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Abstract

Abstréct

Ageing is an inevitable process characterised by a progressive deterioration in the
function of a number of organs and systems, ultimately reducing the individual’s quality
of life of. Despite its obvious importance, our understanding of the basic age-related
changes in cardiac function remains poor. In part because past studies, describing the
changes in cardiac function with age, have not always adequately controlled for
different lifestyles or superimposed diseases, while using less than complete measures
of overall cardiac function and appropriate scaling models. The aim of this thesis was to
determine the changes in overall cardiac function associated with healthy ageing, using

the comprehensive, non-invasive method of cardiac power output (CPO).

After 1dentifying that CPO was not affected by circadian rhythms, 149 sedentary men
and women (19-75 years) and 60 active men were investigated. All were free from
cardiovascular diseases and medications. The findings indicated that healthy ageing, in
all subject populations, was associated with an ~17% decline in CPOyesr, ~15% in
CPOmax, and ~14% in CR. Age for age, sedentary men had greater CPO values than
women, both at rest (~19%) and at maximal exercise (~25%). In addition, cardiac

function was greater in the active men, compared with age-matched, sedentary controls,

with values ranging from 11-30% greater.

It was also found that body composition had a significant impact on the interpretation of
CPO data. For example, when scaled allometrically for fat free mass (FFM"), absolute
sex-related differences in CPO disappeared, as did the age-related decline in CPOrest.

Also, in women no age-related changes in CPOpa Were found once normalised to FFM"

even though in men, CPOy,,x and CR still declined with age.

Clearly, how these data are normalised relative to body composition is crucial to the

Interpretation of the effects of ageing or an active lifestyle. These are novel findings and
indicate that healthy ageing is associated with reductions in overall cardiac function, as
represented by significant declines in CPOmax and CR in men, but not women. In

addition, endurance training improved aerobic capacity while attenuating the changes in
cardiac function.
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Chapter 1

Introduction



- Introduction

Ageing is characterised by an impaired ability to maintain homeostasis (Lakatta, 1993).
This comes about because of a progressive deterioration in the functional capacity of
various organs and systems. Superimposed on the ageing process is an increase in the
prevalence of diseases, such as atherosclerosis, obesity, diabetes, and ischaemic heart
disease. The severity of these conditions usually increases with age. Such diseases may
affect the process of ageing, highlighting the importance of demarcating the
pathological condition from healthy ageing. In practice, it is difficult to differentiate
between healthy ageing and the presence of specific diseases (Olivetti et al., 1995),
especially with advancing years. This issue is further complicated by the fact that age-
related changes are not uniform in nature. Some physiological functions may fail to

show impairment with ageing, whereas other functions may be paradoxically enhanced,

which makes this line of research a demanding one.

As the average life expectancy increases, the importance of understanding the
physiological changes and associated mechanisms that occur with ageing, have become
a higher priority than ever before. Improving the health and quality of life is relevant to
all age groups, but in particular to the increasing number of older people. This increased
longevity places extra demands on any country’s financial resources. Increased
demands on health care resources have lead to the realisation that maintaining
physiological function through increased physical activity can be a positive intervention
from which the NHS may reap financial benefits. As well as these financial rewards,
older people should have the opportunity to improve their quality of life by remaining
fitter, and therefore more able to perform daily activities and retain their independence
for longer. The improvement in physiological function may be brought about by
changes in the function of the heart, through increased physical activity. Ageing is
inevitable. However, understanding the physiological changes brought about by the
process of healthy ageing, particularly in defining how the performance of the heart
changes and precisely when the heart begins to deteriorate, can help to formulate

appropriate regimens or interventions to delay, and in some cases reverse, the

consequences of ageing.

Past research has tended to cloud the issue of ageing per se because of a failure to

acknowledge, or control for interactions among age, disease and lifestyle, thus
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complicating the interpretation of the process of ageing. It is important to determine the
changes in cardiac function that occur during the process of healthy ageing, only then

will we be able to distinguish the underlying process of disease.

1.1. Ageing

Ageing is a non-specific term that has been applied to a spectrum of life periods, e.g.
stages surrounding perinatal, neonatal, maturational, adulthood, and old age. Thus
development or ageing can be defined as that which happens over a period of time, thus
encapsulating changes that can be beneficial, detrimental, or no change in function. In

this thesis, ageing relates to the physiological changes that occur to an organism

throughout the process of post pubertal, adult lifespan.

1.1.1. Definitions of Ageing

For scientific clarity it is important to provide the correct terminology that describes the

process of ageing. A number of terms have been used which refer to the process of

ageing in the presence or absence of disease. For example, normal ageing refers to
senescence in the absence of disease (Masoro, 2001). This term has been criticised
because it is thought that ageing in the absence of disease is a rare occurrence. It is
therefore atypical (Masoro, 2001). In addition, normal ageing goes against the evolution

theory of ageing, which predicts the occurrence of age-related disease is an almost

inevitable and intrinsic component of senescence (Weinert and Timiras, 2003). Other
terms used to describe the process of ageing include, ‘Primary’ and ‘Secondary’ ageing.
Primary ageing relates to changes that occur in a population, but are not caused by
disease or by environmental influences, whereas Secondary ageing refers to changes
involving interactions of Primary ageing with environmental influences and disease
processes (Busse, 1969). The validity of these terms has also been questioned. The
process of senescence can be viewed as the result of the long-term accumulation of
unrepaired cellular damage, the nature and site of this damage relating to genetic
characteristics of the individual. Masoro (2001) concluded that 1t is immaterial whether

the damage is caused by intrinsic (genetics) or extrinsic processes (environment and
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lifestyle). Masoro (2001) went on to say that it is often the interaction between the
biological system and environmental and/or lifestyle factors that result in damage,

therefore all damage can be thought of as intrinsic. Two more widely used concepts are
‘Usual’ and ‘Successful’ ageing (Rowe and Kahn, 1987). Those individuals who
exhibited a substantial deterioration in physiological functions with increasing age were
categorised as Usual ageing and therefore are associated with a significant risk of
disease and premature death. Whereas, those who exhibited minimal change in
physiological function with advancing age were categorised as undergoing Successful
ageing. The concept of Successful ageing implies that advancing age, ending in death,
can be achieved without major deteriorations in physiological function. More often that
not, individuals in the later stages of life suffer a marked deterioration in physiological
function prior to death. Masoro (2001) suggested that it would simply be more

appropriate to say that the process of ageing occurs more slowly in these individuals.

Within the context of this thesis the term ‘healthy ageing’ will be used to represent the
process of ageing in individuals in the absence of overt clinical diseases, and in
particular cardiovascular abnormalities or disease. This term allows us to measure the

deterioration of cardiac function with increasing age, without the complication of

superimposed disease

1.1.2. Theories of ageing

There are a number of theories, which attempt to explain how and why ageing occurs. A
problem with ageing is that it is often synonymous with disease (Lakatta, 2000). One
possible explanation for the aged-related increased prevalence of certain diseases is that
there 1s an increased exposure time to risk factors, with increased severity and extent of
pathophysiological manifestations in older individuals. A somewhat different view is
that cardiovascular structures and functions change with time because of an “ageing
process”, and that over time specific pathophysiological disease mechanisms become

superimposed on this process (Lakatta, 2002). This view suggests age-disease

interactions which escalate as the organism becomes older.
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The original search for a single gene or the functional deterioration of one major system
in the body that is responsible for ageing has been replaced with the concept that ageing
1s the consequence of several complex and multi-factorial processes (Weinert and
Timiras, 2003). Rather the theories that attempt to explain how organisms age have
been grouped into several categories, with the ‘programmed’ and ‘error’ theomnes of
ageing being the most widely used. According to the ‘programmed’ theory, ageing
depends on biological clocks regulating life span through stages of growth,
development, maturity, and old age. This regulation depends on genes sequentially
switching ‘on’ and ‘off’ signals to the nervous, endocrine, and immune systems
responsible for maintenance of homeostasis (Weinert and Timiras, 2003). The ‘error’
theory, relate to environment influences that induce progressive damage at various

cellular or intracellular levels, e.g. mitochondria DNA damage, oxygen radicals

accumulation, cross-linking etc (Medawar, 1952).

