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Abstract 
 

Cardiovascular diseases (CVD) are the leading cause of death, and the 

underlying atherosclerotic process has its origin in youth. Physical activity 

lowers future CVD risk, however few adolescents achieve the recommended 

minimum amount of daily activity and interventions fail to meaningfully increase 

activity levels in this group. It is therefore essential to identify how small 

volumes of exercise can be optimised for the primary prevention of CVD. The 

purpose of this thesis is to identify the influence of exercise intensity on vascular 

health outcomes in adolescents, and to assess the efficacy of 2 weeks of low 

volume, high-intensity interval training on CVD risk factors in this population. 

Chapter 4 demonstrates that a single bout of high-intensity interval exercise 

(HIIE) performed one hour before a high fat meal elicits comparable reductions 

in postprandial lipaemia as a work-matched bout of moderate-intensity exercise 

(MIE) in girls. However, neither exercise attenuated postprandial lipaemia in the 

boys. Additionally, HIIE elicited a superior increase in postprandial fat oxidation 

and decrease in blood pressure, and this was sex independent. These findings 

are furthered in Chapter 5, which identified that accumulating HIIE, but not MIE, 

favourably modulates glycaemic control, postprandial blood pressure and fat 

oxidation in adolescents irrespective of sex.  

A high fat meal was included in Chapter 6 in order to impair vascular function 

via oxidative stress. Postprandial vascular function was preserved following 

MIE, but improved after HIIE, and these changes were not related to changes in 

postprandial lipaemia or total antioxidant status. Chapter 7 addressed the time 

course of the changes in vascular function post exercise, and identified that 

HIIE promotes superior changes in vascular function than MIE. 

Finally, Chapter 8 identified that 2 weeks of high-intensity interval training 

improved novel (endothelial function and heart rate variability), but not 

traditional CVD factors in adolescent boys and girls. However, most of these 

favourable changes were lost 3 days after training cessation.  

Thus, this thesis demonstrates that vascular health outcomes are positively 

associated with exercise intensity. Given that HIIE was perceived to be more 

enjoyable than MIE in Chapters 4, 6 and 7, performing HIIE appears to be an 

effectual and feasible alternative to MIE for the primary prevention of CVD. 
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1.1 Cardiovascular disease 

“Mankind’s greatest epidemic: coronary heart disease has reached enormous 

proportions striking more and more at younger subjects. It will result in coming 

years in the greatest epidemic mankind has faced unless we are able to reverse 

the trend by concentrated research into its cause and prevention.” 

                 World Health Organization 1973 

 

When this warning from the World Health Organization was first published 

nearly half a century ago (WHO, 1973), cardiovascular diseases (CVD), 

including coronary heart disease, cerebrovascular disease and peripheral 

vascular disease, were responsible for more than half of all deaths (Cooper et 

al., 2000). Despite significant declines in CVD mortality, recent data published 

by the World Health Organization highlights that CVD remains the leading 

cause of mortality worldwide in both men and women, and is responsible for 

one third (17.8 million) of all deaths  (WHO, 2011). This figure is predicted to 

rise to 30 million by 2030 due to the increasing incidence of CVD in low and 

middle income countries (Mathers and Loncar, 2006). In addition to these 

sobering mortality data, CVD also causes extensive disability. The total number 

of disability-adjusted life years lost globally is expected to rise from 134 million 

in 1990 to 204 million in 2020 (Neal, 2002). This projected increase is 

attributable not only to an anticipated increase in global CVD, but also due to an 

increase occurrence of these events from an earlier age. Thus, CVD has 

undoubtedly become “mankind’s greatest epidemic” (WHO, 1973). 

Atherosclerosis is the progressive disease which precedes overt CVD, and is 

characterised by endothelial dysfunction and the infiltration of lipids, cholesterol 

and cellular debris into the vascular wall, forming a fatty streak which may 

develop into a fibrous plaque (Figure 1.1). In the presence of continued lipid 

deposition and the proliferation of smooth muscle and connective tissue, fibrous 

plaques may enlarge and calcify before rupturing, thereby exposing the blood to 

thrombolytic, lipid-rich material promoting thrombotic occlusion and, in turn, a 

cardiovascular event. 
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Figure 1.1 The progression of atherosclerosis. Reproduced from McGill et al. 

(2000a) with permission.  

 

1.2 Atherosclerosis has paediatric origins 

Although the clinical significance of atherosclerosis may not be apparent until 

the fourth or fifth decade of life, considerable evidence indicates that the 

atherosclerotic process has its origins in youth (Figure 1.1). While the existence 

of fatty streaks in children and adolescents was first demonstrated over a 

century ago (Klotz and Manning, 1911), the importance of the early origins of 

atherosclerosis did not become apparent until an autopsy study was published 

in 1953 on young soldiers killed in the Korean war (Enos et al., 1953). This 

landmark investigation reported that over 70% of the soldiers presented with 

some evidence of coronary atherosclerosis, despite a mean age of 22 years. At 

the same time, data from New Orleans demonstrated that fatty streaks were 

present in the aortas and coronary arteries of individuals in the first and second 

decades of life (Holman et al., 1958, Strong and McGill, 1962) and subsequent 

work has identified that 65% of 12-14 year olds have atherosclerotic lesions, 

with another 8% demonstrating advanced lesions (Stary, 1989). 
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In 1968, it was demonstrated across a range of ethnic and racial groups that 

children and adolescents had a greater frequency of atherosclerotic streaks in 

populations characterized by higher rates of adult coronary heart disease 

(Tejada et al., 1968), suggesting a link between the presence of fatty streaks in 

childhood and clinically significant fibrous plaques in adulthood. Direct evidence 

supporting this progression of fatty streaks to fibrous plaques and larger 

atheromas was provided in 1976 (Katz et al., 1976), prompting investigators to 

examine the incidence of established risk factors for CVD amongst children and 

adolescents in Louisiana (Berenson et al., 1978) and Iowa (Lauer et al., 1975) 

in the United States, and across Finland (Akerblom et al., 1985). These studies 

identified that elevated cholesterol levels in childhood were associated with a 

two-fold higher rate of coronary mortality in adulthood (Schrott et al., 1979), and 

that established risk factors for adult CVD, such as serum lipoproteins and 

blood pressure, tracked from youth into later life (Clarke et al., 1978, Webber et 

al., 1983). These findings resulted in the establishment of the Pathological 

Determinants of Atherosclerosis in Youth research group in 1985, which 

assessed atherosclerotic progression in the coronary arteries and aortas during 

autopsy in 2,876 teenagers and young adults between 1987 and 1994. This 

research group identified that hypertension, smoking, obesity, glucose and non 

high-density lipoprotein (HDL) levels in 15 to 34 year olds were positively 

associated with atherosclerotic lesions, whilst HDL concentration was 

negatively associated (McGill et al., 1997, McGill et al., 1998, McGill et al., 

1995). 

As the participants in these studies reached adulthood, more data and newer 

non-invasive techniques became available. The Muscatine study adopted 

ultrasound techniques and reported that carotid intima-media thickness, 

considered a clinically important marker of atherosclerotic progression (Touboul 

et al., 2004) and an independent predictor of future CVD in adolescents 

(Raitakari et al., 2003), in participants 33-42 years old was associated with 

childhood and adolescent (8-18 years old) cholesterol and body mass index 

(BMI) (Davis et al., 2001). Additionally, post-mortem analysis of participants in 

the Bogalusa cohort who had died of accidents, suicides or homicides further 

strengthened the association between CVD risk factors measured during youth 

(5-18 year olds) and atherosclerotic lesions (Berenson et al., 1992). More 
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recent findings suggest that non HDL levels, blood pressure, BMI and smoking 

status measured between 12-18 years of age are associated with adult carotid 

intima-media thickness even when adjusted for adult risk factor status (Raitakari 

et al., 2003), indicating that structural changes to the carotid arterial wall in 

adulthood may be attributable to the presence of CVD risk factors during the 

teenage years. 

Given the above, the paediatric origins of atherosclerosis are well established, 

and whilst it has been demonstrated that some individual CVD risk factors in 

childhood and adolescence may track poorly into later life (Porkka et al., 1991, 

Mahoney et al., 1991, Twisk et al., 1997), evidence indicates that risk factors 

tend to cluster in adolescents (Andersen et al., 2003), and the tracking of 

clustered risk factors is stronger (Andersen et al., 2004). Indeed, findings from 

the Danish Youth and Sport cohort suggest that adolescents with clustered risk 

factors are six times more likely to present with clustered risk in adulthood 

(Andersen et al., 2004). Thus, there is a strong rationale for the identification of 

interventions which can modulate CVD risk factors in childhood and 

adolescence in order to facilitate the primary prevention of atherosclerosis 

across the lifespan.  

 

1.3 Postprandial lipaemia and cardiovascular disease risk 

Historically, the link between CVD and plasma triacylglycerol concentrations 

([TAG]) has been concerned with fasting measures. However, whilst the two are 

positively associated with each other (Austin et al., 1998), this analysis has 

come under criticism as most of the day is spent in the postprandial state, and 

fasting [TAG] provide a poor reflection of postprandial TAG metabolism (Patsch 

et al., 1992, Miesenbock, 1992). Additionally, the relationship between CVD and 

fasted plasma [TAG] is often weakened by the inclusion of HDL into the 

multivariate analysis (Austin, 1991, Sarwar et al., 2007, Criqui et al., 1993), as 

[HDL] is determined by the metabolism of TAG-rich lipoproteins (Patsch et al., 

1992, Patsch et al., 1984). Furthermore, postprandial TAG metabolism is 

mechanistically linked with the atherosclerotic process (in addition to reducing 

HDL concentrations) as postprandial hyperlipidaemia promotes transient 

endothelial dysfunction and oxidative stress (Bae et al., 2001). This is integral to 
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the atherogenic process (Bonetti et al., 2003, Juonala et al., 2004, Steinberg, 

2009), and TAG-rich lipoprotein remnant particles can penetrate the 

endothelium and promote foam cell formation (Proctor and Mamo, 1998). 

Finally, a delayed clearance of plasma TAG following a meal with an 

appreciable fat content may reflect insulin resistance (Chen et al., 1993a, 

Ginsberg and Huang, 2000, DeFronzo and Ferrannini, 1991), which is also 

associated with CVD risk (Isomaa et al., 2001, Ford, 2005). As a result, 

identifying plasma [TAG] after a high fat meal has been argued to provide 

superior information regarding metabolic health than fasting TAG and a more 

appropriate assessment of CVD risk (Freiberg et al., 2008, Morrison et al., 

2009). 

It has been demonstrated that postprandial [TAG] is greater in men and women 

with coronary artery disease compared to healthy controls, even after correction 

for fasting [TAG] (Patsch et al., 1992, Meyer et al., 1996). Postprandial lipaemia 

has also repeatedly been shown to be positively associated with carotid intima-

media thickness (Ryu et al., 1992, Karpe et al., 1998, Boquist et al., 1999). 

However, these studies do not establish the direction of causality between 

postprandial lipaemia and existing CVD, nor do they address the risk of 

developing CVD with repeated exposure to elevated postprandial [TAG]. 

Interestingly, data are available indicating that postprandial lipaemia is elevated 

in the apparently healthy sons of men with severe coronary artery disease 

compared to the healthy sons of a control group (Uiterwaal et al., 1994). This 

suggests a link between chronic exposure to elevated non-fasting [TAG] and 

future CVD risk, although such conclusions are clearly only speculative. 

Importantly, however, both groups of sons presented with comparable fasting 

[TAG], thereby highlighting the potential prognostic value of non-fasting TAG 

assessment. 

Despite a plethora of studies indicating an association between non-fasting 

TAG and markers of CVD, the lack of large epidemiological studies and 

prospective evidence meant that this association remained controversial. It is 

only in recent years that postprandial lipaemia has been accepted as a risk 

factor for CVD in both men and women, and one which may be independent of 

other risk factors and more powerful than fasting [TAG] (Bansal et al., 2007, 

Freiberg et al., 2008, Morrison et al., 2009, Nordestgaard et al., 2007). Indeed, 
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after an 11-year follow up, data from the Women’s Health Study demonstrated 

that non-fasting [TAG] was a better predictor of adverse cardiovascular events 

than fasting [TAG], and was strongly associated with cardiovascular events 

even when adjusted for smoking, blood pressure, hormone therapy, HDL, 

diabetes mellitus, BMI and C-reactive protein (Bansal et al., 2007). Non-fasting 

[TAG] was also identified as a significant predictor of future CVD events in the 

Copenhagen City Heart Study for both men and women (Nordestgaard et al., 

2007, Freiberg et al., 2008), which corroborate with the data from earlier 

prospective studies in adults (Talmud et al., 2002, Walldius et al., 2001, 

Stampfer et al., 1996). 

The establishment of non-fasting [TAG] as a more powerful determinant of CVD 

risk than fasting [TAG] was mirrored by an increase in research identifying the 

efficacy of lifestyle interventions to attenuate postprandial lipaemia in adults. 

However, although it was understood that fasted [TAG] during adolescence was 

related to future atherosclerosis (Davis et al., 2001, Raitakari et al., 2003), it 

was not until 2009 that longitudinal data were published identifying that non-

fasting [TAG] determined during early adolescence was significantly associated 

with CVD events in the fourth and fifth decades of life (Morrison et al., 2009). 

This paper strengthened the rationale for adopting non-fasting plasma [TAG] as 

key marker for future CVD risk, and a growing body of research is now 

concerned with how postprandial [TAG] can be lowered following lifestyle 

interventions (i.e. physical activity promotion) in young people for the primary 

prevention of CVD. 

 

1.4 Endothelial dysfunction and cardiovascular disease risk 

An impairment in endothelial function is considered to be the earliest detectable 

manifestation of the atherosclerotic process (Ross, 1999), preceding structural 

adaptations to the vessel wall (Zeiher et al., 1991, Aggoun et al., 2008). In a 

landmark paper, Celermajer et al. (1992) demonstrated, using flow mediated 

dilation (FMD), that an impairment in endothelial function is present in 

asymptomatic children and adolescents with CVD risk factors. Subsequent 

studies have since established that an impairment in endothelial function is 

present in children with hypercholesterolaemia (Sorensen et al., 1994), type 1 



26 
 

diabetes mellitus (Jarvisalo et al., 2004), and who are overweight (Woo et al., 

2004b) and obese (Aggoun et al., 2008, Tounian et al., 2001). This is 

particularly concerning as evidence from the Cardiovascular Risk in Young 

Finns Study indicates that endothelial dysfunction is a pre-requisite for the 

initiation of the formation of atherosclerotic lesions (Juonala et al., 2004). 

Specifically, this study demonstrated that the number of CVD risk factors in 

young adults with endothelial dysfunction is positively associated with an 

increased carotid intima-media thickness, however this association is abolished 

in the absence of endothelial dysfunction. Additionally, evidence indicates that 

changes in endothelial function do not correlate with the carotid intima-media 

thickness in children (Hopkins et al., 2013), which further suggests that 

impairments in vessel function precede structural remodelling. Therefore, 

endothelial function in youth is a pertinent health outcome for the primary 

prevention of CVD, and interventions which improve endothelial function, or 

reverse endothelial dysfunction are warranted from an early age. 

With regards to the scope of this thesis, endothelial function is also an attractive 

outcome as postprandial lipaemia transiently impairs endothelial function in 

adolescents (Sedgwick et al., 2013, Sedgwick et al., 2014, Sedgwick et al., 

2012), and data from adult studies attribute this unfavourable response to an 

increase in oxidative stress (Bae et al., 2001, Anderson et al., 2001). Thus, the 

aforementioned link between postprandial lipaemia and future CVD risk may, in 

part, be related to repetitive periods of postprandial endothelial dysfunction 

occurring at the same time as elevations plasma [TAG] and oxidative stress 

(Wallace et al., 2010).  

Given the above, there is a strong rationale for studies to either promote or 

prevent an impairment in endothelial function in paediatric groups for the 

promotion of vascular health across the lifespan.  Data in adults identify that a 

preserved endothelial function attenuates the risk of cardiovascular events in 

individuals with a high plaque burden (Chan et al., 2003), and that 

pharmacological interventions which improve endothelial function reduce CVD 

risk (Modena et al., 2002). An increasing body of evidence demonstrates 

improvements in endothelial function are achievable following exercise training 

in both healthy young adults (Clarkson et al., 1999) and in clinical populations 

(Hambrecht et al., 2003, Hambrecht et al., 1998, Higashi et al., 1999). It is also 
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understood that physical activity reduces CVD risk independently to traditional 

risk factor modification (Berlin and Colditz, 1990, Hu et al., 2004, Paffenbarger 

et al., 1986), and that improvements in endothelial function may occur in the 

absence of any changes in traditional CVD risk factors (Green et al., 2003). 

Taken together, an impairment in endothelial function may be considered to be 

a novel risk factor for CVD (Green et al., 2011, Green et al., 2008). 

 

1.5 Physical activity and cardiovascular disease risk 

Despite the bleak prediction that CVD will account for 30 million deaths per 

annum by 2030 (Mathers and Loncar, 2006), the World Health Organization 

estimates that over three-quarters of all CVD mortality can be prevented 

through lifestyle interventions (Perk et al., 2012). Furthermore, epidemiological 

evidence indicates that regular exercise can lower total cardiac risk by 30-50% 

alone (Blair and Morris, 2009, Thompson et al., 2003, Warburton et al., 2006), 

whilst an increase in physical activity of 1000 kcal (4.2 MJ) per week confers a 

20% survival benefit (Myers et al., 2004). 

In accordance with the inverse association with exercise and CVD risk in adults, 

cross-sectional data from the European Youth Heart Study indicates that 

physical activity reduces the clustering of CVD risk factors in youth (Andersen et 

al., 2006). More recent longitudinal data demonstrates that time spent 

performing moderate to vigorous intensity physical activity in childhood and 

adolescence is inversely associated with CVD risk, regardless of sedentary time 

(Ekelund et al., 2012). Habitual physical activity has also been demonstrated to 

improve endothelial function in childhood (Abbott et al., 2002), whilst evidence 

in adolescents indicate that postprandial lipaemia can be attenuated (Tolfrey et 

al., 2014b), and the concomitant fall in postprandial endothelial function reduced 

(Sedgwick et al., 2012) or prevented (Sedgwick et al., 2013, Sedgwick et al., 

2014), following a single bout of exercise. However, the most recent 

accelerometer data collected by the Department of Health indicate that only 7% 

of boys and < 1% of girls aged 11-15 years old in the UK achieve the 

recommended (Department of Health, 2011) minimum of 60 minutes of 

moderate to vigorous intensity physical activity per day (Department of Health, 

2008). Indeed, the Avon Longitudinal Study of Parents and Children reported 
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that only 5.1% and 0.4% of the 5,965 11 year old boys and girls included in the 

study achieved this amount of physical activity, with the average time spent 

performing moderate to vigorous-intensity activities just 25 and 16 minutes, 

respectively (Riddoch et al., 2007). This is particularly sobering given that 

physical activity is thought to peak around this age, and then decline during 

adolescence (Kimm et al., 2005, Trost et al., 2002). Indeed, a systematic review 

of 26 cross-sectional studies (> 43,000 adolescent boys and girls) reported that 

physical activity declines by ~ 65% during the adolescent years (Dumith et al., 

2011). Furthermore, 60 minutes is the recommended minimum amount of 

physical activity. Andersen et al. demonstrated that the odds ratio for clustered 

CVD risk was 3.29 (95% CI 1.96 to 5.52) times greater for adolescents 

performing 56 minutes compared to 131 minutes of daily moderate to vigorous-

intensity exercise, and proposed that 90 minutes of daily exercise should be 

adopted as the recommended minimum (Andersen et al., 2006).  

