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Abstract
In recent years the prevalenceof obesity, physical inactivity, sedentarybehaviour and
low cardiorespiratory fitness in Western countries has increased rapidly. These
variables are independentlyassociatedwith cardiovasculardiseaserisk and/or mortality.
Atherosclerosisbegins in childhood and endothelial dysfunction is its earliestdetectable
manifestation. Endothelial dys/function can be quantified using flow mediated dilation
(FMD).
The primary aim of this thesis was to investigate childhood associations between
function
endothelial
and a range of modifiable and non-modifiable CV risk factors. We
sought to provide novel information regarding relationships between physical activity,
sedentary behaviour, body composition, cardiorespiratory fitness and the heritability of
endothelial function. In addition, we sought to explore the issue of the scaling of
vascular outcomes for body size and composition.
Study one (Chapter 4) addressed the question of scaling, by evaluating the efficacy of
scaling vascular dimensions and FMD for different body composition variables using
allometric and ratio procedures, with the aim of producing size independent vascular
indices. Our data indicate that, if between-group comparisons of baseline brachial artery
diameter are to be undertaken, appropriate, allometric scaling for measures of lean or
total mass may need to be adopted. The application of such scaling to FMD data is
debatable as the associations between FMD and body composition variables were very
weak. We therefore concluded that the adoption of scaling FMD for body composition
variables cannot be advocated until further research has been undertaken.
Studies 2 and 4 (Chapters 5 and 7) assessedcross-sectional relationships between FMD
and modifiable CV risk factors in young people. We examined associations between
FMD and objective measurements of body composition, cardiorespiratory fitness,
physical activity levels and sedentary behaviour. We observed a weak association
between percentage body fat and FMD and no further relationships across cohort.
However, depressed endothelial function was significantly related to, and predicted by
high intensity physical activity. The relationship between FMD and high intensity PA
was further reinforced by the findings from studies 3 and 4 (Chapters 6 and 7), which
aimed to address the issue of seasonal variation in FMD and determine its predictors.
The studies demonstrated that seasonal decline in vascular function was associated with,
and predicted by, a change in high intensity PA but no other variables. These findings
demonstrate, for the first time, that high-intensity PA may be an important determinant
of vascular dys/function in children. The ramifications of these findings are that
interventions aimed at improving vascular health in children may need to be refocused
to bring about a progressive increase in physical activity, specifically high intensity
physical activity, rather than reducing obesity or sedentary time per se.
Finally, studies 5 and 6 (Chapters 8 and 9) utilised a classic twin study design to explore
the role of genetics in the modulation of FMD. Through the comparison of intra-twin
pair differences in mono- and di-zygotic twins, we were able to provide information
relating to the genetic influence on FMD and calculate a heritability estimate. We
concluded that, although a one-off measurement of endothelial function is under some
level of genetic control, environmental factors may have a larger influence in the
determination of FMD in young people (study 5).

In study 6, twins undertook 8 weeks of aerobic exercise training. In this study, intratwin differences in the adaptation of FMD were compared to changes in other variables.
The results highlighted a greater similarity between MZ twins than DZ twins in the
change in FMD, suggesting that exercise-induced improvements in FMD may be highly
genetically determined.
Taken together, the findings of this thesis infer that, whilst a genetic predisposition to
endothelial dysfunction may exist, interventions that aim to increase high intensity
physical activity have the potential to enhance vascular health in young people at risk of
endothelial impairment and future development of atherosclerotic diseases.
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Chapter 1
Introduction

1 Introduction
Cardiovascular

risk in young people

In recent decades cardiovascular disease mortality has increased rapidly and CVD is
now the leading cause of death in high and middle income societies (WHO 2004).
Perhaps more concerning, however, is the rate at which CVD mortality and morbidity is
increasing in developing countries such as China and Japan. The rapidly increasing
prevalence of CVD and its co-morbidities has been the stimulus for experts to make
some bleak predictions for the future. Hossain et al. (Hossain et al. 2007) have
concluded that there is set to be a global explosion of type 2 diabetes worldwide with a
150% increase in some Asian

countries by 2030. Furthermore

Olshansky et

al. (Olshansky et al. 2005) have suggested that unless obesity is dealt with at a
population level, life expectancy will actually decline for the first time in decades.

Manifestations of CVD usually occur during mid-to-late life, however overt indications
of CVD are precededby a long preclinical phase, which has its origins in childhood.
Stary et al. (Stary 1989) examinedthe aortasand coronary arteriesof 1160 subjectswho
died between full term birth and 29 yrs. They reported that, by the age of 12-14 yrs,
65% of children already presented with a substantial accumulation of foam cells
accompaniedby lipid droplets and extracellular lipids. Isolated macrophagefoam cells
were found in 45% of infants aged <8 months. Numerous studies have since reported
that the prodromal stages of atherosclerotic disease occur during fetal development
(Napoli et al. 1997; Palinski and Napoli 1999). Although prenatal eventsplay a role in
the developmentof atherosclerosis,diseaseprogressionis also partially determinedby a
rangeof post-natalmodifiable environmentalrisk factors. For the purposesof this thesis
we will focus on relationships between obesity, cardiorespiratory fitness, physical

2

activity, sedentarybehaviour and the early stagesof atherosclerosisduring childhood
and adolescence.

It is estimated that globally 155 million children that are overweight/obese, of which
around one-seventh are aged <5 years old (Deckelbaum and Williams 2001; Hossain et
health.
has
for
during
2007).
The
adult
childhood
ramifications
al.
presence of obesity
Previous studies have illustrated that both adiposity level (Srinivasan et al. 1996) and
BMI

(Janssen et al. 2005) during childhood are predictors of obesity, metabolic

conditions and coronary heart disease (CHD)

in adulthood. Childhood obesity is

intolerance
dyslipidaemia,
hypertension,
glucose
associated with co morbidities such as
and insulin resistance, all of which have been identified as independent risk factors for
leads
factors
during
disease.
Presence
to
these
childhood
risk
atherosclerotic
of
increased risk for adult cardiovascular disease (Khan et al. 2003). Indeed Mossberg et
al. reported that childhood obesity is associated with increased cardiovascular mortality
regardless of adult weight (Mossberg 1989).

Participation in regular physical activity is greater in children than adults, however; in
the UK one-third of children aged between 2-11 years do not achieve the recommended
target of 60 minutes of at least moderate physical activity/day, and -17% fail to achieve
even 30 minutes of moderate physical activity per day (Sproston and Primatesta 2003).
Limited physical activity in youth predisposes to developing an inactive lifestyle later in
life (Malina 1996; Telama et al. 1997). Low physical activity early in life is also
associated with a less favourable CV risk factor profile (Pate et al. 1995). A dose
response relationship is evident between PA and CHD (Berlin and Colditz

1990;

Francis 1996; Whaley and Blair 1995) and physical inactivity is associated with many
known CHD risk factors including increased blood pressure and decreased high density

3

lipoprotein-cholesterol(HDL-C). Furthermore,PA appearsto modulate CHD incidence
independentof CV risk factor modification (Green et al. 2008).

There are currently no definitive guidelines on the acceptable daily amount of sedentary
behaviour (SB), however recent research suggests that 30% of children in the UK are
watching television to excess (>4hours per day) (Samdal et al. 2007). Recent evidence
in adults suggests that each 1 hour increment of TV viewing per day was associated
with an 18% increase in CV mortality risk, and those who watched >4 hours per day
had an 80% increase in the risk of CVD mortality compared to those watching <2 hours
per day. In children, SBs have been associated with obesity, insulin resistance and blood
pressure (Ekelund et al. 2007), however there is no evidence directly linking SB to
markers of CVD in youth.

With reduced PA and SB, levels of fitness in young people have declined concurrently.
Tomkinson et al (Tomkinson and Olds 2007) conducted a meta-analysis examining data
from -25.5 million 6- to 19-year olds between 1958 and 2003. A decline of 0.36% per
annum in maximal aerobic field running tests was observed. Stratton et al. (Stratton et
al. 2007) suggest that children's fitness levels are declining consistently across all
fitness categories regardless of BMI status. Poor cardiorespiratory fitness in childhood
is related to increased body fatness (Eisenmann et al. 2005), metabolic syndrome (Brage
et al. 2004) and numerous CV risk factors (Farrell et al. 1998). Furthermore, in adults,
low cardiorespiratory fitness level is associated with premature all cause and CVD
mortality (Lee et al. 1999).

4

I'

The importance of the vascular endothelium

The vascular endothelium is collectively recognised as a large endocrine organ
responsible for the maintenance of vascular tone, regulation of platelet aggregation,

coagulation and fibrinolysis through the secretionof numeroussubstances.Critically, a
normally functioning endothelium mediates anti-atherogenic properties that protect
against vasoconstriction, smooth muscle cell growth and inflammatory responses
(Davignon and Ganz 2004). When endothelial dysfunction is present, the endothelium

II

may adopt a phenotype that facilitates inflammation, thrombosis, vasoconstrictionand
atheroscleroticlesion formation. Dysfunction of the endothelium is a sentinel event in
the progression of atherosclerotic disease.It precedes the clinical manifestations of
CVD and is present in young children who have CVD risk factors (Celermajer et al.

1992).

Nitric oxide bioactivity is used as a surrogatemarker of endothelial dys/function and
can be measurednon-invasively using flow mediateddilation (FMD) (Celermajeret al.
1992). This method involves direct imaging of large conduit arteries and assessmentof
arterial diameter. Numerous studies have demonstrateda close relationship between
peripheral endothelial function and coronary artery function (Anderson et al. 1995;
Takase et al. 2005; Takase et al. 1998), leading researchers to conclude that FMD in

brachial arteries can be used as a surrogate measure for coronary artery endothelial
function. In addition FMD is strongly and independentlyrelated to cardiovascularrisk
and mortality in patients with CVD (Gocke et al. 2002b; Wang et al. 2009), peripheral
vascular disease(PVD) (Brevetti et al. 2003; Gocke et al. 2003), CAD (Chan et al.
2003) and chronic heart failure (Meyer et al. 2005). In healthy older adults FMD
provided additional prognostic information to traditional CV risk factors (Yeboah et al.
2007).
5

Evidence suggests that endothelial dysfunction is an integral mechanism in the early
stages of atherosclerotic disease, as the loss of the protective effect of the endothelium
and NO facilitates atherogenesis. However endothelial dysfunction is reversible and
factors,
CV
interventions
CV
that
or
morbidity
risk
reduce
numerous
modify

and

These
function
2003).
improve
(Maiorana
et
al.
mortality, concomitantly
endothelial
risk factors include aging, all traditionally accepted CV risk factors (Celermajer et al.
1992) and genetic factors (Benjamin et al. 2004).

The presence of traditional cardiovascular risk factors during childhood is related to
impairment of FMD. Hypercholesterolemia,

obesity and type 2 diabetes mellitus

(Aggoun et al. 2005) and smoking are associated with

endothelial dysfunction

(Celermajer et al. 1992). Although the relative contribution of each of these risk factors
is unknown, all have been independently associated with impaired FMD. The precise
cause of the endothelial dysfunction is often difficult to identify as children may present
been
have
factors,
however
than
these
numerous mechanisms
with more
one of
risk
implicated in the development of dysfunction, these include increased inflammation,
oxidative stress and altered glucose metabolism (Raitakari et al. 2004).

The role of geneticsin the determination of endothelial health is poorly defined. Little
research has been undertaken to assess the relative genetic and environmental
in
is
large
function.
In
there
to
contributions measuresof vascular
adults,
variation the
heritability estimatesthat have beencalculatedfor FMD, which range from 0.14 to 0.39
(Benjamin et al. 2004; Jartti et al. 2002; Zhao et al. 2007). Thesedata imply that FMD
may be weakly-to-moderatelyinfluenced by genetics.However, no study has sought to
examine the impact of interventions such as exercise training on the heritability of
6

changes in FMD. Furthermore, there are currently no data that examine the genetic
contribution to FMD during childhood or adolescence.

The beneficial effect of exercise training on endothelial function in clinical populations
of adults is relatively clear (Green et al. 2003). Less evidence of the beneficial effect of
exercise is available in paediatric populations who are at high future CV risk. Although
numerous studies have confirmed that obesity induced endothelial dysfunction can be
normalised through supervised exercise training in both children and adolescents
(Meyer et al. 2006; Watts et al. 2004a; Watts et al. 2004b; Woo et al. 2004), there are
limited data examining the role of exercise training in other CV risk populations of this
age group. Additionally,

studies undertaken in healthy paediatric populations indicate

that daily leisure time PA could be an important mediator of endothelial health (Abbott
et al. 2002; Pahkala et al. 2008). The relationships between FMD, SB and fitness are yet
to be explored in children.

Summary
In summary, attenuation of FMD is evident in subjects, including children, with CV risk
factors such as smoking, obesity, diabetes and hyperlipidemia. Endothelial dysfunction
can be normalised by interventions, including exercise training, that modify CV risk
factors. Yet, there are large gaps in the paediatric literature pertaining to the interaction
of factors such as genetics, PA, SB and fitness level with FMD.

The generalaim of this thesis is to provide evidencein theseareas,where knowledge is
lacking, whilst the specific aims are:
1. To addressthe issue of scaling vascular outcomesfor body size/composition
componentsin children

7

2. To explore the associations between FMD

and body composition,

cardiorespiratory fitness and physical activity using a cross section of
healthy children.

3. To determine whether FMD is affected by seasonalvariability, and assess
the associationswith seasonalchangesin body composition and physical
activity in healthy children.
4. To investigate the basal association between FMD and sedentary behaviour,

and addressthe question of whether changein sedentarybehaviour is related
to change in endothelial function in healthy children.

5. Using a classic twin study design, assessthe heritability of FMD in healthy
children.
6. To determine the heritability of the change in FMD in monozygotic and
dizygotic twins in responseto 8 weeks of high intensity, gym basedexercise
training.
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Chap te 2
Literature Review

2 Literature

review

In recent years cardiovascular diseases (CVD), including coronary heart disease (CHD),

cerebrovasculardiseaseand stroke,have becomethe leading causesof deathin high and
middle income societies (WHO 2004, figure 2.1), whilst CVD mortality rates in
developing countries are rising rapidly. Worldwide, 18 million people die from CVD

per annum (Hossain et al. 2007). Atherosclerosis is the progressive disease that
precedesovert CVD. It is characterizedby vascular inflammation and infiltration of
lipids, cholesterol, calcium and cellular debris into the sub-intima of the vessel wall,

resulting in plaque formation, vascular remodelling, acute and chronic luminal
obstruction, blood flow abnormalities and, ultimately, diminished oxygen supply to
target organs (Stary et al. 1995). Although clinically detectable manifestations of CVD,

such as angina, stroke and myocardial infarction becomeapparentaround the 4thdecade
of life or later, the atherosclerotic disease process has a long preclinical stage which

originatesin childhood (Celermajeret al. 1992).
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Figure 2.1 Leading causes of death worldwide (World Health Organisation, 2004)

2.1 Atherosclerosis in young adults and children
Evidence of atherosclerosis in young adults and children has been provided by autopsy

studies. The earliest of these investigationsexamined the arteries of American soldiers
killed in Korea (Enos et al. 1953). Someevidenceof coronary diseasewas demonstrated
in 77% of this cohort of 300 men, mean age 22.1 yrs. The average age of a sample of 20
soldiers who presented with >50% luminal narrowing of a coronary artery was 22.6yrs.
Stary et al. (Stary 1989) were able to add to these findings, in a study examining 1160
subjects who died between full term birth and 29 yrs. They reported that, by the age of
12-14 yrs, 65% of children already presented with a substantial accumulation of foam
cells accompanied by lipid droplets and extracellular lipids. A further 8% of children

had progressedbeyond theseearly stageplaquesand had advancedto the pre-atheroma
or atheroma (figure 2.2). Isolated macrophage foam cells were found in 45% of infants
aged <8 months. Numerous studies have since reported that the prodromal stages of
11

atheroscleroticdiseaseoccur during fetal development(Napoli et al. 1997; Palinski and
Napoli 1999).

Although the majority of fatty streaks evident in childhood are clinically harmless
(Strong and McGill

1969), pathological evidence of atherosclerosis can be apparent in

the abdominal aorta by early childhood (McGill et al. 2000), whilst progression to more
advanced pathological lesions could be influenced by intrauterine events, as originally
proposed by Barker et al. (Barker et al. 1989). The Barker Hypothesis suggests that "a
baby's nourishment before birth and during infancy, " as manifest in patterns of fetal and
infant

growth,

"programmes"

the development of CV risk factors and arterial

development, which are key determinants of coronary heart disease, hence low birth
weight could itself be a CV risk factor.

Recently, Skilton et al. (Skilton et at. 2005) comparedthe maximal aortic intima-medial
thickness (IMT) of 25 neonateswith intrauterine growth restriction to 25 normal-high
weight neonates.Both birth weight (r=-0.32, P=0.03) and study group (r=0.33, P=0.02)
were associatedwith increasedIMT. The difference betweengroups for IMT, adjusted
for birth weight, remained significant independentof maternal age and smoking status.
The authors concluded that aortic wall thickening, an early marker of atherosclerosis in

children, is increased in neonateswith intrauterine growth restriction compared with
babieswith normal birth weight and that prenatal eventscould predisposeto CV risk in
later life.
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Figure 2.2 Percentagesof subjectswith early lesions,or advancedlesions,plotted for
successive 3-year age groups (Stary 1989).

The studies described above indicate that prior to the overt detection of CVD, which
usually occurs in the fourth decade of life or later, clinically relevant changes are
evident in the vasculature. These preclinical markers precede and accelerate the
developmentof atheroscleroticplaque and can be present in young children and even
new bom babiesexposedto CV risk factors.

2.2 Cardiovascular

disease risk factors in childhood

Although prenatal events play a role in the development of atherosclerosis, disease
progression is also determined by a range of post-natal modifiable environmental risk
factors. Such risk factors include obesity, hypertension, insulin resistance/diabetes,
hypercholesterolemia, smoking, physical inactivity and low cardiorespiratory fitness.
For the purposes of this thesis we will

focus on relationships between obesity,

cardiorespiratoryfitness, physical activity, sedentarybehaviour and the early stagesof
atherosclerosisduring childhood and adolescence.
13

2.2.1. Rising obesity levels
Obesity has achieved epidemic proportions worldwide (Xavier and Sunyer 2002). It is
estimatedthat 1.1 billion people are overweight, whilst 312 million people are obese
(Hossain et al. 2007). In developing countries obesity has tripled over the last 20 years
as westernized lifestyles have increasingly been adopted. By 2025 it is estimatedthat
more than 40% of the population will be obese (Kopelman 2000) and -420 million
people worldwide will be glucose intolerant (Hossain et al. 2007), as obesity causesan
explosion of diseasesand co morbidities including type 2 diabetes.

Even more concerning is the rate at which the prevalence of childhood and adolescent
obesity is increasing. Hossain et a!. (Hossain et al. 2007) have reported that 155 million
children worldwide are overweight or obese, a figure which includes approximately 22
million children aged <5 years (Deckelbaum and Williams 2001). In Europe it has been
reported that the prevalence of childhood overweight is rising at a rate of -1% per year
(Lobstein and Frelut 2003). The most recent data for national obesity rates in the UK are
from the Health Survey for England 2003 (Sproston and Primatesta 2003). In 2-10 year
olds, 16% of boys and 12 % of girls were over the 95th percentile of BMI. These figures
rose in 11-14 year olds to 24% of boys and 26% of girls. The Sporstslinx project, an
ongoing study which monitors the health and fitness of Liverpool school children and
provides annual data on obesity prevalence in the north west of England, suggests that
in 2007/2008 around one-third of children aged 9-10 were categorised overweight or
obese (Boddy et al. 2010) (figure 2.3).
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Figure 2.3 Childhood obesity trends in Liverpool school children (Boddy et al. 2010),
data is adjusted for fitness level and indices of multiple deprivation. Obesity is defined

2000).
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Previous studies have illustrated that both adiposity level (Srinivasan et al. 1996) and
BMI (Janssen et al. 2005) during childhood are predictors of obesity, metabolic
conditions and coronary artery disease (CAD) in adulthood. Childhood obesity is
associatedwith co-morbidities such as hypertension,dyslipidaemia, glucose intolerance
and insulin resistance, all of which have been identified as independent risk factors for
atherosclerotic disease. Data from the Bogalusa Heart Study showed that -60% of

overweight 5-10 year olds presentedwith 1 CVD risk factor. Within the same cohort,
2008).
factors
(Freedman
Presence
2
et
al.
of
overweight children possessed risk
-20%
of these risk factors during childhood leads to increasedrisk for adult cardiovascular
disease(Khan et al. 2003). Indeed Mossberg et al. reported that childhood obesity is
associatedwith increasedcardiovascularmortality regardlessof adult weight (Mossberg
1989). The current trends for obesity have led expertsto forecastthat, unless obesity is
reduced at a population level, the steady rise in life expectancyobserved for over a
15
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century may come to an end, with future generationsliving shorter and less healthy
lives than enjoyed by their parents(Olshanskyet al. 2005).

