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STATEMENT OF ORIGINALITY.

Section 1.

The acute and chronic use of testosterone replacement therapy in males with low
testosterone status and chronic HF has been described in studies by members of our
investigatory team (Malkin et al, 2006 and Pugh et al, 2003). More recently, researchers
in Italy have conducted similar research (Caminiti et al, 2009). Although there are
positive results regarding the use of testosterone in males with chronic HF, there is
limited information on the physiological and biochemical consequences associated with
decreased testosterone in this patient group. There are only two small correlation studies
which have demonstrated moderate relationships between testosterone concentration,
exercise capacity and right ventricular function in males with HF (Bocchi et al, 2008,
Jankowska et al, 2009). This study will be the first direct comparison of key
physiological and psychological outcomes in males with moderate to severe HF and
‘low’ or ‘normal’ levels of testosterone. For this research, the study design, regional
ethical approval, research and development approval were undertaken by myself. Also
80% of the total data collection was undertaken by myself with assistance from Mr
Keith Pearce and the HF specialist nurses at University Hospital South Manchester.
Reproducibility of the echocardiography data was undertaken by Mr Keith Pearce and
myself. Statistical analysis was performed by myself with guidance and support from

Miss Sigrid Whiteside (Medical Statistician at University Hospital South Manchester).
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Section 2.

The acute and chronic‘ use of testosterone replacement therapy in males with low
testosterone status and chronic HF has been described in studies by members of our
investigatory team (Malkin et al, 2006 and Pugh et al, 2003). More recently, researchers
in Italy have conducted similar research (Caminiti et al, 2009). However, there is no
research on the combined effects of exercise training and testosterone therapy in the
chronic HF population. This randomised controlled clinical trial aimed to study the
effects of combined exercise training and testosterone treatment on exercise capacity,
physiological function and quality of life in males with low level testosterone. During
this study, 90% of all data collection and supervision of the 12 week intervention was
undertaken by myself. I received assistance from Miss Helen Lloyd, Mr Alan Ruddock,
Professors Kevin Channer and John Saxton during the initial baseline data coliection
visit. Dr Emma Scott and Miss Anouska Mc Connell provided all blinded trial
medication injections. Mrs Sue Kesterton, Dr Garry Tew, Dr Liam Bourke and Dr
Helen Crank all provided cover for exercise training sessions in my absence. All
statistical analysis was performed by myself (blinded to group allocation) and Dr Helen
Doll (Medical Statistician at the University of East Anglia) under the guidance of

Professor John Saxton.

With the exception of any statements to the contrary, all the data presented in this report
are the result of my own efforts. In addition, no parts of this report have been copied from
other sources. I understand that any evidence of plagiarism and/or the use of
unacknowledged thiyd party data will be dealt with as a serious matter.
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Abstract.

Background: This cross-sectional study aimed to assess the effect of low testosterone
(LT) status on functional capacity, quality of life, cardiac structure and function in
males with moderate or severe stable heart failure (HF). Methods: 40 male patients with
HF (ejection fraction (EF)% <45%) with low serum total testosterone (TT) <12 nmol /
L (n =20, 71.9 + 10.11 yrs) and normal range TT (n = 20, 66.9 + 11.98 yrs) were
recruited from a specialist HF clinic. The primary outcome, functional capacity, was
assessed by the 6 min shuttle walk test. Health related quality of life (HRQoL) data was
assessed using a licensed version of the SF36 Version 2. Additionally, Beck Depression
Inventory (BDI), Minnesota Living with Heart Failure questionnaire (MLHFQ) and
Androgen Deficiency in the Ageing Male (ADAM) questionnaire data was collected.
Cardiac characteristics were assessed using detailed echocardiography analysis. Blood
samples were taken for assessment of NT pro BNP. Results: Normal testosterone (NT)
patients demonstrated a significantly higher 6 min walk distance (429.00 + 126.94 m;
257.65 + 65 m, p<0.01) when compared to LT. LT patients showed significantly worse
indices of quality of life using the SF36 V2 questionnaire. General health component
(31.84 + 2.85 v 59.44 + 3.24, p<0.05), overall physical component score (41.39 + 17.03
v 69.69 + 19.71, p<0.01) and overall mental component score (54.88 + 17.52 v 72.36 +
16.58, p<0.01) higher in the NT group. There were very few cardiac changes and no
differences in MLHFQ or BDI score between the groups. Conclusion: This is the first
study to compare important prognostic outcomes in matched patients with HF and low
testosterone. Additionally, this is the first paper to report significantly adverse HRQoL
in male patients with low testosterone and HF when compared to normal range
testosterone counterparts. LT in HF is associated with reduced functional capacity,
together with attenuated general, physical and mental components of quality of life.

Further research is warranted to assess the impact of testosterone supplementation on

24



these important prognostic outcomes in male patients with HF and low testosterone

status.
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Section 1: The impact of testosterone concentration in males with heart failure.

Chapter 1: General introduction.

Heart failure (HF) is a multi-organ disease, involving the musculoskeletal, respiratory
and endocrine systems. It is a common, debilitating condition and a major public health
and financial burden in the Western world. The incidence and prevalence of congestive
HF has increased together with the resulting morbidity and mortality. Worldwide it is
estimated that 15 million individuals suffer from this condition, with 400,000 new cases
each year in the United States of America and a total of 4.5 million Americans effected
(Erikson, 1995). In the United Kingdom (UK), it is estimated that 900,000 people have
HF (Al-Mohammed et al, 2010). Surveys in North West London show prevalence rates
of 0.6 per 1000 patients aged less than 65 years and 28 per 1000 patients aged 65 years

and over (Parameshwar et al, 1992).

As males age, there is a gradual decline in circulating bio-available testosterone
(Betocchi, 2005). There is a general consensus that testosterone levels decline about 1%
per year from as early as age 30 years. Noticeable declines are common after the age of

50 years but there is great individual variability (Morales and Lunenfield, 2002).

HF also appears to be associated with decreased levels of plasma testosterone,
supported by the fact that about 25% of men of all ages with HF have biochemical
evidence of testosterone deficiency (Malkin et al, 2009). Low levels of testosterone
have been correlated with disease progression in HF and may also be responsible for
some of the features of HF, such as reduced skeletal muscle mass and function,

cachexia, fatigue and depressed mood (Malkin et al, 2006). Furthermore, myocardial
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cachexia, a syndrome with poor prognosis, is characterised by low levels of testosterone

(Aukrust et al, 2009).

In addition to this it is well known that HF as a metabolic syndrome can adversely alter
numerous endocrine, metabolic and inflammatory parameters (Jackson et al, 2000,
Noutsias et al, 1999). The alterations can include changes in levels and sensitivity to
insulin, growth hormone and importantly testosterone (Von Haehling et al, 2007).
Reduced insulin sensitivity and the development of diabetes could be a major
complicating factor of HF. It has been described that more than 40% of patients with
HF have manifest disorders of glucose metabolism which appear independent of fat

distribution and obesity (Aukrust et al, 2009).

Interestingly, testosterone replacement therapy at physiological doses has been shown to
improve indices of physical function, cardiac function and also quality of life in HF
patients (Malkin et al, 2006, Caminiti et al, 2009). These studies have shown modest
improvements in cardiac output, maximal oxygen uptake, muscular strength and
improved disease and health specific qﬁality of life markers. Additionally, testosterone
supplementation has been shown to improve arterial function via reduction in systemic
vascular resistance (Pugh et al, 2003). Animal models have shown positive associations
between testosterone supplementation and reduced levels of biochemical inflammation
(Zhang et al, 2007) and also improvements in cardiac contractile performance (Scheuer
et al, 1997). These studies are important because they suggest that when testosterone
level is returned to the normal range there are significant improvements in important

sequalae related to prognosis in HF.
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Recent correlation studies have suggested that in HF, testosterone level is independently

related to peak VO, , oxygen pulse and also right ventricular function (Jankowska et al,
2009 and Bocchi et al, 2008). However, there is no research that directly compares
parameters of physical fitness, cardiac function, quality of life and biochemical

inflammation in male HF patients with low or normal testosterone levels.

Contradictory results have been published regarding the successful administration of
testosterone therapy to males with HF (Caminiti et al, 2009, Malkin ét al, 2006) and no
large scale trials have aimed to determine the efficacy of supplementation. Based on
previous observations, the efficacy of testosterone supplementation in a male HF
population with low testosterone status is uncertain. This study aims for the first time to
determine the effects of testosterone concentration on exercise capacity, quality of life
and cardiac function in males with low testosterone status in comparison with normal

testosterone in moderate or worse HF.
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Chapter 2: Literature review - Heart failure and low testosterone.

2.1: Heart failure.

2.1.1 Incidence of HF.

There has been a dramatic decline in the incidence of mortality and morbidity from
many cardiovascular diseases over recent decades (Sytkowski et al, 1990). Conversely,
the incidence and prevalence of congestive HF, together with the resultant morbidity
and mortality have shown an increase throughout this time. Worldwide it is estimated
that 15 million individuals suffer from this condition, with 400,000 new cases each year
in the United States of America and a total of 4.5 million Americans effected (Eriksson,
1995). In the United Kingdom (UK), surveys in North West London show prevalence
rates of 0.6 per 1000 patients aged less than 65 years and 28 per 1000 patients aged 65
years and over (Parameshwar et al, 1992). This statistic is reinforced by the
Framingham Study which described a doubling in the incidence of HF for every decade
of life reaching 3% in those aged 85-94 years (Ho et al, 1993). Large surveys have also
been conducted in the UK during the 1990’s aiming to study left ventricular (LV)
dysfunction using echocardiography in large populations of Glasgow and the West
Midlands. In Glasgow the prevalence of significantly impaired LV systolic dysfunction
in participants 25-74 years was 2.9% and in the West Midlands 1.8% in patients aged 45
years and over (Lip et al, 1997 and Mc Donagh et al, 1997). Economists have studied
the costs of HF to the National Health Service in the UK. It has been found that in the
year 2000 HF cost the Health Service 905 million pounds (1.91% of total UK Health
Service expenditure). The most predominant factor for this cost was hospital admission
(69%) followed by prescriptions for important treatment (18%). Additionally, the cost
for secondary hospital admission and nursing home care for patients with HF was 750

million equating to 2% of total Health Service expenditure (Stewart et al, 2002
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2.1.2: Aetiology of HF.

The actiology of HF differs according to the population being studied. For example, in
Western society, the most common causes of HF are coronary artery disease (CAD) and
hypertension. In the developing countries, valvular heart disease and nutritional heart
disease are most common (Lip et al, 2000). There are also a host of other conditions

which can cause HF and these are listed in the summary table 1 below.
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Table 1. Causes of HF adapted from Lip et al, 2000.

Causes of Heart Failure.
Coronary artery disease:
e Myocardial Infarction.
e Ischemia.
Hypertension.
Cardiomyopathy:
¢ Dilated (congestive).
e Hypertrophic / obstructive.
e Restrictive (e.g. amyloidosis, sarcoidosis, haemochromatosis).
e Obliterative.
Valvular and Congenital Heart Disease:
e Mitral valve disease.
e Aortic valve disease.
o Atrial septal defect / ventricular septal defect.
Arrhythmias:
e Tachycardia.
e Bradycardia (complete heart block, sick sinus syndrome).
e Loss of atrial transport (e.g. atrial fibrillation).
Alcohol and Drugs:
e Alcohol.
e Cardiac depressants (e.g. B blockers, calcium channel blockers).
‘High output’ cardiac failure:
e Anaemia, thyrotoxicosis, Paget’s Disease, arteriovenous fistulae.

Pericardial Disease:
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Constrictive pericarditis.

Pericardial effusion.

Primary Right Heart Failure:

Pulmonary hypertension (e.g. pulmonary embolism, cor pulmonale).

Tricuspid incompetence.

Table 2 summarises the percentages of common aetiologies of HF in the

western world.
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2.1.3: Pathophysiological considerations — Heart failure.

In systolic HF, there is impairment in left ventricular ejection fraction (LV EF%)
resulting in a decline in cardiac output. In response to this there is activation of various
neuro-hormonal compensatory mechanisms which attempt to improve the mechanical

efficiency of the heart. The phenomenon of which is addressed below in more detail.

Stimulation of the renin-angiotensin-aldosterone system (RAAS) via neuro-hormonal
activation and altered autonomic control increases levels of renin, plasma angiotensin II
and aldosterone. Angiotensin II has been found to be a potent vasoconstrictor of the
renal efferent arterioles and systemic circulation where it stimulates release of nor
adrenaline from sympathetic nerve terminals, inhibits vagal tone and promotes release
of aldosterone (Jackson et al, 2000). This activation results in retention of sodium and
water together with increased release of potassium. Furthermore, angiotensin II has
been shown to cause anorexia and weight loss in experimental models using animals
(Brink et al, 1996). Additional research has also suggested an increase in the levels of
endothelin (another potent vasoconstrictor peptide) in HF, constituting adverse
prognosis (Tsutamoto et al, 1995). Blood plasma levels of Endothelin — 1 have been
shown to be a reliable correlate to pulmonary artery capillary wedge pressure (PCWP),
hospital admission and death (McMurray et al, 1992). As an early compensatory
mechanism to provide inotropic support to the failing cardiac muscle, low and high
pressure baroreceptors further stimulate the sympathetic nervous system to increase
heart rate (HR) and hence cardiac output. Adverse consequences of prolonged elevation
of adrenergic drive to the cardiac muscle involve a direct toxic effect of nor-epinephrine
on cardiac myocytes (Mann et al, 2002), facilitation of the development of ventricular
arrhythmias (Schwartz et al, 1994), alterations in -adrenoceptor function (Bristow et al,

1992) and apoptosis of endothelial cells in vitro (Horiuchi et al, 1997). The alteration in
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B- adrenoceptor function increases sympathetic activity and also down-regulates
autonomic modulation of the sinus node leading to the notion that reduced HR

variability is an important prognostic marker in patients with HF (Jackson et al, 2000).

Atrial and Brain natriuretic peptides are released by cardiac muscle in HF primarily due
to volume overload and the corresponding atrial and ventricular stretch. These peptides
have an antagonistic effect to those of angiotensin II on vascular tone, aldosterone
secretion and renal-tubule sodium reabsorption (Jackson et al, 2000). As a result, levels
of these circulating mediators in HF have become an important diagnostic marker and
are also the subject of research interest in developing new medications that inhibit the
enzyme that metabolises atrial natriuretic peptide (neutral endopeptidase) (Jackson et al,
2000). In untreated congestive cardiac failure, high levels of atrial and brain natriuretic

peptide correlate closely with adverse prognosis and ultimately mortality.

HF also results in increased levels of circulating cytokines which include tumour
necrosis factor-alpha (TNF-a), interleukins-1( IL-1), 2 (IL-2), 6 ( IL-6), 8 (IL-8) and
their receptors (Berry and Clarke, 2000). In more detail, research has shown that TNF-a
and IL-6 levels are elevated in relation to deteriorating functional classification and in
this regard should also be recognised to be associated with some of the classic
hallmarks of HF including worsening LV dysfunction, pulmonary oedema and cardiac
remodelling (Millar et al, 1982). In relation to this, in patients with severe HF, elevated
levels of soluble TNF receptor are a stronger predictor of early mortality when
compared to plasma nor adrenaline, atrial natriuretic peptide or (New York Heart
Association) NYHA classification (Berry and Clarke, 2000). Physiologically in HF,
there is an increased production of soluble adhesion molecules via the endothelium;

these are recognised as important mediators of endothelial-leukocyte adhesion and
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inflammatory response (Oppenheimer et al, 1991). This physiological process relates to
the earlier notion that endothelial injury is associated with an adverse prognosis in HF.
Other researchers have discovered that during hypoxia (an occurrence related to the
reduced cardiac output in HF) IL-6 and the soluble adhesion molecule - 1 (SICAM-1)
are secreted by injured endothelial cells (Sluiter et al, 1993) and vascular xanthine
dehydrogenase enzyme is converted to xanthine oxidase. This catalyses the production
of uric acid and its reactive bi-product superoxide (Yan et al, 1997). It has been
hypothesised that injured vascular endothelium in HF patients may be a source of free
radical production, triggering leukocyte activation and increased cytokine production

(Leyva et al, 1998).

Researchers and clinicians have observed widespread endothelial cell activation
followed closely by endothelial dysfunction (ED) in HF (Brutsaert, 2003). This ED has
been thought to be partly responsible for the early fatigue and exercise intolerance in
HF. This may be attributed to inappropriate, endothelial mediated, vasoconstrictor
responses with reduced vasodilatory capacity contributing to elevated peripheral
vascular resistance (Drexler et al, 1992). In relation to this, reduced gene expression of
endothelial nitric oxide synthase (eNOS) and cyclo-oxygenase-1 (COX-1) has also been
shown to be a factor in the early onset of ED in cardiac failure (Smith et al, 1996).
Experimehtal research in patients with cardiac dysfunction has provided direct evidence
of ED in both conductive and resistance coronary arteries (Treasure et al, 1990). In
more detail, these patients displayed impaired dilatory responses to acetylcholine and
bradykinin within the coronary circulation. The coronary ED has been attributed to
reduced synthesis of coronary endothelial nitric oxide. The concept has emerged that
coronary vascular ED could trigger coronary vasoconstriction, smooth muscle

proliferation and remodelling, increased lipid deposition in the vessel wall and also
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coronary thrombosis. It is evident that these processes would accelerate the
development CAD, resulting in decreases in myocardial perfusion and indirectly

contributing to cardiac failure.

Skeletal muscle physiology and function is abnormal in patients with HF. Muscle bulk
is decreased and there are documented reductions in muscular strength and endurance
(Massie et al, 1987). Early studies have found that during leg exercise, oxygen
extraction to the exercising muscle and lactate efflux were increased, together with
diminished total oxygen utilisation (Donald et al, 1961). This was attributed to represent
the metabolic consequences of reduced blood flow to exercising muscle. To support this
notion, research has suggested that skeletal muscle is histologically abnormal with a
tendency towards anaerobic (type II) muscle fibres (Mancini et al, 1989). This research
has also identified abnormal mitochondrial structure with reduced cristae volume and
reduction in the key enzymes involved in the Kreb’s cycle and the oxidative chain. This
can be supported by other research which has shown more rapid declines of
phosphocreatine and rises in inorganic phosphate in HF patients when compared with
healthy controls. The slope of the relationship between phosphocreatine and inorganic
phosphate versus muscular power output (an index of mitochondrial oxidative
metabolism) was found to be steeper in HF patients suggesting impaired oxidative

capacity (Wilson et al, 1985).

2.1.4: Myocardial substrate metabolism and heart failure.
In order to understand the abnormalities related to myocardial substrate metabolism in
HF, it is important to review myocardial metabolism in a normal heart. In non-

ischaemic conditions, the majority of adenosine triphosphate (ATP) formation in the
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heart is derived from oxidative phosphorylation in the mitochondria with minor
contribution from glycolysis and guanosine triphosphate (GTP) formation via the citric
acid cycle (Stanley et al, 2005). The initial step in the energetic pathway is the cellular
uptake of and utilisation of available substrate, their breakdown by B-oxidation and
glycolysis, resulting in formation of acetyl coenzyme A (CoA) which is then fed into
the Krebs cycle producing nicotinamide adenine dinucleotide hydroxide (NADH) and
carbon dioxide (CO;) (Neubauer, 2007). Under normal perfusion approximately 60-
90% of CoA results from B-oxidation of free-fatty acids and 10-40% from pyruvate

oxidation via glycolysis and lactate oxidation (Stanley et al, 2005).

2.1.4.1: Normal myocardial carbohydrate mefabolism.

Glycolytic substrate is utilised from exogenous glucose and glycogen stores. Glucose
transport into cardiac myocytes is facilitated by trans-membrane gradients and
sarcolemma glucose transporters (GLUT-4 and GLUT-1) (Stanley et al, 2005). Insulin
stimulation, increased cardiac demand or myocardial ischaemia result in a shift in
glucose transporters from intra-cellular vesicles to the sarcolemma therefore increasing
glucose transport and uptake into the cell (Stanley et al, 1997). In addition, GLUT-4 re-
location into the sarcolemma may be facilitated by activation of adenosine
monophosphate (AMP) -activated protein kinase, particularly during ischaemia or in
response to exercise (Russell et al, 1999 and Russell et al, 2004). Intra-cellular glycogen
stores may be used as an additional source of glucose 6 phosphate for uptake into the
glycolytic pathway. Previous studies have suggested that glycogen concentration may
be increased by an elevated supply of exogenous substrate together with, or solely by,
increased levels of insulin (Kruszynska et al 1991). Glycogenolysis can therefore be

activated by adrenergic stimulation, decrease in tissue adenosine triphosphate (ATP)
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concentration and increase in inorganic phosphate — occurring typically with stressors

such as exercise or ischaemia (Stanley et al, 1997).

Pyruvate, formed from glycolysis, may be converted to lactate, decarboxylated to CoA
or carboxylated to oxaloacetate or malate (Stanley et al, 2005).The decarboxylation of
pyruvate is considered to be the first irreversible step in carbohydrate oxidation,
catalysed by the enzyme pyruvate dehydrogenase (PDH) (Randle, 1986). Importantly,
higher levels of circulating lipids, together with increased accumulation of long chain
fatty acid moieties (e.g. associated with diabetes or fasting) have been shown to increase
phosporylation inhibition of PDH and decrease oxidation of pyruvate from the
glycolytic pathway and lactate oxidation (Huang et al, 2002). Furthermore, glucose and
pyruvate oxidation, together with related PDH activity, are attenuated by increased rates
of fatty acid oxidation; for instance when there are elevated levels of plasma free fatty
acids. Conversely to this, pyruvate oxidation is increased when fatty acid oxidation is

attenuated (Kruszynska et al, 1991).

2.1.4.2: Normal myocardial fatty acid metabolism.

The concentration of plasma non-esterified fatty acid leveis mainly determines the rate
of fatty acid uptake by the myocardium (Stanley et al, 2005). As such, metabolic
stressors such as ischaemia, diabetes or starvation which increase plasma free fatty acid
concentration, result in increased rate of myocardial free fatty acid uptake (Stanley et al,
2005). Regulation of plasma free fatty acid concentration is via their net release from
triglycerides in adipocytes, facilitated by the action of hormone-sensitive lipase and
synthesis by glycerolphosphate acyltransferase. Hormone-sensitive lipase is activated
by catecholamines and inhibited by insulin. Accordingly, when insulin concentration is

low and catecholamine concentration high, plasma free fatty acid concentration and
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hence myocardial free fatty acid uptake and oxidation are high (Lopaschuk et al, 1994).
Uptake of free fatty acids into the cardiomyocyte is promoted by passive diffusion or
protein mediated transport across the sarcolemma (Stanley et al, 2005). Once within the
sarcolemma, non-esterified fatty acids bind to fatty acid binding protein to be activated
by esterification to fatty acyl-CoA via fatty acyl-CoA synthase (Stanley et al, 2005).
Acyl-CoA transportation into the mitochondria is facilitated by a carnitine-dependent
transport system, with carnitine palmitoyltransferase-I serving as the key regulator for
the rate of this uptai(e (Lopaschuk et al, 1994). Fatty acid p-oxidation occurs within the
mitochondria. This process repeatedly cleaves two carbon acetyl-CoA units in order to
generate NADH and flavin adenine dinucleotide dihydroxide (FADH,). Bing and co-
workers in 1954 suggested four reactions, involving different, but specific enzymes, to
facilitate fatty acid B-oxidation dependent on long, medium or short-chain fatty
intermediates. Initially, catalysed by acyl-CoA dehydrogenase, followed by 2-enoyl-
CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase. Finally, 3-ketoacyl-CoA
thiolase regenerates acyl-CoA for further B-oxidation and releases acetyl-CoA for the

citric acid cycle.