1.1.3. Age-related changes in cardiac structure

The average weight of the heart in men and women is considered to be approximately
320 and 280 grams, respectively (Olivetti et al., 1995). It has been suggested that the
human heart increases in weight by approximately 1 gram per year in men and 1.5 gram
per year in women (Linzbach and Akuamoa-Boateng, 1973). However, these figures
paid little attention to the pathophysiological states of the heart and major blood vessels
upon analysis. More recent observations in the absence of disease, have reported that
ageing, in men is associated with a consistent loss of myocardial mass, while the female

heart remains essentially constant (Olivetti et al., 1991, 1995). Hence, weight or mass

alone 1s not very informative.,

It is however generally believed that there is an increase in left ventricular wall
thickness with age in both men and women (Gerstenblith et al., 1977). However, in old
age (80-100 years) the left ventricular mass (LVM) may decrease (Waller and Roberts,
1983), perhaps because of an extreme sedentary lifestyle. Most of the studies measure
LVM through echocardiography, which samples only a single small area of the left

ventricle posterior wall or ventricular septum and extrapolates this to represent the

global left ventricle thickness; LVM is then estimated assuming a constant ventricular
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geometry at all ages. So while providing useful non-invasive information on internal
cardiac structures, there are technical limitations. Using magnetic resonance imaging

Hees et al. (2002) identified that healthy ageing was associated with left ventricular
remodelling, with a decrease in long axis length of the heart in both men and women.

These changes resulted in a decrease in LVM in men. However an increase in wall

thickness prevented any such loss in LVM in women.

Although the data on age-related changes in LVM are generally conflicting, it has been
suggested that a major adaptation of the human heart in response to ageing is a
progressive loss of cardiomyocytes (Olivetti et al., 1991). In men between the ages of
18 and 70 years, up to 30-35% of the cardiomyocytes have been lost through apoptotic
and necrotic cell death (Figure 1.1A). Interestingly, in women between 20 and 95 years-
of-age, loss of cardiomyocytes is very much less (Figure 1.1C). In men, but not in
women, some of the remaining viable cardiomyocytes undergo hypertrophy (Figures
1.1B and 1.1D). However, this adaptive response in the male heart does not fully
compensate for the progressive decline in cardiomyocyte numbers (Olivetti et al,
1991). The consequence of this natural attrition of contractile cells is a decrease in
cardiac mass. Such data at the cellular level may explain why women live longer than

men. However, there is mounting evidence that cardiac stem cells and some smaller

cardiomyocytes may re-enter the cell cycle and develop into differential
cardiomyocytes. This suggests that a potential for cardiomyocyte regeneration does
indeed exist with the heart (Nadel-Ginard et al., 2003; Sussman and Anversa, 2003). As
1t stands the work of Olivetti et al. (1991, 1995) suggests that myocyte death exceeds

regeneration with a net loss of these contractile cells, at least in men. Whether this

newly discovered regenerative capacity in the mammalian heart declines with healthy

ageing is an important research question.

1.1.4. Age-related changes in resting indices of cardiovascular function

Resting cardiac output (COps), the product of stroke volume (SV) and heart rate (HR),
1s an important component of cardiac function. Resting CO has been shown to either
decline (Brandfonbrener et al., 1955; Conway et al., 1971; Julius et al., 1967; Messerli
et al., 1981) or remain unchanged (Fleg et al., 1990, 1995; Higginbotham et al., 1984:
Rodeheffer et al., 1984, 1986) with increasing age. Differences have also been reported
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between men and women, with women expressing a gradual decline in COrest, Whereas
no change was reported in men (Fleg et al., 1990, 1995). In contrast, Rodeheffer et al.
(1984) reported that men and women behave similarly with increasing age, with no
change in CO. Some of this contradictory data can be attributed to the differences in the

selection of subjects, protocols and techniques used, and body position when CO was

measured.

Some of the conflicting evidence in resting CO may reside in the measurements of SV

and HR, with age. Many studies have found no age-related change in SV, whereas
resting HR declined, resulting in a corresponding decline in CO (Brandfonbrener et al.,
1955). A longitudinal study over 30 years by Arora et al. (1987) found that in men and
women, HRs; decreased from approximately 81 to 60 beats/min. This was subsequently
confirmed in cross-sectional studies by Fleg et al. (1990 and 1995). In contrast, other
studies found that SV increased with age to compensate for the decline in resting HR.
For example, stroke volume relative to body surface area (i.e. stroke volume index;
SVI) was shown to be augmented in men (Fleg et al., 1990, 1995). This age-related
increase in SVI was mainly due to an increase in end diastole volume index (EDVI),
with no change in end systolic volume index (ESVI). In contrast, in healthy women

EDVI and SVI have not been found to increase with age, and ESVI tends to decrease

slightly (Fleg et al., 1990, 1995). Conversely, no changes in either HR or SV have also
been reported, with increasing age (Rodeheffer et al., 1984).

Such conflicting findings may relate to the difficulty in attaining a truly basal resting
state. However, it is generally believed that, in a sitting position, HRs declines,
whereas SVI does not decrease with advancing age in both males and females (Fleg et
al., 1990, 1995; Rodeheffer et al., 1984; Schwartz et al,, 1991; Simpson and Wicks,

1988). These results have been interpreted as indicating either a decline or no change in

resting CO, and hence cardiac function with age.

Ageing 1s also associated with a progressive increase in blood pressure (BP), beginning
in childhood and continuing into late adulthood (Kannel and Gordon, 1978). This trend
during middle age is associated with a greater increase in systolic (SBP) than diastolic
(DBP) blood pressure. Whereas SBP continues to rise, it is thought that DBP either
remains constant or declines after the fifth or sixth decade (Franklin et al., 1997). Such
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changes increase pulse pressure (PP) and have been attributed to increased arteral

stiffness (Lakatta, 1993). Women tend to follow a similar trend to the men. However BP
starts off lower in women compared to men, but then catches up by the sixth decade and
frequently becomes even higher thereafter (Franklin ef al., 1997). Mean artenial pressure
(MAP), the steady component of pressure by which the variations in PP fluctuate, has

been shown to increase gradually up to the fifth decade after which MAP,.. levels off
(Franklin et al., 1997).

Because the cardiovascular system at rest functions at only a fraction of its total

capacity, age-related studies at rest do not adequately characterise changes in this
system or its regulatory mechanisms (Lakatta, 1993). While subtle changes in
cardiovascular function may be evident during acute stress, the major signs of

adaptation in cardiovascular function between younger and older individuals will

become evident at maximal exercise.

1.1.5. Cardiovascular function at maximal stress

Exercise provides a powerful research tool that permits the study of the regulation of the

cardiovascular system, and its functional capacity under rigorously controlled and

highly reproducible conditions (Rowell, 1974). Prior to reviewing some of the age-

associated changes in the cardiovascular system some of the normal physiological

responses to dynamic exercise will be described.