2.2.2. Physical (in)activity
The current epidemic of overweight and obesity has raised the important question of
aetiology. Fundamentally, obesity must be explained by increased energy intake
(Rennie et al. 2005) and/or decreased daily energy expenditure (Dollman et al. 2005).
Some evidence suggests that, in adults, there has been a decrease in energy intake
(Prentice and Jebb 1995) in recent decades, whilst data in children show no secular
.
increase in either energy or fat intake (Schlicker et al. 1994; Troiano et al. 2000).
Nonetheless, in theory, there is an important role for sedentary lifestyle and decreased
physical activity as major contributors to obesity. Current guidelines recommend that
adults undertake 30 mins-d"1 of moderate to vigorous physical activity in order to
maintain health and limit the morbidities associated with low physical activity levels
(Sproston and Primatesta 2003). However, figures from the Department of Health show
that around two-thirds of men and three-quarters of women in the UK do not currently
meet physical activity guidelines. Participation in regular physical activity is greater in
children than adults, however in the UK one-third of children aged between 2-11 that do
not achieve the recommended target of 60 minutes of at least moderate physical
activity/day, and -17%

fail to achieve even 30 minutes of moderate physical activity

per day (Sproston and Primatesta2003). Limited physical activity in youth predisposes
to developing a sedentarylifestyle later in life (Malina 1996; Telama et al. 1997), as
childhood physical activity patternstrack into adolescence(Kristensen et al. 2008) and
adulthood (Telama 2009; Telama et al. 2005). Low physical activity early in life is also
associatedwith a less favourable CV risk factor profile (Pateet al. 1995).
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Major prospective epidemiological studies indicate that there is a dose-response
relationship between overall physical activity and CHD (Berlin and Colditz 1990;
Francis 1996; Whaley and Blair 1995). Physical inactivity is associatedwith many
known CHD risk factors including increasedblood pressureand decreasedhigh density
lipoprotein-cholesterol (HDL-C) and attention has been drawn to the role of risk factor
modification through physical activity as a possible mediating mechanism for CVD
reduction. Physical activity tends to changeindividual risk factors modestly, around the
order of 5% for blood lipids (Leon and Sanchez 2001), 3-5 mmHg for blood pressure
(Fagard 2001) and 1% for haemoglobin A1c (Thompson et al. 2001). Nonetheless,
increased physical activity can result in a 30% decrease in the risk of CVD events
(Thompson et al. 2003). Numerous studies have demonstrated that the association
between physical activity and CVD is independent of other CV risk factors. A recent
analysis of 27000 subjects (Mora et al. 2007) reported that differences in risk factors
(figure
the
explained -60% of
cardiovascular risk reduction associated with exercise
2.4). This data infers that -40% of the risk reduction associated with exercise cannot be
explained by effects of physical activity on established risk factors, highlighting the role
of a physically active lifestyle in the prevention of CVD, independent of risk factor
modification. It has also been suggested that the `risk factor gap' could be partially
explained by the improvement in vascular endothelial function, which occurs as a direct
result of repeated exercise bouts. That is, physical activity exposes the vasculature to
increased bouts of repetitive shear stress which transduce functional and structural
adaptations that may decrease atherosclerotic risk (Green et al. 2008).
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Figure 2.4 Percentage reduction in CVD events associated with physical activity that is

explained by risk factors (Mora et al. 2007).

2.2.3. Sedentary behaviour
Whilst physical inactivity is an increasingly common term, a more appropriatelabel for
this conceptmay be sedentarybehaviour (SB), as this term encompassesthe fact that a
diverse range of behaviours can be considered "inactive". However, sedentary
behaviour is not synonymous with inactivity and researchers prefer to define SB as
behaviours where sitting or lying are the dominant postures and energy expenditure is
<1.5 METs (Pate et al. 2008). Sedentary behaviour typically involves both work/school
time behaviours and leisure time pursuits and encompasses activities such as screen
time, active transport and sitting to talk, read or listen to music (Pate et al. 2008).
Although there are currently no definitive

guidelines limiting

daily time spent in

sedentary behaviour, it has been suggested that engaging in >4 hours of television
viewing per day is `excessive' (Marshall and Welk 2008). Taking television (TV)
viewing time as an example, and using 4 hours/day as a guideline, -30% of young
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people in the UK watch television in excess(Samdalet al. 2007). In addition, Brodersen
et al. (Brodersen et al. 2007) found that hours of screen basedmedia use in children
increasedby -2.5 hours per week over a5 year period.

As SB increases in prevalence, evidence is beginning to emerge linking sedentary
behaviours with all cause and CVD mortality. Recently, Dunstan et al. (Dunstan et al.
2010) examined the relationships between TV viewing time and all cause and CVD
mortality in 8800 adults. They reported that increased television viewing was associated
with both all cause and CVD mortality (figure 2.5). Each 1 hour increment of TV
viewing per day was associated with an 18% increase in CV mortality, and those who
watched >4 hours per day had an 80% increase in the risk of CVD mortality compared
to those watching <2 hours per day. Furthermore, a dose response relationship has been
reported between daily sitting time and CVD mortality (Katzmarzyk et al. 2009).
Katzmarzyk et al. (Katzmarzyk et al. 2009) evaluated the association between daily
sitting time and CVD mortality in 17 000 adults aged between 18-90 years old. The
researchers concluded that those who reported that they engaged in sitting time `almost
all of the day' were at 54% increased risk of CVD mortality, and that this relationship
was independent of leisure time activity.
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Figure 2.5 CVD mortality rates per 1000 person-years according to television (TV)
2010)
(h/d).
(Dunstan
time
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al.
viewing

Much of the research into SB in young people has been focused on its relationship with
obesity (Ekelund et al. 2007; Shimai et al. 1993). Children who engage in >2 hours/day
of screen based media were 1.5 times more likely to be overweight than those children
who engaged in <2 hour/day. The risk of overweight associated with increased screen
based media was greatly exacerbated when subjects were insufficiently
ratio -3.7) (Laurson et al. 2008). Additionally,

active (odds

Ekelund et al. (Ekelund et al. 2007)

recently documented weak associations between SB, systolic and diastolic blood
pressure and clustered metabolic risk in children. The same group have also shown that
time spent watching television was related to insulin resistance. Taken together the
studies detailed above provide plausible indirect evidence to suggest that sedentary
behaviour may have a role in the development and progression of CVD, however
research is needed to further explore this hypothesis.

Someresearchershave suggestedthat the negative health impact of increasedsedentary
behaviourmay result as SB displacestime spentperforming physical activity (Marshall
20

et al. 2004). However, explorations of this hypothesishave demonstratedthat moderatevigorous PA (Dunstan et al. 2004; Healy et al. 2008), which has been consistently
associatedwith reducedmortality, is only weakly correlatedwith TV viewing time. This
data implies that there is some unique and distinct impact of sedentarybehaviour on
health outcomes, apart from the lack of PA. Although researchersconcede that it is
possible that TV viewing time significantly displaces light-intensity physical activity
(Dunstanet al. 2010), which has been shown to be beneficially associatedwith markers
of cardiometabolic risk, including 2-hour post challenge blood glucose (Healy et al.
2007).

2.2.4. Reduced cardiorespiratory

fitness

There has been a secular decline in the fitness levels of young people in recent decades
(Huotari et al. 2009; Stratton et al. 2007; Tomkinson et al. 2003). Tomkinson and Olds,
(Tomkinson and Olds 2007) conducted a meta-analysis examining trends in aerobic
performance over 45 years across 33 countries. The study examined data from -25.5
million 6- to 19-year olds between 1958 and 2003 and provides the most comprehensive
global trend in paediatric fitness levels to date. A decline of 0.36% per annum in
maximal aerobic field running tests was observed, this figure was consistent regardless
of age, gender and geographical group. Following a peak in fitness levels during the
1970's, the rate at which fitness has declined has increased in magnitude with each

passingdecade.Further evidenceillustrating the decline in children's fitness is provided
by Dollman et al. (Dollman et al. 1999) who demonstratedthat between 1985-1997,
although there was no difference in fitness levels of children in the fittest quartile, the
least fit quartile of children were markedly less fit in 1997 than 1985. This implies that
the decline in fitness is not homogenousacrossfitness categories.
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However, some studies, including those undertaken in Liverpool, suggest that children's
fitness levels are declining consistently across fitness categories and regardless of BMI
status (Stratton et al. 2007). Stratton et al. (Stratton et al. 2007) suggested that there has
be a 23% decline in the fitness levels of yr 6 school children between 1998-2004. The
Liverpool data also suggest that the proportion of children considered `unfit' increased
by 36% in girls and 50% in boys over the same period.

The implications of low fitness levels in the paediatric population are far reaching, as
poor cardiorespiratory fitness is related to increased body fatness (Eisenmann et al.
2005), metabolic syndrome (Brage et al. 2004) and numerous CV risk factors (Farrell et
al. 1998). In adults, low cardiorespiratory fitness level is associated with premature
mortality. Lee et al. (Lee et al. 1999), using a database of 21925 men, found a direct
relationship between cardiorespiratory fitness and all cause and cardiovascular disease
mortality; the fitter men exhibiting a decreased risk of mortality. They also observed
that cardiorespiratory levels in men influence the negative health effects of obesity; that
is, those men who are lean and unfit have a greater risk of cardiovascular disease
mortality

than those who were obese but possessed high fitness levels.

These

researchers have concluded that moderate fitness protects against the influence of other

predictors of CVD mortality. A key implication of these studies from the Aerobics
Centre Longitudinal Database,and more recent studiesundertakenin women (Wesselet
al. 2004), is that fitness may be a more important cardiovascular risk factor than
overweight or obesity, and that the latter may owe their predictive capacity to the fact
that they are surrogate markers for inactivity. Farrell et al. (Farrell et al. 2002)
concludedthat as cardiorespiratoryfitness is itself an independentpredictor of all cause
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1;

mortality and that failure to measure this variable will confound any relationship
betweenbody massand mortality.

2.2.5. Summary
Obesity, physical activity, sedentary behaviour and fitness levels are independently
associatedwith CVD risk and/or mortality. The relative importanceof eachhas beenthe
subject of heated academicdebateover recent years, with attention largely focused on
the `fitness vs. fatness' debate. A similar and evolving debate relates to the relative
importance of encouraging physical
behaviours.
physical

Although partitioning

activity

activity

versus the avoidance of sedentary

fatness,
fitness,
the
relative
contribution
of
out

and sedentary behaviour

to CVD

risk

may aid aetiological

understanding and help inform prevention and treatment strategies, such debate may be
perceived as somewhat "academic" when one considers that physical activity is an
effective strategy to modulate fitness, fatness and sedentary behaviour. Consequently, it
has been suggested that physical activity promotion should be a foundation of clinical
therapy and public health policy, whether the aim is to promote health or weight control
(Blair and Church 2004).

2.3 Early manifestations of atherosclerosis
dysfunction
Endothelial
-

Originally considered a passive layer of inert cells lining the vascular wall, the
endothelium is now collectively recognisedas a large endocrine organ responsiblefor
the maintenanceof vascular tone, regulation of platelet aggregation,coagulation, and
fibrinolysis through the secretion of numerous substances.Critically, a normally
functioning endothelium mediates anti-atherogenic properties that protect against
vasoconstriction, smooth muscle cell growth and inflammatory responses(Davignon
and Ganz 2004). When endothelial dysfunction is present,the endotheliummay adopt a
23

phenotype

that

facilitates

inflammation,

thrombosis,

vasoconstriction

and

atherosclerotic lesion formation.

Endothelial dysfunction is a sentinel event in the progressionof atheroscleroticdisease.
It precedesthe clinical manifestations of CVD and is present in young children who
have CVD risk factors (Celermajer et al. 1992). The health of the vascular endothelium
represent a barometer for cardiovascular risk (Vita and Keaney 2002) and the vascular
endothelium has become a therapeutic target for risk reduction.

Of the vasoactive substances secreted by the endothelium, nitric oxide (NO) has been
the most extensively studied. Nitric oxide is a labile, lipid soluble gas synthesized in
endothelial cells from the amino-acid L-arginine through the action of endothelial nitric
oxide synthase (eNOS) (Palmer et al. 1988). It rapidly diffuses into the vascular smooth
muscle of the tunica media where it binds to the enzyme guanylate cyclise (Ignarro et al.
1986), resulting in an increase in cyclic guanosine monophosphate, which induces

smoothmuscle relaxation and vasculardilation (Furchgott and Jothianandan1991).

vasodilation

Figure 2.6 Nitric oxide mediated endothelium vasodilation
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Nitric oxide is continuously secretedat rest, but the endothelium can be stimulated to
releaseincreasedlevels of NO, in turn, causing acute arterial dilation. Such a response
can be brought about pharmacologically, using receptor agonists such as acetylcholine
(ACh) and also physiologically via increasedflow and consequentshearstressalong the
vessel wall (figure 2.6). Acute release of NO causesvasodilatation in an attempt to
normalise shear during periods of increased flow, induced by exercise or ischaemia
(Hutcheson and Griffith

1991). Although the signalling cascade linking mechanical

stimulation to the release of NO is not yet fully understood, a number of mechanisms
are thought to be involved. Endothelial potassium channel activation (Oleson et al.
1988), calcium influx in endothelial cells (Dull and Davies 1991), release of bradykinin
(Hecker et al. 1993) and phosphorylation of serine residue (Groves et al. 1995) are all
mechanisms proposed to cause an increase in NO bioavailability

in response to

increased flow and arterial wall shear stress. A central feature of endothelial dysfunction
is increased oxidant degradation of NO, resulting in reduced bioavailability

of NO

(Harrison 1996). Nitric oxide bioactivity is therefore used as a surrogate marker of
endothelial dys/function.

2.3.1

Measuring endothelial function in vivo. Flow mediated Dilation

In recent years a non-invasive approach,referred to as flow mediated dilation (FMD),
has been adoptedto assessendothelial NO-mediated function in vivo (Celermajer et al.
1992). This method involves direct imaging of large conduit arteries and assessmentof
arterial diameter. High resolution B-mode and Doppler ultrasound(Figure 2.7) are used
to visualise arteries and measureblood flow and shear rate prior to, and following, a
period of limb ischemia (figure 2.8). Assuming the occluding cuff is placed distal to the
imaged artery (Doshi et al. 2001) and the period of ischaemiais 5 minutes in duration
(Mullen et at. 2001), the vasomotor responseof the vessel is largely NO mediated
25

(Joannides et al. 1995; Kooijman et al. 2008). The response can therefore be quantified

as an index of endothelial function.

interface and
Figure 2.7 Longitudinal. B-mode images of lumen-arterial Nvýa11
Doppler
velocity.
continuous

Figure 2.8 Flow mediated dilation technique using high resolution Doppler ultrasound.

Arterial flow mediated dilation was first described in 1933 (Schretzenmayr 1933).
However, the importance of the endothelium in mediating vasodilator responses to flow
26

was not recogniseduntil Pohl et al. (Pohl et al. 1986) measuredthe change in canine
femoral artery diameter. In this experiment, one femoral artery had a healthy intact
endothelium, whilst the endothelium of the contra-lateralleg were denudedvia balloon
angioplasty. The investigation demonstratedattenuated FMD in the denuded artery,
whereasthe artery with the intact endothelium respondedby dilating normally (Figure
2.9).

Figure 2.9 Outer femoral arterial diameter of a dog demonstrating the vasomotor
responses to different stimuli before (control) and after intimal denudation (Pohl et al.

1986).

Sinoway et al. (Sinoway et al. 1989) were the first group to demonstrate FMD in vivo in
humans using vascular ultrasound. Following this, Celemajer et al. (Celermajer et al.
1992) were able to demonstrate that impaired FMD was apparent in populations with
CV risk factors. This seminal study investigated the FMD response in subjects aged
between 8-67 years, including 50, non smoking, normotensive, non-diabetic controls, 20
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adults who had smoked 20 or more cigarettesper day for at least 5 years, 10 children
with familial hypercholesterolaemiaand 20 subjects aged 54-67 years with established
coronary artery disease (CAD). They concluded that flow mediated dilation was
depressedin asymptomatic groups who possessedCV risk factors, including young
children. This, in turn, suggestedthat physiologically important changesto the vascular
endothelium may occur as early as the first decadeof life. These findings have since
been confirmed, as all establishedCV risk factors impair FMD and treatmentsfor risk
factors ameliorate this effect. Impaired FMD is now recognizedas an early event and a
surrogatemarker for cardiovasculardisease.

Confirmation that the FMD response was almost exclusively mediated by NO was
provided by Joannides et al. (Joannides et al. 1995). When the radial artery was imaged
following a4 minute period of occlusion distal to the imaged site, these investigators
reported a significant reduction in vasodilation following the infusion of the NO blocker
No-monomethyl-l-arginine

(L-NMMA).

These findings have been corroborated in the

brachial artery following 5 minutes of ischaemia with the occlusion cuff placed distal to
the imaged site (Doshi et al. 2001; Mullen et al. 2001) and more recently in the femoral
artery (Kooijman et al. 2008).

Correct placement of the occluding cuff during the FMD technique is essential in order
to obtain a NO mediated vasodilator response. Doshi et al. (Doshi et al. 2001) showed
that NO blockade almost completely eradicated the vasodilator response to FMD when
the cuff was positioned distally, however when the cuff was placed proximal to the
imaged site there was
no effect on the response (Fig 2.10). The placement of the cuff
therefore has implications
dependent or

is
NOto
the
vasodilator
response
as
whether or not

is
important
hyperaemic
The
duration
to
the
also
stimulus
of
-independent.
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the integrity of the FMD technique. Durations of ischaemia which are greater than 5
minutes produce larger vasodilator responses,but theseare relatively unaffectedby NO
blockade.Nonetheless,NO blockade following an occlusion period of 5 minutes almost
completely abolishes the FMD response (Mullen et al. 2001). It is clear that in order to

bioavailability,
NO
is
FMD must adhere
that
producea vasomotorresponse
reflective of
to stringent guidelines, with any deviation in protocol potentially increasing the
contribution of alternative vasodilator pathways(Green2005).

Figure 2.10 NO contribution to FMD using proximal and distal cuff position (Doshi et

al. 2001).

2.3.2. Prognostic Relevance of FMD
A number of studies have examined whether peripheral endothelial function parallels
coronary artery function (Anderson et al. 1995; Takaseet al. 2005; Takaseet al. 1998).
The earliest study was conducted in 50 patients undergoing catheterization for
evaluation of coronary artery disease (CAD) (Anderson et al. 1995). Coronary
endothelial function was assessed using serial intracoronary infusion of the
endothelium-dependentagonist acetylcholine.Peripheralvascularfunction was assessed
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in the brachial artery following reactive hyperaemia. This study demonstratedthat
patientswith evidenceof CAD exhibited diminished endothelial function in the brachial
artery and the authors also suggestedthat there was a `close' relationship between
brachial and coronary artery function (r=0.36, p=0.01). The relatively weak correlation
found by Anderson et al. (Anderson et at, 1995) can perhaps be explained by the use of
different stimuli to produce the vasodilator response. Takase et al. (Takase et al. 1998)
addressed this limitation and were able to induce endothelium-dependent vasodilation in
both the coronary and brachial arteries brought about by increases in blood flow and
shear stress. They observed a;much stronger correlation between coronary and brachial
artery function (r=0.79, p<0.001) (Figure 2.11), concluding that FMD in brachial

arteriescan be used as a surrogatemeasurefor coronary artery endothelial function.

Figure 2.11 Relation betweenflow-mediated dilation in a coronary artery stimulatedby
20 mg of ATP and flow-mediated dilation in a brachial artery stimulatedby hyperaemia
(Takaseet al. 1998).

A mounting body of evidence has emergedlinking impaired FMD to adverseCV end
points in high risk populations, highlighting the prognostic value of FMD. FMD is
strongly and independentlyrelated to cardiovascularrisk and mortality in patients with
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CVD (Gocke et al. 2002b; Wang et al. 2009), peripheral vascular disease (PVD)
(Brevetti et al. 2003; Gocke et al. 2003), CAD (Chan et al. 2003) and chronic heart
failure (Meyer et al. 2005). Table 2.1 provides a brief summary of findings of studies
which have examinedFMD and its prognostic value in high risk patients. Thesestudies
indicate that impaired FMD in high risk patient groups is-associatedwith a greaterrisk
of cardiac events.Furthermore,FMD is a strong independentpredictor of eventswhich
exceeds the prognostic capacity of compound risk scores such as the Framingham
equation.

Less data exists regarding the capacity of FMD

to predict CV endpoints in

asymptomatic patients. A study in 2007 examined the prognostic value of FMD in a
cohort of healthy older adults (72-98 years old) (Yeboah et al. 2007). Event free
survival rates were significantly higher in those subjects with intact FMD, and FMD
was a significant predictor of CV events, however the inclusion of FMD added only
-4% further predictive accuracy to current traditional CV risk factors. Similarly, FMD
was found to be a significant predictor of CV events in older adults (mean age 66 yrs)
(Shimbo et al. 2007), however, its predictive value was not independent of traditional
CV risk factors. Further to these findings in older adults, FMD also provides additional
prognostic information than is provided by Framingham risk scores when classifying
patients into risk categories (Yeboah et al. 2009). Yeboah et al. (Yeboah et al. 2007)
have attempted to contextualise the findings of these studies, suggesting that as age is an
independent CVD risk factor and endothelial dysfunction is an early process in the
pathogenesis of atherosclerosis, measurement of FMD in older cohorts might be less

useful in older populations whose brachial FMD is greatly diminished and who are
likely to have advancedatherosclerosis.
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2.3.3. Summary
As atherosclerosisis a diseasewhich is systemic in its development, researchersare
provided with an opportunity to gain insight into the health of the coronary arteries
using non invasive and direct measurementof conduit artery health via flow mediated
dilation. Impaired FMD is a significant predictor of adverse CV events, moreover,
improvements in FMD result in a more favourable prognosis. These findings suggest
that FMD is an invaluable tool for assessing those at highest risk of future CV disease

2.4 What factors affect FMD in children?
The mean FMD in healthy children appears to be between 8-11% (Fernhall and
Agiovlasitis 2008), however the range of normal values is extremely large, with the
95% CI reportedly between 4-18% (Tounian et al. 2001; Woo et al. 2004). It is unclear
if the large range of `normal' values is due to biological variation or measurement
differences between studies. The measurement of FMD is technically demanding,
requiring specific training, and FMD is also sensitive to numerous transient factors that
may influence endothelial function acutely such as circadian rhythm, viral illness and
food intake prior to measurement (Celermajer 2008). Due in part to these difficulties,
there has been a lack of technical consistency in FMD protocols across different
laboratories. However there have been recent attempts to standardize the procedure
(Corretti et al. 2002; Thijssen et al. In press) n an effort to allow comparison of data

acrossdifferent studiesin the future.

Evidence suggeststhat endothelial dysfunction is an integral mechanism in the early
stagesof atheroscleroticdisease,as the loss of the protective effect of the endothelium
and NO facilitates atherogenesis.However endothelial dysfunction is reversible and
numerous interventions that modify CV risk factors, or reduce CV morbidity and
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mortality, concomitantly improve endothelial function (Maiorana et al. 2003). These
risk factors include all traditionally acceptedCV risk factors (Celermajeret al. 1992) as
well as genetic factors (Benjamin et al. 2004)

2.4.1 Aging
Healthy aging is associated with an attenuation of the FMD response (Celermajer et al.
1994). Gerhard et al. (Gerhard et al. ; 1996) observed a significant
endothelium-dependent

dilation

measured

using

brachial

artery

decrease in
infusions

of

methacholine chloride (0.03 to 10.0 .tg/min) with each decade of age from the thirties.
Age was found to be a strong univariate and multivariate predictor of endotheliumdependent vasodilation.