2.1.4.3: Normal myocardial ketone body metabolism.

Normal arterial plasma concentration of ketone bodies is low. ‘Fatty acid ketone body
formation in the liver therefore, plays a minor role as a substrate for the myocardium
(Stanley et al, 2005). It should be highlighted however, that during starvation or poorly
controlled diabetes, plasma ketone bodies become elevated due to low insulin and high
fatty acid levels and as such become a major substrate for myocardial metabolism (Hall

et al, 1996).

2.1.4.4: Electron transport chain and oxidative phosphorylation in HF.
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Research in both human and animal models of HF have shown that there is a decreased
concentration of tissue ATP, increased concentration of adenosine diphosphate (ADP)
and reduction in phosphorylation potential (Montgomery et al, 1992 and Shen et al,
1999). As a result, there is significant impairment of the kinetic mechanisms of ATP
utilisation for myocardial cell contraction and relaxation via myosin ATPase and
sarcoplasmic reticulum Ca®* - ATPase (Stanley et al, 2005). It has previously been noted
that HF attenuates the ability of the creatine kinase system to transfer mitochondrial
ATP to the myofibril. In addition to this, impairment of the electron transport chain may
be detrimental to the mitochondrial and cytosolic redox state, adversely affecting the
concentration of ATP, ADP and phosphate and therefore, reducing the rate of influx
through key metabolic enzymes such as PDH or phosphofructokinase (Ye et al, 2001).
Abnormalities at the level of the mitochondria in HF are abundant. Previous studies in
both humans and animals have suggested there is a greater incidence of mitochondrial
membrane disruption and matrix depletion (Sabbah et al, 1992), a lower capacity for
respiration with a variety of substrates (Sharov et al, 2000), electron transport chain
defects together with decreased capacity for oxidative phosphorylation (Casademont
and Miro, 2002). Although there are different theories as to the exact processes involved
in electron transport chain complex dysfunction in HF, it is widely evident that there is
a major disruption in oxidative metabolism at this level. To date, there is no consensus
regarding the exact site of the lesions of electron transport chain dysfunction, whether
the effects of this dysfunction are isolated to a group of myocytes or all cardiac
myocytes as a whole or finally, whether dysfunction is localised to subsarcolemmal or

intrafibrillar components of the mitochondria (Stanley et al, 2005).

2.1.5.5: Myocardial substrate metabolism in HF.
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Results are conflicting regarding myocardial substrate metabolism in heart failure,
particularly in human models. There is however, a consensus that HF reduces the
capacity to transduce foodstuffs into ATP (Stanley et al, 2005). Initially, in the early
stages of HF, fatty oxidation rate is maintained. However, Paolisso et al (1994)
observed that in established HF with NYHA Class II and III, there was increased
extraction and uptake of plasma free fatty acid and decreased glucose uptake.
Furthermore, it has also been established that HF increases myocardial lipid oxidation
by as much as 50% when compared to healthy aged matched controls (Paolisso et al,
1994). The same study also showed that in HF patients there is a significant decrease in
myocardial carbohydrate oxidation when compared to controls. Increased plasma nor
adrenaline concentrations corresponding to increased levels of free fatty acid where also
noted in the HF population. This has been attributed to enhanced B-adrenergic
stimulation and also higher levels of plasma insulin, both factors which may facilitate
glucose uptake and oxidation by the myocardium (Stanley et al, 2005). Using other
methods, researchers have been able to develop radiolabelled fatty acid / deoxyglucose
analogues and with positive emission tomography (PET) have discovered increased
- uptake of fatty acid analogue and decreased uptake of deoxyglucose analogue in
patients with NYHA class III HF (Taylor et al, 2001). In contradiction to this, Yazaki et
al (1999) have suggested that in HF patients with idiopathic dilated cardiomyopathy, the
process is reversed with increased myocardial glucose uptake and decreased fatty acid
oxidation when compared to healthy controls. Davila-Roman et al (2002) have re-
affirmed the findings of Yazaki and colleagues by using '*F-deoxyglucose 6 phosphate
infusion during PET to estimate glucose uptake. This study determined that there was
increased myocardial glucose metabolism and decreased fatty acid utilisation in their

population of HF patients.

42



Studies of patients with end-stage HF have consistently suggested that there is down
regulation of myocardial fatty acid oxidative enzymes — a feature relating to the
conversion of substrate metabolism from fatty acid oxidation towards glucose oxidation
(Stanley et al, 2005). In more detail, explanted hearts at transplant, have demonstrated
reduced messenger ribonucleic acid (mRNA) for the fatty acid oxidation enzymes long-
chain acyl-CoA dehydrogenase and medium-chain acyl-CoA dehydrogenase together
with significantly reduced protein levels of medium-chain acyl-CoA dehydrogenase
without down-regulation of mRNA for the glycolytic enzyme glyceraldehydes-3-
phosphate dehydrogenase (Sack et al, 1996). Pacing induced HF in a canine model, has
also showed similar reductions in mRNA levels of key enzymes involved in the fatty
acid oxidation pathway, but in addition, GLUT-1, GLUT-4, glyceraldehydes-3-
phosphate dehydrogenase, PDH and pyruvate dehydrogenase kinase isoenzyme-4
(PDK-4), providing evidence that the failing heart attenuates the expression of all
metabolic enzymes rather than selectively suppressing fatty acid oxidation enzyme and

potentiating the carbohydrate pathway (Razeghi et al, 2001).

In HF, impaired oxidative phosphorylation is detrimental to cardiac function due to an
inadequate supply of ATP to cardiac myocytes. Mitochondria in HF have been found to
have abnormal structure and contribute to a substantial reduction in oxygen
consumption and derangement of energy production in a failing myocardium. (Ide et al,
2001). In more detail, the action of electron-transport chain complexes and ATP
synthase capacity are attenuated together with the regulation of oxidative
phosphorylation by phosphate ADP, AMP and creatine (Lewandowski, 2002 and

Marin-Garcia et al, 2001).
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In advanced, end-stage HF, myocardial ATP levels decrease by up to 40% (Beer et al,
2002). However, it should be noted that average ATP levels remain sufficient for
myosin-ATPase usage and, as such, do not contribute to pump failure (Beer et al, 2002).
Phosphocreatine and total creatine levels have been shown to decline at an earlier stage
and by greater values up to 70%, probably due to down-regulation of creatine-transport
function (Ten-Hove et al, 2005). In relation to this, mitochondrial creatine kinase
activity has been shown to reduce to 20% of normal activity and myofibrillar creatine
kinase activity can decrease by as much as 50%. These processes clearly result in a
drastic decline in ATP transfer, energy flux within the mitochondrial structure and a
combined up to 70% reduction in energy delivery to myofibrils in a HF moael (Liao et
al, 1996). Increased catecholamine secretion in HF results in high workload states that
promote artificial elevation in free ADP concentration to values twice that of normal
human myocardium (Neubauer, 2007). Increased free ADP accumulation in the
perimyofibrillar compartments together with compartments adjacent to the sarcoplasmic
reticulum and sarcolemmal ion pumps serves to limit the inotropic contractile reserve of
the myocardium, resulting clinically with dyspnoea during high workload states e.g.

exertion (Neubauer, 2007).

3'P_MR spectroscopy has been widely utilised to assess myocardial energetics in HF
and is a robust indicator of the energetic state of the myocardium by comparing the ratio
of phosphocreatine to ATP. As such, the creatine kinase reaction equilibrium favours
ATP synthesis rather than phosphocreatine synthesis by a factor of 100 (Neubauer,
2007). Resultantly, if demand for ATP outweighs ATP synthesis, then phosphocreatine
levels decline initially with ATP only decreasing when phosphocreatine levels are
substantially reduced. In HF however, total creatine also decreases serving to reduce the

phosphocreatine / ATP ratio (Hardy et al, 1991). This ratio is particularly important in
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HF because it has been consistently shown to correlate well with NYHA score (Hardy
et al,' 1991), indexes of systolic and diastolic LV impairment (Neubauer et al, 1995,
Lamb et al, 1991) and ultimately has been suggested as the strongest predictor of
mortality when compared to clinical and functional characteristics (Neubauer et al,

1997).

The nuclear receptors of the peroxisome proliferator-activated receptor (PPAR) family
(isoforms: PPARa, PPARP and PPARy) play an important role in cardiac lipid
metabolism (Neubauer, 2007). PPARa has been suggested to be the key determinant to
cardiac lipid metabolism by controlling the expression of enzymes directly involved in
fatty acid oxidation. In human models, PPARa expression decreases in conjunction with
the attenuation of fatty acid oxidation and, as such, is thought to be the principle
mechanism in the switch from fatty acid substrate utilisation to glycolytic metabolism
(Sack et al, 1996). PPARY coactivator-1 (PCG-1a) is a nuclear receptor co-activator and
plays a crucial role in mitochondrial metabolic function (Huss et al, 2004). PCG-1a is
able to activate genes responsible for fatty acid uptake and oxidation and also for
oxidative phosphorylation. Primarily, these genes include PPARa and PPARB. PCG-1a
inhibition due to increased catecholamine levels in HF results in down-regulation of
mitochondrial gene expression and therefore directly contributes to impaired oxidative
phosphorylation (Garnier et al, 2003). Furthermore, development of HF is accelerated
by inhibition or deficiency of PCG -1a which suggests that this nuclear receptor co-

activator may play an important cardio-protective role (Aranzy et al, 2006).

2.1.5: Diastolic heart failure.
Previously, diastolic HF was considered a more benign condition than the systolic

counterpart and was also thought to affect only a relatively small cohort of patients.

45



More recently, perspectives have altered and the prevalence of diastolic HF has
increased to 54% of all cases of HF (Owan et al, 2006). Importantly, recent evidence
also suggests that diastolic HF carries a similar prognosis to that of systolic HF (Cleland
et .al, 2003). Pre-disposing conditions to diastolic HF include advancing age, female
gender, diabetes, obesity, arterial hypertension and left ventricular hypertrophy (Fischer
et al, 2003). As a result of these pre-disposing conditions and the evolution of

Westernised society, diastolic HF is clearly becoming more dominant.

Historically, diastolic impairment was referred to as heart failure with a normal ejection
fraction. In this sub-group of patients, evidence for diastolic impairment was provided
by slow LV relaxation and increased LV stiffness. In addition, more recent arguments
have suggested that although global LV systolic function may appear normal, there are
significant decreases in myocardial tissue Doppler velocities and abnormalities of
ventriculo-arterial coupling. However, it is now evident that diastolic dysfunction may
also be present in patients with known systolic failure (Skaluba et al, 2004).
Furthermore, it has also been suggested that in patients with systolic and diastolic HF,

the latter correlates more closely with symptoms than the former (Skaluba et al, 2004).

As a result of the challenges faced when assessing diastolic HF and the evidence of a
close relationship to systolic HF recent opinion has categorised HF of both origins into
a single syndrome. This ‘single syndrome’ hypothesis suggests that both forms of
ventricular impairment result from similar pathophysiology (i.e. increased interstitial
collagen deposition and modification to matricellular proteins) and therefore, there is a
progression from heart failure with a normal ejection fraction to heart failure with
reduced ejection fraction (Sanderson, 2007). Supporting research has established that in

heart failure with a preserved ejection fraction there are increased three dimensional
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(3D) LV volumes when compared to well-matched normal patients (Maurer et al, 2005).
Additionally, another study has showed that in prospective follow-up of patients with
heart failure and preserved ejection fraction, 20% of participants demonstrated a
significant decline in LV EF below 45% during a 3 month follow-up period (Cahill et

al, 2006).

Conversely, structural, functional and molecular biological theories have been
suggested that categorise heart failure as a ‘two-syndrome’ condition, namely, LV
systolic impairment and normal LV systolic function with features associated with
diastolic LV dysfunction (Paulus et al, 2007). Related to this theory, patients with
systolic HF demonstrate eccentrically dilated, remodelled ventricles with reduced
pumping capacity. However, in diastolic HF, patients develop concentric hypertrophy
and a high wall mass-volume ratio (Kitzman et al, 2002). In addition to this, ultra-
structural studies have suggested further differences between diastolic and systolic HF.
In diastolic HF cardiomyocyte diameter and myofilamentary density is increased when
compared to patients with systolic HF (Van Heerebeek et al, 2006). Furthermore, there
are not only structural differences at the cellular level between systolic and diastolic HF
but functional cellular differences have been suggested. Cardiomyocyte resting tension
is increased in diastolic HF — a factor which has been shown to significantly contribute
to overall myocardial stiffness (Van Heerebeek et al, 2006). Titin, a cytoskeletal protein
responsible for early diastolic recoil, demonstrates a less compliant isoform expression
in diastolic HF when compared to systolic HF (Neagoe et al, 2002). At the functional
cellular level, differences have also been observed in expression patterns of matrix
metalloproteinases and tissue inhibitors of metalloproteinases (Paulus et al, 2007). In
diastolic HF down-regulation of metalloproteinases combined with increased regulation

of tissue inhibitors of metalloproteinases results in a decrease in matrix degradation. In
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systolic HF, the opposite pattern is observed, with increased matrix degradation due to
upregulation of metalloproteinases (Ahmed et al, 2006). Pharmacological intervention
in diastolic HF also suggests different pathophysiological mechanisms between systolic
and diastolic HF. For example, in the PEP-CHF study (Cleland et al, 2006) it was noted
that perindopril treatment in diastolic HF was not as effective as when used for treating

systolic HF.

2.1.6: Diagnosis, signs and symptoms — Heart failure.

The aforementioned pathophysiology of HF goes some way to explain the common
clinical features and complications of this condition. Patients can present with a variety
of symptoms which can often be non-specific. The main signs and symptoms of HF are

listed in the table 3 below.
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Table 3. Symptoms and Signs in Heart Failure.

Symptoms:

Dyspnoea.

Orthopnoea.

Paroxysmal Nocturnal Dyspnoea.

Reduced Exercise Tolerance, lethargy, fatigue.
Nocturnal cough.

Wheeze.

Ankle swelling.

Anorexia.

Signs:

Cachexia and muscle wasting.
Tachycardia.

Pulsus alternans.

Elevated jugular venous pressure.
Displaced apex beat.

Right ventricular heave.
Crepitations or wheeze.

Third heart sound.

Oedema.

Hepatomegaly (tender).

Ascites.

It should be noted that there are many non-cardiac conditions that can mimic the

symptoms of HF so diagnosis by these alone is often difficult. Additionally, physical
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examination has serious limitations as many patients particularly with less severe HF
have very few abnormalities. The following table (4) highlights the sensitivity,
specificity and predictive value of symptoms, signs and chest x-ray findings for the

presence of HF.
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Table 4. Sensitivity, specificity and predictive value of symptoms, signs and chest
x-ray findings for presence of HF (EF <40%) in 1306 patients with CAD

undergoing cardiac catheterisation (adapted from Watson et al, 2000).

Clinical Features. Sensitivity % Specificity % Positive Predictive
Value %

History:
Shortness of Breath. 66 52 23
Orthopnoea. 21 81 2
Paroxysmal 33 76 26
Nocturnal
Dyspnoea.
History of Oedema. 23 80 22
Examination:
Tachycardia. 7 99 6
Crepitations. 13 91 27
Oedema on 10 93 3
examination.
Gallop (S3). 31 95 61
Neck vein 10 97 2
distension.
Chest X-Ray
Examination:
Cardiomegaly. 62 67 32
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The European Society of Cardiology (Task Force on Heart Failure of the European
Society of Cardiology, 1995) has developed standardised guidelines for the diagnosis of
HF. Essentially, patients must have documented symptoms of HF e.g. breathlessness,
fatigue and / or ankle swelling together with objective evidence of resting cardiac
dysfunction. Alternatively, if a patient responds well to treatment targeted towards HF

when the diagnosis is in doubt, then this is also a non-essential diagnostic indicator.

Symptoms and exercise capacity together are used to classify the severity of HF and to
also gauge the effectiveness of treatment. The most common worldwide classification
system currently used to achieve these aims in clinical practise is the NYHA. This can

be summarised as follows (table 5):
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Table 5. NYHA Classification for Heart Failure. From the American Heart

Association.

NYHA Claés.

Class I: Asymptomatic.

No limitation to physical activity despite presence of heart disease confirmed by
investigations. (e.g. echocardiography).

Class II: Mild.

Slight limitation in physical activity. More strenuous exercise causes shortness of
breath. Most patients continue to have a normal lifestyle and employment.

Class III: Moderate.

More marked limitation of activity interfering with work and daily life. Shortness of
breath when walking on the flat.

Class IV: Severe.

Unable to carry out activity without symptoms. Breathless at rest and usually

housebound.

2.1.7: Diagnostic considerations for diastolic HF.

The following flowchart has been suggested for the accurate diagnosis of diastolic HF.
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Figure 1. Flow chart for the suggested diagnosis of diastolic HF. (Adapted from

Paulus et al, 2007).

How to diagnose HFNEF

l Symptoms or signs of heart failure j

'

Normal or mildly reduced left ventricular systolic function
LVEF > 50%
and
LVEDVI < 97 mL/m?

'

Evidence of abnormal LV relaxation, filling, diastolic
distensibility, and diastolic stiffness

T

Invasive Haemodynamic measurements Y Biomarkers
mPCW > 12 mmHg EIE>15 15> EIE'>8 NT-proBNP > 220 pg/ml
or
or
LVEDP > 16 mmHg BNP>200 pyiL
or
t>48ms / \
or
 b>027 Biomarkers Echo - bloodflow Doppler |
NT-proBNP >220pgil. || E1A,., <052nd DT,y > 280 ms HE>8
or or
BNP>200 pyinL Ard-Ad> Sms
LAVI > 40 mL/m?
or
LVMI > 122 ghm?(9); >148 gim?(0)
or

Atrial fibrillation
- —

v

There are three important criteria which all must be fulfilled in order to establish a
diagnosis of heart failure with a normal ejection fraction. These are the presence of
signs and symptoms of congestive heart failure, the presence of normal or mildly

abnormal LV systolic function and finally, evidence of diastolic LV dysfunction.
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In more detail, task force guidelines for the diagnosis and management of heart failure
(Swedberg et al, 2005) have suggested that the primary symptoms associated with
diastolic HF include lung crepitations, pulmonary oedema, ankle swelling,
hepatomegaly, exertional dyspnoea and fatigue. Patients with diastolic HF often present
with dyspnoea as the earliest symptom due to pulmonary congestion (Swedberg et al,
2005). In systolic HF, exercise intolerance is perhaps more applicable at the early stages
due to reduced cardiac output, peripheral vasoconstriction and abnormalities at the level

of skeletal muscle.

Consensus documentation suggests that an LV EF greater than 50% is considered to be
a normal or mildly abnormal value for systolic function when measured using standard
recommended techniques (Paulus et al, 2007). In conjunction with this however, for
accurate assessment combined volumetric data of the LV should be obtained and

indexed for body size (Paulus et al, 2007).

Objective evidence of diastolic dysfunction can be achieved using a number of
parameters, some invasive (e.g. cardiac catheterisation) and others non-invasive
(echocardiography and cardiac magnetic resonance imaging). Basic measurements of
LV wall mass index may provide sufficient data to diagnose diastolic HF when tissue
Doppler imaging (TDI) assessment is inconclusive or when plasma natriuretic levels are
raised (Lang et al, 2006). Furthermore, blood flow Doppler parameters may be utilised
during relaxation or diastole to provide further evidence of toward HF with a normal
ejection fraction. Although blood flow parameters of diastolic dysfunction have
received criticism, there is some evidence of the strength of these measurements.
Combined use of mitral valve blood flow Dopp]er‘ and pulmonary vein Doppler has

resulted in 93% of patients with suspected HF with a normal ejection fraction showing
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evidence of diastolic abnormalities (Badano et al, 2004). The more modern use of TDI
has added further power to the assessment of diastolic parameters. Studies have
suggested that E/e’ greater than 15 correlates well with raised filling pressures and that
values less than 8 suggest low filling pressure (Ommen et al, 2000). The close
correlation of E/e’ and filling pressure has also been proved in systolic HF with reduced
EF below 50% (Nagueh et al, 1997). The gray zone E/e’ of 8-15 values are suggested as
inconclusive and must be supported by the use of other measurements to confirm or
refute diastolic abnormalities. Left atrial volume measures, indexed to body surface
area, are also pivotal to the assessment of diastole. Recent evidence shows that a raised
left atrial volume index greater than 26 mL/m” can be utilised as a load independent
predictor of LV filling pressures in patients with suspected HF with normal ejection

fraction (Lim et al, 2006).

Assessment of natriuretic peptides, produced by atrial and ventricular myocardium has
been shown to be valuable in the assessment of HF with normal ejection fraction.
However, the sensitivity for this assessment is below 80% due to significant overlap
between normal values and values obtained for patients with HF with normal ejection
fraction. As such, current recommendations suggest the use of natriuretic peptides to
exclude and not diagnose HF with normal ejection fraction, particularly when the
patient presents with exertional dyspnoea. Natriuretic peptide measures must be
combined with other investigations in order to gain ‘stand-alone’ evidence of diastolic

abnormalities (Paulus et al, 2007).

2.1.8: Current treatment strategies for HF.

2.1.8.1: Ischaemic heart disease and viability.
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This review has already established that in Westernised society, the most common cause
of HF is ischaemic heart disease (IHD). An important facet of HF with coronary artery
disease is the ability to predict the benefit of revascularisation in patients with ischaemic
HF, a concept that is currently a challenge to Cardiology physicians and cardiac

surgeons.

Current research evidence strongly supports the notion that LV function post
myocardial infarction (MI) is an important predictor of progﬁosis (Buckley and Di
Carli, 2011). It is important clinically to be able to differentiate between infarcted,
necrosed, scarred myocardium and ischaemic myocardium that is dysfunctional but
would improve following sufficient restoration of blood supply. Indeed, patients with
dysfunctional but viable myocardium show substantial prognostic improvements with
demonstrable attenuation of L.V dysfunction following revascularisation techniques (Di

Carli and Hachamovich, 2007).

There is a widely held notion that acute myocardial ischaemia rapidly results in LV
contractile dysfunction that can persist for several hours after transient non-lethal
ischaemia and eventually followed by restoration of myocardial contractility
(Heyndrickx et al, 1975). Patients with coronary artery disease often demonstrate
repeated episodes of demand ischaemia accompanied with episodes of myocardial
dysfunction, cumulatively resulting in myocardial stunning and post-ischaemic LV
dysfunction (Barnes et al, 2002). Historically, myocardial hibernation had been
observed clinically in many patients. A cohort of patients with significantly impaired
LV function who received coronary artery bypass surgery (CABG) surgery were noted
to demonstrate improvements in contractility following revascularisation strategies. The

underlying pathophysiology has been suggested to relate to severely reduced coronary

57



flow reserve and recovery of myocardial function in hibernating regions post
revascularisation relates to restoration of adequate coronary flow reserve (Pagano et al,
2001). As a result of underlying pathophysiological mechanisms, clinically patients
with similar reductions in LV systolic function may have significant differences in the
extent of viable myocardium with even extreme wall thinned regions sometimes
benefiting from revascularisation (Camici et al, 2008). The identification of viable
myocardium becomes critically important prognostically when LV EF is reduced below
40% whereby 6 month mortality levels increase dramatically and decline steeply as EF

decreases further (Multicentre post infarction research group, 1983).

