partial r=-0.13, p=0.06), nor waist-to-hip ratio 

(partial r=-0.13, p=0.06) were similarly independently and inversely correlated with e’/a’. The 

strength of the multivariate relationship between waist circumference and E/A in the 

subgroup with tissue Doppler imaging (partial r=-0.16, p=0.05) was similar to that noted 

between waist circumference and e’/a’ (comparison of partial r values using Z statistics). 

Despite bivariate relationships between adiposity indices and E/e’ (see section 2.2.2 above), 
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in multivariate analysis these relationships did not achieve significance (waist circumference 

vs. E/e’; partial r=0.06, p=0.43, BMI vs. E/e’; partial r=0.05, p=0.51, waist-to-hip ratio vs. E/e’; 

partial r=0.11, p=0.12, mean skinfold thickness vs E/e’; partial r=-0.05, p=0.53). 

With adjustments for confounders and LVMI in the model, the relationship between 

waist circumference and e’/a’ did not achieve significance following further adjustments for 

BMI (partial r=-0.11, p=0.12, n=212). The relationship between BMI and e’/a’ was abolished 

following further adjustments for waist circumference (partial r=-0.03, p=0.66, n=212). 

 

2.2.5 Comparison of the impact of adiposity indices versus alternative factors on left 

ventricular diastolic function. 

 

Table 2.2 shows a comparison of the standardized β-coefficients for the independent 

relations between variables associated with E/A in multivariate regression models. The 

relations between waist circumference and E/A were similar irrespective of whether LVMI 

was (standardized β-coefficient=-0.111±0.038, p=0.0036) or was not (standardized β-

coefficient=-0.123±0.037, p=0.001) included in the regression model. Similar results were 

noted with systolic as opposed to diastolic BP in the regression model (waist circumference 

versus E/A adjusted for confounders and systolic BP: standardized β-coefficient=-

0.136±0.038, p=0.0004). Other factors independently associated with E/A included age, 

diastolic BP and pulse rate (Table 2.2). The magnitude of the effect of waist circumference 

on E/A was comparable with the effect of BP on E/A and second only to the magnitude of 

the effect of age on E/A (Table 2.2). 

 

2.2.4 Multivariate adjusted relationships between adiposity indices and left ventricular 

diastolic function with adjustments for additional haemodynamic factors. 

 

Table .2.3 shows the factors independently associated with E/A in multivariate 

regression models with 24-hour diastolic BP or PWV included in the regression models.  
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Table 2.2. Independent associations with left ventricular E/A in multivariate regression 

models and comparison of the impact of these variables on E/A in the study group (n=626). 

 

                  Standardized        p value for 

Variable                          β-coefficient±SEM          relationship        

 

Age        -0.54±0.04*      <0.0001 

Waist circumference      -0.11±0.04      =0.0036 

Diastolic blood pressure    -0.14±0.03      <0.0001 

Sex       -0.05±0.03      =0.091 

Treatment for hypertension    -0.01±0.04      =0.809 

Diabetes mellitus or glycated hemoglobin>6.1% -0.03±0.03      =0.316 

Left ventricular mass index    -0.05±0.03      =0.093 

Pulse rate      -0.07±0.03      =0.023 

Regular tobacco      0.03±0.03      =0.340 

Regular alcohol     -0.00±0.03      =0.996 

______________________________________________________________________ 
Probability values were further adjusted for non-independence of family members. 

Significant probability values are indicated in bold. Model r2=0.51, p<0.0001.* p<0.001 as 

compared to standardized β-coefficients for waist circumference and diastolic blood 

pressure. 
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Table 2.3. Independent associations with left ventricular E/A in a multivariate adjusted 

regression model with ambulatory diastolic blood pressure (BP) or carotid-femoral pulse 

wave velocity included in the models. 

 

                                 24 hour DBP included in model     PWV included in model 

       n=437                 n=559 

            Standardized                  Standardized 

                      β-coefficient±SEM    p value       β-coefficient±SEM      p value                         

 

Age    -0.53±0.05    <0.0001  -0.52±0.05     <0.0001 

24-hour diastolic BP  -0.13±0.04    =0.0004      -       - 

Pulse wave velocity        -         -   0.08±0.04     =0.070 

Waist circumference  -0.14±0.05    =0.0029 -0.13±0.04     =0.0013 

Sex    -0.03±014    =0.450 -0.03±0.04     =0.406 

Treatment   -0.003±0.04    =0.937 -0.005±0.04     =0.890 

Diabetes mellitus or 

glycated hemoglobin>6.1% -0.002±0.04    =0.953  0.01±0.04     =0.692 

LV mass index  -0.04±0.04    =0.271  0.05±0.04     =0.155 

Pulse rate   -0.05±0.03    =0.164 -0.07±0.03     =0.018 

Regular tobacco  -0.06±0.04    =0.140  0.02±0.03     =0.541 

Regular alcohol  -0.01±0.04    =0.748  -0.01±0.03     =0.689 

______________________________________________________________________ 
Probability values were further adjusted for non-independence of family members. 

Significant probability values are indicated in bold. Model r2=0.58 (p<0.0001) for model with 

24-hour diastolic BP included and model r2=0.60 (p<0.0001) for model with PWV included.
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Even with these factors included in the models, waist circumference was independently 

associated with E/A. Replacing 24-hour diastolic BP with 24-hour systolic BP still showed 

waist circumference to be independently associated with E/A (standardized β-coefficient=-

0.144±0.045, p=0.0017). 

 

2.3 Discussion 

 

 The main findings of the present study are that in a randomly selected community 

sample with a high prevalence of excess adiposity, waist circumference, BMI and skinfold 

thickness were independently associated with a reduced E/A, and waist circumference was 

second only to age and at least equivalent to diastolic BP in the magnitude of the effect. 

Waist circumference and BMI were also independently associated with myocardial diastolic 

function, as determined from the tissue Doppler index e’/a’. In contrast to the relationship 

between waist circumference and E/A persisting after adjustments for alternative adiposity 

indices, neither BMI nor skinfold thickness retained an independent relationship with E/A 

after adjustments for waist circumference. The independent relation between waist 

circumference and E/A also largely persisted with the inclusion of either LV mass index, LV 

relative wall thickness, 24-hour BP or PWV (an index of arterial stiffness) in the regression 

models, thus suggesting that these factors are unlikely to explain the major effect of waist 

circumference on LV diastolic function.  

The data reported on in the present study contribute toward our understanding of the 

importance of excess adiposity as a determinant of LV diastolic abnormalities at a 

community level. In this regard, the present study supports the findings of other studies with 

large study sizes (Redfield et al 2003, Ammar et al 2008, Fischer et al 2003, Tsioufis et al 

2009, Russo et al 2011). However, in these studies, these relationships were either not 

adjusted for confounders (Redfield et al 2003); were modest at best (Redfield et al 2003, 

Fischer et al 2003); were conducted in hypertensives only (Tsioufis et al 2009) where the 

residual confounding effects of hypertension cannot be eliminated; were conducted in a 
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population sample of middle-aged to elderly individuals only (Redfield et al 2003, Ammar et 

al 2008) where the residual confounding effects of age on diastolic function cannot be 

eliminated; were not adjusted for LVMI (Redfield et al 2003, Ammar et al 2008); or were 

published after (Russo et al 2011) the results of the present study (Libhaber et al 2009). 

Thus, to the best of my knowledge, the present study was the first to provide a reflection of 

the independent impact of excess adiposity on LV diastolic function at a community level. 

The present and prior (Redfield et al 2003, Ammar et al 2008, Fischer et al 2003, 

Tsioufis et al 2009, Russo et al 2011) studies do not support the findings of other (Bella et al 

2002, Chinali et al 2006, De Simone et al 2011) studies with large study sizes which failed to 

demonstrate an independent relationship between indices of adiposity and LV diastolic 

dysfunction. The lack of independent relationship between adiposity and E/A in adolescents 

(Chinali et al 2006) may relate to the younger age of the participants as compared to other 

studies. Nevertheless, the presence of an abnormal E/A in adult participants with a reduced 

as opposed to increased BMI is difficult to explain (Bella et al 2002) unless differences in 

loading conditions influenced the outcome of this study. It is possible that the lack of 

rtelationship between BMI and E/A in some studies (Bella et al 2002, Chinali et al 2006, De 

Simone et al 2011), could be explained by a stronger relationship between indices of central 

adiposity rather than BMI and abnormalities of diastolic function. In this regard, in agreement 

with prior studies that have demonstrated a less robust relationship between BMI and 

abnormalities of diastolic function (Redfield et al 2003, Ammar et al 2008, Fischer et al 2003) 

as compared to that between indices of central adiposity and abnormalities of diastolic 

function (Ammar et al 2008, Tsioufis et al 2009), in the present study no significant 

independent relationship between BMI and E/A was noted after adjustments for waist 

circumference, despite persistence of the independent relationship between an index of 

central adiposity (waist circumference) and E/A after adjustments for alternative indices of 

adiposity (BMI and skinfold thickness). However, at variance to a previous study (Ammar et 

al 2008), in the present study I failed to show an independent relationship between waist-to-

hip ratio and E/A. Although an explanation for the differences between studies is not 
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apparent, such disparities could be attributed to distinct characteristics of the study 

populations. 

 The results of the present study indicate that at a community level, waist 

circumference is second only to age and equivalent to BP in the magnitude of the effect on 

E/A. Although prior to the publication of the present study (Libhaber et al 2009), an 

alternative study performed in the general population had reported on independent 

associations between indices of central obesity and abnormalities of LV diastolic function 

(Ammar et al 2008), the relative impact of central adiposity on E/A as compared to 

alternative cardiovascular risk factors, was unclear. In the present study I show that the 

independent impact of waist circumference on E/A is equivalent to that of both conventional 

and 24-hour BP, the latter being a BP measurement that may better predict target organ 

changes. 

Whether the independent associations between indices of central or general obesity 

and abnormalities of LV diastolic function previously reported on in large study samples and 

at a population or community level (Redfield et al 2003, Ammar et al 2008, Tsioufis et al 

2009) reflect an effect of obesity-induced increases in LVMI or concentric LV remodelling, 

factors that are strongly associated with diastolic dysfunction (Fischer et al 2003, Chahal et 

al 2010, Schillaci et al 2002), is uncertain. Previous studies conducted in large study 

samples had indeed demonstrated that with adjustments for LVH, only marginal associations 

between adiposity indices and LV diastolic function exist (Fischer et al 2003). In the present 

study I show that the strength of the independent relations between indices of adiposity and 

E/A are retained after adjustments for either LVMI or LV relative wall thickness. I therefore 

provide the first evidence in a relatively large community-based sample to suggest that LVM 

and geometry may contribute only to a minor extent to the pathogenesis of obesity-induced 

LV diastolic abnormalities. Although a subsequent larger population-based study has 

similarly demonstrated relations between excess adiposity and diastolic dysfunction 

independent of LVMI (Russo et al 2011), this study did not report on adjustments for relative 

wall thickness. However, as obesity was not associated with an increased relative wall 
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thickness in that study (Russo et al 2011), both the present (published in 2009, Libhaber et 

al 2009) and this prior study (Russo et al 2011) may be consistent with each other. 

 As these measurements were unavailable to me at the time of initiating the present 

study, in the present study myocardial tissue Doppler assessments of diastolic function were 

only conducted in a subgroup of the study sample. Hence, I cannot report on the relationship 

between adiposity indices and pseudonormal filling patterns, and thus relationships between 

adiposity indices and LV diastolic dysfunction. Nevertheless, in those participants who had 

tissue Doppler imaging, the strength of the relationship between e’/a’ was similar to that for 

E/A. Although E/e’, an index of left atrial driving force and hence left ventricular filling 

pressures, was not independently associated with adiposity indices, this may reflect a false 

negative finding due to the small study sample which had tissue Doppler imaging (n=212). 

Hence, at this point I cannot comment on whether abnormalities in LV diastolic function 

associated with excess adiposity are sufficiently severe that they translate into increases in 

LV filling pressures. Further work is required in this regard. 

 Potential explanations for the independent relationship between adiposity and an 

abnormal LV diastolic function, could include undiagnosed obesity-induced obstructive sleep 

apnoea, insulin resistance as suggested by some small case-control studies (Lind et al 

1995, Mureddu et al 1998, Watanabe et al 1999, Wong et al 2004, Bajraktari et al 2006, 

Sliem et al 2011, Utz et al 2011) and one large study which did not evaluate relationships 

beyond adiposity indices (Hwang et al 2011), free fatty acid-induced lipotoxicity (Leichmanb  

et al 2006), inflammatory changes (Wu et al 2012), obesity-associated myocardial apoptosis, 

and a reduced mitochondrial biogenesis and function (Niemann et al 2011) and excess 

sympathetic nervous system activation (Lambert et al 2010). However, not all studies 

support a role for insulin resistance in mediating decreases in LV diastolic function (Wu et al 

2012, Wada et al 2010, Lambert et al 2010). Nevertheless, these were also small studies 

subject to false negative results or a selection bias and hence further large population or 

community-based studies; prospective studies; and intervention studies are required to 

evaluate these potential mechanisms. In this regard, as part of the present thesis I explored 
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the role of insulin resistance in mediating abnormalities of LV diastolic function beyond 

adiposity indices in a large cohort of the present community-based sample. These data and 

the implications thereof are presented in chapter 3. 

With respect to the clinical implications of the present findings, obesity-induced LV 

diastolic abnormalities may represent a progressive preclinical condition that contributes to 

obesity-induced heart failure (Chen et al 1999, He et al 2001, Johansson et al 2001, 

Wilhelmsen et al 2001, Kenchaiah et al 2002, 2009, Ingelsson et al 2005a and 2005b, 

Nicklas et al 2006, Bahrami et al 2008, Spies et al 2009). Indeed, LV diastolic dysfunction is 

associated with the development of heart failure (Aurigemma et al 2001, Ammar et al 2008). 

It is important to note that significant weight loss can result in an increase in E/A (Willens et 

al 2005, Hsuan et al 2010). 

 The present study has several strengths and limitations. The strengths of the study 

include the use of a relatively large unselected community sample, thus limiting the 

probability of a selection bias and false positive findings. Second, the use of ambulatory BP 

and arterial stiffness assessments to adjust for the impact of haemodynamic factors on the 

relationships between waist circumference and diastolic function in a cohort of participants is 

also a strength of the present study. Thus, the chances of the independent relationship 

noted between indices of adiposity and E/A being attributed to inappropriate estimates of BP 

or haemodynamic factors being employed are likely to have been reduced. Second, I 

evaluated relations between indices of adiposity and E/A or e’/a’ using BP, E/A and e’a’ as 

continuous rather than dichotomous traits, thus improving the probability of a positive 

outcome. 

The limitations of the study are first the cross-sectional rather than prospective nature 

of the study design. Thus, the relationships demonstrated may not reflect cause and effect. 

Second, I did not measure pulmonary venous reverse flow and mitral inflow during the peak 

of the valsalva maneuver. Moreover, as tissue Doppler imaging was only available on a 

subgroup of participants, as indicated in the aforementioned discussion I could not identify 

the presence of pseudonormal filling patterns. Thus, I did not assess the relationship 
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between adiposity indices and the presence of diastolic dysfunction reported as a discrete 

trait. Third, the limited proportion of male participants recruited for the study prevented sex-

specific analyses, and thus the effect reported on in the present study may be restricted to 

females as previously suggested by other studies (Tsioufis et al 2009). Furthermore, an 

additional limitation of the present study is that the LV ejection fraction was measured with 

echocardiography whilst magnetic resonance imaging (MRI) measurements of systolic 

function have been demonstrated to be more sensitive for predicting cardiovascular events 

(Mewton et al 2013). It is therefore possible that we may have demonstrated stronger 

relationships between obesity indices and LV ejection fraction if magnetic resonance 

imaging had been employed. Last, relatively weak partial r values were noted for 

relationships between adiposity indices and E/A, a finding that must be interpreted with 

caution. This may reflect an overall weak relationship between obesity and E/A, or an 

inability to appropriately account for all confounders or to exclude the impact of co-linearity 

between adjustors in multivariate models. Only intervention studies are likely to reveal the 

actual magnitude of the effect of obesity on E/A if indeed this relationship is cause and 

effect. 

In conclusion, the results of the present study suggest that obesity contributes as 

much as BP to decreases in LV diastolic function at a community level, that this effect is 

driven largely by abdominal obesity and is independent of LVH, geometric LV remodelling, 

and a number of haemodynamic factors, including aortic stiffness and 24-hour BP. The 

mechanisms of this effect require further elucidation. 
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Abstract 

It is uncertain whether relationships between insulin resistance and abnormalities of 

left ventricular diastolic function represent confounding effects of coexistent obesity or 

haemodynamic changes. In 478 randomly selected participants from a community sample, 

the adiposity index-independent relationship between the homeostasis model assesment of 

insulin resistance (HOMA-IR) and left ventricular early-to-late (E/A) transmitral velocity 

(echocardiography) was assessed. 43% of the sample were obese. With adjustments for 

confounders, waist circumference, but not body mass index was independently associated 

with HOMA-IR. HOMA-IR was inversely correlated with E/A (p<0.0001) and in a multivariate 

model with adjustments for waist circumference, age, sex, conventional diastolic or systolic 

blood pressure (BP), diabetes mellitus or an HbA1c>6.1%, regular tobacco use, regular 

alcohol intake, pulse rate, treatment for hypertension and either left ventricular mass index 

(LVMI) or LV relative wall thickness in the model, the relationship betwreen HOMA-IR and 

E/A persisted (partial r=-0.13 to 0.14, p<0.005). With further adjustments for either 24-hour 

systolic or diastolic BP (partial r=-0.11, p<0.05, n=351) or for aortic pulse wave velocity 

(partial r=-0.11, p<0.02, n=410), the independent relationship between HOMA-IR and E/A 

also remained. With HOMA-IR and waist circumference in the same multivariate regression 

models, HOMA-IR retained an independent relationship with E/A with a magnitude 

(standardised β-coefficient=0.10±0.03, p<0.005) that was equivalent to BP (standardised β-

coefficient=0.12±0.04, p<0.001), whilst waist circumference failed to show an independent 

relationship (p=0.08). In conclusion, the present results suggest that the relationship 

between insulin resistance and abnormalities of left ventricular diastolic function may not 

represent confounding effects of coexistent obesity or haemodynamic alterations. Hence, the 

relationship between indices of excess adiposity and abnormalities in LV diastolic function 

may be explained in-part by insulin resistance. 
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3.0 Introduction 

 

Several studies have demonstrated a relationship between the degree of adiposity 

and the development of heart failure independent of traditional cardiovascular risk factors 

(Chen et al 1999, He et al 2001, Johansson et al 2001, Wilhelmsen et al 2001, Kenchaiah et 

al 2002, 2009, Ingelsson et al 2005a and 2005b, Nicklas et al 2006, Bahrami et al 2008, 

Spies et al 2009). The transition to heart failure associated with obesity may be mediated by 

diastolic dysfunction. Indeed, as reviewed in chapters 1 and 2 of the present thesis, excess 

adiposity is a strong determinant of LV diastolic abnormalities at a community level (Redfield 

et al 2003, Ammar et al 2008, Fischer et al 2003, Libhaber et al 2009 [analysis in an 

expanded cohort given in chapter 2], Tsioufis et al 2009, Russo et al 2011). These 

relationships are independent of a number of confounders including traditional risk factors, 

LV mass index (LVMI), LV concentric remodelling (as indexed by relative wall thickness), 

circumferential systolic LV wall stress, 24-hour BP and aortic pulse wave velocity (Libhaber 

et al 2009 and analysis in an expanded cohort given in chapter 2]). The relationship between 

obesity and LV diastolic function beyond traditional risk factors and additional 

haemodynamic and LV structural confounders, begs the question as to the mechanisms that 

may explain obesity-associated abnormalities in LV diastolic function. 

Importantly, insulin resistance, which is often associated with obesity, produces a 

number of adverse myocardial effects. Insulin resistance may either downregulate 

myocardial glucose uptake, thus precluding the energetic advantage provided by glucose 

versus free fatty acid oxidation or result in an accumulation of intracellular triacylglycerol, 

thus promoting lipotoxicity (Nikolaidis et al 2004, Ouwens et al 2005, Coort et al 2007). 

These changes may result in impaired myocardial relaxation or increased myocardial 

stiffness. Thus, one potential explanation for independent relationships between obesity and 

abnormalities in LV diastolic function is through insulin resistance. However, there is 

considerable controversy in this regard. Several studies conducted in select clinical samples 

and with small or relatively small study sizes (Lind et al 1995, Golderisi et al 1997, Mureddu 
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et al 1998, Watanabe et al 1999, Wong et al 2004, Bajraktari et al 2006, Dinh et al 2010, Utz 

et al 2011, Sliem et al 2011), or in large study samples (Hwang et al 2011) have suggested 

that insulin resistance is associated with abnormalities in diastolic function. However, in one 

study these relationships were not independent of adiposity indices (Mureddu et al 1998) 

and in other studies (Lind et al 1995, Galderisi et al 1997, Mureddu et al 1998, Watanabe et 

al 1999, Wong et al 2004, Utz et al 2011, Sliem et al 2011, Hwang et al 2011) these 

relationships were not adjusted for adiposity indices or indices or central (abdominal) 

adiposity. This raises the question as to wh ether previously described relationships between 

insulin resistance and diastolic function may be accounted for by residual confounding 

central adiposity effects. Moreover, it is uncertain whether these relationships may be 

accounted for by haemodynamic changes other than clinic blood pressure or heart rate, 

including 24-hour BP and aortic stiffness. In contrast to studies showing obesity-LV diastolic 

function relations, in alternative small studies (Olsen et al 2003, Wada et al 2010, Wu et al 

2012, Lambert et al 2010) also conducted in select clinical samples, indices of insulin 

resistance were not correlated with measures of diastolic function. 

To address the concerns of a potential selection bias, type I or II statistical errors in 

small study samples, a lack of adjustment for all appropriate adiposity indices in these prior 

studies, and the possibility that insulin resistance-diastoic function relationships may be 

explained by haemodynaimc changes not normally considered (24-hour BP and measures of 

aortic stiffness), in the present study I evaluated whether an index of insulin resistance is 

associated with LV diastolic function independent of adiposity indices or haemodynamic 

changes in a relatively large, randomly selected community-based sample with a high 

prevalence of obesity. 
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3.1. Methods 

 

3.1.1 General 

 

A description of the study sample has been provided in chapter 2 (pages 43-44). Of 

the 678 participants with echocardiographic data fasting blood results were obtained from 

478 participants. Demographic and clinical data were obtained using a standardised 

questionnaire described in chapter 2 (pages 44-45). Height, weight, waist circumference 

(WC), and sub-scapular and triceps skin-fold thickness (Harpenden callipers) were 

measured using standard approaches and participants were identified as being overweight if 

their BMI was ≥25 kg/m2 and obese if their BMI was ≥30 kg/m2. Central obesity was defined 

as an enlarged WC (≥88 cm in women and ≥102 cm in men)(Third report of the National 

Cholesterol Education Program (NCEP) expert panel, 2002). Mean skin-fold thickness was 

calculated as the mean of sub-scapular and triceps skin-fold thickness values. Standard 

laboratory blood tests of renal function, liver function, blood glucose (glucose oxidase), lipid 

profiles, haematological parameters, and percentage glycated haemoglobin (HbA1c)(Roche 

Diagnostics, Mannheim, Germany) were performed. Fasting plasma insulin concentrations 

were determined from an insulin immulite, solid phase, two-site chemiluminescent 

immunometric assay (Diagnostic Products Corporation, Los Angeles, CA, USA) and insulin 

resistance was estimated by the homeostasis model assessment of insulin resistance 

(HOMA-IR) using the formula (insulin [uU/ml] x glucose [mmol/l])/22.5 (Wallace et al 2004). 