(A)  Normal responses to maximal exercise

The transition from rest to maximal exercise is mainly facilitated by an increase in

oxygen uptake (V0y) to support the increased metabolic demands of exercising skeletal

muscles and to maintain cellular homeostasis. Oxygen uptake can be expressed using

the following equation, which is based on the Fick principle,

Vo,=HR x SV x a-v O, difference,
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where VO, is oxygen uptake, HR is heart rate, SV is stroke volume, and a-v O

difference is the arterial-mixed venous oxygen difference.

The degree to which each of these variables can increase determines the upper limit for

whole-body consumption. This limit is called maximal oxygen uptake (VO2max). The a-v
O, difference is dependent on the efficiency of muscles to extract oxygen from the
blood. This in tum is influenced by the muscle’s metabolic rate and oxidative capacity,
regional and peripheral distributions of blood flow, muscle capillary density and
perfusion, changes in the oxyhaemoglobin dissociation curve etc (Jones et al., 1985). In

healthy individuals, at rest, a-v O, difference is normally 4.5 ml O, /100 ml of blood

(~23% extraction) and at VOsmax this difference is closer to 16 ml O /100 ml of blood,
which represents approximately 80-85% extraction (Rowell, 1974).

To match this increased demand CO increases four-to five-fold from rest to maximal

exercise in a near linear manner to increasing Vo, (Astrand ef al., 1964; Clausen, 1976;

Epstein et al., 1967). It is generally believed that a linear rise in HR with increasing
exercise intensity has a greater contribution than SV to the increase in CO. Numerous

studies have shown that afier the initial increase in SV a plateau is reached at ~40% of

VO2max, and that subsequent increases in workload do not further affect SV (Astrand et
al.,, 1964; Epstein et al.,, 1967; Higginbotham et al., 1986; Plotnick et al., 1986). In

contrast, to the above non-trained individuals, it has been reported that SV increases
progressively throughout the incremental work rates in achieving maximal exercise 1n
endurance trained men and women (Glendhill et al., 1994; Wiebe et al., 1998). In these
trained individuals, this adaptation was attributed to a greater filling of the ventricles

(1.e. venous return), thereby using the Frank-Starling mechanism more effectively up to

VO2max (Glendhill ez al., 1994; Krip et al,, 1997).

During exercise, SBP usually rises to around 200 mm Hg at peak exercise. In contrast,

DBP remains essentially constant (Jones et al., 1985). The rise in SBP is thought to be
linearly related to the exercise workload (Rowell, 1991). The control of BP with
exercise involves complex interactions between the peripheral vasculature and the heart.
These are carefully modulated through the baroreceptors and the central nervous system

via the sympathetic nervous system (SNS), as well as locally by factors that are
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responsible for autoregulation at an arteriolar level (Schrager and Ellestad, 1983). Two
major haemodynamic changes occur almost simultaneously with the onset of exercise.
The resistance to blood flow through contracting muscles decreases and results in a fall
in systemic vascular resistance (SVR). Various other perfusion beds in non-exercising
areas vasoconstrict, thereby redirecting more blood to the exercising muscles. The SNS
also constricts capacitance vessels aiding the return of blood to the heart, thereby
increasing SV and CO by increasing preload. This action is of prime importance in

enabling CO to rise in the face of reduced SVR (Guyton, 1981) and consequently the

rise in MAP is comparatively small (Jones et al., 1985).

(B)  Changes in maximal cardiovascular function in relation to ageing.

It has been well documented that VO,max declines with increasing age (Figure 1.2) in
both men and women (Ehsani et al,, 1991; Hagberg et al,, 1985; Heath et al., 1981;
Ogawa et al., 1992), with many studies reporting a 10% decline per decade (Drinkwater
et al., 1975; Inbar et al., 1994; Jackson et al, 1995; Toth et al., 1994). In addition,

VOzmax has been shown to decline in individuals who maintain endurance training

throughout life (Figure 1.2). These deteriorations in VO,max have been attributed to an

age-associated decline in COpax and a progressive decline in maximal a-v O, difference
(Fleg et al., 1990, 1995; Ogawa et al., 1992).

Despite this, controversy exists regarding the age-related changes in maximal SV and
CO. The vast amount of evidence suggest that COpax declines with age (Ehsani et al.,
1991; Fleg et al., 1990, 1995; Gerstenblith et al., 1976; Hagberg et al., 1985; Owaga et

al, 1992). However, some studies have reported that COp. is maintained with
increasing age (McGuire et al., 2001; Rodeheffer et al., 1984). These latter investigators

1dentified that maximal SVI was increased at maximal exercise in older, compared to
younger individuals, and that this was sufficient to compensate for the well recognised
decline in HRpux (Fleg et al., 1990, 1995; Lakatta, 1993; Owaga et al., 1992). It is here
were the controversy arises. An age-related decline in HR,x is unquestioned by all

investigators. However, changes in SV, remain equivocal. Numerous studies have
found a decline in maximal SVI with increasing age (Julius et al., 1967; Kuikka and

Lansimies, 1982), whilst in other studies SVI remains essentially constant (Fleg et al.,

10
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Figure 1.2. Maximal oxygen consumption (VOamax) 1n males of varying ages,

fitness, and body composition (From Lakatta, 1993).

Data presented are for champion young athletes (O] (Health ef al., 1981) and [L]]
(D1ll et al., 1967), ex-champion athletes [A] (Dill e al., 1967 and Robinson ef al.,
1976); cross-country runners [A] (Grimby and Saltin, 1966); runners [H] (Pollock
et al., 1974). Groups of untrained men from 9 studies (@ and X] and master

athletes [O and ®] are from Heath e al (1981) and Fleg et al. (1988),

respectively.
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1990, 1995, Higginbotham et al., 1984, 1986; Younis et al., 1990). The lack of clanty

may result from differences in the extent to which coronary artery disease 1s present

among subjects, or from differences in fitness status, heart size, and body composition.

When such variables have been controlled, it is generally believed that CO declines with

increasing age, as a prime result of a decline in HRpax, With SVInax remaining constant

(Fleg et al., 1990, 1995; Owaga et al., 1992).

Unlike the wealth of data concerning COnmax, very little is know about the age-related
changes in maximal BP. Limited data suggests that both SBP and DBP and thus MAP,

rises with increasing age in both men and women (Ogawa et al.,, 1992). In addition, it
has been reported that SBPpax is lower in young women when compared to age-matched
men (Martin et al., 1991; Ogawa et al., 1992; Wiebe et al.,, 1998). However no such
sex-related differences have been found in older subjects (Ogawa et al., 1992). A study
by Fleg et al. (1995) identified an age-related increase in DBP and MAP at maximal

exercise in both sexes while only SBPpax increased with age in women.

Information regarding the age-related changes in maximal systemic vascular resistance
(SVRmax) in normotensive subjects is conflicting. In some studies the reduction in SVR

that occurs during exercise was noted to be less in older than in younger individuals

(Julius et al., 1967; Ogawa et al., 1992). In others studies this effect of age was minimal
in men, but substantial in women (Fleg et al., 1990; Rodeheffer et al., 1984).

Such conflicting evidence on the age-related changes in blood flow and pressure has
lead to confusion concerning how ageing effects maximal overall cardiac function. This

is especially likely to be true when combing flow and pressure generating capacities of
the heart as in the studies described here.