Research has suggested that functional improvement post revascularisation relates to the
amount of dysfunctional myocardium that proves to be viable (Carluccio et al, 2006).
The study by Carluccio and colleagues demonstrated that patients with 6 or more
dysfunctional LV regions which demonstrate viability show the greatest improvement
in overall ejection fraction. Naturally, no improvement in ejection fraction is noted
when there are no viable LV segments. Furthermore, significant prognostic benefit
following revascularisation strategies have been shown in patients with severe
ischaemic cardiomyopathy who demonstrate >20% of LV region viability when
compared to patients with no viable myocardium (Afridi et al, 1998). Another study
provides consistent results with the detection of myocardial viability being associated
with a 79% decrease in cardiac mortality post revascularisation techniques compared to
patients conservatively treated with medical therapy (Sicari et al, 2003). A
comprehensive meta-analyses performed by Allman et al, 2002 evaluated the prognostic
value of viability testing in 24 non-randomised studies between 1992 and 1999. This

study reinforced the significant association between revascularisation and improved
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survival rate in patients with LV dysfunction and evidence of myocardial viability

independent of the imaging technique used for assessment.

The increased cardiovascular risk of diabetes mellitus further increases the challenge to
Cardiology physicians when assessing for viability with regard to prognosis in this
cohort. This is apparent in the research by Carson et al, 2002 which demonstrated
significantly increased mortality rates for diabetic patients post revascularisation.
Taking this into account however, there is research evidence to suggest that diabetic
patients with viable myocardium have similar outcome to non-diabetic patients
following revascularisation. Improvement in LV ejection fraction and attenuation of
unfavourable LV remodelling was found to be similar in both diabetic and non-diabetic
patients following revascularisation, together with overall prognostic outcome (Rizello
et al, 2006). Furthermore, a study by Cortigiani and colleagues in 2007 showed that
diabetic and non-diabetic patients with severe ischaemic cardiomyopathy had similar
prognostic outcome following viability assessment and revascularisation with a 22%
and 24% 4 year survival rate. Interestingly, in this study diabetes was found to be an
independent predictor of mortality in patients treated conservatively with medical

therapy.

Owing to the research evidence presented, both the European Society of
Echocardiography and the European Association of Cardiothoracic Surgery endorsed
the use of viability evaluation prior to revascularisation to assist in the management of

patients with ischaemic heart failure.

The STICH trial viability sub-study, published in 2011 (Velazquez et al, 2011 and

Bonow et al, 2011), demonstrated the opposite, confirming no impact of viability on
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outcome of patients undergoing revascularisation when compared to medical therapy
alone. Recent commentaries have however, suggested caution when interpreting the

results of STICH (Cortigiani et al, 2012 and Perrone-Filardi and Pinto, 2012).

The main STICH investigation showed no significant all-cause mortality differences
between patients with severe ischaemic LV impairment (EF% < 35%) undergoing
CABG when compared to optimal medical therapy. Additionally, in the CABG group
the secondary end-point of cardiovascular death was reduced by 19% with borderline
significance. Composite endpoints of cardiac death and cardiovascular related hospital
admission were significantly reduced by 26%. The authors concluded that the results do
not definitively deny the advantage of CABG in LV dysfunction but rather provide

provisional evidence favouring revascularisation in ischaemic heart failure.

The viability sub-study results were reported by Bonow and colleagues in the same
journal (2011). This sub-study assessed the influence of viability on clinical outcome in
patients assigned to medical therapy or revascularisation with CABG. The results,
available only on half the initial STICH population, showed that survival of patients
with viability was significantly longer than those patients without viability but
following CABG these patients did not show any survival benefit when compared to

medical therapy alone.

Invited perspectives and study commentaries (Cortigiani et al, 2012 and Perrone-Filardi
and Pinto, 2012) have dissected the results of STICH and the viability sub-study. The
research analysis of STICH by Bonow et al, 2011 clearly questions the guidelines and
use of viability for assessment of suitability for revascularisation. Leading authority

suggests such research findings are a setback, but when put in perspective the results
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should not be seen as the final answer. Perrone-Filardi and Pinto, 2012 highlighted
important limitations to the data collected in STICH. The limitations included a reduced
final population use for data analysis (half of the main trial) with comparisons of 4
numerically unbalanced, sub-groups of patients with or without viability undergoing
treatment with CABG or medical therapy — raising concerns over the statistical
adequacy of the method to identify differences between subgroups. The definition of
viability using single photon emission computed tomography (SPECT) was not
validated in clinical trials and the power of SPECT to distinguish regional myocardial
recovery was considered low. Dobutamine stress echocardiography (DSE) was used
interchangeably with SPECT for viability assessment but there are well documented
differences in accuracy for predicting myocardial recovery post revascularisation
between the two techniques (Camici et al, 2008). In addition, Perrone-Filardi and Pinto
suggest that both revascularisation and medical therapy can influence LV remodelling
thus making the impact of viability on prognosis comparing CABG with medical
therapy unclear; a factor which may be an explanation for the association between
viability and increased survival during the study. A significant association between
viability and the composite endpoints was apparent following adjustment for baseline
differences, suggesting that revascularisation and optimal medical therapy may provide
similar benefits to patients with viable myocardium. Commentaries conclude that
although the STICH results represent a wake-up call for Cardiology, it should not close
the door on myocardial viability assessment pre revascularisation but highlights the
importance of new clinical trials and new diagnostic investigations (e.g. cardiac
magnetic resonance imaging (MRI) or positive emission tomography (PET)) to develop

improved and more refined criteria.

2.1.8.2: Pharmacological.

61



Until the late 1980’s, the mainstay of treatment for HF relied on symptom relief of fluid
congestion by the use of diuretics with or without digoxin. Since this time, newer
medical therapies have been developed which impact on haemodynamics, neuro-
endocrinology and inflammation. Several classes of these newer medications, unlike the
earlier treatments regimes, have favourable impact on morbidity and mortality (National
Clinic Guideline Centre, 2010). The morbidity and mortality rates in HF with evidence
of impaired LV systolic function have declined through the cumulative effects of agents
such as angiotensin converting enzyme (ACE) inhibitors, § blockers, aldosterone
antagonists, arterial and Vehous dilators and angiotensin receptor blockers. This section
of the review will briefly summarise the main breakthrough clinical trials that highlight

the effective use of these classes of medications.

2.1.8.2.1: Angiotensin Converting Enzyme Inhibitors (ACE Inhibitor).

Completed systematic reviews of the use of ACE inhibitor therapy have demonstrated
significant increase in life expectancy when compared to placebo in patients with HF. In
addition, the observed increase appears more significant in patients with increasing
severity of LV impairment and more severe symptoms. It should be noted however, that
all NYHA classes show improvement in life expectancy following ACE inhibition
(Flather et al, 2000). As a result of these improvements, ACE inhibition has also been
demonstrated to reduce hospitalisation. The Acute Infarction Ramipril Efficacy Study
(AIRE Study) with mean follow-up of 15 months after randomisation, demonstrated all-
cause mortality reductions from 22.6% (placebo group) to 16.9% (treatment group).
This represented an absolute mortality reduction of 5.7% and a relative risk reduction of
27% (p=0.002) (The AIRE Study Investigators, 1993). Further research, The Acute
Infarction Ramipril Efficacy Extension Study, followed the same study population for

an extra 3 years. During this study, death from all causes had occurred in 117 (38.9%)
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of 301 patients randomly assigned placebo and 83 (27.5%) of 302 patients randomly
assigned to ramipril. This demonstrated a relative risk reduction of 36% (p=0.002) and
an absolute reduction in mortality of 11.4%. These figures correspond to 114 additional
patients surviving for 5 years per 1000 patients treated for an average of 12.4 months
(Hall et al, 1997). Further randomised controlled trials have shown that ACE inhibition
can significantly improve quality of life in patients with HF (Beller et al, 1995). The
effect of ACE inhibition on exercise performance has provided contrasting results.
However, systematic reviews have demonstrated greater improvements in exercise
performance in patients with more severe HF (Beller et al, 1995). As a result of these
breakthrough clinical trials, National Institute for Clinical Excellence (NICE) Guidance
for chronic heart failure (CHF) (2003) has concluded that treatment of HF with ACE
inhibitors is cost effective. This is largely due to the costs saved from reduced re-

hospitalisation.

2.1.8.2.2: Diuretics.

Although newer pharmacological therapies have evolved in the treatment of HF,
diuretics remain an important contributor to patient treatment. As a consequence of their
prolonged historical use in HF, there are currently no large scale randomised trials
investigating their usage. However, there is a comprehensive systematic review of
diuretic use in HF (Faris et al, 2002). This review showed that mortality rate was lower
for patients treated with diuretics than for control (odds ratio for death, 0.25; 95%
confidence intervals 0.07-0.84, p = 0.03). Furthermore, admission to hospital for
worsening HF in four small trials (total patient number of 448) showed an odds ratio of
0.31 (95% CI 0.15 - 0.62, p = 0.001). In six small studies comparing diuretics to active
control, diuretics significantly improved exercise capacity in patients with HF (odds

ratio 0.37, CI 0.10-0.64, p = 0.007). The improvement in symptoms and exercise
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capacity with diuretic use is as a result of improved fluid control and this can be
achieved by using loop or potassium sparing diuretics or even a combination of both
(NICE Guidance for HF, 2003). No formal economic evaluation of diuretics has been

undertaken for their use in HF.

2.1.8.2.3: p-blockers.

Clinical trial data are prevalent investigating the effects of B-blockers in HF. A
systematic review of 22 randomised controlled trials showed a favourable impact on
mortality and hospital re-admission in HF patients receiving p-blocker therapy (Shibata
et al, 2001). This review showed that death rates in patients randomised to receive [3-
blockers compared to controls were lower (458/5657 - 8.0% and 635/4951 - 12.8%
respectively with odds ratio 0.63, 95% confidence interval of 0.55-0.72, p<0.00001).
Similar reductions were observed for hospital admissions for worsening HF in the f3-
blocker group (11.3 and 17.1%, respectively, odds ratio 0.63) and for the composite
outcome of death or HF hospital admission (19.4 and 26.9%, respectively, odds ratio
0.66). The results of this systematic review show that B-blockers reduce the risk of
mortality or the need for HF hospital re-admission by approximately 33%. More
recently, clinical trials have been published which investigate the effects of selective
and non-selective B-blockers in the treatment of HF and also the use of these agents in
elderly patients. In older patients with HF, B-blockers have shown beneficial effects on
all cause mortality (Deedwania et al, 2004), sudden cardiac death (Flather et al, 2005),
re-hospitalisation (Deedwania et al, 2004 and Flather et al, 2005) and also quality of life
as assessed by the Minnesota Living with Heart Failure questionnaire (MLHFQ) (Edes
et al, 2005). Research comparing selective versus non-selective p-blockade has also
been undertaken. This research has suggested that selective B-blockers are associated

with significant increases in all cause mortality (39.5% versus 33.9% for non-selective,
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relative risk of 1.17, confidence interval 1.06 — 1.28) and also sudden cardiac death
(17.3% versus 14.4%, relative risk 1.2, confidence interval 1.01 — 1.41) (Poole-Wilson,
2003). Studies investigating quality of life with the Minnesota Heart Failure
questionnaire (Sanderson et al, 1999) and adverse events (Pooie Wilson, 2003) have

shown no significant differences between selective and non-selective 3-blockade.

2.1.8.3: Invasive procedures.

Pharmacological therapy is considered the mainstay of therapy for patients with HF.
However, modern technological advances have led to the development of diagnostic and
interventional invasive procedures which may provide benefit for sub-groups of patients
with HF. A detailed review of these procedures and devices is beyond the scope of this

review. However, there follows a short description of the major advances in this area.

2.1.8.3.1: Cardiac resynchronisation therapy.

Cardiac resynchronisation therapy (CRT) is a relatively new advance in the treatment of
symptomatic HF following optimal medical therapy. Research has shown that CRT
results in reduced morbidity and mortality ianF patients who demonstrate significant
intra or inter-ventricular dysynchrony (NICE Technology appraisal guidance 120,

2007).

2.1.8.3.2: Implantable Cardioverter Defibrillators.
Implantable cardioverter defibrillators (ICDs) can be utilised in HF patients who are
prone to significant ventricular cardiac arrhythmias, either proven through ambulatory

electrocardiograph monitoring or due to severely impaired LV performance. ICDs are
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commonly combined with a CRT device. However, may also be used in isolation in

selected cases (NICE Technology appraisal guidance 95, 2006).

2.1.8.8.3: Left Ventricular Assist Devices (LVADs).

Left ventricular assist devices (LVADs) are mechanical support systems for patients
with end-stage HF. LVADs have been shown to improve patient survival, quality of life
and functional capacity (Rose et al, 2001 and Slaughter et al, 2009). Currently in the
UK, LVADs are approved as a bridge to transplantation (Clegg et al, 2005, Farrar et al,
1994). These devices have also been investigated as a bridge to decision (regarding

suitability for transplantation) and destination therapy (Rose et al, 2001).

2.1.8.3.4: Cardiac Transplantation.

Ultimately, cardiac transplantation is the only long-term survival option for patients
who demonstrate severe refractory symptoms of HF despite optimal medical and
invasive mechanical therapy. Additionally, patients who develop refractory cardiogenic
shock are also candidates for cardiac transplantation dependent on lifestyle and other
co-morbidities. Details of transplant guidelines and techniques are however, beyond the

scope of this review.

2.1.8.4: Rehabilitation.
Exercise rehabilitation has become commonplace in HF. A comprehensive and detailed

review of exercise rehabilitation in HF is provided in section 2 of this thesis.

2.1.8.5: Importance of research into new modalities in heart failure.
There is a widely held notion within the medical community that despite technological

advances in treatment of patients with HF, there is still high risk for hospitalisation and
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death (O’Connor et al, 2012). The increased risk has been attributed to numerous factors
which include ageing, disease progression, increase frequency of hospitalisation and
high event rates following episodes of decompensated HF with up to 30% of patients
experiencing adverse cardiovascular (CV) events or death following HF related hospital
admission (O’Connor et al, 2005). There is no doubt that modern therapies have slowed
the descent towards premature mortality with some increasing the survival trend.
However, decline is inevitable and individual patients display marked variability in their
prognosis and responses to treatment (Aaronson and Cowger, 2012). Untreated HF has
been found to have approximately 50% survival at 12 months (Ho et al, 1993). In
addition, the overall prognosis for patients with HF receiving treatment is
approximately 50% at 5 years, a value that has varied little in the past 20 years (Levy et

al, 2002).

Clinical trial data in HF can be misleading. Although trials do show initial improvement
in symptoms, therapies do not stop but rather prolong cardiovascular related mortality.
Evidence of this is available from data from numerous clinical trials. Longitudinal data
from the V-Heft 2 study of 403 patients with HF being treated with ACE inhibition
(Enalapril) showed that 132 of the study population had died following 2.5 years of
drug administration. Of these deaths, 107 (81%) where found to be due to complications
relating to congestive HF and there was physiological evidence of clinically relevant
decline due to the reduced VO;myx values achieved in the treatment group at follow-up
visits (Cohn et al, 1991). Another trial involving the use of ACE inhibition compared
treatment with placebo in a population of patients with asymptomatic LV systolic
impairment (Cohn et al, 1991). During this trial (SOLVD prevention study), 30% of the
initially asymptomatic patients had developed symptoms of HF at 3 year follow-up. In

addition, at this time-point, there were 313 deaths of which approximately 60% were
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related to HF. The CONSENSUS trial (CONSENSUS trial study group, 1987) clearly
showed that HF is associated with poor prognosis. Ten year follow-up data of this study
was produced by Swedberg et al 1998. The initial study as reported earlier in this
review, showed relative mortality reduction of 40% at 6 months and also 20% at 12
months. Ten year data show average survival of 781 days for the treatment group when
compared to 521 days for the placebo group. 5 survivors only remained in the treatment
group after 10 years and there was convergence of treatment and placebo curves on

Kaplan-Meier plots.

Malkin and Channer (2005) reviewed many of the major trials investigating medical
therapy in HF and using Kaplan-Meier plots calculated extension to survival, morbidity
extension and whether the Kaplan-Meier curve was divergent, divergent-convergent or
divergent parallel. Survival extension was calculated using previous work by Torp-
Pederson et al (1999) by passing a line through the y axis and curves at the point of the
50" centile patient. The time difference between treatment and placebo curves on the x
axis demonstrates this difference in median lifetimes (Malkin and Channer, 2005).
Table 6 demonstrates the life and morbidity extension values together with Kaplan-

Meier curve shape for the major clinical trials for HF medical therapy.
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Table 6 re-affirms the notion that despite recent medical pharmacological therapy,
prognosis in HF remains poor. According to Malkin and Channer, 2007, current
treatments provide an average extension to life expectancy of around 20 months. In
more detail, the authors state that ACE inhibition prolongs life for around 9 months,
addition of B-blocker adds approximately a further 7 months and finally adding

spironolactone may confer 12 months more survival.

Of course, medical pharmacological therapy is not the only technological advance
available to HF patients in order to attempt to increase life expectancy. More invasive
procedures involving CRT devices + or — ICD, ventricular reconstructive surgery,
LVAD implantation and cardiac transplantation are also other options for advanced

severe HF patients already established on optimal medical therapy.

The CARE-HF trial (Cleland et al, 2005) randomised patients with class III and IV HF,
LV dysfunction and evidence of ventricular dysynchrony to either CRT with medical
therapy or medical therapy alone. 404 patients were assigned to receive medical therapy
with 409 patients randomised to CRT with medical therapy. These patients were
followed up for a mean of 29 months (range 18-44 months). The composite primary
end-point was death or unplanned hospital admission with a severe cardiovascular
event. 159 patients reached this end-point in the CRT with medical therapy group and
224 patients reaching this in the medical therapy group. In addition, there were 222
unplanned cardiovascular related hospital admissions in the CRT plus medical therapy
group when compared to 384 in the medical therapy alone group. CARE-HF clearly
indicates that CRT plus medical therapy is able to reduce hospitalisation and death over

the course of the follow-up period. However, there is still a substantial number of
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participants in the CRT plus medical therapy group reaching composite study end-

points.

It is a widely accepted notion that only around 60-70% of patients receiving CRT
devices together with medical therapy respond with clinical improvement probably
resulting from lack of physiological and clinical indicators for device suitability
(Hawkins et al, 2006). Current guidance suggests that CRT device implantation is
warranted with electrocardiographic evidence of cardiac dysynchrony. However, some
patients do not have co-existent mechanical dysynchrony and as such, may not benefit
from device implantation (Vardas et al, 2007). As studies involving CRT therapy
recruited patients with broad >120ms QRS complex, there is no available data for
patients with NYHA class III and IV HF with normal or slightly prolonged QRS
duration. In addition to this data, CRT therapy is invasive and can result in potentially
serious complication. For instance, during the CARE-HF trial procedure related
complications included 24 patients with lead displacement, 10 patients with coronary
sinus dissection, 8 patients with pacemaker pocket erosion, 6 patients with

pneumothorax and 3 patients with pacemaker related infection.

Currently the only validated treatments for end-stage HF are mechanical circulatory
support using LVAD’s or heart transplantation. The major limitation for heart
transplantation is availability of suitable organs resulting in long waiting times. At least
10% of patients actively waiting on the transplant list die each year before a suitable
donor organ is discovered (Lund et al, 1010). Transplantation itself is associated with
90% survival at 1 year and 60% survival at 10 years with evidence of absence of
symptoms in survivors during follow-up (Taylor et al, 2007). Unfortunately,

transplantation may not be suitable due to a multitude of risk factors, contraindications
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and co-morbidities. Factors which may dramatically increase the risk of transplantation
include; cardio-renal syndrome namely that impaired renal function is an independent
predictor of mortality post transplantation (Ganesh et al, 2004). Hyponatraemia carries a
poor prognosis across all HF severities (Gheorgiade et al, 2007). Abnormal liver
function defined by elevated bilirubin is a predictor of mortality in chronic HF and also
post transplantation (Allen et al, 2009). Pulmonary hypertension is associated with
dramatically increased risk of right heart failure post transplant (Taylor et al, 2009) and,
if irreversible, is a major contraindication to transplant. Co-morbidities that increase
risk, may contraindicate transplant or impact on survival post transplant include age
(Taylor et al, 2009), diabetes (Mehra et al, 2006), symptomatic peripheral or
cerebrovascular disease (Bravata et al, 2003), sepsis / active infection, recent pulmonary
embolism, active malignancy, auto-immune disorders, substance abuse including
tobacco, psychological factors associated with adherence to treatment (Banner et al,
2011). Patients who are deemed suitable physiologically for transplant must be
psychologically able to commit to a lifelong programme of monitoring and drug

treatment.

R¢cent advances in mechanical circulatory support are providing alternatives for
patients waiting for heart transplant (as a bridge to transplantation) and also for patients
in who transplant is contraindicated (destination therapy). In addition, LVAD therapy
may be suitable for patients in whom ventricular function is predicted to improve
(bridge to recovery) (Lund et al, 2010). Outcome related to LVAD implantation is
dependent upon the type of device implanted, surgical experience, device and patient
characteristics (Lund et al, 2010). If patients are selected well against recognised
criteria, operative mortality is approximately 5-10% (Miller et al, 2007). Other research

has displayed improved survival to transplant from 33-70% due to improvements in
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device function and increased knowledge regarding implantation and contraindications
(Frazier et al, 2001). 1 year survival following implant is between 50 and 80% (Miller et
al, 2007). Again, in comparison to transplantation, there are numerous contraindications
related to LVAD implant. These include acute cardiogenic shock, non-systolic HF, co-
existing illness with reduced life expectancy, severe co-morbidity (e.g. renal disease,
cancer, severe liver disease, severe COPD), systemic infection or infection risk, active
bleeding, reduced platelet count, right HF not secondary to left HF, severe right
ventricular (RV) impairment, multi-organ failure, moderate or worse aortic
insufficiency, mechanical aortic valve replacement (AVR), LV thrombus, hypertrophic
cardiomyopathy, ventricular septal defect (VSD), congenital heart disease, intolerant to
anti-coagulation, obesity, psychosocial limitations to adherence to device (Lund et al,
2010). Device failure in more modern devices is relatively rare due to a smaller number
of moving parts. However, there are still minor risks for mechanical failure of parts,

thrombus formation or battery failure — all of which could be catastrophic.

This section of the review clearly identifies technologically advanced medical
pharmacological, mechanical and surgical therapy for HF treatment. However, these are
not without their limitation and / or significant risk and side-effects. As a result, it is of
paramount importance that further therapeutic targets are actively researched to reduce

symptoms and increase life expectancy in HF.
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Testosterone deficiency.