Evidence indicates that a reduction in NO availability

is

responsible for the age related decline in endothelial function and it has been suggested
that increased oxidative stress may contribute to the reduction in NO bioactivity
(Eskurza et al. 2006), coupled with a reduction in NO production thought to be brought
about by a reduction in the availability
Endothelial

function

of NO substrates (Eskurza et al. 2005).

by
FMD
measured

does not appear to change throughout

childhood in healthy, non obese children (Fernhall and Agiovlasitis 2008), however
endothelial function has not yet been investigated longitudinally during childhood and
adolescence and little

is therefore known about the pattern of FMD

throughout early life course.
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2.4.2 Traditional cardiovascular risk factors
Endothelial dysfunction is observedin children with hypercholesterolemia,obesity and
type 2 diabetes mellitus (Aggoun et al. 2005) and in adolescents who smoke
(Celermajer et al. 1992). Celemajer et al. (Celermajer et al. 1993) demonstrated that,
even in asymptomatic young adults (aged 15-57), cigarette smoking was associated with
dose-related impairment of FMD. Celemajer et al. (Celermajer et al. 1996) also
demonstrated the effects of passive smoking in healthy young adults, again reporting a
dose response relationship between passive smoking and impaired FMD. There was no
difference reported in the magnitude of FMD impairment between active and passive
smokers.

Type 2 diabetes (T2D) and insulin resistance have been persistently linked with
endothelial dysfunction (Avogaro et al. 1997; Hogikyan et al. 1998). Hyperglycaemia is
thought to be critical in the development of endothelial dysfunction in T2D. Studies in
healthy subjects have demonstrated that transient hyperglycemia induced by an oral
glucose load acutely impairs endothelium-dependent vasodilation (Title et al. 2000).
Furthermore, impaired endothelium-dependent flow-mediated dilation is closely linked
to 3-hour postprandial blood glucose (Shige et al. 1999).

Significantly reduced FMD has been observedin obesechildren and adolescentswhen
comparedto lean, age matchedcontrols (Watts et al. 2004a; Watts et al. 2004b; Woo et
al. 2004). Although obesity per se is known to be detrimental to vascular health, it
appearsthat body fat distribution may also play an important role in the determination
of FMD. In adults, Arcaro et al. (Arcaro et al. 1999) found that visceral abdominal fat
predicted the degree of endothelial dysfunction, independentof body weight. Obese
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individuals often have related co-morbidities, making it difficult to define the precise
mechanismsresponsiblefor endothelial function. It has been suggestedthat the causeis
multifactoral, with factors such as increasedinflammation, oxidative stressand altered
glucose metabolism implicated (Raitakari et al. 2004). Interventions that reduce body
fat through caloric restriction result in improvement in endothelial function in both
adults (Raitakari et al. 2004) and children (Woo et al. 2004). Similarly, exercisetraining
improves FMD in obese children and adults, independent of changes in BMI (Watts et
al. 2004a; Watts et al. 2004b; Woo et al. 2004). The mechanisms thought to mediate
these endothelial improvement include reduction in plasma glucose concentration (Bell
et al. 2007) associated with weight loss, which may attenuate the impaired FMD
associated with obesity related hyperglycemia (Title et al. 2000).

2.4.3

Genetics

Genetic variation is likely to be an important determinant of the development of
atherosclerosisand its clinical sequelae.Researchhas primarily focused on the genetic
influence on late cardiac endpoints (Cambien et al. 1992). Less attention has beenpaid
to the genetic determination of preclinical markers of atherosclerosis, such as
endothelial function, and currently there are no data describing the role of genesin the
determinationof vascular function in paediatricpopulations.

The sparse literature pertaining to the role of genes in adult endothelial health has
generatedinconsistentresults. Benjamin et al. (Benjamin et al. 2004) examinedFMD
in a cross section of
Heart
Study.
from
Heritability
Framingham
the
adults
-2900 older
was estimated at 0.14 using variance component methods. This modest heritability
estimate implies that genesaccount for a relatively small amount of the variability in
FMD, whilst environmental factors may exert a larger influence. To investigate the
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heritability of FMD in greater detail, twin study designshave recently been employed.
The classic twin study allows the partitioning of genetic and environmental influences
on a trait, such as FMD, by comparing the intra-twin differences within groups of
mono- (MZ) and di-zygotic (DZ) twins. As MZ twins are genetically identical and DZ
twins share,on average,50% of their genes,the ICC coefficient betweenMZ intra-twin
differences should theoretically be 1 and the correlation betweenDZ twins 0.5 (half of
the MZ value) if genetic factors are solely responsible for variation in a certain
phenotype(Maia et al. 2002). If correlation coefficients remain in the sameratio (2: 1),
but; are lower than these values, then both genes and also non-sharedenvironmental
factors are responsible for the variance. If the 2: 1 ratio is not evident, then genes,nonsharedenvironmental factors and sharedenvironmental factors may all be contributing
to the variation.

Jartii et al. (Jartti et al. 2002) examined the differences in FMD in twin pairs who were
discordant for migration between Finland and Sweden, where CHD mortality is lower.
Results demonstrated that in genetically identical MZ twin pairs aged between 42-69
years, the twin that had migrated to Sweden had superior endothelial function than their
Finnish sibling. This finding suggests environmental factors exert an influence on FMD.
The study yielded a heritability

indicating
0.24,
of
estimate

a stronger genetic

component to FMD than previously suggested by Benjamin et al. (Benjamin et al.
2004). The final study to investigate genetic influences on FMD reported the strongest
genetic contribution to FMD to date. Zhao et al. (Zhao et al. 2007) measured FMD in
94 middle aged male twin pairs. They produced a heritability

estimate of 0.39,

highlighting the possible role of heredity in the aetiology of atherosclerotic disease.
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In summary, there are few studies that have attempted to determine the genetic
contribution to FMD. In addition, these studieshave been undertakenin adults and the
results lack a cohesive outcome. Finally, no studies undertakenusing twin sets have
examined the impact of interventions such as exercise training on the heritability of
changesin outcome measures. Further researchin this areais neededto investigatethe
heredity of FMD in children.

2.4.4

Sedentary behaviour

The study of sedentary behaviour and its association with health outcomes is in its
infancy. While evidence is beginning to emerge that links SB with CVD mortality, there
are currently no data examining the relationship between SB and markers of future
CVD risk such as FMD. Although SB has been linked with adiposity and metabolic
profile in children (Ekelund et al. 2007). Given that FMD and SB are both associated
with obesity and metabolic abnormalities, there is a clear rationale for research to be
undertaken which provides insight into the relationship between these variables.

2.4.5 Exercise and physical activity
The beneficial effect of exercisetraining on endothelial function in clinical populations
of adults is relatively clear (Green et al. 2003). Less evidenceof the beneficial effect of
exerciseis available in paediatric populations who are at high future CV risk. Although
numerous studies have confirmed that obesity induced endothelial function can be
normalised through exercise training in both children and adolescents(Meyer et al.
2006; Watts et al. 2004a; Watts et al. 2004b; Woo et al. 2004), there are limited data
examining the role of exercisetraining in other CV risk populationsof this agegroup.
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Intervention studies that aim to enhance already normal endothelial function in healthy
populations have produced mixed results. Clarkson et al. (Clarkson et al. 1999)
demonstrated an improvement in FMD following a 10 week programme of daily aerobic
and anaerobic exercise training in military recruits. Conversely, in a randomised crossover study of combined aerobic and resistance exercise in healthy middle-aged men,
training did not significantly affect endothelium-dependent function (Maiorana et al.
2001). One possible explanation for these apparently disparate findings in healthy
subjects relates to the time course of change in artery function and structure. Tinken et
al. (Tinken et al. 2008)

recently demonstrated

that adaptations in arterial function

occur rapidly in response to short team exercise training, however following

the

completion of 8 weeks of exercise training, endothelial function had returned to basal
levels. The findings
in
functional
that
changes conduit arteries
suggest
exercise-induced
precede structural adaptations. Moreover, the initial adaptation in function is attenuated
as arterial remodelling occurs (figure 2.12). These data raise the possibility that previous
studies of healthy adults have missed adaptations in endothelial function because they
occur earlier than the time at which repeated assessmentsare derived.
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Figure 2.12 Time course
of functional (FMD) and structural (CADC) arterial adaptation
to exercise training (Tinken et al. 2008)

The studies described
above have been undertaken using laboratory based and
supervised exercise training interventions. At present there are few data examining the
effect of physical activity on endothelial function in children. In a study of 47 5-10 year
old children, habitual physical activity was the most influential variable on FMD when
multivariate analysis was undertaken (Abbott et al. 2002). Pahkala et al. (Pahkala et al.

2008) measuredFMD
and physical activity in -480 children and observedthat, whilst
therewas a relationship betweenFMD and PA in boys, no suchrelationship was evident
in girls, possibly due to
the relatively lower PA levels evident in the cohort of girls.
These studies indicate that daily leisure time PA
important
be
mediator of
an
could
endothelialhealth in children, and that the modification of endothelialfunction observed
when exercisetraining is undertakencould be a reflection of an increasein PA
.
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2.5 Summary and research aim
Overt CVD is preceded by a long preclinical stage of atherogenesis which has its origins
in childhood.

The earliest detectable manifestation

of atherosclerotic disease is

endothelial dysfunction, which appears to be a sentinel event in the development of
CVD. The health of the endothelium can be measured using ultrasonic assessment of
FMD. A strong correlation has been reported between brachial artery FMD and
coronary artery function, and moreover, impaired FMD is an independent predictor of
adverse cardiac events. Attenuation of FMD is evident in subjects, including children,
with CV risk factors such as smoking, obesity, diabetes and hyperlipidemia. However,
endothelial dysfunction can be normalised by interventions, including exercise training,
that modify CV risk factors. Yet there are large gaps in the paediatric literature
pertaining to the interaction of factors such as genetics, PA, SB and fitness level with
FMD. The aim of this thesis is to
provide evidence in these areas, where knowledge is
lacking. We aim:

1. To addressthe issue of scaling vascularoutcomesfor body size/composition
componentsin children
2. Explore

the

associations between FMD

and body

composition,

cardiorespiratory fitness and physical activity using a cross section of
healthy children.
3. Determine whether FMD is affected by seasonalvariability, and assessthe
associations with seasonal changes in body composition and physical
activity in healthy children.
4. Investigatethe basal associationbetweenFMD and sedentarybehaviour,and
addressthe question of whether changein sedentarybehaviour is related to
changein endothelial function in healthy children.
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5. Using a classic twin study designto assessthe heritability of FMD in healthy
children.
6. Determine the heritability of change in FMD in monozygotic and dizygotic
twins in responseto 8 weeks of high intensity, gym basedexercisetraining.
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Chapter 3
Geiieral Methods
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3.1. Inclusion criteria and testing conditions

Subjectsrecruited to all studies in this thesis were healthy, normotensive and had not
been diagnosedwith any cardiovascular disease/risk factors, or metabolic,conditions.
Subjectswere not using any medications and did not smoke. All studieswere approved
by the Liverpool John Moores Ethics Committee and subjects,and their parents where
indicated,gave written informed
consentor assent.

Vascular testing was performed in a dedicated and temperaturecontrolled (21-23°C)
laboratory,which allowed testing to be
isolation,
in
minimizing
undertakenquietly and
psychological stress.

On arrival at the laboratory,
fully
explained to participants and
were
all procedures
consentwas obtained. All subjects were studied at the sametime of day to control for
the impact of circadian variation. As physical activity can affect the assessmentof artery
function, subjects
were required to complete these tests prior to any exercisetests that
may also have beenundertaken.Subjectsarrived at the laboratory following a minimum
of a4 hour fast, an 8 hour abstinencefrom alcohol and caffeine, and having avoided
strenuousactivity for 24 hours. Prior to conduit artery assessmentparticipants were
requiredto lay supine on a bed.

3.2 Methodologies
3.2.1 Assessment

and techniques
of conduit artery endothelial function

Flow mediated dilation

(FMD)

was used to assess endothelium-dependent

vasodilatation of the brachial artery. Brachial artery internal diameter was measured
using high resolution ultrasonography(Acuson, Aspen, SiemensCorp, Malvern, Penn
and Terason,0000, Teratech) with a 10-12-MHz probe to visualise the brachial artery
45

in longitudinal section. B mode images were obtained at a reproducible point in the
distal third of the upper arm (figure 3.1). Ultrasonic parameters were set to optimize
longitudinal, two-dimensional B mode images of the luminal-arterial wall interface with
the focal zone set to the near wall. Once set, these parameters remained fixed and the
probe was held in a constant position. Continuous Doppler velocity assessment was
obtained using the lowest possible insonation angle (always <600). Nitric oxide (NO)mediated endothelial function was assessed by measuring the, flow mediated dilation
(FMD) in response to a5 minute ischemic stimulus (Mullen et al. 2001), induced by
forearm cuff inflation. A one minute baseline measurement was taken prior to cuff
inflation.

A pneumatic rapid cuff inflator (Hokanson, Bellevue, U. S.A), placed around

the forearm distal to the humeral epicondyles, was inflated to 220mmHg for 5 minutes
(Corretti et al. 2002) to induce forearm ischemia. Recording of the image ceased on
inflation of the cuff and was recommenced 30 seconds prior to deflation.
continued for a period of 3 minutes post cuff deflation.

lolljý

ýý
.:

Figure 3.1 Terason, t3000, Teratech used to assessFMD.
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Recording

3.2.2 Post test analysis of artery diameter
Post-test analysis of brachial artery diameter was performed with the use of custom
designed automated, edge-detection and wall-tracking

software. B-mode frames are

assessed by automated edge-detection software through the use of pixel density and
frequency distribution

algorithm (Figure 2.7).

selected from the first

An optimal region of interest was

B-mode image based on the quality of the image and

discrimination between the intima/lumen.

This region typically incorporates around

300 pixel columns, which are then averaged to provide a mean diameter for each frame,
with subsequent frames analyzed at a rate of 30Hz. Although the initial selection of the
area of interest is operator determined, all proceeding analysis is carried out without
investigator bias. Following
detected
diameter
deflation,
was
automatically
peak
cuff
using an algorithm which identifies the maximum bracket of data subsequent to
performance of a moving window smoothing function (Figure 3.2) (Black et al. 2008).
We have undertaken
comprehensive reproducibility analyses of repeated FMDs using
the above techniques.

In an early study from our group, using comparable data

acquisition and automated observer-independent analysis techniques as applied in the
current thesis, repeated FMD of the brachial artery performed at the same time of day,
within 1 week in 24 healthy volunteers (Woodman et al. 2001). We found a coefficient
of variation (CV) of 14.7%, indicating good reproducibility for a biological parameter.
We also examined,
30
FMD
3
the
assessed
a
of
at
reproducibility
on separate occasions,
min interval in 10 healthy young subjects (Thijssen et al. 2009). The CVs were 6.7,
10.9 and 9.5%, respectively.

These findings indicate that FMD is highly reproducible

when repeated measures are undertaken within subjects under carefully controlled
experimental conditions.
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Figure 3.2 User interface from FMD analysis software, showing calculation
baseline
of
and peak diameters.

3.2.3 Assessment of
cardiorespiratory

fitness

The gas analyser (Jaeger Oxycon Pro, Warwick, UK)
was calibrated before each testing
session. Once calibration was complete, participant's age, gender, height and weight
were entered into the system. Each subject wore a harness, adjusted for individual
height and weight. A face
mask was then placed around the nose and mouth and the
pneumotach attached onto the face mask. Resting breaths were measured prior to
exercise.

A discontinuous treadmill based
determine
3.3)
(figure
to
was
used
peak
protocol
oxygen uptake (V O2peak)in studies 2 and 3. As the cohort was relatively young, a
discontinuous

protocol was chosen in an attempt to prevent subjects from ending the

test as a result of muscle fatigue. The
initially
to
subjects
required
walk at 4
protocol
and 6 km-h-1, then run at 8,10,12,
The test consisted

and 14 km-h-1, to the point of volitional exhaustion.

of 3 minute stages, followed by a 30 second rest interval.
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Figure 3.3 A child undertaking VO2peaktest (left pane). A hip mounted accelerometer
worn during the VO2pea;test, and used to measure habitual physical activity (right
pane).

For studies 5 and 6 there was large variations in both the chronological and biological
V
individually
O2pea;
Consequently,
the
test
age of
calibrated
were
speeds
participants.
by anchoring treadmill speeds to set Froude numbers. Dynamic similarity theory states
that geometrically similar bodies that utilise pendulum like mechanics for movement
will have similar gait dynamics if the Froude number is kept constant (Alexander 1989).
The theory implies that a human's optimal walking speed will be at a Froude number of
0.25 and the transition from walk to run will occur close to a Froude number of 0.5
regardless of differences in body size (Minetti 2001).

The Froude number is calculated using the equation Fr = vz/(g*l), where v is speed of
movement (m. s-'), g is gravity, and 1 is a characteristic length (in this case leg length,
m). Using this equation it is possible to calculate walking/running speeds at set Froude
49

numbers to accommodate differences in children's ages and maturation status. As the
majority of subjects in studies 5 and 6 were adolescent, it was deemed appropriate to
use a continuous protocol. Subjects completed 2 minute stages, beginning with a
walking speed equivalent to Fr 0.25. At the competition of the walking speed stage, the
speed was increased to the equivalent of Fr 0.5.

Subsequent increments were

determined by the difference in the speed for stages I and 2 (-2km. h ') until the point
of volitional exhaustion.

During all VO2peak
tests oxygen consumption (V 02) and carbon dioxide production
(V C02) were measuredbreath-by-breathusing an online gas analysis system (Jaeger
Oxycon Pro, Warwick, UK). Throughout the test, all participants wore a heart rate
monitor (Polar, Kempele, Finland) and a uni-axial accelerometer (GT1M model,
Actigraph, Florida, USA). Peak V 02 was determined as the highest 15-s averaged
oxygen uptake achieved during the test when the following criteria were satisfied: a
respiratory exchangeratio > 1.0; HR plateau prior to final stagein protocol if HR had
reached> 195. Subjective indicators of maximal effort were also taken into account,
theseincluded: unsteadygait; hypernea;facial flushing and sweating.

3.2.4 Assessment
(SB)
behaviour
(PA)
and sedentary
of physical activity
Physical activity

(GT1M
accelerometer
was objectively measured using a uni-axial

model, Actigraph, Florida, USA) for seven consecutivedays. The accelerometerwas
programmedto record PA data (raw activity counts and steps)every 5 seconds.On the
first day of monitoring, the
At
familiarisation
the
end of
period.
a
children underwent
the data collection period,
for
downloaded
data
compliance.
checked
and
were
all
Sustained 20

minutes periods of zero counts were deemed to indicate that the

accelerometerhad beenremoved, and total missing counts for thoseperiods represented
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the duration that the monitors were: not worn (Catellier et al. 2005). For inclusion in the
analyses, children were required to have produced counts for at least 9 hours a day for at
least three days (Mattocks et al. 2008).

In studies 2 and 3 accelerometry data from the peak oxygen uptake test were used to
determine individual thresholds for each child at each of the set treadmill speeds (4,6,
8,10 km. hfl).

Using individual count thresholds and a sedentary threshold of 100

counts per minute, (Treuth et al. 2004) time in minutes per included day spent between 4
1(PA8)
1(PA6),
1(PA4),
5.99
km.
hf
km. hf
8 and 9.99
6 and 7.99 km. hf
and
and above 10
km. hf1 (PAto) were determined for each individual.

Similarly, for studies 5 and 6,

accelerometry data from the peak oxygen uptake test and a sedentary threshold of 100
counts per minute were used to determine the time spent per valid day sedentary,
between sedentary and treadmill speed one (PA<F,
brisk
to
walk),
a
0.25,equivalent
jog)
light
treadmill speed one and treadmill speed two (PAFro.25M.
>
to
and
a
equivalent
5,
treadmill speed three (PA>FrO, equivalent to a run) was established (figure 3.4).
5,

In

addition, the total steps and total PA (average accelerometer counts/minutes of valid
recording; CPM) were obtained for each day. The total time spent above each speed for
each valid day (total activity divided by number of days) were separated into weekday
(Monday-Friday),

data,
Sunday)
(Saturday
whole
week
weighted
and
and
weekend

where the weekdays provided 5/7ths of weekly activity and the weekends provided
2/7ths.
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Figure 3.4 Example of physical activity output generated from the Mahuffe analysis
software
3.2.5 Assessment of body composition
Body mass and stature were recorded using standard methods. Dual-energy x-ray
absorptiometry (DXA) (Hologic QDR Series Discovery A, Bedford, MA) was used to
determine whole body, body fat, bone mineral density and mineral free/ fat free residual
tissue in each subject.

Participants wore shorts and a t-shirt and were required to

remove all metal items from their person. A whole body fanbeam scan was taken for
each subject according to standardized procedures recommended by the manufacturer
(QDR Discovery A, Hologic, MA. ). Calibration using the manufacturer's phantom was
performed on the day of each scan. Subjects were required to lie supine and remain
motionless for the duration of the scan (approximately 3 min) (figure 3.5). Post test
analysis was completed using QDR for windows software version 12:4: 3. All scans
were performed by trained operators. Analysis was carried out by a single technical
operator. Values obtained and reported included body fat mass, abdominal fat mass,
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body lean mass and percentage body fat mass. Percentage body lean mass was
calculated manually from the DXA derived outputs.