The consistent finding that very few adolescents achieve the recommended 

minimum amount of daily physical activity has encouraged interventions to 

promote physical activity. However, a recent meta-analysis highlighted that 

physical activity interventions may only have a small effect on increasing overall 

activity levels in children (Metcalf et al., 2012). Indeed, this meta-analysis 

reported that the mean increase in time spent performing moderate to vigorous 

activities across 30 studies (6,153 children) was 4 minutes per day. Therefore it 

is important to identify whether smaller volumes of physical activity can be 

optimised for the health of children and adolescents.  

A growing body of literature indicates that time spent performing vigorous-

intensity activities may promote cardiometabolic health and endothelial function 

in paediatric groups (Carson et al., 2014, Hay et al., 2012, Ortega et al., 2007, 

Ruiz et al., 2006, Hopkins et al., 2009). Cross-sectional data collected from 9-17 

year olds in Canada identified that accumulating more than 7 minutes of 

vigorous-intensity activity per day was associated with significantly lower waist 

circumference, BMI z score, systolic blood pressure and increased aerobic 

fitness (Hay et al., 2012). The same research group have recently published 

longitudinal data demonstrating that performing just 4 minutes of vigorous-

intensity activity per day significantly improved these cardiometabolic outcomes 

in 9-15 year olds (Carson et al., 2014).  
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These findings are striking not only due to the small amount of vigorous-

intensity activity required, but also because time spent performing light-intensity 

physical activity may have a detrimental impact on adiposity. Indeed, in the 

aforementioned study, almost half of the participants classified as overweight or 

obese were in the top quartile for light-intensity activity (Carson et al., 2014). 

Data from the European Youth Heart Study similarly report that time spent 

performing vigorous-, but not moderate-, intensity activity is associated with 

lower adiposity in children (Ruiz et al., 2006) and adolescents (Ortega et al., 

2007), whilst Hopkins et al. demonstrated that only vigorous-intensity activity is 

favourably associated with endothelial function in children (Hopkins et al., 

2009). Therefore, the intensity of exercise appears to be an important 

consideration regarding health promotion in paediatric groups. 

Accordingly, a growing body of evidence supports the adoption of low-volume, 

high-intensity interval exercise training (HIIT) programmes for the promotion of 

health in adolescents and children (Logan et al., 2014). Gutin et al. (2002) 

demonstrated that HIIT promoted greater improvements in physical fitness in 

obese adolescents compared to a moderate-intensity exercise training 

programme which was broadly matched for energy expenditure. Additionally, 12 

weeks of HIIT (3 - 6 repeat 1 minute sprints) improved aerobic fitness, BMI and 

insulin sensitivity to a similar extent as traditional endurance training (30 - 60 

minutes running at 80% peak heart rate) in obese 8 – 12 year olds, despite a ~ 

70% lower training volume (Corte de Araujo et al., 2012). Racil et al. (2013) also 

recently reported that 12 weeks of HIIT improved fasted cholesterol profile, 

plasma [TAG], adiponectin concentrations (an adipocyte-derived peptide 

inversely associated with insulin resistance (Diez and Iglesias, 2003)), BMI and 

insulin resistance to a greater extent than moderate intensity exercise training in 

obese 14-16 year old girls. Eight weeks of HIIT has also been demonstrated to 

normalise endothelial dysfunction and improve central adiposity in obese 13-15 

year olds (Watts et al., 2004a).  

The benefits of HIIT, however, do not appear to be reserved to overweight and 

obese adolescents. Experimental data in normal weight adolescents indicate 

that 7 weeks of HIIT can promote either comparable or superior changes in 

physical fitness and systolic blood pressure than a traditional moderate-intensity 

training programme of the same length, despite an ~ 85% lower training volume 
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(Buchan et al., 2011). Other studies, which did not include a moderate-intensity 

exercise training group for comparison, also report encouraging improvements 

in aerobic fitness (Barker et al., 2014, Baquet et al., 2001) and systolic blood 

pressure (Buchan et al., 2012) in adolescents following HIIT. Importantly, the 

adherence rates to high-intensity exercise regimes appear to be high in 

adolescents and children (Buchan et al., 2011, Ratel et al., 2004), and the 

inclusion of repeated sprints to continuous exercise has been shown to increase 

enjoyment in both normal weight and overweight boys, without concomitant 

increases in perceived exertion (Crisp et al., 2012). Therefore, brief, high-

intensity interval exercise (HIIE) might provide an attractive, time-efficient 

alternative to traditional moderate-intensity exercise in paediatric groups, a 

concept which is also supported by adult data (Gibala, 2007, Bartlett et al., 

2011).  

It is thought that the acute response to a single exercise bout underlies the 

benefit of exercise training (Dawson et al., 2013, Freese et al., 2015). It is 

therefore consistent that data are available which indicate that a single bout of 

HIIE can attenuate postprandial lipaemia (Thackray et al., 2013) and preserve 

postprandial endothelial function (Sedgwick et al., 2014) in adolescent boys. 

However, this area of research is in its infancy, and no study has compared the 

efficacy of a single bout of HIIE or moderate-intensity exercise (MIE) on these 

outcomes in adolescent boys or girls. 

 

1.6 Thesis rationale  

In light of the cited literature, there is a clear rationale for identifying exercise 

interventions which can favourably modulate postprandial lipaemia and 

endothelial function in adolescents. Given that few adolescents achieve the 

recommended (Department of Health, 2011) minimum amount of physical 

activity, and rarely sustain exercise for longer than 10 minutes (Riddoch et al., 

2007), it is pertinent to assess how smaller volumes of exercise can be 

optimised for the primary prevention of atherosclerosis in youth. Therefore, this 

thesis investigates the influence of exercise intensity on vascular health 

outcomes in adolescents.  
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2.1 Introduction 

This section provides an overview of TAG digestion and lipoprotein metabolism 

in order to provide a mechanistic insight into the relationship between 

postprandial lipaemia and the atherosclerotic process. This is followed by a brief 

discussion of the methodological concerns regarding postprandial investigations 

and a review of the key adult studies concerned with how exercise may 

modulate the lipaemic response to a high fat meal. Finally, this section will 

provide a thorough examination of the evidence concerning the effect of acute 

exercise on postprandial lipaemia in young people. 

 

2.1.1 Digestion and absorption of triacylglycerol 

Triacylglycerols account for 90-95% of all dietary fats, with the remainder 

comprised of phospholipids, sterols (e.g. cholesterol) and fat-soluble vitamins 

(Patsch, 1987). The digestion of TAG starts in the mouth via the mechanical 

process of chewing and the secretion of lingual lipase (Hamosh and Scow, 

1973). However, the influence of this enzyme in the oral cavity is considered to 

be negligible as the activity of lingual lipase is optimised by acidic environments 

(Hamosh and Burns, 1977). In the stomach, the acidic (pH ~4) gastric lipase 

(and the swallowed lingual lipase) start to hydrolyse the TAG into free fatty 

acids (FA) and glycerol molecules. This process is aided by gastric churning, 

which mechanically disrupts the ingested lipid into an emulsion of smaller 

hydrophobic droplets in water.  

Cholecystokinin and gastric inhibitory polypeptide are secreted once the FA 

leave the stomach and enter the duodenum. Cholecystokinin promotes the flow 

of bile by simultaneously stimulating the sphincter of Oddi to relax and 

contracting the gall bladder (Byrnes et al., 1981) and increases the secretion of 

pancreatic lipase which hydrolyses the remaining TAG (Patsch, 1987). The 

liberated medium- and short-chain FA are able to passively diffuse across the 

intestinal wall and into the blood, where they are predominantly bound to 

albumin and passed to the liver via the hepatic portal vein (Patsch, 1987). 

However, long-chain FA, the most abundant FA in the Western diet (Patsch, 

1987), are preferentially bound by FA-binding protein in the cytosol (Ockner and 
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Manning, 1974) and then transferred to the smooth endoplasmic reticulum to be 

re-esterified back into TAG in a reaction catalysed by acetyl CoA synthetase 

(Iqbal and Hussain, 2009). This reaction uses either absorbed glycerol as a 

substrate during the postprandial period, or glycerol-3-phosphate derived from 

intestinal glucose metabolism when fasted (Patsch, 1987).  

Triacylglycerols are insoluble in water, and would coalesce in the predominantly 

aqueous blood if secreted by the small intestine in its current state. 

Consequently, the enterocyte must package the TAG into soluble lipoproteins 

for distribution around the body. Accordingly, the enterocyte also synthesises 

apoproteins in the rough endoplasmic reticulum, and re-esterifies cholesterol via 

cholesterol acyl transferase (Norum et al., 1979). These apoproteins are 

transferred to the smooth endoplasmic reticulum and associate with the newly 

synthesized TAG and cholesterol esters, forming a nascent chylomicron with a 

phospholipid surface (Hussain et al., 1996). The apoproteins are then 

glycosylated by the Golgi apparatus (Mahley et al., 1971), before the 

chylomicron is transported to the basolateral membrane of the enterocyte and 

secreted into the lymphatic capillaries which eventually drains into the blood 

stream via the left subclavian vein.  

 

2.1.2 Digestion and synthesis of cholesterol 

In the absence of a cell wall, animal cells incorporate cholesterol into the cell 

membrane in order to promote structural integrity (Ohvo-Rekila et al., 2002). 

Consequently, dietary cholesterol is predominantly sourced from animal 

products. Exogenous cholesterol is mostly esterified, and is subsequently 

hydrolysed by pancreatic cholesterol esterase in the intestinal lumen to form 

cholesterol and FA (Patsch, 1987). These products are then re-esterified and 

packaged into lipoproteins as described in Section 2.1.1. Additionally, some of 

the cholesterol present in the small intestine has been recycled in the formation 

of bile acids (Grundy and Metzger, 1972), and this biliary cholesterol pool either 

suffers the same fate as the exogenous cholesterol or is excreted (Grundy, 

1983). Finally, cholesterol can also be derived by de novo synthesis in the 

enterocytes (and hepatocytes) (Patsch, 1987), and this manufacturing of 

cholesterol is inversely proportional to dietary availability (Grundy, 1983).  
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2.1.3 Lipoprotein metabolism 

Lipoproteins vary in size, TAG and cholesterol ester content, apoprotein 

expression, site of origin and role. However they are unified by their most basic 

structural necessity; a hydrophobic waxy core and a hydrophilic outer 

membrane comprised of phospholipids, unesterified cholesterol and 

apoproteins (Mills et al., 1984). Lipoproteins are typically classed into four 

groups according to their Svedberg flotation rate; chylomicrons, very-low-

density lipoproteins (VLDL), low-density lipoproteins (LDL) and HDL. An 

overview of the properties of these lipoprotein classes is provided in Table 2.1, 

and lipoprotein metabolism is summarised in Figure 2.1. In addition to these 

four groups, chylomicron remnants and intermediate-density lipoproteins are 

frequently cited in the literature. These are formed by the degradation or 

incomplete hydrolysis of chylomicron and VLDL respectively, and as such are 

denser than their parent lipoproteins. Intermediate-density lipoprotein particles 

will be referred to as VLDL remnants throughout this thesis. 

 

2.1.4 Chylomicrons 

Chylomicrons are the largest and least dense of the lipoproteins. Their primary 

purpose is to transport re-esterified dietary TAG away from the small intestine 

into the lymphatic system before draining into the bloodstream. Nascent 

chylomicrons are synthesized with apoproteins (apo) A-1 and B-48, before 

acquiring apo C-I, C-II, C-III and E from VLDL and LDL, and transferring some 

apo A-I to HDL in the circulation (Mills et al., 1984). Of these apoproteins, apo 

B-48 is unique to chylomicrons and their remnants and can therefore be used to 

identify the number of intestinally-derived lipoproteins following a meal (Havel, 

1994).  
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Table 2.1 The four main lipoprotein classes. Adapted from Mills et al. (1984). 

 

 
Chylomicron VLDL LDL HDL 

     
Sveberg flotation 
rate 

(Sf) 

>400 20-400 0-12 - 

Density 

(g∙mL-1) 
<0.95 0.95-1.01 1.02-1.06 1.06-1.21 

Diameter 

(nm) 
>70 30-80 18-22 5-12 

Apoproteins 
A-I, B-48, C-
I, C-II, C-III, 

E 
B-100, C, E B-100 

A-I, A-II, C, 
E 

Origin 
Small 

intestine 
Liver 

Peripheral 
capillaries 

Small 
intestine and 

liver 

Primary function 
Transport of 
exogenous 

TAG 

Transport of 
endogenous 

TAG 

Transport of 
cholesterol 
to periphery 

Reverse 
cholesterol 
transport 

TAG  

(% of mass) 
83 50 10 8 

Cholesterol  

(% of mass) 
8 22 48 20 

Protein  

(% of mass) 
2 7 20 50 

 

VLDL, very-low-density lipoproteins; LDL, low-density lipoproteins; HDL, high-density 

lipoproteins; TAG, triacyglycerol. 

 

Chylomicrons scavenge apo C-II from HDL in the blood (Havel, 1994) which is a 

cofactor for lipoprotein lipase (LaRosa et al., 1970), the enzyme which resides 

on the capillary endothelium and catalyses the hydrolysis of TAG. 

Consequently, individuals with an inherited deficiency in apo C-II are 

characterised by hypertriglyceridaemia and other associated co-morbidities 

(Cox et al., 1978). The hydrolysis of TAG by lipoprotein lipase facilitates the 

rapid diffusion of FA across the endothelium for storage or oxidation. Any FA 

released into the blood during this interaction are bound to albumin and 
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transported to the liver for re-esterification (and subsequently repackaged into 

VLDL) or oxidation in the liver and extra-hepatic tissues (Bergman et al., 1971). 

After most (~ 90%) of the TAG is hydrolysed by lipoprotein lipase (Havel, 1994), 

surface phospholipids and apoproteins C-II and A are scavenged by HDL (Mjos 

et al., 1975, Lewis and Rader, 2005), forming a chylomicron remnant. This 

remnant is further modified in the blood by LDL and HDL which exchange TAG 

for cholesterol ester via cholesteryl ester transfer protein (Barter et al., 2003).  

The loss of apo C-II from the chylomicron remnant to HDL prevents further TAG 

hydrolysis by lipoprotein lipase (Lewis and Rader, 2005), however some of the 

remaining TAG can be hydrolysed by hepatic lipase expressed on the cell 

surface of the liver (Shafi et al., 1994). It is thought that the hydrolysis of TAG 

by lipoprotein lipase and hepatic lipase may facilitate the binding of apo E on 

the surface of the chylomicron remnant to the LDL receptors (Brasaemle et al., 

1993) and LDL receptor related proteins (Beisiegel et al., 1991) expressed by 

the liver. Evidence also suggests that the periphery may remove the largest 

chylomicron remnants from the blood, as they may be too large to penetrate the 

fenestrated hepatic sinusoidal endothelium and reach the hepatic LDL and LDL 

receptor related proteins (Karpe et al., 1997, Fraser et al., 1995). 

Chylomicrons also transport esterified cholesterol from the small intestines. Due 

to the hydrolysis of TAG and the transfer of cholesterol esters from LDL and 

HDL (Barter et al., 2003), chylomicron remnants have a greater concentration of 

cholesterol esters than their precursor lipoprotein particles. The cholesterol 

ester in the remnant chylomicron is eventually hydrolysed by hepatic 

lysosomes, and the resulting cholesterol is either re-esterified and stored, 

packaged into VLDL, or excreted in the bile as free cholesterol or after 

conversion to bile acids (Havel and Hamilton, 1988).  

 

2.1.5 Very-low-density lipoproteins 

Very-low-density lipoproteins are predominantly formed in the liver, although a 

minor amount (~ 10%) may originate from the small intestine in the 

postabsorptive state (Risser et al., 1978). The primary function of VLDL is to 

transport endogenous TAG to the periphery. Each VLDL expresses apo B-100, 
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a longer apo B- isoform than apo B-100 on the surface of chylomicrons, but 

similarly scavenge apoproteins C-II and E from HDL in the blood (Hamilton et 

al., 1991, Lewis and Rader, 2005).  

The TAG content of VLDL is determined not only by the re-packaging of the 

remaining TAG present in chylomicron remnants and VLDL remnants taken up 

by the liver (Yamada et al., 1988), but also by hepatic de novo synthesis of TAG 

(Hellerstein et al., 1991), particularly during prolonged hyperglycaemia 

(Aarsland et al., 1996).  Furthermore, VLDL synthesis is also determined by 

hepatic uptake and re-esterification of FA liberated during lipolysis by hormone 

sensitive lipase in adipose tissue and the “spill over” of FA following interactions 

between lipoprotein lipase and TAG-rich lipoproteins (e.g. chylomicrons and 

VLDL) (Frayn et al., 1994, Miles et al., 2004). The rate of VLDL secretion by the 

liver is determined not only by these factors, but also by the balance between 

hepatic FA oxidation and re-esterification, and the demand for TAG at the 

periphery (i.e. when fasted). 

VLDL are catabolised in much the same way as chylomicrons, with apo C-II 

facilitating the hydrolysis of VLDL TAG by lipoprotein lipase (LaRosa et al., 

1970), and cholesterol ester transfer protein catalysing the exchange of TAG 

and cholesterol ester between VLDL and HDL respectively (Barter et al., 2003). 

However, the lipolysis of VLDL is much slower than chylomicrons, with a half-

life of 2-4 hours in the blood (Durstine and Haskell, 1994) compared to <10 

minutes (Cohen, 1989, Cohen et al., 1989), which likely reflects the preferential 

hydrolysis of TAG packaged in chylomicrons by lipoprotein lipase (Havel, 1994, 

Schneeman et al., 1993). Accordingly, the resulting VLDL remnant particle 

contains a greater amount of cholesterol ester due to increased exposure time 

to cholesterol ester transfer protein in the circulation (Havel, 1994). 

The presence of apoproteins B-100 and E enable the largest VLDL remnants to 

be taken up by the liver via the LDL receptor (Yamada et al., 1988). About half 

of all VLDL remnants are able to complete receptor-mediated endocytosis at the 

liver (Mahley and Ji, 1999), whilst the remaining VLDL remnants are small 

enough to penetrate the fenestrated hepatic sinusoidal endothelium and be 

further hydrolysed by hepatic lipase expressed on the liver cell surface (Zambon 

et al., 2003, Packard et al., 1984). The subsequent loss of the remaining TAG 
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promotes the formation of an LDL particle, predominantly characterised by an 

enriched cholesterol ester core and apo B-100 (Sigurdsson et al., 1975, Havel, 

1984). 

 

2.1.6 Low-density lipoproteins 

The primary function of LDL particles is the distribution of cholesterol to places 

of need. Due to the prior removal of apo E, LDL are only slowly taken up by the 

liver and extra-hepatic tissues via interaction with apo B-100 and the LDL 

receptor (Havel, 1994). Furthermore, LDL receptor-related proteins are not 

thought to remove LDL from the circulation (Kowal et al., 1989). Thus, the 

cholesterol-dense LDL particle has a half-life of 2-3 days (Hussain et al., 1996), 

and the number of LDL particles in the blood greatly exceeds that of its parent 

lipoprotein as a consequence (Havel, 1994).  

In addition to LDL receptor-mediated uptake, ~ 10% of LDL can be removed 

from the bloodstream by a receptor-independent process (Osono et al., 1995), 

whilst LDL which is modified in the circulation may undergo phagocytosis via 

scavenger receptors expressed on the surface of macrophages (Kelley, 1991). 