Diabetes mellitus (DM) or an abnormal blood glucose control was defined as the use of 

insulin or oral hypoglycaemic agents or an HbA1c value greater than 6.1% (Bennett et al 

2007). Menopause was confirmed with measurements of follicle stimulating hormone 

concentrations. Blood pressure (BP) measurements were obtained by a trained nurse-

technician using a standard mercury sphygmomanometer and using SpaceLabs monitors 

(model 90207) (ambulatory 24-hour, day and night BP) as described in chapter 2, page 46.. 
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Carotid-femoral PWV was determined using applanation tonometry and SphygmoCor 

software as described in chapter 2, pages 46-47. 

 

3.1.2 Echocardiography. 

 

Echocardiography was performed as described in chapter 2, pages 47-55. Left 

ventricular diastolic function was assessed from a pulsed wave doppler examination of the 

mitral inflow at rest in all participants with HOMA-IR assessments and myocardial tissue 

Doppler imaging in 89 participants with HOMA-IR assessments as described in chapter 2, 

pages 50, 52-53. Left ventricular mass index (LVMI), and LV relative wall thickness were 

determined as described in chapter 2, page 54. All measurements were recorded and 

analyzed off-line by experienced investigators whom were unaware of the clinical data of the 

participants. An LVMI >51 g/m2.7 was considered to be increased (Nunez et al 2005). 

 

3.1.3  Data analysis 

 

 Database management and statistical analyses were performed with SAS software, 

version 9.1 (SAS Institute Inc., Cary, NC, USA). Continuous data are reported as mean±SD 

or mean±SEM. Unadjusted means and proportions were compared by the large-sample 

z-test and the 2-statistic, respectively. As HOMA-IR was positively skewed 

(skewness=3.77, kurtosis=19.2; Shapiro-Wilk’s statistic=0.61, p<0.0001) HOMA-IR was log 

transformed. Log transformation of HOMA-IR resulted in an improved distribution 

(skewness=0.21, kurtosis=-0.6; Shapiro-Wilk’s statistic=0.98). Independent relations 

between HOMA-IR and diastolic (E/A, e’/a’ or E/e’) function were determined from 

multivariate linear regression analysis with adjustments for waist circumference, age, sex, 

conventional systolic or diastolic BP (or 24-hour BP or PWV), diabetes mellitus or an 

HbA1c>6.1%, antihypertensive treatment, regular tobacco or alcohol intake, pulse rate and 
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either LVMI or LV relative wall thickness. Partial correlation coefficients between HOMA-IR 

and E/A, E/e’ or e’/a’ were determined by assessing these relations after adjusting for 

covariates. Probability values were further adjusted for non-independence of family 

members using the method of maximum likelihood as implemented by the mixed procedure 

as defined in the SAS package. The mixed model contains both fixed effects (all phenotypic 

data) parameters and random-effects (familial relationships) parameters. To compare the 

magnitude of the impact of different variables on E/A, standardized β-coefficients were 

determined from stepwise linear regression analysis and these coefficients compared using 

a one way analysis of variance. 

 

3.2 Results 

 

3.2.1 Participant characteristics. 

 

The demographic and clinical characteristics of participants with echocardiographic 

data either with or without fasting blood data were similar (Table 3.1). A high proportion of 

participants were overweight or obese (Table 3.1). Of the 42.1% of participants that were 

hypertensive, only 38.3% had controlled BP. Approximately a quarter of the participants had 

diabetes mellitus or an impaired blood glucose control. The mean (±SD) HOMA-IR and log 

HOMA-IR values in those with fasting blood values were 3.70±5.14 and 0.70±1.09 

respectively. 

The haemodynamic and left ventricular characteristics of the study group are shown 

in Table 3.2. 23.2% of participants had LVH (LVMI>51 g/m2.7). None of the participants had 

mitral valve abnormalities. Approximately 13% (n=62) had mild diastolic chamber 

dysfunction or impaired relaxation with an E/A ≤0.75, and ~29% (n=139) severe diastolic 

chamber dysfunction with an E/A≥1.50. 
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Table 3.1. General characteristics of study participants with and without fasting blood data. 

 

   Fasting blood data       With  Without 

_________________________________________________________________________ 

Number            478  200 

Women (%)      63.8  67.3 

Age (years)      43.5±18.0 41.7±17.2 

Body mass index (kg/m2)    29.5±7.8 29.3±7.8 

Waist circumference (cm)    90.4±16.2 90.6±17.7 

Overweight/obese     24.9/43.1 21.2/43.3 

Central obesity     437  47.1 

Hypertension       42.1  45.2 

Receiving antihypertensives    22.6  22.6 

Diabetes mellitus or glycated hemoglobin >6.1%      27.0  21.6 

Regular smoking     14.2  15.4 

Regular alcohol     22.2  15.9 

Conventional systolic BP (mm Hg)              130±22 128±14 

Conventional diastolic BP (mm Hg)              84±13   84±14 

_________________________________________________________________________ 

BP, blood pressure. No significant differences were noted between the groups. 
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Table 3.2. Haemodynamic and left ventricular parameters in study participants. 

          n= 

_________________________________________________________________________ 

24-Hour systolic BP (mm Hg)    119±15  351 

24-Hour diastolic BP (mm Hg      73±10   351 

Aortic pulse wave velocity (m/sec)   6.57±2.94  410 

LV mass (g)            160±54  478           

LV mass indexed for height2.7 (g/m2.7)  43.814.7  478           

LV hypertrophy     23.2   478 

E wave velocity (cm/s)    76.3±22.2  478           

A wave velocity (cm/s)    65.520.6  478            

E/A       1.26±0.48  478 

e’ wave velocity (cm/sec)    10.74±3.93  89 

a’ wave velocity (cm/sec)    8.24±3.3  89 

e’/a’       1.54±0.84  89 

E/a’                6.42±3.58  89 

LV ejection fraction (%)    67.0±8.5  478           

BP, blood pressure; LV, left ventricular; E, early transmitral velocity; A, late (atrial) transmitral 

velocity.
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 3.2.2 Factors related to HOMA-IR. 

 

 On bivariate analysis, BMI and waist circumference (Figure 3.1), age (r=0.22, 

p<0.0001), conventional systolic BP (r=0.12, p<0.01), aortic PWV (r=0.15, p<0.005), central 

aortic systolic BP (r=0.10, p<0.05), pulse rate (r=0.12, p<0.01), treatment for hypertension 

(r=0.19, p<0.0001), and diabetes mellitus or an HbA1c>6.1% (r=0.25, p<0.0001) were 

directly correlated with HOMA-IR. However, in a multivariate regression model, only waist 

circumference was independently associated with HOMA-IR (Table 3.3). Body mass index 

was not independently related to HOMA-IR (p=0.25). 

 

3.2.3 HOMA-IR is independently associated with left ventricular mass index and relative 

wall thicknress 

 

On both bivariate (r=0.22, p<0.0001) and multivariate regression analysis (partial 

r=0.096, p<0.05), with adjustments for age, waist circumference, sex, regular tobacco use, 

regular alcohol intake, circumferential systolic stress, treatment for hypertension and 

diabetes mellitus, HOMA-IR was associated with LVMI. Moreover, on both bivariate (r=0.20, 

p<0.0001) and multivariate regression analysis (partial r=0.10, p<0.05), with adjustments for 

age, waist circumference, sex, regular tobacco use, regular alcohol intake, circumferential 

systolic stress, treatment for hypertension and diabetes mellitus, HOMA-IR was associated 

with LV relative wall thickness. 

 

3.2.4 Relationship between HOMA-IR and LV diastolic function. 

 

 On bivariate analysis, HOMA-IR was strongly and inversely correlated with E/A 

(Figure 3.2). In a multivariate model with waist circumference, age, sex, conventional 

diastolic BP, diabetes mellitus or an HbA1c>6.1%, regular tobacco use, regular alcohol 

intake, pulse rate, and treatment for hypertension in the model, HOMA-IR was independently  
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Figure 3.1. Bivariate relationship between indices of excess adiposity and the homeostasis 

model assesment of insulin resistance (HOMA-IR) in a community sample. BMI, body mass 

index. 
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Table 3.3. Factors independently associated with the homeostasis model assessment of 

insulin resistance (HOMA-IR) in a multivariate regression model . 

 

                  Standardized        p value for 

Variable                          β-coefficient±SEM          relationship        

 

Age        -0.005±0.067   0.94 

Waist circumference       0.168±0.058   <0.005 

Diastolic blood pressure    -0.026±0.056   0.65 

Sex        0.049±0.051   0.34 

Treatment for hypertension    -0.070±0.052   0.18 

Diabetes mellitus or glycated hemoglobin>6.1%  0.115±0.051   <0.05 

Pulse rate       0.051±0.048   0.29 

Regular tobacco     -0.061±0.049   0.21 

Regular alcohol     -0.064±0.047   0.17 

______________________________________________________________________ 
Bold values are significant. Probability values were further adjusted for non-independence of 

family members. Significant probability values are indicated in bold. Model r2=0.13, 

p<0.0001. Left ventricular mass index was also included in the model. 
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Figure 3.2. Bivariate relationship between the homeostasis model assesment of insulin 

resistance (HOMA-IR) and left ventricular early-to-late (atrial) transmitral velocity (E/A) in a 

community sample. 



         -84- 
 

associated with E/A (Figure 3.3). With further adjustments for LVMI or LV relative wall 

thickness, HOMA-IR retained independent relationships with E/A (Figure 3.3). Moreover, 

with adjustments for 24-hour systolic or diastolic BP or aortic PWV in place of conventional 

BP in the multivariate models, HOMA-IR remained independently related to E/A (Figure 3.3). 

In the 89 participants with myocardial tissue Doppler assessments, HOMA-IR was 

correlated with e’/a’ (r=0.29, p<0.0001), but not with E/e’ (r=0.03, p=0.78). However, in a 

multivariate model with waist circumference, age, sex, conventional diastolic BP, diabetes 

mellitus or an HbA1c>6.1%, regular tobacco use, regular alcohol intake, pulse rate, and 

treatment for hypertension in the model, the relationship between HOMA-IR and e’/a’ was 

not retained (partial r=-0.14, p=0.18). 

 

3.2.5 Comparison of the quantitative  impact of HOMA-IR versus alternative factors on LV 

diastolic function   

 

 Table 3.4 shows a comparison of the standardized β-coefficients (slopes) for the 

independent relations between variables associated with E/A in multivariate regression 

models. The relations between HOMA-IR and E/A were similar irrespective of whether LVMI 

was (Table 3.4) or was not (standardized β-coefficient=-0.105±0.034, p<0.005) included in 

the regression model. Similar outcomes were noted with systolic as opposed to diastolic BP 

in the regression model (HOMA-IR versus E/A adjusted for confounders and systolic BP: 

standardized β-coefficient=-0.099±0.034, p<0.005). The magnitude of the effect of HOMA-IR 

on E/A was comparable with the effect of BP on E/A and second only to the magnitude of 

the effect of age on E/A (comparison of the standardized β-coefficients inTable 3.4). With 

both HOMA-IR and waist circumference included in a multivariate model, although the 

relationship between HOMA-IR and E/A persisted, the relationship between waist 

circumference and E/A no longer achieved significance (Table 3.4). 

 



         -85- 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Multivariate adjusted (adj) relationships (partial correlation coefficients [partial r] 

and 95% confidence intervals [CI]) between the homeostasis model assesment of insulin 

resistance (HOMA-IR) and left ventricular early-to-late (atrial) transmitral velocity (E/A) in a 

community sample. DBP, diastolic blood pressure; SBP, systolic BP; LVMI, left ventricular 

mass index; RWT, LV relative wall thickness; PWV, aortic pulse wave velocity. Adjustments 

are for waist circumference, age, sex, conventional BP (or 24-hour BP, or PWV as 

indicated), diabetes mellitus or an HbA1c>6.1%, regular tobacco use, regular alcohol intake, 

pulse rate, treatment for hypertension, and LVMI or RWT as indicated in the models. 
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Table 3.4.. Comparison of the impact of factors associated with left ventricular E/A in a 

multivariate regression model in the study group (n=478). 

 

                  Standardized        p value for 

Variable                          β-coefficient±SEM          relationship        

 

Age        -0.542±0.045       <0.0001 

Waist circumference      -0.076±0.043       =0.075 

HOMA-IR      -0.098±0.034       <0.005 

Diastolic blood pressure    -0.121±0.035       <0.001 

Sex        0.059±0.037       =0.11 

Treatment for hypertension     0.021±0.038       =0.57 

Diabetes mellitus or glycated hemoglobin>6.1% -0.033±0.37       =0.37 

Left ventricular mass index    -0.064±0.036       =0.079 

Pulse rate      -0.071±0.035       <0.05 

Regular tobacco      0.045±0.036       =0.20 

Regular alcohol      0.027±0.034       =0.43 

______________________________________________________________________ 
HOMA-IR, homeostasis model assesment of insulin resistance. Probability values were 

further adjusted for non-independence of family members. Significant probability values are 

indicated in bold. Model r2=0.54, p<0.0001. No significant differences were noted between β-

coefficients for HOMA-IR and diastolic blood pressure. 
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3.3 Discussion 

 

The main findings of the present study are that in a randomly selected community 

sample with a high prevalence of obesity, insulin resistance, as indexed by HOMA-IR was 

associated with E/A independent of a number of confounders as well as waist 

circumference, the main adiposity index that explains variations in E/A. Importantly, these 

independent relations were also beyond structural LV changes, including LVMI and relative 

wall thickness as well as 24-hour BP and aortic PWV. 

To the best of my knowledge the present study is the first to provide strong evidence 

to show that insulin resistance is associated with an abnormal LV diastolic function 

independent of appropriate adiposity indices. In this regard, these findings are consistent 

with the results of several small studies which are nevertheless subject to false positive 

findings and a selection bias (Lind et al 1995, Golderisi et al 1997, Mureddu et al 1998, 

Watanabe et al 1999, Wong et al 2004, Bajraktari et al 2006, Dinh et al 2010, Utz et al 2011, 

Sliem et al 2010), and one large study, which was nevertheless also conducted in a select 

clinical sample (Hwang et al 2011). Importantly, in one small study reporting on obesity-LV 

diastolic function relations, these relationships were not independent of adiposity indices 

(Mureddu et al 1998) and in other studies (Lind et al 1995, Golderisi et al 1997, Mureddu et 

al 1998, Watanabe et al 1999, Wong et al 2004, Dinh et al 2010, Utz et al 2011, Sliem et al 

2010, Hwang et al 2011) these relationships were either not adjusted for adiposity indices or 

were adjusted for BMI rather than indices or central (abdominal) adiposity. With respect to 

adjustments for indices of central adiposity, as indicated in the present study, waist 

circumference, but not BMI was independently associated with HOMA-IR. Thus, previously 

reported associations between insulin resistance and LV diastolic function may not only be 

attributed to either false positive results, or a selection bias, but also to confounding effects 

of central obesity per se. 

In contrast to the present and prior studies (Lind et al 1995, Golderisi et al 1997, 

Mureddu et al 1998, Watanabe et al 1999, Wong et al 2004, Bajraktari et al 2006, Utz et al 
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2011, Sliem et al 2010, Hwang et al 2011) showing relations between obesity and LV 

diastolic function, in alternative small studies (Olsen et al 2003, Wada et al 2010, Wu et al 

2011, Lambert et al 2010), indices of insulin resistance were not correlated with measures of 

diastolic function. However, the small sample sizes may have resulted in false negative 

findings and a selection bias may have resulted in recruitment of participants that do not 

reflect the community at large. 

Importantly, in the present study I noted a modest independent relationship between 

HOMA-IR and LVMI or relative wall thickness. As LV diastolic function is strongly determined 

by LVMI and relative wall thickness (Schillaci et al 2002, Fischer et al 2003, Chahal et al 

2010), I thus assessed the relationship between HOMA-IR and LV diastolic function with 

adjustments for LVMI or relative wall thickness. In this regard, adjustments for either LVMI or 

relative wall thickness failed to modify the multivariate adjusted HOMA-IR-E/A relationships. 

These data would therefore suggest that LV structural changes are unlikely to account for 

relationships between HOMA-IR and LV diastolic function. 

With respect to the clinical implications of the present findings, as discussed in 

chapter 2 of the present thesis, obesity effects on LV diastolic function may represent a 

progressive preclinical condition that contributes to obesity-induced heart failure (Chen et al 

1999, He et al 2001, Johansson et al 2001, Wilhelmsen et al 2001, Kenchaiah et al 2002, 

2009, Ingelsson et al 2005a and 2005b, Nicklas et al 2006, Bahrami et al 2008, Spies et al 

2009). In this regard, as suggested by the present study, insulin resistance may mediate this 

effect and hence may represent a potential target to prevent the transition to heart failure in 

obesity. The present findings suggest that the relationship between insulin resistance and 

heart failure (Ingelssona et al 2005) may be in-part accounted for by the adverse effects of 

insulin resistance on LV diastolic function. 

 The present study has several strengths and limitations. The strengths of the study 

include the use of ambulatory BP and arterial stiffness assessments to adjust for the impact 

of haemodynamic factors on the relationships between HOMA-IR and diastolic function in a 

cohort of participants. Thus, the chances of the independent relationship noted between 
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HOMA-IR and E/A being attributed to inappropriate estimates of BP or haemodynamic 

factors being employed are likely to have been reduced. Second, I evaluated relations 

between HOMA-IR and E/A using BP and E/A as continuous rather than dichotomous traits, 

thus improving the probability of a positive outcome. 

The limitations of the study are first the cross-sectional rather than prospective nature 

of the study design and hence relationships between HOMA-IR and E/A may not be causal. 

Second, I did not measure pulmonary venous reverse flow and mitral inflow during the peak 

of the valsalva maneuver, and hence I may have missed some participants with diastolic 

dysfunction. Moreover, tissue Doppler assessments were available in only a small cohort of 

the total sample. I may thus have missed participants with pseudonormal filling patters. 

Thus, I did not assess the relationship between HOMA-IR and the presence of diastolic 

dysfunction reported as a discrete trait. Third, the limited proportion of male participants 

recruited for the study prevented sex-specific analyses, and thus the effect reported on in the 

present study may be restricted to females. Fourth, LV ejection fraction was measured with 

echocardiography whilst magnetic resonance imaging (MRI) measurements of systolic 

function have been demonstrated to be more sensitive for predicting cardiovascular events 

(Mewton et al 2013). Fifth, the relationships between HOMA-IR and E/A after adjustments 

for 24 hour BP, or aortic wave velocity only achieved a trend for significance (p<0.05) and 

hence a larger sample size is required to confirm these data. Importantly however, even with 

waist circumference in the same model, HOMA-IR achieved quantitatively the third greatest 

effect on E/A next to age and diastolic BP. Last, relatively weak partial r values were noted 

for relationships between HOMA-IR and E/A, a finding that must be interpreted with caution. 

This may reflect an overall weak relationship between insulin resistance and E/A; an inability 

to appropriately account for all confounders or to exclude the impact of co-linearity between 

adjustors in multivariate models; or to an inability to accurately assess the degree of insulin 

resistance using for example a euglycaemic insulin clamp. Only intervention studies are 

likely to reveal the actual magnitude of the effect of insulin resistance on E/A if indeed this 

relationship is cause and effect. 
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In conclusion, the results of the present study suggest that with adjustments for 

appropriate adiposity indices (waist circumference) and other confounders, HOMA-IR 

contributes as much as BP to decreases in LV diastolic function at a community level, and 

that this effect is independent of LVH, geometric LV remodelling, and a number of 

haemodynamic factors, including aortic stiffness and 24-hour BP. The mechanisms of this 

effect require further elucidation. These data lend insights into the potential for the 

development of therapeutic strategies targeting insulin resistance to prevent the transition to 

heart failure in obesity. 
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Abstract 

It is unclear whether left ventricular hypertrophy (LVH) which exceeds that predicted 

from workload (inappropriate LV mass [LVMinappr]), is associated with reduced LV systolic 

chamber function independent of and more closely than absolute or indexed LVM. It is also 

uncertain to what extent obesity contributes toward variations in LVMinappr at a community 

level. In 626 randomly selected adult participants from a community sample with a high 

prevalence of obesity, using echocardiography I assessed absolute LVM, LVM indexed to 

height2.7 (LVMI), LVMinappr, LV wall stress, ejection fraction (EF), and midwall fractional 

shortening (FSmid). LVMinappr was determined as % observed/predicted LVM. Predicted LVM 

was calculated from a previously validated formula that incorporates stroke work. 

LVMIinappr>150% was considered to be inappropriate LVH. This threshold was identified from 

the upper 95% confidence interval for LVMIinappr determined in 140 healthy participants. 

21.7% of participants had LVH (LVMI>51g/m2.7) and 18.5% had inappropriate LVH. The 

strongest independent predictor of inappropriate LVH was body mass index 

(BMI)(p<0.0001). With adjustments for LV stress and other confounders there was a strong 

inverse relationship between LVMinappr and EF (partial r=-0.41, p<0.0001), whilst only modest 

inverse relations between LVM or LVMI and EF were noted (partial r=-0.07 to -0.09, p<0.05-

0.09)(p<0.0001, comparison of partial r values). The independent relationship between 

LVMinappr and EF persisted with further adjustments for LVM or LVMI (partial r=-0.52, 

p<0.0001). LVMinappr and FSmid were similarly inversely related (p<0.0001) and these 

relations were also stronger than and independent of LVM or LVMI. In conclusion, in a 

community sample with a high prevalence of obesity, inappropriate LVH is strongly and 

inversely related to variations in EF independent of and more closely than LVM or LVMI and 

BMI was the strongest independent determinant of inappropriate LVH. These data suggest 

that LVH is a compensatory response to workload, but when exceeding that predicted by 

workload, as may occur in obesity, is associated with LV systolic chamber decompensation. 
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4.0 Introduction 

   

The independent relationship between excess adiposity and LV systolic chamber 

function is controversial, with some studies showing a relationship (Ammar et al 2008, 

Chinali et al 2006, Scaglione et al 1992, Karason et al 1998, Alpert et al 1995), whilst the 

majority of studies have failed to do so (Pascual et al 2003, de Devitiis et al 1981, Zarich et 

al 1991, Stoddard et al 1992, De Simoneb et al 1996, Mureddu et al 1996, Iacobellis et al 

2002, Peterson et al 2004, Wong et al 2004, Turkbey et al 2010, Powell et al 2006, Bazzano 

et al 2011, Russo et al 2011). One possible explanation for these discrepancies is that the 

transition to LV systolic chamber dysfunction in obesity depends on the extent of left 

ventricular hypetrophy (LVH). 