5

«ý'
+;t{
ýý:.
ý.
,
ý:,

Figure 3.5 Assessment of body composition using dual-energy x-ray absorptiometry
(DXA).
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Chapter 4

SCALING BRACHIAL
DIAMETER

ARTERY

AND FUNCTION

ANTHROPOMETRIC

FOR

VARIABLES

Based on the publication in the American Journal of Physiology
(Heart and circulation) 2009, entitled "Does conduit artery
diameter vary according to the anthropometric characteristics of
"
men?
or
children
and the article under review at the European Journal of Applied
Physiology entitled "Does brachial artery flow-mediated dilation
characteristics?
scale to anthropometric
(Pleaserefer to appendix for articles)
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"

3 Introduction
In sport, exercise and health science research, quantitative assessmentof different
components of the cardiovascular system is used to inform such practices as preparticipation screening in athletes (Papadakis et al. 2008) and monitoring of
cardiovascular disease risk and progression (Deanfield et al. 2007). However, the
comparison of these measurementsbetween, and sometimes within, subjects can be
confoundedby differences in body size and composition. This has led to the adoption
of a number of scaling and normalisation procedures to improve the validity of
scientific and clinical interpretation (Batterham et al. 1999). From a theoretical
perspective the nature of the relationship between cardiovascular structures and body
size has been shown to relate acrossmultiple orders of magnitude. West et al. (West et
al. 1997) have proposed a general allometric model to describe scaling relations of the
mammalian circulatory system. We have chosen to develop empirical data related to
body size and brachial artery dimensionswithin this theoretical landscape.

Measurementsof arterial structure and function are commonly undertaken to assess
adaptations to acute and chronic exercise in both health and disease (Green et al.
2004a).

Despite the widespread appreciation of scaling practices in research

investigating cardiac structures, and the consequent adoption of various cardiac indices
(Batterham et al. 1999), the relevance of scaling for body size and composition has not
previously been addressed in the context of arterial measurement. This is surprising
when one considers that adaptation in artery size and function

often

occur

simultaneously with changes in body size and composition (Huonker et al. 2003;
Zeppilli et al. 1995).

For example, changes in femoral artery diameter, along with

muscle mass, occur rapidly in paraplegic athletes, and unilateral differences in artery
size exist between the limbs of below knee amputees and single handed elite racquet
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sportsmen(Olive et al. 2003). Furthermoreexcessbody fat has a negative impact upon
endothelialfunction and FMD (Arkin et al. 2008; Oflaz et al. 2003), implying measures
of body fatness may therefore need to be taken into account when comparing FMD
acrossgroups.

If between- or within-subject comparisons of vascular measures are to be performed,
two questions arise. Which measures of body size and composition, if: any, determine
artery size and function, and what form should any scaling process take.

Whereas

simple ratio scaling procedures (i. e. y/x) have been widely adopted to correct for heart
size and function (Brown and Thompson 1987; Fleck et al. 1989), recent studies have
suggested that the most appropriate body size independent indices may result from
allometric scaling approaches (y/xb) (Batterham et al. 1997; Daniels et al. 1995).
Allometric

scaling allows for non-linear relationships, as opposed to simple ratio

scaling that assumes a priori a linear relationship that passes through the origin (i. e. b
exponent of 1).

The purpose of this study was to empirically determine the nature of the relationship
between arterial diameter and measures of body and limb size and composition in a
cross section of children. In addition we sought to compare the utility of applying ratio
and allometric scaling processes to these variables.

4.1 Methods
4.1.1 Participants

One hundred and twenty nine pre pubescentchildren aged 9-10 yrs (75?, 54(6) were
recruited. All subjects were sequentially studied without specific inclusion criteria.
Participants were not taking any vasoactive medications, did not smoke and were
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moderately active. Ethics approval was obtained from Liverpool John Moores
University Ethics Committee. Informed consent was obtained prior to participation in
the study.

,

4.1.2 Experimental

design and procedures

Participants were required to attend a laboratory on one occasion to complete
anthropometricand vascular assessments;Brachial artery diameter was measured,after
a period of at least 20 minutes quiet rest. All measurementswere taken in a temperature
controlled room and after at least a4 hour fast and at least 8 hours abstinence from

caffeine or alcohol. All subjectsavoided strenuousphysical activity for 24 hours prior
to testing.
For detailed methodology for arterial measurementpleaseseesections3.2.1 and 3.2.2.

4.1.3 Anthropometric measurements
In addition to the protocol for assessmentof body composition outlined in section 3.2.5,
off line analysis using the software inherent to the DXA system provided whole-body
and segmental(whole arms and forearms) values for total mass,fat massand lean mass
(body mass-BM, lean body mass-LM, body fat mass-FM, whole arm mass-AM, arm
lean mass-ALM, arm fat mass-AFM, Forearmmass-FAM, forearm lean mass-FLM, and
forearm fat mass-FFM).

4.1.4 Statistical analysis
Statistical analyseswere performed using SPSS 14.0 (SPSS) software. All data are
reported as group means f SD, and statistical significance was assumedat p<0.05.
Initially, Pearson's product-moment correlation coefficient analysis examined the
correlations between brachial artery diameter and FMD, and all body composition
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variables. Diameter was then scaled via simple ratio and allometric approachesfor
individual differencesin BM, LM, FM, AM, ALM, AFM, FAM, FLM, and FFM. Ratio
scaling involved dividing brachial artery diameter (y) by the range of body size
parameters(e.g. body mass; x) and computing an index (y/x). Confidence intervals
(95%) were generatedfor eachof the correlation coefficients.

Initial multivariate analysis with a gender and a gender by body size index term were
carried out. Gender by body size interactions were non-significant, indicating that there
were no genderdifferences in the relation of arterial size to body size variable. Common
power function exponents were therefore generated for boys and girls. Univariate
allometric scaling was then used to identify a power function (b) exponent. This was
achievedvia log-log transformation of brachial artery and body size data that was then
analysedvia least squareslinear regression. Separateb (± 95% confidence intervals)
exponentswere calculatedfor eachbody size variable.

To assesswhether ratio or allometric scaling (or both) could produce size-independent
indices of brachial artery diameter,the scaledvariable (y/x or y/xb) was then correlated
with the body size index (x). If significant correlations were still evident, this illustrates
that the influence of size had not beenfully removed.

4.2 Results

Table 4.1 presentsanthropometric and vascular data for the cohort. Mean (±SD) BMI
was 19.30 (± 3.26). Significant correlations existed between baseline brachial artery
diameter and measuresof whole body/segmentalmassand lean massas well as height.
No significant correlations were evident between brachial artery diameter and whole
body or segmentalmeasures fat mass (Table 4.2). Significant correlations were also
of
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evident between FMD and measures of whole body fat and segmental fat mass.
Correlationsbetween FMD and whole body and segmentalmeasuresof total and lean
masswere non significant (Table 4.2).

Significant correlations provide some evidence that body size and brachial artery
diameterare associatedand, hence, this associationwith body size should be removed
to facilitate inter- and intra-group comparisons.
Data from the Pearson's
correlations (y/x: x or y/xb: x) were used to check the sizeindependence

of both vascular outcomes (table 4.3). To aid interpretation of the

difference between ratio
brachial
dimensions
artery
scaled for
and allometric-scaling,
BM have been
plotted in Figure 4.1. For both brachial artery diameter and FMD indices
it is clear that
fact,
In
is
ratio scaling may oversimple ratio scaling
not appropriate.
correct for body size, introducing a size bias which would penalise larger sizes. In
contrast, allometric scaling produced size-independent indices

Table 4.1. Body composition and vascularmeasures
Mean + SD

Height (m)

1.43±0.07

Whole Body Mass (kg)

39.3±9.5

Whole body lean mass(kg)

28.0±5.0

Whole body fat mass(kg)

10.5±6.0

Whole arm mass(kg)

2.1±0.5

Whole arm lean mass(kg)

1.3±0.3

Whole arm fat mass(kg)

0.7±0.4

Forearmmass(kg)

0.9±0.2

Forearm lean mass(kg)

0.6±0.1

Forearm fat mass(kg)

0.2±0.1

Baseline artery diameter (mm)

3.1±0.4

FMD (%)

10.1±4.5
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Table 4.3. Correlations (y/x: x or y/x6:x) usedto check the size-independenceof
vascularoutcomes
r value

P value

CI

Baselinediameter/Height:Height

-0.16

0.08

0.02
to
-0.32

Baselinediameter/Heightb:Height

0.15

0.01

0.31
to
-0.03

-0.79
0.00

<0.01

to
-0.85 -0.72

0.99

0.18
to
-0.17

-0.71
0.02

<0.01

to
-0.79 -0.62

0.83

0.19
to
-0.16

-0.81
0.01

<0.01

to
-0.87 -0.74

0.90

0.19
to
-0.16

-0.74
0.03

<0.01
0.73

-0.82 to -0.66
0.21
to
-0.14

-0.77
0.02

<0.01

to
-0.84 -0.70

0.81

0.20
to
-0.15

-0.71
0.03

<0.01
0.70

-0.79 to -0.61
0.21
to
-0.14

-0.63

<0.01

to
-0.72 -0.51

-0.02

0.84

0.16
to
-0.19

-0.62

<0.01

to
-0.71 -0.50

-0.03

0.73

0.14
to
-0.20

Baselinediameter/BM:BM
Baselinediameter/BMb:BM
Baselinediameter/BLM: BLM
BaselinediameterBLMb: BLM
Baselinediameter/AM:AM,
Baselinediameter/AMb:AM
Baselinediameter/ALM: ALM
Baselinediameter/ALMb:ALM
Baselinediameter/FAM:FAM
Baselinediameter/FAMb:FAM
Baselinediameter/FLM:FLM
Baselinediameter/FLMb:FLM
FMD/AFM: AFM
FMD/AFMb: AFM
FMD/FFM: FFM
FMD/FFMb:FFM
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Figure 4.1. Relationship betweenbody
massand (a) baselinebrachial artery diameter
scaledusing the simple ratio method for body massand (b) baselinebrachial artery
diameter scaledby allometric scaling for body mass.
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4.3 Discussion

To our knowledge this is the first study to empirically explore the issue of body size
scaling of conduit artery diameter and function. The findings from the current study
illustrate five main points; 1) that whole body and upper limb massand lean massdata,
but not fat mass, correlate significantly with artery diameter, 2) although relationships
were modest,measuresof segmentaladiposity were significantly associatedwith FMD
3) simple ratio scaling, does not fully remove the influence of any body size variable
upon arterial measures,4) allometric scaling may facilitate body size independent
comparisonsof arterial diameter and FMD between groups and, 5) as the correlations
betweenFMD and body
for
the
adoption of
rationale
weak,
composition were relatively
scaling approachesremainsdebatable.

Previous studies which have undertaken within- or between-group comparisons to
assess the impact of exercise training and inactivity

have
diameter
not
on arterial

typically attempted to account for differences in body composition (Dinenno et al. 2001;
Naylor et al. 2006; Tinken
et al. 2008).

However, Olive et al. (Olive et al. 2003)

corrected femoral artery diameter for muscle volume in a between-groups comparison
of healthy and spinal cord injured participants, using a simple ratio scaling approach.
Scaling in this
in
femoral
differences
between
decreased
the magnitude of
group
manner
artery diameter and maximal hyperaemic blood flow response. Despite a conceptual
"step-in-the-right-direction"
between

it is pertinent to emphasize that the empirical relationship

(a
3diameter
(a
volume
and
muscle
artery
one-dimensional measure)

dimensional

for
be
the
simple ratio scaling, as
criteria
measure) would
unlikely to meet

was the case in the current study. Such data should be revisited and the use of allometric
scaling investigated and compared to simple ratio scaling. In another study, de Groot et
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al. (de Groot et al. 2006) assessedthe time course of adaptation in leg vascular
dimensionswithin the first 6 weeks following spinal cord injury. The researchersfound
femoral artery diameter and leg volume decreasedsimultaneously, and were largely
accomplishedwithin 3 weeks. A similar dimensional criticism could be made of this
interpretationalthough formal scaling was not undertaken. Theseprevious studieswere
not specifically designed to address the question of the importance of scaling
procedures,but they infer that some measuresof body composition impact upon the
magnitudeof difference in artery diameterin comparativestudies.

There is an established body
of evidence in the literature to support the use of scaling
procedures when assessing differences in measures of cardiac size and structure
(George et al. 1998). It has
become
now
commonplace to use scaling when comparing
cardiac variables such as left ventricular mass and cardiac output. This has typically
been done using the
simple ratio methods.

However, George et al. (1998) have

suggested that the use of such simplistic ratio scaling may not completely remove the
influence

be
body
to
In
approaches
appear
of
size variables.
contrast, allometric scaling

more effective (George et al. 2001). In keeping with these findings relating to scaling
of cardiac variables, our data indicate that allometric scaling is the more effective
method of producing body size independent arterial diameter results.

As both total mass and lean
baseline
influential
on
artery
variables
mass emerged as
diameters,we
is
in
healthy
`normal'
one
a surrogatemarker
that,
suggest
populations,
for the other. The implications thesefindings
diameter
that
of
artery
scaling
valid
are
of
in normal
derived
body
DXA
does
the
of
weight populations
use
not necessitate
composition data, but can be performed adequatelyusing simple measurementof total
body mass. Whether
be
findings
to
typical
these
patient
extrapolated
can
or not
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populations,in whom adiposetissue constitutesa larger proportion of the body mass,is
unknown and requires further investigation. Segmentalmeasuresalso had an influence
on artery diameter which was similar to whole body values. We therefore suggestthat
investigations comparing artery diameter use allometric scaling to total body mass,
to generatetheir own cohortalthough we would prompt individual studies/researchers
specific scaling data.

Our findings demonstratethat although FMD was associatedwith segmentalmeasures
of body fat, these relationships were weak, implying that the influence of body fat on
FMD in this group of normal, `healthy' children may be negligible. Consequently,
although allometric scaling of FMD for body fat appears to produce size independent
indices, allometric
have
Yet
in
be
this
studies
several
cohort.
scaling may
redundant
demonstrated stronger,

in
fat
body
FMD
between
inverse
and
relationships
significant

overweight or obese populations (Raitakari et al. 2004; Sciacqua et al. 2003). The weak
associations in the current study could therefore be partially a size effect, as our cohort
was relatively lean (Table 4.1). We can only speculate that the relationship between
body fat and vascular function
is
fatness
become
evident.
apparent when over
might
Future studies should therefore be
determine
to
whether or not
undertaken empirically
scaling can be used in overweight/obese populations.

There are several limitations to the current study.

The group was relatively

homogeneousfor body
composition and thus application of generated allometric
exponentsto groups such as overweight and obesechildren, who are most frequently
the target of interventions to alter vascular and body composition parameters,is beyond
this study. Our study did not include clinical groups (e.g. CV diseases),as such, the
utility of the recommendedscaling proceduresin such populations remains unknown.
66

Finally, we measuredthe brachial artery only, thus we cannot comment on the utility of
scaling for body composition variables at other vascular sites.

4.4 Conclusion
We found significant relationships between brachial artery diameter and measures of
whole body and regional mass and lean mass, and between FMD and body fat. Whilst
simple ratio scaling did not completely remove the influence of body size variables,
allometric scaling produced size-independent indices of arterial diameter in cohorts.
However, as the correlations between FMD and body composition were relatively weak,
the rationale for adoption of scaling approaches remains debatable. Further studies will
be necessary before the
be
can
advocated.
scaling
procedures
widespread adoption of
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Chapter 5

RELATIONSHIP

BETWEEN

OF BODY COMPOSITION,
ACTIVITY,

MEASURES
PHYSICAL

FITNESS AND VASCULAR

FUNCTION
Based on the publication in Atherosclerosis 2009, entitled:
"Relationship between measures of body composition, physical
function"
fitness
activity,
and vascular
(Please refer to appendix for article)
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5. Introduction
Excess body fat, physical inactivity and poor cardiorespiratory fitness are increasing in
prevalence and have been identified as independent predictors of future CV events
and/or mortality (Mossberg 1989; Berlin and Colditz 1990; Lee et al. 1999). However,
little is known about the effect of these modifiable risk factors on preclinical markers of
future CVD risk in children. The purpose of this study was therefore, to gain insight into
the relationships between brachial artery vascular endothelial function and measures of
body composition, cardio-respiratory fitness and physical activity (PA) in young people.

Endothelial

dysfunction

is considered an early

and integral

manifestation

of

atherosclerotic disease (Vita and Keaney 2002), which can be evident in the first decade
of life (Skilton et al. 2005; Stary 1989) and can be measured using flow mediated
dilation (Celermajer
is
in
FMD
Impaired
1992).
present
children and adolescents
et al.
with

CV risk

factors such as cigarette smoking, hyperlipidemia,

diabetes and

hypertension (Celemajer
(Watts
2004b;
Woo
2006)
Ayer
et
al.
et al.
obesity
and
and
2004). Exercise training
function
in
NO-mediated
vasodilator
obese children
enhances
(Watts et al. 2004b; Woo
(Watts
2004a).
Some
2004)
et
al.
of the
adolescents
and
et al.
latter effect occurs independently of changes in BMI and body weight (Watts et al.
2005). Taken together, these data raise the possibility that fitness and physical activity
may be at least as important, in terms of cardiovascular risk, as overweight or obesity
and that the latter may possibly owe their predictive capacity to the fact that they are
surrogate markers for inactivity or low fitness (Blair et al. 1996; Wessel et al. 2004).
However, no
previous studies have attempted to examine the complex relationships
between fitness, PA, body
function
in
children.
endothelial
composition and vascular
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5.1 Methods
5.1.1 Participants

145 subjects (59 male, 86 female) aged 10.30+0.03yr (+SD) were recruited. Subjects
were randomly selected from a database of approximately 2000 9-10 year olds
participating in the SportsLinx fitness project (Taylor et al. 2004). All subjects were
sequentially studied without specific exclusion criteria, and were healthy, normotensive
and not suffering from known cardiovascular or metabolic conditions. Ethics approval
was obtained from Liverpool John Moores University Ethics Committee. Informed
consent was obtained from parents/guardians and children prior to participation in the
study.

5.1.2 Experimental

design and procedures

Subjectswere required to attend a laboratory on one occasionto complete a number of
physiological examinations including body composition assessment, V O2peaktesting
and assessment of conduit artery function. All subjects were studied at the same time of
day to control for the impact of circadian variation. Subjects were informed that they
must fast on the morning of testing and avoid any PA. All measurements were taken in
a quiet temperature controlled room.

Please refer to section 3.2 for detail on the

methodologies used in this study.

5.1.3 Normalization of FMD for the eliciting shear rate
In accordancewith the most up to date recommendations(Pyke and Tschakovsky
2007), FMD data from this study were normalized according to the shear rate (SR)
stimulus which elicits the endothelium-dependentdilation. Correction of FMD for its
eliciting stimulus was recently recommendedwhere comparisons are made between
subjectswho have arteries of different size, since shearrate (and hence the stimulation
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to diameter change)is dependentupon artery size. It was suggestedthat correction, or
"normalisation", of FMD for its eliciting shearstimulus allows for valid comparisonof
the artery function, independentof size-related differences that may exist in eliciting
shear between individuals.

Normalisation therefore allows for real differences in

from
different
differences
function
from
be
distinguished
arterial
to
a
which may result
stimulus magnitude.
following

Evidence suggests that the area under the curve of shear rate

cuff deflation is the most appropriate measure of the stimulus to FMD

(FMD/SRAUC) (Pyke and Tschakovsky 2005; Pyke and Tschakovsky 2007).

We

therefore chose to use these guidelines to correct the FMD response for the shear rate
AUC stimulus until peak diameter.

5.1.4 Statistical analysis
Statistical analyses were performed using SPSS 14.0 (SPSS) software. Results are
expressed as the mean±SD. Data distribution was initially examined for normality using
the Shapiro-Wilk test. For results obtained that were below the boundary of normality,
which was set at 0.05, non parametric equivalent tests were used.

The effect of

maturation was assessed by entering TPHV and the dependent variables (DV) into a
correlation analysis, where significant relationships were observed maturation was
considered to be a confounder. For those dependent variables where maturation was

considered a confounder, a forwards linear regression was performed with TPHV
enteredas the independentvariable, if a significant outcome was observedstandardised
residualswere calculatedand used in place of the original data.

Data for boys and girls were compared using unpaired Student's t-tests or the Mann
Witney test. Speaman's correlations were performed on the entire data set to evaluate
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the strength of relationships between variables. Further to this, stepwise backwards
linear regressionwas carried out to identify predictors of FMD and FMD/SRAVC.The
whole cohort was then split into tertiles for FMD and FMD/SRAUC,and Spearman's
correlationsand regressionanalyseswere performed within the tertiles.

5.2 Results
No differences between the sexes existed in age, height, body mass, BMI, and systolic
and diastolic blood pressures (Table 5.1). In addition, there was no difference between
the sex sub-groups in years to peak height velocity.

Comparedto boys, girls exhibited significantly lower V O2peakand time spent at both
<6 km.hr'1 and >6 km.hf1. Girls also demonstratedsignificantly higher fat mass and
resting HR. Whilst baseline brachial artery diameter was slightly larger in boys, no
difference existed between the groups in terms of brachial artery function (FMD or
FMD/SRAUC)or time to peak diameter. For subsequentanalysis FMD data were
thereforepooled.

V
The mean(±SD) values for the children's V 02peak
for each
and percentageof 02peak
PA intensity are shown in Table 5.2.
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Table 5.1 Descriptive characteristics (mean±SD)

Group
(n)

Males

Females

(n=59)

(n=86)

,
10.32±0.31

P
(MvsF)

Age (y)

145

10.33+0.31

10.36+0.30

Body Mass (kg)

145

39.5+9.2

39.3+1.0

39.6±0.9

0.89

Height (m)

145

1.42±0.07

1.43+0.07

1.42+0.07

0.88

TPHV (y)

145

0.63

BMI

0.41

145

-3.43±0.39
19.3±3.3

-3.41+0.38
19.2±3.5

-3.44+0.40
19.3±3.1

0.63

Fat mass (kg)

144

11.3±5.4

10.6±5.9

11.8+5.0

0.04

%fat mass (DXA)
Lean mass (kg)

144

27.1±6.9

24.5+7.1

28.9+6.1

0.00

144

27.2±5.3

28.3+4.9

26.7±5.5

0.11

%lean mass (DXA)
Systolic BP (mmHg)

144

70.1±8.8

73.1±6.6

68.0+9.5

0.00

145

107±10

109±11

106+9

0.09

Diastolic BP(mmHg)

145

64±5

64±6

63+4

0.21

V 02 ml. kg'l. min'

141

45+6

47±6

43+6

0.00

PA<6 km (min)

132

65.3±26.8

72.0±28.6

60.9±24.8

0.02

PA>6 km (min)

132

28.1+18.1

36.6±22.4

22.5+11.8

0.00

FMD (%)

129

10.1±4.5

10.2+4.3

10.0±4.6

0.75

FMD/AUC (x 104)

129

2.97±1.78

3.23±2.07

2.78+1.52

0.51
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Table 5.2 PercentageV 02peak at treadmill speedsfor boys and girls (mean±SD)
Boys

Girls

47.1±5.4**

42.6±5.7

V 02peaat 4km.h'1

38.3±4.5*

40.6±5.5

%V O2peak
at 6km.h"1

54.9±6.2**

58.5±6.6

0/0 V O2peak at 8km.

h'1

78.3±7.0**

85.2±6.1

h"

91.3±5.5**

95.3±4.5 '

V 02peak
(ml. kg'l.