This pathway is widely acknowledged to be atherogenic (Ross, 1993, 

Bobryshev, 2006, Steinberg, 2009), as macrophages are not able to down 

regulate their scavenger receptor expression despite excessive increases in 

intracellular cholesterol. This lack of negative feedback promotes the formation 

of foam cells (Bobryshev, 2006), which are able to penetrate the endothelium 

and proliferate in the blood vessel wall (Yla-Herttuala et al., 1989). The 

accumulation of foam cells is also aided by the long half-life of LDL (Hussain et 

al., 1996), and the increased exposure to an environment which encourages 

oxidative modification of the LDL particle (Steinbrecher et al., 1984). Indeed, the 

apparent resistance to atherosclerosis in individuals with CVD risk factors but 

genetically predisposed to low levels of LDL highlights the importance of LDL in 

the progression of atherosclerosis (Cohen et al., 2006). 
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2.1.7 High-density lipoproteins 

The HDL fraction in human plasma is heterogeneous, and can more accurately 

be classed into a series of minor HDL species (Francone and Fielding, 1990, 

Barter, 2002). However, the primary function of each of these lipoproteins is to 

transport excess cholesterol from the periphery back to the liver for catabolism 

(“reverse cholesterol transport”) (Fielding and Fielding, 1995). As such, these 

minor species will often be grouped and referred to as HDL throughout this 

thesis.     

Phospholipid-rich and cholesterol-poor nascent HDL particles with apo A are 

secreted by the liver and intestine (Lewis and Rader, 2005). This is followed by 

the acquisition of unesterified cholesterol and phospholipids from extra hepatic 

cellular efflux (Fielding and Fielding, 1995) and from the degradation of 

circulating chylomicrons and VLDL particles (Barter et al., 2003). This 

cholesterol is esterified by lecithin-cholesterol acyltransferase (Jonas, 2000), 

which is activated by apo A (Grundy, 1983) and essential for normal HDL 

maturation (Lewis and Rader, 2005). Thus, the fate of HDL is inexorably linked 

with TAG-rich chylomicron and VLDL metabolism. Indeed, genetic lecithin-

cholesterol acyltransferase deficiency syndromes are characterised by a 

marked reduction in circulating HDL (Kuivenhoven et al., 1997).  

Mature HDL particles are involved in the aforementioned exchange of surface 

apoproteins with chylomicrons and VLDL (Lewis and Rader, 2005), forming 

HDL2. This interaction between HDL and TAG-rich lipoproteins is essential for 

TAG hydrolysis and subsequent removal of chylomicrons and VLDL from the 

circulation. Consequently, high HDL2 concentrations are inversely associated 

with CVD risk (Patsch et al., 1983).  

High-density lipoproteins also exchange cholesterol ester for TAG between 

lipid-rich lipoproteins in the presence of cholesterol ester transfer protein (Barter 

et al., 2003). However, the magnitude of cholesterol ester lost by HDL is greater 

than the amount of TAG gained (Rye et al., 1995), thus there is a net reduction 

in the HDL lipid core. The resulting TAG-rich, cholesterol-depleted HDL particle 

is now preferentially hydrolysed by hepatic lipase bound to the liver sinusoidal 

capillaries (Barter, 2002), releasing apo A and denser HDL3 particles (Clay et 

al., 1992).  These HDL remnant particles are taken up by the liver and 
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catabolised (Lewis and Rader, 2005), thereby delivering cholesterol to the 

hepatocytes for re-esterification and storage, re-packaging into VLDL or the 

formation of bile acids (Grundy, 1983). Therefore, prolonged elevations in 

circulating TAG-rich lipoproteins (i.e. postprandial lipaemia) lowers total HDL 

concentrations and unfavourably increases the ratio of HDL3 to HDL2 fractions 

(Patsch, 1987).  

 

 

Figure 2.1 Lipoprotein metabolism. This schematic provides a simplified overview of 

triacylglycerol (TAG) rich lipoprotein metabolism. For clarity, high-density lipoproteins have not 

been included, but note that they are instrumental in the scavenging of apoproteins E and C-II. 

The shaded portions of each lipoprotein describe the relative ratio of cholesterol ester (CE) to 

TAG content. LPL, lipoprotein lipase; VLDL, very-low-density lipoprotein; LDL, low-density 

lipoprotein; HL, hepatic lipase. Adapted from Jackson et al., (2012). 

 

2.1.8 Postprandial lipaemia and promotion of an atherogenic phenotype 

Circulating VLDL are the only TAG-rich lipoproteins present during the 

postabsorptive state. However, following a meal containing fat, TAG is 

packaged into chylomicrons and secreted into the bloodstream, and this 
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lipoprotein competes with VLDL for clearance via the lipoprotein lipase pathway 

(Brunzell et al., 1973).  

There is currently some debate regarding which lipoprotein fraction is 

associated with postprandial lipaemia, likely due to difficulties in determining 

chylomicron particle size (Nakajima et al., 2011). In the early 1990s it was 

demonstrated that chylomicrons account for only 20% of the postprandial 

increase in circulating lipoproteins (Schneeman et al., 1993), but 80% of the 

increase in total plasma TAG concentration (Cohn et al., 1993). Therefore, only 

a relatively small number of TAG-rich chylomicrons were thought to be 

responsible for the increase in postprandial lipaemia. However, the recent 

development of new immunoseparation techniques indicate that the major 

remnant lipoproteins associated with postprandial lipaemia are VLDL particles, 

although these make a smaller contribution to the total TAG concentration 

(Nakajima et al., 2011). Regardless, the aforementioned lipid exchange 

between TAG-rich lipoproteins via cholesterol ester transferase protein is 

enhanced during exaggerated lipaemia (Groener et al., 1984), and this 

increases the cholesterol content of remnant chylomicrons and the abundance 

of VLDL remnants. It is thought that these particles become more atherogenic 

as a result of a greater cholesterol core (Zilversmit, 1995). Indeed, it has been 

demonstrated that chylomicron remnants can penetrate the arterial wall and 

remain trapped within the sub-endothelial space (Mamo et al., 1998), whilst 

VLDL remnants have been identified within fibrous plaques (Pal et al., 2003, 

Rapp et al., 1994). Thus, it is possible that a causal relationship may exist 

between repeated periods of elevated TAG, fatty streak incidence and the 

development of larger atherosclerotic plaques (the “Zilversmit hypothesis” 

(Zilversmit, 1979)).  

It is now apparent that the Zilversmit hypothesis does not fully explain the link 

between repeated postprandial lipaemia and atherosclerosis, as the evidence 

supporting the ability of chylomicron remnants to directly contribute to fatty 

streak development is not universal (Karpe and Hamsten, 1995, Nordestgaard 

and Nielsen, 1994). The more recent “triglyceride intolerance hypothesis” 

(Patsch et al., 1992, Miesenbock, 1992) suggests that the mechanistic link 

between postprandial lipaemia and atherosclerosis extends to the whole 
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constellation of lipoproteins and their metabolic cascade, rather than just the 

carriers of TAG. A summary of these processes is provided in Figure 2.2. 

It is understood that the preferential hydrolysis of TAG-rich chylomicrons by 

lipoprotein lipase (Potts et al., 1991) results in a slower clearance of VLDL. This 

reduction in postprandial VLDL catabolism (rather than an increase in hepatic 

VLDL secretion (Bjorkegren et al., 1996)) extends VLDL residence time and 

facilitate further exchanges of TAG and cholesterol ester between VLDL and 

cholesterol ester transferase (Barter et al., 2003, Havel, 1994). Accordingly, the 

main postprandial increase in cholesterol ester concentrations in TAG-rich 

lipoproteins occur in VLDL, not chylomicrons (Schneeman et al., 1993). The 

increased activity of cholesterol ester transferase during hypertriglyceridaemia 

(Groener et al., 1984), also promotes the formation of the denser HDL3 particle 

(Clay et al., 1992), and eventual catabolism of HDL (Lewis and Rader, 2005).  

A reduction in circulating HDL fractions is problematic as this compromises the 

hydrolysis of future TAG-rich chylomicrons and VLDL via the attenuated transfer 

of apo C-II (Havel, 1994, Lewis and Rader, 2005). Furthermore, fewer HDL are 

available for the exchange of TAG and cholesterol via cholesterol ester 

transferase (Barter et al., 2003), thereby interfering with the lypotic cascade of 

chylomicrons and VLDL and increasing the transit time of these TAG-rich 

lipoproteins. As a consequence, elevated postprandial lipaemia is thought to be 

the “driving force” in the reduction of HDL (Patsch et al., 1984, Patsch et al., 

1992), and that the inverse associated between HDL and CVD (Tall, 1990, 

Cooney et al., 2009, Gordon et al., 1989, Gordon et al., 1977) is related, in part, 

to the positive association between postprandial lipaemia and CVD (Patsch et 

al., 1992). 

In concert with unfavourable changes in circulating HDL fractions, elevated 

lipaemia promotes the formation of smaller and more dense LDL particles 

(McNamara et al., 1992) due to the slower catabolism of VLDL (Bjorkegren et 

al., 1996), and the increased interaction (Schneeman et al., 1993) and activity 

(Groener et al., 1984) of cholesterol ester transferase. The density of LDL is 

known to be positively associated with a greater oxidative susceptibility (Chait et 

al., 1993, Tribble et al., 1992), thereby encouraging macrophage endocytosis of 

the now modified, dense LDL particle (Kelley, 1991) and ultimately foam cell 
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formation (Bobryshev, 2006) and proliferation in the blood vessel wall (Yla-

Herttuala et al., 1989). As such, the smaller, denser LDL particles associated 

with exaggerated lipaemia (McNamara et al., 1992) are strongly and positively 

related to CVD risk (Austin et al., 1988, Lamarche et al., 1997).  

 

2.1.9 Postprandial lipaemia and oxidative stress 

Oxidative stress is an umbrella term used to describe a number of conditions 

which alter the pro/anti-oxidant balance toward oxidative damage (Powers et 

al., 2011). Whilst the continuous interactions between free radicals are legion 

and difficult to fully elucidate, it is thought that the enhanced influx of FA into the 

muscle, adipose and hepatic tissues during periods of hypertriglyceridemia 

(Goldberg et al., 2009) augments FA metabolism via β–oxidation and the 

tricarboxylic acid cycle. This causes an overproduction of electron donors which 

in turn may overload the electron transport chain and cause an accumulation of 

electrons (Wallace et al., 2010). This surplus of electrons may be donated to 

molecular oxygen by coenzyme Q, thereby increasing mitochondrial production 

of superoxide radicals (O2
-) and augmenting oxidative stress (Brownlee, 2005, 

Wallace et al., 2010). Denser LDL particles are prominent targets for oxidative 

modification (Chait et al., 1993, Steinbrecher et al., 1984), and this process is 

considered to play an integral role in the development of CVD (Pentikainen et 

al., 2000, Steinberg, 2009).  

Data are also available linking postprandial oxidative stress with transient 

periods of endothelial dysfunction (Anderson et al., 2001, Bae et al., 2001). This 

process is thought to be a key event in the progression of atherosclerosis 

(Ross, 1993) and is reviewed in Section 2.9. Indeed, endothelial dysfunction 

appears to be a requirement for the initiation and subsequent development of 

atherosclerosis (Juonala et al., 2004), as discussed in Chapter 1 and described 

in Figure 2.2. Taken together, the association between postprandial lipaemia 

and CVD (Bansal et al., 2007, Iso et al., 2001, Nordestgaard et al., 2007, 

Sarwar et al., 2007) may be explained not only by the development of an 

atherogenic lipoprotein phenotype (Austin et al., 1990), but also by the 

unfavourable modification of these denser LDL particles via oxidative stress 
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(Sies et al., 2005), during periods of impaired endothelial function (Wallace et 

al., 2010). 

 

Figure 2.2 Postprandial lipaemia and the development of an atherogenic phenotype. This 

schematic provides an overview of the consequences of delayed clearance/increased residence 

time of triacylglycerol (TAG) rich chylomicrons (CM) and very-low-density lipoproteins (VLDL), 

both of which have may penetrate the endothelium and contribute to fatty streak development. 

Cholesterol ester (CE) is exchanged for TAG between the increased CM and VLDL pool and 

low-density lipoproteins (LDL) and high-density lipoproteins (HDL) via cholesterol ester 

transferase (CET). The hydrolysis of this TAG via hepatic lipase (HL) encourages the formation 

of smaller, denser HDL which are rapidly removed from the circulation. In turn, this limits the 

scavenging of apoproteins E and C-II from HDL by CM and VLDL, thus further delaying 

clearance of TAG-rich lipoproteins. Smaller, denser LDL are more susceptible to oxidative 

modification and encourage foam cell formation via receptor-mediated macrophage 

endocytosis. These processes occur in concert with an impairment in endothelial function via 

oxidative stress, which is considered to be integral to the atherosclerotic cascade.  

 

2.2 Factors affecting postprandial lipaemia 

In comparison to the number of studies with adults, limited data are available 

identifying the factors which influence postprandial lipaemia in children and 

adolescents. Thus, much of our understanding is derived from literature in 

adults and will therefore be discussed in the following sections. 
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2.2.1 Assessment and interpretation 

Whilst intravenous fat tolerance tests have been adopted for research purposes 

(Cohen, 1989, Hallberg, 1965), postprandial lipaemia is commonly assessed via 

the consumption of a high fat meal, and as such is conceptually similar to the 

oral glucose tolerance test. However, unlike the latter, there are no official 

guidelines for an oral fat tolerance test, which has resulted in the use of a wide 

range of study designs (Kolovou et al., 2011). 

Following a high fat meal, postprandial investigations typically report that 

plasma [TAG] slowly increases until a zenith is reached 3 to 4 hours later, and 

return to baseline after ~ 8 hours provided that no other food is consumed 

(Patsch, 1987, Peddie et al., 2012). However, it is likely that this well 

documented plasma TAG curve is a function of infrequent blood sampling, as 

the postprandial response may be more accurately defined as bi- (Mattes, 2002, 

Fielding et al., 1996) or even tri-phasic (Cohn et al., 1988) in nature, with the 

first peak occurring ~ 1 hour after ingestion and predominantly representing the 

TAG consumed in the previous meal (Fielding et al., 1996). Thus, 

standardisation (or replication) of diet before postprandial assessment is 

encouraged, and a preceding ~ 12 hour fast is considered to be mandatory 

(Kolovou et al., 2011). Consequently, studies in this field typically take place in 

the morning, following an overnight fast. This has the added benefit of broadly 

standardising the time of the meal ingestion between studies, as it is known that 

postprandial lipaemia is exaggerated following the consumption of a high fat 

meal in the morning compared to an identical meal in the afternoon (Burdge et 

al., 2003). 

Conventionally, the postprandial observational time invariably lasts 6-8 hours 

and includes regular (often hourly) blood samples (Peddie et al., 2012). This 

assessment of an oral fat tolerance test has been shown to provide a high level 

of reproducibility in men (a within-subject coefficient of variation (CV) of 10.1%) 

(Gill et al., 2005). In order to minimise the burden of testing for participants, 

some studies have investigated the validity of a shorter, 4 hour postprandial 

period (Maraki et al., 2011, Weiss et al., 2008) and protocols which require 

three (Guerci et al., 2001) or just one (Maraki et al., 2011, Rector et al., 2009) 

blood sample(s). A truncated 4 hour observation period has been demonstrated 
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to provide a valid surrogate of a 6 (Maraki et al., 2011) or 8 hour (Weiss et al., 

2008) postprandial observational period in lean and obese normolipidaemic 

men (R2 > 0.70, P < 0.01 for all analyses). In contrast, limited success has been 

reported using a three (Carstensen et al., 2003, Guerci et al., 2001) or single 

(Maraki et al., 2011, Rector et al., 2009) sample protocol, probably due to the 

large inter-individual variation in the kinetics of TAG handling even in 

normolipidaemic individuals (Patsch et al., 1983).  

Postprandial lipaemia is most commonly quantified as an area under the 

plasma TAG curve (AUC) versus time using the trapezoid rule, which has the 

statistical benefit of collating the entire TAG response into a single value 

(Matthews et al., 1990). The AUC analysis is typically expressed either as a 

total (TAUC) or incremental (IAUC) AUC, with the former often identified as the 

primary outcome measure in postprandial studies (Gill et al., 1998, Koutsari and 

Hardman, 2001, Malkova et al., 2000). Whilst the TAUC analysis expresses the 

gross lipaemic response following a meal, and is therefore the most reflective 

measure of the total physiological challenge, its use in studies where baseline 

TAG may be manipulated (i.e. by prior exercise) has come under criticism 

(Carstensen et al., 2003, Kolifa et al., 2004) as the TAUC analysis strongly 

correlates with fasting plasma [TAG] (Lewis et al., 1991, Potts et al., 1994, Gill 

et al., 2007). Indeed, a change in baseline TAG the day after exercise has been 

shown to account for 79% of the difference in TAUC for TAG between exercise 

and non-exercise conditions (Kolifa et al., 2004). In contrast, the IAUC analysis 

reflects the net lipaemic response to a high fat meal as the AUC is adjusted for 

baseline plasma [TAG]. Therefore, the IAUC analysis may be considered to 

better describe any changes in TAG handling following an intervention by 

partitioning out the confounding influence of modified baseline [TAG] 

(Carstensen et al., 2003). Regardless of these differences, it is common 

practice to report both AUC outcomes.   

 

2.2.2 Test meal composition 

It has been demonstrated in adults that a meal containing ≤ 15 g of fat is not 

sufficient to increase postprandial plasma TAG (Dubois et al., 1998). In 

contrast, 30 – 50 g of fat increases the TAUC for plasma TAG in a dose-
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dependent manner (Cohen et al., 1988, Dubois et al., 1998), and while the 

magnitude of the postprandial response is even greater following meals ≥ 80 g 

of fat, this is no longer dose-dependent (Cohen et al., 1988, Murphy et al., 

1995).  

The type of fat is also essential to the postprandial response, as short and 

medium chain FA enter the circulation via the portal route and therefore are not 

associated with enhanced chylomicron secretion (Patsch, 1987). Consequently, 

the use of dairy fat as the predominant source of fat in a test meal is thought to 

elicit a lower postprandial response than other types of fat (Lopez-Miranda et 

al., 2007, Peddie et al., 2012). Additionally, meals containing greater amounts 

of n-3 polyunsaturated FA may lower the lipaemic response compared to n-6 

polyunsaturated FA, monounsaturated FA and saturated FA (Lopez-Miranda et 

al., 2007, Williams, 1998). 

The inclusion of carbohydrate in a test meal is associated with profound effects 

on the subsequent postprandial lipaemic response. Postprandial lipaemia has 

been shown to be increased (Singleton et al., 1999), unchanged (Cohen and 

Schall, 1988), attenuated (Cohen and Berger, 1990) or abolished (Albrink et al., 

1958) with the co-ingestion of 17.5 g, 50 g, 100 g and 100-250 g of glucose 

respectively. The mechanisms behind these relationships are not well defined 

and difficult to decipher, partly due to differences in the fat loads between 

studies. However, factors such as a delay in gastric emptying and subsequent 

slowing of chylomicron release (Westphal et al., 2002) and a reduction in 

hepatic VLDL secretion due to the suppression of FA released from adipose 

tissue during periods of elevated insulin (Lewis et al., 1995) are likely to be 

influential. Importantly, the manipulation of postprandial lipaemia following the 

co-ingestion of different carbohydrate sources does not appear to be uniform as 

the addition of fructose to a meal increases the subsequent lipaemic response 

(Grant et al., 1994), even if the meal contains only 5 g of fat (Jeppesen et al., 

1995a). 

Several sources of dietary fibre have been shown to lower postprandial lipaemia 

(Cara et al., 1992, Khossousi et al., 2008, Sandstrom et al., 1994), probably by 

reducing the intestinal transit time of the consumed fat (Lairon et al., 2007). 

Finally, the co-ingestion of protein, particularly whey protein (Mortensen et al., 
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2009), has also been shown attenuate postprandial lipaemia (Mortensen et al., 

2009). Consequently, disparity in test meals (i.e. milkshake (Sedgwick et al., 

2012) vs. pizza (Tyldum et al., 2009)) is likely to cloud direct comparisons 

between studies.  