Left ventricular hypertrophy is indeed an independent predictor of a reduced LV 

ejection fraction (EF) (Drazner et al 2004). However, an increased LV mass (LVM) 

(Aurigemma et al 1995, de Simone et al 1994b, Shimizu et al 1991) or on-treatment 

decreases in LVM (Perlini et al 2001) have also been associated with an unchanged EF. In 

addition, LVH may even be associated with an enhanced EF for that predicted by wall stress 

(Hartford et al 1985) and on-treatment decreases in LVM have been related to an 

attenuation of rather than enhancement of indices of LV systolic chamber function (Wachtell 

et al 2002). One explanation for the variable relationships between LVM or LVM index 

(LVMI) and LV systolic chamber function (Aurigemma et al 1995, de Simoneb et al 1994, 

Shimizu et al 1991, Perlini et al 2001, Hartford et al 1985, Wachtell et al 2002) is that LVH in-

keeping with work load (i.e. stroke work=blood pressure x stroke volume) is compensatory, 

whilst that exceeding workload (i.e. “inappropriate” LVM [LVMinappr]) (de Simone et al 1998) 

contributes toward decompensation. Indeed a number of studies have demonstrated an 

inverse relationship between LVMinappr and LV systolic chamber function (Palmieri et al 1999, 

Palmieri et al 2001, Celentano et al 2001, de Simone et al 2004, Chinali et al 2006, Chinali 

et al  2007. Cioffi et al 2011). As obesity has been demonstrated in some studies conducted 

in select samples, to be related to LVMinappr (Palmieri et al 1999, Palmieri et al 2001, 
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Calentano et al 2001, Palmieri et al 2004, de Simone et al 2004, Chinali et al 2006, Lopez et 

al 2007, Chinali et al 2007, Ratto et al 2008) it is possible that obesity-induced LVMinappr may 

translate into LV systolic chamber dysfunction. However, there are a number of unresolved 

issues with respect to the role of LVMinappr as a determinant of EF and the role of obesity as a 

mediator of LVMinappr. 

With regards to the unresolved issue of the role of LVMinappr as a determinant of EF, 

some prior studies conducted in select clinical samples have demonstrated inverse 

correlations between LV systolic chamber function and both absolute LVM as well as 

LVMinappr (Palmieri et al 1999, Palmieri et al 2001) and in one of these studies LVM was 

equally as strongly inversely correlated with EF as LVMinappr (Palmieri et al 2001). This 

finding is at odds with the notion that it is only LVM beyond stroke work that explains 

decompensation. Thus, further studies are required in non-selected samples to evaluate 

whether LVMinappr is inversely associated with LV systolic chamber function independent of 

LVM or LVMI. 

With respect to the unresolved issue of the role of obesity as a possible determinant 

of LVMinappr although the aforementioned studies (Palmieri et al 1999, Palmieri et al 2001, 

Calentano et al 2001, Palmieri et al 2004, de Simone et al 2004, Chinali et al 2006, Lopez et 

al 2007, Chinali et al 2007, Ratto et al 2008), have demonstrated this relationship, these 

associations were not adjusted for confounders and in other select study samples (de 

Simone et al 2001, Mureddu et al 2001, Muiesan et al 2007, Cioffi et al 2011) obesity was 

not related to LVMinappr even in unadjusted models. Moreover, whether relationships between 

obesity and LVMinappr can be accounted for by increases in alternative haemodynamic factors 

such as an increased 24-hour BP, aortic PWV and changes in circumferential wall stress is 

uncertain. Indeed, in one study both BMI and 24-hour BP were increased in 16 

hypertensives with inappropriate LVH as compared to 164 hypertensives with an appropriate 

LVM (Palmieri et al 1999). Therefore, the extent to which obesity contributes toward 

LVMinappr at a community level independent of confounders and additional haemodynamic 
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factors and whether LVMinappr is associated with a reduced systolic chamber function 

independent of and more strongly than absolute or indexed LVM, is uncertain. 

As the extent of the contribution of obesity toward LVMinappr and whether inverse 

relationships between LVMinappr and EF are independent of absolute LVM are unclear, in the 

present study conducted in a randomly selected community sample of black African ancestry 

with a high prevalence of obesity, I therefore aimed to evaluate i) whether LVMinappr is 

inversely associated with EF independent of and more strongly than LVM or LVMI and ii) the 

extent to which obesity contributes toward variations in LVMinappr independent of all 

confounders and 24-hour BP and aortic PWV. 

 

4.1 Methods 

 

4.1.1 General 

 

A description of the study sample has been provided in chapter 2 (pages 43-44). 

Demographic and clinical data were obtained using a standardised questionnaire described 

in chapter 2 (pages 44-45). Height and weight were measured using standard approaches 

and participants were identified as being overweight if their body mass index (BMI) was ≥25 

kg/m2 and obese if their BMI was ≥30 kg/m2. Standard laboratory blood tests of renal 

function, liver function, blood glucose, lipid profiles, haematological parameters, and 

percentage glycated haemoglobin (HbA1c)(Roche Diagnostics, Mannheim, Germany) were 

performed. Diabetes mellitus (DM) or an abnormal blood glucose control was defined as the 

use of insulin or oral hypoglycaemic agents or an HbA1c value greater than 6.1% (Bennett et 

al 2007). Menopause was confirmed with measurements of follicle stimulating hormone 

concentrations. Blood pressure (BP) measurements were obtained by a trained nurse-

technician using a standard mercury sphygmomanometer and using SpaceLabs monitors 

(model 90207) (ambulatory 24-hour, day and night BP) as described in chapter 2, page 46. 
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Carotid-femoral PWV was determined using applanation tonometry and SphygmoCor 

software as described in chapter 2, pages 46-47. 

 

4.1.2 Echocardiography. 

 

Echocardiography was performed as described in chapter 2, pages 47-55. All 

measurements were recorded and analyzed off-line by experienced investigators who were 

unaware of the clinical data of the participants. Left ventricular mass (LVM), LVMI, and LV 

mean wall thickness were calculated as described in chapter 2, page 54. LVMI >51 g/m2.7 

was considered to be increased (Nunez et al 2005). Left ventricular ejection fraction (EF) 

and midwall fractional shortening (FSmid) were calculated to determine LV pump and 

myocardial systolic function respectively. The assessment of EF is as described in chapter 2, 

page 54. An EF of <55% was considered to be a reduced EF. A threshold of 55% was 

supported by identifying the lower 5% confidence interval for EF (55.8%) in 140 participants 

from the community-based study without clinically significant disease and normal clinical 

blood parameters who were normotensive, non-diabetic, and had a BMI<30 kg/m2. Midwall 

fractional shortening (FSmid) was calculated using a previously described formula (de 

Simoneb et al 1996) as [(LVIDed + 0.5 Hed)-(LVIDes + 0.5 Hes)]/(LVIDed + 0.5 Hed), where 

LVID is left ventricular internal diameter, H is wall thickness, ed is end diastole and es is end 

systole. The calcution of FSmid using a modified ellipsoidal model and as previously 

described (de Simoneb et al 1996) accounts for epicardial migration of the midwall during 

systole. Stroke volume was evaluated from the difference between LV end diastolic and 

systolic volumes determined using both the Teichholz (Teichholz et al 1976) and the Z-

derived (de Simonec et al 1996) methods. Circumferential LV systolic wall stress was 

calculated as previously described (Shimizu et al 1991) as: 

SBP (0.5 LVIDs)2 [1+ {(0.5 LVIDs + PWTs)2/(0.5 LVIDs + 0.5 PWTs)2}] 

(0.5 LVIDs + PWTs)2 - (0.5 LVIDs)2 
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where SBP is systolic blood pressure, LVIDs is LVID in systole and PWTs is posterior wall 

thickness in systole. 

The extent of inappropriate LVM (LVMinappr) was determined from predicted LVM as 

described by others (de Simone et al 2002), where predicted LVM was calculated as 

55.37+(6.64 x height2.7)+(0.64 x [systolic BP x stroke volume x 0.014]) – (18.07 x gender), 

where male gender=1 and female gender=2, and where stroke volume was calculated from 

LV volumes assessed from the Z-derived method. Inappropriate LVM was expressed either 

as actual-predicted LVM in grams, or % actual LVM/predicted LVM. An LVMIinappr>150% was 

considered to be increased. This threshold was identified from the upper 95% confidence 

interval for LVMIinappr determined in the same 140 participants employed to define thresholds 

for EF. In these participants the upper 95% confidence for LVMI was 51.8 g/m2.7. To ensure 

that the calculation for LVMinappr was suitable for the community studied, I determined 

whether the strong correlations between LVM or LVMI and stroke work were eliminated if 

LVM was expressed as LVMinappr. 

 

4.1.3 Data analysis 

 

 Database management and statistical analyses were performed with SAS software, 

version 9.1 (SAS Institute Inc., Cary, NC, USA). Continuous data are reported as mean±SD 

or mean±SEM. Unadjusted means and proportions were compared by the large-sample 

z-test and the 2-statistic, respectively. Independent relations between LVM, LVMI or 

LVMinappr and LV function were assessed from multivariate linear regression analysis with 

appropriate adjustors. Z-Statistics were used to compare correlation coefficients. Probability 

values were further adjusted for non-independence of family members using the method of 

maximum likelihood as implemented by the mixed procedure as defined in the SAS 

package. 
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4.2 Results 

 

4.2.1 Participant characteristics. 

 

The demographic and clinical characteristics of those with and without 

echocardiographic data were similar (Table 4.1). A high proportion of participants were 

obese (Table 4.1). Of the 43% of participants that were hypertensive, only 36% had 

controlled BP. 18.5% of participants had inappropriate increases in LVM (LVMIinappr>150%). 

21.7% of participants had LVH (LVMI>51 g/m2.7). In the treated hypertensives 85.7% of 

participants were receiving low dose hydrochlorothiazide, 15.7% calcium channel blockers, 

21.1% angiotensin-converting enzyme inhibitors (ACEI) and 2.0% beta adrenergic receptor 

blockers (β-blockers). None of the participants were receiving angiotensin receptor 

antagonists (ARB) or aldosterone receptor antagonists. 

 

4.2.2 Suitability of the LVMinappr calculation. 

 

In contrast to strong positive correlations noted between LVM (or LVMI) and stroke 

work (r=0.60-0.67, p<0.0001), when LVM was expressed as LVMinappr, relations with stroke 

work were eliminated (r=-0.02, p=0.67). 

 

4.2.3 Clinical and demographic factors associated with an increased LVMinappr or LVMI. 

 

Participants with an increased LVMinappr or LVMI were older; consisted of more 

women; had a greater BMI and waist circumference; had more diabetes mellitus or an 

uncontrolled blood glucose; and more were receiving antihypertensive therapy (Table 4.2). 

Participants with an increased LVMinappr also had a higher pulse rate, but fewer smoked and 

consumed alcohol regularly (Table 4.2). Participants with an increased LVMI, but not those 

with an increased LVMinappr had an increased conventional (Table 4.2), and 24 hour, day and  
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Table 4.1. Characteristics of study participants with and without echocardiographic data. 

 

   Echocardiography             With  Without 

_________________________________________________________________________ 

Number (% women)             626 (65.0)  565 (65.5)  

Age (years)           43±18  44±19            

Body mass index (kg/m2)         29.3±7.6  29.6±8.5           

Waist circumference (cm)         90.3±16.6  90.2±16.8  

% Overweight/obese          23.8/42.5  22.1/43.0            

% Hypertension            43.0    41.6    

% Receiving antihypertensives          23.5    23.0      

% Treated for diabetes mellitus           8.0     5.5   

% Diabetes mellitus or HbA1c >6.1%         27.0    23.4   

% Regular smoking            14.1    15.9   

% Regular alcohol             20.1    22.3  

Conventional systolic BP/ diastolic BP (mm Hg)    129±22/84±13      130±23/85±13       

All continuous data are expressed as mean±SD. BP, blood pressure; HbA1c, glycated 

hemoglobin. 
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Table 4.2. Characteristics of participants with or without increases in left ventricular mass 

(LVM) indexed to height2.7 (LVMI) or inappropriate increases in LVM (LVMinappr). 

                          

              LVMinappr         LVMI      

                   >150%          ≤150%            >51 g/m2.7      ≤51 g/m2.7  

_________________________________________________________________________     

Sample size (% female)         116 (83.6)*** 510 (60.8)      136 (68.4)    490 (64.1) 

Age (years)           49.2±7.1***   41.5±17.8    54.4±15.7***  28.1±7.2 

Body mass index (kg/m2)         34.6±7.1***   28.2±7.3    33.9±7.6***    28.1±7.2 

Waist circumference (cm)          101±16***    88±16         99±17***    88±16 

% DM or HbA1c>6.1%             41.4**         23.7           42.7***     22.7          

% Treated for hypertension                        36.2**         20.6            42.7***     18.2          

Regular smoking (%)               5.2**          16.1            9.6    15.3         

Regular alcohol (%)                        12.1*        22.0           20.6    20.0 

Conventional SBP (mm Hg)                       128±20        129±23            141±24***     126±21 

Conventional DBP (mm Hg)              83±11          84±13         89±13***    83±12 

Pulse rate (beats/min)             69±14**       64±12         66±14     65±12 

LV systolic wall stress (g/cm2)          111±29       113±29         116±32    112±29 

_________________________________________________________________________ 

All continuous data are expressed as mean±SD. DM, diabetes mellitus; HbA1c, glycated 

hemoglobin; SBP, systolic blood pressure; DBP, diastolic BP; LV, left ventricle. *p<0.05, ** 

p<0.001, ***p<0.0001 vs LVMinappr ≤150% or LVMI≤51 g/m2.7. 
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night BP (data not shown). However, LV systolic wall stress was similar between the groups 

(Table 4.2). 

 

4.2.4 Relationships between indices of excess adiposity and LVMinappr. 

 

In bivariate analysis, indices of adiposity were strongly associated with LVMinappr 

(Figure 4.1). In a multivariate model with adjustments for confounders, indices of adiposity 

were strongly and independently associated with LVMinappr irrespective of whether 

conventional BP (Table 4.3), circumferential wall stress (Table 4.4), aortic PWV (Table 4.4), 

or 24 hour BP (Table 4.4) were included in the multivariate model. 

 

4.2.5 Left ventricular structure and systolic function in participants with an increased 

LVMinappr or LVMI. 

 

Participants with an increased LVMI and LVMinappr had an increased LVM, LVMI, LV 

mean wall thickness and LV end diastolic diameter as compared to participants with a 

normal LVMI and LVMinappr (Table 4.5). Either with adjustments for confounders or 

unadjusted, LV EF and FSmid were decreased in participants with an increased LVMinappr 

(Table 4.5). In contrast, both LV EF and FSmid were similar in participants with as opposed 

to without an increased LVMI (Table 4.5). Secondary data analysis with adjustments for the 

use of ACEIs or β-blockers in place of “treatment for hypertension” produced essentially the 

same differences in LVEF and FSmid between the groups (Table 4.6). 

 

4.2.6 Relationship between LVM, LVMI, or LVMinappr and EF or FSmid. 

 

On bivariate and multivariate regression analysis with LV systolic wall stress and 

other confounders included as adjustors; LVMinappr was strongly and inversely associated 

with EF and FSmid (Figure 4.2 and Table 4.7). In contrast, LVM and LVMI showed only a 
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Figure 4.1. Bivariate relationships between indices of adiposity and left ventricular mass 

(LVM) that exceeds that predicted from LV workload (inappropriate LVM [LVMinappr.])  
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Table 4.3. Independent relationships between indices of excess adiposity and left ventricular 

mass (LVM) beyond that predicted by stroke work (inappropriate LVM [LVMinappr]) in 626 

participants of a community sample. 

 

LVMinappr vs    Standardised β-coefficient±SEM  p value 

__________________________________________________________________   

Model with waist circumference 

Age     -0.048±0.05    =0.54 

Female sex     0.141±0.042    =0.0007 

Waist circumference    0.267±0.047    <0.0001 

DM and/or HbA1c>6.1%   0.068±0.042    =0.09 

Pulse rate     0.022±0.038    =0.21 

Treatment for hypertension   0.029±0.045    =0.27 

Smoking    -0.041±0.042    =0.58 

Alcohol    -0.011±0.039    =0.67 

Model with body mass index 

Age     -0.026±0.048    =0.82 

Female sex     0.087±0.044    <0.05 

Body mass index    0.280±0.047    <0.0001 

DM and/or HbA1c>6.1%   0.076±0.041    =0.06 

Pulse rate     0.036±0.038    =0.12 

Treatment for hypertension   0.025±0.045    =0.30 

Smoking    -0.042±0.042    =0.55 

Alcohol    -0.007±0.039    =0.74 

DM, diabetes mellitus. Also included in the models was systolic blood pressure. Probability 

values are further adjusted for non-independence of family members. 
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Table 4.4. Relationships between indices of excess adiposity and left ventricular mass 

(LVM) beyond that predicted by stroke work (inappropriate LVM [LVMinappr]) with adjustments 

for potential confounders and haemodynamic factors as indicated. 

 

LVMinappr vs   n=           Adustments          Partial r            CI  p value 

________________________________________________________________________   

Waist circumference  626    * + SBP  0.24       0.164 to 0.312 <0.0001 

    626   * + LV wall stress 0.23       0.157 to 0.306 <0.0001 

    559   * + aortic PWV 0.23       0.148 to 0.307 <0.0001 

        437   * + 24-hour SBP 0.23       0.157 to 0.306 <0.0001 

Body mass index  626    * + SBP  0.26       0.182 to 0.330 <0.0001 

    626   * + LV wall stress 0.24       0.167 to 0.316 <0.0001 

    559   * + aortic PWV 0.25       0.167 to 0.323 <0.0001 

        437   * + 24-hour SBP 0.26       0.169 to 0.345 <0.0001 

_________________________________________________________________________ 

CI, confidence intervals; SBP, systolic blood pressure; PWV, pulse wave velocity. 

*Adustments are for age, sex, pulse rate, treatment for hypertension, diabetes mellitus 

oand/or HbA1c>6.1%, regular alcohol intake, regular smoking. Probability values are further 

adjusted for non-independence of family members. 
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Table 4.5. Left ventricular (LV) structural characteristics and systolic function in participants 

with or without increases in left ventricular mass (LVM) indexed to height2.7 (LVMI) or 

inappropriate increases in LVM (LVMinappr). 

                          

              LVMinappr         LVMI      

                   >150%          ≤150%            >51 g/m2.7      ≤51 g/m2.7  

_________________________________________________________________________     

Sample size            116        510       136     490 

LVM (g)              202±54***    145±43        218±44***   138±36 

LVM indexed for height2.7 (g/m2.7)        57.4±16.6*** 39.4±11.2      62.6±12.5*** 37.3±8.7 

% Actual LVM/Predicted LVM         176±22***    116±21       156±33***   119±26 

Actual LVM-predicted LVM (g)           87±33***      20±27        74±40***    21±28 

LV mean wall thickness (cm)        1.04±0.24***  0.86±17     1.06±0.20*** 0.84±0.17 

LV end diastolic diameter (cm)        4.91±0.61** 4.72±0.55     5.18±0.53*** 4.63±0.52 

LV ejection fraction (%)         63.2±10.0*** 67.7±8.2       66.6±9.9      67.0±8.4 

Adjusted† LV ejection fraction (%)        62.3±7.8***  67.9±7.5       66.5±8.1      67.0±7.8 

LV FSmid  (%)           20.9±5.6***   23.5±5.2       22.7±5.9   23.1±5.2 

Adjusted† LV FSmid (%)         20.9±5.5***   23.5±5.2       23.1±5.6   23.0±5.3 

_________________________________________________________________________ 

FSmid, midwall fractional shortening. *p<0.05, ** p<0.001, ***p<0.0001 vs LVMinappr ≤150% 

or LVMI≤51 g/m2.7.†Multivariate adjustments are for age, sex, LV circumferential systolic wall 

stress, HbA1c, pulse rate, treatment for hypertension, regular smoking, regular alcohol 

intake, and waist circumference. Probability values are further adjusted for non-

independence of family members. 
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Table 4.6. Multivariate adjusted (including adjustments for the use of angiotensin-converting 

enzyme inhibitors [ACEI] and beta adrenergic receptor blockers [β-blockers]) left ventricular 

(LV) systolic function in participants with or without increases in left ventricular mass (LVM) 

indexed to height2.7 (LVMI) or inappropriate increases in LVM (LVMinappr). 

                          

              LVMinappr         LVMI      

                   >150%          ≤150%            >51 g/m2.7      ≤51 g/m2.7  

_________________________________________________________________________     

Sample size            116        510       136     490 

Adjusted† LV ejection fraction (%)    62.4±7.8 67.9±7.5* 66.5±8.1 67.0±7.8 

Adjusted† LV FSmid (%)     20.9±5.4 23.5±5.2* 23.1±5.6 23.0±5.3       

_________________________________________________________________________ 

FSmid, midwall fractional shortening. *p<0.0001 vs LVMinappr ≤150% or LVMI≤51 

g/m2.7.†Multivariate adjustments are for age, sex, LV systolic stress, HbA1c, pulse rate, the 

use of ACEIs and β-blockers, regular smoking, regular alcohol intake, waist circumference. 

Probability values are further adjusted for non-independence of family members. 
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Figure 4.2. Bivariate relationships between left ventricular mass index (LVMI) or 

inappropriate LVM (LVMinappr) and LV ejection fraction (EF). 
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Table 4.7. Relationships between indexes of left ventricular mass (LVM) and systolic function with LVM expressed as an inappropriate increase 

in LVM (LVMinappr), absolute LVM or LVM indexed to height2.7 (LVMI)(n=626). 

        Pearson’s r (CI)     p value          Partial r (CI)        p value           Partial r (CI)         p value        Partial r (CI)         p value                     

Adjustments                None                        confounders†                  confounders†+ LVM     confounders†+ LVMI 

________________________________________________________________________________________________________________ 

Left ventricular ejection fraction versus 

LVMinappr -0.25*(-0.33 to -0.18) <0.0001   -0.41*(-0.47 to -0.34)  <0.0001   -0.52 (-0.57 to -0.46)  <0.0001   -0.52 (-0.57 to -0.46)  <0.0001 

LVM  -0.04 (-0.12 to 0.04)   =0.33       -0.08 (-0.16 to -0.01)  =0.042       -  -  -  - 

LVMI  -0.003 (-0.08 to 0.08) =0.94     -0.07 (0.01 to 0.32)    =0.04  -  -  -  - 

Left ventricular midwall fractional shortening versus 

LVMinappr -0.26*(-0.33 to -0.19) <0.0001   -0.29*(-0.36 to -0.22) <0.0001   -0.42 (-0.48 to -0.35)  <0.0001   -0.39 (-0.46 to -0.32)  <0.0001 

LVM  -0.04 (-0.12 to 0.04)   =0.33        -0.02 (-0.10 to 0.06)   =0.69       -  -  -  - 

LVMI  -0.04 (-0.12 to 0.04)   =0.30     -0.03 (-0.10 to 0. 06)   =0.54        -  -  -  - 

________________________________________________________________________________________________________________ 

 *p<0.0001 vs correlation coefficients for LVM and LVMI. CI, confidence interval. †Adjustments are for age, sex, LV circumferential systolic wall 

stress, HbA1c, pulse rate, treatment for hypertension, regular smoking, regular alcohol intake, waist circumference and body height (when 

assessing relations with LVM). Probability values are further adjusted for non-independence of family members. 
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trend for an inverse association with EF and only after adjustments for confounders (Figure 

4.2 and Table 4.7). Neither LVM, nor LVMI were associated with FSmid (Table 4.7). 

The relationships between LVMinappr and EF or FSmid were significantly stronger than 

the relationships between LVM or LVMI and EF or FSmid (Table 4.7)(p<0.0001 for 

comparison of partial r values). Moreover, the relationships between LVMinappr and EF or 

FSmid remained unchanged despite further adjustments for LVM or LVMI (Table 4.7). The 

relationships between LVMinappr and EF also remained unchanged despite further 

adjustments for stroke volume (partial r= -0.43, confidence intervals= -0.49 to -0.37, 

p<0.0001) or LV end diastolic diameter (partial r= -0.47, confidence intervals= -0.53 to -0.40, 

p<0.0001). Replacing LV systolic wall stress with conventional, 24-hour, day, or night SBP 

showed similar relationships (data not shown). Secondary data analysis with adjustments for 

the use of ACEIs or β-blockers in place of “treatment for hypertension” produced essentially 

the same relationships (Table 4.8). 