%V

min

O2peak at I Okm.

1)

Significant t-test sex results, * boys vs. girls, p<0.05;

**boys vs. girls, p<0.01

5.2.1 Relationships between FMD and other variables

Spearman'scorrelation coefficient revealed a weak negative correlation between FMD
and %fat (r=-0.18, p=0.04), no further significant correlations were observedfor FMD.
Significant correlations were, however, found between FMD/SRAUC and body
composition measurements including percentage fat mass (r=-0.23, p=0.009) and
percentage lean mass (r=0.21, p=0.02). In addition a significant

correlation was

observedbetweenTPHV and FMD/SRAUc(r=-0.24, p=0.008).

A significant correlation also existed between FMD/SRAuc and V 02peak(x=0.25,
1
km.
6
hf
In
FMD/SRAUC
time
p=0.004).
terms of PA,
was correlated with
spent at
(r=0.28, p=0.014), time spent at 10 km (r=0.318, p=0.007), time spent above 6km
(r=0.36, p=0.001), CPM (r=0.298, p=0.008) and number of steps(r=0.25, p=0.028).
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5.2.2 Tertile analysis
In addition to the above analysis, the cohort was split into tertiles for FMD and
is
for
FMD/SRAUC,
The
interest.
shown
each
group
the principal outcomesof
mean±SD
in table 5.3. Correlation and regression analysis were subsequentlycarried out within
eachof thesetertiles.

Tertile analysis for FMD

Spearman'scorrelation revealedthat for the lowest FMD tertile, there was a significant
No
(r=0.43,
PAID
(r=0.38,
between
PA8
FMD
p=0.026).
correlation
p=0.004) and
and
significant correlations existed for variableswithin the middle or upper FMD tertile.
Regression analysis performed within the lowest FMD tertile revealed that PA1o
predicted FMD accounting for 13% of the variance, with p values approaching
in
FMD
the
No
(R2=0.13,
predicted
significance
significantly
variables
p=0.065).
middle or highesttertile.

Tertile analysisfor FMD/SRAuc.
Analysis of lowest tertile for FMD/SRAUCresulted in significant correlations between
FMD/SRAUCand PA8 (r=0.57, p=0.003), and PAID (r=0.48, p=0.03). No relationships
were evident in the middle and upper tertile.

Regressionanalysisfor FMD/SR lowest tertile revealed21.2% of the variancein
FMD/SRAUCcould be accountedfor by PAa (R2=0.212,p=0.023). There were no further
significant outcomesfrom the regression
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5.3 Discussion
To our knowledge this is the first study to examine relationships between FMD,
appropriately corrected for its eliciting stimulus (Pyke and Tschakovsky 2005; Pyke and
Tschakovsky 2007), and variables associated with increased CV risk. The results of this
study in a cohort of 129,10-11 year old children, indicate that significant correlations
exist between high intensity PA and vascular function, particularly for those subjects in
the lowest FMD tertile.

No such relationships were observed between PA levels and

FMD in the upper tertiles for vascular function. Although there were modest global,

V
O2peak,
relationships between body fat, lean mass and
there were no correlations
within tertiles between FMD and measuresof either fitness or fatness. These data
therefore suggestthat interventions focused on increasing the amount of high intensity
PA, rather than enhancingcardiorespiratoryfitness or reducing body fat per se, may be
most beneficial in terms of improvement of vascular function in subjects at risk of
future cardiovasculardisease.

Much recent focus has concentrated on the rapid increase in overweight and obesity
levels in children and
is
development
In
the
associated
obesity
with
adults,
adolescents.
of insulin resistance, type 2 diabetes and micro- and macro-vascular disease and it is
also associated with endothelial dysfunction in both adults (Arcaro et al. 1999) and
children (Geilen and Hambrecht 2004).

However, some epidemiological evidence

suggests that obesity per se may be a less powerful predictor of vascular event risk and
all cause mortality than physical inactivity (Farrell et al. 2002; Wessel et al. 2004) or
low cardiopulmonary fitness (Blair
limitations
Due
1996).
to
associated with selfet al.

report measures of physical in/activity used in these large cohort studies, and the
attractivenessof

702p,& as an optimum measureof functional capacity, a focus on
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fitness as a predictor of risk has emerged (Blair

cardiopulmonary

et al. 1996).

However, the use of objective monitors in recent years has enabled the assessment of
children's PA levels in free-living situations, and in the present study we adopted a
novel and valid approach to quantify the intensity at which PA was undertaken, based
on individual cut points related to treadmill velocity.

We found that PA measurements

were the best predictors of endothelial dysfunction in this unbiased and typical sample
of school children aged 10-11 yrs. If these findings are confirmed, then a subtle shift in
the focus of prevention,

from merely reducing levels of overweight/obesity

or

increasing fitness, toward increasing PA time and intensity, should be supported as
evidence-based.

Of course interventions such as appropriately prescribed exercise

training, which enhance endothelial function in obese (Watts et al. 2004b; Woo et al.
2004) children, will simultaneously increase PA, fitness and improve body composition
(Watts et al. 2005).

Whilst it may be argued that all interventions aimed at decreasing fatness or increasing
fitness/PA are laudable,
different
interventions
findings
do,
that
suggest
some previous
in fact, induce divergent
physiological

adaptations.

After a6

week intervention

program, Woo et al. (Woo et al. 2004) observed increases in FMD in overweight/obese
children who were assigned to either dietary modification alone or dietary modification
plus exercise training.

However, after 1 year, further improvement in FMD occurred

only in those subjects in whom exercise was undertaken.

Further to these findings,

Watts et al, established that
in
dysfunction
obese children and adolescents
endothelial
could be normalised through exercise training independent of dietary modification and
in the absence
of change in BMI (Watts et al. 2004a; Watts et al. 2004b). The studies of
both Woo and Watts induced improvements in
vascular health via implementation of
relatively high intensity exercise training programmes in obese subjects.
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Although

neither study directly measuredthe intensity of PA levels before or after intervention,
improvementsin FMD due to increasesin PA cannot be ruled out and were in fact
likely.

One previous study, carried out in 45 children aged 5-10 yrs, related habitual PA and
brachial FMD (Abbott et al. 2002). Physical activity, assessedusing the doubly labelled
water approach,was the most influential variable in terms of correlation with FMD (r =
0.39, P=0.007).

This study did not assessfitness, DXA body composition or the

relative intensity of PA, and did not normalise FMD to the shearstressstimulus, but the
results essentially lend support to the findings of the current investigation and to the
hypothesisthat regular PA exerts a cardio-protectiveeffect through its direct interaction
with the vascular endothelium.

Severalpotential mechanismsexist which might explain the relationships we observed
between PA and endothelial function. It is well establishedthat exercise training can
enhancevascular endothelial function in both peripheral and coronary arteries (Green et
al. 2004b), and Hambrecht and colleagues (Hambrecht et al. 2003) have suggested that
exercise training improves endothelial function in vivo by up regulating eNOS protein
expression and by increased phosphorylation

of this enzyme. These findings are

consistent with a shear stress stimulus for enhanced NO bioactivity
increased PA.

as a result of

Alternate explanations for the positive relationship between PA and

endothelial function may relate to the impact of exercise on oxidative stress and
inflammation.

There are several limitations to the current study.

The study population was

sequentially studied without specific exclusion criteria, hencethe investigation did not
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specifically target children who were overweight/obese, or of any particular fitness
level. Although approximately 1/3`dof the children in the study that were classedas
V
overweight,only 15 subjectscould be defined as obese.With regardto O2peak
results,
1,
data
kg'l.
28
the
40
less
28
than
subjects achieved a
and
ml.
min
of
subjects were
1.
in
V 02peak
typical
terms
therefore
The
50
kg"l.
was
study
population
of over
min
ml.
of both body composition and fitness level. It is possible that different relationships
between variables may be present in selected sub-samples,but this study was not
poweredto assessthese.

5.4 Conclusion
We found that measures of body fatness, V O2peak,and moderate-to-vigorous PA
significantly correlated with arterial function in 10-11 year olds. However, PA above
8km. hf1 was the most important variable in terms of influence on those with impaired
vascular function.

Assuming these findings can be replicated, they suggest that future

intervention strategies in children should prioritise increases in high intensity PA, which
increases
in
fitness.
fat
in
in
mass and
should
turn result
a concomitant reductions of
Exercise should remain a core component of any lifestyle intervention undertaken in
children or adults.

Normalization of FMD for the eliciting shear rate stimulus
Although we have presentedFMD data normalised for the eliciting shearrate stimulus
in the above study, recent data from our group (Atkinson et al. 2009) have highlighted
that the normalisation of FMD for the shearrate stimulus may result in the violation of
several statistical assumptions. We therefore believe the question of the most
appropriate methods to normalise FMD is an open one, and indeed, the question of
whether to normalise FMD at all remains controversial. We have hence forth presented
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FMD data only. If the data from the above chapter pertaining to FMD is analysedfor
raw FMD% only, the principle findings from the whole cohort/ are altered slightly,
associationsbetween vascular function, physical activity and fitness are no longer
evident. However, when data is examined by tertile for FMD% there is little difference
in the principle outcome, that is, depressedendothelial function is predicted by high
intensity PA only.
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Study aims and outcomes

Chapter 4

Outcome

Rationale - Cardiac literature implies scaling vascular
outcomesmay be necessary

"

Possibleneedto scaleartery diameter for lean
massvariables

"

Scaling artery function is not necessary.

Aim - Addressthe issueof scaling vascularoutcomes
for body composition variables

_ý

Chanter 5

Outcome

Rationale

-Few studies explore determinants of
vascular health in children

"

Weak associationsbetweenVF, measuresof PA
and fat and VO2aak.

Aim - Assess relative impact of modifiable risk factors
on VF

"

High intensity PA was the only significant
predictor of depressed VF

Chanter 6

Outcome

Rationale

- No study has assessed whether seasonal
variation exists in FMD.

"I

and PA significantly
summer and late autumn.

Aim -Explore the relationships between seasonal
AFMD and A PA and body composition.

"

Change in high intensity 1'A was the only
significant predictor of AFMU
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Chapter 6

ASSOCIATIONS

BETWEEN SEASONAL

DECLINE IN VASCULAR FUNCTION
AND PHYSCIAL ACTIVITY
Based on the article of the same title under revision at MSSE
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6 Introduction
The prevalence of overweight and obesity has increased in recent decadesin many
westerncountries (Hossain et al. 2007; Stratton et al. 2007). Accompanied by physical
inactivity (Pate et al. 1995), these changeshave led to speculation that the beneficial
cardiovascular impact of public health interventions in past decades may be
compromised in future and that life expectancy may decreasein line with the rising
impact of obesity and type 2 diabeteson cardiovascularevents(Olshansky al. 2005).
et

Our data from chapter 5 highlighted the existence of significant correlations between
measures of PA and vascular function in pre-pubertal children. However, to our
knowledge, there are
currently no studies which have collected repeated measurements
to address the question of whether variation in the intensity of physical activity affects
endothelial function.

We therefore aimed to assess relationships between these

variables in a group of boys and girls aged 10-11 years studied in summer (June) and
again in late autumn (November).

We hypothesised that physical activity levels would

decrease, and obesity levels increase, between summer and winter in the United
Kingdom and that these changes would be associated with decreases in FMD.

6.1 Methods
6.1.1 Participants

One hundred and forty five subjects (59 male, 86 female) mean (SD) age 10.7 + 0.3
years were originally recruited for the current investigation. Subjects were randomly
selected from a databaseof approximately 3000 9-10 year olds participating in the
SportsLinx fitness project (Taylor et al. 2004). All subjects were sequentially studied
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without specific exclusion criteria and all were healthy, normotensiveand not suffering
from known cardiovascular or metabolic conditions. Subjects were not using any
medications. Ethics approval was obtained from Liverpool John Moores University
Ethics Committee.

Written and verbal informed consent was obtained from

parents/guardiansand children prior to participation in the study.

6.1.2 Study Design
Subjects were required to attend a laboratory to complete a number of physiological
examinations including anthropometric tests, dual energy X-ray absorptiometry (DXA)
assessment,and assessment of conduit vessel function. All subjects were studied at the

sametime of day to control for the impact of circadian variation. Participantsand their
parents/guardianswere informed that children must fast on the morning of testing and
avoid any strenuousPA for 24 hours prior to testing. All measurementswere taken in a
quiet room. All outcome measureswere assessedin June and again in November.
Fitnesswas assessed

6.1.3Anthropometric

and body composition measurement

Prior to exercise testing, body mass (kg), height (m) and sitting height were obtained
and used to calculate TPHV. A dual-energy X-ray absorptiometry (DXA; Fanbeam,
QDR seriesdiscovery A, Hologic, Bedford, Massachusetts,U. S.A. ) scanwas then taken
to assesswhole body and regional fat and lean tissue mass. For further details on
anthropometricand body composition measurementpleaserefer to section 3.2.5.

6.1.4 Assessment'of physical activity (PA)

The accelerometerwas programmedto record PA data (raw activity counts and steps)
every 5 seconds.On the first day of monitoring, the children underwenta familiarisation
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period. At the end of the data collection period, all data were downloadedand checked
for compliance. Sustained 20 minutes periods of zero counts were removed. For
inclusion in the analyses,children were required to have produced counts for 9 hours a
day for at least three days

In order to individually calibrate PA levels, participants underwent an incremental
discontinuoustreadmill-basedexercisetest to determinepeak oxygen uptake (V O2peak)
at entry to the study. Detailed descriptions of VO2peakprotocol and methods of
individual physical activity threshold calibration can be found in sections 3.2.4 and
3.2.4.

6.1.5 Assessment of conduit vessel function

Brachial artery internal diameter was measuredusing high resolution ultrasonography
(Acuson, Aspen, SiemensCorp, Malvern, Penn and Terason,t3000, Teratech,). Please
seesection3.2.1 and 3.2.2 for further details on FMD methodology.

6.1.6 Statistical analysis
Statistical analyses were performed using SPSS 14.0 (SPSS) software. Results are
expressed as the mean±SD. Data distribution was initially examined for normality using
the Shapiro-Wilk

test. Variables

that were not normally

distributed

were log

transformed, for results obtained that remained below the boundary of normality, which
was set at 0.05, non parametric equivalent tests were used.

Baseline data for boys and girls were comparedusing unpaired Student's t-tests or the
Mann Witney test. Changeover time was assessedusing repeatedmeasuresGLM. The
effect of maturation was assessedby entering TPHV and the dependentvariables (DV)
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into a correlation analysis, where significant relationships were observed maturation
was consideredto be a confounder

Change scores were calculated for all variables (test 1-test 2). The strength of
relationships between variables was evaluated using either a partial correlation, with
maturation (TPHV) added as a covariate if it was considered a confounder. Depending
on normality of the data, Pearson's or Spearman's correlation analyses were used when
maturation was not a confounder. A stepwise backwards linear regression was then
performed to identify predictors of change in FMD.

Predictors entered into the model

were chosen on the basis that they were significantly related to FMD. The group was
then split according to gender, and the above analysis was completed for boys and girls.

6.2 Results
Of the original 145 children we obtained suitable FMD data from 129 participants at
both time points,
inclusion
did
for
further
10
meet
not
criteria
physical
a
children
activity measurement, and 6 children were unable to attend the laboratory for post test
measurements. Those subjects with incomplete data sets were removed from the
analysis, leaving one hundred and sixteen children included in the study.

No differences existed between girls and boys in age, height, body mass, BMI, and
systolic and diastolic blood pressures (Table 6.1). In addition, there was no sex
difference in yearsto peak height velocity. Boys had significantly lower fat %, however
there were no further differences for any other DXA measures.Girls spent less time at
PA4, PA8 and PAID. Total physical activity time and daily steps were also higher in
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boys. No difference existed between the groups in terms of brachial artery function
(FMD).

6.2.1 Seasonaleffects on variables: cohort
Between June and November the average daily temperature dropped from 14.1°C to
7.2°C,and the averagehours of sunshinefor each month was 144 and 52 respectively
(Met Office 2010).

Body composition

From early summer to the end of autumn the cohort demonstratedsignificant increases
in height and body mass (Table 6.1). Further to this, we observedan increasein BMI,
fat mass(P<0.001), fat % (P<0.001)and lean mass(P<0.001).

Physical activity
Physical activity time spent at 6km (PA6) showed no change between the two time
PAID,
time
PA8
total
PAa,
(Table
physical
activity
6.1),
and
points
time
spent at
whereas
and daily stepstaken (P<0.01) significantly decreasedacrossthe cohort.

Vascularmeasures
Brachial artery FMD was significantly reducedin the autumn (P<0.001). Both systolic
6.1).
(Table
diastolic
(P<0.01)
time
increased
blood
and
over
pressure
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6.2.2 Sex Differences
Body composition
From early summer to the end of autumn both groups demonstrated significant
increases in height and body mass (Table 6.1). Further to this, significant increases in
BMI, fat % (P<0.001) and lean mass (P<0.001) were observed in both boys and girls.
Girls demonstrated an increase in fat mass (kg) (P<0.001).

Physical activity
Physicalactivity time spentat 4km (PA4) and total PA time decreasedsignificantly over
time in both the girls and boys (Table 6.1). Time spent at 6km (PA6) showedno change
in either group between time points. Physical activity time at 8km and 10km decreased
significantly in the girls only, boys demonstrateda trend towards decline for these
variables, however this was non significant. Daily steps taken were significantly
reducedover time in the boys only.

Vascularmeasures
Brachial artery FMD significantly decreased(P<0.001) in both groups. Modest but
significant increases in systolic and diastolic blood pressures were noted (P<0.01) over

time in the boys only (Table 6.1).

6.2.3 Relationships between change in FMD and other variables
Wholecohort
No significant relationships were evident between changein FMD and changein body
composition variables (BMI, fat mass, fat% and lean mass).A significant relationship
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was evident between FMD and PA8 (r=0.24, P=0.03); no other relationships were
observedbetweenPA measuresand FMD.

As PA8 was the only variable to significantly correlate with FMD, this was the sole
variable enteredinto the linear regression(R2=0.05,0=0.47,P=0.02).

Relationshipsby sex
Correlation analyses revealed no significant relationships between change in FMD and
body composition variables (BMI, fat mass, and lean mass) in boys, although fat%
approached significance (r=-0.27, P=0.07). A significant

relationship was evident

between change in FMD and change in PA8 (r=0.40, P=0.01), no other associations
Regression analysis revealed that PA8 significantly predicted FMD

were observed.

(R2=0.05,0=0.47, P=0.02). There were no significant relationships observed between
change in FMD and change in any of the PA or body composition variables for girls.

6.3 Discussion
This is the first study, to our knowledge, to assess seasonal variation in FMD, a
surrogate marker of endothelial function and vascular health, and relate these changes to
those in PA intensities and body composition.

Our principal finding was that seasonal

change existed in measures of vascular function, body composition and PA in children.
Measures collected at the end of autumn in Northern England demonstrated a significant
decrease in FMD and PA and an increase in body fat, compared to those collected in
summer. The decrease in FMD was related to change in PA8 (equivalent to -81%
V O2peak) but
not with
composition.

changes in other PA variables or measures of body

These data suggest that high intensity PA may be an important

determinant of vascular function and health.
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Previous studies suggest that seasonal variation in PA exists in adults and children
(Belanger et al. 2009; Matthews et al. 2001; Rowlands et al. 2009).

These studies

observed decreases in PA levels between summer and winter, in line with the findings
of the current study. Seasonal changes in adult PA levels have been associated with
negative changes in physiological variables such as blood pressure (Woodhouse et al.
1993) and metabolic and homeostatic coronary risk factors (Mavri et
al. 2001).

Our

data add to this previous literature in that we have observed
concomitant changes in PA
levels and vascular function in
a paediatric population. Furthermore, we have been able
to associate changes in vascular function to changes in daily time spent performing high
intensity PA.

Although this is the first study to associate seasonal variation in FMD to changes in PA,
evidence from the literature linking high intensity PA to vascular function is beginning
to emerge. Rakabowchuk et al. (Rakobowchuk et al. 2008) demonstrated that 6 weeks
of `all out' training involving Wingate tests (total exercise time across 6 weeks = approx
45 min), induced an improvement in popliteal endothelial function equal to that
achieved by completing 6 weeks of endurance training (total exercise time approx 1500
minutes). In addition, recent studies, albeit in adults, suggest that high intensity interval
training may be equally, or more effective, than continuous moderate or low intensity
exercise programs for improvement in endothelial function in subjects with established
CV disease (Munk et al. 2009; Wisloff

et al. 2007).

Mechanistically,

it has been

suggested that high intensity exercise may enhance endothelial function via
improvement in antioxidant capacity and reduction in oxidative stress. Alternatively,
higher intensity training may induce greater augmentation of eNOS gene expression
(Green et al. 2004a; Hambrecht et al. 2003). Interval training methods used in adult
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populationsare similar to children's PA patterns,which typically consist of short bouts
of high intensity PA interspersed with longer periods of low-to-moderate intensity
activity (Baquet et al. 2007). Thus it is possible that a decreasein high intensity PA, as
observed in the current study, could impact negatively upon FMD as the beneficial
changesin oxidative stress,antioxidant capacity and eNOS geneexpressionare lost.