1.2. Cardiac function

Cardiac function is a complex integration of electrical, biochemical and mechanical
processes, which is also dependent on the preload and afterload imposed on it by the
vascular system (Braunwald, 1971). Whilst there have been a number of methods

developed to measure cardiac function, many are either invasive or tend to examine

12
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only specific aspects of cardiac function, rather than overall cardiac function. For
example, CO and e¢jection fraction has been used as markers of cardiac function.
Cardiac output has been claimed to be an accurate measure of the heart’s abihity to
perform its function (Braunwald, 1971) and therefore has been shown to be
prognostically important in relation to the survival of patient (Chomsky et al., 1996).
Therefore, CO plays a vital role in the measurement of cardiac function. However, it
must be remembered that the heart generates pressure as well as blood flow. Myocardial
contractility (maximum left ventricular rate of pressure rise at end systolic resistance
etc) has been used as a marker of cardiac function, as it is considered that only
myocardial contractility originates from ‘central’ factors (i.e. the heart itself), whereas
other determinants, HR, preload, and afterload are considered ‘peripheral’ factors
(Braunwald, 1971). Although, contractility is a major contribution to cardiac function, it
1s by no means equal to the overall cardiac pump function. That is, contractile force is
closely linked to the ‘peripheral factors’. Alterations in the vasculature invariably affect
cardiac performance. To date the ability to separate the central from the peripheral

factors have been untenable. Therefore, a measure of overall cardiac function, which is

sensitive to the way the heart is coupled with the vasculature, must be considered. In

addition, the heart should not be represented by the performance of any one of its
component parts alone (Tan, 1991).

Another important aspect in the measurement of overall cardiac function is whether
cardiac function is evaluated at basal resting states or at maximal stimulation e.g.
maximal exercise. Although, basal resting measures are easy to perform, no information

1s gained on the pumping reserve of the heart and critically how the heart responds to

stress. That 1s, the heart, like the cardiovascular system, at rest functions at only a
fraction of its total capacity. As such these basal measurements are very poor at
discriminating between subject populations. However, once the heart is maximally
stimulated such differences between populations can be readily identified. This was
appreciated by Lakatta (1993) who indicated that differences in cardiovascular function

between young and older individuals manifest themselves during situations of stress,

such as exercise.
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1.2.1. Cardiac power output and cardiac functional reserve

Cardiac power output (CPO) has been used as a marker of overall cardiac function (Tan
et al., 1989). Measuring CPO is a relatively novel technique that measures both the
pressure and flow generating capacities of the heart, and has been independently judged
to be the best overall indicator of heart function (Nicholls and Reilly, 2001). The
product of flow output and systemic arterial pressure is the rate of the useful work done,
or power output. The relationship between flow and pressure in the circulation has long
been known to involve the concept of hydraulic power. By converting ATP into
mechanical energy, the function of the heart is to supply adequate hydraulic energy to
maintain the circulation (Tan, 1991). Without this energy the circulation would come to
a standstill. Cardiac power output is therefore the rate at which the heart imparts
hydraulic energy into the artenal system to maintain the circulation of blood and can be
defined as the work of the heart per cardiac cycle multiplied by its frequency (Tan,
1991). Thus the ability of the heart to generate energy and perform external work

encompasses not only its ability to generate flow, but also its ability to generate

pressure. In addition to the prognostic value of CO, a number of groups have also
shown the importance of the pressure generating capacity of the heart and have
concluded that the measurement of maximal BP to be independently predictive of
prognosis (Ghali et al, 1992; Osada et al, 1998; Pousset et al, 2000). Thus, the
Incorporation of pressure into exercise haemodynamic assessment is crucial. Cardiac
power output does this and is therefore a true measure of overall cardiac function.

Furthermore, because the measurement of CPO is not derived from studies that isolate
the heart from the rest of the circulation (i.e. in vitro). It is sensitive to all aspects of

cardiac function, including central factors such as contractility, but as well as peripheral

effects such as loading and HR (reviewed by Tan, 1991).

The measurement of the mechanical energy of the heart is by now means new (Bergel et
al., 1969) and indeed, left ventricular minute work presents similar information
combining flow and pressure. However, CPO is viewed as providing information on the
overall function of the heart rather than simply an index of contractility, and, is based on

fluid dynamics rather than muscle mechanics (Tan, 1991). Furthermore, CPO is viewed

as a better indicator of overall cardiac function than CO and left ventricular minute

work (Tan, 1987). At rest a mean CPO of approximately 1 Watt is required to generate a
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flow rate of 5 I/min and a MAP of 90 mm Hg in an average healthy adult male (Tan,
1995). Both components increase during exercise, with CPOn,x increasing up to 4 Watts

in healthy young but untrained subjects, and 8 Watts in elite athletes (Tan, 1991). These
differences in CPOp, mainly result from cardiomyocyte hypertrophy, highlighting the

beneficial effects of physical training.

It 1s strongly believed that the heart is a flow generating organ with arterial pressure
presumed to be a by-product of CO and SVR (Braunwald, 1997). However, recent data
have suggested otherwise (Schlosshan et al., 2004). If arterial pressure is a by-product
of CO and SVR, then any improvement in cardiac function should manifest itself as
primanly a greater cardiac flow generating capacity leading secondary to higher BP.
However, recently Schlosshan and colleagues (2004) challenged this theory in severe
heart failure patients who had undergone cardiac resynchronisation therapy (CRT). The
authors were able to measure cardiac functional reserve without directly affecting SVR.
In a randomly controlled cross-over study, CPO was measured at rest and at peak
exercise when either the CRT device was switched on or off. It was found that at
maximal exercise, when the CRT device was switched on, there was an improvement in
CPOmax. This improvement was due entirely to a significant increase in MAPpax, as no

change in maximal CO or SVR was evident. The authors therefore concluded that

cardiac pressure-generating capacity was a primary manifestation of improved cardiac

function. This highlights the importance of including the pressure generating capacity of

the heart to provide meaningful measurements of overall cardiac function.

There are two aspects to the overall assessment of cardiac performance, first the
maximal pumping capacity which is the performance of the heart when maximally
stressed (CPOnmax). Second, the cardiac pumping reserve (CR) represents the difference

between maximal stimulation and resting cardiac performance (CPOyg) i.e. CR =
CPOmax — CPOres. Each heart has its own upper limit for maximal pumping
performance (CPOnmay); a ceiling point that is physically impossible to exceed. This
value will change if the heart’s intrinsic conditions are changed, for example with

myocardial hypertrophy, contractility and a reduction in afterload or after damage by a

myocardial infarction. The theoretical maximum value for CPO is obtained when all the
cardiac settings (including loading conditions, inotrophy, rhythm, and rate) are

optimised. When comparing these maximal measures i.e. CPOpy,,, cardiac function is a
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direct indicator of how functionally effective or impaired the heart is as a hydraulic
pump (Figure 1.3). How good the heart is in fulfilling its function as a representative
and flexible pump depends on the maximal value in relation to the baseline resting
value i.e. its functional reserve capacity. For the same ceiling value, a subject with a

high baseline resting CPO (high output state, due to metabolic disorders, hypertension

etc), will have less CR to call upon.

The measurement of CPO has originated from a clinical setting, mainly through the
work of Dr Tan (1987). Initially, this involved an invasive technique used to examine
the prognosis of patients with heart failure (Tan and William, 1990). However,
measurements of CPO have since been conducted non-invasively (Cooke et al., 1998),
after being successfully validated against the former invasive technique (Cooke et al,
1998). The measurement of CPOpax has been identified as the most powerful predictor
of prognosis in cohorts of patients with heart failure (Roul et al., 1995; Tan, 1986; Tan
and Littler, 1990; Williams et al., 2001b). Furthermore, in a recent review, CPO was

shown to give further prognostic power over VOymax in the assessment of cardiac
function (Nicholls and Riley, 2001). Heart failure patients who are unable to generate 1
Watt of power, i.e. those patients in cardiogenic shock, and have little or no pumping
reserve (Figure 1.3), have a very poor prognosis. Cardiac functional reserve has been
shown to be a useful method of determining exercise capacity in heart failure as well as

healthy populations, from sedentary individuals to elite athletes (Cooke et al., 1998).