2.3: Testosterone.

2.3.1: Biochemistry and biosynthetic pathways.

In human males, testosterone is the major circulating androgen. The testes secrete
approximately 6-7 mg of testosterone per day and this equates to 95% of total
production of testosterone by the body (Coffey, 1988). The metabolic processes for
conversion of cholesterol into androgens is facilitated within up to 500 million Leydig
cells comprising a small proportion of total testicular overall volume (Rommerts, 2005).
In addition to Leydig cell production testosterone can be produced within the adrenal

cortex and also, in miniscule amounts, by brain cells (Baulieu, 1997).

Cholesterol may be synthesized de novo from acetate but it also may be synthesized
from plasma lipoproteins and according to Freeman and Rommerts, 1996, for human
Leydig cells the low density lipoprotein (LDL) fraction is the predominant extracellular
store of cholesterol. For Leydig cells, cholesterol situated within the plasma membranes
is the most widely available pool and is transported into the mitochondria by a vesicle-
mediated endosomal / lysosomal network system (Rommerts, 2005). In addition, van
Noort et al, 1988) have suggested that cholesterol transport within the mitochondria
may be facilitated by a sterol carrier protein; in conjunction with the cytoskeleton and
vesicular system. Although the exact mechanisms for cholesterol cell transport are
uncertain, the process results in the availability of cholesterol (C;7) within the
mitochondria to initiate the production of pregnenolone (C5). This cleavage of the side
chain of cholesterol and the resultant development of pregnenolone within the
mitochondria, probably under the influence of luteinising hormone, marks the initiation
of the steroidogenic cascade (Rommerts, 2005). In normal conditions, human

pregnenolone converting enzyme systems are insufficient for the total conversion of
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pregnenolone to testosterone. Therefore, intermediates of progesterone derivatives leak
from Leydig cells. As a result of this, the rate-limiting step for testosterone production
is at the endoplasmic reticulum, but the rate determining step for steroidogenesis sits
within the mitochondria governed by cholesterol side chain cleavage activity

(Rommerts, 2005, van Haren et al, 1989).

Cholesterol side chain cleavage enzyme (P450;..) is located within the inner-membrane
of the mitochondria and as mentioned earlier in this section, governs the initiation of the
steroidogensis cascade (Rommerts et al, 2005). Important factors regulating the
generation of pregnenolone from cholesterol include cholesterol availability at the inner
mitochondrial membrane, amount and/or availability of oxygen, P450. enzyme activity
and the delivery of reducing equivalents to the P450. (Rommerts et al, 2005). Simply,
the generation of steroids from cholesterol is mainly dependent on the supply of the
substrate to the enzyme P450s. and the amount of this enzyme situated within the
mitochondria. It has been previously noted that P450,. concentration is regulated by
luteinising hormone and short-term regulation of the rate of steroidogenesis is facilitated
by the intra-cellular transfer of cholesterol from the outer to inner (cholesterol deficient)
mitochondrial membrane. This intra-cellular cholesterol trafficking has been shown to
be dependent on a labile steroidogensis activator protein (StAR) —not only in Leydig

cells but also adrenal and ovarian cells (Stocco, 2001).

As stated earlier in this review, pregnenolone is the initial product of the cholesterol
side chain process. Pregnenolone is biologically inactive and further metabolised by
enzymes present in the endoplasmic reticulum (Rommerts, 2005). The conversion of
Cy)-pregnenolone to C)o steroids via the enzymes 17-hydroxylase and C,7, 20-lyase has

been shown to occur in a single protein, P450¢,7, coded by the gene CYP17. However,
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there is different expression of enzyme activities in the testes and adrenal glands, which
is dependent upon the micro-environment of the enzyme in the endoplasmic reticulum
- (Zuber et al, 1986). Due to a high number of steroid-converting enzymes there are a
number of different pathways to convert pregnenolone to testosterone. However, in the
testes, most steroids are formed via the AS-pathway with dehydroepiandosterone as the
initial Cj9 intermediate (Rommerts et al, 2005). The final step of the biosynthetic
pathway of testosterone is the reduction of the 17-keto-group by the 17p-hydroxysteroid
dehydrogenase (17BHSD), represented by a number of different isoforms present in
many tissues (Andersson and Moghrabi, 1997). 17BHSD type 2 enzyme also possesses
200HSD activity and in the testes this type 3 isoform is present mostly in Leydig cells
(Rommerts, 2005). As such, deficiency in testicular activity of 17BHSD is accountable

for the majority of testosterone deficiencies in human models (Geissler et al, 1994).

Normal testicular function is maintained by luteinising hormone and follicle stimulating
hormone. In addition, Leydig cell function is primarily controlled by luteinising
hormone (Rommerts, 2005). Chemes et al, 1996 suggest that although hormones
regulate steroid production by controlling metabolic activities in existing cells, they are
also integral to the control of the size of the Leydig cell population. In the foetus, there
is a steep increase in Leydig cell population and activity. Furthermore, during the early
neonate period, gonadotropins stimulate the development and activity of foetal Leydig
cells resulting in similar peripheral and testicular levels of testosterone. During the rest
of the first year of life, foetal Leydig cells degenerate, remaining dormant until puberty.
During puberty, rising levels of plasma luteinising hormone stimulate further Leydig
cell proliferation and differentiation resulting in adult levels of Leydig cells (Chemes,

1996).
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Human choriogonadotropin (hCG) and luteinising hormone are both able to stimulate
the luteinising hormone receptor (luteinising hormone being the natural ligand for
luteinising hormone receptor). However, the binding properties of these ligands are
significantly different. Wang et al, 2000 have shown that activated luteinising hormone
receptors stimulate adenylyl cyclase via GTP binding proteins, resulting in the
production of cyclic AMP (cAMP). cAMP has been shown to increase steroid
production. However, low concentrations of luteinising hormone stimulate
steroidogenesis without traceable increase in cAMP concentration possibly suggesting
that cAMP is only a second messenger of the action of luteinising hormone (Rommerts,
2005). In addition to this, phospholipids, specific phospholipases, products of
phospholipid metabolism, calcium ions and calmodulin are vitally important for
steroidogenic activity and signal transduction (Wang et al, 2000). Research into human
models of signal transduction pathways is limited. However, research with rodent
models is more abundant. In these rodent models, the activation of various signal
transduction pathways in Leydig cells results in activation of numerous classes of
protein kinases and kinase related pathways (Richards, 2001). Of these pathways, the
protein kinase-A route has assumed most importance in controlling the profnoter
regions of most of the genes involved in mediating the trophic effects of luteinising
hormone. Additionally, trophic control of steroidogenic activities within the
mitochondrial matrix and smooth endoplasmic reticulum is thought to be achieved by
regulation of the biosynthesis of steroidogenic enzymes via increased levels of mRNA’s

(Rommerts, 2005).

Leydig cells in the testis are surrounded by cells of the seminiferous tubules (e.g. Sertoli
cells) or cells in the interstitial tissue (e.g. macrophages). Numerous authors have

suggested that these cells have an ability to influence the function of Leydig cells in a
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paracrine manner (Saez, 1989, Saez, 1994, Gnessi et al, 1997). In more detail, follicle
stimulating hormone may facilitate the production of Leydig cells, most possibly via
Sertoli cell products. Additionally, conditioned media from Sertoli cells or seminiferous
tubules is able to modify the steroidogenic activity of Leydig cells. Consensus exists
that four criteria must be fulfilled if individual local secretion products are to be
considered as potential paracrine factors. These are that the molecule should regulate at
least one biological activity of the target cell, the molecule must be secreted in sufficient
quantities to promote a physiological response, regulation of secretion of the molecule
must be possible and changes in the local concentration of the molecule must influence

in vivo target cell properties (Rommerts, 2005).

Androgen formation from pregnenolone occurring in the smooth endoplasmic reticulum
of Leydig cells results from the interaction of membrane bound enzymes with steroids
as mobile elements (Rommerts, 2005). Related to this concept, Mendel, 1989 states that
movement of steroids within tissues depends mostly on diffusion. Importantly, binding
proteins for androgens or other steroids play an important role in decreasing the
concentration of unbound steroids outside of the cell and therefore, increase the
diffusion process without effecting steroid trafficking within the cell. According to van
Doorn et al, 1974, pregnenolone, progesterone and testosterone are able to pass the
Leydig cell membranes and together with this are also able to equilibrate rapidly
between testicular compartments. In relation to this, Maddocks and Sharpe, 1989,
suggest that most of the unconjugated steroids diffuse from the interstitial space to the
blood, leaving the testis via venous flow by the principles of concentration gradients

and flow rates of the various fluids.
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Peripherally, steroids equilibrate quickly between organs and the blood. In support of
this notion, Wang et al, 1981 showed that salivary free testosterone concentration is
almost identical to blood. Testosterone concentration in tissues and fluids depends
largely on the availability of binding proteins such as sex hormone binding globulin
(SHBG) and albumin. Mendel, 1989 iterates that binding proteins within Body fluids act
as a storage device for steroids which have an increased rate of metabolism during
passage of blood through the liver. It should be noted however, that SHBG and albumin
are not essential factors for steroid homeostasis (Mendel et al, 1989). O’Malley
elaborates on this concept by stating that changes in peripheral free testosterone
concentration can be sensed directly by androgen receptors if there is equilibrium
between exterior and interior of androgen target cells. Furthermore, steroid receptors
may become partially activated by phosphorylation and it is plausible that predisposed
receptors may become further activated by binding small amounts of steroid (O’Malley

et al, 1995).

Put simply, the level of biologically active steroid within the body is based on supply
and demand with rate of synthesis equal to that of degradation. Supply is dependent on
the rate of inward transport of active steroid whereas removal depends on outward
transport and the overall rate of degradation (Rommerts, 2005). The following
important factors have been shown to influence the control of steroid levels in target
cells. The flow volume and rate of blood or lymph, release from binding proteins,
membrane transport, connective tissue and cell layers (sometimes have the ability to
inactivate steroids) are all important factors outside the target cell. Within the target

cell, local activation or inactivation reactions and outwards transport (Rommerts, 2005).
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Testosterone can be metabolised in many ways. Aromatisation of the A4 bond of
testosterone results in derivation of 17B-estradiol and Sa-dihydroteststerone (Rommerts,
2005). In oestrogen dependent target cells, the rate of synthesis of estrogens is highly
influenced by target cell aromatase activity and the supply of androgen substrate. For
testosterone conversion to Sa-dihydroteststerone, the two isoforms of Sa-reductase must
be of sufficient concentration in combination with slow dihydrotestosterone metabolism
(Rommerts, 2005). Furthermore, George et al, 1997 have shown that in prostate tissue,
the primary oxidative enzyme 17f3-hydroxysteroid dehydrogenase is able to convert
testosterone to androstenedione, particularly when Sa-reducate activity is inhibited.
Luke and Coffey, 1994 reported high activity of 3aHSD and low activity of Sa-
reductase in order to efficiently optimise the amount of testosterone for testosterone-
dependent receptor stimulation within muscle tissue. In skin and hair follicle target
cells, conversion of testosterone to dihydrotestosterone is dependent on the balance of
catabolism by reducing 3a or 3B-steroid dehydrogenases versus glucoronidation

(Rittmaster, 1994).

Degradation of androgens in tissue is determined by the profile of those enzymes
responsible for the process (Rommerts, 2005). As a result, the enzymes 5o and 5f3-
steroid reductases, 17B-hydroxysteroid dehydrogenase together with 3a and 3pB-
hydroxysteroid dehydrogenases assume importance. Steroid metabolites that are not
bound to nuclear steroid receptors are still biologically active and as such, metabolism
and catabolism should not be viewed as a pathway for excreting inactive steroids
(Rommerts, 2005). Some androgen metabolites may be conjugated whilst others may be

excreted as free steroids.
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More recently, research evidence has been collected suggesting a non-genomic action of
androgens away from the direct activation of deoxyribonucleic acid (DNA). Heinlein
and Chang, 2002, have showed that androgens are able to activate transcription-
independent signalling pathways, Gue et al, 2002 have established rapid effects of
androgens on calcium fluxes and Castoria et al, 2003, have shown that androgens affect
intracellular phosphorylation cascades. It should be noted that the non-genomic actions
of steroids have not been as extensively studied as genomic actions. However, there is
strong evidence that the nucleus is not the only direct source of action for steroids. In a
typical non-genomic model, criteria, similar to those afore-mentioned in the genomic
model, must be adhered to. The effects should occur within a timescale of seconds to
minutes and not prolonged to several hours following steroid exposure which is typical
for a genomic model (Cato et al, 1988). The response must be membrane mediated and
display an action that can be induced even when the steroid is conjugated to molecules
which do not directly facilitate cell entry. An interesting example of this is testosterone
and the capacity for it to bind with albumin (Foradori et al, 2008). The nature of the
response must be lacking transcription / translation machinery activation, hence
demonstrating that the steroid response can be initiated in systems where gene

transcription or protein synthesis is improbable (Foradori et al, 2008).

In research, the most consistently demonstrated non-genomic effect of androgen
exposure is a rapid change in Ca®* (Gue et al, 2002, Lieberherr et al, 1994, Gorczynska
and Handelsman, 1995). This calcium modulation has been shown to occur rapidly
within seconds to minutes and because of this, it has been suggested that the androgen
must bind to a receptor on the surface of the cell. Currently, debate is underway
regarding the nature of this cell. Some research suggests tﬁat the classic intra-cellular

androgen receptor coupled with signal transduction pathway may be the route
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(Gorczynska and Handelsman, 1995) whereas, other authors have suggested the role of
a unique protein with androgen binding capability may initiate signal transduction

cascades (Steinsapir et al, 1991).

Perhaps the most pertinent physiological example to this review of a non-genomic
action of androgens on Ca®* are the effects on the cardiovascular system. It has been
shown that administration of androgens can facilitate rapid aortic and coronary arterial
vasodilatation (Yue et al, 1995). Furthermore, administration can also facilitate
vasoconstriction (Masuda et al, 1991). Ceballos et al, 1999 have added to this by
suggesting a non-genomic effect of testosterone, exerted at the level of the cell
membrane. The authors infused testosterone into rodent coronary arteries resulting in
rapid increases in vascular resistance and complete attenuation of the effects of
vasodilatory agents. In addition to this, other authors have showed that testosterone is
associated with a rapid Ca®* increase in cardiac myocytes through the activation of a
plasma membrane androgen receptor associated with the PTX-sensitive G-protein-

PLC/IP3 signalling pathway (Vicencio et al, 2006).

Verbist et al, 1991, using fluorescent resonance energy transfer, have demonstrated a
direct interaction between ﬁegatively charged phospholipids and membrane ATPase
calcium pumps. This suggests that androgen metabolites may acquire additional charges
from sulphate residues enabling them to infiltrate the lipid / protein complex of the cell
membrane decreasing the membrane flexibility, modulating the actions of the enzymes
responsible for ATP hydrolysis (Zylinska et al, 1999). In further support of this concept,
testosterone and dihydroepiandosterone, as hydrophobic steroids, have been shown to
interact with membrane phospholipids in order to manipulate membrane fluidity (Duval

et al, 1983).
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Androgen receptors (AR) have demonstrated an ability to activate second messenger
pathways independent of their transcriptional activity (Foradori et al, 2008).The
tyrosine kinase proto-oncogene tyrosine-protein kinase ( c-Src) is generally targeted to
the inner surface of the plasma membrane and has been shown to interact with androgen
receptors. This suggests the necessity of a membrane androgen receptor to facilitate this
process (Foradori et al, 2008). To further support this notion, Migliaccio et al, 2000,
have shown that the association of an androgen receptor with the SH3 domain of c-Scr
stimulates c-Scr kinase activity in less than a minute in the androgen sensitive human
prostate adenocarcinoma (LNCaP) prostaté cancer cell line. In prostate cancer cells, the
AR/Src/modulator of non-genomic action of oestrogen receptor association and
subsequent mitogen activated protein kinase family activation has been found to be
androgen dependent and also independent (Unni et al, 2004). Related to the mitogen
élctivated protein kinase family signalling cascade, Kousteni et al, 2001, have suggested
that androgen treatment may result in stimulation of two important members murine
leukaemia viral oncogene homolog-1 (Raf-1) and mitogen activated protein kinase-2
(ERK-2) within a window of approximately 5 minutes. This androgen induction of c-
Src/Raf/ERK signalling is impeded by c-Scr kinase activity inhibition or treatment with
androgen receptor antagonists (Migliaccio et al, 2000). The same authors conclude that
androgens work through the known androgen receptor in order to activate a non-
genomic second messenger pathway and can also function together with oestrogen
receptors in order to induce c-Scr kinase activity as part of a complex composed of c-

Scr, oestrogen receptors and the androgen receptor.

SHBG, a glycoprotein derived from the liver, is able to bind to testosterone,

dehydroepiandosterone and estradiol (Mean et al, 1977). Previous research has

86



suggested that serum testosterone is mainly bound to SHBG (~60%) and cell surface
receptors for this glycoprotein have been identified in numerous tissues including the
prostate, testis, breast and liver (Krupenko et al, 1994). The SHBG receptor is able to
facilitate androgen activation of cAMP and phosphokinase (Foradori et al, 2008). As a
result of this, it is feasible that androgen-SHBG stimulation of phosphokinase may alter
the phosphorylation of androgen receptors and co-regulators, therefore modulating

androgen receptor transcriptional activity (Foradori et al, 2008).

Research work has suggested that androgens may play a role as a membrane receptor
because of the detection of specific androgen binding to plasma membranes of
numerous cell types. Such cells include the endothelium (Figueroa-Valverde et al,
2002), breast and prostate cancer cells (Hatzoglou et al, 2005, Kampa et al, 2002),
osteoblasts (Armen et al, 2000), macrophages (Guo et al, 2002) and T-lymphocytes
(Benton et al, 1997). To this date, the assumed membrane androgen receptor has yet to
be identified and it cannot be accurately determined whether the modulation of Ca** ion
channel activity are mediated by a specific androgen receptor or by other signalling
pathways (e.g. SHBG or c-Scr kinase-androgen receptor complex) (Foradori et al,

2008).

Androgens have been shown to have key involvement in the human reproductory
system (Foradori et al, 2008). In particular, androgens are fundamental to neuro-
endocrine control of the gonadotropin releasing hormone. Previous work has already
shown that androgens are able to inhibit hypothalamic luteinising hormone secretion by
the release of gonadotropin releasing hormone (Foradori et al, 2008). However,
although androgens affect pituitary sensitivity to gonadotropin releasing hormone,

research has consistently identified a neural component for the androgen regulation of
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luteinising hormone secretion without a specific neural site of action (Kalra et al, 1989).
Research has suggested that androgens may be affecting gonadotropin releasing
hormone secretion via trans-synaptic pathways. To elaborate on this, research by
Belsham and colleagues (1998) have suggested a direct action of androgens on
gonadotropin releasing hormone neurons by observing the classic androgen receptor in
the plasma membrane of the GT-1 hypothalamic cell line. Non-genomic actions of
androgen receptors have been suggested in GT1-7 neurons and administration of
dehydrotestosterone and testosterone have all resulted in significant elevation in Ca® in
GT-1 cells within 200 seconds (Shakil et al, 2002). This finding is consistent with
previous research which has stipulated that Ca® changes are key in the control of

pulsatile gonadotropin releasing hormone secretion (Shakil et al, 2002).

2.3.2: Incidence of testosterone deficiency.

As males age, there is a gradual decline in circulating bio-available testosterone
(Bettocchi, 2005). There is a general consensus that testosterone levels decline about
1% per year from as early as age 30 years. Noticeable declines are common following
an age of 50 years but there is great inter-patient variability (Morales and Lunenfield,
2002). The Hypogonadism in Males study (Mulligan et al, 2006) estimated the
prevalence of hypogonadism in men aged 45 years or greater visiting primary care
practises in the United States. This research identified that the prevalence of
hypogonadism (i.e. testosterone level <300ng/dl) was estimated to be 37.8% - 836
patients of the 2162 sampled. Furthermore, data collected from the Centres for Disease
Control and Prevention National Health Interview Survey has indicated that 74% of
adult men in the United States visit a general practitioner (GP) surgery annually
(Lethbridge-Cejku et al, 2004) and in 2003, 48.4 million males were aged 45 years of

greater in the United States. The authors extrapolated this data and estimated that 13.8
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million men aged 45 years or greater (who had visited a primary care doctor) may be
hypogonadal. Additional research has also attempted to clarify the prevalence and
incidence rates of androgen deficiency in a random sample of middle aged and older
males (Araujo et al, 2004). This research also used three signs / symptoms of
hypogonadism together with total testosterone (TT) <200 ng/dL or 200-400 ng/dL with
free testosterone (FT) <8.9 ng/dL to stratify androgen deficiency. Studying initially
1691 patients and a further 1087 at follow-up, it was noted that the crude prevalence of
androgen deficiency rose from 6.0% to 12.3% in males aged 40-69 years old.
Furthermore, it was estimated that 2.4 million US males in this age range with androgen
deficiency. The crude incidence rate of androgen deficiency was defined as 12.3 per
1000 person years with significant increases with advancing age. Finally, it was
estimated that in the United States there would be 481,000 new cases of hypogonadism

per year in males aged 40-69 years.

2.3.3: Aetiology of hypogonadism.

In normal healthy males, multiple neural inputs, endogenous opioids, testosterone,
estradiol and other factérs influence the hypothalamic secretion of gonadotropin
releasing hormone. Additionally, these factors influence the ability of gonadotropin
releasing hormone to facilitate secretion of luteinizing hormone (Reyes-Fuentes and
Veldhuis, 1993). Release of gonadotropin releasing hormone is pulsatile and reaches the
pituitary gland via the hypothalamic pituitary portal venous system which in turn is
modulated by neural input (dopaminergic pathways) and neurotransmitters (e.g. galanin,
neuropeptide Y and opioids). This stimulates episodic secretion of luteinizing hormone
(Reyes-Fuentes ahd Veldhuis, 1993). The secretion of luteinizing hormone reaches the
testes via the systemic circulation thus promoting tonic and episodic Leydig cell

secretion of testosterone. Any unbound plasma testosterone acts upon target tissues
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completing the feedback loop to inhibit gonadotropin releasing hormone and luteinizing

hormone secretion (Reyes-Fuentes and Veldhuis, 1993).

Various research studies have attempted to identify the important factors affecting
testosterone concentrations in healthy elderly males. There have been some reports of
circannual variations in testosterone level with increases of up to 30% noted from
October to December in the Western hemisphere (Smals et al, 1976). However, this
research was unable to differentiate between other confounding variables such as
climate and latitude. In addition to this, other research has noted peak serum
testosterone levels during spring and summer and also no significant seasonal variation

(Svartberg et al, 2003).