No significant associations between change in FMD and body composition were
observed in the present study. Our data from chapter 5 and previous cross sectional
studies have demonstrated a negative relationship between fat mass and endothelial
function (Arcaro et al. 1999) whilst others have observed a reduction in body fat with
concomitant improvement in endothelial function in obese children as a result of an
exercise training intervention (Meyer et al. 2006). The current study demonstrated an
inverse relationship between change in FMD and change in fat mass in boys, which
approached statistical

significance(r=-0.27,

p=0.07).

The absence of

significant

relationships between change in body fatness and FMD in the present study may be due,
at least in part, to the fact that our cohort was not, on average, overweight or obese and
that changes in fatness were relatively modest.

Sub-group analysis by sex revealed that the group differences we observed were
predominately determined by the data collected in boys. Although FMD and high
intensity physical activity both declined in the girls, no significant relationship was
observedbetweenchangescoresin thesevariables, a finding which contrastedto that in
boys. It is unlikely that this disparity is related to variation in maturation and
developmentbetweenthe sexesas there was no significant difference betweenthe rates
of change in TPHV. Alternatively, it is possible that no relationship was observed
between change in FMD and change in high intensity PA in the girls as they did not
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amassenough daily high intensity or total PA to impact upon FMD. There is clearly a
dose-responserelationship between overall physical activity and CVD risk (Andersen
1995; Berlin and Colditz 1990; Whaley and Blair 1995), and in adults it has been
suggestedthat a high volume of exercise training/PA may be required to have a
beneficial effect on endothelial function in subjects who possessnormal endothelial
function a priori (Green et al. 2004a). In the current study the girls performed less high
intensity PA/day and

boys
in
both
less
PA
than
the
total
the summerand winter
min
-20

(Table 1). A previous cross sectional study by Pahkala et al. (Pahkala et al. 2008)
examinedthe impact of gender on the relationship between FMD and leisure time PA,
assessedby questionnaire.In concordancewith the current findings, they demonstrated
a significant relationship between FMD and PA in the boys but not the girls, and also
that PA was lower in girls than boys. A sub-groupanalysis carried out in a selection of
boys and girls who had the sameactivity level revealedno gender difference for FMD,
suggestingthat differences in PA levels, not gender per se, were responsible for the
differencesbetweenboys and girls. Our findings add substantiallyto those of Pahkalaet
al. (Pahkalaet al. 2008) in that we directly measuredphysical activity and the intensity
of physical activity, and also demonstratedthe relationship between changesin PA and
body composition and changesin vascular function. We suggestthat, like Pahkalaet
al.
(Pahkalaet al. 2008) the lack of relationship betweenchangesin FMD and PA observed
in girls was due to their lower PA level.

The findings of the current study are limited in their application to other populations
and can only be generalisedto populations of pre-pubertalchildren. Accounting for the
different stagesof maturity of children in the cohort is problematic. The use of Tanner
stages is the preferred method for describing pubertal development in children and
adolescents.Although we did not use Tanner stagesto record the physical maturity of
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the cohort, we controlled for differences in development via calculation of TPHV for
eachchild (Mirwald et al. 2002), a widely acknowledgedand acceptedapproach,which
was factored into our analyseswhere necessary.A final limitation worthy ofnote is that
our chosenmethod of PA measurementis capableof measuringPA during ambulatory
movementonly, thus total PA levels could have beenunderestimated.

6.4 Conclusion
We observed a seasonal decrease in conduit artery endothelial function and PA in both
boys and girls. The decrease in endothelial function was associated with a seasonal
reduction in time spent performing high intensity physical activity.

No relationships

were evident between change in FMD and body composition variables. Our findings
intensity
high
from
infer
that
We
boys.
these
in
results
were particularly apparent
can
physical activity

health
in
terms
vascular
outcomes.
modulating
of
plays a role

Assuming these findings can be replicated and extended, they suggest that future
intervention strategies targeting improving cardiovascular outcomes in children should
prioritise increasing high intensity PA, especially during the autumn/winter months
which are associated with lower levels of physical activity.
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Chapter 7

VASCULAR FUNCTION AND
SEDENTARY

BEHAVIOUR

Based on the article under consideration at the European Journal
Prevention and Rehabilitation
of Cardiovascular
Seeappendices for a copy of the submitted version
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7 Introduction

The term sedentarybehaviour (SB) encompassesa diverse range of behavioursthat are
considered"inactive". However, sedentarybehaviour is not synonymouswith inactivity
and researchersprefer to define SB as behaviours where sitting or lying are the
dominant posturesand energy expenditureis <1.5 METs (Pate et al. 2008). The recent
increasein prevalenceof sedentarybehaviour (SB) has resultedin the emergenceof this
variable as a novel CV risk factor, which has been independently associatedwith
cardiovascular disease mortality (Dunstan et al. 2010).

Recent paediatric studies suggest that sedentary behaviour may be associated with
cardiovascularand metabolic risk factors such as obesity (Rennie et al. 2005), systolic
and diastolic blood pressure, fasting glucose and insulin, and triacylglycerol
concentrations (Ekelund et al. 2007). In addition, it has been suggested that the
association between sedentary behaviour and CV risk may be independent of that
between physical activity and risk. However, no previous studies have assessedthe
relationship between sedentary behaviour and directly measured indices of arterial
function and health. The purpose of this study was, therefore, to investigate the
association between FMD and sedentary behaviour in a cross section of healthy
children. Furthermore, we collected repeatedmeasurementsto addressthe question of
whether changein sedentarybehaviour correlatedwith changein endothelial function.
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7.1 Methods
7.1.1Participants
Details of the study population are identical to those used in chapter 6, please see
section6.1.1 for more details. Ethics approval was obtained from the institutional ethics
committee. Written and verbal informed consentwas obtained from parents/guardians
and children prior to participation in the study.

7.1.2 Study Design
Subjects were required to attend a laboratory for assessment of conduit vessel function.
All subjects were studied at the same time of day to control for the impact of circadian
variation. Participants and their parents/guardians were informed that children must fast
on the morning of testing and avoid any strenuous PA for 24 hours prior to testing. All
measurements were taken in a quiet room. Sedentary behaviour was assessed over 7
days using accelerometry. Outcome measures were assessed in June and again in
November.

7.1.3 Assessment of conduit vessel function
Brachial artery internal diameter was measured using high resolution ultrasonography
(Acuson, Aspen, Siemens Corp, Malvern, Penn and Terason, t3000, Teratech,). Please

seesection3.2.1 and 3.2.2 for further details on FMD methodology.

7.1.4Assessment of sedentary behaviour

Sedentary behaviour was objectively measured using a hip-mounted uni-axial
accelerometer(GT1M model, Actigraph, Florida, USA) for seven consecutive days.
Pleaserefer to section 3.2.4 for further details.
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7.1.5 Statistical analysis
Statistical analyses were performed using SPSS 17.0 (SPSS) software. Results are
expressedas the mean±SD.

Data distribution was examined for normality using the Shapiro-Wilk test. Variables
that were not normally distributed were log transformed, where results remained below
the boundary of normality, which was set at 0.05, non parametric equivalent tests were
used. To assess whether outcome variables were affected by differences in gender and
maturational status, forward stepwise linear regressions were performed for the whole
cohort with age and TPHV

independent
variables. Where significant
entered as

relationships were observed, standardised residuals were used in place of the original
data for the subsequent analyses.

Baseline sex differences were examined using an independentt-test or a Mann Witney
test. Differences between tests in June and November were assessedusing a repeated
measuresGLM. Spearman'scorrelation analyseswere used to assessthe strength of
relationshipsbetween vascular outcomesand SB. Changescoreswere calculatedfor all
variables (test 2- test 1). Spearman'scorrelation analysiswas usedto assessthe strength
of relationshipsbetweenchangein FMD and SB variables.

7.2 Results

Of the original 145 children, FMD data was obtained for 129 participants at both time
points. A further 10 children did not meet inclusion criteria for SB measurementand 3
children were unable to attend the laboratory for post test measurements.Those subjects
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with incomplete data sets were removed from the analysis, leaving 116 children (46
male, 70 female) included in the study.

No differences existed between girls and boys in age, height, body mass, or years to
peak height velocity (Table 7.1). In addition, there were no sex differences for FMD,
SB or accelerometerwear time.

7.2.1 Relationship between FMD and SB
There: was no significant relationship between FMD and SB in the whole cohort,
furthermore no relationships were observed between these variables in either sub-group
(Table 7.2, Figure 7.1). As no significant correlations were observed, regression
analysis was not performed.

7.2.2 Time effects on variables
Height and body mass increased significantly over time. Whilst there was no difference
in accelerometer wear time (714.7 + 70.9 to 703.1 + 68.4 min), SB significantly
increased (499.2 + 103.5 to 559.9 ± 81.6 min). Brachial artery FMD was significantly
reduced (10.0 + 4.3 to 7.9+ 3.9) within the whole cohort, and in both boys and girls
(Table 7.1).

However, no significant relationships were evident between change in

FMD and change SB for the whole cohort or the sex sub-groups (Table 7.2, Figure 7.2).
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7.3 Discussion
This is the first study, to our knowledge, to assess the
relationship between FMD, a
surrogate marker of endothelial function and vascular health, and: sedentary behaviour.
Furthermore, we examined seasonal variation in SB and related these changes to those
in FMD. Our principal findings were that there was no significant relationship
observed
between basal FMD and SB and, although sedentary behaviour increased
and FMD
decreased between summer and autumn, changes in these variables were
unrelated.
There were no significant differences between the sex-sub groups. These data suggest
that endothelial function is not related to changes in sedentary behaviour in this cohort.

Sedentary behaviour has recently become the focus of numerous epidemiological
studies examining determinants of CV risk factors in children (Ekelund et al. 2007;
Ekelund et al. 2006). Technological advanceshave resulted in an increase in screenbased media time, such as television viewing and computer games, and this has led
researchers to suggest that the increase in sedentary behaviour observed in recent years
may displace time spent engaging in physical activity

(Marshall

et al. 2004).

Furthermore, excess time spent engaging in sedentary behaviours has been implicated
as one of the determinants of childhood obesity (Dietz and Gortmaker 1993; Gortmaker
et al. 1996). Although there is little evidence relating sedentary time to other markers of
CV risk, Ekelund et al. (Ekelund et al. 2006) were able to demonstrate that time spent
watching television was significantly associated with both adiposity and fasting insulin
levels. The same investigators have also observed weak associations between total
sedentary behaviour, systolic and diastolic blood pressure and clustered metabolic risk
in children (Ekelund
et al. 2007). Despite this evidence that SB may contribute to
negative CV risk profiles, the results from the current study imply that endothelial
function, a harbinger
of atherogenic development, is independent of SB.
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Someinvestigatorshave suggestedthat sedentarybehaviour is associatedwith increased
CV risk and that this relationship is independentof the associationbetweenPA and CV
risk. This implies some unique impact of sedentarybehaviour separatefrom PA. The
evidence for this is epidemiological and no previous study has measured vascular
function or health, or changesin vascularfunction or health, and related theseto SB. In
the present study, we observedno relationships between SB and vascular function. In
contrast, we have reported data from this cohort of children pertaining to the impact of
PA levels on FMD (chapters 5 and 6). These findings indicate that high intensity
physical activity, and changes in high intensity physical activity, are significantly
correlated with endothelial function. These data, utilising direct and objective measures
of SB, PA and vascular health, suggest that vigorous PA level may be a more important
variable to modulate with regard to the improvement of endothelial and vascular health
in young people.

The current investigation presents some evidence to suggest a role of seasonality in
sedentarybehaviour of children. Merril et al. (Merrill et al. 2005) have suggestedthat
weather conditions can strongly promote or deter physical activity behaviours, and there
is evidence to suggest that seasonal variation in PA exists in adults and children
(Belanger et al. 2009; Matthews et al. 2001; Rowlands et al. 2009). Seasonal changes in
PA levels have been associated with negative changes in physiological variables such as
blood pressure (Woodhouse et al. 1993) and metabolic and homeostatic coronary risk
factors (Mavri et al. 2001). As stated above, we have previously reported that the
seasonal decline in vigorous physical activity time was a significant predictor of the
seasonal decrease in FMD in children (chapter 6). However, the findings of the present
study suggest that the decrease in FMD is not associated with the increase in sedentary
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behaviourobservedbetween summer and autumn. Taken togetherour data suggestthat,
providing sedentarybehaviour does not displace vigorous physical activity, sedentary
behaviour reduction per se should not be the principal target of interventions aimed at
improving vascular health in children. Both exercisetraining (Watts et al. 2004a; Watts
et al. 2005) and physical activity levels (Pahkala et al. 2008) are known to modulate
endothelial and vascular health in children, we submit that interventions should
primarily aim to increasephysical activity or exercise.

The findings of the current study are limited in their application to other populations
and can only be generalised to populations of pre-pubertal children. As with chapters 5
and 6 the impact of maturity is difficult

to rule out, we have however attempted to

control for developmental differences where possible. Although accelerometry provides
an objective measure of physical activity and sedentary behaviour, it does not allow
discrimination between different types of sedentary behaviour, for example time spent
engaged in screen based media, which may be related to markers of vascular health.
Nonetheless, the strength of our study lies in the repeated collection of direct, objective,
physiological and behavioural measurements.

7.4 Conclusion

There was no associationbetweenFMD and sedentarybehaviourobservedin our cohort
of children, and the seasonal decrease in conduit artery endothelial function we
observedwas not associatedwith the increasein sedentarybehaviour. Taken together
with our findings from chapters5 and 6, and assumingthese findings can be replicated
and extended, they suggest that reduction in sedentary behaviour should not be the
primary target of future intervention strategies aimed at improving cardiovascular
outcomesin children.
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of depressedVF

Chapter 6

Outcome

Rationale-

"

No study has assessed whether seasonal
variation exists in FMD.

Aim-Explore

the relationships between seasonal AFMD
and A PA and body composition.

E>

FMD and PA significantly decreasedbetween

summer and late autumn.

Change in high intensity PA was the only
significant predictor of AFMD

"

Chapter 7

Outcome

Rationale

0

FMD is not associated with SB

"

Seasonal decline in FMD is not related to the
increase in SR

behaviour,
increase
in
an
sedentary
-Despite
no evidence links SB with VF.

Aim - Investigatethe associationsbetweenFMD and SB,
and AFMD and ASB.

Chanter 8

Outcome

Rationale

"

-No study has examinedheritability of VF in

children
Aim - Explore the genetic contribution to FMD using
mono- and di- zygotic twins.

>
1:

FMD is under moderate genetic control,

heritability was estimatedat 0.44
"

Fat and V01,;, k are highly genetically determined
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Chapter 8

HEREDITY

OF VASCULAR FUNCTION,

PHYSICAL ACTIVITY,

FITNESS AND

BODY COMPOSITION

Based on the article entitled
"Heritability of arterial function, fitness and physical activity in youth:
A study of mono- and di-zygotic twins. " under consideration at the
Journal of Paediatrics, and the article "Impact of exercise training on
body composition in youth: A study of mono- and di-zygotic twins"
under consideration at the Journal of Applied Physiology.
(Please see appendices for copies of the submitted articles)
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8 Introduction
It is clear from previous research that cardiovascular disease
risk is largely influenced
by modifiable risk factors,
such as those examined in chapters 5-7 of this thesis (Berlin
and Colditz 1990; Francis 1996; Katzmarzyk et al. 2009; Khan et al. 2003; Lee et al.
1999; Whaley and Blair 1995). However, the relative contribution of genetics to CVD
risk and mortality is an area which has received comparatively less attention. Studies
indicate that the genetic heritability
of CHD mortality is moderate and suggest a clear
role for some genetic stimuli for the development of CVD (Zdravkovic et al. 2002).

Despite the clinical relevance and potential prognostic value of the FMD assessment,
no
previous study to our knowledge has addressed the question of genetic heritability of
this measure in a paediatric population.

Studies of monozygotic (MZ) and dizygotic

(DZ) twins offer a method of examining genetic and environmental sources of variance
in quantitative traits.

In the present study we used a twin design to investigate the

relative contribution of genetics and environment on FMD.

We also assessedfitness,

body composition
in
both
levels
twin subsets.
and physical activity

8.1 Methods
8.1.1 Participants
A cross section of 22 cohabiting twin pairs (11 monozygotic, 2a', 99,13.3 ± 1.6 yrs and
11 di-zygotic, 5(3,6?,

13.6 ± 1.6 yrs) were recruited from the community. Zygosity

was determined using

a previously

validated

questionnaire

(Goldsmith

1991).

Participants were healthy, normotensive and not suffering from cardiovascular
or
metabolic conditions.

None were taking any vasoactive medications, nor were they

smokers. Ethics approval was obtained from Liverpool John Moores University Ethics
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Committee. Informed parental consent and child assent were obtained prior to
participation in the study.

8.1.2 Experimental design and procedures
Subjects were required to attend the laboratory on one occasion for assessmentof
V02pea
body
function,
conduit artery
test (in that
composition and a
assessment of
order). All subjects were studied at the same time of day in a quiet temperature
controlled room. Subjects were informed they must fast for 4 hours and avoid strenuous
physical activity for 24 hours prior to testing. Physical activity and sedentary behaviour
were measured over 7 days using uniaxial accelerometry. Please refer to section 3.2 for
detail on methodologies.

8.1.3 Statistical Analysis
Statistical analyseswere performed using SPSS 17.0 (SPSS) and STATA 11 software.
All data are reported as group means± SD, statistical significance was assumedat P<
0.05. The assumptionsof normality and equal variance were tested a priori. Data in
violation of normality underwent log transformation. Between group differences were
assessedusing independent samples t-test using either raw or log transformed data
where appropriate.To assesswhether outcomevariables were affected by differencesin
genderand maturational status,forward stepwiselinear regressionswere performed for
the whole cohort with age, age2, gender, gender*age2, and TPHV entered as
independent variables. Where significant relationships were observed, standardized
residuals were then used in place of the original data for the subsequentanalyses.
Intraclasscorrelation coefficients (r) were usedto comparethe variability betweentwin
pairs in the MZ and DZ groups. A heritability estimate (h) was calculated for FMD
using the equation: h2= 2(rMZ-rDZ).
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8.2 Results

The groups were similar across all measuredvariables including general demographic
data, cardiorespiratory fitness level, vascular function and PA levels (Table 8.1). All
physical activity variables violated the assumptionsof normality and were therefore log
transformed. Standardizedresidualswere calculated for VO2peak
and total PA and were
usedin subsequentanalysis.

8.2.1 Intraclass Correlations
The intraclass correlation coefficients for raw data, and also sex and maturity adjusted
data, are shown in Table 8.2. As MZ twins are genetically identical and DZ twins share,
on average, 50% of their genes, the ICC coefficient

between MZ twins should

theoretically be 1 and the correlation between DZ twins 0.5 (half of the MZ value) if
genetic factors are solely responsible for variation in a certain phenotype (Maia et al.
2002). If correlation coefficients remain in the same ratio (2: 1), but are lower than these
values, then both genes and also non-shared environmental factors are responsible for
the variance. If the 2: 1 ratio is not evident, then genes, non-shared environmental factors
and shared environmental factors may all be contributing to the variation.

Fitness andphysical activity
V O2peak
but
DZ
in
MZ
the
twins (table 8.2),
the
not
group
was significantly related
Heritability was estimatedat 0.8.
Sedentary time and total PA were highly correlated in the MZ twins and showed a
moderate correlation between DZ twins. Significant relationships were observed in both
the MZ and DZ groups for time spent performing light physical activity. Time spent
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performing moderate and vigorous PA were significantly correlated in the MZ twins
only.
Table 8.1 Descriptive characteristicsfor MZ and DZ twins
MZ
DZ
n=11 pairs
Age

P value

n=11

13.3 f 1.6

13.6f 1.6

0.65

0.56
t
-1.03

1.33
t
-0.94

0.79

55.25 ± 13.82

57.39± 13.56

0.61

Stature (m)

1.60f 0.11

1.62-+0.10

0.41

BMI (kg. m2)

22.1 f 3.8

21.9 ± 3.5

0.90

%FM

25.0 f 8.2

26.6± 9.0

0.54

%AbFM

20.617.8

21.7 ± 9.4

0.66

%LM

71.3 ± 8.9

72.3 ±7.4

0.70

VO2peak
(ml. kg. min-1)

21 ±4

22 ±4

0.83

Sedentary time (min)

567.03 + 76.76

572.95 + 51.92

0.77

Light PA (min)

153.88± 38.64

179.55+48.06

0.06

Moderate PA (min)

23.51 + 13.65

20.76 ± 10.06

0.50

Vigorous PA (min)

0.97+1.32

2.78+5.07

0.12

179.99+ 41.75

206.32 + 47.34

0.08

SBP (mmHg)

109±9

115:L 15

0.10

DBP (mmHg)

63 ±6

TPHV (years)
Mass (kg)

Total PA (min)

Flow mediated dilation (%)

7.07 ± 3.08

65 f4
6.17 f 3.07

0.13
0.34

Body composition
Body mass index was strongly correlated in the MZ group and showed a moderate
correlation that approached significance (P=0.07) in the DZ twins. The ratio of
correlation coefficients for BMI was close to 2Mz: lDz, suggesting a strong genetic
contribution. Percentagebody fat, %AbFM and %LM were significantly related in the
MZ group, whereasno suchrelationshipswere evident in the DZ group.

114

Vascularoutcomes
FMD was significantly correlated within the MZ twins, but not in the DZ twins (Table
8:2). The relationship for FMD in each pair of MZ and DZ twins is shown in a scatter
plot (Figure 8.1). The heritabilty estimatedfor FMD was 0.44.