 

4.2.7 Relative impact of LVM, LVMI, or LVMinappr on EF and the odds of a reduced EF at a 

community level. 

 

With a number of factors included in a multivariate regression model, LVMinappr was 

second only to LV systolic wall stress in contributing to EF at a community level, whilst LVM 

and LVMI contributed little (Table 4.9). In the community studied, 44 of 626 participants (7%) 

had an EF<55%. With adjustments for age, sex, LV systolic stress, HbA1c, pulse rate, 

treatment for hypertension, regular smoking, regular alcohol intake and waist circumference, 

an increased LVMinappr was strongly associated with an odds of a reduced EF (<55%)(Odds 

ratio=6.85, confidence interval=2.99-15.68, p<0.0001). In contrast, an increased LVMI was 

not associated with an odds of a reduced EF (Odds ratio=1.32, confidence interval=0.60-

2.92, p=0.50). 
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Table 4.8. Multivariate adjusted (including adjustments for the use of angiotensin-converting enzyme inhibitors [ACEI] and beta adrenergic 

receptor blockers [β-blockers]) relationships between indexes of left ventricular mass (LVM) and systolic function with LVM expressed as an 

inappropriate increase in LVM (LVMinappr), absolute LVM or LVM indexed to height2.7 (LVMI)(n=626). 

        Partial r (CI)           p value              Partial r (CI)            p value              Partial r (CI)            p value                     

Adjustments        confounders†                  confounders†+ LVM      confounders†+ LVMI 

________________________________________________________________________________________________________________ 

Left ventricular ejection fraction versus 

LVMinappr -0.41 (-0.47 to -0.34)   <0.0001 -0.52* (-0.57 to -0.46)  <0.0001 -0.52 (-0.57 to -0.46)  <0.0001 

LVM  -0.08 (-0.16 to -0.004) =0.040  -  -   -  - 

LVMI  -0.06 (-0.14 to 0.02)    =0.12   -  -   -  - 

Left ventricular midwall fractional shortening versus 

LVMinappr -0.29 (-0.36 to -0.21)   <0.0001 -0.42* (-0.48 to -0.35)  <0.0001 -0.40 (-0.46 to -0.33)  <0.0001 

LVM  -0.01 (-0.09 to 0.07)    =0.80   -  -   -  - 

LVMI  -0.02 (-0.10 to 0.06)    =0.66  -  -   -  - 

________________________________________________________________________________________________________________ 

 *p<0.0001 vs correlation coefficients for LVM and LVMI. CI, confidence interval. †Adjustments are for age, sex, LV systolic stress, HbA1c, 

pulse rate, the use of ACEIs and β-blockers, regular smoking, regular alcohol intake, waist circumference and body height (when assessing 

relations with LVM). Probability values are further adjusted for non-independence of family member. 



         -111- 
 

Table 4.9. Comparison of the impact on left ventricular ejection fraction (EF) of factors related to systolic chamber function in a community 

sample (n=626). 

 

               Model with→  LVMinappr            LVM               LVMI     

EF versus   β-coeff†±SEM   p-value       β-coeff†±SEM    p-value    β-coeff†±SEM    p-value 

________________________________________________________________________________________________________________ 

LVMinappr   -0.40±0.04*   p<0.0001      -    -  -         - 

LVM               -      -         -0.09±0.04       p<0.05  -         - 

LVMI               -      -       -    -      -0.07±0.04      p=0.07 

LV systolic wall stress -0.53±0.03    p<0.0001      -0.47±0.04      p<0.0001      -0.47±0.04      p<0.0001 

Age    -0.13±0.03    p<0.0001      -0.14±0.05      p<0.0001      -0.15±0.05      p<0.0001 

Glycated haemoglobin -0.07±0.04    p<0.05          -0.08±0.04      p<0.05          -0.09±0.04      p<0.05 

________________________________________________________________________________________________________________ 

β-coeff, standardised β-coefficients (slopes) of relationships; LVMinappr, inappropriate increase in left ventricular mass; LVMI, LVM indexed for 

height2.7. *p<0.0001 vs β-coefficients for LVM and LVMI. †Additional factors in the model not listed included sex, pulse rate, treatment for 

hypertension, regular smoking, regular alcohol intake and waist circumference. Probability values are further adjusted for non-independence of 

family members. 
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4.3 Discussion 

 

 The main findings of the present study are as follows: In a randomly selected 

community sample of black African ancestry, in contrast to a modest or a lack of relationship 

noted between LVM or LVMI and EF, an increased LVMinappr was strongly and independently 

related to a decreased EF even with adjustments for LVM or LVMI. Moreover, the strength of 

the relationship between LVMinappr and EF was greater than that of the relations between 

LVM or LVMI and EF. In a multivariate model with all potential determinants of EF included 

in the model, LVMinappr was second only to LV systolic wall stress in contributing toward EF 

at a community level and was strongly and independently associated with a reduced EF. 

Furthermore, indices of excess adiposity were the principle factors independently associated 

with LVMinappr and these relationships were beyond conventional BP, 24-hour BP, systolic 

wall stress and aortic PWV. 

 To-date whether inverse relationships exist between LVMinappr and LV systolic 

chamber function beyond that of absolute or indexed LVM is uncertain. In previous studies 

reporting on such relations (Palmieri et al 1999, Palmieri et al 2001, Celentano et al 2001, de 

Simone et al 2004, Chinali et al 2006, Chinali et al  2007. Cioffi et al 2011) only in the 

Losartan Intervention For Endpoint Reduction (LIFE) study did the authors compare the 

relationships between LV systolic chamber function and either LVMinappr or LVM (Palmieri et 

al 2001). In this regard, they noted that LVM was equally as strongly related to EF as 

LVMinappr, but they did not evaluate whether the LVMinappr-EF relationship persisted with 

adjustments for LVM or LVMI (Palmieri et al 2001). However, the LIFE study consisted of a 

select patient group in that only participants with electrocardiographic evidence of LVH were 

recruited. Thus, mean LVM values in either the group of patients with increased or normal 

LVMinappr were markedly higher (227-271g) in the LIFE (Palmieri et al 2001) than in the 

present (145-202g) study. In addition, mean LV systolic myocardial function (FSmid) values 

were lower in the LIFE (13.7-16.5%) (Palmieri et al 2001) as compared to the present (20.9-

23.5%) study. The LIFE study may therefore have selected for a group of participants with 
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marked LVH and a higher risk of LV systolic dysfunction. Under these circumstances, 

relationships between absolute LVM and EF may have been more robust and difficult to 

distinguish from those between LVMinappr and EF. Irrespective of the reasons for the 

apparent discrepancy between the LIFE (Palmieri et al 2001) and the present study, the 

present study provides clear evidence that LVMinappr is inversely related to EF beyond LVM or 

LVMI and hence supports the notion that LVH is a compensatory response to workload, but 

when exceeding that predicted by workload, is associated with LV systolic chamber 

decompensation. 

Although a number of studies have demonstrated inverse relations between LVMinappr 

and LV systolic chamber function (Palmieri et al 1999, Palmieri et al 2001, Celentano et al 

2001, de Simone et al 2004, Chinali et al 2006, Chinali et al  2007. Cioffi et al 2011), in some 

prior studies (Mureddu et al 2001, Palmieri et al 2004, Mureddu et al 2009) the existence of 

these relationships is less clear. In two prior studies (Mureddu et al 2001, Palmieri et al 

2004) although EF was reduced in hypertensives without LVH but with an increased 

LVMinappr, EF was not reported as being correlated with LVMinappr. Moreover, in an alternative 

study (Mureddu et al 2009) although LV systolic chamber function was markedly reduced in 

patients with an increased LVMinappr, in a multivariate model LV systolic chamber function 

was not reported as being independently correlated with LVMinappr. In contrast to the 

apparently inconsistent relations between LVMinappr and systolic chamber function (Palmieri 

et al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone et al 2004, Chinali et al 

2006, Chinali et al  2007. Cioffi et al 2011, Mureddu et al 2001, Palmieri et al 2004, Mureddu 

et al 2009), stress-corrected midwall fractional shortening (FSmid), a measure of LV systolic 

myocardial function, has nevertheless consistently been shown to be inversely related to 

LVMinappr (Palmieri et al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone et al 

2004, Chinali et al 2006, Chinali et al 2007. Cioffi et al 2011, Mureddu et al 2001, Palmieri et 

al 2004, Mureddu et al 2009). It is therefore possible that under certain circumstances, 

although LVM in excess of that predicted by stroke work is associated with a reduced 

systolic myocardial function, that the hypertrophy is in-part compensatory in nature in that it 
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contributes toward maintaining LV chamber function in the face of deteriorating myocardial 

function. Only prospective studies evaluating the evolution of systolic functional changes in 

the transition from appropriate to inappropriate LVH and subsequent LV systolic chamber 

dysfunction will answer this question. 

In studies where inverse LVMinappr-LV systolic chamber function relations have 

previously been demonstrated (Palmieri et al 1999, Palmieri et al 2001, Celentano et al 

2001, de Simone et al 2004, Chinali et al 2006, Chinali et al  2007. Cioffi et al 2011), the 

authors have not adjusted for wall stress (afterload), the principal determinant of LV systolic 

function, or other determinants of LV systolic function, such as heart rate. Indeed, a reduced 

EF has been reported in patients with an increased LVMinappr who were also noted to have 

an increased LV wall stress (de Simone et al 2004). As indicated in the present study, LV 

systolic wall stress is the major determinant of EF at a community level. An increased wall 

stress could thus explain previously reported decreases in EF or LV systolic chamber 

function (Palmieri et al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone et al 

2004, Chinali et al 2006, Chinali et al  2007. Cioffi et al 2011), at least in patients with an 

increased LVMinappr (de Simone et al 2004). In contrast, in the present study I show clear 

inverse relations between LVMinappr and EF independent of LV wall stress, conventional and 

ambulatory BP, and alternative confounders such as heart rate. 

Although a number of studies conducted in select clinical samples have 

demonstrated an increased BMI in those with inappropriate LVH (Palmieri et al 1999, 

Palmieri et al 2001, Calentano et al 2001, Palmieri et al 2004, de Simone et al 2004, Chinali 

et al 2006, Lopez et al 2007, Chinali et al 2007, Ratto et al 2008), these associations were 

not adjusted for confounders and in other select study samples (de Simone et al 2001, 

Mureddu et al 2001, Muiesan et al 2007, Cioffi et al 2011) obesity was not related to 

LVMinappr even in unadjusted models. Clearly the use of select samples raises the question of 

a selection bias. In contrast, in the present unselected community-based sample with a high 

prevalence of obesity I show that BMI and waist circumference were strongly and 

independemtly associated with LVMinappr and this relationship was noted beyond a number of 
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additional haemodynamic effects including systolic wall stress, 24-hour BP and aortic PWV. 

Thus, the results of the present study provide strong evidence that obesity produces 

increases in LVM beyond stroke work and a number of alternative haemodynamic factors. 

The potential mechanisms of this effect were further evaluated in Chapter 6 of the present 

thesis. 

Importantly, our group have recently demonstrated that estimated glomerular filtration 

rate is strongly related to LVMI and LVMinappr (Maunganidze et al 2013) and there is now 

substantial evidence that obesity may impair renal function. This raises the question of 

whether obesity may mediate increases in LVMinappr through effects on renal mechanisms. 

However, in the present study sample we have not been able to show that indices of excess 

adiposity are related to decreases in glomerular filtration rate (Maunganidze et al 2013). 

Hence, it is unlikely that the relationship between adiposity indices and LVMinappr may be 

mediated through alterations in renal function.     

The potential clinical implications of the present study warrant consideration. Pending 

validation of the present results in prospective, intervention studies and with heart failure 

with a reduced EF as an outcome, the results of the present study suggest that LVMinappr may 

complement the use of LVMI when risk predicting or when assessing LVH regression with 

therapy. Future prospective studies evaluating the impact of regression of increases in 

LVMinappr independent of absolute LVM or LVMI on the development of heart failure with a 

reduced EF are therefore required. The most appropriate approach to producing regression 

of inappropriate LVH may depend on the mechanisms that mediate obesity-induced 

increases in LVMinappr. In this regard, in chapter 6 I provide further evidence to suggest a 

potential mechanism.  

The limitations of the present study are as follows: The present study was a cross-

sectional study and hence does not allow us to draw conclusions regarding cause and effect. 

Thus, the inverse LVMinappr-EF relationships could be attributed to compensatory increases 

in LVM following LV systolic dysfunction rather than vice versa, or to residual confounding 

effects. However, recent evidence as presented in chapter 5 of the present thesis, 
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demonstrating that decreases in LVMinappr with antihypertensive therapy are strongly related 

to on-treatment increases in EF beyond changes in LVM and LVMI suggests that LVMinappr 

may indeed cause a decrease in EF (Woodiwiss and Libhaber et al 2012). Second, the 

present study was conducted in one ethnic group (black African descent) with a high 

prevalence of LVMinappr and with higher thresholds for an increased LVMinappr determined in a 

healthy sample, than that previously reported on in other ethnic groups. However, the 

thresholds for LVMinappr corresponded to thresholds of LVMI of 51.8 g/m2.7 in the healthy 

sample, an accepted threshold for LVMI in this ethnic group (Nunez et al 2005). Third, we 

determined LVMinappr using predicted LVM values calculated from a formula derived in an 

alternative population (de Simone et al 2002). However, in support of the suitability of the 

calculation of LVMinappr in the community studied, in contrast to strong positive correlations 

noted between LVM (or LVMI) and stroke work, when LVM was expressed as LVMinappr, no 

residual relations with stroke work were observed. Fourth, LV ejection fraction was 

measured with echocardiography whilst magnetic resonance imaging (MRI) measurements 

of systolic function have been demonstrated to be more sensitive for predicting 

cardiovascular events (Mewton et al 2013). It is therefore possible that we may have 

demonstrated stronger relationships between LVMI and LV ejection fraction if magnetic 

resonance imaging had been employed. Last, relatively weak r values were noted for 

relationships between LVMinappr and LV ejection fraction, or between indices of obesity and 

LVMinappr, findings that must be interpreted with caution. This may reflect overall weak 

relationships or an inability to appropriately account for all confounders or to exclude the 

impact of co-linearity between adjustors in multivariate models. Importantly, in multivariate 

models, with all adjustments including LVMI, the relationship (partial r, CI) between LVMinappr 

and left ventricular ejection fraction was strong (-0.52, -0.57 to -0.46, p<0.0001). 

Nevertheless, only intervention studies are likely to reveal the actual magnitude of the effect 

of obesity on LVMinappr or LVMinappr on LV ejection fraction if indeed these relationships are 

cause and effect. In this regard, in the subsequent chapter (chapter 5) I show that the 

relationship (partial r value) between on-treatment change in LVMinappr and increase in left 



      .  -117- 
 

ventricular ejection fraction in mild-to-moderate hypertensives was -0.63 (-0.71 to -0.52)  

(<0.0001), thus providing the evidence to suggest the size effect of LVMinappr on left 

ventricular ejection fraction is indeed substantial.  

 In conclusion, in the present study I show that in a community sample of black 

African ancestry, LVM in excess of that predicted by LV work load (LVMinappr) is strongly and 

inversely related to EF independent of and more strongly than LVM or LVMI. Moreover, at a 

community level obesity is the major determinant of LVMinappr.These data therefore support 

the view that LVH, as indexed by LVM or LVMI incorporates a component of LVH that can 

be viewed as a compensatory change that preserves EF, but when this exceeds that 

predicted by LV workload, this excess in LV growth is associated with a decrease in EF. This 

excess in LV growth appears to be largely driven by obesity-induced effects independent of 

haemodynamic factors. 
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Abstract 

 Although in cross-sectional studies left ventricular mass (LVM) which exceeds that 

predicted by work load (inappropriate LVM [LVMinappr]), but not absolute LVM or LVM index 

(LVMI), is inversely related to LV ejection fraction (EF), whether on-treatment decreases in 

LVMinappr (%observed/predicted LVM) account for increases in EF beyond LVM or LVMI is 

unclear. Echocardiography was performed in 168 mild-to-moderate hypertensives treated for 

4 months. Although in patients with an LVMI>51g/m2.7 (n=112)(change in LVMI=-13.7±14.0 

g/m2.7, p<0.0001), but not in patients with an LVMI≤51g/m2.7(n=56)(change in LVMI=1.3±9.3 

g/m2.7) LVMI decreased with treatment; treatment failed to increase EF in either group 

(1.2±10.8% and 2.7±10.7% respectively). In contrast, in patients with inappropriate LV 

hypertrophy (LVH) (LVMinappr>150%, n=33) LVMinappr decreased (-32±27%, p<0.0001) and 

EF increased (5.0±10.3%, p<0.0001) after treatment, whilst in patients with a 

LVMinappr≤150% (n=135), neither LVMinappr (-0.5±23%), nor EF (0.9±10.3%) changed with 

therapy. With adjustments for circumferential LV wall stress and other confounders, whilst 

on-treatment decreases in LVM or LVMI were weakly related to an attenuated EF (partial 

r=0.17, p<0.05), on-treatment decreases in LVMinappr were strongly related to increases in EF 

even after further adjustments for LVM or LVMI (partial r=-0.63, confidence interval=-0.71 to 

-0.52, p<0.0001). In conclusion, decreases in LVMinappr are strongly related to on-treatment 

increases in EF beyond changes in LVM and LVMI. LVH can therefore be viewed as a 

compensatory change that preserves EF, but when in excess of that predicted by stroke 

work, as a pathophysiological process accounting for a reduced EF. 
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5.0 Introduction 

 

Left ventricular hypertrophy (LVH) is a predictor of heart failure (Casale et al 1986,  

Levy et al 1990, Ghali et al 1992, Levy et al 1996, Gottdiener et al 2000, Gardin et al 2001,  

Aurigemma et al 2001) and the development of a reduced ejection fraction (EF)(Drazner et 

al 2004) independent of myocardial infarction. Left ventricular mass (LVM) may therefore 

determine the progression to heart failure with a reduced rather than a preserved EF 

Drazner 2011, Bibbins-Domingo et al 2009). However, as highlighted in the previous 

chapter, in-keeping with the classical tenet that LVH is a compensatory response to LV load, 

an increased LVM (Aurigemma et al 1995, de Simonea et al 1994, Shimizu et al 1991) or on-

treatment decreases in LVM (Perlini et al 2001) have been associated with an unchanged 

EF. Moreover, LVH may even be associated with an enhanced EF for that predicted by wall 

stress (Hartford et al 1985) and on-treatment decreases in LVM have been related to 

reductions rather than increases in indices of systolic LV chamber function (Wachtell et al 

2002). There is therefore considerable uncertainty as to whether LVH contributes to 

decreases in systolic chamber function. 

One possibility that may explain discrepancies in the ability to show consistent 

relations between LVM or LVM index (LVMI) and a reduced systolic LV chamber function 

(Aurigemma et al 1995, de Simoneb et al 1994, Shimizu et al 1991, Perlini et al 2001, 

Hartford et al 1985, Wachtell et al 2002) is that absolute LVM and LVMI may incorporate a 

component of LVH considered compensatory in nature, whilst there may also be a 

component of LVH that contributes to decompensation. In this regard, LVM in excess of that 

predicted by work load (i.e. stroke work=blood pressure x stroke volume) termed 

“inappropriate LVM” (LVMinappr)(de Simone et al 1998) is inversely associated with systolic 

LV chamber function (Palmieri  et al 1999, Palmieri et al 2001, Celentano et al 2001, de 

Simone et al 2004, Chinali et al 2006, Chinali et al 2007, Cioffi et al 2011, Muiesan et al 

2007). However, these relationships have largely been demonstrated in cross-sectional 

studies (Palmieri  et al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone et al 
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2004, Chinali et al 2006, Chinali et al 2007, Cioffi et al 2011) and are at odds with on-

treatment decreases in systolic LV chamber function associated with LVH regression 

(Wachtell et al 2002). Inverse LVMinappr–LV systolic chamber function relations (Palmieri  et 

al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone et al 2004, Chinali et al 2006, 

Chinali et al 2007, Cioffi et al 2011) may therefore reflect compensatory increases in LVM as 

a consequence of systolic dysfunction or associated confounding effects. Although one prior 

study has reported that on-treatment regression but not persistence of LVMinappr is 

associated with an improved EF (Muiesan et al 2007), whether increases in EF in the 

participants showing regression of LVMinappr in that study was independent of or stronger 

than changes in LVM or LVMI is uncertain. To further explore the possibility that increases in 

LVM beyond workload and absolute LVM may contribute toward a decreased systolic LV 

chamber function, in the present study I therefore aimed to evaluate whether treatment-

induced decreases in LVMinappr in mild-to-moderate hypertension are associated with 

increases in EF independent of and more strongly than LVM or LVMI. 

 

5.1 Methods 

 

5.1.1 Study group. 

 

The present study was conducted according to the principles outlined in the Helsinki 

declaration. The Committee for Research on Human Subjects of the University of the 

Witwatersrand approved the protocol (approval number: M940106). Participants gave 

informed, written consent. The study design has previously been described (Sareli et al 

2001, Skudicky et al 2002). Hypertensives of black African descent 18-70 years of age, free 

of clinically significant cardiovascular and non-cardiovascular disease, were enrolled. 

Hypertension was diagnosed after a 2-week placebo run-in period, if daytime ambulatory 

diastolic blood pressure (BP) was 90-114 mm Hg. 
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Eligible patients were randomized to receive nifedipine gastrointestinal system 

(GITS) 30mg/d, verapamil slow release (SR) 240 mg/d, hydrochlorothiazide 12.5 mg/d or 

enalapril 10 mg/d and patients were followed up at monthly intervals for 4 months (Sareli et 

al 2001). At each monthly visit uptitration of therapy or the addition of therapy occurred as 

described (Sareli et al 2001). If target BP was not achieved (daytime diastolic BP<90 mm 

Hg), at 1 month the daily dose of therapy was increased (nifedipine GITS, 60 mg, verapamil 

SR, 360 mg, hydrochlorothiazide 25 mg and enalapril 20 mg), and at 2 months in patients 

receiving nifedipine GITS, either enalapril 10 mg/d, carvedilol 25 mg/d, or verapamil SR were 

added or the dose of nifedipine GITS was increased to 90 mg/d. In patients receiving 

verapamil SR at 2 months the dose could be increased to 480 mg/d. In those receiving 

hydrochlorothiazide 25 mg/d, reserpine 0.125 mg/d could be added and in those receiving 

enalapril 20 mg/d, hydrochlorothiazide 12.5 mg/d could be added. 

Of the 409 patients randomised, 233 were eligible for inclusion in the substudy 

because echocardiograms were of sufficient quality. Of the latter patients, 23 were 

withdrawn before 4 months and 42 did not have all measurements. Thus, data in 168 

participants were available for analysis. High quality echocardiograms could not be obtained 

in 176 participants due to the high participant rate of obese females with a generalised fat 

distribution, including the thoracic region. 

 

5.1.2 Blood pressure. 

 

High quality conventional BP measurements were obtained by trained nurse-

technicians according to guidelines (O’Brien et al 2003, Pickering et al 2005) using a 

standard mercury sphygmomanometer as previously described (Sareli et al 2001, Skudicky 

et al 2002). Ambulatory 24-hour, day and night BP were determined using SpaceLabs 

monitors (model 90207) as previously described (Sareli et al 2001, Skudicky et al 2002). 
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5.1.3 Echocardiography. 