Research studies of twins have identified that genes can determine as much as 25-76%
of the total variation in plasma levels of gonadotropin, testosterone, free testosterone,
estradiol and estrone (Meikle et al, 1988). These studies suggested a strong genetic
influence in the tissue formation and production rate of dihydrotestosterone. Some
authors have identified an ethnic variation in TT and SHBG levels in African males
when compared to Caucasian males (Gapstur et al, 2002). This research identified a
slightly higher percentage of these levels in African males. However, following
adjustment for body composition and adiposity these small differences were nullified.
Other research investigating the effects of ethnicity on free testosterone in Caucasian

and Asian males has found no significant differences (Lookingbill et al, 1991).
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More recently, scientists have identified possible important genetic correlations
affecting testosterone concentration. In more detail, this research has focussed upon AR
gene polymorphism. The AR gene contains a polymorphic trinucleotide CAG repeat in
exon 1. This CAG repeat encodes a physiologically relevant polyglutamine tract of
variable length. The research work suggested that any CAG length greater than normal
(15-31) would result in diminished AR transactivation capacity and androgen resistance
(Chamberlain et al, 1994). Conversely, shorter AR CAG repeat lengths have been
associated with higher prevalence of androgen sensitive diseases e.g. prostate cancer
(Giovannucci et al, 1997) and with greater decline of serum and bio-available
testosterone (Krithivas et al, 1999). In contrast, other research studies investigating
Australian and Chinese males (Jin et al, 2000) Belgian males (Van Pottlebergh et al,
2001), German males (Zitzmann et al, 2001) and Finnish males (Harkonen et al, 2003)
have failed to demonstrate a significant relationship between AR CAG repeat length and
levels of androgen hormones. This suggests a lack of truly consistent findings
attributing a substantive role of the AR CAG repeat in elderly male androgen

deficiency.

Body mass index (BMI) has been discovered to be an important influence on
testosterone concentration, probably via its effects on SHBG. Negative associations
have been found between SHBG and TT (Demoor and Goosens, 1970). In addition to
this, lower serum testosterone levels tend to be more pronounced when associated with
higher levels of abdominal obesity (Haffner et al, 1993). Physiologically, alterations in
the neuro-endocrine regulation of testosterone secretion (via reduced mean amplitude of
luteinising hormone pulses) have been noted to be the foundation to this decline

(Giagulli et al, 1994).
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Increased levels of stress can stimulate the neuroendocrine stress-responsive
corticotropic, sympatho-adrenal and somatotropic axes together with suppression of
hypothalamic gonadotropin releasing hormone secretion (Bergendahl et al, 1998). In
particular, inhibition of gonadotropin releasing hormone may be related to corticotropin
stimulated secretion of endogenous opiods (Gambacciani et al, 1986). Various types of
physical stressors (e.g. pain, injury, temperature, exercise) and also psychological stress
have been implicated in inhibition of gonadal function and thus reduction in circulating

testosterone concentration (Christiansen et al, 1985 and Nilsson et al, 1995).

2.3.4: Pathophysiological considerations of testosterone deficiency.

Pathophysiologically during ageing, it has been noted that although the gonadotropin
releasing hormone mRNA cellular content does not change, there is a decrease in
neuropeptide Y release, an excitatory peptidergic signal to gonadotropin secreting
neurons (Pednekar and Mulgaonker et al, 1995). Additionally, B receptors and
hypothalamic norepinephrene content has been noted to become less functional in
ageing males, both of which are agonistic to gonadotropin releasing hormone secretion
(Kaufman et al, 1991). Therefore, it could be stated that the reduced gonadotropin
releasing hormone impulse strength may contribute to hypogonadism in ageing males.
Research has also suggested that with ageing, gonadotropin releasing hormone receptor
activated Ca?* channels reduce their ability to mobilise Ca** for release thus negatively
impacting on pituitary luteinizing hormone secretion (Miyamoto et al, 1992).
Extrinsically testosterone can inhibit gonadotropin releasing hormone stimulated
pituitary secretion of luteinising hormone (Miyamoto et al, 1992). This research found

that dihydrotestosterone had no effect on luteinising hormone secretion in men when its
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levels are decreased via a 5 alphase reductase inhibitor (finasteride). However, patients
with 5 alphase reductase deficiencies exhibited significantly increased luteinising
hormone pulse amplitude suggesting testosterone and its 5 alphase reductase metabolite

modulate luteinising hormone secretion.

The stress of illness is also an important modulator of pituitary function. In more detail,
cytokines which activate the corticotropic-adrenal axis (such as IL-1 alpha) have been
suggested to impair gonadotropin secretion (Feng et al, 1991). Animal studies have
shown that stress activated corticotropin releasing hormone and opiates suppress the
gonadotropin releasing hormone pulse generator. For example, in ovariectomised
monkeys, IL-1 alpha reduces the frequency and amplitude of luteinising hormone
secretion via arginine vasopressin (Shalts et al, 1992). In humans, older men display a
wider dispersion of luteinising hormone and serum testosterone levels, probably
reflecting variations in health status. In relation to this, older men also exhibit
suppression of serum luteinising hormone concentrations during acute illness. Cross-
sectional research has reported lower testosterone levels in patients with CAD when
compared with age-matched controls (Alexanderson et al, 1996). In addition to this,
other research has identified that the age-related decline in testosterone level is
exaggerated in males with concomitant CAD (Zmuda et al, 1997). There are however,
no conclusive research studies reporting an independent association between low
testosterone concentration and development of fatal or non fatal MI (Contoreggi et al,
1990). Numerous other chronic illnesses have been reported to result in lower
testosterone concentration. For example, the hypercapnoea and hypoxia associated with
chronic obstructive airways disease is thought to result in hypo-pituitary dysfunction
and thus decreased serum testosterone levels (Semple et al, 1981). Chronic liver disease

patients have been noted to present with decreased free testosterone concentrations and
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increased serum concentrations of SHBG, androstenedione, and estrogens. Additionally,
excess alcohol consumption in hepatic cirrhosis can have an additional effect on
decreased testosterone concentration (Bannister et al, 1987'). The increased plasma half
life found in chronic renal impairment has been found to contribute to increased plasma
gonadotropin levels. Furthermore, luteinising hormone secretion is altered due to
abnormal gonadotropin hormone release and there is also evidence of impaired Leydig

cell function (Handelsman and Dong, 1993).

2.3.5: Diagnosis, signs and symptoms — Hypogonadism.

Clinically, the importance of recognising and treating hypogonadism has recently
become more prominent. A research study conducted in 2006 on veteran males over 40
years of age identified that hypogonadism is associated with a reduced cumulative
survival level to 55% when compared to normal males (found to have a 75% survival
over the 8 year study observation). Additionally, following adjustment of important
confounding variables, hypogonadism was still found to be associated with increased
mortality (hazard ratio of 1.88) (Laughlin et al, 2008). Importantly, further research has
identified that hypogonadism (defined as a testosterone level <450 ng/dL) was
significantly (45% of the study population) associated with the development of the
metabolic syndrome and diabetes over an 11 year follow up period (Laaksonen et al,
2004). Moreover, a study of San Bernado males identified that those with the lowest
percentile of testosterone had increased all cardiovascular mortality even when adjusted
for age, smoking status, exercise levels, BMI, hip ratio and alcohol consumption

(Shores et al, 2006).

Although hypogonadism has now become widely established, it is still unclear as to

whether this physiological process is associated with a definitive symptom complex.
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Recently published reviews and consensus panel updates have suggested that for the
diagnosis of hypogonadism there must be both biochemical and functional evidence
(Matsumoto, 2002). Additionally, symptom onset, age of decline of testosterone,
velocity of testosterone decline and the threshold for significant testosterone decline are
all uncertain factors (Martinez-Jabaloyas et al, 2007). As a consequence, together with
biochemistry, a number of questionnaires have been designed and validated for use in
this patient population. Perhaps the most commonly used of these questionnaires and
the only one that has independent validation is the Androgen Deficiency in the Ageing
Male Questionnaire (ADAM) as developed at the University of St Louis in the late
1990’s (Heinmann et al, 1998). This questionnaire aims to highlight the most important
functional characteristics of the age associated decline in testosterone concentration in

order to aid diagnosis.

The clinical presentation of hypogonadism may be subtle but most commonly include
some of the following: loss of libido, erectile dysfunction, lethargy, loss of muscle mass
and / or strength, oligospermia, reduced bone density, testicular atrophy, gynecomastia
and depression (Dobs, 2008). In addition to ageing, there is an expanded appreciation of

the aetiologies of low testosterone in table 7 below:

95



Table 7. Expanded Appreciation of the Aetiologies of Low Testosterone — adapted

from (Dobs, 2008).

Representative Disease Associated with Primary Testicular Failure.
Klinefelters Syndrome

Alkylating Chemotherapeutic Agents

Radiation Therapy

Auto-immune Destruction

Trauma

Viral Invasion

Ketoconazole

Representative Disease Associated with Centrally Mediated Hypogonadism.
Non-secretory Pituitary Tumours

Hyperprolactinemia

Prolactinomas

Granulomatous Invasion

Kallmans Syndrome

Opiate Use

Glucocorticoids

Representative Chronic Diseases with Both a Central and Testicular Effect.
Diabetes Mellitus

Obesity

Hyperinsulinism

Starvation

Acute Illness

Cytokine Mediated Impaired Testosterone Synthesis.

Renal Failure
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Ageing
HIV
Stress

Cancer

The classic diagnosis of hypogonadism has been based on clinical presentation with
laboratory confirmation. Laboratory confirmation historically was based on statistical
norms (mean + 2 s.d.). However, with the increased appreciation of the effect of
advancing age on testosterone concentration (see aforementioned Massachusetts Male
Aging Study Araujo et al, 2004). it is unclear whether the normal range should become

age adjusted or averaged over the lifespan (Dobs, 2008).

Importantly, testosterone levels vary significantly diurnally and also have been
suggested to vary circ-annually (Smals et al, 1976). Additionally, as suggested earlier,
testosterone concentration is also affected by illness and perhaps, more importantly
SHBG concentration (Bhasin et al, 2006). The majority of circulating testosterone is
bound to SHBG and albumin with up to approximately 3% unbound and known as ‘free
testosterone’. Bio available testosterone refers to the sum of testosterone bound to
albumin and unbound testosterone within the circulation. Current European Endocrine
Society guidelines (Bhasin et al, 2006) have proposed common values for testosterone
deficiency in ageing males but have advised caution due to large patterns of variability.
A cut off value of 12 nmol/L for TT has been suggested as commonplace for ageing
males, whereas values as low as 10.4 nmol/L have been utilised for younger males. In
addition, 0.17 nmol/L has been widely used as a cut off value for free testosterone. Bio-
available testosterone refers to unbound testosterone plus the fraction loosely bound to

albumin. Albumin bound testosterone is thought to be readily dissociable and is
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therefore termed bio-available (Bhasin et al, 2010). Endocrinology guidelines have
suggested that measurement of both free and bio-available testosterone are essential if
total testosterone concentrations are borderline hypo / eugonadal or when there may be
a possible alteration of SHBG. Older males, males with obesity, diabetes mellitus of
chronic disease have been shown to present with increases in SHBG and thus total
testosterone may not be a precise marker of androgen status in this population (Bhasin
et al, 2008). Bio-available testosterone concentration < 2.5 nmol/L have been associated
with overt hypogonadism in younger males and levels below 4.0 nmol/L have been
considered hypogonadal and suitable for testosterone supplementation (Kapoor et al,

2007 and Leifke et al, 2000).

2.3.6: Treatment of testosterone deficiency.

Testosterone therapy in young hypogonadal males has been associated with
improvements in overall sexual activity scores, frequency of sexual thoughts, increased
attentiveness to erotic stimuli and increase in frequency and duration of night-time
erections (Alexander et al, 1997). Testosterone therapy in healthy hypogonadal males
has also been found to increase fat free mass, muscular strength and also decrease
overall fat mass (Wang et al, 2000, Bhasin et al, 1997 and Wang et al, 2004). In
addition, testosterone therapy provides a dose-dependent increase in haemoglobin
levels, which appears to be further augmented in older males (Bhasin et al, 2005).
Testosterone therapy has also been noted to have a positive effect on mood, by
increasing positive and decreasing negative aspects (Wang et al, 2000). Furthermore,
other research has highlighted benefits of testosterone therapy on self reported energy

and well-being (Rabkin et al, 1995).
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There are a number of available testosterone formulations with differing clinical
pharmacology. Table 8 summarises the main testosterone formulations currently in use

(adapted from Bhasin et al, 2006).
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Bhasin et al, 2006 remark that any of the aforementioned treatment options can be
considered dependent on patient preference, pharmokinetics of testosterone action,
treatment burden and also cost. The recommended achievable testosterone level should
aim towards that of a normal healthy young male (dependent on local laboratory
values). This holds true for older males with long-term chronic illness. However, this
data was based upon males with chronic human immuno-deficiency virus (HIV) and not
HF. It should be accepted that as this treatment has not been fully implemented in the

HF population, these values are unavailable.

2.3.7: Testosterone as a metabolic hormone.

The metabolic syndrome has been considerably investigated in recent years, particularly
due to its perceived association with common disease states for instance HF (Inglesson
et al, 2006), cardiovascular disease and type II diabetes mellitus (Imam et al, 2007). The
most common risk factors for the development of metabolic syndrome are obesity and
physical inactivity (Ford and Li, 2006) additionally, obese individuals are more likely to
develop insulin resistance when compared to non-obese. Insulin resistance may
facilitate the development of additional metabolic risk factors such as elevated
triglycerides, reduced high density lipoprotein (HDL) cholesterol levels, elevated
fasting blood glucose concentration and hypertension (Hu et al, 2004). Geography,
ethnicity, lifestyle, age and gender may all contribute to the development of the
metabolic syndrome. However, research has shown that low levels of serum total
testosterone and SHBG may also be considered as risk factors for its development in
males (Muller et al, 2005). A recent meta-analysis supports the presence of a sex-
dependent association between endogenous testosterone and the metabolic syndrome

(Brand et al, 2011). This analysis identified a total of 52 studies comprising 22043
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males and 7839 females, presenting relative risk estimates or hormone levels for
participants with or without development of the metabolic syndrome. Males with higher
serum TT displayed a lower metabolic syndrome risk (relative risk estimate = 0.38, 95%
confidence interval 0.28-0.50). In addition, males with higher SHBG levels displayed a
reduced risk of development of the metabolic syndrome (relative risk estimate 0.29, 95
% confidence interval 0.21 — 0.41). Research conducted by Laaksonen and colleagues in
2005 has displayed the reverse to hold true. This study has indicated that male patients
who have the metabolic syndrome at baseline will have an increased risk of developing
testosterone deficiency (defined as total testosterone <11 nmol/L) over an extended

follow-up period of 11 years.

The precise mechanisms linking testosterone deficiency with insulin resistance and type
II diabetes mellitus are not fully understood. However, limited research evidence is
suggestive of a role at the level of the major insulin-responsive target tissues; skeletal
muscle, liver and adipose tissue. In addition, impaired insulin sensitivity in the above
tissues is relates to deficiencies in insulin-stimulated glucose transport activity into
skeletal muscle, impaired insulin mediated inhibition of hepatic glucose production,
stimulation of glycogen synthesis in the liver and an attenuation of insulin inhibited
lipolysis in adipose tissue (Kelly and Jones, 2013). In response to this, dissociated fatty
acid release from adipose tissue becomes surplus to the energy requirements of other
tissues including skeletal muscle and the liver. Yu and Ginsberg, 2005, suggest that this
lipid accumulation contributes to impaired insulin responsiveness and abnormal glucose
control.

Following castration in a rodent model, it is widely accepted that there will eventually
be reduced muscle levels of glycogen (Leonard, 1952). Insulin stimulated glucose

uptake into skeletal muscle is mediated by the Glut4 glucose transporter isoform
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(GLUT4) which is situated in membrane vesicles inside the cell during resting state
(Kelly and Jones, 2013). Translocation of GLUT4 to the cell membrane, in response to
insulin receptor signalling, binding of insulin substrate 1 and activation of intra-cellular
signalling pathways serves to facilitate increased glucose transport into skeletal muscle
(Bryant et al, 2002). This theory is supported by other research which has shown that in
type II diabetics, GLUT4 expression is reduced correlating with decreased insulin
responsiveness and defects at the level of the insulin receptor (Pessin and Saltiel, 2000).
Cultured adipocytes and skeletal muscle cells incubated with low dose testosterone
therapy have demonstrated an augmented regulation of GLUT4 and insulin receptor 1
(Chen et al, 2006). In relation to this, Sato et al, 2008 have showed that testosterone
therapy in a rodent model can facilitate phosphorylation of protein kinase B and C
which are key steps in the insulin receptor signalling pathways for regulation of GLUT4
translocation. The same authors have also suggested that testosterone treatment can
influence the enzymes related to the glycolytic process. Increased activity of
phosphofructokinase and hexokinase has been shown in cultured rat skeletal muscle
cells following administration of testosterone. Furthermore, an increase in glucose
oxidation has been noted in isolated sebaceous glands of castrated male mice when
compared to controls in response to testosterone treatment. The observed increase in
oxygenation was in parallel to an increase in glucose use in the pentose phosphate ‘

pathway and ultimate use in fatty acid synthesis (Sansone et al, 1971).

Pitteloud et al, 2005 have asserted that testosterone may beneficially influence the
metabolic rate in skeletal muscle by promoting the acquisition of energy from adipose
tissue in order to decrease fat mass. As such, the authors noted a correlation between
expression of genes involved in skeletal muscle mitochondrial oxidative

phosphorylation, impaired glucose tolerance and the presence of type II diabetes.
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Furthermore, ubiquionol cytochrome c reductase binding protein, which plays a critical
role in oxidative phosphorylation, was noted to have the most significant difference
between healthy and diabetic muscle and also a strong correlation with testosterone and

insulin resistance.

Testosterone deficiency has been found to result in significant declines in lipid
oxidation rate resulting in declines in resting energy expenditure and increased adiposity
in healthy males with gonadal steroid suppression (Mauras et al, 1998). In relation to
this, other research has shown that two weeks of testosterone treatment resulted in
stimulation of whole body fat oxidation and reduced fat mass in testosterone deficient
males (Birzniece et al, 2009). Although the exact mechanism behind this phenomenon
is not well known, it has been postulated that this process may be as a result of a
decrease in protein oxidation (Gibney et al, 2005) or indirectly on fat oxidation by
reducing glucose oxidation (Moverare-Skrtic et al, 2006). Testosterone may be able to
enhance lipid oxidation in muscle, improve circulating lipid profiles, sensitise myocyte
insulin signalling and glucose metabolism, therefore protecting against the detrimental
myocellular consequence of deregulated lipid metabolism in type II diabetes mellitus,

obesity and the metabolic syndrome (Kelly and Jones, 2013).

The liver is an important organ for the maintenance of glucose and lipid homeostasis.
Decreases in testosterone have been associated with attenuated expression of GLUT4 in
liver tissue, accompanied by increased blood glucose, reduced insulin and decreased
glucose uptake in adipose and skeletal muscle tissues (Muthusamy et al, 2009). In
rodent models, treatment with testosterone has been shown to restore liver GLUT4

expression and resultantly glucose uptake, leading the authors to hypothesize that the
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aforementioned GLUT4 impairment may have resulted from castration induced

deficiency in insulin (Muthusamy et al, 2009).

Obesity and the metabolic syndrome can directly impact on liver function. Free fatty
acids and adipocytokines in high concentration may disturb liver metabolism and result
in development of metabolic disorders. In more detail, free fatty acids decrease hepatic
insulin binding and extraction, increase hepatic gluconeogenesis and increase hepatic
insulin resistance (Kelly and Jones, 2013). It can be theorised that testosterone

supplementation could reduce free fatty acid production and correct disorders of insulin.

In males, the distribution of adipose tissue appears to influence androgen concentration
and cardiovascular risk profiles. As such, numerous research studies have suggested that
reduced lean body mass and increases in central adiposity are inversely correlated with
levels of testosterone (Nielsen et al, 2007, Frederiksen et al, 2012, Kapoor et al, 2007).
Mechanistically, lipid breakdown for energy usage in adipose tissue, influenced by
androgens, may play an important role in fat storage and obesity (Kelly and Jones,
2013). Further to this, research conducted by Hansen et al, 1980 has linked testosterone
supplementation with enhanced nor-adrenaline stimulated lipolysis in isolated male rat
fat cells. This is an important link because catecholamines are the main lipolysis
regulating hormone in males and regulate adipocyte lipolysis through the activation of
adenylate cyclase to produce cAMP. Protein kinase A activation by cAMP results in
stimulation of hormone sensitive lipase and therefore facilitates accelerated lipolysis

and increased breakdown of triglycerides (Arner , 2005).

Plasma concentration of bio-available testosterone has been show to inversely correlate

with abdominal adipose tissue lipoprotein lipase (Ramirez et al, 1997). This enzyme has
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been suggested to play a role in the pathogenesis of obesity as it resides on the extra-
cellular surface of adipocytes and hydrolyses circulating triglyceride rich lipoproteins to
fatty acids which then become esterifide and stored as triglyceride (Eckel, 1989). In
relation to this, Marin et al, 1995 showed that following prolonged testosterone
supplementation, there was a marked decrease in lipoprotein lipase activity and hence

reductions in triglyceride storage in abdominal subcutaneous adipose tissue.

Adipocytokine production is abundant from visceral fat. IL-1, IL-6 and TNFa
production is increased in obesity and also stimulates production of CRP in the liver
(Schuster, 2010). This production of pro-inflammatory cytokines by adipose tissue
facilitates insulin resistance via direct and in-direct mechanisms together with a
contribution to systemic and peripheral vascular inflammation associated with
cardiovascular disease (Kelly and Jones, 2013). It has already been suggested in this
review that testosterone is able to decrease lipid deposition and therefore has the
potential to modulate the release of harmful pro-inflammatory cytokines into the
circulation. This phenomenon has been proved in numerous research studies which have
shown that testosterone supplementation can beneficially effect concentrations of IL-1,
IL-6, TNFa and CRP (Yang et al, 2005, Malkin et al, 2004, Kapoor et al, 2007). In
more detail, retinol binding protein 4 has been found to precipitate insulin resistance by
the reduction of phosphatidylinositol-3-OH-kinase signalling at the level of the muscle,
which in turn increases the expression of phosphoenolypyruvate carboxykinase in the
liver to inhibit tyrosine phosphorylation of ISR1 in adipose and ultimately, attenuate

adipoocentin and PPARa activity which is characteristic of obesity (Yang et al, 2005).

2.3.8: HF and testosterone deficiency.
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HF appears to be associated with decreased levels of plasma testosterone, supported by
the fact that about 25%-30% of men with HF and a mean age of around 60 years have
biochemical evidence of testosterone deficiency (Malkin et al, 2009). Some studies
have actually reported that in males with HF up to 79% of patients may suffer from low
testosterone levels (Guder et al, 2009). All studies do, hqwever, report a consistently

high morbidity and mortality associated with testosterone deficiency and HF.

To support this hypothesis, research has shown that in male patients with HF, anabolic
hormone depletion is common anci an independent marker of poor prognosis
(Jankowska et al, 2006). In this study, serum levels of three important anabolic
hormones were measured (TT, dehydroepiandosterone sulphate and insulin-like growth
factor 1) in 208 males with HF (median age of 63 years and median LV EF of 33%).
Deficiencies in these anabolic hormones (below 10™ percentile of healthy peers) were
noted in all age categories of males with HF. In addition, these deficiencies were
inversely correlated with NYHA Score (p<0.01). More importantly, circulating TT,
dehydroepiandosterone sulphate and insulin-like growth factor 1(IGF-1) were
prognostic markers in multivariate models when adjusted for important prognostic
factors (p<0.05). Males with HF and normal levels of all anabolic hormones had
superior 3 year survival rates (83%, 95% confidence interval 67% to 98%) when
compared to deficiencies in one (74% survival rate, 95% confidence interval 65% to
84%), deficiencies in two (55% survival rate, 95% confidence interval 45% to 66%) and

deficiencies in three (27% survival rate, 95% confidence interval 5% to 49%).