 

2.2.3 Age and sex 

It is understood that postprandial lipaemia is exaggerated with increasing age 

(Cohn et al., 1988). Indeed, chylomicron residence time has been demonstrated 

to be nearly twice as long in men and women over 60 years of age compared to 

those aged 18-30 years (Krasinski et al., 1990). This reduced chylomicron 

clearance in the elderly is consistent with data indicating an inverse relationship 

between age and lipoprotein lipase activity (Huttunen et al., 1976). It is also 

know that children are characterised by a slower gastric emptying time than 

adults when fed full cream milk (Maes et al., 1995), which may be of importance 

considering that the majority of postprandial investigations in paediatric 

populations incorporate dairy products (e.g. double cream, ice cream, whipping 

cream) as the primary source of fat in the test meal (Barrett et al., 2007, 

MacEneaney et al., 2009, Thackray et al., 2013, Tolfrey et al., 2012, Tolfrey et 

al., 2008, Tolfrey et al., 2014a). 

It is widely reported that women experience an attenuated lipaemic response 

following a high fat meal compared to men, regardless of age (Cohn et al., 

1988, Couillard et al., 1999, Horton et al., 2002, Koutsari et al., 2004). Whilst 

the precise mechanisms and their relative contributions behind this disparity are 

yet to be fully elucidated, evidence suggests that these differences extend 

beyond the sex hormones (Wang et al., 2011). Indeed, it is thought that the 

dyslipidaemia associated with the menopause (Derby et al., 2009) can be 

predominantly attributed to the aforementioned effect of aging (Cohn et al., 

1988), rather than loss of ovarian function per se (Wang et al., 2011, Casiglia et 

al., 2008). However, it is likely that sex hormones are partly responsible for the 

differences in lipaemic response, as it has been demonstrated that the TAG 

excursion following a test meal can be modified by menstrual phase (Gill et al., 

2005).  
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Data are available which identify that this sexual dimorphism is unrelated to 

fasting [TAG] (Demacker et al., 1982), insulin sensitivity (Jensen, 1995), total 

body fat (Koutsari et al., 2000), body mass (Baggio et al., 1980), intestinal TAG 

absorption (Horton et al., 2002), or postprandial substrate oxidation (Jensen et 

al., 1998), but may be related to differences in visceral body fat (Couillard et al., 

1999). It has also been demonstrated that women are characterised by a 

greater uptake of TAG by the skeletal muscle following a meal (Horton et al., 

2002), and superior total body (Despres et al., 1999) and adipose tissue (St-

Amand et al., 1995) lipoprotein lipase activity, although these findings are not 

universal (Perreault et al., 2004). Clearance of TAG may further be enhanced in 

women by differences in VLDL metabolism. Specifically, women produce fewer 

VLDL particles, which are larger and richer in TAG than men (Magkos et al., 

2007). This is thought to be important as it has been demonstrated in vitro that 

the lipolysis of larger, TAG-richer lipoproteins by lipoprotein lipase is more 

efficient than their smaller, TAG-poorer counterparts (Fisher et al., 1995).  

 

2.2.4 Postprandial lipaemia in children and adolescents  

Despite the consistent evidence supporting an independent effect of sex on the 

postprandial response to a high fat meal in adults (Couillard et al., 1999, 

Koutsari et al., 2004), no study has directly compared the lipaemic response to 

a test meal between boys and girls. In truth, limited data are available 

identifying the factors which influence postprandial lipaemia in young people, 

which is surprising considering the effect of age on postprandial lipaemia (Cohn 

et al., 1988), the link between non-fasting TAG in childhood and future CVD 

(Morrison et al., 2009), and the understanding that atherosclerosis starts in 

youth (Berenson et al., 1992, Stary, 1989). 

In 1994, Uiterwaal et al. (1994) demonstrated that healthy young men (mean 

age 25 ± 5 years) with parental history of CVD were characterised by higher 

postprandial TAG concentrations than a control group. Whilst this cohort does 

not qualify as a paediatric population, this investigation suggested that 

unfavourable changes in postprandial lipoprotein metabolism could be identified 

many years before overt CVD. Similar findings have been reported in the 

normolipidaemic offspring (mean age 22 ± 5 years) of parents with combined 
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familial hyperlipidaemia (Reiber et al., 2003). However, the increased lipaemic 

response in “at risk” offspring (mean age 23 ± <1 years) is not a universal 

finding (Tiret et al., 2000), although these authors did note that exaggerated 

lipaemia was related to elevated fasting [TAG], which is in agreement with adult 

data (O'Meara et al., 1992).   

The Columbia University Biomarkers Study was the first to investigate the 

correlates of postprandial lipaemia in children and adolescents (Couch et al., 

2000). This study assessed the lipaemic response to a high fat meal (52.5 g) in 

adolescents with or without a family history of premature coronary heart disease 

and identified that low [HDL] and high fasting [TAG] were associated with 

elevated lipaemia. In contrast to Uiterwaal et al. (1994), family history had no 

influence on the postprandial response. Low [HDL] (Patsch et al., 1983) and 

elevated fasting [TAG] (O'Meara et al., 1992) are known to be associated with 

an exaggerated lipaemic response in adults. Thus, the authors concluded that 

the predictors of postprandial lipaemia might be similar between children and 

adults. 

Support for this hypothesis was provided a year later when data were published 

identifying that postprandial lipaemia is exaggerated in adolescents with central 

obesity (Moreno et al., 2001), a finding which is also apparent in adults (Ryu et 

al., 1994, Wideman et al., 1996). Additionally, elevated postprandial lipaemia is 

apparent in adolescents with type 2 diabetes mellitus and elevated fasted [TAG] 

(Umpaichitra et al., 2004), both of which corroborate with the extant literature in 

adults (O'Meara et al., 1992, Chen et al., 1993a). Provisional evidence is also 

available which indicates that the lower lipaemic excursion following a high fat 

meal in African American adults compared to Caucasian adults (Friday et al., 

1999) may be present in adolescents (Lee et al., 2013).  

In summary, there is a growing body of evidence indicating that factors which 

are known to exaggerate postprandial lipaemia in adulthood (i.e. obesity, 

hypertriglyceridaemia and hyperinsulinaemia) may have similar effects during 

childhood and adolescence. However, this field of research remains in its 

infancy and more studies are needed to partition out the relationship between 

CVD risk factors and the lipaemic response to a fat challenge in youth. 

Furthermore, no paediatric data are available concerning other known 
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influences on postprandial lipaemia, such as preceding diet (Blades and Garg, 

1995), smoking (Sharrett et al., 2001), alcohol use (Fielding et al., 2000), sex 

(Cohn et al., 1988, Couillard et al., 1999, Koutsari et al., 2004), changes in sex 

hormones at the onset of puberty (Wang et al., 2011), and apolipoprotein 

phenotype (Lopez-Miranda et al., 2007).  

 

2.3 Physical activity and postprandial lipaemia 

The relationship between physical activity and postprandial lipaemia in youth 

remains to be elucidated. Cross-sectional studies have frequently reported that 

adults who regularly engage in physical activity are characterised by a lower 

lipaemic response following a test meal (Cohen et al., 1989, Cohen et al., 1991, 

Merrill et al., 1989, Ziogas et al., 1997), and this has been attributed to an 

observed increase in lipoprotein lipase activity in endurance-trained individuals 

(Podl et al., 1994). However, none of these studies required the participants to 

refrain from exercise in the days before the postprandial assessment. This is a 

substantial methodological flaw, as a single bout of exercise performed the day 

before a fat tolerance test profoundly affects the postprandial response (see 

section 2.4). Consequently, it is not possible from these studies to identify 

whether the benefit of regular physical activity on postprandial lipaemia is 

related to the last bout of exercise or habitual activity per se.  

Two studies have since provided clarification on this issue by requiring 

participants to refrain from exercise for at least 48 hours prior to the 

consumption of the high fat test meal (Herd et al., 2000, Tsetsonis et al., 1997). 

Both of these studies failed to report any differences in postprandial lipaemia 

between trained and untrained adult groups. A similar finding has been reported 

Aldred et al. (1995) who also included a 48 hour abstention from exercise 

period between the completion of a 12 week exercise training intervention and 

the high fat test meal in adult women. This lack of improvement in postprandial 

lipaemia occurred in the presence of favourable changes in physical fitness and 

insulin sensitivity. Finally, Freese et al. (2015) recently demonstrated that the 

magnitude of the reduction following a single bout of sprint interval cycling is 

comparable to that observed the day after 6 weeks of sprint interval training 

(13.1% vs 9.7% respectively) in women at risk of the metabolic syndrome. 
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Whilst these authors did not determine whether the sprint interval cycling 

protocol improved physical fitness, this study provides evidence that the 

favourable lipaemic response to a test meal observed after an acute bout of 

exercise cannot be “trained”. Therefore, it appears habitual physical activity and 

exercise training does not directly influence postprandial lipaemia in adults 

beyond a “last bout effect”. Furthermore, no data are available indicating that 

the magnitude of the lipaemic response to a single bout of exercise is 

influenced by training status. 

 

2.4 Acute exercise and postprandial lipaemia 

A single bout of exercise has repeatedly been demonstrated to lower the 

lipaemic response to a high fat meal in adults. It is outside the scope of this 

thesis to include an exhaustive critique of this evidence base, and the reader is 

referred to a number of excellent review articles for more detail (Freese et al., 

2014, Maraki and Sidossis, 2013, Peddie et al., 2012). However, this section 

will briefly draw upon the adult literature in order to discuss how characteristics 

of the exercise bout (i.e. energy expenditure, intensity, mode and timing) have 

been shown to influence the subsequent postprandial lipaemic response. 

 

2.4.1 Exercise-induced energy expenditure 

In a seminal study, Tsetsonis and Hardman (1996b) reported comparable 

reductions in postprandial lipaemia following 3 hours of walking at 32% of the 

maximal oxygen uptake (�̇�O2 max) and 1.5 hours of walking at 63% �̇�O2 max, 

thereby demonstrating that the energy expended during an exercise bout was 

the most important determinant of the subsequent reduction in postprandial 

lipaemia. Two years later, Gill et al. (1998) highlighted the importance of energy 

expenditure by identifying that the reduction in postprandial lipaemia was the 

same (~ 18%) when 90 minutes of walking at 60% �̇�O2 max was completed in 

one bout or three 30 minute sessions. 

Several investigations identified a dose-response between the exercise-induced 

energy expenditure and magnitude of the reduction in postprandial lipaemia. 
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Doubling energy expenditure by performing 90 minutes of exercise at 30% and 

60% �̇�O2 max has been shown to attenuate postprandial lipaemia by 16% and 

26% respectively (Tsetsonis and Hardman, 1996a). A similar effect occurs 

when energy expenditure is manipulated by increasing exercise time but 

keeping exercise intensity constant (Gill et al., 2002a). In 2003, a meta-analysis 

identified a significant inverse relationship between the magnitude of the 

reduction in postprandial lipaemia as an effect size (ES) and energy 

expenditure (r=-0.62, P=0.02), and highlighted that only energy expenditure, but 

not exercise intensity, duration or timing, influenced the postprandial response 

(Petitt and Cureton, 2003). However, at the time data from only 13 studies were 

available for this analysis, and the authors reported a weak relationship 

between the magnitude of the reduction in postprandial lipaemia and the 

exercise-induced energy expenditure (r=-0.35, P value not provided) once two 

outlying studies were removed.  

A more recent meta-analysis of 53 studies by Freese et al. (2014) reported a 

similar relationship between the change in postprandial lipaemia and the energy 

expended during aerobic exercise (r=-0.31, P<0.01). Interestingly, these 

authors reported that no relationship was present between the attenuation in 

postprandial lipaemia and the energy expended during resistance (r=-0.28, 

P=0.37) or high-intensity interval exercise (r=-0.27, P=0.60). It is plausible that 

this dissociation is partly due to the difficulty in accurately determining energy 

expenditure via indirect calorimetry during these activities, however given that 

these two reviews indicate that the energy expended during moderate-intensity 

exercise only accounts for approximately 10 – 12% of the variance in 

postprandial lipaemia, it is likely that other characteristics of the exercise bout 

mediate the postprandial response. Indeed, Peddie et al. (2012) demonstrated 

in their review that any relationship between exercise-induced energy 

expenditure and postprandial lipaemia is lost when the IAUC for plasma [TAG] 

is adopted instead of the TAUC analysis. Thus, energy expended during prior 

exercise may lower baseline plasma [TAG] the following day, but not the net 

lipaemic response following consumption of the test meal.  

Data are available indicating that energy expended during exercise promotes a 

greater reduction in postprandial lipaemia than dietary restriction (Bellou et al., 

2013, Gill and Hardman, 2000, Maraki and Sidossis, 2010). Gill and Hardman 



54 
 

(2000) demonstrated that 90 minutes of walking at ~ 63% �̇�O2 max significantly 

attenuated postprandial lipaemia by 20%, whilst an isocaloric energy deficit (via 

dietary restriction) only elicited a 7% reduction. Additionally, replacing the 

energy expended during exercise does not completely diminish the reduction in 

postprandial lipaemia (Burton et al., 2008, Freese et al., 2011, Harrison et al., 

2009, Maraki and Sidossis, 2010). Thus, the energy deficit induced by exercise 

may not fully explain the subsequent postprandial response.   

 

2.4.2 Exercise intensity and modality 

Whilst the energy expended during low- to moderate-intensity exercise appears 

to be a determinant of the subsequent postprandial response (Freese et al., 

2014, Petitt and Cureton, 2003), data are available indicating that this 

relationship is lost when high-intensity exercise (Gabriel et al., 2012, Trombold 

et al., 2013) or resistance exercise (Magkos et al., 2008, Petitt et al., 2003) 

precedes the test meal.  

Trombold et al. (2013) identified that high-intensity interval cycling elicited 

significantly greater reductions in postprandial lipaemia than an isoenergetic 

moderate-intensity bout (45% and 25% respectively). One of the strengths of 

this study is that the authors quantified exercise-induced changes in excess 

post oxygen consumption and demonstrated that the total energy expenditure 

was comparable between trials. A similar finding was reported by Gabriel et al. 

(2012) who demonstrated that high-intensity interval cycling elicited comparable 

reductions in lipaemia as 30 minutes of walking despite a ~ 60% lower energy 

expenditure. Indeed, a recent review highlighted that high-intensity exercise 

may be the most effectual at lowering the IAUC-TAG outcome (Freese et al., 

2014). 

Resistance exercise also appears to provide a potent stimulus for favourable 

reductions in postprandial lipaemia. Petitt et al. (2003) demonstrated that 1.7 

MJ (~ 400 kcal) of resistance exercise significantly attenuated postprandial 

lipaemia by 18% compared to a walk matched for duration and energy 

expenditure. Similarly, Magkos et al. (2008) identified that ~ 400 kcal of 

resistance exercise significantly increased the rate of VLDL clearance 
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compared to an isoenergetic walk (24%) and a non-exercise control trial (30%). 

Interestingly, the intensity of resistance exercise does not appear to modulate 

the postprandial response provided that the two exercise trials are matched for 

energy expenditure (Singhal et al., 2009). Further studies identifying the 

influence of exercise intensity are needed, but the aforementioned 

investigations provide evidence that the characteristics of the exercise bout may 

affect the subsequent lipaemic response. 

 

2.4.3 Accumulated exercise 

Public health guidelines include accumulating exercise over the course of the 

day as a feasible alternative to a single bout of exercise (Haskell et al., 2007, 

Pate et al., 1995), and data are available indicating that this pattern of exercise 

can increase adherence to physical activity interventions in adults (Jakicic et al., 

1995). Consequently, it is pertinent to address whether accumulating exercise 

can attenuate postprandial lipaemia, and whether this pattern of exercise is 

more effectual than a single exercise bout. 

In the first study to address this question, Gill et al. (1998) demonstrated that 

three 30 minute bouts of running at 60% �̇�O2 max the day before a test meal 

elicited comparable reductions (~ 18%) in postprandial lipaemia as one 

intensity-matched 90 minute bout in men. Two years later, Murphy et al. (2000) 

demonstrated that three 10 minute bouts of walking at ~ 60% �̇�O2 max lowered 

the average plasma [TAG] response to multiple meals to a similar extent as one 

30 minute walk (~ 12%) in sedentary men and women. This finding is 

encouraging as small volumes of walking exercise should be feasible for most.  

In the years that followed, several studies confirmed that accumulating exercise 

is as effectual as a comparable exercise stimulus performed in a single bout for 

the attenuation of postprandial lipaemia in healthy (Miyashita et al., 2006, 

Miyashita et al., 2008), and obese (Miyashita, 2008) men. One notable 

exception is the study performed by Altena et al. (2004), who reported that three 

10 minute bouts of running at 60% �̇�O2 max reduced postprandial lipaemia by 

27% in women, whilst an equivalent 30 minute bout elicited only a 16% 

reduction. These authors speculated that this difference might be related to a 
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greater total excess post-exercise oxygen consumption when exercise is 

accumulated, however this was not measured in this study. Additionally, these 

lipaemic responses were not significantly different between exercise trials (P 

value not provided). Regrettably, the authors also do not provide the means and 

standard deviations for plasma [TAG] (TAUC or IAUC) in their manuscript, so it 

is not possible to determine the magnitude of this difference as an effect size. 

Thus, the weight of evidence indicates that accumulating exercise elicits 

comparable reductions in lipaemia provided that the total exercise stimulus is 

the same. 

 

2.4.4 Exercise timing 

Data are available indicating that the timing of the exercise bout(s) in relation to 

the high fat meal is a key determinant of the postprandial response. In a 

landmark study, Zhang et al. (1998) reported a significant 51% and 38% 

decrease in postprandial lipaemia when 1 hour of exercise at 60% �̇�O2 max was 

performed either 12 hours or 1 hour before a high fat meal compared to a 

resting control trial (P>0.05 for the difference between trials). However, 

postprandial lipaemia was only attenuated by 5% when this exercise bout was 

performed 1 hour after the meal, which was not significantly different compared 

to the control trial. These results were attributed to the delayed peak in 

lipoprotein lipase activity (Seip et al., 1997, Seip and Semenkovich, 1998, 

Zhang et al., 2002) which is discussed later in Section 2.5.1. Other studies 

(Petridou et al., 2004, Pfeiffer et al., 2005), but not all (Katsanos et al., 2004, 

Hardman and Aldred, 1995), have since reported that exercise (which would 

reasonably be expected to lower postprandial lipaemia) performed immediately 

before or during the postprandial period failed to attenuate the lipaemic 

response to a test meal. Further research is needed to identify the mechanistic 

basis of this disparity. However, there is preliminary evidence to suggest that 

sex might modulate the reduction in postprandial lipaemia when the time 

between the exercise bout and the test meal is short (Henderson et al., 2010). 

Specifically, these authors demonstrated postprandial lipaemia is lowered in the 

immediate hours after exercise in women but not men, possibly due to sex 

differences in VLDL metabolism (see Section 2.5.6). 
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2.5 Mechanisms underlying the reduction in postprandial lipaemia after exercise 

A lower postprandial TAG excursion following exercise is logically related to 

either a reduced appearance or increased clearance of TAG from the blood. 

Almost all of our understanding regarding the mechanisms responsible for this 

reduction in postprandial lipaemia, and how this interaction can be modulated 

by manipulating the exercise bout, is derived from research with adult groups. 

This is predominantly a result of ethical considerations and the obvious need to 

restrict laboratory techniques to those that are suitable for the study population. 

Accordingly, evidence for the proposed mechanism(s) responsible for an 

exercise-induced modulation in postprandial [TAG] is drawn from the extant 

adult literature.   

 

2.5.1 Lipoprotein lipase 

Typically, postprandial investigations adopt a 2-day protocol, whereby the 

exercise bout is completed in the afternoon or evening and the participants 

consume a standardised evening meal before being transported to the 

laboratory the following morning after an overnight fast. In addition to controlling 

for the confounding effects of previous meal composition (Chen et al., 1993b, 

Weintraub et al., 1988), baseline [TAG] (Lewis et al., 1991, Potts et al., 1994), 

prior exercise (Maraki and Sidossis, 2013, Peddie et al., 2012), and diurnal 

variation (Burdge et al., 2003), the benefit of this design is that it coincides with 

the delayed peak in lipoprotein lipase activity post exercise (Seip and 

Semenkovich, 1998, Zhang et al., 2002), which is responsible for the hydrolysis 

of TAG-rich lipoproteins and thus conceptually linked to attenuation of 

postprandial lipaemia. 