 

M-mode, 2-dimensional, pulse and colour Doppler echocardiography was performed 

as previously described (Sareli et al 2001, Skudicky et al 2002)(see chapter 2, pages 47-55 

for further details) and M-mode variables were analysed according to the American Society 

of Echocardiography convention (Sahn et al 1978). All participants were assessed for mitral 

valve abnormalities as determined using 2-dimensional and color Doppler imaging. All 

measurements were recorded and analyzed off-line by experienced investigators whom 

were unaware of the clinical data of the participants. Left ventricular mass (LVM) was 

determined using a standard formula (Devereux et al 1986) as described in chapter 2, page 

54 and indexed (LVMI) to height2.7. LV mean wall thickness was calculated as the mean of 

septal+posterior wall thickness and LV relative wall thickness as (septal+posterior wall 

thickness)/LV end diastolic diameter. An LVMI >51 g/m2.7 was considered to be increased 

(Nunez et al 2005). Left ventricular ejection fraction (EF) and midwall fractional shortening 

(FSmid) were calculated to determine LV chamber and myocardial systolic function 

respectively using standard formulae as described in chapter 2, page 54 and chapter 4, 

page 95. The calcution of FSmid using a modified ellipsoidal model as previously described 

(de Simoneb et al 1996) accounts for epicardial migration of the midwall during systole. 

Stroke volume was evaluated from the difference between LV end diastolic and systolic 

volumes determined using both the Teichholz (Teichholz et al 1976) and the Z-derived (de 

Simonec et al 1996) methods (see chapter 2, page 54). Circumferential LV systolic wall 

stress was calculated as described in chapter 4, page 95 (Shimizu et al 1991). As described 

in chapter 4, page 96 the extent of inappropriate LVM (LVMinappr) was determined from 

predicted LVM as described by others (de Simone et al 2002), where predicted LVM was 

calculated as 55.37+(6.64 x height2.7)+(0.64 x [systolic BP x stroke volume x 0.014]) –(18.07 

x gender), where male gender=1 and female gender=2, and where stroke volume was 

calculated from LV volumes assessed from the Z-derived method. Inappropriate LVM was 

expressed either as actual-predicted LVM in grams, or % actual LVM/predicted LVM. An 
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LVMIinappr>150% was considered to be increased. This threshold was identified from the 

upper 95% confidence interval for LVMIinappr determined in 140 of 678 participants from a 

community-based study without clinically significant disease and normal blood parameters 

who were normotensive, non-diabetic, and had a BMI<30 kg/m2. In these participants the 

upper 95% confidence for LVMI was 51.8 g/m2.7. 

 

5.1.4 Data analysis. 

 

Database management and statistical analyses were performed with SAS software, 

version 9.1 (SAS Institute Inc., Cary, NC, USA). Continuous data are reported as mean±SD. 

Unadjusted means and proportions were compared by the large-sample z-test and the 2-

statistic, respectively. Changes in variables over the 4 month treatment period and a 

comparison of these changes between groups with versus without increases in LVMinappr or 

LVMI were determined using a two-way ANOVA with a Tukey post hoc test. A comparison of 

changes in adjusted EF between groups with and without increases in LVMinappr or LVMI was 

determined using multivariate regression analysis. Independent relations between baseline 

or change in LVM, LVMI or LVMinappr and baseline or change in EF were assessed from 

multivariate linear regression analysis with appropriate adjustors. Adjustments included age, 

sex, circumferential LV systolic wall stress, diabetes mellitus, pulse rate, previous treatment 

for hypertension, regular smoking, regular alcohol intake and body weight as in bivariate or 

multivariate models these parameters were associated with EF, LVM, LVMI, or LVMinappr. 

The use of carvedilol was also included as an adjustor as a modestly higher proportion of 

participants with an increased LVMinappr were receiving this agent. Z-Statistics were used to 

compare correlation coefficients. 
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5.2 Results 

 

5.2.1 Participant characteristics. 

 

A high proportion of participants were obese (Table 5.1). 19.6% had inappropriate 

increases in LVM and 66.7% had LVH (LVMI>51 g/m2.7). As compared to the 176 non-

participants, the 168 participants who had all data available for analysis were younger and 

less obese (Table 5.1). Otherwise participants with data available had similar characteristics 

as compared to non-participants, including similar conventional and ambulatory BP values 

(Table 5.1). 

 

5.2.2 Suitability of the LVMinappr calculation. 

 

In contrast to strong positive correlations between LVM (or LVMI) and stroke work 

(r=0.56-0.60, p<0.0001), LVMinappr was unrelated to stroke work (r=0.001, p=0.99). 

 

5.2.3 Clinical and demographic factors at baseline independently associated with LVMinappr. 

 

On bivariate analysis age, female gender, regular alcohol intake, BMI and body 

weight were positively associated with LVMinappr at baseline (p<0.05-<0.0001). In a 

multivariate model gender (p<0.05), BMI (p<0.0001), and body weight (p<0.0001) (separate 

model from BMI) were independently and positively related to LVMinappr. 

 

5.2.4 Relationships between LV systolic function and LVMinappr, LVM or LVMI at baseline. 

 

Strong relationships between baseline LVMinappr and both baseline EF and FSmid 

independent of confounders and either LVM or LVMI were noted (Table 5.2). In contrast,  



      .  -126- 
 

Table 5.1. Participant and non-participant characteristics at baseline 

 

           Participants  Non-participants 

_________________________________________________________________________ 

Number (% women)                168 (77.4)          176 (78.4) 

Age (years)           51±10         56±9**  

Body mass index (kg/m2)         30.4±6.1       32.3±7.4* 

% Overweight/obese          25.6/52.4       28.6/56.0 

% Diabetes mellitus             7.1           7.9  

% Regular smoking            12.5          14.8 

% Regular alcohol             19.1           25.0 

Conventional systolic BP/ diastolic BP (mm Hg)     171±20/102±8            173±19/103±7 

24-hour systolic BP/diastolic BP (mm Hg)           151±15/96±7     150±15/95±7 

Day systolic BP/diastolic BP (mm Hg)      155±14/101±7     155±14/101±7 

Night systolic BP/diastolic BP (mm Hg)       146±17/91±9      145±17/89±9 

_________________________________________________________________________ 

BP, blood pressure. *p<0.01, **p<0.0001 vs participants. 
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Table 5.2. Relationships between baseline indexes of left ventricular mass (LVM) and 

baseline LV ejection fraction (EF) or LV midwall fractional shortening (FSmid) with LVM 

expressed as an inappropriate increase in LVM (LVMinappr), absolute LVM or LVM indexed to 

height2.7 (LVMI) in mild-to-moderate hypertension (n=168). 

 

   Adjustors*  Partial r        Confidence intervals p values 

_________________________________________________________________________ 

Baseline EF versus 

LVMinappr *+LVM   -0.61  -0.70 to -0.50  <0.0001 

LVMinappr *+LVM   -0.62  -0.70 to -0.51  <0.0001 

LVM  *   -0.05  -0.20 to 0.11     =0.56 

LVMI  *   -0.01  -0.16 to 0.15    =0.91 

 

Baseline FSmid versus 

LVMinappr *+LVM   -0.39  -0.51 to -0.24  <0.0001 

LVMinappr *+LVM   -0.36  -0.49 to -0.32  <0.0001 

LVM  *    0.08  -0.08 to 0.23     =0.33 

LVMI  *    0.08  -0.08 to 0.23     =0.33 

* Adjustors are for age, sex, circumferential LV systolic stress, diabetes mellitus, pulse rate, 

previous treatment for hypertension, regular smoking, regular alcohol intake, body weight, 

and body height (when assessing relations with LVM).  
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neither baseline LVM nor LVMI were independently related to either baseline EF or FSmid 

(Table 5.2). 

 

5.2.5 Treatment effects in the whole group. 

 

Four months of antihypertensive therapy in all participants resulted in decreases in 

conventional and ambulatory BP, LV wall stress, stroke work, LVM, LVMI, and LVMinappr 

(Table 5.3) and a modest increase in EF, but no changes in FSmid or LV relative wall 

thickness (Table 5.3). 

 

5.2.6 Treatment effects on BP, wall stress and stroke work in patients with or without an 

increased LVMinappr or LVMI. 

 

At the end of the 4 month treatment period, participants with an increased LVMinappr 

or LVMI were receiving similar drug classes as compared to participants with an appropriate 

LVM or normal LVMI except for a modestly greater use of carvedilol in the group with an 

increased LVMinappr (Table 5.4). Antihypertensive treatment of participants with an increased 

LVMinappr resulted in decreases in conventional or 24-hour BP and LV systolic wall stress and 

stroke work which were not statistically different from those noted in participants with an 

appropriate LVM (Table 5.5). However, as compared to participants with a normal LVMI, 

antihypertensive treatment of participants with an increased LVMI resulted in greater 

decreases in systolic BP and stroke work (Table 5.5). 

 

5.2.7 Treatment effects on LV structure in patients with or without an increased LVMinappr or 

LVMI. 

 

Treatment of participants with an increased LVMinappr or LVMI resulted in decreases 

in all LV structural parameters (Table 5.6). In participants with an appropriate LVM,  
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Table 5.3. Changes in hemodynamic and left ventricular variables after 4 months of 

antihypertensive treatment in mild-to-moderate hypertensives (n=168). 

 

                0 months     4 months      Change in        

________________________________________________________________________ 

Conventional systolic BP (mm Hg)   171±20      147±21**      -24±25  

Conventional diastolic BP (mm Hg)   102±8        92±11**      -11±13 

24-hour systolic BP (mm Hg)   151±15      129±14**      -22±15 

24-hour diastolic BP (mm Hg)   96±7        83±8**      -14±9 

LV systolic wall stress (g/cm2)  135±34      115±31**      -20±40 

Stroke work (g-m)    150±48      123±39**      -26±51 

LV mass (LVM) (g)    209±65      179±50**      -30±50  

LVM indexed for height2.7 (g/m2.7)  60.4±18.6      51.7±13.8**     -8.7±14.5  

% Actual LVM/Predicted LVM  123±31      117±26*        -6±28  

Actual LVM-predicted LVM (g)  38.3±54.1      25.6±41.0*     -12.7±42.5 

LV relative wall thickness   0.50±0.12      0.48±0.11     -0.02±0.14 

LV ejection fraction (EF) (%)   63.2±9.1      64.9±9.7*        1.7±10.7  

LV midwall fractional shortening (%)  19.6±5.3     19.5±5.3       -0.06±6.7 

_________________________________________________________________________ 

*p<0.05, **p<0.0001 versus 0 months (paired Student’s t-test). 
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Table 5.4. Antihypertensive drug classes at the end of 4-months of therapy, received by 

participants with an increased or normal inappropriate increase in left ventricular mass 

(LVMinappr) or LVM index (LVMI) at baseline. 

 

            LVMinappr (%)           LVMI (g/m2.7) 

                                          >150 (n=33)  ≤150 (n=135)       >51 (n=112)  ≤51 (n=56) 

_________________________________________________________________________ 

Hydrochlorothiazide (n, [%])  8 (24)          40 (30)  33 (29)  15 (27) 

Nifedipine GITS (n, [%])  22 (67)          80 (59)  68 (61)  34 (61) 

Enalapril (n, [%])   5 (15)          25 (19)  16 (14)  14 (25) 

Verapamil SR (n, [%])   6 (18)          31 (23)  24 (21)  13 (23) 

Reserpine (n, [%])   1 (3)          10 (7)  7 (6)  4 (7) 

Carvedilol (n, [%])   6 (18)*          7 (5)  9 (8)  4 (7) 

_________________________________________________________________________ 

GITS, gastrointestinal system, SR, slow release. *p<0.05 vs LVMinappr ≤150%. 
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Table 5.5. Changes in conventional and ambulatory blood pressure (BP), left ventricular wall stress and stroke work with antihypertensive 

treatment in mild-to-moderate hypertensives (n=168) with or without inappropriate increases in left ventricular mass (LVMinappr) or LVM index 

(LVMI) at baseline.                       

      0 months     4 months    Change in   % Change      0 months      4 months    Change in    % Change 

__________________________________________________________________________________________________________________ 

 Baseline LVMinappr          Inappropriate LVM (LVMinappr >150%) (n=33)             Appropriate LVM (LVMinappr ≤150%) (n=135) 

Conventional systolic BP (mm Hg)     172±20      154±27*      -18±26      -10.1±15.1       171±20          146±19*     -25±25      -14.1±13.9       

Conventional diastolic BP (mm Hg)      102±8         95±12*      -7±14        -6.1±14.0         103±9           91±11*     -12±13      -10.9±12.6       

24-hour systolic BP (mm Hg)      152±14      133±20*     -19±16      -12.4±10.1        150±15          128±13*     -23±15      -14.5±8.8       

24-hour diastolic BP (mm Hg)       97±7          85±11*     -12±9        -12.7±9.0       96±7            82±8*      -14±9       -14.2±8.7       

LV systolic wall stress (g/cm2)     132±40      115±35*     -17±45      -12.6±22.5        135±33          115±31*      -21±39     -15.0±24.4       

Stroke work (g-m)       153±53      135±52*     -18±56      -11.1±34.4        149±47          121±35*      -29±50     -17.2±25.6       

 

Baseline LVMI                  >51 g/m2.7 (n=112)             ≤51 g/m2.7 (n=56) 

Conventional systolic BP (mm Hg)     176±19      148±23*     -27±25†     -14.9±13.4†       163±18          145±18*      -18±26    -10.1±15.3       

Conventional diastolic BP (mm Hg)      103±8         92±12*     -12±14      -10.7±13.1         101±8           92±10*       -9±12      -8.4±12.8       

24-hour systolic BP (mm Hg)      153±15     130±16*     -23±15      -14.8±9.1           145±13         126±10*      -19±14     -12.6±9.0       

24-hour diastolic BP (mm Hg)        97±7         83±9*     -14±9        -14.3±8.4†    95±7            82±10*      -13±10     -13.2±9.5       

LV systolic wall stress (g/cm2)     135±33      114±31*     -21±40     -14.6±25.1 134±36         115±32*      -19±40     -14.7±24.5       

Stroke work (g-m)       162±48      128±43*     -34±53††  -20.1±25.6†† 126±38         115±30*      -11±42     -8.2±28.0       

__________________________________________________________________________________________________________________ 

* p<0.0001 as compared to 0 months. †p<0.05, ††p<0.005 as compared to values in groups without an increased LVMinappr or LVMI (interactive 

effect). 
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Table 5.6. Changes in left ventricular (LV) structure with antihypertensive treatment in mild-to-moderate hypertensives (n=168) with or without 

inappropriate increases in left ventricular mass (LVMinappr) or LVM index (LVMI) at baseline. 

 

              0 months     4 months  Change in     % Change       0 months   4 months    Change in    % Change  

__________________________________________________________________________________________________________________ 

Baseline LVMinappr          Inappropriate LVM (LVMinappr >150%) (n=33)       Appropriate LVM (LVMinappr ≤150%) (n=135) 

LV mass (LVM) (g)            287±70    217±62**  -70±51†††    -25.0±14.9†††       190±46      170±40*      -20±43          -8.2±21.5 

LVM indexed for height2.7 (g/m2.7)          80±19    60±15**         -20±15†††     -25.0±14.9†††        55±14        50±12          -6±12          -8.2±21.5 

LV mean wall thickness (cm)       1.41±0.15    1.21±0.14*   -0.19±0.14††† -14.7±9.3†††      1.12±0.16    1.07±0.14    -0.05±0.17     -3.5±15.0 

LV relative wall thickness       0.58±0.13     0.51±0.09*     -0.07±0.12†    -12.8±18.9†       0.48±0.11  0.48±0.10  -0.004±0.12    -2.0±25.0   

LV end diastolic diameter (cm)       4.92±0.64    4.62±0.64*    -0.36±0.62†  -6.6±12.5†       4.58±0.51  4.44±0.50   -0.14±0.54     -2.6±11.3   

% Actual LVM/Predicted LVM (LVMinappr) 169±22     137±30*         -32±27†††  -20.1±15.0†††     112±20      112±22    -0.5±23         -0.3±18.5   

Actual LVM-predicted LVM (g)        117±47          58±53*    -59±38†††  -55.0±32.8†††        19±35         18±33      -1±35        -6.4±121.0   

 

Baseline LVMI      >51 g/m2.7 (n=112)            ≤51 g/m2.7 (n=56) 

LV mass (LVM) (g)           236±61     189±55*     -46±48†††   -18.4±17.6†††   155±30         159±29      4±33          3.1±21.4       

LVM indexed for height2.7 (g/m2.7)        69.4±16.0    55.7±14.0*  -13.7±14.0†††  -18.4±17.6††† 42.2±6.2      43.6±8.8      1.3±9.3       3.1±21.3       

LV mean wall thickness (cm)        1.25±0.17     1.13±0.16*  -0.12±0.16†††  -9.1±12.5†††     1.04±0.16    1.05±0.13    0.01±0.17   1.9±16.1       

LV relative wall thickness        0.51±0.12     0.49±0.11*     -0.03±0.13    -4.5±21.2        0.47±0.12   0.47±0.10   0.001±0.14  -0.3±24.0       

LV end diastolic diameter (cm)        4.78±0.56     4.52±0.59*     -0.25±0.61†† -4.9±11.9††      4.38±0.49   4.37±0.44   -0.01±0.46   -0.1±10.2       

* p<0.01 *p<0.0001 as compared to 0 months. †p<0.05, ††p<0.005, †††p<0.0001 as compared to values in groups without an increased LVMinappr 

or LVMI (interactive effects). 
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treatment also decreased LVM, LVMI, LV mean wall thickness, and LV end diastolic 

diameter, but not relative wall thickness, LVMinappr or actual LVM-predicted LVM (Table 5.6). 

The decrease in LVM, LVMI, LV mean wall thickness, LV relative wall thickness and 

LVMinappr or actual LVM-predicted LVM with treatment was greater in participants with an 

increased LVMinappr as compared to those with an appropriate LVM (Table 5.6). In 

participants with a normal LVMI, treatment did not alter LV structure and treatment-induced 

decreases in LVM, LVMI, LV mean wall thickness and LV end diastolic diameter were 

greater in participants with an increased LVMI than those without (Table 5.6). 

 

5.2.8 Treatment effects on LV systolic function in patients with or without an increased 

LVMinappr or LVMI. 

 

As compared to patients with an appropriate LVM, where unadjusted and multivariate 

adjusted EF failed to improve with antihypertensive therapy, in patients with an increased 

LVMinappr, unadjusted and multivariate adjusted EF increased with antihypertensive therapy 

(Table 5.7). In contrast, no significant unadjusted or multivariate adjusted changes in EF 

were noted in patients with either an increased or a normal LVMI (Table 5.7). No significant 

treatment effects on FSmid were noted (Table 5.7). 

 

5.2.9 Relationship between on-treatment change in LVM, LVMI, or LVMinappr and LV EF. 

 

With or without adjustments for potential confounders, on-treatment decreases and 

% decreases in LVMIinappr were strongly associated with an increase and % increase in EF 

(Figure 5.1 and Table 5.8). The strength of the multivariate adjusted relationships was 

unchanged with further adjustments for baseline EF included in the model (Table 5.8). In 

contrast, decreases and % decreases in LVM and LVMI were modestly associated with a 

decrease and % decrease in EF (Table 5.8). The positive relationships between LVM or 

LVMI and EF were abolished with further adjustments for baseline EF (Table 5.8). The  
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Table 5.7. Changes in left ventricular (LV) systolic function with antihypertensive treatment in mild-to-moderate hypertensives (n=168) with or 

without inappropriate increases in left ventricular mass (LVMinappr) or LVM index (LVMI) at baseline. 

 

       0 months 4 months Change in             0 months        4 months       Change in    

__________________________________________________________________________________________________________________ 

Baseline LVMinappr            Inappropriate LVM (LVMinappr >150%) (n=33)      Appropriate LVM (LVMinappr ≤150%) (n=135) 

LV ejection fraction (%)      57.8±1.5 62.0±1.7  4.95±1.83†*    64.5±0.8  65.5±0.8 0.90±0.89 

Adjusted# LV ejection fraction (%)     58.0±1.4 61.8±1.5  4.99±1.72†*    64.5±0.6  65.7±0.7 0.89±0.80 

LV midwall fractional shortening (%)     17.5±0.9 17.2±0.9 -0.26±1.18    20.1±0.5  20.1±0.4       -0.05±0.58 

 

Baseline LVMI       >51 g/m2.7 (n=112)            ≤51 g/m2.7 (n=56) 

LV ejection fraction (%)     63.4±0.9 64.7±0.9   1.21±1.01  62.8±1.2  65.5±1.3        2.67±1.43 

Adjusted# LV ejection fraction (%)    63.5±0.7 64.5±0.8   0.63±0.86  65.8±1.2  65.8±1.2        2.65±1.25 

LV midwall fractional shortening (%)    20.0±0.5 19.5±0.5  -0.51±0.63  18.8±0.7  19.6±0.7        0.85±0.89 

__________________________________________________________________________________________________________________ 

Data are expressed as mean±SEM. *p<0.05 as compared to change in the group without an increased LVMinappr; 
†p<0.01 as compared to zero. 

#Adjustments are for age, sex, LV systolic stress, diabetes mellitus, pulse rate, previous treatment for hypertension, regular smoking, regular 

alcohol intake, body weight and carvedilol therapy. 
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Figure 5.1 Bivariate relationships between on-treatment changes in left ventricular mass 

index (LVMI) or inappropriate LVM (LVMinappr) and LV ejection fraction (EF) in hypertensives. 
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Table 5.8. Relationships between on-treatment changes in indexes of left ventricular mass (LVM) and LV ejection fraction (EF) with LVM 

expressed as an inappropriate increase in LVM (LVMinappr), absolute LVM or LVM indexed to height2.7 (LVMI) in mild-to-moderate hypertension 

(n=168). 

 

         Pearson’s r (CI)    p value        Partial r (CI)       p value          Partial r (CI)       p value                Partial r (CI)        p value 

Adjustments         None         confounders†    confounders†+EFb                      confounders†+  Δ LVM 

________________________________________________________________________________________________________________ 

Change in ejection fraction versus 

Δ LVMinappr     -0.29*(-0.42 to -0.14) <0.0001  -0.38*(-0.50 to -0.23) <0.0001  -0.35*(-0.48 to -0.21) <0.0001  -0.63 (-0.71 to -0.52)  <0.0001 

Δ LVM       0.08 (-0.07 to 0.23)    =0.30      0.17 (0.01 to 0.31)     =0.04      0.09 (-0.07 to 0.24)    =0.28  -  - 

Δ LVMI      0.07 (-0.08 to 0.22)    =0.34      0.17 (0.01 to 0.32)     =0.04      0.10 (-0.06 to 0.25)    =0.22  -  - 

________________________________________________________________________________________________________________ 

 A negative relationship represents an increase in EF with a decrease in LVM. CI, confidence interval; EFb, baseline EF; Δ LVM, change in 

LVM. *p<0.0001 vs correlation coefficients for LVM and LVMI. †Adjustments are for age, sex, LV systolic stress, diabetes mellitus, pulse rate, 

previous treatment for hypertension, regular smoking, regular alcohol intake, body weight, body height (when assessing relations with LVM), 

and carvedilol therapy. 
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inverse relationships between change in or % change in LVMinappr and change in or % 

change in EF were far stronger than the relationships between change in or % change in 

LVM or LVMI and change in or % change in EF (Table 5.8)(p<0.001 for comparison of partial 

r values). The inverse relationship between change in LVMinappr and change in EF remained 

unaltered despite further adjustments for change in LVM (Table 5.8) or change in LVMI 

(partial r=-0.64, confidence interval=-0.72 to -0.53, p<0.0001), baseline LVM (partial r=-0.42, 

confidence interval=-0.54 to -0.28, p<0.0001) or baseline LVMI (partial r=-0.42, confidence 

interval=-0.54 to -0.28, p<0.0001), change in stroke volume (partial r=-0.32, confidence 

intervals= -0.45 to -0.17, p<0.0001) or change in LV end diastolic diameter (partial r= -0.44, 

confidence intervals= -0.56 to -0.31, p<0.0001). The inverse relationship between % change 

in LVMinappr and % change in EF also remained unaltered despite further adjustments for % 

change in LVM, or LVMI, baseline LVM or LVMI, % change in stroke volume or % change in 

LV end diastolic volume (data not shown). Replacing LV systolic wall stress with 

conventional, 24-hour, day, or night SBP showed similar relationships (data not shown). 