However, to date the emphasis on using CPO has mainly been directed as a diagnostic

and prognostic tool for heart failure patients.

Various studies have identified the deleterious effects ageing has on physiological
variables such as CO, early left ventricular filling (Fleg et al., 1995), arterial systolic
and diastolic pressure (Lakatta, 1989), and maximal aerobic capacity (Lakatta, 1990).
However, the affects of ageing on the overall pumping performance of the heart have

not previously been investigated. The beneficial effects of an active lifestyle and

exercise training on endurance capacity (Hagberg et al., 1998) and skeletal muscle force
(Lemmer et al.,, 2000) have been documented in populations of elderly people. While
endurance training does little to counteract the age-related decline in skeletal muscle
mass and force generation, it should be a useful intervention in inducing cardiomyocyte

hypertrophy etc. It is therefore essential that the age-related changes in overall cardiac
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Figure 1.3. Schematic representation of the changes in cardiac reserve as a consequent

of age, and i1schaemic damage (Courtesy of Dr L-B Tan).

T'he lower dashed blue line represents resting CPO and the solid blue line maximal CPO.
TI'he hatched area between represents the reserve capacity of the heart. This can be
affected by age or a myocardial infarction (MI). When the maximal performance of the

heart 1s close to the resting CPO the prognosis is poor.
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function (CPO) are examined and compare to studies looking purely at the flow or

pressure generating capacities of the heart. In addition to what affect endurance training

in older subjects has on CPO is unknown and therefore requires investigating.

1.3. Pump-load interactions

The performance of the cardiac pump, as indicated above, is influenced by its
interaction with the load imposed on it. The afterload on the left ventricle is identified
physiologically as the impedance by which the ventricle has to overcome. This is
determined by the physical properties of the systemic vasculature and the blood, and is
independent of myocardial performance. Aortic input impedance 1s the best
representation of systemic afterload on the cardiac pump (Milnor, 1975), and 1s the ratio
of aortic pressure to flow measured at the aortic root. The ratio of mean pressure to flow
gives the resistive terms, and is often referred to as the SVR. An increase in afterload
would lead to a decrease 1n ventricular emptying and myocardial shortening, and vice
versa. At either extreme of the spectrum of vascular impedance, there is little or no
hydraulic energy output from the heart (Figure 1.4). Given an extreme of total
vasoconstriction with infinite vascular resistance (e.g. aortic valve occlusion), the
pressure generating capacity will be maximal, but flow will be zero. Thus CPO 1s zero
(Tan, 1986, 1987). Conversely, at the extreme of total vasodilatation (zero vascular
impedance), flow is maximal, but the pressure generating capacity is zero and CPO is
again zero. In between these two extremes is an optimal point, in which CPO is
maximal (Figure 1.4). The cardiovascular system usually functions at the point where
the pump and load are matched (Wilcken et al., 1964; van der Hom et al.,, 1985) to
ensure the production of optimal power output. Optimal coupling of the cardiac pump
and the arterial system at this point is presumably the most conductive to yield normal
physiological cardiac reserve and exercise capacity (Williams et al., 2001a). At rest in a
healthy heart, the left ventricle normally functions at this optimal point (Wilcken et al.,
1964). However, in a diseased heart this operational point is shifted towards higher
resistances, due to compensatory mechanisms causing vasoconstriction (Cotter et al.,

2003). Consequently, the cardiac pump is functioning at a mechanical disadvantage and
therefore is less efficient.
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Figure 1.4. A schematic diagram depicting a family of ventriculo-arterial function
curves (From Tan et al., 2003).

The optimal operating points of normal ventriculo-arterial function curves (VAFCs)
are at the zenith of the curves. However in pathophysiological states i.e. patients
with mild heart failure and cardiogenic shock, the operating point may be shifted to
higher resistance levels in different extents of heart failure, or to lower resistance

states 1n vasodilative conductions. Additionally exercise can affect the operating

point 1.e. mild aerobic exercise.
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When examining overall cardiac function, the influence of pump afterload must be

taken into account to fully comprehend the changes associated with cardiac function.

1.4. Circadian rhythms and physiological function

Biomedical sciences depend heavily upon good measurements of physiological
functions. These need to be highly reproducible. Factors which affect the reproducibility
can have significant consequences to the reliability of data and their interpretations.
Chronobiological investigations have shown that numerous cardiovascular variables
have a periodic dependency with time (Smolensky et al., 1976). Circadian rhythms are
thought to be a direct result of changes in the environment (exogenous), such as the
changes from day to night (Reilly and Brooks, 1990). However, biological thythms may
also occur when the environmental conditions are held constant, 1.e. endogenous
sources (Reilly and Brooks, 1990). Research has identified that the human body clock 1s
regulated endogenously by the suprachiasmatic nuclei in the hypothalamus (Waterhouse

et al, 1997). In addition, to this master clock there are local timekeepers which have

been found within skeletal and cardiac muscles (Waterhouse et al., 1997).

Many of the biological variables that change over a 24-hour peniod are thought to
change 1n a circadian pattern as a consequence of variations in body temperature. Core

temperature has been shown to impact on muscle performance (Saltin and Hermansen,

1966). Furthermore, temperature is considered to act as a secondary pacemaker for the

periodicity of numerous other physiological variables, e.g. resting VO,, ventilation rate,

etc (Refinetti and Menaker, 1992). The normal circadian curve for body temperature in

men aged 21-27 years, reaches a nadir around 04:00 to 06:00 hours, and a peak at

approximately 16:00 to 18:00 hours (Reilly et al., 1997).

Circadian variations have been documented in relation to resting CO and MAP, and
their component parts, HR and SV, and DBP (Cohen and Muehl, 1977; Cugini et al.,
1991; Deschenes et al., 1998a; Wang et al.,, 1991), all which could have confounding

influences when it comes to measurements of resting CPO. However, the current
scientific literature contains a great deal of conflicting evidence. Significant circadian

variations in resting CO and SV have been documented, with both reaching a peak
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around 17:00 hours and a nadir around 06:00 hours (Cugini et al., 1991). Conversely,

Wang et al. (1992) identified the acrophase for resting CO at 15:00 hours and at 16:00
hours for SV.

Once again the evidence is conflicting for HR, another vital component that determines
CO. Reilly and Brooks (1990) identified a peak in resting HR at 14:00 hours, whereas
De Scalzi et al. (1984) found the peak to be between 10:00 to 12:00 hours.

Blood pressure is another cardiovascular parameter that has been extensively
investigated at rest (Atkinson et al, 1994; Furlan et al, 1990; Reilly et al., 1984).
Systolic and diastolic pressures have been shown to exhibit circadian variations (Millar-
Craig et al., 1978; Rodahl et al., 1976). Furlan et al, (1990) have shown that in healthy
subjects, resting BP peaks between 22:00 and 24:00 hours, with a nadir between 03:00
to 06:00 hours or 1 to 3 hours before awaking. Whereas, Zulch and Hossman (1967)
identified that BP in some subjects rose in the moming, transiently declined in the
afternoon and peaked again in the early evening. However, no changes in resting BP
have also been identified (Deschenes et al., 1998a). It has been reported that a circadian
rhythm for resting BP was only observed when intra-arterial measurements were made
and were not apparent with sphygmomanomtery (Reilly et al., 1984). Additionally, the

BP rhythm can be easily disrupted by the timing and termination of sleep (Reilly et al.,
1984).