Two early investigations in the 1980s suggested that an increase in lipoprotein 

lipase activity following endurance running was responsible for the subsequent 

attenuation in postprandial plasma [TAG] (Kantor et al., 1984, Sady et al., 

1986). In the years that followed, it was demonstrated that skeletal muscle 

contractions promote a transient (Seip et al., 1997, Seip and Semenkovich, 

1998) and tissue-specific (Seip et al., 1995) increase in lipoprotein lipase 

activity. The time course of the increase in lipoprotein lipase activity post 
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exercise is not well defined, but the activity of this enzyme has been 

demonstrated to increase 4 hours post exercise and peak between 8-24 hours 

after exercise (Seip et al., 1997, Seip and Semenkovich, 1998, Zhang et al., 

2002). Furthermore, this increased activity of lipoprotein lipase has been shown 

to correlate strongly (r >0.77, P<0.05) with the reduction in postprandial 

lipaemia observed after exercise (Gill et al., 2003b, Herd et al., 2001). The 

mechanism(s) behind this upregulation is(are) not fully understood, however 

studies which manipulated exercise intensity (and thus fibre type recruitment) in 

rats indicate that lipoprotein lipase activity is increased only in the 

corresponding fast- or slow-twitch muscle fibres (Bey and Hamilton, 2003, 

Hamilton et al., 1998),  thereby suggesting the importance of contractile activity.  

Data are available indicating that exercise intensity and the exercise-induced 

energy expenditure may both modulate the upregulation in lipoprotein lipase 

activity. Gordon et al. (1996) demonstrated that lipoprotein lipase activity 

increased 24 hours after treadmill running at 75% �̇�O2 max, but not after an 

isoenergetic bout (800 kcal) at 60% �̇�O2 max. Elsewhere, an expenditure of 800 

kcal at 70% �̇�O2 max failed to increase lipoprotein lipase activity 24 hours later, 

although a 33% increase was observed when 1100 kcal were expended at this 

intensity (Ferguson et al., 1998). Interestingly, these authors reported a 26% 

reduction in plasma TAG concentrations despite no change in lipoprotein lipase 

activity following the 800 kcal exercise bout, indicating that attenuations in 

postprandial lipaemia may be possible without a concomitant upregulation of 

lipoprotein lipase activity. Indeed, of the available studies which observed 

favourable changes in postprandial lipaemia after exercise and measured 

lipoprotein lipase activity (Herd et al., 2001, Thomas et al., 2001, Zhang et al., 

2002, Gill et al., 2003b, Miyashita and Tokuyama, 2008, Katsanos et al., 2004, 

Ferguson et al., 1998), only one identified an increase in lipoprotein lipase 

activity after exercise compared to a resting control trial (Zhang et al., 2002). 

However, it is pertinent that one of these studies did observe a strong, inverse 

relationship between lipoprotein lipase activity and the difference in lipaemic 

response to the test meal between trials (r = -0.79; P<0.05) despite no apparent 

changes in lipoprotein lipase activity at a group level (Herd et al., 2001). Thus, it 

seems likely that the increase in lipoprotein lipase activity has an additive, but 

not exclusive, role in modulating the lipaemic response to a high fat meal. 
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2.5.2 Very-low-density lipoprotein metabolism 

The lower fasted plasma [TAG] observed the day after acute exercise 

predominantly reflect a reduction in the [TAG] of VLDL particles (Magkos, 

2009). Additionally, recent evidence indicate that the major remnant lipoproteins 

associated with postprandial lipaemia might be VLDL (Nakajima et al., 2011), 

rather than chylomicrons as previously thought (Cohn et al., 1993). Thus, it has 

been proposed that changes in VLDL metabolism may play an important role in 

reducing postprandial lipaemia after exercise (Katsanos, 2006, Gill et al., 2001, 

Malkova et al., 2000). 

Malkova et al. (2000) demonstrated that 70% of the reduction in postprandial 

lipaemia (33%) achieved the morning after prolonged exercise (i.e. during the 

period of likely increase lipoprotein lipase activity (Seip et al., 1997, Seip and 

Semenkovich, 1998)) was attributable to a reduction VLDL-TAG. These findings 

were corroborated a year later by Gill et al. (2001) who reported that 79% of the 

reduction in plasma TAG concentration (25%) the day after 90 min of brisk 

walking was due to a reduction in VLDL-TAG.  

A reduction in both VLDL concentration (38%) and VLDL-TAG content (40%) 

has also been observed 4.5 hours after prolonged moderate-intensity exercise 

(Borsheim et al., 1999). Considering that VLDL and chylomicrons are both 

hydrolysed by lipoprotein lipase (Brunzell et al., 1973), which has a greater 

affinity for the latter (Potts et al., 1991), it is likely that this reduction in lipaemia 

could reflect an attenuated hepatic VLDL-TAG output.  Indeed, Gill et al. (2001) 

reported that serum [3-hydroxybutyrate] (3-OHB) increased by over 50% 

following exercise, which is indicative of a greater rate of hepatic fatty acid 

oxidation (Gill et al., 2001, Malkova et al., 2000). In turn, this could plausibly 

limit the availability of fatty acids to be re-esterified and packaged into VLDL 

(Gorski et al., 1990). Indeed, in a separate study, Gill et al. (2007) identified a 

strong and inverse correlation between the change in [3-OHB] due to exercise 

and the exercise-induced fall in VLDL1 concentration (r=-0.72, P=0.02). 

Magkos et al. (2006) observed a reduction in number of VLDL-apo B particles 

secreted by the liver, but not the total VLDL-TAG excursion, and an increase in 

VLDL-TAG clearance rate the day after 2 hours of cycling at 60% �̇�O2 peak. 

Recent progress in this field of research was achieved by Al-Shayji et al. (2012), 
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who isolated VLDL1, the major determinant of postprandial lipaemia (Tan et al., 

1995), rather than documenting changes in the total VLDL fraction. These 

authors identified that VLDL1 clearance rate, but not secretion, was responsible 

for the reduction in postprandial lipaemia the day after 2 hours of walking at ~ 

50% �̇�O2 max. Larger VLDL particles are more likely to be hydrolysed by 

lipoprotein lipase (Fisher et al., 1995, Karpe et al., 2007), which would explain 

why an increased VLDL-TAG clearance rate has been observed in the absence 

of an increase in lipoprotein lipase activity (Malkova et al., 2000). Indeed, Al-

Shayji et al. (2012) demonstrated that VLDL1 particles were 26% bigger and ~ 

25% TAG-richer the day after exercise, and that the fractional catabolic rate of 

VLDL was strongly, and positively, correlated with this increase in size and 

TAG-enrichment. Finally, it has recently been demonstrated in vitro that a prior 

bout of moderate-intensity exercise increases the affinity of VLDL1 for hydrolysis 

by lipoprotein lipase (Ghafouri et al., 2015). Consequently, the attenuated 

lipaemic response observed following exercise is likely related to an increase in 

the efficiency of VLDL-TAG clearance due to the production of fewer, but larger 

and TAG-richer, VLDL particles (Magkos, 2009, Magkos et al., 2007, Magkos et 

al., 2006). 

 

2.5.3 Insulin 

Insulin controls VLDL secretion from the liver (Lewis and Steiner, 1996), 

stimulates lipoprotein lipase activity in the adipose tissue in the postprandial 

period (Picard et al., 1999), but diminishes this activity in skeletal muscle (Kiens 

et al., 1989). Furthermore, insulin resistance is associated with exaggerated 

lipaemia (Jeppesen et al., 1995b, Chen et al., 1993a), possibly because insulin 

inhibits muscle lipoprotein lipase activity in the postprandial state (Kiens et al., 

1989). Despite these mechanistic links, Gill et al. (2002b) demonstrated that 

whilst the postprandial lipaemic response correlated with postprandial insulin in 

a resting control trial (r=0.48, P<0.05), no relationship existed between the 

change in postprandial TAG and postprandial insulin (r=0.04, P=0.70) the day 

after 90 minutes of brisk walking at 60% �̇�O2 max. A lack of a significant 

relationship between TAUC-TAG and TAUC-insulin has also been reported 

following resistance training (Petitt et al., 2003). Thus the beneficial effect of 
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prior exercise on postprandial lipaemia appears to be independent to changes 

in [insulin].  

 

2.5.4 Substrate oxidation 

In an elegant design, Malkova et al. (1999) used acipimox (an inhibitor of 

lipolysis (Fuccella et al., 1980)) to demonstrate that the reduction in 

postprandial lipaemia (~ 20%) the day after 90 minutes of jogging at 60% �̇�O2 

max was unrelated to the metabolism of fat during the exercise bout. Indeed, 

several studies have demonstrated that the lipaemic response to a test meal is 

lower following high-intensity interval exercise (Ferreira et al., 2011, Freese et 

al., 2011, Gabriel et al., 2012, Trombold et al., 2013), where the reliance of fat 

oxidation is appreciably lower (van Loon et al., 2001). However, a single 

exercise bout promotes fat oxidation for ~ 24 hours (Hansen et al., 2005), and 

this phenomenon may (Phelain et al., 1997), or may not (Kuo et al., 2005) be 

positively associated with exercise intensity. Several authors have suggested 

that this shift in substrate metabolism during the postprandial period may 

account for some of the reduction in postprandial lipaemia (Ferreira et al., 2011, 

Pfeiffer et al., 2006, Tsetsonis and Hardman, 1996b, Petitt et al., 2003, 

Trombold et al., 2013). Gill et al. (2007) demonstrated that a post-exercise 

increase in hepatic fat oxidation, as demonstrated via [3-OHB], during the 

postprandial period accounted for nearly half of the variance in the lipaemic 

response in men with type 2 diabetes. Additionally, significant inverse 

relationships have been observed between postprandial fat oxidation and 

lipaemia following moderate-intensity (r=-0.58) and high-intensity (r=-0.67) 

exercise (Burton et al., 2008, Trombold et al., 2013). Therefore, more studies 

which assess the relationship between the post exercise change in substrate 

oxidation during the postprandial period and the difference in lipaemia are 

warranted.  

 

2.5.5 Blood flow 

In addition to an upregulation in lipoprotein lipase activity, an increase in plasma 

TAG delivery, either to skeletal muscle, the liver or adipose tissue, may 
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augment TAG clearance. It has been demonstrated that 2 hours of running at ~ 

65% �̇�O2 max increased calf blood flow and TAG clearance rate the following 

day (Malkova et al., 2000). More recently, Hurren et al. (2011) demonstrated in 

overweight men that a 22% reduction in postprandial lipaemia was associated 

with a 19% and 16% increase in blood flow through the femoral artery and 

hepatic portal vein the day after performing 90 minutes of brisk walking at 60% 

�̇�O2 max. A redistribution of blood flow may facilitate an increase in substrate 

delivery to lipoprotein lipase, and thus have an additive effect to the increased 

VLDL clearance rate observed after exercise (Al-Shayji et al., 2012) with or 

without a concomitant upregulation in lipoprotein lipase activity (Seip and 

Semenkovich, 1998). 

 

2.5.6 Sexual dimorphism in the postprandial response following exercise 

A recent meta-analysis identified a greater effect of prior exercise on 

postprandial lipaemia in women (ES=0.96) compared to men (ES=0.57) (Freese 

et al., 2014). Interestingly, this disparity was lost when comparing the IAUC-

TAG responses to exercise between sexes, suggesting that the lower lipaemic 

response in women may relate to differences in baseline (i.e. fasted) [TAG]. 

However, Bellou et al. (2013) demonstrated that the reduction in lipaemia with 

prior exercise in women was due to an increased clearance and decreased 

secretion of VLDL-TAG, whilst the same research group identified that men 

experience an increased clearance in VLDL-TAG only (Magkos et al., 2006). 

Furthermore, evidence indicates that postprandial lipaemia may be lowered in 

the immediate hours after exercise in women but not men (Henderson et al., 

2010). These authors demonstrated that postprandial lipaemia was attenuated 

in females, but not males, in the hours following 90 minutes and 60 minutes of 

cycling at 45% and 65% of �̇�O2 peak. A possible explanation for this finding is 

that women have been shown to experience a smaller increase in plasma free 

[FA] post exercise compared to men (Henderson et al., 2007), and a blunted 

delivery of FA to the liver during exercise recovery could plausibly lower hepatic 

VLDL-TAG output post exercise.  

Therefore, it appears that women are not only characterised by a lower lipaemic 

response to a meal at rest (Cohn et al., 1988, Couillard et al., 1999, Horton et 
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al., 2002, Koutsari et al., 2004), but may also experience a greater reduction in 

postprandial lipaemia following exercise than men (Freese et al., 2014). 

Consequently, it is likely inappropriate to assume that the observed benefits of 

an exercise bout on postprandial lipaemia can be translated between the sexes. 

 

2.6 Acute exercise and postprandial lipaemia in paediatric populations 

This section examines the available evidence concerning the interactions 

between exercise and postprandial lipaemia in paediatric populations. A 

summary of the existing data is provided in Table 2.2. 

In comparison to the adult literature, there is a paucity of studies which have 

addressed the influence of exercise on postprandial lipaemia in children and 

adolescents. Excluding the experimental chapters of this thesis, only twelve 

studies have investigated the effect of acute exercise on postprandial lipaemia 

in young people (Barrett et al., 2007, Lee et al., 2013, MacEneaney et al., 2009, 

Sedgwick et al., 2013, Sedgwick et al., 2014, Sedgwick et al., 2012, Sisson et 

al., 2013, Thackray et al., 2013, Tolfrey et al., 2012, Tolfrey et al., 2008, Tolfrey 

et al., 2014a, Thackray et al., 2014), and these have recently been reviewed 

(Tolfrey et al., 2014b). Thus, this area of research is in its infancy and more 

work needs to be conducted to identify whether the factors which have been 

shown to modulate the postprandial response following exercise in adults are 

present in youth. However, these adolescent studies do demonstrate that a 

single session of moderate to vigorous intensity exercise with an energy 

expenditure ≥ 1 MJ (240 kcal) performed the day before a high fat meal can 

meaningfully attenuate postprandial lipaemia in this group. Furthermore, the 

magnitude of this effect (ES typically range from “small” to “moderate” (Cohen, 

1988)) is in line with the adult literature (Freese et al., 2014, Maraki and 

Sidossis, 2013, Peddie et al., 2012). 
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Table 2.2 Existing exercise and postprandial lipaemia studies in paediatric populations 

Study Sex n 
Age 

(years) 
Intervention EE (MJ) 

Hours 
between 
exercise 
and HFM 

Amount 
of fat (g 
kg-1 BM) 

TAUC-
TAG  
ES 

IAUC-
TAG ES 

Barrett et al. 
(2007)  

M 
 

M 

10 
 

9 

15.3 
 

15.4 

4 x 15 min TMW at 59% �̇�O2 

peak 
 

4 x 18 min LIST at 69% �̇�O2 

peak 

2.0 
 
- 

16.0 
 

16.0 

1.3 
 

1.3 

0.46* 
 

0.78* 

0.07 
 

1.17* 

Tolfrey et 
al. (2008) 

M 8 12.9 

6 x 10 min TMR at 53% �̇�O2 

peak 

6 x 10 min TMR at 75% �̇�O2 

peak 

1.5 
2.2 

14.7 1.5 
0.86* 
0.67  

0.37* 
0.18 

Mac 
Eneaney et 
al. (2009) 

M 
 

M 

10 NW 
 

8 OW 

15.6 
 

15.9 

59 min TM at 65% �̇�O2 peak 
 

52 min TM at 65% �̇�O2 peak 

2.5 
 

2.5 

12.0 
to 

14.0 

97 (g/2 
m2 BSA) 

0.59* 
(pooled) 

0.49* 
(pooled) 

Tolfrey et 
al. (2012) 

M 11 13.3 

3 x 10 min TMR at 55% �̇�O2 

peak 

 

6 x 10 min TMR at 55% �̇�O2 

peak 

1.0 
 

2.0 
14.5 1.5 

0.26 
 

0.32* 

- 
 
- 

Sedgwick et 
al. (2012) 

M 13 13.6 60 min TMR at 72% �̇�O2 peak 1.9 18.0 
B 1.5 
L 1.1 

0.71* 0.49 

Lee et al. 
(2013) 

M + F 
 

M + F 

21 AA 
 

17 C 

15.4 
 

14.5 
60 min cycling at 50% �̇�O2 peak 

1.9 
 

2.1 
14.0 

64 
 

66  (g/2 
m2 BSA) 

0.18 
 

0.46* 

- 
 
- 
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Sedgwick et 
al. (2013) 

M 14 12.9 
6 x 10 min TMR at 72% �̇�O2 

peak (each separated by 50 
min) 

1.9 18.0 
B 1.5 
L 1.1 

0.38 0.50 

Sisson et al. 
(2013) 

M + F 18 14.8 
3 x 45 min TMW at 1.5-3 

METS (each separated by 15 
min) 

- 
Exercise 

immediately 
after meal 

~ 0.3 0.17 - 

Thackray et 
al. (2013) 

M 15 11.8 
10 x 1 min TMR at 100% �̇�O2 

peak 
- 15.5 

B 1.5 
L 1.1 

0.50* 0.39 

Sedgwick et 
al. (2014) 

M 9 13.1 

4 blocks of 10 x 6 s cycle 
sprints (each sprint separated 

by 90 s with 3 min between 
blocks) 

99 kJ 
(mechan-
ical work) 

15.0 
B 1.5 
L 1.1 

0.40* 0.39* 

Thackray et 
al. (2014) 

F 11 12.1 
TMW at 60% �̇�O2 peak  

 
Equivalent dietary restriction 

1.55 
 

1.51 
14.5 

B 1.5 
L 1.1 

0.71*† 
 

0.39 
NS 

Tolfrey et 
al. (2014b) 

F 18 10-14 

3 x 10 min TMR at 55% �̇�O2 

peak 
 

6 x 10 min TMR at 56% �̇�O2 

peak 

777 kJ 
 

1536 kJ 
15.5 1.5 

0.10 
 

0.40*† 

0.30 
 

0.15 

 

* A statistically significant difference exists between the exercise and resting control trial; 
†
 A statistically significant difference exists between intervention 

trials. No statistical comparison between exercise groups was made by Barrett et al. (Barrett et al., 2007) due to a between-measures design. NS = not 

statistically significant difference exists between intervention and control trial (the author provides medians and the interquartile range so an ES cannot be 

calculated). M = male; F = female; LIST, Loughborough Intermittent Shuttle Test; TMR, treadmill running; TMW, treadmill walking; AA, African American; C, 

Caucasian; B, breakfast; L, lunch; BSA, body surface area.
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2.6.1 Participant characteristics 

Currently, no data are available comparing the lipaemic response post exercise 

between boys and girls despite the aforementioned effect of sex in adults 

(Freese et al., 2014, Henderson et al., 2010). Although girls have been included 

with boys in one study (Lee et al., 2013), the authors did not identify whether 

sex had an interaction effect on the lipaemic response post exercise. 

Considering that non-fasting [TAG] has been shown to be associated with CVD 

in women independently of other risk factors (Bansal et al., 2007), and that girls 

are less likely to meet current physical activity guidelines than boys (Riddoch et 

al., 2007), it is pertinent to identify effective exercise interventions which 

attenuate postprandial lipaemia in this group. Indeed, two of the latest 

publications in this field exclusively recruited girls (Thackray et al., 2014, Tolfrey 

et al., 2014a). Whilst any comparisons between studies are made with caution, 

it is interesting to note that in two separate studies by the same research group 

(Tolfrey et al., 2012, Tolfrey et al., 2014a), the mean TAUC-TAG in the control 

trials following identical high fat meals (1.5 g of fat kg-1 body mass) were 

comparable between boys and girls (7.06 and 7.09 mmol∙L-1 6 h, respectively) 

who were of a similar age and body mass. Thus, the sexual dimorphism in the 

lipaemic response observed in adults (Cohn et al., 1988, Couillard et al., 1999, 

Horton et al., 2002, Koutsari et al., 2004) might not be present in youth. 