 

5.3 Discussion 

 

The main finding of the present study is that in the treatment of mild-to-moderate 

hypertension over a 4 month period, in contrast to a modest treatment-induced attenuation in 

EF accompanying decreases in LVM and LVMI, on-treatment decreases in LVMinappr were 

strongly and independently related to improvements in EF. Importantly, relationships 

between on-treatment changes in LVMinappr and EF were unaltered by adjustments for LVM 

or LVMI and were noted to be far stronger than relationships between on-treatment changes 

in LVM or LVMI and EF. 

Although one prior study has demonstrated that on-treatment regression but not 

persistence of LVMinappr is associated with an improved EF (Muiesan et al 2007), whether 

changes in EF associated with decreases in LVMinappr are independent of or stronger than 

changes in LVM or LVMI is uncertain. To the best of my knowledge the present study 
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provides the first prospective, intervention data to show that regression of LVH as indexed 

by LVMinappr is associated with improvements in EF beyond that of LVM or LVMI. The 

present study therefore supports the notion that LVH in excess of that predicted by stroke 

work, rather than absolute LVM, accounts for a decrease in LV systolic chamber function. 

Prior studies showing inverse relationships between LVMinappr and indices of systolic 

chamber function (Palmieri  et al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone 

et al 2004, Chinali et al 2006, Chinali et al 2007, Cioffi et al 2011, Muiesan et al 2007) have 

largely been reported in cross-sectional studies conducted in select clinical samples 

(Palmieri  et al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone et al 2004, 

Chinali et al 2006, Chinali et al 2007, Cioffi et al 2011) and none have demonstrated these 

effects beyond LVM or LVMI. Such relationships may therefore reflect a compensatory 

increase in LVM in response to a depressed LV systolic function (Palmieri  et al 1999, 

Palmieri et al 2001, Celentano et al 2001, de Simone et al 2004, Chinali et al 2006, Chinali 

et al 2007, Cioffi et al 2011) to residual confounding effects (Palmieri  et al 1999, Palmieri et 

al 2001, Celentano et al 2001, de Simone et al 2004, Chinali et al 2006, Chinali et al 2007, 

Cioffi et al 2011, Muiesan et al 2007), or to an effect that is dependent on absolute LVM 

(Palmieri  et al 1999, Palmieri et al 2001, Celentano et al 2001, de Simone et al 2004, 

Chinali et al 2006, Chinali et al 2007, Cioffi et al 2011, Muiesan et al 2007). With respect to 

whether the relationships shown in the present study may also be attributed to a decrease in 

LVM in response to a reduction in LV systolic chamber function, there is little preclinical or 

clinical evidence to our knowledge to indicate that antihypertensive therapy is able to 

increase LV systolic chamber function independent of load over a short duration of therapy 

(4 months). In contrast, there is substantial evidence to show that antihypertensive therapy 

in-part regresses LVH over this time period. It is therefore likely that in the present study 

antihypertensive therapy regressed LVMinappr and the reduced LVMinappr or associated 

myocardial changes consequently enhanced EF. 

Prior studies have demonstrated that regression of LVH following treatment with 

antihypertensive therapy is associated with either no change (Perlini et  al 2001), or with 
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decreased (Wachtell et al 2002), rather than improved indices of systolic LV chamber 

function. Similarly, in the present study I show that decreases in LVM or LVMI are 

associated with a modest attenuation rather than an increase in EF with antihypertensive 

therapy. Together with the often enhanced EF observed relative to that predicted from LV 

wall stress in LVH (Hartford et al 1985), such data have previously cast doubt on inverse 

relationships between LVH and EF being attributed to LVH accounting for a decreased LV 

systolic chamber function. However, as in the present study on-treatment decreases in 

LVMinappr were strongly and independently associated with the opposite effect on EF (an 

increase), the present study provides evidence to support the notion that LVH or factors 

related to LVH may be responsible for decreases in systolic LV chamber function, but that 

LVMinappr and not absolute LVM or LVMI account for this effect. 

 Although not a primary outcome of the present study, it is important to consider the 

potential mechanisms for the on-treatment LVMinappr-EF relations observed. In this regard EF 

is in-part determined by myocardial systolic function which is indexed by FSmid. Despite an 

ability to show strong inverse relations between FSmid and LVMinappr independent of LVM or 

LVMI at baseline, following 4 months of antihypertensive therapy no significant relationships 

between change in FSmid and change in LVMinappr were noted. These data suggest that on-

treatment changes in FSmid over a short treatment period are too small to show relations 

with decreases in LVMinappr unless larger study samples are employed. Indeed, prior studies 

have demonstrated that LVH regression following 3 months of antihypertensive treatment 

was associated with only a 0.6% increase in FSmid and required 152 patients to show a 

trend for significance (Perlini et al 2001). 

 The exact mechanisms at a myocardial level that may account for the improved LV 

systolic function associated with regression of an increased LVMinappr are also unclear. This 

may reflect the regeneration of cardiomyocytes damaged by LVH-associated apoptosis and 

necrosis. However, the short duration over which LV systolic chamber function increased 

suggests an alternative mechanism, such as an improved cardiomyocyte function. In this 

regard, LVMinappr may be accompanied by an imbalance in myocardial oxygen supply-to-
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demand ratios, a change which promotes cardiomyocyte dysfunction. With a decrease in 

LVMinappr, the balance between myocardial oxygen supply and demand may be restored and 

function improved. 

Caution should be exercised when interpreting the results of the present study. In this 

regard, the present findings do not challenge the prognostic value of LVM or LVMI in 

contrast to LVMinappr. Indeed, although not improving EF, antihypertensive therapy 

nevertheless also decreased LVM in participants with appropriate LVM and this is likely to be 

of prognostic importance. However, the present study does indicate that future prospective 

studies specifically assessing the impact of regression of increases in LVMinappr independent 

of absolute LVM or LVMI on the development of heart failure with a reduced EF are required.     

A limitation of the present study is that it was conducted in one ethnic group with a 

high prevalence of increased LVMinappr and with higher thresholds for an increased LVMinappr 

determined in a healthy sample, than that reported on in other ethnic groups. However, the 

thresholds for LVMinappr corresponded to thresholds of LVMI of 51.8 g/m2.7 in the healthy 

sample, an accepted threshold for LVMI in this ethnic group (Nunez et al 2005). An 

additional potential limitation is that I determined LVMinappr using predicted LVM values 

calculated from a formula derived in an alternative population (de Simone et al 2002). 

However, in support of the suitability of the calculation of LVMinappr in the patients studied, in 

contrast to strong positive correlations noted between LVM (or LVMI) and stroke work, when 

LVM was expressed as LVMinappr, no residual relations with stroke work were observed. 

Moreover, the lack of ability to show reduced on-treatment decreases in BP and wall stress 

in response to antihypertensive therapy in the participants with an increased LVMinappr as 

compared to those participants with an appropriate LVM, may reflect a type II statistical 

error. However, this is likely to have biased against the results of the present study and 

hence resulted in an underestimation of the size effect on EF that antihypertensive therapy 

could achieve in participants with an increased LVMinappr. An additional limitation is that LV 

ejection fraction was measured with echocardiography whilst magnetic resonance imaging 

(MRI) measurements of systolic function have been demonstrated to be more sensitive for 
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predicting cardiovascular events (Mewton et al 2013). It is therefore possible that we may 

have demonstrated stronger relationships between change in LVMI and LV ejection fraction 

if magnetic resonance imaging had been employed. Last, relatively weak unadjusted 

correlation coefficients were noted for relationships between decreases in LVMinappr and LV 

ejection fraction, a finding that must be interpreted with caution. This may reflect an overall 

weak relationship between change in LVH in excess of that predicted by stroke work and LV 

systolic chamber function. However, in multivariate models with adjustments for appropriate 

confounders and LVMI, we show a relationship (partial r value) between on-treatment 

change in LVMinappr and increase in LV ejection fraction in mild-to-moderate hypertensives of 

-0.63 (confidence intervals=-0.71 to -0.52) (p<0.0001), a relationship which cannot be 

considered to be weak. Hence, it is likely that confounding effects explained the weak 

unadjusted relationships. 

 In conclusion, in the present study I show that with adjustments for LV wall stress 

and other confounders, in mild-to-moderate hypertension, treatment-induced decreases in 

LVM in excess of that predicted by LV work load (LVMinappr) were strongly related to 

improvements in on-treatment EF independent of absolute LVM or LVMI. These data 

therefore support the notion that LVH, as indexed by LVM or LVMI incorporates a 

component of LVH that can be viewed as a compensatory change that preserves EF, but 

when this exceeds that predicted by LV workload, this excess in LV growth or associated 

changes, may account for decreases in EF. Future prospective studies specifically 

assessing the impact of regression of increases in LVMinappr independent of absolute LVM or 

LVMI on the development of heart failure with a reduced EF are required. 
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 Abstract 

An explanation for the relationship between obesity and left ventricular mass (LVM) 

in excess of that predicted from stroke work (inappropriate LVM [LVMinappr]) and beyond 

alternative haemodynamic factors has not been provided. In the present study the 

relationship between the homeostasis model assessment of insulin resistance (HOMA-IR) 

and LVMinappr beyond haemodynamic factors and adiposity indices was evaluated in 478 

participants of a randomly selected community sample. 43% of the sample were obese and 

indices of adiposity were correlated with HOMA-IR (p<0.0001). With adjustments for 

confounders, waist circumference, but not body mass index was independently associated 

with HOMA-IR. HOMA-IR was correlated with LVMinappr (p<0.0001) and in a multivariatre 

model with adjustments for waist circumference, age, sex, conventional systolic blood 

pressure, diabetes mellitus or an HbA1c>6.1%, regular tobacco use, regular alcohol intake, 

pulse rate, and treatment for hypertension, the relationship betwreen HOMA-IR and LVMinappr 

persisted (partial r=0.14, p<0.002). With further adjustments for either 24-hour systolic BP 

(partial r=0.11, p<0.05, n=351), aortic pulse wave velocity (partial r=0.13, p<0.02, n=410), or 

circumferential LV wall stress (partial r=0.12, p<0.02, n=478) the independent relationship 

between HOMA-IR and LVMinappr also remained. Multivariate adjusted LVMinappr was 

markedly increased in the highest quartile as compared to the lowest quartile of HOMA-IR 

(131±28% vs 118±29%, p<0.0005). In conclusion, the present results suggest that 

independent of adiposity indices, insulin resistance is associated with LVM beyond that 

predicted from stroke work and independent of alternative haemodynamic changes. Hence, 

the relationship between indices of excess adiposity and LVM beyond haemodynamic 

factors may be explained in-part by insulin resistance.  
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6.0 Introduction 

 

Left ventricular hypertrophy (LVH) is a predictor of heart failure (Casale et al 1986,  

Levy et al 1990, Ghali et al 1992, Levy et al 1996, Gottdiener et al 2000, Gardin et al 2001,  

Aurigemma et al 2001) and the development of a reduced ejection fraction (EF)(Drazner et 

al 2004) independent of myocardial infarction. Left ventricular mass (LVM) may therefore 

determine the progression to heart failure with a reduced rather than a preserved EF 

Drazner 2011, Bibbins-Domingo et al 2009). However, as highlighted in the previous two 

chapters of the present thesis, there are considerable discrepancies in the ability to show 

consistent relations between LVM or LVM index (LVMI) and a reduced systolic LV chamber 

function (Aurigemma et al 1995, de Simoneb et al 1994, Shimizu et al 1991, Perlini et al 

2001, Hartford et al 1985, Wachtell et al 2002). One possibility that may explain these 

inconsistencies is that absolute LVM and LVMI may incorporate a component of LVH 

considered compensatory in nature, whilst there may also be a component of LVH that 

contributes to decompensation. In this regard, LVM in excess of that predicted by work load 

(i.e. stroke work=blood pressure x stroke volume) termed “inappropriate LVM” (LVMinappr)(de 

Simone et al 1998), but not LVM or LVMI is inversely associated with systolic LV chamber 

function in an unselected community-based sample (Libhaber et al 2012) and on-treatment 

regression of LVMinappr, but not LVM or LVMI is associated with an improved EF (Woodiwiss 

et al 2012). As highlighted in chapter 4, obesity is the strongest determinant of LVMinappr. The 

mechanisms responsible for obesity-induced increases in LVMinappr are nevertheless 

uncertain. 

Although a number of studies with small sample sizes conducted in select patient 

populations (Sharp et al 1992, Sasson et al 1993, Lind et al 1995, Kamide et al 1996, 

Paolisso et al 1995, Paolisso et al 1997, Tomiyama et al 1997, Vetta et al 1998, Phillips et al 

1998, Watanabe et al 1999, Shigematsu et al 2006, Anan et al 2007, Sesti et al 2007) and 

large study samples (Sundstrom et al 2008, Sciacqua et al 2011, Hwang et al 2011) have 

provided evidence to support a role for insulin resistance as a possible mechanism involved 
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in increasing LVM, these relationships could be accounted for by increases in stroke work 

associated with obesity. Indeed, one small study conducted in 53 hypertensives with 

electrocardiographic LVH from the LIFE study failed to demonstrate a irelationship between 

circulating insulin concentrations and LVMinappr (Olsen et al 2004). The small study sample 

however raises the question of whether the results reflect a slection bias and a false 

negative relationship. Furthermore, in that study (Olsen et al 2004), insulin resistance was 

not determined. To address the question of whether insulin resistance is associated with 

LVMinappr, in the present study I therefore evaluated whether an index of insulin resistance is 

associated with LVMinappr independent of adiposity indices in a relatively large, randomly 

selected community-based sample with a high prevalence of obesity. 

 

6.1 Methods 

 

6.1.1 General 

 

A description of the study sample has been provided in chapter 2 (pages 43-44). Of 

the 678 participants with echocardiographic data, fasting blood results were obtained from 

478 participants. Demographic and clinical data were obtained using a standardised 

questionnaire described in chapter 2 (pages 44-45). Height and weight were measured using 

standard approaches and participants were identified as being overweight if their body mass 

index (BMI) was ≥25 kg/m2 and obese if their BMI was ≥30 kg/m2. Standard laboratory blood 

tests of renal function, liver function, blood glucose, lipid profiles, haematological 

parameters, and percentage glycated haemoglobin (HbA1c)(Roche Diagnostics, Mannheim, 

Germany) were performed. Fasting plasma insulin concentrations were determined from an 

insulin immulite, solid phase, two-site chemiluminescent immunometric assay (Diagnostic 

Products Corporation, Los Angeles, CA, USA) and insulin resistance was estimated by the 

homeostasis model assessment of insulin resistance (HOMA-IR) using the formula (insulin 

[uU/ml] x glucose [mmol/l])/22.5 (Wallace et al 2004). Diabetes mellitus (DM) or an abnormal 
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blood glucose control was defined as the use of insulin or oral hypoglycaemic agents or an 

HbA1c value greater than 6.1% (Bennett et al 2007). Menopause was confirmed with 

measurements of follicle stimulating hormone concentrations. Blood pressure (BP) 

measurements were obtained by a trained nurse-technician using a standard mercury 

sphygmomanometer and using SpaceLabs monitors (model 90207) (ambulatory 24-hour, 

day and night BP) as described in chapter 2, page 46. Carotid-femoral PWV was determined 

using applanation tonometry and SphygmoCor software as described in chapter 2, pages 

46-47. 

 

6.1.2 Echocardiography. 

 

Echocardiography was performed as described in chapter 2, pages 47-55. All 

measurements were recorded and analyzed off-line by experienced investigators whom 

were unaware of the clinical data of the participants. Left ventricular mass (LVM), LVMI, and 

LV mean wall thickness were calculated as described in chapter 2, page 54. An LVMI >51 

g/m2.7 was considered to be increased (Nunez et al 2005). Stroke volume was evaluated 

from the difference between LV end diastolic and systolic volumes determined using both 

the Teichholz (Teichholz et al 1976) and the Z-derived (de Simonec et al 1996) methods. 

Circumferential LV systolic wall stress was calculated as described in chapter 4, page 95. 

The extent of inappropriate LVM (LVMinappr) was determined from predicted LVM as 

described by others (de Simone et al 2002), where predicted LVM was calculated as 

55.37+(6.64 x height2.7)+(0.64 x [systolic BP x stroke volume x 0.014]) – (18.07 x gender), 

where male gender=1 and female gender=2, and where stroke volume was calculated from 

LV volumes assessed from the Z-derived method. Inappropriate LVM was expressed either 

as actual-predicted LVM in grams, or % actual LVM/predicted LVM. An LVMIinappr>150% was 

considered to be increased. This threshold was identified from the upper 95% confidence 

interval for LVMIinappr determined in 140 participants from the community-based study without 

clinically significant disease and normal clinical blood parameters who were normotensive, 
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non-diabetic, and had a BMI<30 kg/m2. In these participants the upper 95% confidence for 

LVMI was 51.8 g/m2.7. To ensure that the calculation for LVMinappr was suitable for the 

community studied, we determined whether the strong correlations between LVM or LVMI 

and stroke work were eliminated if LVM was expressed as LVMinappr. 

 

6.1.3 Data analysis 

 

 Database management and statistical analyses were performed with SAS software, 

version 9.1 (SAS Institute Inc., Cary, NC, USA). Continuous data are reported as mean±SD 

or mean±SEM. Unadjusted means and proportions were compared by the large-sample 

z-test and the 2-statistic, respectively. As HOMA-IR was positively skewed (see page 76 for 

skewness, kurtosis and Shapiro-Wilk’s statistic) HOMA-IR was log transformed (see page 76 

for skewness, kurtosis and Shapiro-Wilk’s statistic after log transformation) Independent 

relations between HOMA-IR and LVM, LVMI or LVMinappr were determined from multivariate 

linear regression analysis with adjustments for waist circumference, age, sex, conventional 

systolic BP (or 24-hour systolic BP, PWV or circumferential wall stress), diabetes mellitus or 

an HbA1c>6.1%, antihypertensive treatment, regular tobacco use and regular alcohol intake. 

Partial correlation coefficients between HOMA-IR and LVM, LVMI or LVMinappr were 

determined by assessing these relations after adjusting for covariates. Probability values 

were further adjusted for non-independence of family members using the method of 

maximum likelihood as implemented by the mixed procedure as defined in the SAS 

package. The mixed model contains both fixed effects (all phenotypic data) parameters and 

random-effects (familial relationships) parameters. To compare the magnitude of the impact 

of different variables on LVM, LVMI and LVMinappr, standardized β-coefficients were 

determined from stepwise linear regression analysis and these coefficients compared using 

a one way analysis of variance. 
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6.2 Results 

 

6.2.1 Participant characteristics. 

 

The demographic and clinical characteristics of participants with echocardiographic 

data either with or without fasting blood data were similar (see Table 3.1 for comparison). A 

high proportion of participants were overweight or obese (Table 3.1). Of the 42.1% of 

participants that were hypertensive, only 38.3% had controlled BP. 23.2% of participants had 

LVH (LVMI>51 g/m2.7). Approximately a quarter of the participants had diabetes mellitus or 

an impaired blood glucose control. None of the participants had mitral valve abnormalities. 

15.5% of participants had an increased LVMinappr. The mean (±SD) HOMA-IR and log 

HOMA-IR values in those with fasting blood values were 3.70±5.14 and 0.70±1.09 

respectively. 

   

6.2.2 Factors related to HOMA-IR. 

 

 On bivariate analysis, the factors related to HOMA-IR have been described in section 

3.2.2 (chapter 3). In a multivariate regression model, only waist circumference and diabetes 

mellitus and/or an HbA1c>6.1% were independently associated with HOMA-IR (see Table 

3.3 of chapter 3). 

 

6.2.3 Relationships between indices of excess adiposity and LVMinappr. 

 

The relationships between indices of excess adiposity and LVMinappr are shown in 

Figure 4.1 (chapter 4). The multivariate adjusted relationships between indices of excess 

adiposity and LVMinappr are shown in Tables 4.3 and 4.4 (chapter 4). 
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6.2.4 HOMA-IR is independently associated with an inappropriate left ventricular mass 

 

 On bivariate analysis, HOMA-IR was strongly and directly correlated with LVM, LVMI 

and LVMinappr (Figure 6.1). In multivariate models with waist circumference, age, sex, 

conventional systolic BP, diabetes mellitus or an HbA1c>6.1%, regular tobacco use, regular 

alcohol intake, and treatment for hypertension in the model, HOMA-IR was independently 

associated with LVM, LVMI and LVinappr (Figure 6.2). With further adjustments for body 

weight (LVMI) or body mass index (LVM and LVMinappr) in place of waist circumference in the 

multivariate models, HOMA-IR remained independently related to LVM (partial r=0.16, 

p=0.0006), LVMI (partial r=0.12, p=0.008) and LVMinappr (partial r=0.16, p<0.0005). An 

incremental increase in multivariate adjusted LVMinappr was noted across quartiles of log 

HOMA-IR (Figure 6.3). 

 

6.2.5 Relationship between HOMA-IR and inappropriate left ventricular mass beyond 

additional haemodynamic factors. 

 

With adjustments for 24-hour systolic BP, circumferential wall stress or aortic PWV in 

place of conventional systolic BP in the multivariate models, HOMA-IR remained 

independently related to LVM, LVMI and LVMinappr (Table 6.1). 

 

6.3 Discussion 

 

 The main findings of the present study are that in a randomly selected community 

sample with a high prevalence of obesity, insulin resistance as indexed by HOMA-IR, was 

associated with LVM in excess of that predicted by stroke work (LVMinappr) independent of 

indices of excess adiposity including general (BMI) and central (abdominal) (waist 

circumference) adiposity and of a number of haemodynamic factors including circumferential 

wall stress, 24-hour BP and aortic PWV. 
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Figure 6.1. Bivariate relationship between the log of the homeostasis model assesment of 

insulin resistance (HOMA-IR) and left ventricular mass (LVM), LVM index (LVMI) and LVM in 

excess of that predicted by stroke work (inappropriate LVM, LVMinappr) in a community 

sample. 
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Figure 6.2. Partial correlations coefficients and 95% confidence intervals of the multivariate 

adjusted relationships between the log of the homeostasis model assesment of insulin 

resistance (HOMA-IR) and left ventricular mass (LVM), LVM index (LVM) or LVM in excess 

of that predicted by stroke work (inappropriate LVM, LVMinappr) in a community sample. 

Adjustments were for age, sex, waist circumference, conventional systolic BP, diabetes 

mellitus or a glycated hemoglobin>6.1%, antihypertensive treatment, regular tobacco use 

and regular alcohol intake. Probability values were further adjusted for non-independence of 

family members. 
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Figure 6.3. Multivariate adjusted left ventricular mass (LVM) in excess of that predicted by 

stroke work (inappropriate LVM [LVMinappr]) across quartiles of the log of the homeostasis 

model assesment of insulin resistance (HOMA-IR) in a community sample. Adjustments 

were for age, sex, waist circumference, systolic blood pressure, diabetes mellitus or a 

glycated hemoglobin>6.1%, antihypertensive treatment, regular tobacco use, and regular 

alcohol intake. Probability values were further adjusted for non-independence of family 

members. *p<0.005, ** p<0.0005 vs first quartile, †p<0.05 versus second quartile of HOMA-

IR. 
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Table 6.1. Independent relationships between the log of the homeostasis model assesment 

of insulin resistance (HOMA-IR) and left ventricular mass (LVM), LVM index (LVM) or LVM in 

excess of that predicted by stroke work (inappropriate LVM, LVMinappr) in a community 

sample with adjustments for potential confounders and various haemodynamic factors. 