Table 8.2. Intraclass correlation coefficients
MZ

DZ

n=11 pairs

n=11 pairs

{r

P

rP

Mass

0.88

<0.01

0.31

0.23

Height

0.94

<0.01

0.65

0.04

BMI

0.83

<0.01

0.45

0.07

%FM

0.90

<0.01

0.22

0.24

%AbFM

0.89

<0.01

0.23

0.23

%LM

0.93

<0.01

0.39

0.10

V02 (ml. kg. min"1)

0.84

<0.01

0.44

0.07

Adjusted* V02 (ml. kg.min I)

0.72

<0.01

0.32

0.14

Sedentary time (min)

0.86

<0.01

0.49

0.05

Light PA (min)

0.80

<0.01

0.63

0.02

Moderate PA (min)

0.78

<0.01

0.18

0.29

Vigorous PA (min)

0.55

0.03

0.51

0.06

Total PA (min)

0.77

<0.01

0.58

0.02

Adjusted Total PA (min)

0.68

<0.01

0.60

0.02

Flow mediated dilation (%)

0.60

0.02

0.38

0.10

*Values are adjustedfor sex and/ageand/maturation
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Figure 8.1. Relationship betweenFMD in eachpair of MZ and DZ twins
8.3 Discussion
This is the first study, to our knowledge, to assess vascular function, cardiorespiratory
fitness and physical activity in MZ and DZ twins. The principle finding in this study of
22 twin pairs was that FMD, a surrogate marker of endothelial function and vascular
health, was more strongly correlated within MZ twins than DZ twins. This novel data
suggests that, although genetics play some role in the determination of endothelial
function during adolescence, environmental factors may exert a larger influence.
Secondary findings were that measures of fitness, body composition and sedentary
behaviour also appeared to be under substantial genetic control, whereas light and
vigorous PA were more influenced by environmental factors.

The heritability estimate calculated for FMD in the current study suggeststhat around
40% of the variance in FMD was accounted for by genetics, leaving -60% of the
variance attributable to environmentalfactors. Our estimateof heritability is in line with
those reported for numerous biological parameterssuch as blood pressure(Hong et al.
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those reported for numerous biological parameterssuch as blood pressure(Hong et al.
1994) and IMT (Duggirala et al. 1996). Although this is the first study to investigate
FMD heritability in a paediatric population, previous studies examining the heritability
of FMD in adults have yielded estimatesranging from 0.14-0.39 (Benjamin et al. 2004;
Jartti et al. 2002).

One possible reason for the variability in previous estimates of the FMD heritability
relates to measurement techniques.

FMD assessment is technically demanding and

requires specialised training and careful analysis. Despite recent attempts to standardize
the technique (Corretti et al. 2002), assessmentprotocols vary substantially and this can
impact upon the derived results (Atkinson et al. 2009; Black et al. 2008). Lower
measurement precision will produce an inflated environmental component, in turn
yielding a lower heritability estimate. In the present study, we adopted state-of-the-art
technical approaches and analysis methodology, which we have extensively validated.
(Thijssen et al. 2009; Woodman et al. 2001).

We are therefore confident that the

measurementerror within the current study was minimised and that our results are
valid.

The principal implication

of our finding pertaining to FMD is that, although some

genetic contribution to the FMD response is apparent, endothelial function can be
modified by environmental factors. Many previous studies in the paediatric literature
have demonstrated that factors such as cigarette smoking (Celermajer et al. 1992), lipid
levels (Engler et al. 2003), diet (Woo et al. 2004), body fatness (Arcaro et al. 1999),
cardiorespiratory fitness (Meyer et al. 2006) and PA levels (Abbott et al. 2002) can
modify FMD.

Furthermore, impaired FMD is known to be responsive to exercise

training or increases in PA (Watts et al. 2004a; Watts et al. 2004b). Taken together with
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the findings of the presentstudy, these data illustrate that although genesmay influence
FMD, risk factor modification strongly impacts upon endothelial function.

We found that mass, height, BMI, and measures of percentage body fat and lean mass
were strongly correlated in the MZ twins. In DZ twins variables were less strongly and
not significantly correlated. In line with previous findings, these data infer that there is a
large genetic influence in the determination of body composition variables (Keller et al.
2003). Although data examining genetic contribution to body composition is scant in
paediatric populations, numerous studies have examined ;heredity of BMI in older
populations. In agreement with our findings, these studies have typically reported a
strong genetic component in its variance (Allison et al. 1994; Bodurtha et al. 1990).
Furthermore, Faith et al. (Faith et al. 1999) using bioelectrical impedance, showed
higher MZ correlation coefficients for % fat, similar to those in the current study.

However, this method of body composition analysisis not generally consideredto be as
robust as DXA assessment(Curtin et al. 1997; Morabia et al. 1999). The few studies
that have used DXA to measure the intra pair relationships in adult twins have
demonstrated stronger r values for MZ twins than DZs (Malis et al. 2005; Nguyen et al.
1998). Both studies concluded that fat and lean mass are under strong genetic
regulation. Our data lend support to the notion of a genetic dominance effect acting on
measures of body composition in young people.

We have reportedVO2peak
intraclasscorrelationsthat suggestcardiorespiratoryfitness is
highly genetically determined. Our findings are comparable to those previously
observed in the literature. In a study conducted to examine the heritability of the
VO2max
to
adaptationof maximal aerobic power to exercisetraining, the sensitivity of
exercise training was under considerable genetic control (MZr= 0.74, P<0.01)
118

(Prüd'homme et al. 1984). It is possible that the relatively high heritability of fitness
measures is a reflection of the genetic contribution to somatic factors such as enzyme
concentrations, which contribute to functional capacity. However, another possibility is
that exposure to the behavioural stimulus which increases fitness, physical activity, may
be genetically determined.

However, previous studies pertaining to the genetic

determination of physical activity levels reveal mixed results, with estimates that
between

be
by
levels
in
PA
total
the
explained
genetic
can
variance
-30 and -80% of

factors (Eriksson et al. 2006; Joosen et al. 2005; Maia et al. 2002). Methodological
'.
differences in PA measurement may explain some of this disparity. For example,
subjective assessment of PA levels via questionnaire have significant limitations. In the
present study, we used objective measures of PA which were individually

calibrated

against maximal treadmill exercise tests. Furthermore, ours is the first study to assess
different PA intensities in twin subsets. Our findings indicate that PA outcomes such as
moderate PA and sedentary behaviour possessed intraclass correlations in monozygotic
twins which were higher than those observed in dizygotic twins.

This suggests some

behaviour,
and
sedentary
which may
genetic contribution to paediatric physical activity
in turn contribute to the high heritability
modifiable physical capacities such as

previously

reported in behaviourally

VO2max.

Our findings can only be generalised to paediatric populations. The cohort was
comprised of subjectswho varied in biological maturation and included samesex twin
pairs of both genders.It is therefore possible that maturation and sex differences may
have confounded the results, although we attempted to control for these variables by
reporting sex and maturity adjusted results where necessary.In keeping with previous
recommendationsregarding the use of complex modelling analysesin relatively small
twins studies (Christian et al. 1995), we specifically avoided the use of unsuitable
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statistical modelling procedureswhich may give misleading results in such a relatively
small cohort. In small samplessuch as those in the present study, the most transparent
and appropriate approach is to present the intraclass correlations for each twin subset,
without attempting to partition out the relative contributions of the unique and common
environments to the variation in each. Nonethelesswe were able to calculate a crude
heritability estimate of the genetic contribution to FMD and we collected a range of
complex and valid physiological measures which have not previously been assessed
using twin pair cohorts.

We therefore present our findings as exploratory, with the

intention of generating hypotheses which drive future investigations of vascular
function, fitness and physical activity behaviours in young people.

8.4 Conclusion
We observed that FMD was more strongly correlated in MZ than DZ twins, suggesting
some genetic contribution

to endothelial function in young people. However, the

factors
that
play
environmental
suggests
relative strength of each twin subset correlation
is
function.
FMD
therefore modifiable
in
determining
a predominant role
endothelial
is
In
CV
decrease
factors
lifestyle
agreement
to
recommended.
risk
and an emphasis on
body
that
findings,
composition variables and
with previous
the current study suggests
VO2peakwere largely genetically determined. We found conflicting

results for PA

intensity
be
PA
to
behaviour
both
seem
moderate
and
variables, whilst
sedentary
PA
light,
factors,
influenced
by
very
vigorous
are more
and
vigorous
primarily
genetic
heavily influenced by environmental factors. These data may suggest that physical
integrate
into
interventions
desirable
to
be
and
activity may
modify
variable
a more
aimed at improving endothelial function in adolescents.
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Study aims and outcomes
Chanter 4

Outcome

Rationale - Cardiac literature implies scaling vascular
outcomesmay be necessary

"

Possibleneedto scaleartery diameterfor lean
massvariables

Aim - Addressthe issueof scaling vascularoutcomes
for body composition variables

"

Scaling artery function is not necessary.

Chapter

Outcomes

Rationale -Few studiesexplore determinantsof
vascularhealth in children

"

Weak associations between VF, measures of PA
and fat and VO2 .

Aim -Assess relative impact of modifiable risk factors
on VF

"

High intensity PA was the only significant
predictor of depressedVF

Chanter 6

Outcomes

Rationale - No study has assessedwhether seasonal
variation exists in FMD.

"

FMD and PA significantly decreasedbetween
summer and late autumn.

"

Changein high intensity PA was the only
significant predictor of OFMD

Aim -Explore the relationshipsbetweenseasonal
AFMD and A PA and body composition.

1-*

Chapter 7

Outcome

Rationale -Despite an increasein sedentarybehaviour,
no evidencelinks SB with VF.

"

FMD is not associatedwith SB

"

Seasonaldecline in FMD is not related to the
increasein SB

Aim - Investigatethe associationsbetweenFMD and
SB, and AFMD and ASB.

1-*

Chanter 8

Outcome

Rationale-No study has examinedheritability in
children

"

FMD is under moderategeneticcontrol,
heritability was estimatedat 0.44

"

Fat and VOzg are highly genetically
determined

Aim - Explore the genetic contribution to FMD using
mono- and di- zygotic twins.

1-*

Chanter 9

Outcome

Rationale - Heredity of exerciseinduced changein
FMD is yet to be determined

"

Changein FMD, fat and V02
are under a
large amount of geneticcontrol,

Alm - Determinethe heritability of exerciseinduced
changein FMD, body composition and fitness

"

Heritability of FMD was estimatedat 0.79
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Chapter 9

HEREDITY
CHANGES

OF EXERCISE INDUCED
IN VASCULAR

FUNCTION,

FITNESS AND BODY COMPOSITION

Based on the article "Impact of exercise training on body composition
in youth: A study of mono- and di-zygotic twins" under consideration
at the Journal of Applied Physiology, and the article "Impact of
exercise training on endothelial function, and fitness in young people:
A study of mono- and di-zygotic twins" under consideration at
Arteriosclerosis, Thrombosis and Vascular Biology.
(Please see appendices for copies of the submitted articles)
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9 Introduction

Acute releaseof NO in the vascular endothelium causesvasodilatation in an attempt to
normalise shear during periods of increased flow induced by exercise, for example
(Hutcheson and Griffith

1991). This has led to the investigation of the possible

upregulation of the NO dilator system through repeated bouts of exercise, such studies
have demonstrated an augmentation of NO mediated endothelial function in adults
(Clarkson et al. 1999) and children (Meyer et al. 2006; Watts et al. 2004a; Watts et al.
2004b; Woo et al. 2004) in response to exercise training.

Although it is clear that exercise training is capable of modulating endothelial function,
little is known about the role of genetics in the adaptive response of FMD to exercise
training. Studies of monozygotic (MZ) and dizygotic (DZ) twins offer a method of
examining genetic and environmental

in
of
variance
quantitative
sources

traits.

Although a small number of studies have utilized this methodology to assessthe genetic
contribution to FMD response (Benjamin et al. 2004; Jartti et al. 2002), to our
knowledge none have examined changes in FMD in response to exercise training. The
purpose of the present study was therefore to assessconduit artery endothelial function
in mono and di-zygotic twin pairs before and after an eight week exercise training
program. We also assessedchange in fitness and body composition in both twin subsets.
We hypothesised that changes in all variables in response to exercise training would be
highly correlated in monozygotic twins, and modestly related in di-zygotic twins,
indicating a high degree of heritability.

123

9.1 Methods
9.1.1 Participants
Twelve cohabiting twin pairs, 6 monozygotic (id', 5'?, 13.5±0.8yrs), 6 di-zygotic (2c3,
4?, 13.4±0.8yrs) were recruited from the community. Zygosity was determinedusing a
previously

validated

questionnaire. (Goldsmith

1991) Participants

healthy,
were

normotensive and not suffering from known cardiovascular or metabolic conditions.
None were taking any vasoactive medications, nor were they smokers. Ethics approval
was obtained from the institutional ethics committee. Informed parental consent and
child assent were obtained prior to participation in the study.

9.1.2 Experimental

design and procedures

At baselineand following eight weeks of exercisetraining conduit artery function, body
composition and a cardiorespiratory fitness (in that order) were assessed.For detailed
methodologiesplease refer to section 3.2. From the DXA output percentagebody fat
mass(%FM), percentageabdominal fat mass(%AbFM) and percentagebody lean mass
(%LM) were reported as preferred outcomemeasuresfor intra pair comparisons.

9.1.3 Exercise training
The eight week intervention consistedof three 45 minute gym basedsessionsper week,
involving a combination of cycling, running and cross training (figure 9.1). All twins
received identical training stimuli. During week one all twins exercised at 65% HR
max, this was increasedto 70% for the following 2 weeks, 80% HR max for weeks 4
and 5 and 85% HR max for the final 3 weeks. Training was continually supervisedand
monitored. Participants wore a HR monitor (Polar, Kempele, Finland) during all
sessions.The gym equipment used monitors and interacts with individual exercising
HR, and will adjust the speed/resistance
in order to maintain target HR training zones.
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Figure 9.1 Twins undertaking the exercise training intervention

9.1.4 Statistical Analysis
Statistical analyses were performed using SPSS 17.0 (SPSS) software.

All data are

reported as group means ± SD, statistical significance was assumed at P<0.05.

Data

distribution was initially examined for normality using the Shapiro-Wilk test.

A mixed design GLM was used to assess group differences following

the exercise

intervention. Raw data change scores were calculated for all variables (test 2-test I).
Intraclass correlation coefficients (ICCs) were used to evaluate the strength of intra-twin
change score relationships. A heritability estimate (h2) was calculated for AFMD using
the equation: h2= 2(rMZ-rDZ).

125

9.2 Results
All data were normally distributed. The groupswere similar acrossall demographicand
body composition variables at baseline(table 9.1).

The mean compliance to the exercise training intervention was 94%. There was a
significant main effect of time for increase in mass, height, maturation, %FM and
%AbFM (P<0.01). A significant main effect of time for baseline diameter was observed
(P=0.04). The main time effect for FMD was P=0.055, although FMD improved in both
subgroups, neither change achieved statistical significance.

There were no other

significant changes observed between groups for pre and post test (table 9.1).

9.2.1 Intraclass Correlations
The intraclass correlation coefficients for change scores in MZ and DZ are shown in
table 9.2. Change in FMD was significantly correlated in the MZ twins, but not in the
DZ twins. The relationship for AFMD in each pair of MZ and DZ twins is shown in a
scatter plot (Figure 9.2). Heritability of change in FMD was estimated at 0.79.

in
in
both
The intrapair relationships for 0 V02peak
Change
non
significant
groups.
were
body massindex was highly correlatedin the MZ group as was %FM. The relationships
between%LM approachedstatistical significance in the MZ twins. There were no
significant relationships observed between any body composition variables within the
DZ cohort
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Table 9.2. Intraclasscorrelation coefficients performed on changescoresfor eachtwin
subset
MZEx

DZEx

n=6 pairs

n=6 pairs

rPrP

AMass

0.89

<0.01*

-0.04

0.52

AHeight

0.39

0.17

0.32

0.22

ABMI

0.81

<0.01*

0.57

0.08

A%FM

0.63

0.05

0.31

0.23

A%AbFM

0.30

0.24

0.08

0.42

A%LM

0.52

0.10

0.34

0.21

AVO2 (ml. kg. miri 1)

0.43

0.17

0.21

0.34

AFlow mediated dilation (%)

0.74

0.02*

0.34

0.21

-0.59

0.91

0.10

0.40

Baseline diameter (mm)

12
Twin 2
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fMZ
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Figure 9.2 Relationship betweenchangein FMD in MZ and DZ twins
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9.3 Discussion

The aim of the current study was to assessthe within pair relationship for exercise
induced changesin flow mediated dilation in mono- and dyzygotic twins. Few studies
have used a twin design to examine the genetic contribution to FMD, and to our
knowledgethis is the first study to assesschangesin endothelial function in responseto
exercisetraining. Our rationale for studying changeswith training relatesto the fact that
baselinedifferences between twin pairs reflect variability betweensubjects,whereasan
analysis of changes within subjects may reveal important new insights into the
heritability of training responses. Our principal finding was that OFMD is more
strongly correlated within MZ twins than DZ twins.

This novel data suggests that,

although environmental factors contribute to OFMD, the degree of improvement in
endothelial function

following

be
highly
to
training
appears
exercise

genetically

determined. Regarding the impact of exercise training on changes in VO2peak,we found
that, although the ratio of r values implies a genetic dominance effect, correlations were
modest and non-significant
environmental influence.

for both subsets which

also suggests considerable

Furthermore we were able to demonstrate that exercise

induced OBMI and A%FM were highly correlated in MZ twins, whilst \BMI

was

modestly correlated in the DZ twins. These data infer a large genetic component to
change in BMI and %FM.
.

This is the first study, to our knowledge, to addressthe question of genetic heritability
of changesin endothelial function with exercisetraining. Changein FMD in our young
cohort appearsto be largely genotype dependent,with a heritability estimate of 0.79.
Studies examining the heritability of FMD in cross sectional analysesof adults have
yielded estimatesranging from 0.14-0.39 (Benjamin et al. 2004; Jartti et al. 2002), and
our data from chapter 8 suggeststhat the heritability for a one-off FMD measurement
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was 0.44 in young people. The variability in previous estimates of FMD heritability
basedon cross sectional assessmentscould relate to issues with measurement. FMD
assessmentis technically demanding and requires specialised training and careful
analysis. Despite recent attempts to standardizethe technique (Corretti et al. 2002),
assessmentprotocols vary substantially and this can impact upon the derived results
(Atkinson et al. 2009; Black et al. 2008). As discussedin chapter 8, lower measurement
precision will result in an inflated environmental component, in turn yielding a lower
heritability estimate.

In the present study, we adopted state-of-the-art technical

approachesand analysis methodology, which we have extensively validated (Thijssen et
al. 2009; Woodman et al. 2001). Furthermore, by undertaking a follow up FMD, the
measurement imprecision associated with taking a one-off measurement is reduced,

thereforegiving a more accurateindication of FMD.

Our heritability estimate implies that -20% of the variance in L\FMD is a result of
environmental factors. Previous paediatric studies have demonstratedthat factors such
as cigarette smoking (Celermajer et al. 1992), lipid levels (Engler et al. 2003), diet
(Woo et al. 2004), body fatness(Arcaro et al. 1999), cardiorespiratoryfitness (Meyer et
al. 2006) and PA levels (Abbott et al. 2002) all modulate FMD. Furthermore exercise
training, physical activity and macronutrient intake are known to modify endothelial
function in children (Watts et al. 2004a; Watts et al. 2004b; Woo et al. 2004). Taken
together with the current findings, these data suggest that, despite a large genetic
dominance, LFMD in response to exercise training is affected to some extent by
changesin risk factors, including exercise.

Prud'Homme et al. (Prud'homme et al. 1984) previously sought to examine the
contribution of genesto exercise induced change in maximal aerobic power in adults.
130

Following a 20 week endurance training programme the investigators observed a large

VO2max
in
in monozygotic twins (MZr=0.74). The authors concluded
the A
similarity
that the sensitivity of maximal aerobic power to exercisetraining was largely genotypedependent,although dizygotic twins were not studied and compared to monozygotic
findings. In concurrencewith Prud'Homme et al., (Prud'homme et al. 1984) we were
able to demonstratea high intraclass correlation coefficient for MZ twins (r=0.84) in
in the current study suggestthat the
chapter8. However, the MZr reported for OVO2peak
VO2peak
response to training may be more variable than previously reported. This
discrepancymay be indicative of the different age or maturational status between the
cohorts. Little is known about how the genotypic expressionof physiological variables
tracks from childhood into adulthood, and given that the heredity of numerous
personality traits can vary longitudinally (McGue et al. 1993; Viken et at. 1994), it is
reasonableto suggestthat the expressionof genesthat govern Ophysiological variables,
developmental
Furthermore,
during
differ
the
such as VO2peak,
stages.
specific
may
different duration of exercise training undertakenin each study (8 Vs 20 weeks) may
also contribute to the variation between MZr values. Similarity within twin pairs for
detected
in
half
induced
the
second
exercised
responseof enzymeactivities were mainly
of a 15 week training programme(Hamel et al. 1986). It is possible that the time course
by
Hamel
(Hamel
is
to
that
of the intra-pair VO2peak
observed
et
al.
et
adaptation similar
al. 1986), implying that the within pair change over the first 7 weeks of exercise is
relatively heterogeneouscomparedto the responseafter this. Nonetheless,our findings
for VO2peak
influenced
in
this
that
environmentally
more
are
parameter
suggest
changes
than changesin FMD.

In the current study a significant relationship was observedfor 0%FM for the MZ twins
only, suggestingthat the exercise training induced reduction in %FM may be largely
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determined by genes. Although, the correlation for 0%FM in MZ twins of 0.6 also
infers some environmental contribution was present. Thesefindings imply that, whilst
exercisetraining is an effective behaviouralstrategyfor body composition management,
one challengein treating and preventing paediatric obesity may be overcoming a genetic
balance.
Although
in
stronger
that
energy
predisposition
actively resists perturbations
DZs,
in
theserelationships
MZ
to
for
twins
0%LM
compared
correlations were evident
between
However
the
high
ratio
were not
and failed to reach statistical significance.
MZr and DZr would suggestthat geneshave a more modestrole in the determinationof
that
imply
data
ALM than is evident for OFM. Taken together these
whilst i%FM

is

strongly genetically determined and therefore possibly resistant to exercise-induced
change, 0%LM

to
be
environmental stimuli such as exercise
amenable
more
may

improved
is
in
LM
to
improvement
finding,
an
is
related
training. This
as
an important
Shaibi
2002;
(Dunstan
et
al.
disposal
al.
et
control
glucose
glycaemic
and enhanced
2006).