Low levels of testosterone have been correlated with disease progression in HF and may

also be responsible for some of the common features of HF, for instance, reduced
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skeletal muscle mass and function, cachexia, fatigue and depressed mood (Malkin et al,
2006). Myocardial cachexia, a syndrome with poor prognosis (defined as a non-
intentional loss of 6kg lean mass in 6 months or less), has been characterised by low
levels of testosterone (Aukrust et al, 2009). It is well known that HF as a metabolic
syndrome can adversely alter numerous endocrine, metabolic and inflammatory
parameters (Jackson et al, 2000, Noutsias et al, 1999). The alterations can include
changes in levels and sensitivity to insulin, growth hormone and also testosterone (Von
Haehling et al, 2007). Most patients with HF are affected by a gradual decline in muscle
mass, muscular strength and also endurance performance, reflecting the
pathophysiological imbalance and deficiency of anabolic hormones (Malkin et al,

2010).

The importance of the relationship between testosterone deficiency, metabolic
syndrome and heart failure is clearly clinical valid. Initial reports from the Framingham
Study drew attention to the potential relationship between diabetes mellitus and HF
independent of age, coronary artery disease, hypertension or BMI (Kannel et al, 1979).
In HF, there is derangement of the glucose-insulin axis with some studies reporting up
to 43% of patients manifesting disorders of glucose metabolism (Kontoleon et al, 2003).
Those patients with HF and insulin resistance display an impaired ability to promote
glucose transport into the muscle and adipose tissue. Additionally, more recent research
has showed that impaired insulin activity inversely correlates with severity of HF,
relates to disorder of skeletal muscle physiology, facilitates reduced muscle mass and
can also influence prognosis (Swan et al, 1997 and Doehner et al, 2002). Further to this,
it has been shown that stress induced increased plasma glucose levels are associated
with increased risk for the development of HF (Capes et al, 2000), type II diabetes

mellitus can predisposes severe presentation of HF with over 33% of patients with de-
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compensated HF manifesting type II diabetes mellitus (Kostis et al, 2005). Research has
shown that one standard deviation increase in insulin sensitivity increased the risk of
developing HF by approximately one third (Ingleson et al, 2005). Thus, there is a
consensus of evidence that suggests a direct link between insulin resistance and HF,
with a notion that insulin resistance may facilitate development of cardiomyopathy and

also HF as a precursor to development of insulin resistance.

There are a number of theories to explain the association between altered metabolism,
insulin resistance and HF. The most investigated concept relates to the aforementioned
activation of the sympathetic nervous system and renin-angiotensin-aldosterone system.
It has already been stated in this review that in response to sympathetic nervous system
activation, there is an increase in catecholamine secretion. In addition to this however,
there is also evidence of reduced cardiac catecholamine re-uptake (Eisenhofer et al,
1996). The observed increase in catecholamines can facilitate myocardial oxygen
wastage by inducing marked enzyme loss due to myocardial damage (Opie et al, 1979)
together with norepinephrene mediated coronary vasoconstriction and increased plasma
free fatty acid levels; other factors which contribute to oxygen wastage (Kostis et al,
2005 and Paolisso et al, 1991). Increased levels of free fatty acids may also be
responsible for defects in insulin signalling, potentially mediated by activation of
protein kinase C-B, which phosphorylates insulin receptors and hence reduced capillary
opening and myocyte glucose uptake (Wagenmakers et al, 2006). Peterson and co-
workers (2004) have also shown that insulin resistance has the ability to increase
cardiac free fatty acid metabolism and therefore decrease cardiac muscle contractile
efficiency in their study of obese young females without other significant cardiac risk
factors. At cardiac level, HF mediated increases in sympathetic nervous system activity

have been shown to reduce presynaptic norepinephrene and myocardial glucose uptake
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in areas of LV impairment when compared to normal myocardial ventricular segments
(Ashrafian et al, 2007). This suggests that altered metabolism and insulin resistance
directly relate to local cardiac sympathetic nervous system activity and are a potentially
important correlation in HF. In skeletal muscle, plasma free fatty acid induced insulin
resistance has been linked with increased triglyceride, increased cellular free fatty acids,
increased cytoplasmic fatty acid metabolites such as diacylglycerol, and activation of
protein kinase-C and nuclear factor-kappa B (Savage et al, 2005). There is a strong
association between muscular triglyceride content and insulin resistance but there is
controversy regarding the specific lipid species responsible for its instigation;
triglyceride or intracellular free fatty acid and its metabolites (Ashrafian et al, 2007).
Savage and co-workers (2005) have investigated this concept in transgenic mice. During
their research, it was noted that in adiposome triglyceride lipase — null mice, despite the
deletion of triglyceride, the reduced availability of lipase derived free fatty acids
increased glucose utilisation and therefore facilitated a decline in cardiac insulin
resistance. This research stipulates that in a transgenic rodent model, free fatty acids and
their derivatives appear to be the main mediator of cardiac insulin resistance. The
mechanism of this process appears to be either due to an altgration of glucose signalling
or by competition with glucose signalling (Poornima et al, 2006). The accumulation of
intra-muscular free fatty acid coenzyme A then limits attenuates glucose uptake by

inhibiting intracellular muscle insulin signal pathways (Savage et al, 2005).

Resultantly, there is clear evidence of that testosterone deficiency and HF are inter-
changeable with a large body of evidence suggesting detailed relationships between the

two difference clinical manifestations. It is due to this phenomenon that research studies
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are warranted to address the effects of testosterone concentration on important health

related outcomes in HF.

Unfortunately, currently there are only two research studies that have attempted to
identify the effect of testosterone concentration on physiological function in males with
HF. An initial study conducted by a Brazilian research group investigated the effects of
serum testosterone concentration on cardiovascular haemodynamics and exercise
capacity in males with HF (Bocchi et al, 2008). This small study recruited 15 patients
with HF (EF% of 23 + 7%) and erectile dysfunction. It was noted that serum TT
correlated directly with distance walked during the 6 min walk test and inversely with
diastolic blood pressure (BP), right and LV EF (p<0.004). The latter inverse correlation
may suggest that serum testosterone could play a role in the pathophysiology of HF
thereby worsening cardiac function. This could be related to the work carried out by
Sullivan et al 1998, who suggested that anabolic steroids are cardiotoxic, by adversely
affecting cellular and organ physiology in a similar way to cardiomyopathy. However, a
contrasting hypothesis by numerous research groups has suggested that testosterone
may be beneficial in HF (Malkin et al, 2006, 2009, Caminiti et al, 2009, Jankowska et al
2006 and 2009). For instance, androgen therapy has previously been shown to improve
coronary blood flow and also increase fractional shortening of cardiac fibres in a rodent
model (Kontoleon et al 2003). In addition, previous randomised controlled trials have
identified improved walking capacity, muscular strength and endothelial function in
testosterone supplemented males with chronic stable HF (Malkin et al 2006, Caminiti et

al 2009).
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In relation to this, another study conducted by a Polish research group (Jankowska et al
2009) has shown that circulating serum TT independently relates to exercise intolerance
with further decline of testosterone indicating further reductions in exercise capacity.
This study identified 205 males with HF (mean EF% of 31 + 8%) of NYHA Class I-IV.
Using multivariate models, reduced peak VO;ma, reduced peak oxygen pulse was
associated with diminished total and free serum testosterone levels (p<0.01). In
addition, following a further 2.4 year follow-up, additional reductions in circulating TT
was associated with further reductions in peak VOmax and peak oxygen pulse (p<0.01).
/ In explanation of the importance of these results, the authors accept that the role of
anabolic hormones in HF patients is poérly understood. They do suggest however, that
testosterone may potentially affect some of the many complex pathways associated with
exercise intolerance in HF. For example, testosterone can favourably affect skeletal
muscle mass and the local synthesis of important growth factors (IGF 1) and also
contractile protein synthesis (Balagopal et al, 1997). It has also been suggested that
testosterone may potentially positively interact with peripheral mechanisms involved in
HF pathology. For example, attenuation of ED (Miller et al, 2007), improvement in lung
function (Svartberg et al, 2007), normalisation of baroreflex sensitivity and autonomic

imbalance (El Mas et al, 2001) and increased muscle perfusion at rest and during

exercise (Jones et al, 2004).

It has also been postulated that testosterone concentration may be responsible for
impaired somatic health and worsened psyche in both a general and HF population
(Shores et al, 2005, Jankowska et al, 2010). Jankowska et al 2006, studied how levels of
circulating anabolic hormones affected depression and outcome in males with HF.
Serum TT and dehydroepiandosterone sulphate were sampled in 163 males with stable

HF (mean age 60 + 10 years, NYHA Class I/II/III/IV) together with 316 healthy males
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aged 35 - 60 years. Level of depression was assessed using the Beck Depression
Inventory (BDI) and defined as a questionnaire score of > 16 points. The results of this
research showed that the severity of depressive symptoms was increased in men with
HF when compared to healthy controls in age groups 35-49 years (Beck Score of 9.9 +
7.3 versus 5.2 + 4.4 points, P<0.001) and 50-59 years (Beck Score of 14.3 + 11.9 versus
9.1 + 4.3 points, P<0.001), but not among males aged 60-80 years. Furthermore,
depression was found to be present in 20% of HF males without androgen deficiency,
37% of males with either testosterone or dehydroepiandosterone sulphate deficiency and
77% of males with deficiency of both anabolic hormones (p<0.0001). During regular
follow-up in the outpatient clinics for a median of 28 months, there were 53%
cardiovascular deaths or unplanned hospital admissions. Anabolic hormone deficiencies
(< 10™ percentile of serum androgen in healthy controls) and high depression score

index > 16 points independently predicted unfavourable outcome (p<0.05).
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2.4: Aims and objectives.

Research directly comparing physiological, cardiovascular and psychological function
in male HF patients with low and normal range testosterone is sparse. Separate, small
correlation studies have attempted to identify the relationship between testosterone
concentration and exercise capacity, ventricular function and depressive status in male
HF patients. This study, however will aim to directly compare detailed physiological,
cardiovascular functional and quality of life parameters in male patients with low range
and normal testosterone concentrations. Importantly, this study has been designed to
assess in more detail than previously undertaken the functional mechanics of the heart
with respect to testosterone level in HF. In addition, this study is the first to recognise
the importance of free testosterone and bio-available testosterone concentration in a
population whom the traditional assessment of total testosterone may be an inaccuracy
due to the deleterious effects of SHBG. Recognition of salivary testosterone
measurement as a direct correlate of free testosterone and also its relationship to
important outcomes assessed during the study is another important facet that may, in the
future, reduce the need for semi-invasive blood sampling and also allow patients to

provide their own testosterone samples for analysis.

This study aims to investigate if serum total testosterone, free testosterone, bio-available
and salivary testosterone concentrations influence exercise capacity, levels of NT pro-
BNP and quality of life in male HF patients. Testosterone deficiency is commonplace in
the male HF population with approximately 25% of this population with a mean age of
around 60 years effected. Testosterone deficiency may exacerbate symptoms of HF by

further attenuating the pathophysiological processes involved.
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The objectives of this study are:

o To investigate whether patients with low testosterone status and HF have
reduced exercise capacity, quality of life, together with an increased level of serum
markers of LV impairment and attenuated indices of cardiac structure and function
when compared to age-matched male HF patients with normal range testosterone.

. To gain an insight into the relationship between traditional serum measures of
testosterone and salivary testosterone as a novel measure of testosterone status in the

male HF population.
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Chapter 3. Materials and Methods.

3.1: Study design.

This was a cross-sectional study that recruited 40 male patients from the local HF clinic
at University Hospital of South Manchester (UHSM). These patients were stratified into
two groups of 20 based on analysis of their serum TT level. Patients with a TT
concentration <12.0 nmol/L were defined as ‘testosterone deficient’ and those above
this value defined as ‘normal range’. This cut off value is based on the range currently
used by the department of clinical chemistry at University Hospital South Manchester
NHS Foundation Trust and forms part of the local guideline for low testosterone at this
institution. In addition, for completion, outcome measures were also assessed based on
free and bio-available testosterone as recommended by European Endocrine Society
practise guidelines (Bhasin et al, 2006). Consequently, a cut off of <0.17 nmol/L for
free testosterone and < 4.0 nmol/L for bio-available testosterone were used (Bhasin et
al, 2006 and Kapoor et al, 2007). This re-allocation of the groups resulted in 17
participants with low FT and 23 participants with normal range FT and 17 with low, 23
with normal range bio-available testosterone for separate analysis. All outcome
measures were assessed immediately following group allocation and independent
samples t-tests were used to determine if there were significant differences based on
testosterone level. Correlation studies were also performed in order to assess the
relationship between testosterone status and the outcome data collected. Salivary
testosterone was collected as a novel marker in the HF population and was assessed
against FT (previous research in healthy participants has shown FT and salivary

testosterone to correlate highly) in order to ascertain its value in assessing hypogonadal
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status in a heart failure population without the need for semi-invasive blood sampling
and also by way of avoiding testosterone parameters which are known to be affected by

age, obesity, diabetes and chronic disease.

3.2: Patient selection and recruitment.

Following ethical approval from the local research ethics committee (appendix 1), 40
male patients with stable HF were recruited from the Specialist Heart Failure Clinic at
University Hospital of South Manchester NHS Foundation Trust. Patient’s were .

included or excluded from the study on the basis of the following grounds:

3.3: Inclusion criteria.

. Clinically stable HF prior to recruitment established on optimal medical therapy
and without significant symptom change (using NYHA Score) for a period of 6 months.
. Evidence of at least moderate impairment of LV systolic function (defined by
echocardiography within the last 6 months, as EF < 45%).

o Reduced exercise tolerance (limited by fatigue or breathlessness of cardiac
origin — i.e. NYHA Class II or worse).

. Over 18 years of age

3.4: Exclusion criteria.

. Unstable angina (defined by classical angina symptoms at rest).
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. Severe stable angina pectoris limiting the ability of the participant to perform the
6 minute walk shuttle test.

° Recent (within the last 6 weeks) acute MI.

o Episodes of decompensated HF / clinical change in course of condition within
the last 6 months (i.e. increasing symptoms or requirement of new treatment).

. Moderate or worse (defined by echocardiography) valvular heart disease.

. Uncontrolled hypertension (resting systolic BP >180mmHg, diastolic >90

mmHg) — as per defined cut off values for performing the 6 minute walk test (Crapo et

al, 2002).
o Any orthopaedic or neurological illness limiting the ability to exercise.
. Bi-ventricular pacing device / Left ventricular assist device in situ**

**bj-ventricular pacing devices and LVAD patients were excluded because of the
documented ability of these devices to provide improvements in exercise capacity and
quality of life, as such, potentially confounding the data collected during this study. In
addition, both devices artificially alter or prevent accurate measurement of a number of

the echocardiographic parameters to be collected as part of this study.

3.5: Consent procedures.

Patients who were due to attend the specialist HF clinic were identified in advance by
secretarial staff. These patients were sent an official study invite which consisted of a
patient information leaflet (appendix 2), invitation letter and reply slip. All interested
replies were collected by the lead researcher who informed clinic staff prior to the clinic
appointment. Upon arrival at clinic, interested patients were free to ask any study
related questions before they were consented for study participation. Consent was
obtained by trained, experienced members of the research team and copies retained in
the research file, patient case notes and also by the patient themselves (appendix 3).
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3.6: Withdrawal of patients.

Any patient, who at any stage of the study did not wish to continue, was able to
withdraw, without their future medical care being affected. This information was made

clear to each patient in the patient information sheet and throughout the study duration.

As this was a small-scale cross-sectional study without any intervention period, it was
envisaged that there would be minimal risk to the patient. However, if during the course
of data collection any patient became unwell or distressed, medical opinion was sought
over their continuation in the study. Participants were monitored closely following data
collection and, if needed, could be re-assessed by the consultant / registrar in charge
prior to leaving the department. Any withdrawn patients were replaced in order to meet

the required number of participants as determined by the formal power calculation.
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Figure 2. Flow chart of patient journey and important time-points during the

study.

Screening:

Eligible patients ascertained by Specialist
Heart Failure Research Nurses at Heart
Failure Clinic using case-notes to screen
against eligibility criteria (University
Hospital of South Manchester).
Week: 0

1!

Confirmation and Recruitment:
Eligible patients posted information leaflet
and recruitment letter. Reply slip or phone

call to heart failure clinic to confirm
participation. At next clinic visit, opportunity
to ask questions then consent taken.
Weeks 1-26 inclusive (Visit 1)

i

Venous Blood Sampling for Testosterone
Status:

Additional venous blood sample provided for
analysis of total testosterone, albumin and
sex hormone binding globulin (performed by
Specialist Heart Failure Nurse following
informed consent).

Weeks 1-26 inclusive (Visit 1)

1|l

Assessment and Analysis:

Data collection of all variables including
shuttle walk, echocardiogram, NT-Pro BNP,
and quality of life questionnaires (performed
by Heart Failure Nurse / Chief Investigator).

Weeks 1-26 inclusive (Visit 1)

U

Compilation of Final Report:
Data analysis and final report written.
Weeks 26-52 inclusive.
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3.7: Sample size.

Caminiti et al (2009) have investigated the effects of testosterone supplementation on
walking ability in 31 males with low testosterone and HF. Using the 6 min walk data
from this research, the authors observed a baseline walking distance of 386.6 m + 121.0
m. Following testosterone therapy, to a physiological normal range testosterone
concentration at 3 month follow-up, walking distance significantly improved to 472.8 +
138.4 m (p<0.05). The placebo group demonstrated a 6 min walk distance pre of
390.9m + 107.4m and post 428.2m + 112.0m. This equates to a difference of 86.2m +
14.5m in the testosterone group (significant at p<0.05) and 37.3m + 8.7m (non-
significant) in the placebo group. Taking into account these data, this study will have
80% power to detect a mean difference of at least 70 m with a minimum of 7 patients in
each group at the conventional 5% significance level. As this is a small number of
patients, a more conventional sample size of 20 patients per group will have 80% power
to detect a mean difference of at least 16 m using 12 m as an estimate of the common
standard deviation and at the 5% significance level. The common SD of change (12m)
was estimated from both the SD pre and post testosterone therapy from the study by
Caminiti et al, 2009 as an average value (i.e. average of + 14.5m and + 8.7m). This was
considered the best option following expert medical statistical advice, as only summary
data and no individual patient data from Caminiti et ‘al (2009) were available in their

published results.

3.8: Medical examination.

Before entering the study, each patient received a thorough medical examination

performed by a clinician (Consultant Cardiologist or Cardiology Research Registrar),
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during which details of surgical history, co-morbid conditions, risk factors and current
medication details were confirmed. Patients were also screened in detail with regards to
the study inclusion and exclusion criteria. Hormone profiles and concurrent medical
drug use were also recorded at the beginning of the trial. Blood pressure (BP) was taken
(manual sphygmomanometer) and a resting 12-lead ECG (ECG) was performed with
the patient in the supine position. This formed part of the medical assessment. During
this visit, initial assessments were also performed, and this was therefore classed as the
patient’s first assessment visit. Most patients were able to complete all data collection
during the initial visit. However, on certain occasions, patients were unable to devote
sufficient time for this to be achieved. As a result, a separate visit was scheduled to
complete all data collection, following further patient assessment. A second blood
sample for testosterone analysis was taken at the next scheduled clinic visit as a way of
confirming and standardising the classification of low or normal range testosterone.
Time between first and second testosterone serum collections varied depending on
clinical need for patient re-assessment. Longest duration between samples was 4 months

and the shortest duration 4 weeks.

3.9: Summary of known and potential risks and benefits to the patient.

The potential for risks to occur were minimised, since all patients prior to study
acceptance underwent a full clinical assessment performed by a Consultant Cardiologist
or Research Régistrar, during which details of surgical history, co-morbid conditions,
risk factors and current medication details were confirmed. However, all exercise and

strength assessments were monitored by qualified medical professionals who were all at
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least Intermediate Life Support Trained. In the event of a medical emergency, as this

study was performed in a clinical environment, local protocol was to be followed.

There was minor potential for discomfort and distress during the exercise assessments.
However, patients recovered relatively quickly and were monitored until resting values
were obtained and also patients were free from symptoms before leaving the Heart

Failure Clinic.

3.10: Safety assessments.

The University Hospital’s formal health and safety procedure was followed. A detailed
safety assessment of the study was performed as per the risk assessment documentation

by the Research and Development department.
3.11: Adverse events and SAE.

All members of the research team were at least Intermediate life support (ILS) trained.
The Chief Investigator and the Heart Failure Research Nurses have extensive

experience in working with patients with HF (i.e. > 10 years).

All adverse events were recorded and reported, as per case report forms. The Chief
Investigator was responsible for completing the appropriate paperwork at University
Hospital of South Manchester. After an adverse event, each patient was to be closely
monitored for at least 30 days, or longer if deemed necessary.

The following were considered Serious Adverse Events for this study:-
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e Hospital admission for a cardiovascular event.

o Death during the course of the study.

All Serious Adverse Events were reported, and these followed Hospital established
protocols. All Serious Adverse Events were reported to the Sponsor Research Office
(University Hospital of South Manchester) within 24 hours of discovery by the research
team. Dedicated report forms and reference documents justifying a Serious Adverse

Event decision were also completed.

3.12: Data collection handling and record keeping.

Data were collected and retained in accordance with the Data protection Act 1998. All
data were collected as per case report forms (appendix 2), validated and approved by
University Hospital of South Manchester and the local research ethics committee, at the

time points indicated on the flow chart.

At UHSM the Chief Investigator was responsible for the storage and quality of data
collected. In relation to this, paper files of personal data were kept in a locked filling
cabinet. All computer data was coded and stored on a ‘trust issue — locked’ memory
stick. Stored patient details and data were anonymous, since patients were assigned an

identification number, to ensure confidentiality.

3.13: Outcome measures.
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Outcome measures were collected at the routine clinic visit only. However, if for any
unforeseen reason participants needed another appointment to complete data collection,
this was provided. No more than two appointments were required during data collection

for the outcome measures.

3.13.1: Primary outcome measure — 6 minute walk.

The primary outcome measure was exercise capacity, assessed using the 6 minute (min)
walk. The test was performed at the routine clinic consultation in accordance with

normal clinical procedures and by guidelines developed by Crapo et al, 2002.