 

HOMA-IR vs n= Adjustments  Partial r Confidence intervals     p-value 

_________________________________________________________________________ 

LVM  351 * + 24-hour SBP     0.12  0.014 to 0.225  <0.05 

  410 * + Aortic PWV     0.14  0.038 to 0.231  <0.01 

  478 * + Circ. wall stress     0.13  0.036 to 0.216  <0.01 

LVMI  351 * + 24-hour SBP     0.11  0.001 to 0.211  <0.05 

  410 * + Aortic PWV     0.10  0.001 to 0.211  <0.05 

  478 * + Circ. wall stress     0.10  0.001 to 0.186  <0.05 

LVMinappr 351 * + 24-hour SBP     0.11  0.001 to 0.211  <0.05 

  410 * + Aortic PWV     0.13  0.030 to 0.224  =0.01 

  478 * + Circ. wall stress     0.12  0.029 to 0.210  =0.01 

_________________________________________________________________________ 

SBP, systolic blood pressure; PWV, pulse wave velocity; Circ, circumferential. *Adjustments 

are for age, sex, waist circumference, diabetes mellitus or a glycated hemoglobin>6.1%, 

antihypertensive treatment, regular tobacco use and regular alcohol intake and 

haemodynamic factor as indicated. Probability values were further adjusted for non-

independence of family members. 
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 To the best of my knowledge the present study is the first to show that insulin 

resistance is associated with LVM independent of adiposity indices and beyond that 

produced by stroke work (the major haemodynamic factor that determines variations in LVM) 

and a number of alternative haemodynamic factors including circumferential wall stress, 24- 

hour BP and aortic PWV. The present study is therefore the first to show that the relationship 

between insulin resistance and LVM may be accounted for by non-haemodynamic effects. In 

this regard, although a number of both small studies conducted in select clinical samples 

(Sharp et al 1992, Sasson et al 1993, Lind et al 1995, Kamide et al 1996, Paolisso et al 

1995, Paolisso et al 1997, Tomiyama et al 1997, Vetta et al 1998, Phillips et al 1998, 

Watanabe et al 1999, Shigematsu et al 2006, Anan et al 2007, Sesti et al 2007) and large 

studies (Sundstrom et al 2008, Sciacqua et al 2011, Hwang et al 2012) have demonstrated 

that insulin resistance may account for variations in LVM, these effects may be attributed 

entirely to the well described haemodynamic effects of obesity including increases in 24-hour 

BP, stroke volume, preload, or aortic PWV, none of which were adjusted for in these prior 

studies. Furthermore, in two of the large studies (Sundstrom et al 2008, Hwang et al 2012), 

the relationships between indices of insulin resistance and LVM were not adjusted for 

indices of excess adiposity, whilst in the present study the relations between HOMA-IR and 

LVM persisted with adjustments for an index of either abdominal obesity (waist 

circumference) or for body size (BMI or body weight). 

In contrast to the present and prior studies showing relations between indices of 

insulin resistance and LVM beyond those of adiposity indices (Sharp et al 1992, Sasson et al 

1993, Lind et al 1995, Kamide et al 1996, Paolisso et al 1995, Paolisso et al 1997, 

Tomiyama et al 1997, Vetta et al 1998, Phillips et al 1998, Watanabe et al 1999, Shigematsu 

et al 2006, Anan et al 2007, Sesti et al 2007, Sundstrom et al 2008, Sciacqua et al 2011, 

Hwang et al 2012), a number of small studies conducted in select clinical samples (Nagano 

et al 1994, Kupari et al 1994, Costa et al 1995, Ohya et al 1996, Muredda et al 1998, Jelenc 

et al 1998, Verdecchia et al 1999, Galvan et al 2000, Malmquist et al 2001, Olsen et al 2003, 

Ebnic et al 2006) or in large study samples (Chen et al 1998, Sundstrom et al 2000, 
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Devereux et al 2002, Rutter et al 2003, Velagaletti et al 2010, Fox et al 2011, de Simone et 

al 2003, 2011) have failed to demonstrate a relationship between indices of insulin 

resistance and LVM independent of adiposity indices or BP. 

In this regard an inability to show a relationship in small studies conducted in select 

clinical samples (Nagano et al 1994, Kupari et al 1994, Costa et al 1995, Ohya et al 1996, 

Merudda et al 1998, Jelenc et al 1998, Verdecchia et al 1999, Galvan et al 2000, Malmquist 

et al 2001, Olsen et al 2003, Ebnic et al 2006) may be attributed to a selection bias or to a 

false negative finding. In contrast, in the present study I show relations between HOMA-IR 

and LVM in an unselected and relatively large community-based sample. An inability to show 

independent relations between indices of insulin resistance in previous large clinical samples 

may also be attributed in-part to differences in the indices of insulin resistance employed in 

these studies. In this regard, whilst in the present study I assessed HOMA-IR as an index of 

insulin resistance, a measurement which mirrors the outcomes of the more sensitive glucose 

clamp technique (Bonara et al 2000), some previous large studies have evaluated 

relationships between C-peptide (Chen et al 1998) or circulating insulin concentrations 

(Devereux et al 2002). Moreover, differences in the characteristics of the populations studied 

may explain apparent discrepancies in results between strudies. In this regard, insulin 

resistance as assessed from the euglycaemic insulin clamp technique, was not 

independently associated with LVMI in elderly men (Sundstrom et al 2000), whilst the 

present study was conducted in a randomly selected community sample. However, in both 

the present and a number of alternative studies (Rutter et al 2003, Velagaletti et al 2010, Fox 

et al 2011, de Simone et al 2003, 2011) showing a lack of relationship between insulin 

resistance and LVM, HOMA-IR was employed to assess insulin resistance and the 

populations or communities sampled were randomly selected. Nevertheless, colinearity 

between HOMA-IR and indices of excess adiposity may have abolished relationships 

between HOMA-IR and LVM once adjustments for adiposity indices were applied in these 

studies (Rutter et al 2003, Velagaletti et al 2010, Fox et al 2011, de Simone et al 2003, 

2011). In addition, in none of these prior studies (Rutter et al 2003, Velagaletti et al 2010, 
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Fox et al 2011, de Simone et al 2003, 2011) was the relationship between HOMA-IR and 

LVMinappr assessed. 

 Although speculative in nature, the clinical implications of the present study warrant 

consideration. If the relationship between HOMA-IR and LVMinappr is confirmed in longitudinal 

studies, the results of the present study suggest that insulin resistance may in-part contribute 

toward the development of LVMinappr and in view of the potential role of LVMinappr as a 

possible cause of a reduced left ventricular ejection fraction (see preceding 2 chapters), 

improving insulin resistance even in the absence of overt diabetes mellitus may play a 

significant role in reducing the development of heart failure with systolic dysfunction. The 

notion that insulin resistance may lead to left ventricular systolic dysfunction is consistent 

with recent evidence of impaired contractile reserve in insulin resistant subjects (Cadeddu et 

al 2013). An intervention study is warranted to provide proof-of-principle that therapeutic 

agents that improve insulin resistance can regress excess LVMinappr and in the absence of 

overt diabetes mellitus, improve left ventricular systolic function.  

The limitations of the present study are largely those acknowledged in preceding 

chapters of the present thesis. The present study was a cross-sectional design and hence 

does not allow for conclusions to be drawn regarding cause and effect. Second, the present 

study was conducted in one ethnic group (black African descent) with a high prevalence of 

LVMinappr and with higher thresholds for an increased LVMinappr determined in a healthy 

sample, than that previously reported on in other ethnic groups. However, the thresholds for 

LVMinappr corresponded to thresholds of LVMI of 51.8 g/m2.7 in the healthy sample, an 

accepted threshold for LVMI in this ethnic group (Nunez et al 2005). Third, I determined 

LVMinappr using predicted LVM values calculated from a formula derived in an alternative 

population (de Simone et al 2002). However, in support of the suitability of the calculation of 

LVMinappr in the community studied, in contrast to strong positive correlations noted between 

LVM (or LVMI) and stroke work, when LVM was expressed as LVMinappr, no residual relations 

with stroke work were observed. Last, relatively weak partial r values were noted for 

relationships between HOMA-IR and LVMinappr, a finding that must be interpreted with 
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caution. This may reflect an overall weak relationship between insulin resistance and 

LVMinappr; an inability to appropriately account for all confounders or to exclude the impact of 

co-linearity between adjustors in multivariate models; or to our inability to accurately identify 

the degree of insulin resistance using for example a euglycaemic insulin clamp. However, 

this relationship translated into a more than 10% difference in LVMinappr between the highest 

and lowest quartile of HOMA-IR, a size effect that cannot be considered as trivial. Only 

intervention studies targeting insulin resistance are likely to reveal the actual magnitude of 

the effect of insulin resistance on LVMinappr if indeed this relationship is cause and effect. 

 In conclusion, in the present study I show that insulin resistance, as indexed by 

HOMA-IR is associated with LVM in excess of that predicted by workload independent of 

adiposity indices as well as a number of additional haemodynamic changes including 24-

hour BP, circumferential wall stress and aortic PWV. These results therefore provide 

evidence to support a non-haemodynamic effect of insulin resistance on LVM and in-part 

explain the strong and independent relationship between obesity and LVM in excess of that 

predicted by workload. 
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CHAPTER 7 
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As discussed in chapter 1 there is now considerable data to show that the presence 

of overweight or obesity contributes toward the development of heart failure independent of 

a number of conventional cardiovascular risk factors as well as the presence of myocardial 

infarction (Chen et al 1999, He et al 2001, Johansson et al 2001, Wilhelmsen et al 2001, 

Kenchaiah et al 2002, 2009, Ingelsson et al 2005a and 2005b, Nicklas et al 2006, Bahrami 

et al 2008, Spies et al 2009). Although there is no question that successful weight reduction 

or prevention programmes are the ultimate solution to this problem, unfortunately weight 

reduction programmes seldom result in obese individuals reaching target body weights 

(Latner et al 2002, Anderson et al 2001) and often result in an ability to maintain decreases 

in body weight (Jordan et al 2012, Hedayati et al 2011, Aucott et al 2009, Weiss et al 2007, 

The Trials of Hypertension Prevention Collaborative Research Group 1997). In this regard 

adherence to lifestyle changes decrease from as early as 6 months after the initiation of 

weight reduction programmes (Elmer et al 2006). Thus, it may be necessary to introduce 

alternative approaches to prevent the transition from overweight and obesity to heart failure. 

In order to institute effective therapeutic strategies, a complete understanding of the 

mechanisms of obesity-associated cardiovascular risk is necessary. However, as also 

undesrcored in previous chapters of the present thesis, the exact mechanisms responsible 

for this effect and the pathophysiological processes are unclear. These uncertainties 

prompted me to conduct a number of studies that have ultimately contributed toward these 

fields of study. 

In the present thesis I have produced evidence that contributes toward our 

understanding of the pathophysiological processes responsible for the transition from 

obesity-associated LVH to cardiac decompensation and some insights into the mechanisms 

that may explain these effects. In the present chapter I will discuss these findings in the 

context of some of the outstanding controversies which existed in this regard, and I will 

advance possible solutions based on the findings in the present thesis for preventing the 

problem of obesity-associated heart failure. Consistent with the general themes followed in 

the present thesis I will discuss these issues under two broad headings related to the two 
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main pathophysiological mechanisms known to contribute toward heart failure, namely 

“diastolic” and “systolic” cardiac dysfunction. However, initially I will discuss the strengths 

and weaknesses of the study design employed in the present thesis as it is important to 

place the findings of the current thesis in the context of these strengths and weaknesses. 

 

7.1 Study designs that could be employed to evaluate the process involved in the 

transition from obesity-associated LVH to heart failure. 

 

It is important to consider that with respect to the question of the role of obesity as a 

possible contributing factor to the development of cardiac dysfunction, I performed a 

relatively large cross-sectional, community-based study with random selection procedures 

conducted in a population with a high prevalence of obesity. The strengths of such a study 

are the fact that the results are unlikely to represent false positive or false negative findings 

or the effects of a selection bias so frequently encountered in case-control studies. The 

weaknesses of the present study are the inability to draw conclusions regarding cause and 

effect and the fact that hard outcomes of clinical significance were not evaluated. In this 

regard, a longitudinal study designed to evaluate whether overweight and obesity predicts 

the development of heart failure with either LV systolic or diastolic dysfunction independent 

of traditional cardiovascular risk factors or coronary artery disease would provide a high level 

of evidence in favour of the pathophysiological process involved in obesity-associated heart 

failure. However, with respect to such a study design there are a number of issues that 

require consideration. 

It is likely that well before the development of symptoms or signs of heart failure, at 

least one of the traditional risk factors for heart failure would occur in patients whom are 

overweight or obese. Thus, a longitudinal study is always likely to be confounded by the fact 

that obesity is associated with the development of hypertension, diabetes mellitus, 

dyslipidaemia and coronary artery disease, all of which may contribute toward the 

development of LV systolic or diastolic dysfunction and ultimately heart failure. Hence, the 
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chances of residual confounding effects are high. In contrast, in a cross-sectional study the 

impact of overweight or obesity on early as opposed to late LV dysfunction may be detected, 

changes which may frequently precede the development of traditional risk factors. Thus, 

although residual confounding effects cannot be eliminated in a cross-sectional study, they 

at least can be limited by seeking early LV dysfunction. Furthermore, an outcome-driven 

study may be confounded by decreases in body weight which are often associated with the 

development of heart failure (cardiac cachexia). In contrast, in a cross-sectional study, the 

chances that cardiac cachexia may confound the results would obviously be markedly 

reduced. A longitudinal study would also require considerable resources and time for follow-

up and may ultimately lead to data emerging at a point in time that may be considered as too 

late to rectify the current problems associated with emerging epidemics of obesity world-

wide. In contrast, cross-sectional studies may be conducted over shorter time periods. In the 

context of the strengths and weakness of the study designs, the work conducted in the 

present thesis nevertheless provides a number of insights into the pathophysiological 

process involved in the transition to heart failure associated with overweight or obesity. What 

are these insights? 

 

7.2  The transition from obesity-associated LVH to diastolic LV dysfunction. 

 

As indicated in chapter 1 and again briefly highlighted in the introduction to chapters 

2 and 3, prior to the publication or presentation of the data obtained in the present thesis, 

there were a number of unresolved issues with respect to the role of overweight and obesity 

as factors that may play a role in the pathogenesis of LV diastolic dysfunction. In the 

following I will discuss the results of the present thesis in the context of of each of these 

unresolved issues. In this way the contribution and the importance of the data obtained in 

the present thesis will be underscored. I will also suggest further studies required to address 

either the limitations of the data obtained in the present thesis or that will further evaluate the 

hypotheses that have been generated by the present thesis. 
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7.2.1 Does obesity contribute to variations in LV diastolic dysfunction at a population or 

community level? 

 

In the present thesis I was able to show that independent of a number of 

confounders, waist circumference, or BMI were inversely associated with E/A and e’/a’ in a 

relatively large, randomly selected, community based adult sample. It is important to 

underscore first that echocardiographic measures of LV diastolic dysfunction as determined 

from transmitral velocity measurements (E/A) and tissue Doppler assessments (E/e’) are 

associated with adverse cardiovascular outcomes and the development of heart failure 

(Aurigemma et al 2001, Schillaci et al 2002, Bella et al 2002, Redfield et al 2003, Ammar et 

al 2008). Hence, the extent to which excess adiposity explains variations in LV diastolic 

function has potential clinical importance. In this regard, until recently it was uncertain to 

what extent overweight and obesity contributed toward variations in LV diastolic function at a 

population or community level. What were the limitations of prior evidence and how has the 

present thesis contributed toward our understanding of this field? Importantly, I will not 

contrast the evidence obtained in the present study with case-control studies where the 

possibility of a selection bias or false positive or false negative findings are high. Rather, I 

will restrict the comparisons to data obtained only in large, randomly selected studies where 

false positive or false negative findings are limited and a selection bias is restricted to the 

criteria employed for random selection. 

Although prior studies conducted in large, randomly selected study samples have 

demonstrated an independent relationship between indices of excess adiposity and 

abnormalities of diastolic function (Redfield et al 2003, Ammar et al 2008, Fischer et al 2003, 

Tsioufis et al 2009, Russo et al 2011), these relationships were either not adjusted for 

confounders (Redfield et al 2003); were modest at best (Redfield et al 2003, Fischer et al 

2003); were conducted in hypertensives only (Tsioufis et al 2009) where the residual 

confounding effects of hypertension cannot be eliminated; were conducted in a population 
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sample of middle-aged-to-elderly individuals only (Redfield et al 2003, Ammar et al 2008) 

where the residual confounding effects of age on diastolic function cannot be eliminated; 

were not adjusted for LVMI or relative wall thickness (Redfield et al 2003, Ammar et al 2008; 

Tsioufis et al 2009); or were published after (Russo et al 2011) the results of the present 

study (Libhaber et al 2009). Thus, to the best of my knowledge, the results of the present 

thesis are the first to provide a reflection of the independent impact of excess adiposity on 

LV diastolic function in an unselected community-based sample not limited by a selection 

bias. 

In contrast, also at the time that the first paper related to the present thesis was 

published (Libhaber et al 2009), some studies had failed to establish a contribution (Bella et 

al 2002, Chinali et al 2006) and others had demonstrated a relatively minor contribution 

(Fischer et al 2003) of obesity to LV diastolic function. There are a number of potential 

explanations for the lack of or minimal relationships noted in these studies. The lack of 

independent relationship between adiposity and E/A in adolescents (Chinali et al 2006) may 

relate to the younger age of the participants as compared to other studies. Nevertheless, the 

presence of an abnormal E/A in adult participants with a reduced as opposed to increased 

BMI is difficult to explain (Bella et al 2002) unless differences in loading conditions 

influenced the outcome of this study. An alternative explanation is that differences in the 

anthropometric measures employed to index obesity, where measures of central adiposity 

may be more closely associated with abnormalities of LV diastolic chamber function than 

BMI (Ammar et al 2008, Tsioufis et al 2009), could explain discrepancies between studies. 

Indeed, in studies that failed to show a relationship or showed only a modest relationship 

between adiposity indices and LV diastolic function (Bella et al 2002, Chinali et al 2006, 

Fischer et al 2003), only BMI was employed as an index of excess adiposity. In this regard, 

in agreement with prior studies that have demonstrated a less robust relationship between 

BMI and abnormalities of diastolic function (Redfield et al 2003, Ammar et al 2008, Fischer 

et al 2003) as compared to that between indices of central adiposity and abnormalities of 

diastolic function (Ammar et al 2008, Tsioufis et al 2009), in the present study no significant 
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independent relationship between BMI and E/A was noted after adjustments for waist 

circumference, despite persistence of the independent relationship between an index of 

central adiposity (waist circumference) and E/A after adjustments for alternative indices of 

adiposity (BMI and skinfold thickness). However, at variance to a previous study (Ammar et 

al 2008), in the present study I failed to show an independent relationship between waist-to-

hip ratio and E/A. Although an explanation for the differences between studies is not 

apparent, such disparities could be attributed to distinct characteristics of the study 

populations. 

The results of the present thesis also provide the first indication of the extent to which 

indices of excess adiposity may explain variations in LV diastolic function in comparison to 

the contribution of other factors well established as determinants of LV diastolic function. In 

this regard, the results of the present study indicate that at a community level, waist 

circumference is second only to age and equivalent to BP in the magnitude of the effect on 

E/A. Although prior to the publication of the present study (Libhaber et al 2009), an 

alternative study performed in the general population had reported on independent 

associations between indices of central obesity and abnormalities of LV diastolic function 

(Ammar et al 2008), the relative impact of central adiposity on E/A as compared to 

alternative cardiovascular risk factors, was unclear. 

 

7.2.2 Do haemodyamic factors contribute toward obesity-associated decreases in LV 

diastolic dyfsunction? 

 

 Although some large community- or population-based studies have reported on an 

independent relationship between adiposity indices and abnormalities of LV diastolic function 

either prior to (Redfield et al 2003, Ammar et al 2008, Fischer et al 2003, Tsioufis et al 2009) 

or after (Russo et al 2011) publication of the work contained within the present thesis 

(Libhaber et al 2009), none of these studies had considered all potential haemodynamic 

factors involved. In this regard, a number of studies have demonstrated that obesity is 
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associated with increases in arterial stiffness (Sutton-Tyrrell et al 2001, Mackey et al 2002, 

Wildman et al 2003, Majane et al 2008), and indices of arterial stiffness are associated with 

LVMI independent of brachial BP (Libhaber et al 2008). As LVMI may be an important 

determinant of LV diastolic function (Fischer et al 2003, Chahal et al 2010, Schillaci et al 

2002), the role of obesity-associated increases in artrial stiffness therefore requires careful 

consideratiion. Moreover, prior studies reporting on the independent relationship between 

adiposity indices and LV diastolic function have only adjusted for office BP, and had not 

considered the possibility that obesity-associated increases in 24-hour BP may explain the 

independent relationships between excess adiposity and LV diastolic dysfunction. However, 

in the present thesis I was able to show that waist circumference was associated with E/A 

even after adjustments for aortic pulse wave velocity, an index of large artery stiffness, or 

24-hour BP. Thus, the present thesis provides the only evidence to support the notion that 

obesity is associated with LV diastolic dysfunction even beyond not only office BP, or 

hyperternsion status, but also beyond aortic stiffness and 24-hour BP. The clinical 

implications of these findings are that targeting obesity-associated haemodynamic changes 

is unlikely to prevent or improve LV diastolic dysfunction. 

 

7.2.3 Does obesity contribute to variations in LV diastolic dysfunction independent of left 

ventricular hypertrophy or remodelling? 

 

As indicated throughout the thesis, LVMI and concentric LV remodelling are strongly 

associated with LV diastolic dysfunction (Fischer et al 2003, Chahal et al 2010, Schillaci et al 

2002). An obvious question which therefore arises is whether obesity-associated LVH is an 

essential element involved in the transition to an abnormal LV diastolic function? In this 

regard, prior to the initial publication of the work contained within the present thesis 

(Libhaber et al 2009), independent associations between indices of central obesity and 

abnormalities of LV diastolic function previously reported on in most large studies conducted 

at a population or community level were not adjusted for either LVMI or LV relative wall 
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thickness (Redfield et al 2003, Ammar et al 2008, Tsioufis et al 2009), whilst adjustments for 

LVMI or relative wall thickness in other studies resulted in only marginal associations 

between obesity and LV diastolic function (Fischer et al 2003). In the present study I was 

able to show that the strength of the independent relations between indices of adiposity and 

E/A were retained after adjustments for either LVMI or LV relative wall thickness. To the best 

of my knowledge therefore, the present study was the first relatively large study conducted at 

a community level to suggest that LVM and geometry may contribute only to a minor extent 

to the pathogenesis of obesity-induced LV diastolic abnormalities. Although subsequent 

larger studies have similarly demonstrated relations between excess adiposity and diastolic 

dysfunction independent of LVMI (Russo et al 2011), this study did not report on adjustments 

for relative wall thickness. However, as obesity was not associated with an increased relative 

wall thickness in that study (Russo et al 2011), both the present (published in 2009, Libhaber 

et al 2009) and this prior (Russo et al 2011) study are consistent with each other. Overall 

therefore, the current evidence supports a view that LVH or concentric LV remodelling are 

not prerequisites for the transition to LV diastolic dysfunction associated with overweight or 

obesity. The clinical implications of these findings are that targeting LVH or the concentric LV 

remodelling process is unlikely to prevent or improve LV diastolic dysfunction associated 

with overweight or obesity. What then is the mechanism that may explain the LV diastolic 

dyfsunction in obesity?  