When examining maximal values with respect to an influence of a circadian rhythm, it
1s 1mperative that measurements are made at the ceiling point of the physiological
variable, otherwise erroneous conclusions can be made. Therefore, recognized criteria
must be applied when measuring maximal capacities, otherwise data collected may
merely reflect the reluctance of subjects to work at their maximum at night time or early
morning. This may explain why there is a lot of conflicting evidence identifying

whether a circadian rhythm is evident at maximal exercise, or not. For example,
maximal oxygen uptake has been reported to vary by some investigations (Hill et al.,

1989; Wojtczak-Jaroszowa, 1974), while others (Reilly and Brooks, 1990; Torii et al.,

1992) failed to confirm such variations in vozmax. Reilly and Brooks (1990) stated that
VO2max is a stable function, independent of the time of day.
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Past research examining whether a circadian rhythm influences maximal exercise for
CO are few and far between. To my knowledge Davis and Sergeant, (1975) are the only
investigators to examine COpax, and they identified no such rhythm. Maximal HR has
been more extensively reviewed than CO. However, the evidence in the literature is
once again conflicting. Reilly et al. (1984) observing a positive time of day effect in
HRmax, which contradicted the earlier work of Cohen (1980). Deschenes et al. (2002)
also found that HR,.« failed to differentiate across the time of day. One possible
explanation for the lack of agreement for fluctuations in HRmax is that the rhythmicity of
HR appears to be confirmed only when exercise is performed in the early hours of the

morning (i.e. 02:00-06:00 hours) when HR values are at their nadir (Reilly and Brooks,
1990).

Similar data concerning changes in maximal BP are limited. Deschenes et al. (1998a,
1998b) established significant vanations in MAP when measured at maximal exercise.
On both occasions the changes in MAP were mainly related to significant variations in
SBP, with no changes in DBP (Deschenes et al., 1998a, 1998b). These changes were
linked to similar variations in plasma adrenaline concentrations. Catecholamines are

known to increase the contractility of the myocardium (Hedge et al., 1987), with
circulating adrenaline and MAP ebbing around 08:00 hours.

However it may be that the stimulus of exercise doesn’t simply enhance any time of day

effects even if past research has identified such effects at rest. This may explain the lack
of convincing evidence to suggest that circadian rhythms have any impact at maximal
exercise. Indeed, circadian rhythms are highly influenced by other exogenous factors

such as sleep, posture, ingestion of food and activity patterns (Pickering, 1988). Such

influencing factors question whether an endogenous component exists at all.

However, if such rhythms do impact on CPO, then the timing of such measurements
will need to be standardised according to the optimal time. In practical terms this will

prove difficult. The temporal optima could vary between individuals which would

severely limit the number of subjects that can be tested each day and have a significant

impact on the accuracy of cross-sectional studies.
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The current discrepancies highlighted here and the lack of precise knowledge of how

circadian rhythms may affect cardiovascular function and their potential implications,

warrant further study.

1.5. The effects of body size on physiological function

A number of physiological variables (€.g. VOymax, CO etc) are influenced by body size,
e.g. height, body mass, muscle mass etc. In these relationships an increase in body size
1s often associated with a general increase in a relevant physiological variable.
Comparisons between group means, or between an individual’s performance relative to
that of their peers, are often confounded by differences in body dimensions. To obtain
meaningful inter-or intra-group comparisons, the effects of body size need to be
accounted for (Batterham et al.,, 1999). This process is often referred to as scaling or
normalisation of the data, 1.e. the physiological variable (y) is normalised for differences
In a variable of body size (x). However, normalisation of such biological variables
needs to take into account the fact that the relationships between body size and
structures or physiological functions are complex and often non-linear (Nevill et al.,
1992). If non-linear, simple ratio scaling (y/x) will either under-or over-correct for the

impact of body size and lead to erroneous interpretations and conclusions.

Previous investigators have scaled certain structures of the heart to a variety of body
dimensions, e.g. LVM to body size has helped in the detection of LV hypertrophy in
both obese normotensive or hypertensive subjects (de Simone et al, 1992, 1994;
Malcom et al., 1993) and increased the prediction of cardiovascular events in clinically
hypertensive patients (de Simone ef al., 1995). The effect of scaling heart size to body
size can be further extended to parameters of cardiac function. Inevitably, CO or the
amount of work performed by the heart in a 120 kg man would be greater than that
performed 1n a 60 kg woman. Since CO is an integral component of CPO, dimensional
effects on CO could have implications on the interpretation of CPO. Strong positive
correlations have been reported between CO and body size (de Simone et al., 1997), due
to the larger oxygen demand imposed by a larger body mass (Lakatta, 1993). In addition

to CO, SV and certain cardiac structures are usually normalised for body surface area

(BSA), to effectively assess their effects when independent of body size. For example,
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de Simone et al. (1997) concluded that normalisation of CO and SV to BSA, raised to

the power of 0.71, was pertinent when the effects of obesity needed to be accounted for,

as a lack of normalisation obscured any impact of obesity.

The other important component of CPO is MAP, which has been reported to be

physiologically independent of body size (Dobeln, 1956). Therefore, it is more likely
that CPO would be affected by different body dimensions in a similar way to that

reported for CO. If such a relationship is identified then it is important that the potential

confounding influences of body size on CPO are accounted for, especially when intra-

and inter-group comparisons are to be made.

1.5.1. Scaling models

Numerous scaling approaches have been used to correct for the influence of body size
(x) from physiological functions (y). Traditionally, the per-ratio standard (RS) approach
was used. This method assumes a proportional linear relationship between the

physiological dependent variable (y) and the body dimension variable (x) with the line
of best fit passing through the origin (Batterham et al., 1999). That is,

y=bx,

where b is a constant derived from the mean values of the physiological (y) and the

body size (x) variables for the series of data it describes.

The construction of a simple RS model is assumed to “normalise” the data, i.e. remove
the influence of body dimensions from subsequent analyses. However, theoretical and
mathematical flaws in this approach were recognised by Tanner (1949) over 50 years
ago. Tanner (1949), indicated that the use of the RS method was “theoretically

fallacious and in practice misleading”. Because, smaller individuals received an
arithmetic advantage while larger individuals were penalised. Tanner also stated that
only m special circumstances is the RS method valid, i.e. when the coefficient of
variation (CV) for body dimensions (CVx) divided by the CV for the physiological
dependent vanable (CVy) is equal to the Pearson’s product moment correlation (r,X,Y)

between the two variables (i.e. CVx/CVy =r, X, Y). If the two values are not similar,
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then either a linear relationship does not exist or the linear relationship has either a

positive or negative intercept on the y-axis. Indeed, this special circumstance 1s rarely
satisfied (Welsman et al., 1996).

As an extension to the RS model we have the linear regression standards (RES)

approach. The general form 1is,

y=a+bx+te,

where b represents the gradient of the line of best fit, a the intercept on the y-axis, and €
the additive residual error term. The difference between this and the RS model concerns

the assumption of a y-axis intercept term (a). As a consequence the RES approach does

not require that the least-squares regression line pass through the origin (Batterham et

al., 1999). Although, this model has been shown to provide a better statistical fit in
terms of a reduction in the residual error associated with this analysis compared with the
RS model, positive intercepts are common. The latter would indicate that someone with
zero body mass (BM) would still exhibit a physiological response. Since extrapolation
of the regression line beyond the actual data points must be avoided, the values at y-
intercepts are at best approximates. More importantly, the RES model assumes a
constant (additive) error term, i.e. that the spread of scores around the regression line is

constant throughout the range of x and y vanables, a property known as

homoscedasticity, This assumption is unlikely to be achieved in subjects who vary
greatly in body size (Nevill et al, 1992). Rather the measurement error tends to be
greater as the independent variable (x) increases, and therefore the error is said to be

heteroscedastic. Therefore, the use of the RES model for the normalisation of

physiological data may not be appropriate even when the least squares regression line
provides a better fit to the data.