However, following identical exercise bouts (six, 10 minute bouts at ~ 55% �̇�O2 

peak) girls experienced a similar reduction in postprandial lipaemia (~ 19%, 

P<0.05 (based on 95% CI, P values not provided), ES=0.40) compared to boys 

(~ 16%, P=0.02, ES=0.32) despite an exercise-induced energy expenditure of 

1.5 MJ (Tolfrey et al., 2014a) compared to 2 MJ (Tolfrey et al., 2012). Limited 

conclusions can only be tentatively drawn from this comparison, especially 

given that the relationship between the attenuation in postprandial lipaemia and 

the energy-expended during the exercise bout is not well established (see 

Sections 2.4.1 and 2.6.3). Thus, further work is required to elucidate the 

influence of sex on the lipaemic response to a test meal following exercise in 

pre-pubertal and pubertal boys and girls.  

One study with adolescents has identified that ethnicity may influence the 

postprandial response following exercise (Lee et al., 2013). In this study, Lee et 

al. (2013) identified that 60 min of cycling at 50% �̇�O2 peak lowered postprandial 
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lipaemia by a greater extent in overweight Caucasian (19%) than overweight 

African American (8%) adolescents. This finding is at odds with existing data in 

adults (Shannon et al., 2008), which demonstrate that African Americans may 

experience a greater reduction in postprandial lipaemia following exercise than 

Caucasians, possibly due to a greater activity of lipoprotein lipase (Despres et 

al., 2000). However, the TAUC-TAG was significantly lower both in the control 

(27%) and exercise trial (19%) in African American adolescents compared to 

Caucasians. Therefore, the authors hypothesised that the reduced attenuation 

in lipaemia observed in the overweight African American group could be 

attributable to their already lower lipaemic response and fasted plasma [TAG] 

the day after exercise, although no IAUC-TAG analysis was performed which 

would have accounted for this disparity in baseline TAG between groups.  

Interestingly, Lee et al. (2013) identified a significant interaction effect of 

visceral fat on the postprandial response in Caucasian (but not African 

American) adolescents, with visceral fat explaining 56% and 25% of the 

variance in TAUC-TAG in the control and exercise trials respectively. Only one 

other study has recruited overweight adolescents (MacEneaney et al., 2009), 

and these authors also observed a significant association between body fat (as 

determined by sum of skinfolds measured at 7 anatomical sites) and TAUC-

TAG in a resting control trial (r=0.49, P<0.05) and the day after expending 600 

kcal at 65% �̇�O2 peak (r=0.47, P<0.05) in boys. Furthermore, plasma [TAG] 

remained significantly elevated above baseline values 6 hours after the high fat 

meal in the overweight group in both the control and exercise trial, but had 

returned to baseline in both trials in the normal weight cohort. Thus, it appears 

that body composition influences the postprandial response to a high fat meal in 

adolescence. However, in contrast to Lee et al. (2013), these authors observed 

similar reductions in postprandial lipaemia in the exercise trial between 

overweight and normal weight boys (~ 20%). This disparity may be due to the 

quantification of total body fat using skinfolds compared to the determination of 

visceral fat by dual-energy X-ray absorptiometry, as body fat distribution is a 

known predictor of the postprandial response in adults (Couillard et al., 1999, 

Mekki et al., 1999). More data are therefore needed to identify the interaction 

effect of prior exercise and body fat distribution, and whether this is affected by 

sex.  
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Finally, data in adults demonstrate that postprandial lipaemia increases with 

age (Cohn et al., 1988). However, no study has identified whether age or 

maturity modulates the postprandial lipaemic response to a test meal either at 

rest or following exercise in paediatric populations. 

 

2.6.2 Potential mechanisms 

All studies with adolescents bar one (Sisson et al., 2013) have used a 2-day 

protocol whereby the test meal is consumed the day after the prescribed 

exercise bout. Currently no study has provided any insight regarding the 

mechanisms underlying the favourable postprandial response post exercise by 

quantifying changes in lipoprotein subfractions, lipoprotein lipase activity, VLDL-

TAG metabolism, resting fat oxidation and energy expenditure, or skeletal blood 

flow during the postprandial period. Seven investigations have, however, 

measured postprandial [insulin], although this outcome was not lowered 

following the exercise intervention in any of these studies (MacEneaney et al., 

2009, Sedgwick et al., 2013, Sedgwick et al., 2014, Sedgwick et al., 2012, 

Sisson et al., 2013, Thackray et al., 2013, Thackray et al., 2014). Consequently, 

none of these studies demonstrated a meaningful relationship between changes 

in [insulin] and the attenuation of postprandial lipaemia following exercise. 

These findings corroborate with data in adults (Gill et al., 2002b), and together 

indicate that changes in postprandial [insulin] following exercise do not explain 

the lipaemic response.  

 

2.6.3 Exercise-induced energy expenditure 

In the first study to be published in this field with adolescent boys, Barrett et al. 

(2007) identified that postprandial lipaemia was attenuated following a single 

session of continuous treadmill walking (14%) and intermittent games activity 

(26%). The authors cautiously attributed the larger fall in postprandial lipaemia 

following intermittent games activity to a greater exercise-induced energy 

expenditure. However, energy expenditure was not determined, and a 

comparison between exercise trials is limited by the between-measures design.  
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In order to determine the influence of energy expenditure on the subsequent 

lipaemic response, Tolfrey et al. (2008) compared the efficacy of 60 minutes of 

treadmill running either at 53% or 75% �̇�O2 peak in adolescent boys. These 

authors reported that postprandial lipaemia was equally reduced compared to a 

non-exercise control trial by 24% and 21% despite exercise-induced energy 

expenditures of 1.5 and 2.2 MJ respectively. In a further study, the same 

research group manipulated energy expenditure by keeping exercise intensity 

constant (~55% �̇�O2 peak) and doubling the duration of exercise (Tolfrey et al., 

2012). In agreement with their earlier finding, these authors failed to observe a 

dose-response relationship in boys as the difference in lipaemia between 

expending 777 and 1536 kJ was trivial (4%, P=0.58). More recently, these 

authors conducted the same study design (Tolfrey et al., 2012) with adolescent 

girls and demonstrated that 60, but not 30, minutes of treadmill exercise 

reduced plasma [TAG], and this was attributed to considerable heterogeneity in 

the individual postprandial responses (Tolfrey et al., 2014a). This study 

indicates that an energy expenditure of >1500 kJ may be necessary to 

attenuate postprandial lipaemia in adolescent girls, however again failed to 

identify a dose-response relationship between exercise-induced energy 

expenditure and postprandial lipaemia. Finally, MacEneaney et al. (2009) also 

failed to observe a significant relationship between the magnitude of the 

reduction in postprandial lipaemia and energy expenditure or substrate 

utilisation during exercise. No other study paediatric study has identified 

whether substrate oxidation during exercise is related to the subsequent 

reduction in postprandial lipaemia.  

The available paediatric data concerning the relationship between the exercise-

induced energy expenditure and the ES of the change in TAUC-TAG (14 

exercise interventions from 9 studies) and IAUC-TAG (8 exercise interventions 

from 5 studies) is presented in Figure 2.3. Bivariate analysis demonstrates non-

significant relationships between the exercise-induced energy expenditure and 

the ES for the change in TAUC-TAG (r=0.39, P=0.16) and IAUC-TAG (r=0.16, 

P=0.71). While caution is warranted when interpreting the significance of this 

analysis due to the low sample size and different experimental designs, it is 

pertinent to note that the correlation coefficient for the change in the TAUC-TAG 

outcome is similar to that reported in adults (Freese et al., 2014, Petitt and 
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Cureton, 2003) (Section 2.4.1). Consequently, it appears that the energy 

expended during the exercise bout is only responsible for part of the 

subsequent reduction in postprandial lipaemia in adolescents. 

 

 

Figure 2.3 Exercise-induced energy expenditure and postprandial lipaemia in paediatric 

populations. The relationship between energy expenditure and the lipaemic response is 

calculated using the magnitude of the change in the total (A) and incremental (B) area under the 

plasma triacylglycerol curve versus time. Data in panel A are sourced from 9 studies (95 boys 

and 46 girls). Data in panel B are sourced from 6 studies (63 boys and 18 girls). 

 

2.6.4 Energy deficit 

Whilst the weight of evidence indicates that exercise-induced energy 

expenditure does not appear to be the primary determinant of the postprandial 

response, adult studies have shown that the physiological origin of an energy 

deficit may play an important role (Maraki et al., 2010). Thackray et al. (2014) 

demonstrated in adolescent girls that expending 1.55 MJ at 60% �̇�O2 peak 

reduced postprandial lipaemia compared to a non-exercise control condition by 

22%, whilst an isoenergetic diet-induced energy deficit significantly attenuated 

lipaemic response by 9%. The difference between trials was significant (14%, 

P<0.001), which is conceptually important as it further highlights that the benefit 

of prior exercise on subsequent lipaemia may extend beyond the exercise-

induced energy expenditure.  
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2.6.5 High-intensity interval exercise 

In line with the evidence indicating that the exercise-induced energy 

expenditure is not the sole determinant of the lipaemic response, two paediatric 

studies have identified that reductions in postprandial lipaemia are achievable 

even if the total duration of exercise is low (≤ 10 min), provided that the exercise 

intensity is high (Sedgwick et al., 2014, Thackray et al., 2013). These findings 

corroborate with a recent review of the available data from adult studies which 

identifies that low-volume, high-intensity interval exercise provides an effectual 

stimulus for the attenuation of postprandial lipaemia (Freese et al., 2014). 

In the first of these investigations, Thackray et al. (2013) demonstrated that 10 

repetitions of treadmill running at maximal aerobic speed for 1-minute 

significantly attenuated lipaemia by ~ 11% in adolescent boys. The following 

year, Sedgwick et al. (2014) reported that 40 x 6-second “all-out” cycle sprints 

lowered the total lipaemic response to a high fat breakfast and lunch by 13% 

(P=0.02, ES=0.40) in adolescent boys. This was achieved despite an average 

total mechanical work of just 99 kJ.  

Importantly, Thackray et al. (2013) reported that the treadmill running exercise 

intervention was well tolerated by their participants, and concluded that this 

exercise design may provide an attractive and time-efficient alternative to 

traditional continuous, moderate-intensity exercise. However, such a 

comparative exercise trial was not included in the study design. In contrast, 

Sedgwick et al. (2014) conceded that 5 of the 15 participants were unable to 

complete the sprint cycling protocol, and 2 of these vomited. Therefore, it is 

likely that low-volume, high-intensity (but not sprint) interval exercise may have 

some utility in lowering postprandial lipaemia in adolescents, however further 

work is needed to establish how this type of exercise can be optimised whilst 

remaining feasible and attractive to a range of paediatric groups.  

 

2.6.6 Accumulated exercise 

Considering that adolescents rarely perform exercise for longer than 10 minutes 

at a time (Riddoch et al., 2007), it is important to identify whether accumulating 

small bouts of exercise can lower the lipaemic response to a test meal. Whilst 
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many paediatric studies have incorporated an intermittent exercise protocol in 

order to improve exercise tolerance (Barrett et al., 2007, Sedgwick et al., 2014, 

Thackray et al., 2013, Tolfrey et al., 2012, Tolfrey et al., 2008, Tolfrey et al., 

2014a), only one study has identified the effect of accumulating exercise 

throughout the day on postprandial lipaemia (Sedgwick et al., 2013). These 

authors reported that 6 bouts of 10 minutes of treadmill running at 72% �̇�O2 peak 

(each separated by 50 minutes) reduced the total lipaemic response to a high 

fat breakfast and lunch by 11%, although this was not significantly different from 

a resting control trial (P=0.18, ES=0.38). Unfortunately, no comparable 

continuous exercise bout was included in this study. However, the same 

research group demonstrated in a separate investigation that this exercise 

stimulus completed in a single bout attenuated postprandial lipaemia following 

an identical breakfast and lunch by 22% (P=0.18, ES=0.38) compared to a 

resting control trial. Whilst comparing between groups is not ideal, these data 

suggest that performing exercise in a single bout may be more effectual than 

accumulating the same total exercise stimulus throughout the day. However, 

not study has adopted a within-measures design to address the efficacy of 

accumulated exercise in paediatric groups. Furthermore, no data are available 

identifying whether the intensity of accumulated exercise is important for 

postprandial health in this population.  

 

2.6.7 Exercise timing 

To date, only one study with adolescents has prescribed exercise on the same 

day as the high fat test meal (Sisson et al., 2013). Considering that the activity 

of lipoprotein lipase has a delayed peak after exercise (Seip and Semenkovich, 

1998, Zhang et al., 2002), and this is purported by some to play a role in the 

clearance of plasma TAG and subsequent fall in lipaemia in adults (Gill et al., 

2003b, Herd et al., 2001, Kantor et al., 1984, Sady et al., 1986, Zhang et al., 

2002), such a design could conceivably isolate a different mechanistic pathway 

underlying the postprandial response. These authors reported that a total of 135 

minutes of light treadmill walking (1.5-3 metabolic equivalents) 1 hour after a 

meal failed to reduce the lipaemic response (P value not provided, ES=0.17) in 

adolescent boys and girls. However, postprandial [TAG] was not the primary 
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outcome of this paper, and as such there are a number of methodological 

differences between this study and the extant postprandial literature that must 

be considered.  

Firstly, the test meal prescribed in this study contained only 20.5 g of fat, which 

is far lower than other paediatric investigations (see Table 2.2). This is 

important considering that the amount of fat consumed is a key determinant of 

the lipaemic response (Cohen et al., 1988). Indeed, the ingestion of ≤ 15 g of fat 

fails to increase plasma [TAG] in adults (Dubois et al., 1998). Additionally, the 

authors only adopted a three hour postprandial observation period, which 

arguably skews their analysis more towards the rate of TAG appearance rather 

than clearance. This is even more problematic considering that the initial rise in 

plasma [TAG] might reflect the TAG content of the previous evening meal 

(Fielding et al., 1996), which was not standardised or monitored in this study. A 

further criticism is that the authors did not analyse whether sex modulated the 

postprandial response, which would have been a judicious choice considering 

that sex differences exist in adults when the time between the exercise bout and 

the test meal is short (Henderson et al., 2010). Finally, data are available in 

adults which indicate that exercise during the postprandial period is not as 

effectual as an identical exercise bout performed 1 hour before the test meal 

(Zhang et al., 1998). Thus, the efficacy of exercise performed the same day but 

before the consumption of a high fat meal remains to be fully elucidated.  

 

2.7 Endothelial function 

Acting as the interface between vessel and blood, the vascular endothelium is 

an active endocrine, paracrine and autocrine organ, and considered to be 

essential in regulating a variety of homeostatic functions (Bonetti et al., 2003, 

Petty and Pearson, 1989). Under normal conditions, the endothelium has anti-

thrombotic, fibrinolytic and anti-coagulant properties (Rubanyi, 1993), inhibits 

cell growth and proliferation (Garg and Hassid, 1989), and reduces leukocyte 

and platelet adhesion to the vessel wall (Kubes et al., 1991). The endothelium is 

integral in modulating vascular tone in accordance with metabolic demand by 

secreting the vasodilators bradykinin (Cherry et al., 1982), endothelial-derived 

hyperpolarising factors (Cohen and Vanhoutte, 1995), nitric oxide (NO) (Ignarro, 
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1989) and prostacyclin (Moncada and Vane, 1978), and vasoconstrictors 

endothelin (Yanagisawa et al., 1988) and angiotensin II (Dzau, 1988).  

Of these vasoactive substances, NO has been the most comprehensively 

studied. Initially discovered by Furchgott and Zawadzki (1980), who 

demonstrated that denuded blood vessels failed to dilate following the 

administration of acetylcholine, NO is a labile, lipid-soluble gas, continually 

synthesised (Vallance et al., 1989) by endothelial NO synthase (eNOS) from the 

amino acid L-arginine (Palmer et al., 1988), and also produced via the nitrite-

nitrate-NO pathway (Lundberg et al., 2008). NO is a potent inhibitor of platelet 

aggregation and leukocyte adhesion to the endothelium (Mellion et al., 1981). 

Additionally, NO rapidly diffuses into the smooth muscle of the tunica media and 

binds with guanylate cyclase (Ignarro et al., 1986), forming cyclic guanosine 

monophosphate which causes the smooth muscle to relax (Furchgott and 

Jothianandan, 1991) and induce vasodilation. Therefore, NO plays an essential 

role in vessel homeostasis.  

Endothelial dysfunction, caused by insult to the vascular wall, is considered to 

be a key early event in the atherosclerotic process (Ross, 1993), which 

precedes structural changes to the vessel wall (Hopkins et al., 2013, Juonala et 

al., 2004) and is linked to the clinical manifestations of CVD (Vita et al., 1990, 

Zeiher et al., 1991). Endothelial dysfunction facilitates the development of 

atherosclerotic plaques via increased adherence and permeability to monocytes 

and lipoproteins, which then accumulate in the vessel wall (Steinberg, 1987), 

increased platelet adhesion and smooth muscle cell migration and subsequent 

proliferation (Henderson, 1991). Endothelial dysfunction is also characterised by 

a decreased bioavailability of NO, which has been accepted as a sentinel 

atherogenic event (Cooke and Tsao, 1994, Ganz and Vita, 2003, Ross, 1999). 

Support for this theory is provided by studies concerned with L-arginine 

supplementation (a precursor for NO synthesis (Palmer et al., 1988)), which has 

been shown to reduce platelet aggregation (Adams et al., 1995) and monocyte 

adhesion to the endothelium (Adams et al., 1997). Consequently, the 

endothelium may adopt a phenotype which promotes inflammation, 

vasoconstriction, thrombosis, and atherosclerotic plaque formation and 

progression under the continued presence of CVD risk factors (Celermajer, 

1997). This includes childhood overweight and obesity (Tounian et al., 2001, 
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Woo et al., 2004b), low levels of physical activity (Abbott et al., 2002, Pahkala et 

al., 2008), type 1 diabetes (Jarvisalo et al., 2004), and elevated cholesterol 

(Jarvisalo et al., 2002). Thus, the endothelium is much more than an inert 

barrier, and the bioavailability of NO can be used as a practical surrogate of 

determining endothelial function. 

 

2.7.1 Measuring nitric oxide in vivo via flow mediated dilation 

In a seminal paper, Celermajer et al. (1992) published details of a technique 

which purported to non-invasively assess endothelial function in vivo via high 

resolution ultrasound of the brachial artery in response to an increase in shear 

stress induced by cuff occlusion. Termed flow mediated dilation (FMD), this 

presented an attractive technique to determine endothelial function. However, 

whilst data were available from animal studies indicating that the vasodilator 

response was endothelium-dependent (Pohl et al., 1986, Smiesko et al., 1985), 

at the time it was only an assumption that this was mediated by NO.  

In the years that followed, two research groups demonstrated that the post 

occlusion vasodilation was abolished following the infusion of the eNOS 

antagonist NG-monomethyl-L-arginine (L-NMMA) (Joannides et al., 1995, 

Lieberman et al., 1996), indicating that FMD is NO-mediated. However, Doshi et 

al. (2001) reported that L-NMMA only partly prevented post-occlusive 

vasodilation when the cuff was positioned proximal (i.e. upstream) to the 

ultrasound probe, suggesting that other dilators are responsible for this 

response when the brachial artery is included in the ischaemic stimulus. 