 

7.2.4 Insulin resistance as a possible explanation for the association between adiposity 

indices and LV diastolic dysfunction. 

 

As insulin resistance, an often noted finding associated with obesity, may either 

downregulate myocardial glucose uptake, thus precluding the energetic advantage provided 

by glucose versus free fatty acid oxidation, or result in an accumulation of intracellular 

triacylglycerol, thus promoting lipotoxicity (Nikolaidis et al 2004, Ouwens et al 2005, Coort et 

al 2007), in the present thesis I considered the possibility that insulin resistance may explain 
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the independent relationships between adiposity indices and LV diastolic dysfunction. In this 

regard, prior to the present thesis, several studies conducted in select clinical samples and 

with small or relatively small study sizes (Lind et al 1995, Golderisi et al 1997, Mureddu et al 

1998, Watanabe et al 1999, Wong et al 2004, Bajraktari et al 2006, Dinh et al 2010 Utz et al 

2011, Sliem et al 2010), or in large study samples (Hwang et al 2011) had suggested that 

insulin resistance is associated with abnormalities in LV diastolic function. However, in one 

study these relationships were not independent of adiposity indices (Mureddu et al 1998) 

and in other studies (Lind et al 1995, Golderisi et al 1997, Mureddu et al 1998, Watanabe et 

al 1999, Wong et al 2004, Dinh et al 2010 Utz et al 2011, Sliem et al 2010) including the 

study with a large study sample (Hwang et al 2011) these relationships were either not 

adjusted for adiposity indices or indices or central (abdominal) adiposity. Moreover, it is 

uncertain whether these relationships could be accounted for by haemodynamic changes 

other than clinic BP, including 24-hour BP and aortic stiffness.  

In contrast to studies showing obesity-LV diastolic function relations, in alternative 

small studies (Olsen et al 2003, Wada et al 2010, Wu et al 2011, Lambert et al 2010) also 

conducted in select clinical samples, indices of insulin resistance were not correlated with 

measures of diastolic function. However, as demonstrated in chapter 3 of the present thesis, 

in a study design which precludes the possibility of a potential selection bias, or type I or II 

statistical errors, I was able to demonstrate that HOMA-IR, an index of insulin resistance, 

was associated with LV diastolic function independent of adiposity indices or haemodynamic 

changes, including aortic PWV and 24-hour BP. Moreover, although independent 

relationships between HOMA-IR and LVMI or relative wall thickness were noted, 

adjustments for LVMI nor relative wall thickness modified the multivariate adjusted HOMA-

IR-E/A relationships. These data would therefore suggest that LV structural changes are 

unlikely to account for relationships between HOMA-IR and abnormalities of LV diastolic 

function. With respect to the clinical implications of this finding, one must therefore consider 

insulin resistance as a potential mechanism mediating LV diastolic dysfunction in obesity. 

Taking this argument one step further, it is possible therefore that insulin resistance may 
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contribute toward the transition to heart failure in obesity. What are the possible questions 

raised by these findings with respect to future studies? 

 

7.2.5 Obesity and insulin resistance may contribute toward variations in LV diastolic 

dysfunction: Future directions. 

 

Considering that the world currently faces the challenge of an epidemic of obesity 

and its potential consequences, the results of chapter 2 and 3 presented in the current thesis 

require careful consideration. Without question the reults presented in chapters 2 ahd 3 raise 

the question of whether in the absence of diabetes mellitus, obesity, through insulin 

resistance may present a risk factor for heart failure through a decrease in diastolic LV 

function. The present thesis therefore raises the question of whether we wait for longitudinal 

studies with hard outcomes to confirm the present results, studies which would undoubtedly 

lend more scientific rigor to the question, or whether we begin small “proof-of-principle” 

studies to evaluate the possibility that targeting insulin resistance may improve diastolic LV 

function. The dilemma obviously requires consideration within the context of a potential 

epidemic of obesity associated heart failure. In this regard, I am aware of a number of 

laboratories world-wide that have earmarked on either one or the other study design. If 

successful, these studies would ultimately lend credence to the possibility that insulin 

sensitising agents in those whom are unable to modify insulin resistance with interventions 

designed to achieve weight loss, may be a solution to preventing obesity-associated LV 

diastolic LV dysfunction and hence heart failure. 

 

7.3  The transition from obesity-associated LVH to systolic LV dysfunction. 

 

As indicated in chapter 1 and again briefly highlighted in the introduction to 

subsequent chapters, prior to the publication or presentation of the data obtained in the 

present thesis, there were also a number of unresolved issues with respect to the role of 
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overweight and obesity as factors that may play a role in the pathogenesis of LV systolic 

chamber dysfunction. As highlighted in chapter 1, the evidence in favour of excess adiposity 

contributing toward decreases in LV systolic dysfunction is far less substantial than that for 

diastolic LV function. In the present chapter I will not further elaborate on this evidence as it 

has been extensively reviewed in chapter 1. Suffice to say however, as demonstrated in 

chapter 2, whilst strong independent relationships between adiposity indices and LV diastolic 

function were noted, no independent relationships between adiposity indices and LV systolic 

function were noted. However, as argued in chapter 1, in the present thesis I proposed that 

obesity may promote the transition to systolic dysfunction by inducing LVH in excess of that 

predicted from stroke work. However, I had also indicated in chapter 1 that a number of 

issues were unresolved in this regard, issues that the present thesis subsequently in-part 

provided clarity on. Therefore, in the present section I will discuss the results of the present 

thesis that have contributed toward our knowledge of the role of obesity as a potential 

determinant of LVH in excess of that predicted by stroke work; the possibility that it is not 

LVH per se that promotes the development of LV systolic chamber dysfunction, but LVH in 

excess of that predicted by stroke work and the possible mechanisms that may explain 

obesity-associated LVH in excess of that predicted by stroke work. In the present section I 

will also suggest further studies required to address either the limitations of the data 

obtained in the present thesis on the topic of obesity and LVH in excess of that predicted by 

stroke work or that will further evaluate the hypotheses that have been generated by the 

present thesis on the topic of obesity and LVH in excess of that predicted by stroke work. 

 

7.3.1 Obesity as a cause of LVH in excess of that predicted by stroke work 

 

In chapter 4 of the present thesis I was able to show that indices of excess adiposity 

were the principle factors independently associated with LVM in excess of that predicted by 

stroke work and that these relationships were beyond conventional BP, 24-hour BP, systolic 

wall stress and aortic PWV. These findings therefore provide strong evidence in favour of 
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obesity promoting cardiac hypertrophy beyond that which would be expected from increases 

in haemodynamic loads. These data provide clarity on the unresolved issue of the extent to 

which excess adiposity promotes cardiac growth beyond workload. In this regard, although a 

number of studies have demonstrated an increased BMI in those with LVH in excess of that 

predicted by stroke work (Palmieri et al 1999, Palmieri et al 2001, Calentano et al 2001, 

Palmieri et al 2004, de Simone et al 2004, Chinali et al 2006, Lopez et al 2007, Chinali et al 

2007, Ratto et al 2008), these studies were conducted in select clinical samples and 

associations were not adjusted for confounders. Moreover, in other select study samples (de 

Simone et al 2001, Mureddu et al 2001, Muiesan et al 2007, Cioffi et al 2011) obesity was 

not related to LVM in excess of that predicted by workload even in unadjusted models. 

Clearly the use of select samples raises the question of a selection bias and a lack of 

adjustments in studies demonstrating relationships begs the question of whether these 

relationships are indeed independent of alternative factors. In contrast, in the present thesis I 

show that BMI and waist circumference were strongly associated with LVM in excess of that 

predicted by workload in an unselected community-based sample and that these 

relationships were noted after adjustments for a number of confounders including alternative 

haemodynamic factors such as  systolic wall stress, 24-hour BP and aortic PWV. Thus, if 

LVM in excess of that predicted by workload is indeed the pathophysiological mechanism 

responsible for the transition from compensated LVH to LV systolic decompensation, then 

obesity is most likely to produce LV systolic decompensation only in those in whom LVH 

exceeds that predicted by workload. In other words, unlike obesity-associated decreases in 

LV diastolic function, where LVH is not apparently an important pathophysiological process 

involved, obesity-associated decreases in LV systolic chamber function may depend on the 

extent of LVH. However, the important question in this regard is whether there is sufficient 

evidence to suggest that LVM in excess of that predicted by workload is indeed the 

pathophysiological mechanism responsible for the transition from compensated LVH to LV 

systolic decompensation? What is the current evidence on this topic and how has the work 

conducted in the present thesis contributed toward this knowledge? 
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7.3.2 Is LVM in excess of that predicted by workload the pathophysiological mechanism 

responsible for the transition from compensated LVH to LV systolic decompensation? 

   

In chapter 4 of the present thesis I describe data to show that independent of a 

number of confounders including LVM, LVMI, BP and stroke volume; LVM in excess of that 

predicted by stroke work is inversely associated with absolute ejection fraction in a large, 

randomly selected community-based sample. Similarly, in chapter 5 of the present thesis I 

describe data to show that independent of a number of confounders including change in 

LVM, LVMI, BP and stroke volume, in the treatment of hypertension on-treatment decreases 

in LVM in excess of that predicted by stroke work are strongly and inversely associated with 

on-treatment increases in ejection fraction. These data therefore provide not only cross-

sectional evidence in a large, unselected community-based sample not subject to false 

positive or negative findings or a selection bias to verify this hypothesis, but also intervention 

data to show that LV systolic dysfunction is determined by LVM in excess of that predicted 

by stroke work rather than LVM or LVMI per se. These findings have extended our 

knowledge of the potential role of LVH in excess of that predicted by workload rather than 

LVM per se as a cause of LV systolic chamber dysfunction. How have these findings 

contributed toward this field? 

Although a number of studies have demonstrated inverse relationships between LVM 

in excess of that predicted by workload in select clinical samples (Palmieri et al 1999, 

Palmieri et al 2001, Celentano et al 2001, de Simone et al 2004, Chinali et al 2006, Chinali 

et al  2007. Cioffi et al 2011), whether these relationships were independent of absolute or 

indexed LVM is uncertain. In previous studies reporting on such relations only in the LIFE 

study did the authors compare the relationships between LV systolic chamber function and 

either LVM in excess of that predicted by stroke work or LVM (Palmieri et al 2001). In this 

regard, they noted that LVM was equally as strongly related to EF as LVM in excess of thart 

predicted by stroke work (Palmieri et al 2001). However, the LIFE study consisted of a select 
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patient group in that only participants with electrocardiographic evidence of LVH were 

recruited. Under these circumstances, relationships between absolute LVM and EF may 

have been more robust and difficult to distinguish from those between LVM in excess of that 

predicted by stroke work and EF. In contrast however, the data presented in the present 

thesis from a randomly recruited community-based sample, not subject to a selection bias 

provides clear evidence that LVM in excess of that predicted by workload is inversely related 

to EF beyond LVM or LVMI and hence supports the notion that LVH is a compensatory 

response to workload, but when exceeding that predicted by workload, is associated with LV 

systolic chamber decompensation. 

As indicated in the preceding paragraph, although a number of studies have 

demonstrated that LVM in excess of that predicted by stroke work is inversely associated 

with systolic LV chamber function (Palmieri  et al 1999, Palmieri et al 2001, Celentano et al 

2001, de Simone et al 2004, Chinali et al 2006, Chinali et al 2007, Cioffi et al 2011), and in 

chapter 4 I have provided evidence to show that these relationships are independent of 

absolulte LVM and LVMI (Libhaber et al 2012), these relationships have nevertheless been 

demonstrated in cross-sectional studies and are at odds with on-treatment decreases in 

systolic LV chamber function associated with LVH regression (Wachtell et al 2002). These 

relationships may therefore reflect compensatory increases in LVM as a consequence of 

systolic dysfunction or associated confounding effects. To address these concerns 

intervention studies designed to regress LVH are required. In this regard, although one prior 

study has reported that on-treatment regression but not persistence of LVM in excess of that 

predicted by stroke work is associated with an improved EF (Muiesan et al 2007), whether 

increases in EF in the participants showing regression of LVM in excess of that predicted by 

stroke work in that study was independent of or stronger than changes in LVM or LVMI is 

uncertain. Due to the paucity of data evaluating the impact of regression of LVM in excess of 

that predicted by stroke work on EF, I evaluated this question as part of the present thesis. 

In chapter 5, to the best of my knowledge, I provide the first prospective, intervention data to 
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show that regression of LVH as indexed by LVM in excess of that predicted by stroke work is 

associated with improvements in EF beyond that of LVM or LVMI. 

Therefore, in summary, in the current thesis I have provided substantial evidence to 

support the notion that LV systolic decompnsation is dependent on LVM in excess of that 

predicted by workload rather than on LVM or LVMI per se. As indicated in the preceding 

section, obesity is a strong determinant of LVM in excess of that predicted by work load. 

Thus, the work in the current thesis suggests that obesity could contribute toward LV systolic 

decompensation, but only when LVH exceeds workload. The question which arises from 

these data is what are the possible mechanisms responsible for obesity effects on LVM in 

excess of that predicted by workload or alternative haemodynamic factors? 

 

7.3.3 Insulin resistance as a possible cause of LVH in excess of that predicted by stroke 

work 

 

As highlighted in chapter 6, a number of studies with small sample sizes conducted 

in select patient populations (Sharp et al 1992, Sasson et al 1993, Lind et al 1995, Kamide 

et al 1996, Paolisso et al 1995, Paolisso et al 1997, Tomiyama et al 1997, Vetta et al 1998, 

Phillips et al 1998, Watanabe et al 1999, Shigematsu et al 2006, Anan et al 2007, Sesti et al 

2007) and large study samples (Sundstrom et al 2008, Sciacqua et al 2011, Hwang et al 

2011) have provided evidence to support a role for insulin resistance as a possible 

mechanism involved in increasing LVM. However, in two of the large studies (Sundstrom et 

al 2008, Hwang et al 2011), the relationships between indices of insulin resistance and LVM 

were not adjusted for indices of excess adiposity. Furthermore, a number of small studies 

conducted in select clinical samples (Nagano et al 1994, Kupari et al 1994, Costa et al 1995, 

Ohya et al 1996, Merudda et al 1998, Jelenc et al 1998, Verdecchia et al 1999, Galvan et al 

2000, Malmquist et al 2001, Olsen et al 2003, Ebnic et al 2006) or in large study samples 

(Chen et al 1998, Sundstrom et al 2000, Devereux et al 2002, Rutter et al 2003, Velagaletti 

et al 2010, Fox et al 2011, de Simone et al 2003, 2011) have failed to demonstrate a 
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relationship between indices of insulin resistance and LVM independent of adiposity indices 

or BP. In this regard, some previous large studies have evaluated relationships between C-

peptide (Chen et al 1998) or circulating insulin concentrations (Devereux et al 2002) rather 

than utilising more accepted approaches to assessing insulin resistance. Moreover, one 

large study was conducted in elderly men only (Sundstrom et al 2000). Importantly however, 

in none of these prior studies was the relationship between insulin resistance and LVM in 

excess of that predicted by workload assessed. In only one study conducted in 53 

hypertensives with electrocardiographic LVH from the LIFE study was the irelationship 

between circulating insulin concentrations or insulin resistance and LVM in excess of that 

predicted by stroke work assessed (Olsen et al 2004) and in this study no relationships were 

reported on. The small study sample however raises the question of whether the results 

reflect a slection bias and a false negative relationship. Thus, in chapter 6 of the present 

thesis I evaluated whether HOMA-IR, an index of insulin resistance, is associated with LVM 

in excess of that predicted by stroke work independent of adiposity indices in a relatively 

large, randomly selected community-based sample with a high prevalence of obesity.  

As described in chapter 6, to the best of my knowledge the present study was the 

first to show that insulin resistance is associated with LVM independent of adiposity indices 

and beyond that predicted by stroke work (the major haemodynamic factor that determines 

variations in LVM) and a number of alternative haemodynamic factors including 

circumferential wall stress, 24- hour BP and aortic PWV. The present study is therefore the 

first to show that the relationship between insulin resistance and LVM may be accounted for 

by non-haemodynamic effects. What are the implications of these findings? 

 

7.3.4 Insulin resistance may contribute toward variations in LVM in excess of that predicted 

by stroke work: Future directions. 

 

Considering that LVM in excess of that predicted by stroke work is a potentially 

important pathophysiological process involved in the transition to LV systolic dysfunction, the 
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finding that insulin resistance may contribute toward this structural change requires careful 

consideration. Without question the results presented in chapters 4-6 raise the question of 

whether in the absence of diabetes mellitus, obesity, through insulin resistance and the 

consequent increase in LVM in excess of that predicted by stroke work, may present a risk 

factor for heart failure by decreasing systolic LV function. The present thesis therefore begs 

the question of whether targeting insulin resistance may regress LVM in excess of that 

predicted by stroke work and subsequently improve LV systolic function. Clearly, because 

the results presented in chapter 4 and 6 were obtained in cross-sectional studies without 

hard outcomes, as with the conundrum we face with that of the relationships between insulin 

resistance and LV diastolic function, we need to consider whether we wait for longitudinal 

studies with hard outcomes to confirm the present results. The results of longitudinal studies 

with hard outcomes would undoubtedly lend more scientific rigor to the question. 

Nevertheless, we could also consider beginning small “proof-of-principle” studies to evaluate 

the possibility that targeting insulin resistance may decreases LVM in excess of that 

predicted by stroke work and increase systolic LV function. Again, this dilemma obviously 

requires consideration within the context of a potential epidemic of obesity associated heart 

failure. 

With respect to a potential role for insulin resistance as a cause of LV systolic 

chamber dysfunction, an additional consideration that emanates from the present thesis is 

that of the measurement of LV systolic chamber function. As highlighted throughout the 

thesis, although I employed the well-described method of echocardiography to assess LV 

systolic chamber function, more recent evidence suggests that left ventricular systolic 

function as determined using magnetic resonance imaging (global function index) appears to 

be a more sensitive tool for predicting cardiovascular events (Mewton et al 2013). Further 

studies using magnetic resonance imaging are therefore required to confirm the results of 

the present thesis, a task that goes well beyond the resources currently available to 

researchers in South Africa. 
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As HOMA-IR was only weakly correlated with LVMinappr, it is important to consider 

whether targeting individuals with an increased HOMA-IR will necessarily result in the 

selection of individuals whom are most likely to respond with increases in LV systolic 

chamber function following the administration of insulin sensitizing agents. Nevertheless, as 

this relationship translated into a more than 10% difference in LVMinappr between the highest 

and lowest quartile of HOMA-IR, a size effect that cannot be considered as trivial, one 

possible approach to ensuring an appropriate result when employing insulin sensitising 

agents is to select individuals with the highest quartile of HOMA-IR.  

 

7.4 Conclusions 

 

In conclusion, the studies described in the present thesis provide susbtantial 

evidence in favour of overweight and obesity contributing toward the transition to both 

diastolic and systolic LV dysfunction independent of confounders including a number of 

haemodynamic factors, and possibly through the effects of insulin resistance. These findings 

and how they have advanced our current knowledge in the field have been summarized in 

Table 7.1. In this regard, the transition to LV diastolic dysfunction although inevitably 

associated with LVH does not require LVH to produce this change. In contrast, the transition 

to LV systolic chamber dysfunction is likely to depend on LV growth in excess of that 

normally produced by stroke work or alternative haemodynamic changes. These studies 

support the view that targeting insulin resistance may be beneficial in preventing the 

transition from obesity-associated LVH to LV dysfunction and potentially the development of 

heart failure. Future longitudinal studies are required to evaluate whether overweight, obesity 

and the associated insulin resistance predict the development of heart failure associated 

with either LV systolic or diastolic dysfunction. Moreover, the present studies support the 

need for “proof-of-principle” studies being conducted with insulin sensitising agents in 

overweight and obese individuals with insulin resistance and LV diastolic dysfunction or LVH 

in excess of that predicted by stroke work. 
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Table 7.1 Summary of the main findings of the present thesis and how they have advanced 

our current knowledge in the field. 

 

Chapter 2. Provides the first evidence to show that at a community level, waist 

circumference, an index of excess adiposity, is independently associated with decreases in 

E/A, an index of mild left ventricular diastolic dysfunction, even beyond left ventricular mass 

index (LVMI), left ventricular concentric remodelling (as indexed by relative wall thickness 

[RWT]), aortic stiffness (as indexed by aortic pulse wave velocity) and 24-hour BP. At a 

community level, waist circumference is second only to age and equivalent to BP in the 

magnitude of the effect on E/A. This study therefore provides the first evidence to indicate 

that independent of a number of haemodynamic factors, obesity is an important factor 

accounting for mild decreases in left ventricular diastolic function.  

 

Chapter 3. Provides the first evidence to show that insulin resistance, as indexed by HOMA-

IR is associated with E/A independent of a number of confounders including waist 

circumference, the main adiposity index that explains variations in E/A. Importantly, these 

independent relations were also beyond structural LV changes, including LVMI and RWT as 

well as 24-hour BP and aortic PWV. This study therefore provides the first evidence to 

indicate that insulin resistance may be an explanation for obesity-associated mild decreases 

in left ventricular diastolic function. 

Chapter 4. Provides the first evidence to show that in a randomly selected community 

sample, in contrast to a modest or a lack of relationship noted between LVM or LVMI and left 

ventricular systolic chamber function as indexed by EF, an increased LVMinappr was strongly 

and independently related to a decreased EF even with adjustments for LVM or LVMI. 

Moreover, the strength of the relationship between LVMinappr and EF was greater than that of 

the relations between LVM or LVMI and EF. In a multivariate model with all potential 

determinants of EF included in the model, LVMinappr was second only to LV systolic wall 
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stress in contributing toward EF at a community level. Furthermore, indices of excess 

adiposity were the principle factors independently associated with LVMinappr and these 

relationships were beyond conventional BP, 24-hour BP, systolic wall stress and aortic PWV. 

This study therefore provides the first evidence to indicate that independent of a number of 

haemodynamic factors, obesity, through increases in LVM beyond that predicted by stroke 

work may be an important cause of decreases in left ventricular systolic chamber function.  

Chapter 5. Provides the first evidence to show that in the treatment of mild-to-moderate 

hypertension over a 4 month period, in contrast to a modest treatment-induced attenuation in 

EF accompanying decreases in LVM and LVMI, on-treatment decreases in LVMinappr were 

strongly and independently related to improvements in EF. Importantly, relationships 

between on-treatment changes in LVMinappr and EF were unaltered by adjustments for LVM 

or LVMI and were noted to be far stronger than relationships between on-treatment changes 

in LVM or LVMI and EF. This study therefore provides the first direct evidence to indicate 

that increases in LVM are an important cause of decreases in left ventricular systolic 

chamber function, but this depends on the presence of LV hypertrophy beyond that 

predicted by sroke work. 

Chapter 6. Provides the first evidence to show that insulin resistance as indexed by HOMA-

IR, is associated with LVM in excess of that predicted by stroke work (LVMinappr) independent 

of indices of excess adiposity and of a number of haemodynamic factors including 

circumferential wall stress, 24-hour BP and aortic PWV.  

This study therefore provides the first evidence to indicate that independent of a number of 

haemodynamic factors, inulin resistance may explain obesity-associated increases in LVM 

beyond that predicted by stroke work and hence decreases in left ventricular systolic 

chamber function. 
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