Because the assumptions of the RS and RES models are not always justified, the
allometric model has also been used for scaling purposes. It has been reported that a
number of physiological variables relate to body size according to the general allometric

equation below (Bergh, 1987; Bergh et al., 1991; Nevill and Holder, 1994),

y=ax"e,
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where y is the physiological variable, x is the variable of body dimension, a is the
proportionality coefficient (constant multiplier), b the scaling component (i.e. the power
ratio for scaling body size), and ¢ the multiplicative error term (which takes into account
the error around the regression line). Using this simple allometric equation,
physiological dependent variables may be scaled for differences in body dimensions by

constructing a power function ratio (see below), that is supposedly size-independent
(Nevill et al.,, 1992).

y/x”

Although the allometric model may produce only a modest improvement in statistical fit
to the data (i.e. with less residual error) compared with the RES model, its use is
justified for two reasons. First, the allometric model assumes a multiplicative error term,
which allows the model to control for spread in the data (heteroscedasticity) providing
that the variables diverge at a constant rate (Nevill et al., 1992). Second, the relationship
i1s plausible as the line of best fit passes through the origin, thus providing a more valid
method of producing a dimensionless physiological variable (Nevill et al., 1992). A
simple regression analysis then can be performed on the log-transformed y and x

components, from which the slope of the log-linear plot of data determines the exact

values of the allometric power function exponent b.

1.5.2. Scaling variables

The next important aspect of scaling is to determine which variables of body size should
be used. The chotce of the most appropriate variable should be based on the accuracy of
its measurement and its biological relevance. In the cardiology literature, a variety of
different variables of body dimensions have been proposed for the scaling physiological
vanables. For the scaling of heart size (e.g. LVM, chamber volume etc), BSA has been
widely used as it incorporates both height (HT) and BM and therefore some element of
body composition. In this way a single scaling variable can be used that would
theoretically incorporate changes in HT and BM. Despite BSA seemingly being
advantageous, this type of ‘cardiac normalisation’ has been criticised both on theoretical

(Gutsegell, 1990) and mathematical grounds (Tanner, 1949). Body surface area is
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actually never measured, but simply estimated via an equation (e.g. DuBois and

DuBois, 1916), which introduces a degree of measurement error. Furthermore, BSA

does not differentiate between the modifications in body composition, e.g. a large

proportion of metabolically active muscle versus metabolically inert adipose tissue

(Forbes and Welle, 1983). Due to the relative ease and accuracy by which they can be

measured, other widely used scaling variables include HT, and BM.

Daniels et al. (1995) and Roman et al. (1997) suggested that fat free mass (FFM) might
represent the optimal parameter for allometric normalisation of cardiac structures and

functions. Fat free mass has been defined by Jensen et al. (1993) as the non-adipose
tissue of body mass (i.e. skeletal muscle, brain, heart, liver, kidneys and gastrointestinal
tract) and the non-fat component of adipose tissue (e.g. proteins in cellular and
extracellular structures). Therefore, as the metabolic rate of adipose tissue is relatively
inert, compared to FFM (Weinsier et al., 1993), scaling for FFM will allow the
independent isolation of body dimensions that relate to metabolically active tissues and
hence, physiologically dependent variables. Given that CO (and therefore CPO) is
known to response to the tissues’ demands for oxygen (Lakatta, 1993), it would seem to
be theoretically plausible to scale CPO to FFM. However, whether FFM will be the
optimal parameter, will depend on the accuracy with which it is measured. The
emergence of dual energy x-ray absorptiometry (DEXA) provides a definitive method

of accurately determining FFM and adipose mass, allowing the investigation of their
independent effects on CPO (Jensen et al., 1993).

1.6. 'Dietary creatine supplementation and cardiac

performance

Older people and patients with failing hearts are less able to respond to exercise and
various daily stresses. Hence a nutritional or ergogenic aid, leading to a metabolic
improvement in cardiac function, may be better suited to the elderly than exercise-based
interventions. Creatine is a substance found in fish and meat. In addition to this
exogenous source, de novo synthesis of creatine occurs in the liver from the amino
acids, arginine, glycine and methionine (Persky and Brazeau, 2001). The skeletal
muscles and the heart activity take up approximately 95% of newly synthesised
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creatine. Once inside the myocytes, approximately 70% of creatine is phosphorylated
(PCr) by creatine kinase, the remaining 30% existing as free creatine (Wyss and

Kaddurah-Daouk, 2000). In all muscles PCr represents an immediate source of energy

to replenish the immediate but limited concentrations of ATP.

It has been well documented that when creatine is supplemented in the diet, skeletal
muscles increase their creatine and PCr contents (Harris et al.,, 1992; Greenhaff et al,
1994). Although not always universal accepted (Snow et al., 1998; Smith et al., 1999).
This results in improved exercise performance (Balsom et al.,, 1995; Vandenberghe et
al., 1997, 1999) and muscle force or power (Vandenberghe et al., 1997), These
performance-enhancing effects, when seen, would be especially useful to an elderly
population, who are reported to have depleted creatine concentrations in their skeletal
muscles (Balsom et al.,, 1994; Moller et al., 1980; Smith et al, 1998). In addition,
creatine concentrations in the human heart have been found to be depleted during
ageing (Nascimben et al., 1996), and also in the diseased heart (Smith et al., 1998). As
such reversing an age-related decline in creatine concentrations in the heart could
represent a simple and inexpensive way of improving cardiovascular function.

Furthermore, creatine supplementation, combined with exercise, may even produce

additive benefits.

Studies examining changes in skeletal muscle force in older individuals have been
inconclusive. Rawson ef al. (1999) and Rawson and Clarkson (2000) examined healthy
older men (60-82 years) and showed no significant changes in exercise performance or
body mass. A further study by Bermon et al. (1998) examined 8 weeks of resistance
training and creatine supplementation in older subjects (67-80 years), but found that the
training regimen alone was sufficient to explain the increase in muscle force, with no
additional effects of creatine. This was further confirmed by Eijnde et al. (2003) who
found no added improvement in physical fit 55 to 75 year-old men, who took creatine
supplementation in conjunction with exercise training. Therefore, these negative sets of

data may suggest that older subjects may respond differently to creatine
supplementation than young subjects.

In contrast to skeletal muscle, very little is known about the effects of creatine

supplementation on cardiac performance. Indeed, Juhn and Tamopolosky (1998) noted
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that “to truly determine whether oral creatine supplementation has any effect on cardiac
muscle concentration and function, long-term human studies are needed”. A number of
animal studies have examined the role of creatine in cardiac performance. It has been
postulated that the creatine kinase /phosphocreatine system acts as an energy reservoir

and may, in addition function as an energy shuttle between intracellular sites of ATP

production and consumption, for the maintenance of normal cardiac performance
(Neubauer et al, 1999). A number of studies have examined this hypothesis, by
depleting intramuscular PCr and free creatine concentrations, by chronic feeding with
the creatine analogue PB-guanidinopropionate. Most reports have found an impaired

cardiac performance (measured via cardiac contractility) under severe creatine depletion

by B-guanidinopropionate (Kapelko et al, 1989; Mekhfi et al., 1990; Zweier et al,
1991). However, the above studies were performed on in vitro-perfused hearts.
Neubauer et al. (1999) examined the role of chronic myocardial creatine depletion in

both vitro and vivo rat hearts. The vivo analysis showed that at rest or during acute
volume loading no alterations in cardiac haemodynamics occurred after f-

guanidinopropionate, despite a 90% reduction in creatine kinase reaction velocity.
These workers suggested that in the intact rat, cardiac and/or humoral compensatory
mechanisms are sufficient to maintain normal haemodynamics. However, these
compensatory mechanisms may not be sufficient when the heart is maximally stressed,
1.e. at maximal exercise. Then the depletion of creatine may limit the heart’s ability to
perform external work. As mentioned earlier, the heart under resting situations operates

at a fraction of 1ts total capacity and therefore measurement of cardiac function at rest

does not provided important information about the reserve capacity of the heart
(Neubauer et al., 1999).