Additionally, Mullen et al. (2001) demonstrated using L-NMMA infusion that NO-

mediated the FMD response after 5, but not 15, minutes of cuff occlusion.  

It is now generally accepted that FMD is NO-mediated provided that the cuff is 

positioned distal to the ultrasound probe and the occlusion stimulus is 5 minutes 

in length (Green, 2005), as advocated in several FMD guidelines (Corretti et al., 

2002, Harris et al., 2010, Thijssen et al., 2011).   
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2.7.2 Methodological considerations regarding flow mediated dilation 

In addition to cuff placement (Doshi et al., 2001) and occlusion time (Mullen et 

al., 2001), there are several other considerations regarding the assessment and 

interpretation of FMD. The first of these is the trade-off between accurately 

determining vessel diameter and blood velocity. The brachial artery runs parallel 

to the skin surface, and as such the ultrasound probe bisects the vessel at 90°. 

Whilst this may produce a high quality longitudinal image of the vessel, parallel 

blood flow to the probe prevents the Doppler assessment of blood velocity. A 

compromise is possible by the asynchronous firing of the phased array of the 

crystals which transmit and receive the Doppler signal; “steering” the beam to 

achieve a more appropriate angle of insonation. It is understood that the error 

associated with estimating blood velocity increases exponentially when the 

angle of insonation is > 60° (Logason et al., 2001, Rizzo et al., 1990). 

Consequently, an angle steer of ≤ 60° is recommended (Harris et al., 2010, 

Thijssen et al., 2011), and has been widely adopted in the paediatric literature 

(Hopkins et al., 2009, Hopkins et al., 2011, Hopkins et al., 2013). 

The assessment of blood velocity is further complicated by the laminar flow of 

blood through a vessel. Blood velocity can be calculated using either the peak 

or mean velocity, and there is no common consensus regarding which outcome 

to adopt (Thijssen et al., 2011, Harris et al., 2010). Additionally, the slower 

moving blood nearest the vessel walls may not be taken into account even if the 

Doppler sample gate is widened to encompass the whole lumen (Thijssen et al., 

2011). Therefore, current guidelines recommend consistency within a research 

laboratory until a standardised method becomes apparent. 

Optimising the image of the vessel wall is technically demanding and requires a 

transducer with a minimum frequency of 7 MHz (Corretti et al., 2002), whilst a 

10-14 MHz probe may be more appropriate for paediatric populations when the 

distance between the brachial artery and skin is smaller (Harris et al., 2010). 

Capturing an acceptable image is also complicated due to changes in artery 

diameter across the cardiac cycle. Consequently, an electrocardiogram (ECG) 

gating system is recommended (Harris et al., 2010), whereby arterial diameter 

is determined during ventricular systole (R wave). Current guidelines also 

highlight that edge-detection software more accurately determine arterial 
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diameter and FMD than manual image analysis (Thijssen et al., 2011), which 

has been shown to be highly operator dependent (Mancini et al., 2002, 

Woodman et al., 2001). This is now commonplace in the paediatric literature 

(Hopkins et al., 2009, Hopkins et al., 2011, Hopkins et al., 2013, Sedgwick et 

al., 2013, Sedgwick et al., 2014, Sedgwick et al., 2012). 

Flow mediated dilation is calculated as the difference between peak and 

baseline brachial artery diameter, expressed as a percentage of baseline 

diameter (Equation 2.1). However, this interpretation of a vessel’s ability to 

vasodilate has come under criticism due to the dependence of the FMD statistic 

on baseline diameter (Atkinson and Batterham, 2012, Atkinson and Batterham, 

2013, Atkinson et al., 2009). Specifically, FMD is inversely correlated with 

baseline diameter (Thijssen et al., 2008, Celermajer et al., 1992), which means 

that individuals with a wider arterial diameter at baseline will be penalised (i.e. 

the FMD statistic will be lower) compared to those with a smaller calibre vessel. 

Consequently, the ratio-scaling of this outcome is inappropriate as the 

confounding influence of baseline diameter is not partitioned out (Packard and 

Boardman, 1999). Indeed, Celermajer et al. (1992) reported a correlation 

coefficient of r=0.8 between FMD (%) and baseline artery diameter, indicating 

that baseline diameter is accountable for 64% of the variability in FMD.  

 

 

         peak diameter – baseline diameter 

  baseline diameter 

 

 

Equation 2.1 The ratio-scaled flow mediated dilation statistic. 

 

The appropriateness of using the ratio-scaled FMD statistic can be examined 

using the slope of the relationship between the logarithmically transformed 

baseline and peak diameters. Unless the 95% confidence interval of this slope 

spans unity (i.e. 1.0), the ratio-scaling method should be rejected. Allometric 

scaling has been proposed for the unbiased assessment of FMD should the 

assumptions of ratio-scaling be violated (Atkinson and Batterham, 2013, 

x 100 FMD (%) = 
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Atkinson et al., 2013), whereby the difference between these logged values is 

the outcome in an analysis of covariance, with the logged baseline diameter as 

the covariate. This process abolishes the relationship between FMD and 

baseline diameter, creating a variable which no longer bears a significant 

relationship with size (Nevill and Holder, 1995). The subsequent allometrically 

scaled FMD statistic is then interpreted in the usual manner. This approach is 

essential for the valid comparison of endothelial function where differences in 

baseline diameter are expected, such as following exercise, or when comparing 

between individuals or groups (i.e. paediatric populations and adults), however 

the prognostic utility of the allometrically-scaled FMD statistic remains to be 

addressed.  

The magnitude of change in brachial artery diameter post-occlusion relies not 

only on the health of the endothelium, but also the imposed shear stimulus 

(Pyke et al., 2004). The post-occlusive shear is influenced by many factors and 

has been shown to have a high inter-individual variability (Joannides et al., 

2002, Mitchell et al., 2004, Pyke et al., 2004). Consequently, it is recommended 

to normalise FMD for shear in order to determine whether a small FMD value is 

indicative of endothelial dysfunction or the result of a low shear stimulus (Harris 

et al., 2010, Pyke and Tschakovsky, 2007, Thijssen et al., 2011). However, the 

relationship between FMD and shear is not apparent in paediatric groups 

(Thijssen et al., 2009a), or following exercise in adults (Llewellyn et al., 2012). 

Indeed these authors reported that shear explained just 2% and 3% of the 

variance in FMD, respectively. Current guidelines recommend that the shear 

stimulus is quantified and presented, although normalising FMD for shear is not 

appropriate if the two are not related (Thijssen et al., 2011). 

 

2.7.3 Prognostic relevance of flow mediated dilation 

Andersen et al. (1995) provided the first data indicating that peripheral conduit 

artery function provided a surrogate of coronary artery function in 50 patients 

undergoing catheterisation for the evaluation of coronary artery disease. The 

authors reported a significant, but weak, relationship (r=0.36, R2=13%, P=0.01) 

between serial inter-coronary infusions of acetylcholine and FMD. However, a 

criticism of this initial investigation is that the stimuli to compare the agreement 



79 
 

in peripheral and coronary endothelial function were different. Accordingly, 

Takase et al. (1998) induced endothelial-dependent vasodilation by increasing 

blood flow and shear stress in both vessels and reported that brachial artery 

function explained 62% of the variance in coronary artery function (r=0.79, 

P<0.001) in patients with coronary artery disease. Additionally, the same 

research group identified that the vasodilator response of the brachial and 

coronary arteries to a moderate dose of acetylcholine were closely related in 

individuals with (r=0.68, P<0.001) and without (r=0.72, P<0.001) coronary artery 

disease (Takase et al., 2005).  

Taken together, these data indicate that the assessment of brachial artery 

vasodilation by FMD provides a valid surrogate of coronary arterial endothelial 

function. However, this claim has recently been criticised as these authors failed 

to account for the aforementioned confounding influence of baseline vessel 

diameter on the FMD statistic (Atkinson and Batterham, 2015). Accordingly, 

Atkinson and Batterham re-analysed the data provided by Andersen et al. 

(1995) using the now recommended (Atkinson et al., 2013, Thijssen et al., 

2011) allometric scaling techniques, and revealed that brachial artery function 

explained only 7% and 29% of the variation in coronary artery vasodilation in 

participants with and without coronary artery disease, respectively. Additionally, 

these authors highlight that the power of FMD to predict coronary artery 

vasodilation is associated with wide confidence limits. For example, by re-

analysing the data provided by Takase et al. (1998), Atkinson and Batterham 

(2015) demonstrate that an individual FMD of 5% predicts a coronary artery 

vasodilation of -10 to 27%, and suggest that the strength of the original 

correlation between brachial and coronary artery vasodilation in this seminal 

paper might be due to the substantial heterogeneity in disease status in the 

sample population.  

Despite this recent criticism of the clinical relevance of FMD, a plethora of 

studies have reported that FMD independently predicts cardiovascular events in 

populations at risk of CVD (Brevetti et al., 2003, Chan et al., 2003, Gokce et al., 

2002, Gokce et al., 2003, Neunteufl et al., 2000, Wang et al., 2009, Meyer et al., 

2005). In contrast, the evidence regarding the predictive use of FMD in 

asymptomatic groups is less clear, with some studies reporting that FMD has 

independent prognostic value (Rossi et al., 2008, Shechter et al., 2009), and 
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others reporting that the predictive power of FMD is no greater than traditional 

CVD risk factor assessment (Shimbo et al., 2007, Yeboah et al., 2007). A 

criticism of the latter paper is that the participant age ranged from 72 to 98 

years, and an increased arterial stiffness with advancing age (Lind et al., 1999) 

is known to interfere with valid measurements of FMD (Witte et al., 2005a). 

Accordingly, a more recent investigation by the same research group in a 

younger cohort (45-84 years) demonstrated that FMD is a predictor of 

cardiovascular events, and that this relationship remained significant even after 

the adjustment of multiple CVD risk factors and Framingham score (Yeboah et 

al., 2009). Furthermore, evidence in 45 to 66 year olds indicates that only FMD, 

but not CVD risk factors or Framingham score, predicted the progression of 

carotid intima-media thickness (Halcox et al., 2009). Given the progressive 

nature of CVD, the assessment of endothelial function via FMD may therefore 

provide a predictive measure of the evolution of atherosclerosis.  

Two meta-analyses have demonstrated that FMD is significantly and inversely 

related to future CVD events (Inaba et al., 2010, Ras et al., 2013), and it has 

recently been estimated that every 1% increase in FMD reduces CVD risk by 

13% (95% CI 9% to 17%) in adults (Green et al., 2011). However, these meta-

analyses did not differentiate between studies which placed the cuff above or 

below the ultrasound probe, which is important as whilst both approaches 

determine endothelial function, the latter is more NO-dependent (section 2.8.1). 

In order to identify whether the prognostic relevance of FMD reflects NO-

mediated endothelial function, Green et al. (2011) re-analysed the data included 

in this meta-analysis and demonstrated that a 1% increase in distal cuff 

placement (i.e. NO-mediated) FMD reduced CVD risk by 9% (95% CI 4% to 

13%). In contrast, a 1% increase in FMD determined with the cuff placed above 

the ultrasound probe reduced CVD risk by 17% (95% CI 12% to 22%), and the 

differences in prognostic power between these two methodological approaches 

was significant (P=0.01). This is somewhat surprising, given that current FMD 

guidelines recommend distal cuff placement (Corretti et al., 2002, Harris et al., 

2010, Thijssen et al., 2011), however both techniques are considered to be 

endothelium-dependent, and as such highlight the importance of this single cell 

lining as a “barometer” of CVD risk (Vita and Keaney, 2002).  
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Advocates of the FMD technique (Green et al., 2008) have highlighted that 

modification of traditional CVD risk factors with exercise fails to explain the 

subsequent magnitude of risk reduction (Berlin and Colditz, 1990, Blair et al., 

1989, Hu et al., 2004, Paffenbarger et al., 1986). Indeed, in an 11 year 

longitudinal study of ~ 27,000 nurses, Mora et al. (2007) identified that 

favourable changes in traditional CVD risk factors with exercise only accounted 

for 59% of the reduction in CVD risk. Thus, ~ 40% of the benefit of exercise on 

CVD risk remains unaccounted for. It is thought that endothelial function may 

account for some of this “risk factor gap” (Green et al., 2003, Joyner and Green, 

2009), possibly because traditional CVD risk factors often fail to predict plaque 

rupture (Naghavi et al., 2003), a key CVD event, whilst endothelial dysfunction 

might (Green et al., 2011), but also because improvements in endothelial 

function determined by FMD may occur in the absence of any changes in 

traditional CVD risk factors (Green et al., 2003) due to structural and functional 

changes of the vasculature observed following regular exercise (Green et al., 

2008).  

Currently, there are no established normative values for FMD in youth. 

According to one review, the FMD in apparently healthy, non-obese children is 

typically between 8-11% (Fernhall and Agiovlasitis, 2008), although the span of 

the 95% confidence interval is large; 4-18% (Tounian et al., 2001, Woo et al., 

2004a). The work of one research group indicates that the mean FMD in 36 

adolescent boys is between 7-9% (Sedgwick et al., 2013, Sedgwick et al., 2014, 

Sedgwick et al., 2012), although they do not provide any data in adolescent girls 

which is a limitation considering that FMD has been shown to be lower in 24-39 

year old males than age-matched females, even after adjustment for baseline 

brachial artery diameter and CVD risk factors (Juonala et al., 2008). It is also 

problematic that empirical evidence regarding the clinical implications of low 

FMD in youth are lacking. However, a meta-analysis of 211 studies (~ 12,000 

participants) documented that the prospective strength of FMD regarding 

vascular health is strongest in individuals considered to be low risk (Witte et al., 

2005b). Given that FMD has already been shown to be impaired in children 

(Celermajer et al., 1992), FMD may be a powerful tool to assess vascular health 

and future CVD risk in youth. 
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In summary, FMD is considered to predict cardiovascular events, and is at least 

as predictive as traditional risk factors in adults (Green et al., 2011). Whilst no 

longitudinal data are available regarding FMD measured in early life and future 

cardiovascular risk, CVD is a progressive disease which has its origins in youth 

(McGill et al., 2000), and impairments in endothelial function are a requirement 

for the formation of atherosclerotic lesions (Juonala et al., 2004, Halcox et al., 

2009). Furthermore, the landmark paper published by Celermajer et al. (1992) 

identified an impairment in endothelial function in children with CVD risk factors. 

Therefore, the ability to non-invasively determine endothelial function in vivo 

identifies the FMD technique as an attractive and pertinent outcome measure. 

 

2.8 Exercise, shear and endothelial function 

Vallance et al. (1989) demonstrated that NO is continuously secreted by the 

endothelium, however secretion rates can be augmented pharmacologically (i.e. 

with an infusion of acetylcholine (Furchgott and Zawadzki, 1980)), and in 

response to an increase in shear stress during exercise (Ranjan et al., 1995, 

Uematsu et al., 1995) as the endothelium acts as a mechanotransducer 

(Rubanyi et al., 1986). The mechanisms underlying how greater shear facilitates 

vasodilation are yet to be fully elucidated. However, data from in vitro studies 

indicate that shear is positively associated with endothelial potassium channel 

activation (Olesen et al., 1988), calcium influx into the endothelial cell (Dull and 

Davies, 1991) eNOS sensitivity to calcium (Dimmeler et al., 1999) and 

bradykinin release (Hecker et al., 1993). These processes ultimately stimulate 

eNOS activity and thus increase NO bioavailability (Figure 2.4). Regardless of 

the precise signalling pathway, shear stress is understood to be responsible for 

the maintenance of a favourable endothelial phenotype (Jenkins et al., 2012).  
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Figure 2.4 Shear-induced vasodilation. eNOS, endothelial nitric oxide synthase; NO, nitric 

oxide; CYP 450, cytochrome P450; EDHF, endothelium-derived hyperpolarising factor; PG, 

vasodilatory prostaglandins; Ca2+, calcium. Reproduced from Thijssen et al. (2011). 

 

Considering that exercise induces substantial increases in blood flow and 

therefore shear (Thijssen et al., 2009b), it is entirely consistent that repeated 

episodes of augmented shear stress during exercise training are thought to be 

the primary signal driving adaptations in endothelial function (Tinken et al., 

2009, Tinken et al., 2010). Direct evidence supporting the role of shear stress 

on endothelial function is provided by Tinken et al. (2009), who attenuated 

shear during cycling and handgrip exercise via forearm cuff occlusion in one 

arm and reported that the subsequent post-exercise increase in FMD in the 

contralateral arm was abolished in the cuffed limb. The same research group 

expanded these findings beyond the acute exercise model and demonstrated 

that 8 weeks of handgrip training did not alter FMD in the cuffed arm despite 

significant improvements in the contralateral, non-cuffed arm (Tinken et al., 

2010).  

Given that shear is the stimulus for subsequent improvements in vascular 

function, it might not be immediately apparent why these authors (Tinken et al., 

2009, Tinken et al., 2010), and others (DeSouza et al., 2000, Harris et al., 2008, 
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Johnson et al., 2012, Linke et al., 2001) observed improvements in brachial 

artery FMD following lower body exercise. However, it is established that the 

brachial artery is exposed to increases in shear at the onset of cycling exercise 

(Green et al., 2002a, Green et al., 2002b, Thijssen et al., 2009b). This is due to 

a fall in forearm vascular resistance caused by cutaneous vasodilation for 

thermoregulatory purposes (Johnson and Rowell, 1975, Ooue et al., 2008), 

which augments shear stress in the upstream conduit arteries (Simmons et al., 

2011, Tanaka et al., 2006). Data are also available indicating that 4 weeks of 

cycle training increase basal NO production in the forearm both between 

exercise sessions and 2 days after the final training bout (Kingwell et al., 1997). 

Therefore, exercise can promote vascular health beyond the active muscle 

beds (Padilla et al., 2011), and this is mediated by shear. 

 

2.8.1 Physical activity and endothelial function in paediatric populations 

Using the doubly labelled water stable isotope technique, Abbott et al. (2002) 

demonstrated that habitual physical activity is an important predictor of FMD in 

children, and this relationship remained significant after adjusting for age and 

sex. Specifically, children in the most active tertile were characterised by a 

significantly greater FMD than the least active (12.2% vs 7.8% respectively, 

P=0.04). Physical activity is also positively and significantly associated with 

FMD in adolescent boys (Pahkala et al., 2008). However, these authors failed to 

observe a similar relationship in adolescent girls, and this was hypothesised to 

be due to their lower overall physical activity levels. Interestingly, this study 

identified that an increase of ~ 10 hours per week of moderate-intensity 

exercise is required to increase FMD by ~ 1%. Considering that few 

adolescents achieve even half of this amount of daily exercise (Riddoch et al., 

2007), and that interventions may only increase daily physical activity by 4 

minutes in children (Metcalf et al., 2012), this is not a realistic goal. 

More recently, Hopkins et al. (2009) reported similar differences in FMD 

between the most and least active tertiles as Abbott et al. (2002) (13.0% vs 

7.0% respectively, P<0.05), however this study extended these findings by 

identifying that only time spent performing vigorous-intensity physical activity, 

but not fitness or fatness, predict FMD in children. Given that the difference in 
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vigorous-intensity activity time between the most and least active tertiles in this 

study was ~ 4 min, improvements in endothelial function should be possible in 

young people following interventions to increase time spent performing 

vigorous-intensity exercise.  

 

2.8.2 Exercise training and endothelial function in paediatric populations  

Currently, only one study has identified the efficacy of exercise training on FMD 

in healthy adolescents (Hopkins et al., 2012). This study analysed the change in 

FMD following 8 weeks of training in mono- and di-zygotic twins, and 

demonstrated a 1.4% increase in FMD in both groups. Whilst this improvement 

in FMD did not achieve statistical significance, probably due to the small sample 

size in each cohort (n=6) and large standard deviation between pairs of twins, 

the magnitude of this change might be considered to be meaningful (ES=0.47 

and 0.74 for mono- and di-zygotic twins). This paper also demonstrated that the 

change in FMD following training was more strongly correlated in mono- 

(r=0.74) than di-zygotic twins (r=0.34), highlighting that the improvement in 

endothelial function following training is partly genetically determined.  