The 6 min walk is a symptom-limited exercise test designed to allow participants to
achieve maximum effort tolerance. This test has been successfully utilised in a range of
clinical populations but particularly pulmonary and cardiac patients. The 6 min walk has
been used as a measurement of the response to a given intervention but also is utilised
as a one-time measure of functional status of patients. In addition, the 6 min walk can
be used as a predictor of morbidity and mortality (Crapo et al, 2002). There are
numerous studies which have investigated the reproducibility and validity of the 6 min
walk when compared to regular cardiopulmonary exercise testing in a HF population.
Cahalin et al, 1996 showed intra-class correlation coefficients of 0.96 and moderately
strong correlations with treadmill derived peak VOamax. (r = 0.64, p=0.001). In addition,
Morales et al, 1999 found excellent reproducibility with no significant difference
between 3 separate tests (r = 0.98, p = 0.33) and also a moderate correlation with
cardiopulmonary exercise testing derived VO;max (r = 0.69, p = 0.001). The authors also
stated that 6 min walk duration is an accurate predictor of VOjym, values below

14ml/kg/min'l. In more recent work, Guazzi et al, 2009, suggest strong correlations
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between 6 minute walk distance and VO (r = 0.79, p <0.001) and VO, at anaerobic
threshold (r = 0.80, p <0.001). VE/VCO; slope showed a weaker but still statistically
significant correlation with 6 min walk distance (r = -0.463, p <0.001). The same
authors tested day by day reproducibility of the 6 min walk in a cohort of 80 patients

with good intra-class correlation coefficients of 0.78.

Prior to testing, patients were asked to rest for 10 min in a chair. During this time, BP
and resting HR were recorded. Once baseline measures were taken, patients were
advised as to how to accurately report their rating of perceived exertion. Following this,
the timer was set and final instructions given. Participénts walked back and forth along
a horizontal 30 m course, marked out by two cones and completed as many shuttles as
possible before the end of the 6 min period. Walking pace was determined by the
patient and rest periods were also allowed during the 6 min period. Intermittently during
the walking period, even tone encouragement was given as suggested by Crapo et al,
2002. The end-point (distance walked in m) was reached when the participant failed to
complete the shuttle before the signalled end time. Patients were monitored by trained
medical staff during and post this assessment. Heart rate, perceived exertion and BP

were also collected during this period.

3.13.2: Secondary outcome measures.

3.13.2.1: Blood analysis.

Venous blood sampling was undertaken during the initial routine clinic visit and also at
the next available clinical appointment in order to assess serum TT, free testosterone,

bio-available testosterone, albumin and SHBG. This was in addition to routine
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collection of NT-Pro Brain Natriuretic Peptide as a blood chemistry marker of HF

severity for every patient in the HF clinic.

3.13.2.2: Serum testosterone, SHBG and albumin.

Serum testosterone measuréments were collected before midday during each patient’s
routine Heart Failure clinic appointment by the Heart Failure Specialist Nurses. In order
to accurately determine testosterone concentration, a separate serum sample was taken
at the following routine clinic appointment to ensure consistency of results (longest
duration 4 months, shortest duration 4 weeks in-between first and second samples).
Unless there was noted change from hypogonadal to eugonadal status, or vice versa, on
analysis, patients were allocated to groups based on their initial testosterone
measurement. If a significant change of testosterone status was noted, the patient was
excluded from the analysis as all samples were measured retrospective to data
collection. Previously, research has sho\wed that testosterone concentrations are at their
peak during the morning period and there may also be significant variation in values
obtained on different days (Bhasin et al, 2010). Therefore, practise guidelines advocate
measurement of serum testosterone on two separate occasions and during the morning
period (Bhasin et al, 2010). Around 30% of males with low testosterone during the
afternoon period have been shown to have normal testosterone concentration during the
morning hours (Brambilla et al, 2007). In addition, the same authors also suggested that
in an elderly population (i.e.65-80 years of age), the circadian variation in testosterone

concentration becomes significantly blunted.

Serum total testosterone concentration represents the sum of unbound and protein bound
testosterone within the circulation. The majority of circulating testosterone is bound to

SHBG and albumin (Bhasin et al, 2010). A small amount of testosterone can be
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described as ‘free’ — normally in the range of 0.5-3% of total circulating concentration
(Bhasin et al, 2008). Bio-available testosterone refers to unbound testosterone plus the
fraction loosely bound to albumin. Albumin bound testosterone is thought to be readily
dissociable and is therefore termed bio-available (Bhasin et al, 2010). Endocrinology
guidelines have suggested that measurement of both free and bio-available testosterone
are essential if total testosterone concentrations are borderline hypo / eugonadal or when
there may be a possible alteration of SHBG. Older males, males with obesity, diabetes
mellitus or chronic disease have been shown to present with increases in SHBG and
thus total testosterone may not be a precise marker of androgen status in this population
(Bhasin et al, 2008). Therefore, both free and bio-available testosterone concentration

were calculated during this study to increase the accuracy of overall androgen status.

Although as stated previously in the thesis, there is not a widely accepted laboratory
cut-off value for testosterone deficiency. However, general agreement states that values
above 12nmol/L for TT do not usually require supplementation (Wang et al, 2009).
Similarly, a widely held lower limit for free testosterone has been suggested to be <
0.17 nmoVl/L (Bhasin et al, 2006). In addition, bio-available testosterone concentration
< 2.5 nmol/L. have been associated with overt hypogonadism in younger males and
levels below 4.0 nmol/L are considered hypogonadal and are suitable for testosterone
supplementation (Kapoor et al, 2007 and Leifke et al, 2000). In accordance with these
pre-determined valves, classification into low or normal testosterone groups was based
on TT < 12nmol/L, FT concentration < 0.17nmol/L and bio-available testosterone < 4.0

nmol/L.

All serum blood samples were drawn from the antecubital vein in the supine position

between 0800 hrs and 1200 hrs midday. Serum aliquots were prepared for storage at -
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80°C in the Clinical Chemistry Department of UHSM. Total testosterone was measured
from frozen samples using liquid chromatography mass spectroscopy using a previously
validated method and by accredited clinical scientists (Thienpont et al, 2008). Serum
samples (200ul), standards and quality controls were extracted with methyl-tert-butyl-
ether (Iml). The supernatant was then transferred and the solvent evaporated. The
residue was then reconstituted with 100ul of 50:50 mobile phase (water or methanol)
each containing 2mmol/L ammonium acetate and 0.1% formic acid. Extract (50ul) was
directly injected onto a Synergi 4 pm Hydro-RP column (50x3mm —Phenomenex,
Macclesfield, UK). Following elution from the column, each sample was directly
pumped into the electrospray probe of a Quattro Micro tandem mass spectrometer
(Waters, Manchester, UK). The mass spectrometer was programmed to operate in
electrospray positive ionization mode. Analysis was performed isocratically with 70%
mobile phase B, flow rate 0.6 ml/min for a total run time of 4.3 minutes. Primary
transitions for the analytes TT 289 greater than 97 and d 2 TT 291 greater than 99 were
monitored in multiple reaction monitoring quantification mode. No interfering peaks
were found to be present in the extracted samples and infusion experiments indicated
almost complete lack of ion suppression. The mean recovery was 93% for TT. The
standard curve was linear to 50.0 nmol/L, the lower limit of quantification was
0.25nmol/L and inter / intra-assay coefficients were less than 10% for TT (range of 0.3-

0.35 nmol/L).

SHBG concentrations were measured from frozen serum aliquots using competitive
chemiluninescent enzyme immunoassays on an Advia Centaur device (Siemens,
Eschborn, Germany). Inter assay coefficient of variation of 6.6% at the 27.1 nmol/L
level, 7.6% at the 48.2 nmol/L level and 7.7% at the 52.3 nmol/L level were determined.

Albumin concentration was determined using the previously validated bromcresol green
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dye binding colorimetric method (Doumas et al, 1971) on a Hitachi 911 (Roche
Diagnostics, Japan) analyser. Standard and specimen samples (2.5 ml, 10ul) were
incubated for 5 minutes at 20-25°C and the increased absorbance of the binding dye
complex was measured at 623nm. Within run coefficient of variation was 2.6%, run to

run reproducibility was 3.1%.

Total testosterone, SHBG and albumin were used to calculate free and bio-available
testosterone using an already validated formula as outlined below (Vermeulen et al,

1999).

Bio Test {(har = [@lbuwmin] x [FT]/(1 + ko = [FT))} + [FT]
(mol/L)

{—b + (I + 4a[TT|} /2a, in which
Free test
(mol/L)

a = kg + by 4 (ko % B[SHBG)] + |albumin] — [T])
b =14 [SHBG] + ky[allinmin] — (ko + k[T

The algorithm for which can be found at http://www.issam.ch and is routinely used for

the calculation of free and bio-available testosterone concentration in research practise.
In a critical review of this technique, Vermeulen et al, 1999 have showed that this
calculation represents a simple and rapid method that yields free testosterone

concentrations very close, if not identical, to those obtained by equilibrium dialysis.

3.13.2.3: Salivary testosterone.
In conjunction with the National Survey of Sexual Attitudes and Lifestyles working
group, the Department of Clinical Chemistry at UHSM have developed a liquid

chromatography tandem mass spectroscopy assay for the evaluation of salivary
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testosterone concentration. Salivary testosterone is a filtrate of plasma containing only
the free fraction of testosterone and, as stated earlier in this review, free testosterone is
often considered the most physiologically active form of testosterone available for
metabolising in target tissue. Laboratory measurement of serum free testosterone is
expensive and not a cost effective diagnostic test for most routine clinical laboratories
and estimation of free testosterone from available formulae has little in the way of
consensus (MacDonald et al, 2011). As a result, measurement of salivary testosterone

could provide a more accurate and feasible alternative to traditional serum sampling.

Participants were asked to perform an un-stimulated passive drool technique. For this,
each participant rinsed out their mouths with plain water, refrained from eating /
drinking and did not brush their teeth for at least 30 minutes prior to the collection. To
collect each sample, the patient was instructed to drool through a plastic straw into a
collection vial. Samples were frozen at -80°C and stored in the Clinical Chemistry
Department at University Hospital South Manchester. For analysis, samples were
thawed, mixed and centrifuged. The clear supernatant was then utilised for the analysis.
Sample preparation involved a liquid-liquid extraction requiring a 200p1 sample with D.
s testosterone as internal standard and methyl-tert-butyl ether then placed at -80°C.
Following 1 hour at 80°C, the organic layer was transferred and evaporated by heating
and gentle N, gas flow with the resultant residue reconstituted with a 500ml/L methanol
mobile phase before transferring to a 96-well micro-titre plate. Liquid chromatography
was performed using a Waters ACQUITY Ultra Performance Liquid Chromatography
system (Manchester, UK) and a C18 ACQUITY 1.8um HSS T3 column (21x50mm)
maintained at constant 45°C. The mass spectrometer was a Waters Quattro Premier XE
(Manchester, UK) set to positive ionisation mode. Binary pump mixing of the mobile

phases produced a linear gradient that increased from 50% to 90% methanol for 1.5
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minutes. Overall run time was 3.5 minutes. Testosterone and D5 testosterone co-eluted
with clean, discrete and identifiable peaks at a retention time of 1.28 minutes. Intra-inter
assay coefficient of variation were <15%. The mean recoveries from saliva samples at 3

concentrations were 95.6%, 100.3% and 95.8% respectively.

3.13.2.4: Serum N Terminal Pro Brain Natriuretic Peptide (NT Pro-BNP).

The notion that the heart may have an endocrine funétion has previously been suggested
almost 55 years ago when research identified that atrial dilatation resulted in natriuresis
(Henry et al, 1956). Since then, detailed research has identified that cardiac myocytes
constitute the major source of BNP-related peptides in the circulation with cardiac
fibroblasts recently demonstrated to produce BNP (Tsuruda et al, 2002). In more detail,
cardiac myocytes produce BNP pro-hormone, pro BNP, which is encoded from the
BNP gene located on chromosome 1 (Hall, 2004). Following this, the protease furin
splits Pro BNP into NT-Pro BNP and BNP. NT-Pro BNP is secreted following cardiac
wall stress and as HF develops there is a shift in cardiac BNP production from the atria
to the ventricles. Following its secretion, BNP binds to natriuretic peptide receptors A
and C, biologically resulting in diuresis, vasodilatation, inhibition of rennin and
aldosterone production together with attenuation of cardiac and vascular myocyte

growth (Hall, 2004).

Many studies have now suggested the routine use of NT-Pro BNP in the diagnosis of
HF — as a result of LV systolic impairment (McDonagh et al, 2004). The same authors
report that, in relation to other studies, the efficacy of using NT-Pro BNP as a diagnostic
tool lies in its high negative predictive value. This high value makes NT-Pro BNP a
useful marker to ‘exclude’ HF in a given population. It should be noted however, that

elevated levels of NT-Pro BNP merely confirm an element of cardio-renal stress and not
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always LV systolic dysfunction. For instance, Mc Donagh et al (2004) confirm that in
their population of patients with elevated NT-Pro BNP, 10% of breathless patients had
concentric LV hypertrophy without signs of systolic impairment, almost one fifth of the
population had had a previous MI but no echocardiographic evidence of systolic
impairment and 1.8% of the population had normal cardiac structure and function but

significantly impaired renal function.

Blood samples were drawn from the antecubital vein with the patients in a supine
position between 800 hrs and 1200 hrs to coincide with serum samples for testosterone
analysis.  Samples were collected in  pre-chilled tubes containing
ethylenediaminetraacetic acid (EDTA), immediately placed on ice, and promptly
centrifuged at 4°C by the research nurses in the heart failure unit. After separation,
plasma was transferred to the Clinical Chemistry Department at University Hospital
South Manchester and stored at —80°C. NT-pro BNP analysis was undertaken using an
ELISA—a two step sandwich assay with streptavidin coated microtitre plates — a
technique already validated by Karl et al, 1991. The streptavidin assay does not require
sample extraction and there is no detectable cross reactivity with ANP, NT-pro ANP,
BNP, or urodilatin. The inter-assay and intra-assay coefficient variances were 10% and

3% respectively. Sample recovery was between 104% and 112%.

3.13.2.5: Echocardiography.

Morphological and functional changes in cardiac structure and function were assessed
using a commercially available ultrasound device (GE, Vingmed, Vivid 7, Norway) and
dedicated 3.5 MHz phased array ultrasonic transducer. Each patient was assessed using

guidelines produced by the American Society of Echocardiography (Gottinger, 2004).
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All echocardiographic measurements were averaged over 3 cardiac cycles for patients in
sinus rhythm. If patients were found to be in atrial fibrillation at the time of
echocardiography, 5 cardiac cycles were recorded and subsequently analysed. No
analysis was performed on or immediately prior to ectopic beats. For analysis based on
two dimensional (2D) speckle tracking echocardiography, stable R-R intervals were

selected in order to further increase accuracy of the analysis.

Echocardiography is one of the most commonly performed non-invasive techniques in
the assessment of patients with known or suspected cardiovascular disease, providing a
comprehensive evaluation of cardiovascular structure, function and hemodynamics. 2D
(B mode) echocardiography displays cardiac images in real-time, allowing the operator
to obtain multiple anatomic ‘slices’ of the heart by precise angulation of the

echocardiographic transducer.

M-mode echocardiography is a continuous 1-dimensional display of structures along a
single anatomic line versus time and, because of its high temporal resolution, can be
used to accurately assess valve / chamber motion and measure diameter changes over
time. Doppler echocardiography uses ultrasonic reflections from moving red blood cells
in order to characterise flow in the central and peripheral circulation. Therefore, this
technique can be used during echocardiography in order to assess systolic and diastolic
flow through valves, within the cardiac chambers and also in the major cardiac vessels.
The four main types of Doppler used include pulsed wave, continuous wave, tissue and
Colour. Pulsed wave Doppler can detect flow in a localised area and that is moving
within the physiological range of velocities. Continuous wave Doppler is useful for
measuring gradients across pathological flow jets. Colour flow mapping displays

information as colour coded pixels (toward and away from the echo transducer) in order
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to display blood flow over a relatively large area. This technique is useful for evaluating
flow through valves, assessing diastolic and systolic flow, assessing intra-cardiac shunts

and measuring coronary flow.

Tissue Doppler is a relatively new technique used to detect movement of the
myocardium over time. This technique has proved important in evaluating diastolic
function and systolic function. In addition, during this initial study, myocardial strain
was assessed using a comprehensive commercially available analysis system (EchoPac,
GE, Vingmed, Norway). Longitudinal systolic strain involves assessment of the
longitudinal myocardial fibres responsible for longitudinal shortening in systole. As the
LV shortens in systole, thickening of the walls must also occur in order to maintain wall
volume in an in-compressible structure (myocardium). Wall thickening reflects the
contraction of individual muscle fibres in all directions and therefore as the outer
contour shows little change during systole, the ventricle must also thicken inwards as
the long axis length reduces in systole (Stoylen, 2011). As a result of this, longitudinal
shortening also determines systolic wall thickening. Circumferential strain or mid-wall
circumferential shortening is dependent on LV diameter only (Stoylen, 2011).
Therefore, circumferential shortening is an inward movement of the circumferential line
due to systolic wall thickening and as such is derived by cavity diameter, wall thickness

and wall thickening.

For the echocardiographic assessment, participants lay in the left lateral position and
images were obtained in concordance with the standardised minimum dataset for

echocardiography in the UK (Chambers et al, 2009) by an experienced and accredited
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cardiac sonographer. During the echocardiographic assessment, the following

parameters were measured:

1. Detailed volumetric assessment of the left atrium was performed in both the
apical 4 and apical 2 chamber imaging planes. Volumetric assessment was carried out in
a similar fashion to the Biplane Method of Discs used for LV volumetric assessment.
Accurate tracing of the left atrial border from the mitral valve annulus was performed at
various points within the cardiac cycle and averaged according to 4 and 2 chamber
values. Using this data, the following LA volumetric data could be calculated according

to methods detailed by Todaro et al, 2012.

a. Left atrial pre-contraction volume (Vpca) corresponding to the onset of

the P wave on the surface ECG.

b. Minimal left atrial volume (V i), measured on mitral valve closure at

end-diastole.

c. Maximal left atrial volume (Vmax), measured immediately prior to mitral

valve opening at end-systole.

Accordingly, these values were used to calculate further parameters relating to left atrial

active volumetric assessment as detailed by Nikitin et al, 2003.

a. Left atrial active emptying fraction (LA-AEF%) (Vprea — Vimin) / Vprea X 100
b. Left atrial expansion index (LA-EI) (Vimax — Vimin/ Vmin) X 100

C. Left atrial passive emptying fraction (LA-PEF%) (Vimax — Vprea) / Vinax x 100

For patients who presented in atrial fibrillation at time of echocardiogram, pre

contraction volumes were not calculated due to the absence of ‘p” wave on the surface
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ECG. As such, for these patients, LA active and passive emptying fractions were not

able to be calculated.

2. Left ventricular end-diastolic diameter was measured from both parasternal long
axis images and also apical 4 chamber images at end diastole. In addition, LV long axis
end-diastolic length was assessed from apical 4 chamber images — measured from the
level of the mitral valve annulus to the LV apical endocardial border definition. The
ratio of LV short to long axis ratio was calculated (from the 4 chamber measurements)
in order to obtain the Sphericity Index — an indicatof of LV remodelling (Obeidat et al,

2004).

3. Left Ventricular EF was calculated using Simpsons Biplane Method of Discs in
patients with clear-enough echocardiographic windows. This required accurate tracing
of the endocardial border at end diastole and systole in both apical 4 and apical 2
chamber image planes using the mitral valve annulus as the base for the measurement.
The percentage change in LV volume between these cycles was expressed as percentage

EF and average values of 4 and 2 chamber measurements taken.

4. Sophisticated echocardiography analysis software (Q-analysis, GE Medical,
Norway) was used in order to calculate longitudinal and circumferential left ventricular
strain. Longitudinal strain was measured from the apical 4 and 2 chamber image planes
together with the apical long axis view and averaged over at least 3 cardiac cycles with
stable R-R intervals. Images were optimised for depth and sector width in order to
promote accurate tracing of the myocardium with a minimum of 12 markers, allowing
for detailed assessment of myocardial speckle tracking throughout the cardiac cycle.
Images were acquired with frame rates between 60 and 80 per second according to pre-
determined best practise criteria (Mor-Avi et al, 2011) and with the intention of

avoiding loss of speckles or detriment to spatial resolution. Correlation of myocardial
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movement with the marked area was checked and adjusted if necessary to ensure
detailed tracking of the myocardium throughout the cardiac cycle. Longitudinal strain
was measured as the observed shortening between myocardial speckles at end-systole as
the aortic valve closes and also the peak systolic strain value, regardless of aortic valve
closure. Timing calibration was achieved by using Doppler echocardiography of the
aortic valve and the R wave on the ECG in order to accurately determine aortic valve
opening and closure thereby defining systole accurately. Timing of R wave to aortic
valve opening, aortic valve opening to aortic valve closure and R wave to aortic valve

closure were all measured.

5. Circumferential strain was assessed in the parasternal short axis view. Accurate
myocardial tracing was performed at the level of the mitral valve annulus, papillary
muscle and also cardiac apex — defined as more distal to the papillary muscle structure
and with none or the smallest view of the right ventricle that was achievable. The
average circumferentiai shortening of myocardial fibres was calculated at end systole
upon aortic valve closure — defined as per the timing cycles outlined earlier. In addition,
circumferential strain at the mitral valve level and at the apex was used in order to
calculate ‘twist’ in degrees’ using the formula of mitral valve level (basal) rotation —
apical rotation. In addition tb this, left ventricular twist / untwist rates together with
basal and apical rotation rates and time to left ventricular untwist / peak basal and apical
rotation rate were measured from the circumferential strain curves. It should be noted
that the terms twist, rotation and torsion are often used interchangeably and may
represent different facets of cardiac mechanics depending upon the research group.
During this study, rotation was defined as rotation of sections of the myocardium in the
parasternal short axis imaging plane as viewed from the apical end and also defined as
the angle between radial lines connecting the centre of mass of each specific cross

sectional plane to a specific point within the myocardial wall (Henson et al, 2000).
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Twist, as mentioned previously was defined as the absolute base to apex difference in
rotation and is most commonly expressed as the net LV twist angle (Henson et al,
2000). In this study, torsion was simply derived from net LV twist angle normalised for

base to apex distance (Russell et al, 2009).

It is a widely held notion that the left ventricular base and apex rotate in opposite
directions. During isovolumetric contraction the LV apex initially rotates slightly
clockwise before, during LV ejection, rapidly rotating oppositely in the counter-
clockwise direction (Narula et al, 2007). At the apical level, this counter clockwise twist
seen during ejection is immediately followed by untwisting (clockwise rotation) during
isovolumetric relaxation and the early diastolic period. Basal left ventricular rotation is
observed at lower magnitude to the apex (Sengupta et al, 2008). Additionally, rotation
at this level is opposite to that observed at the apex with brief counter clockwise rotation
during isovolumetric contraction and clockwise rotation during the ejection phase.
Naturally, there is counter clockwise rotation during isovolumetric relaxation and the
early diastolic filling period (Sengupta et al, 2008). Of course, this mechanical
movement of the myocardium during the cardiac cycle is closely related to myofibrillar
geometry. As such, within the myocardium, myofibre geometry alters from a right
handed helical structure at the sub-endocardium to a left hand structure at the level of
the sub-epicardium (Taber et al, 1996). Therefore, it results that contraction of the
epicardial fibres will result in apical counter clockwise rotation and basal clockwise
rotation and the opposite phenomenon when the subendocardial fibres are activated.
Due to the greater wrap around distance for the epicardial fibres, they become the
dominant force when both types of fibres are activated simultaneously (Sengupta et al,
2008). At the onset of ventricular electromechanical activation, the natural cardiac
conduction system results in initial activation of the mid-apical septal subendocardial

layer and as such the activation transmits from apex to base. As the subendocardial

141



fibres contract, subepicardial fibres become stretched to result in the initial clockwise
rotation of the LV apex (Taber et al, 1996). Electrophysiological activation from the
endocardium to epicardium results in subsequent fibre shortening with the subepicardial
fibres producing the highest torque due to their greater radius and therefore dominating
the rotational direction to counter clockwise at the apex and clockwise towards the base.
The subsequent twisting and shearing of the subendocardial fibres during the ejection
period, results in the storage of potential energy which is of paramount importance for
diastolic recoil (Bell et al, 2000). This torsional recoil is facilitated by lengthening-
shortening gradients in the LV wall with epicardial lengthening at the base / shortening
at the apex as opposed to endocardial shortening at the base / lengthening at the apex
resulting in an untwisting motion opposite to that of the ejection phase (Sengupta et al,
2008). This simultaneous shortening and lengthening at the base and apex allows

diastolic restoration without change to LV volume.