A study by Brzezinska et al. (1998) examined 7 days of creatine loading in the rat and
found that this dietary loading did increase cardiac muscle high energy phosphate

reserves and its oxidative potential. Theses results conflict with those of Hom et al.

(1998), who found no change in the high-energy phosphate content in myocardium of

rats fed with a variety of creatine doses for 40 days.

Therefore, when added as a supplement to normal diets, creatine may improve the

functional reserve of both ageing normal and failing heart. If so, this simple approach
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may improve the power output of the heart, as well as that of skeletal muscles, and

hence help frail elderly and heart failure patients too enjoy a more active life-style and

improve their quality of life.

1.7. Aims of the following research

The major aim of this thesis was to examine the age-related changes in cardiac power

output and cardiac reserve. However, there were a number of potential confounding

factors which could affect the interpretation of the results. Such factors, therefore,

needed to be addressed prior to meaningfully analysing the effects of ageing on CPO.

* This overall aim was approached by examining the following objectives:

1. To investigate whether measurements of CPO were affected by the time of
day at which they were measured.
2. To determine the relationships between variables of body size and CPO, and

where such relationships exist identify the best scaling model and variables

to provide valid inter-and intra-group data set comparisons.

3. To establish a temporal baseline of overall cardiac function, with respect to
healthy ageing.

4. To determine the effects of an active lifestyle and long-term endurance
training on these age-related changes in CPO and CR.

5. To investigate the potentially beneficial effects, if any, of orally ingested

creatine on CPO in older men.
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2.1. Ethics and medical screening

Ethical approval was obtained from Liverpool John Moores University ethics

committee. All subjects received verbal and written explanation of the procedures

involved and filled in consent forms.

Prior screening for the suitability of the subjects was accomplished by completing a
medical health questionnaire, which ascertained any past history of cardiovascular

conditions and any other contradictions to testing (Appendix 1). Medical exclusion
criteria for entry into the studies included a history of coronary artery disease (CAD),
hypertension (blood pressure >140/90 mm Hg), diabetes mellitus, and use of any
medications known to affect cardio-respiratory function. Subjects with evidence of
CAD during screening on the exercise treadmill test were also excluded. To eliminate

the confounding influence of severe obesity, only subjects with a body mass index less

than 35 kg/m® were included in the studies.

Subjects were categorised based on their self-reported physical activity levels, which
were obtained via a fitness questionnaire (Appendix 1). The questionnaire ascertained
the frequency, duration and intensity of the physical activity performed. The validity of

the answers to questions set in the questionnaire were ascertained through an interview

with the subject. Furthermore, confirmation of the fitness of the subjects were

ascertained through examination of their VOzmax (ml/min/kg) score (see below)
compared to guidelines of physical fitness set by the American college of sports
medicine (ACSM; 2000). Therefore, individuals were classified as sedentary if they

performed no regular aerobic physical exercise on a weekly basis and if their VOamax
score was below average i.e. <50™ percentile for their age according to the ACSM
guidelines (Appendix 2). Conversely, individuals were categorised as physically active
if they performed regular aerobic physical exercise three times per week, at an intensity

that causes sweating. In addition, they achieved above average i.e. >60™ percentile or

their VOma for their age, according to the ACSM guidelines.
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2.2. Measurements of body composition using Dual Energy

X-ray Absorptiometry

Height (HT) was measured using a Harpenden stadiometer and body mass (BM), in
light clothing, was measured to the nearest 0.1 kg using Avery balance beam scales.

Height and BM measurements were then used to calculate body surface area (BSA),

according to the formula of DuBois and DuBois (1916).

Whole-body and regional body composition were measured using Dual Energy X-Ray
Absorptiometry (Hologic Inc, Horizon Park, Levensesteenweg, Belgium). The software
(Delphi A S/N 70719) provided the mass of fat free tissue, fat tissue and bone,
Appendages were isolated from the trunk and head by using DEXA regional computer-
generated default lines, with possibility of manual adjustment. With the use of specific

anatomical landmarks, the specific regions of the body (head, left and nght arms and

legs, trunk, and pelvis) were determined.

For this analysis all subjects wore light clothing, having previously removed any metal
objects (jewellery, coins, under wire bra etc). The DEXA unit consists of a bed on
which the subject lies supine, while a collimated dual energy x-ray fan beam,
originating from a source under the bed, passes through the subject (Figure 2.1). The
beam’s attenuation 1s measured by the detectors above the subject. Both the source and
detector move so that whether the whole body, or selected regions, of the subject are

scanned. The dual energy of the beam allows quantification of two components in each

pixel; i.e. fat and lean tissue components in boneless regions.

For this thesis, the body components were defined, as follows:;

¢ Body mass (BM) equals the sum of the body fat mass, fat free mass and bone.
e Body fat mass (FM) equals the quantity of triglyceride fat in the body.

e Adipose tissue mass equals the storage form of body fat and its supporting

cellular and extracellular structures.

e Lean body mass (LBM) equals the non-adipose tissue of body mass and bone
mineral-free constituents.
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Figure 2.1. Dual Energy X-ray Absorptiometry (DEXA).
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o - Fat free mass (FFM) equals the lean body mass (e.g. skeletal muscle, brain,
heart, liver, kidneys and gastrointestinal tract) and the non-fat component of

adipose tissue (e.g. proteins in cellular and extracellular structures). This

definition also excludes the bone mineral-free constituents and the head.

The calibration of the DEXA was performed on a daily basis using a spine phantom to

test the system’s calibration and its precision of imaging. In addition, a step phantom

was used. That has known concentrations of soft and lean tissue. In order to obtain a

subject’s body composition, the dual energy attenuation values of the subject were

compared to those produced by the step phantom.

2.3. The measurement of cardiac power output

To determine cardiac power output (CPO) the pressure and flow generating capacities

of the heart need to be measured. This process can be achieved non-invasively by

measuring mean arterial pressure (MAP) and cardiac output (CO), both at rest and at

maximal exercise (Cooke et al., 1998). This involves a three-stage procedure:

1) An incremental exercise test to exhaustion to measure maximal oxygen

consumption (VOzmax), carbon dioxide production, and maximal heart rate.
11) Measurement of CPO at rest (CPOyest)

iii)  Measurement of maximal CPO (CPOna), i.6. When subjects are exercising at

their previously established VOzmax (determined in stage i).

2.3.1. Breath- by-breath gas sampling and analysis

Continuous breath-by-breath sampling of the respiratory gases were obtained during the
incremental exercise test, and during the measurement of resting and maximal CPO,
using the Medgraphics cardiopulmonary exercise testing system (CPX-D system;
Medgraphics Corporation, St Paul, Minnesota, USA). This is an integrated module

system incorporating a flow/waveform module, a gas analyser, 12-lead

electrocardiograph and a dedicated host computer with the appropriate software to
calibrate and to analyse the respiratory gases.
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