The results from the current study can only be generalisedto paediatric populations
biological
in
maturity.
age
and
Furthermore,
the
varied
cohort
similar to those studied.
It is common practice in the literature to remove the influence of possible confounders
however
in
for
by
we
these
analyses,
variables statistical
such as maturation, accounting
did not perform this analysis due to limited subject numbers. In accordance with
previous recommendations,we have also avoided complex statistical modelling that can
(Christian
et al.
the
a
phenotype.
of
partition
genetic and environmental components
1995)Future studiesin larger twin cohort could conceivably addresssuch issues.
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9.4 Conclusion
We observed that exercised induced changes in FMD and %FM were more highly
correlated in MZ than DZ twins, suggesting a strong genetic component to exercise
induced change in endothelial function, whilst changesin VO2peak
and %LM appearsto
be under more modest genetic control. Our data suggest that, whilst all measured
variables are under some degree of genetic influence, they are amenableto exercise
induced changeand the influence of environmentalfactors.
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Chapter 10
Synthesis
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10 Aims and Obiectives
The primary aim of this thesis was to investigate childhood associations between
endothelial function and a range of modifiable and non-modifiable CV risk factors. By
addressing a specific series of research questions we were able to provide novel
information regarding the relationships betweenphysical activity, sedentarybehaviour,
body composition, cardiorespiratory fitness and the heritability of endothelial,function.
In addition, we sought to explore the technical issue of the scaling of vascular outcomes
for body size and composition.

Study one (Chapter 4, a technical study) addressed the question of scaling, by
evaluating the efficacy of scaling for different body composition variables using
allometric and ratio procedures, with the aim of producing size independent vascular
indices. Our data demonstrated significant relationships between baseline brachial artery
diameter and measures of both total and lean mass, however, the use of allometric

scaling removed the influence of these body composition variables. These findings
imply that, if between-groupcomparisonsof baselinebrachial artery diameter are to be
undertaken,appropriate scaling may need to be adopted.The implications drawn from
our findings pertaining to scaling arterial function were less succinct. Although
allometric scaling procedureswere undertakenfor both whole arm and forearm fat mass
and FMD, the application of such scaling is debatableas the initial associationsbetween
variables were very weak. Whilst further research is recommended to explore
relationships between body composition and FMD in a variety of populations, the data
from the current thesis cannotbe usedto supportthe use of scaling for FMD outcomes.
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Studies 2 and 4 (Chapters 5 and 7) aimed to assessthe cross-sectionalrelationships
between FMD and modifiable CV risk factors in young people. We examined
associations between FMD and objective measurements of body composition,
cardiorespiratory-fitness,physical activity levels and sedentarybehaviour. We observed
a weak associationbetween percentagebody fat and FMD and no further relationships
acrosscohort. However, depressedendothelial function was significantly related to, and
predicted by, high intensity physical activity. The relationship betweenFMD and high
intensity PA was further reinforced by the findings from studies3 and 4 (Chapters6 and
7). These observational studies demonstratedthat seasonaldecline in vascular function
was associatedwith, and predicted by, changein high intensity PA. No other variable,
including sedentary behaviour, correlated with decline in vascular function. These
findings demonstrate,for the first time, that high-intensity PA may be an important
determinantof vasculardys/function in children.

Finally, studies 5 and 6 (Chapters 8 and 9) explored the role of genetics in the
modulation of FMD. We adopted a classic twin study design, involving assessment of
relationships in mono- and dizygotic twins. We concluded that, although a one-off
measurement of

endothelial

function

is under some level

of genetic control,

environmental factors may have a larger influence in the determination of FMD in
young people (study 5). In study 6, twins undertook 8 weeks of aerobic exercise
training. In this unique study, intra-twin differences in the adaptation of FMD were
compared between MZ and DZ twins.

This analysis highlighted a greater similarity

between MZ twins than DZ twins in the change in FMD, suggesting that exerciseinduced improvements in FMD may be largely genetically determined.
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In summary,the main findings from this thesis were:
1

1. Scaling brachial artery function for body composition or size doesnot appear
to be necessaryin pre-pubertal children. However, it may be necessaryto
lean
for
brachial
diameter
total
or
massusing
measures
mass
scale
of
artery
an allometric approach.
2. FMD was weakly, inversely, associatedwith percent body fat in young
between
FMD and other measuresof
No
people.
relationships were observed
body composition, fitness, sedentary behaviour or intensities of physical
activity.

,

3. Impaired endothelial function was associatedwith high intensity PA. High
intensity PA was the only significant predictor of depressed FMD.

4. FMD is significantly reduced between summer and late autumn, implying
function
in
in
children.
seasonalvariation exists endothelial
5. Seasonaldecline in FMD was associatedwith, and predicted by the seasonal
decline in high intensity PA only.

There was no association between

behaviour
in
body
and vascular
composition or sedentary
seasonalvariation
function.
6. FMD was more strongly correlated in monozygotic than dizygotic twins,
implying moderate genetic control of endothelial function. Heritability was
estimatedat 0.44.
7. Exercise induced changein FMD appearsto be predominantly governed by
0.79.
in
FMD
Heritability
was
estimated
at
of
change
genes.
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10.1 General discussion

10.1.1Scaling issues
Previous research indicates that comparison of measurements of cardiac structure and
function between, and sometimes within subjects, can be confounded by differences in
body size and composition. Consequently, it is now commonplace to normalise or scale
measures of cardiac dimension and function to improve the validity of scientific and
clinical interpretation. However, there are no extant data exploring the scaling of
vascular outcomes for body size parameters.

The rationale for addressing the question of scaling arterial diameter is clear; numerous
studies have demonstrated differences in arterial structure between groups that vary in
body size and composition, including able-bodied and disabled athletes, and ablebodied and disabled sedentary participants (de Groot et al. 2006; de Groot et al. 2004;
Huonker et al. 2003). For example, studies have shown enlarged vessel diameters in
endurance trained athletes whose vasculature is exposed to chronic increases in blood
flow as a result of training. Conversely, the diameter of unconditioned vessels subject to
chronically reduced blood flow in paraplegic and disabled athletes are significantly
smaller compared to the arteries of able bodied control subjects. One mechanism
proposed to mediate differences in arterial structure across these groups is exposure to
blood flow and shear stress, which is partially determined by the metabolic demand of
the tissue distal to the vessel. However, the possibility remains that differences between
these groups may relate to generic differences in body size or composition.

The

rationale for the examination of scaling issues pertaining to FMD is illustrated by the
example of the impact of obesity on vascular function.

Recent studies indicate that

excess body fat has a negative impact on endothelial function and FMD (Arkin et al.
2008; Oflaz et al. 2003), and that FMD is consistently impaired in obese subjects (Watts
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et al. 2004a; Watts et al. 2004b; Woo et al. 2004). However, obese subjectspossess
systematicallylarger body size and composition characteristicsand thesehave not been
consideredwhen comparisonsbetweengroupsof subjectshave beenundertaken.

Previous studies infer that vascular outcomesmay be, in part, determinedby body size
parameters. In an attempt to address this issue and account for body size differences,
Olive et al. (Olive et al. 2003) corrected femoral artery diameter for muscle volume in a
between-groups comparison of healthy and spinal cord injured participants using a
simple ratio scaling approach.

Scaling in this manner decreased the magnitude of

between group differences in femoral artery diameter and maximal hyperaemic blood
flow

response.

Despite this study representing a conceptual "step-in-the-right-

direction", it is important to emphasize that the relationship between artery diameter (a
one-dimensional measure) and muscle volume (a 3-dimensional measure) would be
unlikely to meet the criteria for simple ratio scaling.

Our results, reported in chapter 4, indicate that baseline brachial artery diameter was
associatedwith measuresof total and lean mass.Thesefindings infer that, in our cohort
of pre-pubertal children, scaling proceduresmay need to be undertakento allow valid
intra- and inter- group comparisons to be made. As such, we undertook exploratory

analysesto determinewhich scaling procedure,if any, should be employed to normalise
measure of artery diameter. The results clearly indicate that allometric scaling
proceduresshould be employed if meaningful comparisonsof brachial artery diameter
are to be made. It would appearfrom our data that similar results are obtained whether
total lean mass or total body mass are used as the scalar variable. The implications of
these findings are that valid scaling of absolute measuresof artery diameter in normal
weight young populations does not necessitate the use of DXA derived body
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composition data, but can be performed adequatelyusing simple measurementof total
body mass. These findings have important consequencesfor the interpretation of
previous studies that involve the comparison of arterial diametersbetween groups that
differ significantly in mass.

In terms of arterial function, we observed weak associations between FMD and
segmentalmeasuresof fat mass (whole arm and forearm). Whilst allometric scaling
proceduresremoved the influence of these variables, the justification for scaling FMD
for segmental measuresof fat mass is questionable in this cohort. The associations
between vascular function and measuresof fat were weak, and confidence intervals
came close to crossing zero. Furthermore, the measurementof whole arm and forearm
fat mass can be problematic and impractical, and crucially, the rationale for scaling for
these local fat compartments is unclear. It can therefore be surmised that scaling
vascular function for measuresof body composition is currently unnecessaryin cohorts
of pre-pubertal children. However we advocate that individual studies/researchers
generatetheir own cohort-specific scaling data in future.

10.1.2 Physical activity, fitness, body composition, sedentary behaviour and FMD
in children
Previous studies have demonstrated links between fitness, physical activity levels, body
in
behaviour
adults (Katzmarzyk
composition, sedentary
and adverse cardiac outcomes
in
findings
Whilst
Wessel
2004).
2009;
1999;
these
Lee
adults
et al.
et al.
et al.
emphasise the importance

of

modifiable

risk

factors in

the development

of

cardiovascular disease, there is no data available for the relative impact of these
variables on the development of cardiovascular disease in children or adolescents.
Studies of this nature would ultimately require careful longitudinal assessment of the
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prevalenceof fitness, fatness,PA and SB in young cohorts, followed by the assessment
many decadeslater of the incidence of cardiovascularmortality and morbidity in these
groups.

Such studies are obviously extremely challenging to undertake. In their

absence, it may be possible to gain insight into the question using surrogate markers of
the early development of cardiovascular disease. Assessment of vascular endothelial
health using FMD provides a means of quantifying the risk of future cardiovascular
disease during childhood (Celermajer et al. 1992).

Numerous adult cardiovascular risk factors have been associated with endothelial
dysfunction during childhood. In addition to measuresof adiposity, as evidenced in
chapter 4, childhood endothelial health has been previously linked to smoking
(Celermajer et al. 1992), hypercholesterolemia, insulin resistance, type 2 diabetes
(Aggoun et al. 2005) and physical activity (Abbott et al. 2002; Pahkalaet al. 2008). In
addition, impaired endothelial function can be normalised by exercisetraining (Watts et
al. 2004b; Woo et al. 2004). Chapters 5 and 7 addressedthe question of the relative
impact of measures of physical activity, body composition, fitness and sedentary
behaviour on FMD in a cross-sectionof healthy children. We were able to provide
evidence that percentage body fat is the only variable significantly associated with FMD
in pre-pubertal children, albeit weakly. This finding suggests that maintenance of body
fat and prevention of excess adipose accumulation per se, may play a role in the
preservation of normal endothelial function.

The lack of meaningful relationships between endothelial function and our measured
variables may be partially explained when one considers the results from chapter 8,
which conclude that FMD is under a relatively large amount of genetic control. We
estimatethat -.45% of the variance in endothelialhealth is determinedby genes.Chapter
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8 also highlights that measuresof body composition, fitness, sedentarybehaviour and
physical activity, with the exception of high intensity PA, are largely genetically
determined.Taken together, these data suggestthat although FMD may be modulated
by environmental risk factors, genetics play an important role in the determination of
vascularfunction.

Perhaps a more important finding from chapter 5 was uncovered when the cohort was
split according to FMD. In the group with the poorest endothelial function, measures of
high intensity PA (PA8 and PA10) were significantly

associated with FMD. High

intensity PA (PA10) predicted
in
function
in
this group.
the
endothelial
of
variance
-13%
Furthermore, we were able to confirm that the seasonal decline observed in endothelial
function observed between summer and late autumn (a novel finding) was associated
with high intensity physical activity only. Moreover, the decrease in high intensity
physical activity was the only predictor of the decrease in FMD (chapter 6). High
intensity interval exercise training is beginning to emerge in the adult literature as an
important mediator of vascular health (Rakobowchuk et al. 2008). Mechanistically, it
has been suggested that high intensity exercise may enhance endothelial function via
improvement in antioxidant capacity and reduction in oxidative stress, or by inducing
greater augmentation of eNOS gene expression (Green et al. 2004a; Hambrecht et al.
2003). It is intuitive to suggest that a decrease in high intensity physical activity will act
conversely on these mechanisms.

Separategenderanalysesundertakenin chapter6 revealeda strong relationship between
changein FMD and change in high intensity PA in boys, whilst no relationships were
evident for the girls. We suggestthat this discrepancyis due to the difference between
the amount of physical activity undertakenby the girls and boys. During both summer
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and autumn the girls-engagedin significantly less total and high intensity PA than boys.
As there is clearly a dose responserelationship betweenphysical activity and CVD risk
(Andersen 1995; Berlin and Colditz 1990; Whaley and Blair 1995), it is possible that
the girls did not amassenough PA to impact upon endothelial function. In accordance
with the current findings, Pahkala et al. (Pahkala et al. 2008) examined the impact of
gender on the relationship between FMD and PA. They demonstrated a significant
relationship between FMD and PA in the boys but not the girls, and also that PA was
lower in girls than boys. A sub-group analysis carried out in a selection of boys and
girls who had the same activity level revealed no gender difference for FMD, suggesting
that differences in PA levels, not gender per se, were responsible for the differences
between boys and girls.

When taken together, our results suggest that while body fat may play a relatively small
role in the maintenance of vascular function in normal weight children, high intensity
physical activity

influence
function.
over
endothelial
may exert a stronger

The

ramifications of these findings are that interventions aimed at improving vascular health
in children may need to be refocused to bring about a progressive increase in physical
activity, specifically high intensity physical activity, rather than reducing obesity or
sedentary time per se. High intensity PA may be an attractive variable to modify as it
seems to be the only PA variable that is not under genetic control (see below), implying
that high intensity PA may be more easily modified
Furthermore, our findings suggest that within

than other PA variables.

populations of apparently healthy

children, those at most risk of future cardiovascular risk may be those who engage in

the least amount of high intensity physical activity.
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10.1.3Heritability of FMD..
We estimatedthe heritability of FMD in our cohort of young twins at 0.44. This figure
implies that -45% of the variance in FMD may be notionally under genetic control,
indicating that genes have an important influence over the determination of vascular
function in young people. Nonetheless, we suggest that endothelial health can be
modified by environmental factors such as high intensity physical activity and
adiposity. Our heritability estimate for FMD is slightly elevated in comparison to
previous estimates of 0.14-0.39 (Benjamin et al. 2004; Jartti et al. 2002). The slight
divergence may arise as a result of technical or methodological differences in the
measurement of FMD between studies. Alternatively,

the difference may be related to

maturational or developmental issues influencing the expression of genes during
adolescence.

In chapter 9 we observed a non significant improvement in FMD in both the MZ and
DZ twins following 8 weeks of aerobic exercise training. The intra-twin pair difference
in this improvement was more closely related in the MZ than the DZ twins. The
heritability of the exercise induced change in endothelial function was estimated at 0.79.
We therefore conclude that the improvement in FMD was largely genotype dependent.

The discrepancy between the heritability estimates for chapters 8 and 9, that is the
heritability of baseline versus changes in FMD, may be related in some way to the
relative imprecision of taking a "once-off' measure.Repeatedmeasuresof FMD and
analysisof changewithin subjects,rather than comparisonsbetweengroups of subjects,
heritability
in
likely
FMD
turn,
to
are
a greater
measureand,
provide a more accurate
fits
in
for
FMD
In
inflated
heritability
seemingly
estimate. addition, our
estimate change
the hypothesis, originally proposed by Bouchard (Bouchard 1983), that human
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adaptability has a genetic basis. The weaker correlation observed for the exercise
induced adaptationof FMD in the DZ twins, who share-50% of their genes,taken with
the strong correlation betweenMZ twins, who are presumedto be genetically identical,
is a reflection that there is great heterogeneityin individual responsesto exercise.In a
review article examining individual differences in the responseto chronic exercise,
Bouchard and Rankinen (Bouchard and Rankinen 2001) concluded that the
heterogeneity in the responseof numerous physiological indicators of risk factors to
'

regular physical activity is not random, and is actually characterized by familial
aggregation. Our findings add to this data as we have attempted to empirically
determinethe genetic contribution to the exerciseinduced adaptationof FMD.

Secondary findings from chapter 9 illustrate a genetic dominance effect acting on
VO2peakalthough correlations were modest and non-significant for both MZ and DZ
twins, which also suggests considerable environmental influence. Our data in children
are unique and indicate a much greater environmental influence over VO2peakadaptation
than previously reported in adults. Prud'Homme et al. (Prud'homme et al. 1984)
examined the contribution of genes to exercise induced change in maximal aerobic
power in adults. Following a 20 week endurance training programme the investigators
observed a large similarity

in the AV O2maxin monozygotic twins (MZr0.74).

In

contrast to our findings the authors concluded that the sensitivity of maximal aerobic
power to exercisetraining was largely genotype-dependent.The difference betweenthe
results from this thesis and those reported by Prud'Homme et al. (Prud'homme et al.
1984)may be a reflection of the different durations of the 2 exerciseinterventions (8 vs.
20 weeks). Alternatively they may pertain to the different ages and developmental
stages of the participants studied. Taken together these data may be indicative of a
greatertrainability of VO2pej during childhood/adolescencethan adulthood.
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Previous studies that have used DXA to measurethe intra-pair relationships in adult
twins have demonstratedstronger r values for MZ than DZ twins (Malis et al. 2005;
Nguyen et al. 1998). Both studies concluded that fat and lean mass are under strong
lend
8
data
from
Our
genetic regulation.
support to the notion of a genetic
chapter
dominance effect acting on measuresof body composition in young people. However,
the impact of exercise training on the heritability of body composition has not
previously been assessed.We were able to demonstrate that exercise induced change in
BMI and percentage body fat were highly correlated in MZ twins, whilst modest
correlations were observed in the DZ twins. These data infer a large genetic component
to change in BMI

in
is
data
fat
This
body
young
people.
novel
and percentage

examining the genetic influence to change in body composition within

subjects

following a training regime and it provides an important new insight into heritability
compared to previously collated baseline analyses which are likely impacted by a much
larger set of variables. These findings imply that, whilst exercise training is an effective
behavioural strategy for body composition management, one challenge in treating and
preventing paediatric obesity may be overcoming a genetic predisposition that actively
resists perturbations in energy balance.

The data from chapter 9 may go some way to aid the interpretation of our findings
regarding the seasonal variation in FMD and relationships between change in FMD,
body composition and physical activity. In chapter 9 we induced improvements in FMD
via an increase in PA, specifically high intensity PA.

Conversely, but consistently,

chapter 6 suggests that the decrease in FMD was related to the decrease in high intensity
in
determined
by
in
FMD
PA. We propose that
the
was
change
variation
-20% of
environmental factors, and that on average ~5% of the variation in change in FMD can
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be predicted by high intensity PA. This leaves a small proportion of the variance in
change in FMD unaccountedfor. Considering that the measurementof important CV
risk factors such as the impact of passive smoking, dietary intake, and blood bourne
CVD biomarkers was beyond the scope of this thesis, the observation that changesin
in
in
FMD
behaviour
to
normal
change
adiposity and sedentary
are not closely related
weight children appearto be reasonablefindings.

10.2 Limitations

directions
future
and

This thesis is limited in that our sole measureof future CV risk was endothelial health,
assessedusing FMD. The use of additional measures of arterial function and structure,

further
information
have
IMT
provided
prognostic
such as
and arterial stiffness would
in
healthy
into
CV
insight
further
children.
apparently
and possibly given
risk

The measurementof CV risk factors including caloric and macronutrient intake, lipid
profiles and exposure to passive smoking was beyond the scope of this thesis.
Measurement of these variables would, however, have provided a clearer and more
in
health
the
children.
completepicture of
modulators of vascular

As with the examination of any paediatric population, differencesbetween participants
maturational status are liable to influence results. In the current thesis we used time to
peak height velocity to determine somatic maturity, and where possible this variable
was entered into statistical analyses in an attempt to prevent confounding results.
Similarly, in chapters 8 and 9, the cohort was comprised of same sex twins of both
genders.It is therefore possible that gender confoundedresults, although we attempted
to control for genderdifferencesby reporting adjustedresults where necessary.
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I'

Although our data suggest high intensity PA may be an important modulator of
endothelial health in children, future studiesthat seek to investigate the exact `dose' of
physical activity required to produce the most effective improvements of endothelial
function should be undertaken. Such studies may examine the effect of interventions
that prioritise high intensity interval training vs. moderate continuous exercise for
example. Little is known about the predictive value of FMD measurement taken during

childhood. Although this would ultimately require challenging longitudinal studiesto be
undertaken, information may be acquired from investigations that examine childhood
FMD and the development of structural changes that are associated with future CVD

such as IMT.

10.3 Summary

The primary aims of this thesis were to evaluate the strength of the relationships
between endothelial function and modifiable CV risk factors, and examine the role
geneticsplays in endothelial health. We found that in terms of a single, basalmeasureof
FMD, moderate genetic control exists, however environmental factors appear to be of
greater importance. Our data highlight an association between percentage body fat and
FMD, albeit a weak one. However, high intensity physical activity may be the most
important of our measured variables in terms of prevention of endothelial dysfunction in

children. No relationships were evident between FMD and fitness or sedentary
behaviour, implying that during childhood FMD is independentof fitness and sedentary
behaviour.

Exercise induced changes in FMD appear to be more genotype dependent. Nevertheless,

our data suggest that the contribution of environmental influences should not be
148

in
Although
underestimated.
neither changes body composition nor sedentarybehaviour
were related to the seasonaldecline in FMD, we have demonstratedthat the attenuation
in
intensity
decline
high
PA.
FMD
by
the
of
seasonal ;
was predicted solely
Furthermore, exercise training seems to be capable of modulating FMD in young people
that possess normal endothelial function a priori. These data infer that whilst a genetic
increase
interventions
dysfunction
to
that
to
predisposition
may exist,
aim
endothelial
high intensity physical activity may maximise vascular health in those most at risk of

endothelial impairment.
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