6. Myocardial speckle tracking techniques were used in a similar manner to that
employed when assessing LV longitudinal strain for the left atrium in apical 4 chamber
images. Images were optimised for depth and sector width in order to achieve frame
rates in the region of 60-80 frames per second. Following this, the left atrial border was
carefully marked with at least 12 points to allow accurate tracing of the atrial walls. The
mitral valve annulus was used as the base for these measurements. Care was taken to
avoid tracking the pulmonary veins and also to ensure atrial septal movement was
accurately mimicked. All atrial strain parameters were averaged over 3 cardiac cycles in
sinus rhythm and at least 5 cycles in atrial fibrillation. NB. As with the aforementioned
LA mechanical volumetric measurements, patients in atrial fibrillation at the time of
echocardiography did not have atrial contractile properties measured. From the ensuing
left atrial strain curves, the following parameters were assessed:

a. Peak longitudinal strain of the contractile period.
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b. Peak longitudinal strain of the reservoir period.

c. Peak longitudinal strain of the conduit period.

In more detail, myocardial shortening during the LA contractile period normally results
in negative strain values. Strain values obtained for the reservoir phase (during
ventricular systole) are normally positive due to the dilatation and stretch of the atria as
the ventricle contracts. Left atrial conduit function is largely dependent upon LV
relaxation and preload with the transfer of blood to the LV being accompanied by LA

shortening giving rise to negative strain values (Todaro et al, 2012).

7. Tissue Doppler imaging was used to assess indices of both LV longitudinal
systolic function and LV diastolic function together with their detailed relationship

(Vinereanu et al, 2005).
a. Longitudinal LV Systolic Function by Tissue Doppler Imaging.

The apical 4 chamber view was obtained and optimised in order to improve image
quality, ensure accurate Doppler beam alignment and promote higher frame rates.
Tissue Doppler Imaging was selected and the pulsed wave Doppler cursor placed over
the septal (medial) and lateral positions of the mitral valve annulus. On the resultant
tissue Doppler display, longitudinal systolic velocity was measured by placing a cursor
upon the maximum systolic velocity (s”) noted for each myocardial wall and averaged

to give S’ in cm/s (Ho and Solomon, 2006).

b. LV Diastolic Function by Tissue Doppler Imaging.

In order to assess LV diastolic function using TDI, all measurements were taken in the
apical 4 chamber view — optimised as previously mentioned to promote high frame rates

and optimum Doppler alignment. Conventional L'V inflow velocities (E and A wave)
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were assessed at the tips of the mitral leaflets using pulsed wave Doppler with
optimised scale settings. Average E velocity over 3 or 5 consecutive beats was recorded.
In addition to this, tissue Doppler imaging was obtained as above at the septal (medial)
and lateral walls. E’ velocity was measured and averaged over 3 or 5 consecutive beats
and also averaged over the medial and lateral walls. E/E’ ratio was calculated to give an

indicator of LV diastolic compliance (Nagueh et al, 1997).

In addition to left heart mechanical and functional assessment, the right heart was
studied in detail for mechanical and functional properties. All measurements were
undertaken on 3 separate cardiac cycles in sinus rhythm and 5 cycles when patients
were in atrial fibrillation. Mechanical 2D speckle tracking and TDI parameters were
measured with as constant as possible R-R interval in order to maintain consistency
between measures. Using standard 2 dimensional imaging, the following parameters

were assessed:

1. In the apical 4 chamber image plane, sector width and depth settings were
adjusted in order to focus directly on the right atrium. When this was achieved, the
image was frozen in systole when the tricuspid valve leaflets were closed. Careful
border tracing of the right atrial area was undertaken using the tricuspid valve annulus
as a base for the measurement.

2. In the same apical 4 chamber window, images were then optimised in order to
accurately assess the right véntricle. In this view, right ventricular diastolic and systolic
area was traced with reference to ECG timing of the cardiac cycle. Using the derived
diastolic and systolic areas, right ventricular fractional area change % was calculated
with the following formula:

(RV end diastolic area — RV end systolic area / RV end-diastolic area)
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3. M-mode echocardiography was used to measure Tricuspid Annular Plane
Systolic Excursion (TAPSE) from apical 4 chamber images. The m-mode cursor was
placed through the anterior aspect of the tﬁcuspid valve annulus ensuring that each
image was ‘on axis’ and in-line with the m-mode cursor. Movement of the annulus
towards the apex was recorded against time and this distance measured during systole.
TAPSE is a measure of right ventricular longitudinal systolic function and hence a

correlate of overall right ventricular systolic function (Zeinah et al, 2009).

4. Longitudinal strain of the right ventricle was measured from the apical 4
chamber image plane and averaged over at least 3 cardiac cycles with stable R-R
intervals. Images were optimised for depth and sector width in order to promote
accurate tracing of the myocardium with a minimum of 12 markers, allowing for
detailed assessment of myocardial speckle tracking throughout the cardiac cycle.
Images were acquired with frame rates between 60 and 80 per second according to pre-
determined best practise criteria (Mor-Avi et al, 2011) and with the intention of
avoiding loss of speckles or detriment to spatial resolution. Correlation of myocardial
movement with the marked area was checked and adjusted if necessary to ensure
detailed tracking of the myocardium throughout the cardiac cycle. Longitudinal strain
was measured as the observed shortening between myocardial speckles at end-systole as
the pulmonary valve closes and also the peak systolic strain value, regardless of
pulmonary valve closure. Timing calibration was achieved by using Doppler
echocardiography of the pulmonary valve and the R wave on the ECG in order to
accurately determine pulmonary valve opening and closure thereby defining right
ventricular systole accurately. Timing of R wave to pulmonary valve opening,
pulmonary valve opening to pulmonary valve closure and R wave to pulmonary valve

closure were all measured.
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3.13.2.6: Health related, disease specific and psychological quality of life.

Both HF and androgen deficiency are characterised by low mood and depression, which
is improved by testosterone replacement therapy in testosterone deficient subjects.
Thus, patients were instructed to complete the Minnesota Living with Heart Failure
questionnaire (MLHFQ), the short form 36 version 2 (SF-36 v2) Health Survey, the
Beck Depression Inventory (BDI) and the Androgen Deficiency in the Adult Male

Screening Questionnaire (ADAM).

3.13.2.7: Minnesota Living with Heart Failure Questionnaire (MLHFQ).

The MLHFQ (appendix 4) has been designed as a disease-specific measure of quality of
life in patients with HF (Rector et al, 1987). This questionnaire is designed to assess
each participant perception of the effects of HF on the physical, socio-economic and
psychological aspects of their life. There are a total of 21 questions with responses using
a six-point Likert Scale (0-5). This questionnaire is simple to administer and relatively
easily understood. This questionnaire has previously been shown to be valid in
comparison to other health outcome scales where it has also demonstrated to
differentiate between those patients with HF and more symptomatic LV impairment
(Berry et al, 1999 and Gorkin et al, 1993). Test-retest techniques have suggested that
initial low-scores had a tendency to increase and initial high scores tended to decrease
following the second administration of the questionnaire (Bowling, 2001). Slight
concerns have been raised suggesting that using the sub-scales may be less accurate in
the quality of life assessment when compared to using the overall score (Sneed et al,

2001), hence in this study, total overall questionnaire score will be utilised.
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3.13.2.8: SF-36 Version 2 Questionnaire.

The SF-36 Version 2 (appendix 5) is a 36 item questionnaire that measures eight multi-
item dimensions of general health. These include physical functioning (10 items), social
functioning (2 items), role limitations due to physical problems (4 items), role
limitations due to emotional problems (3 items), mental health (5 items), energy /
vitality (4 items), pain (2 items) and general health perception (5 items). For each of
these dimensions, item scores are coded, summed and transformed onto a scale ranging
from O to 100 with zero being the worst possible health state and a hundred the best
possible state. In addition, two further standardised summary scores can be calculated
namely, the physical component and mental health component summary. Improvements
have been made in the development of the SF-36 Version 2 when compared to the older
version 1. Most notably improvements to both instruction and question wording have
made the questionnaire less ambiguous and have removed the contentious double
negative noted in the older version (Jenkinson, 1995). More recent research by
Jenskinson and co-workers (1999) has shown that the SF-36 Version 2 has good internal
validity when utilising Cronbach’s alpha statistic. Furthermore, the authors suggested
that internal reliability statistics for the two role-functioning dimensions are higher than
previously reported for the SF-36 Version 1. As claimed by the developers of the
Version 2 questionnaire, fewer floor and ceiling effects were noted in the Oxford
registry (1.32% of respondents scoring zero and 56.29% scoring 100 using version 2
versus 7.16% versus 75.5% respectively for version 1 when observing role-physical

dimensions).

3.13.2.9: Beck Depression Inventory (BDI).
The BDI (appendix 6) is the most commonly used tool for the self-assessment of

depression in clinical research (Gottleib et al, 2004). The BDI is a short questionnaire
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containing 21 items with 4 response outcomes. The questionnaire is easy to administer
and has a reading level equivalent to that of the fifth grade in the USA. As such, the
scale is designed to rate the severity of depression in individuals aged over 13 years.
Previous assessment of the scale by Beck and colleagues (1988), has shown high levels
of internal consistency both in psychiatric (0.86) and non-psychiatric participants (0.81).
Furthermore, the concurrent validity of the BDI with respect to clinical ratings of
depression and the Hamilton Psychiatric Rating Scale for Depression (HPRSD) have
been reported to be high (Beck et al, 1988). This research identified mean correlations
of the BDI samples (in psychiatric patients) with clinical ratings and HPRSD of 0.72
and 0.73 respectively and 0.60 and 0.74 respectively in a non-psychiatric population.

Depressive status is defined as a questionnaire score of >10.

3.13.2.10: Androgen Deficiency in the Ageing Male Questionnaire (ADAM).

The ADAM questionnaire (appendix 7) consists of 10 items with simple yes or no
answers. Low testosterone status is defined as a total of 3 ‘yes’ answers or answering
‘yes’ to questions 1 or 7 alone. The initial validation study of the ADAM questionnaire
sampled 316 Canadian physicians aged between 40-62 years in the hope that the authors
could identify a symptom complex to correlate with low testosterone levels (Morley et
al, 2000). Low bio-available testosterone was noted in 25% of this population and the
ADAM questionnaire was found to have 88% sensitivity and 60% specificity to low
serum testosterone level. Test-retest reproducibility demonstrated a coefficient of
variation of 11.5%. Furthermore, following treatment of testosterone deficiency in a
subset of the same population, the ADAM questionnaire was found to demonstrate an
improvement in score in 18 out of 21 patients (p = 0.002). Although sensitivity is high,
specificity is commonly regarded as low for this questionnaire due to the recognition

that depression, as well as a number of symptoms commonly seen in the older person,
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will confound the attempts to successfully screen this population using a questionnaire

based technique (Morley et al, 2006).

3.14: Measurement error.

A cohort of 10 patients was selected in order to assess the reproducibility of the main
outcome measures. This included 6 min walk distance and important echocardiographic
parameters. Reproducibility was assessed using the relative technical error of
measurement (TEM) and expressed as percentage error by the formula below:

%TEM = (TEM / [M1+M2]/(2) x 100
Where M1 is the mean of the first series of measurements, M2 is the mean of the second
series of measurements.

It should be noted that the % value obtained pertains to % change from the previous
measurements and not an actual % unit difference from the last measurement (when
measurements are expressed in terms of %). For example, a TEM% of 3 relates to a 3%
error in the measurement in subsequent analyses and not a change from perhaps 28% to

31%.

Bland Altman plots were also used in order to assess the test-retest agreement between

initial and second TT, bio-available and FT measurements and also the agreement

between serum FT and salivary testosterone concentration.
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3.15: Analysis of results.

Data were analysed using specialised statistical software (SPSS Version 18, Chicago,
Illinois), by the Chief Investigator. Data were initially tested for normal distribution
using the Shapiro Wilk statistical test due to the sample size being less than 50. Any
data not normally distributed were transformed logarithmically and re-assessed for
normality prior to analysis. Previously transformed data were back transformed and
presented in the tables as geometric means. Independent samples T-tests were used to
examine if there was a significant difference in the outcome measures between ‘low’
and ‘normal’ range testosterone. Furthermore, analysis of co-variance (ANCOVA)
statistic was used to formally assess the effect of age on the primary outcome measure
(6 min walk capacity) due to its role as a significant confounding variable and the noted
small baseline difference in age between the groups. In addition, Pearson’s product
moment correlation coefficient (r) was used to formally assess for bivariate
relationships between traditional serum and salivary testosterone and pertinent outcome
measures collected during this study. Significant correlations were set at the level
p<0.05. All data are expressed as mean + standard deviation unless otherwise stated.
Bland Altman plots were also used in order to assess the accuracy of traditionally
mathematically calculated testosterone values to newer clinical measurement techniques
and to graphically represent the differences in testosterone concentration samples from

different clinic visits.

3.16: Quality control assurance and direct access to source documents.
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Quality control of the study was maintained by the Chief Investigator in collaboration
with the local research ethics committee and the Sponsor research and development
department. All appropriate risk assessments were in place prior to commencement of
the research and also reviewed throughout the study period. The research team were
able to provide access to source documents for inspection by authorised outside

agencies upon written request.
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Chapter 4. Results.

4.1: Demographic Data.

A total of 76 patients were identified from the screening of patient case notes in the
UHSM specialist heart failure clinic. Of these, 20 patients (26%) did not reply to their
initial invitation letter and 8 (11%) patients replied as ‘not interested’ without any
documented reason. Of the remaining 8 patients (11%) who replied as ‘not interested’,
the most common reasons were lack of time or work commitments — particularly due to
the risk of over-running parking time or not wishing to pay more money for the car-
park. Other, more rare, reasons included co-morbidities preventing exercise — such as
previous cerebrovascular accident (CVA) (1 patient) or osteoarthritis (1 patient). As this
initial study was not interventional, all outcomes were collected at this initial visit
resulting in 100% compliance and no drop-out. Figure 3 below details recruitment to the
study. The two groups were well-matched at baseline for key variables when grouped
for TT, FT and bio-available testosterone with no significant differences observed
between the groups with the exception of testosterone status (P<(0.01). Table 9 details

the baseline demographics for the study sample based on serum total testosterone.
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Figure 3. Recruitment summary.

76 patients identified as eligible from screening of case notes in the
heart failure clinic at UHSM.

16 patients not v 20 patients did not
interested. reply to invitation.

8 no reason No further contact
documented. made.
v v

8 patients with documented 40 patients interested and

reasons: recruited following informed
consent and checks against

Lack of time due to work entry criteria.

commitments (4).

Unwilling to pay for
further car park fees or
time running out in car

park (2).
Unable to exercise due to
prior CVA (1).
v
Unable to exercise due to
osteoarthritis (1). 40 patients completed data collection.
Defined as TT deficient

(n =20), FT deficient (n = 17), Bio-
available testosterone deficient (n =
16).

Defined as normal range TT
(n =20), normal FT (n = 23), normal
bio-available testosterone (n = 24).
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Table 10 presents the relative technical error of measurement of the outcome measures
assessed in a cohort of 10 patients who underwent identical assessments on a second

occasion.

Table 10. Measurement error for key outcomes.

Error expressed as percentage change between first and second measurement.

Test TEM % (n=10)
6 min shuttle walk 4.18
EF % 8.47
Max LA volume 6.24
LA expansion index 6.60
TDI LA ventricular systole 4.65
Peak LA strain (reservoir) 4.98
LYV peak systolic torsion 7.20
LV peak untwist rate 8.74
Twist 9.21
Circumferential strain 7.24
Longitudinal strain 7.65
Sphericity index 6.40
LV diastology (E/E’) 4.21
LYV longitudinal function (S wave) 4.87
TAPSE 3.10
RY fractional area change 5.74
RYV peak systolic strain 3.98
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(min) minute, (EF%) ejection fraction, (max) maximum, (LA)left atrial, (TDI) tissue
Doppler imaging, (LV) left ventricular, (TAPSE) tricuspid annular plane systolic

excursion, (RV) right ventricular).

All outcome measures above demonstrate satisfactory technical error of measurement —
all comfortably within 10% difference between repeated measurements. Left ventricular
twist and untwist demonstrate the most erroneous measurement errors. However, this
may be due to their reliance on other echocardiographic measures (apical and base
rotation) in order to be calculated. The main outcome measure (6 min walk)

demonstrates excellent reproducibility with a measurement error of 4%.

The Bland Altman plot (figure 4) shows the agreement between initial and subsequent

measurement of total testosterone performed on a separate clinic visit.
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~ Figure 4 Bland Altman plot showing the agreement between total testosterone
measurements on two separate occasions.
Minimum 4 weeks between initial measurement, maximum 4 months to coincide with

routine clinic visit.

14 ¢ P4 20 29 ¢ Difference

== Mean Difference

-4 wmeems \ean Diff. + 25D

Difference in total testosterone
concentration between visits (nmol/L)
I\

&
o

-8 - ¢

Average total testosterone concentrationnmol/L

The Bland Altman plot shows a mean difference between TT measurements of 0.15
nmol/L (s.d. + 2.05 nmol/L). Therefore, the mean difference + 2 s.d. is + 3.95 nmol/L
and — 4.26 nmol/L. The coefficient of repeatability is 5.10 nmol/L. Greater than 95% of
measurements fall acceptably within the limits of agreement of + 2 s.d. The outlying
measurements did not represent a change of testosterone status (i.e. there was no change

from hypo to eugonadal status between measurement 1 and measurement 2).

4.2.1: Primary outcome measure — 6 min walk test.

Table 11 highlights the data from the 6 min walk test for patients grouped by total

testosterone.
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4.3: Secondary outcome measures.

4.3.1: Echocardiography.

Tables 12-14 show the echocardiographic measures used to assess, in detail, cardiac

structure and function. Independent samples T-test data are presented as mean + s.d.
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Based on TT and using echocardiography, there were no significant differences
observed between the groups in the detailed assessment of right heart structure and

function.
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4.3.2: Quality of Life.
Figure 5 illustrates the SF36 Version 2 quality of life data for the low and normal range

total testosterone groups
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Figure 5. SF36 Domains based on total testosterone status.

Based on independent samples T-test data. *indicates P<0.05 and “indicates P<0.01.

Error bars are representative of s.d.
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Figure 5 above illustrate numerous significant differences in SF36 domain score in the
normal range testosterone group when compared to low range testosterone. There is a
significantly higher score in the general health domain in the normal range testosterone
group (p<0.05, 36.84 + 2.85 low versus 59.44 + 3.24 normal). In addition, all physical
components of the SF36 demonstrate significantly higher scores in the normal
testosterone HF patients (bodily pain 48.86 + 12.21 low, 64.14 + 3.72 normal; role
physical 36.25 + 22.63 low versus 71.25 + 21.4 normal; physical function 38.5 + 19.94
low versus 67.5 + 22.27 normal — all p<0.001). As a result, the overall physical
component summary score is significantly higher in the normal range testosterone
patients (41.39 + 17.03 in the low versus 69.69 + 19.71 in normal, p<0.01).

Similar differences are also noted in the mental domains of the SF36. Social functioning

and role emotional domains are significantly higher in the normal testosterone group
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with p<0.01 (social functioning 55.20 + 2.43 in low compared to 76.73 + 2.16 in normal
and role emotional 42.90 + 6.55 in low versus 73.96 + 2.46 in the normal). Additionally,
vitality scored significantly higher in the normal testosterone group when compared to
low testosterone (44.38 + 22.95 low compared to 59.25 + 17.96 in normal, p<0.05). The
mental health domain of the SF36 did not demonstrate a statistically significant
difference between the two groups (p = 0.26). Overall mental component summary was
significantly higher in the normal testosterone HF patients (54.88 + 17.52 low when

compared to 72.36 + 16.58 in normal).

Table 15 illustrates the effect of testosterone status on disease specific quality of life

using the MLHFQ, ADAM and depression status using the BDI.
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Table 15. MLHFQ, ADAM and BDI score based on total testosterone status.

Independent samples T-test. Significance at P <0.05 is highlighted with *. ** indicates

P<0.01.
Low-range Normal-range P value
testosterone (n=20) testosterone (n=20)
MLHFQ Score 42.31 +20.16 32.25 +27.40 0.20
BDI Score 9.74 +6.2 6.7 + 6.38 0.14
ADAM Score 5.41+1.08 2.67 +0.88 0.03*

(MLHFQ) Minnesota Living with Heart Failure Questionnaire, (BDI) Beck Depression

Inventory, (ADAM) Androgen deficiency in the ageing male.

There were no significant differences seen between MLHFQ score or BDI between the
low and normal range testosterone HF patients. Low testosterone patients demonstrated

a significantly higher ADAM score (p<0.05).

4.3.3: NT Pro BNP.

Table 16 summarises the levels of NT pro-BNP in participants with low and normal

range TT.
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Table 16. NT pro-BNP based on total testosterone status.

Independent samples T-test. Significance at P <0.05 is highlighted with *. ** indicates

P <0.01.
P value
Low-range total Normal-range total
testosterone (n=20) testosterone (n=20)
NT pro-BNP (pg/L)  129.36 + 100.92 119.54 +92.21 0.45

(NT Pro-BNP) N-terminal pro brain natriuretic peptide, (pg/L) picograms per Litre

There were no observed significant differences in NT pro-BNP based on total

testosterone status between the low and normal testosterone groups.
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4.4: Analyses based on free testosterone.

In addition to measurements of TT, recommendations by the European Endocrine
Society suggest a thorough analysis of testosterone deficiency requires calculation of
FT, particularly in conditions were there may be alterations in SHBG. As a result, the
following section of results summarises the difference in key outcome measures using a
FT concentration of < 0.17 nmol/L as a cut off value for low FT status in accordance

with practise guidelines (Bhasin et al, 2006).

4.4.1: Adjustment of baseline demographics.

As a result of the change in groups, the baseline demographics for the analysis are
presented in table 17. It should be highlighted that following adjustment of the low and
normal groups based on FT, the group numbers change to n = 17 low free testosterone

and n = 23 normal range free testosterone.
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