Exercise training has also been shown to improve FMD in young people with 

endothelial dysfunction (Meyer et al., 2006, Watts et al., 2004a, Watts et al., 

2004b, Woo et al., 2004a, Tjonna et al., 2009, Kelishadi et al., 2008, Ribeiro et 

al., 2005). For example, Watts et al. (2004a) demonstrated that 8 weeks of 

combined aerobic and resistance training normalised endothelial function 

(relative to age- and sex-matched lean control participants) in obese 

adolescents, despite no changes in glycaemic control, plasma lipids or blood 

pressure. The same group identified similar findings following 8 weeks of 

aerobic training in obese children, but also demonstrated that these benefits are 

lost following 8 weeks of detraining (Watts et al., 2004b).  

Tjønna et al. (2009) demonstrated that aerobic interval training at 90-95% 

maximum heart rate may be more effectual in improving endothelial function 

and other CVD risk factors in obese adolescents than a combined 

multidisciplinary approach, consisting of 4 hours of group meetings with a 

physician, psychologist, psychotherapist and a clinical nutritional physiologist, 
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and 3 hours of supervised “activity” sessions per month for 12 months. Whilst 

this study provided “proof of concept” that high-intensity interval training can 

promote endothelial function in obese adolescents, no study has addressed 

how training interventions can be optimised by manipulating the exercise bouts 

in either at risk groups or healthy adolescents, which is essential for the primary 

prevention of CVD. This is a pertinent research question given the importance 

of vigorous-intensity exercise on endothelial function in youth (Hopkins et al., 

2009) and the promising findings by Tjønna et al. (2009).  

 

2.8.3 Acute exercise and shear 

Acute exercise presents important challenges to the cardiovascular system, and 

it is thought that chronic adaptations to exercise training are a product of this 

repeated shear stimulus (Dawson et al., 2013). Specifically, given that the FMD 

response following acute exercise (Tinken et al., 2009) and exercise training 

(Tinken et al., 2010) has been shown to be modulated by the shear stimulus 

during exercise, it is pertinent to identify how the characteristics of a single 

exercise bout (i.e. mode and intensity) can influence shear in order to maximise 

the subsequent improvements in endothelial function.  

The profile of the shear waveform fluctuates over the cardiac cycle, and can be 

separated into antegrade and retrograde shear. Changes in this oscillatory 

pattern play an important role in influencing endothelial phenotype (Jenkins et 

al., 2012). Retrograde shear is associated with a plethora of pro-atherogenic 

effects on the endothelium (Dai et al., 2004, Hwang et al., 2003a, Hwang et al., 

2003b, O'Keeffe et al., 2009, Takabe et al., 2011) and impairs endothelial 

function in vivo (Thijssen et al., 2009c), which can be reversed with the 

replacement of retrograde shear with antegrade shear (Tinken et al., 2009). No 

study has quantified brachial artery shear during exercise in children and 

adolescents. Thus, our mechanistic understanding is limited to investigations 

with adult populations.  

Data indicate that the initial increase in brachial artery retrograde shear at the 

onset of cycling exercise decreases with exercise duration due to downstream 

thermoregulatory cutaneous vasodilation (Simmons et al., 2011). However, the 
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influence of exercise intensity on the pattern of shear is less understood. Green 

et al. (2002b) demonstrated that brachial artery antegrade, but not retrograde, 

shear increased with the intensity of cycling exercise, suggesting that exercise 

intensity may be positively associated with endothelial function. In contrast, the 

same research group identified comparable increases in antegrade and 

retrograde shear during incremental cycling exercise (Thijssen et al., 2009b). 

However, the authors noted that this increase in antegrade shear likely prevents 

any impairment in endothelial function that would be expected with unopposed 

increases in retrograde shear (Thijssen et al., 2009c). Therefore, although the 

exercise intensity was only increased to 160 W in these studies (presumably 

due to difficulties in obtaining suitable ultrasound images as the exercise 

becomes more demanding for the participant), there is a sound rationale for 

identifying the influence of exercise intensity on FMD. 

 

2.8.4 Acute exercise and endothelial function 

As described in Figure 2.5, the influence of a single bout of exercise on 

endothelial function is the sum of a number of potential modifiers, including the 

duration, mode, intensity of the exercise bout, the exercise-induced shear 

pattern, the balance between free radical production and anti-oxidant status and 

the timing between exercise cessation and the FMD assessment (Dawson et 

al., 2013). Additionally, the post-exercise FMD response may be influenced by 

training status (Harris et al., 2008), age (Thijssen et al., 2009a), endothelial 

health (Dawson et al., 2013) and probably hereditary factors (Hopkins et al., 

2012).  

Currently, only one study has identified the acute influence of exercise intensity 

on FMD in a paediatric cohort (Mills et al., 2013). In this study, the authors 

reported that FMD was significantly attenuated in children immediately following 

a total of 30 minutes of high-intensity exergaming (i.e. playing video games 

which require movement) but unchanged after a similar volume of low-intensity 

exergaming. The authors concluded that a single bout of high-intensity exercise 

may promote favourable improvements in endothelial function as this acute 

impairment may provide the stimulus for subsequent adaptation; a concept 

referred to as “hormesis”.  
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Whilst this conclusion is speculative, as the authors did not collect any further 

data, evidence from adult studies support the concept that a decrease in FMD 

precedes a transient augmentation in endothelial function (Dawson et al., 2013), 

and that this biphasic response is intensity-dependent (Birk et al., 2013, 

Johnson et al., 2012) (Figure 2.2). Indeed, Birk et al. (2013) demonstrated that 

FMD remained unchanged following 30 minutes of cycling at 50% of maximum 

heart rate but was attenuated immediately after cycling at 70% and 85% of 

maximum heart rate. Furthermore, FMD was blunted to a greater degree in the 

latter condition. Additionally, the authors reported that this inverse association 

between exercise intensity and FMD immediately post exercise was not fully 

explained by changes in baseline (i.e. pre cuff occlusion) brachial artery 

diameter immediately after exercise cessation. Therefore, the observed change 

in endothelial function appears to be a physiological event, rather than a result 

of the ratio scaled FMD statistic.   

 

 

 

Figure 2.5 Modifiers of the acute FMD response post exercise. Reproduced from Dawson et al. 

(2013). FMD; flow mediated dilation; NO, nitric oxide. 
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Johnson et al. (2012) also demonstrated that FMD is attenuated immediately 

following high- but not moderate-intensity exercise, and provided evidence that 

this was likely due to an increase in oxidative stress. Additionally, this study 

confirmed that the intensity-dependent post exercise nadir does precede an 

augmented FMD response 1 hour later, and that this returns to pre exercise 

values after 2 hours. Interestingly, these authors suggested that the disparate 

response in post exercise FMD is a result of the exercise “dose” (the combined 

stimulus of exercise intensity and duration), rather than exercise intensity per 

se. However, this does not corroborate with other data in adults (Hwang et al., 

2012), thus the importance of energy expenditure on post exercise FMD 

remains equivocal.   

Further data are available which indicate that FMD is unchanged in adolescent 

boys the day after sprint interval cycling (Sedgwick et al., 2014), one hour of 

walking (Sedgwick et al., 2012), and following the accumulation of one hour of 

running at 70% �̇�O2 peak (Sedgwick et al., 2013). However, given that the 

available evidence with adults indicates that FMD returns to pre-exercise values 

~ 2 hours post exercise (Johnson et al., 2012), it is likely that the potential 

improvements in FMD were “missed” in these studies. Therefore, the time 

course of the FMD response following exercise, and how the exercise bout can 

be modified for endothelial health, remains to be elucidated in both adults and 

younger participants.  

 

2.9 Postprandial endothelial dysfunction 

The consumption of a high fat meal is known to promote a transient period of 

endothelial dysfunction in adults (Gaenzer et al., 2001, Vogel et al., 1997) and 

adolescents (Sedgwick et al., 2013, Sedgwick et al., 2014, Sedgwick et al., 

2012), and endothelial dysfunction is already apparent in dyslipidaemic children 

(Halcox and Deanfield, 2005). Considering that an impairment in endothelial 

function is a prerequisite for the initiation and progression of the atherosclerotic 

cascade (Juonala et al., 2004), elevations in postprandial lipaemia during 

periods of endothelial dysfunction may work in concert to promote CVD risk. 

Given that much of the day may be spent in the postprandial state, it is 

important to identify how endothelial function can be preserved following a 
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meal. Thus, the inclusion of a metabolic challenge to exaggerate the 

postprandial endothelial response may assist researchers in extrapolating acute 

findings into plausible chronic benefits.  

Pioneering studies in this field identified that endothelial function was impaired 

following an isocaloric high (50 g), but not low (0 g), fat meal (Vogel et al., 

1997), thereby identifying a causal relationship between exaggerated 

postprandial lipaemia and endothelial dysfunction. In the same year, it was 

demonstrated that this deleterious effect of a high fat meal on endothelial 

function could be attenuated with the concomitant consumption of vitamin C, a 

potent antioxidant (Plotnick et al., 1997), suggesting that elevated levels of 

TAG-rich lipoproteins promote endothelial dysfunction via oxidative stress. Data 

are also available indicating that postprandial hyperglycaemia may impair 

endothelial function via the same mechanism (Ceriello et al., 2002).   

Data are now available directly linking elevated postprandial lipaemia to 

transient periods (~ 4 hours) of endothelial dysfunction via oxidative stress 

(Anderson et al., 2001, Bae et al., 2001). A schematic overview of this process 

is provided in Figure 2.6. Superoxide radicals (O2
-) generated by the 

mitochondria during periods of elevated lipaemia (Brownlee, 2005, Wallace et 

al., 2010) are preferentially scavenged by NO (Beckman and Koppenol, 1996). 

This both depletes NO and encourages the formation of peroxynitrite (ONOO-), 

a potent free radical (Beckman and Koppenol, 1996). Additionally, both ONOO- 

and O2
- can oxidise tetrahydrobiopterin, a key cofactor in the production of NO 

by endothelial nitric oxide synthase (eNOS), resulting in attenuated NO 

production (Wallace et al., 2010). The subsequent uncoupling of eNOS 

encourages the production of O2
- instead of NO (Forstermann and Munzel, 

2006). Consequently, the sum of these pathways is a reduction in the 

bioavailability of NO, which is considered to be a central feature of endothelial 

dysfunction (Harrison, 1996). 
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Figure 2.6 Postprandial lipaemia, oxidative stress and an impairment in endothelial function. 

FFA, free fatty acids; O2
-
, superoxide radicals; NO, nitric oxide; ONOO

-
, peroxynitrite; BH4, 

tetrahydrobiopterin; eNOS, endothelial nitric oxide synthase; O2, oxygen; NADPH, the reduced 

form of nicotinamide adenine dinucleotide phosphate (an electron donor). Reproduced from 

Wallace et al. (2010) with permission. 

 

In addition to the reduction in NO bioavailability, it has been demonstrated that 

ONOO- is a precursor for nitrogen dioxide formation (Squadrito and Pryor, 

1998), which readily leads to lipid peroxidation (Byun et al., 1999). This 

phenomenon has also been observed in the hours following a high fat meal 

(Tsai et al., 2004). It has also been demonstrated that HDL concentrations 

protect against postprandial endothelial dysfunction (Anderson et al., 2001). 

Therefore, it follows that endothelial dysfunction may be exacerbated by the 

depletion of circulating HDL fractions (Austin et al., 1990) following repetitive 

episodes of postprandial lipaemia. Finally, repeated periods of elevated TAG 

concentrations may directly cause vascular insult and damage as postprandial 

lipoproteins and their remnant particles can penetrate the endothelium 

(Nordestgaard and Nielsen, 1994) where they are considered to be cytoxic 

(Chung and Segrest, 1991). 

Recently, Uetani et al. (2012) identified that an increase in postprandial blood 

pressure in adults is an unfavourable event and can be considered to be a 
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novel risk factor for CVD. In this study, an increase in systolic blood pressure 

following a meal was identified as an independent determinant of insulin 

resistance, carotid intima-media thickness and brachial-ankle pulse wave 

velocity (an established marker of CVD risk (Yamashina et al., 2003)). It is 

plausible that a postprandial elevation in systolic blood pressure reflects 

transient endothelial dysfunction via systemic vasoconstriction due to the 

reduction in the bioavailability of NO. Indeed, elsewhere an exaggerated 

postprandial TAG excursion has been shown to reduce brachial artery diameter 

by 10% (Tyldum et al., 2009). Thus, these measures may share a common 

mechanistic pathway, although this was not measured in the study by Uetani et 

al. (2012) and no information regarding the macronutrient content of the meal 

was provided by the investigators. However, given the simplicity of the 

measurement, determining changes in blood pressure following a high fat meal 

may provide a broad insight into the systemic challenge placed upon the 

vasculature.  

 

2.9.1 Postprandial endothelial function and prior exercise 

Studies with adults have reported a significant relationship between 

postprandial TAG and the change in endothelial function, with Pearson 

correlation coefficients ranging from -0.31 (Bae et al., 2001) to -0.70 (Marchesi 

et al., 2000). Therefore, it follows that attenuating postprandial lipaemia with 

prior exercise may limit postprandial endothelial dysfunction.  

Three studies have addressed the efficacy of prior exercise on postprandial 

endothelial function in adolescent boys (Sedgwick et al., 2013, Sedgwick et al., 

2014, Sedgwick et al., 2012). In accordance with the majority of postprandial 

investigations (Peddie et al., 2012), all of these studies used a 2-day protocol, 

whereby the exercise bout was completed the day before a high fat breakfast 

and lunch. In the first of these studies, Sedgwick et al. (2012) demonstrated that 

60 minutes of walking at 60% �̇�O2 peak significantly limited the attenuation in 

FMD compared to a resting control trial following a high fat breakfast (6 vs 32%) 

and lunch (10% vs 24%). Furthermore, once FMD was normalised for the post-

occlusion shear rate, the postprandial decline in FMD was ablated in the 

exercise trial. Interestingly, the change in FMD following exercise was not 
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related to a reduction in postprandial lipaemia (r = 0.22, P = 0.47 for total 

postprandial observation of breakfast and lunch). Therefore the authors were 

not able to provide any mechanistic insight underlying the favourable effect of 

prior exercise, although they were able to rule out the confounding effect of 

changes in baseline brachial artery diameter. 

Following this initial investigation, the same research group demonstrated that 

accumulating 60 minutes of running at 70% �̇�O2 peak (Sedgwick et al., 2013) and 

performing 40, 6 second cycle sprints (Sedgwick et al., 2014) also negated the 

postprandial fall in endothelial function after the same high fat meals for 

breakfast and lunch. In accordance with their earlier data, neither of these 

studies reported a significant relationship between the change in FMD and 

postprandial lipaemia following exercise, and the observed differences in FMD 

were independent to changes in baseline brachial artery diameter. Therefore, 

postprandial endothelial function can be preserved in adolescent boys with prior 

moderate- and high-intensity exercise, and this benefit is also observed when 

exercise is accumulated over the course of the preceding day. Furthermore, this 

favourable effect appears to be unrelated to changes in postprandial lipaemia.  

Similar findings have been reported in studies with adults. Gill et al. (2003a) 

identified that postprandial microvascular endothelial function was the same 

before and after a period of detraining, despite greater lipaemia following 

detraining. Using a 2-day protocol, Tyldum et al. (2009) also documented that ~ 

50 minutes of walking at 60-70% maximum heart rate attenuated the fall in 

postprandial endothelial dysfunction despite no change in lipaemia, and this 

was related to a greater total antioxidant status (TAS) following exercise. These 

authors also included an iso-energetic, high-intensity interval exercise bout, 

consisting of 4 intervals of 4 minutes of treadmill running at 85-95% maximum 

heart rate, and demonstrated that the subsequent attenuation in postprandial 

endothelial dysfunction is not only ablated, but reversed. In contrast to the 

findings by Sedgwick et al. (2014), fasted FMD was significantly elevated the 

day after the high-intensity interval exercise in this study, and the consumption 

of the high fat meal failed to modulate the postprandial response. Tyldum et al. 

attributed this benefit to a further increase in TAS as this was strongly related to 

FMD (r=0.9, P<0.001) (Tyldum et al., 2009). 
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Finally, performing exercise the day before a high fat breakfast and lunch (69 

g∙kg-1 BM of fat for each meal) has been demonstrated to lower postprandial 

SBP in young men (Miyashita et al., 2008). These authors demonstrated that 

SBP was 6 – 7% lower throughout the postprandial observation period (7 hours) 

the day after accumulating ten 3 minute walks, or a single walking bout of 30 

minutes, with no differences between exercise bouts. 

Collectively, these data indicate that prior exercise may protect the vasculature 

from the deleterious effects of a high fat meal in a manner which may be 

intensity dependent and at least partly related to an increase in total antioxidant 

capacity. Our understanding of how exercise intensity modulates the 

postprandial FMD response in adolescents is limited as this has yet to be 

addressed using a within-measures design. Furthermore, no data are available 

in girls despite sex differences in both the lipaemic response to a high fat test 

meal (Cohn et al., 1988, Couillard et al., 1999) and FMD (Juonala et al., 2008) 

in adults. 

 

2.10 Microvascular function 

Impaired cutaneous microvascular function in adults is associated with elevated 

blood pressure (Serne et al., 2001), obesity (de Jongh et al., 2004), insulin 

resistance (Jaap et al., 1994, Irving et al., 2002), CVD risk (Ijzerman et al., 

2003) and Framingham risk scores for CVD in asymptomatic women 

(Vuilleumier et al., 2002). An impairment in cutaneous microvascular function is 

apparent even in normoglycaemic adults with metabolic syndrome (Kraemer-

Aguiar et al., 2008). Additionally, an impairment in microvascular function has 

been identified in obese children (Schlager et al., 2011), in children and 

adolescents with type 1 diabetes (Khan et al., 2000) and in healthy children with 

clustered CVD risk factors (Khan et al., 2003).  

It has been argued that the earliest changes in endothelial function due to the 

metabolic syndrome may be specifically linked to the capillary and arteriole 

beds, rather than the larger, conduit arteries (Pinkney et al., 1997). Indeed, little 

association has been demonstrated between reactive microvascular 

hyperaemia and FMD in adults (Shamim-Uzzaman et al., 2002, Dhindsa et al., 
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2008). Therefore, it may not be appropriate to adopt endothelial function of the 

macrovasculature as a surrogate of microvascular health (Meyer et al., 2008). 

Thus, the direct assessment of microvascular function is an important outcome, 

and may provide early information regarding the development of chronic 

disease. 

 

2.10.1 Assessment of microvascular function 

Several non-invasive methods are available to determine microvascular function 

(Cracowski et al., 2006), however post-occlusive reactive hyperaemia can be 

determined in vivo using laser Doppler perfusion imaging (LDI). Currently, there 

is no standardised protocol for the assessment of post-occlusive reactive 

hyperaemia. It has been shown that post-occlusive hyperaemia increases after 

a 1, 2 or 3 minute ischaemic stimulus (Yvonne-Tee et al., 2004), and a 5 minute 

occlusion period has successfully been utilised elsewhere (Sieg-Dobrescu et 

al., 2001, Pellaton et al., 2002). Additionally, a range of analyses have been 

used to quantify the microvascular response, including peak reactive 

hyperaemia (PRH) and both total and incremental area under the post occlusive 

hyperaemic curve vs time (Cracowski et al., 2006).  

It is likely that the lack of a standardised protocol and consensus regarding 

interpretation of the outcomes has obscured our understanding of the 

mechanisms involved, however they are thought to include both endothelium 

dependent and independent pathways (Koller and Kaley, 1990). Additionally, 

the role of NO in the post-occlusive hyperaemic response has been disputed 

(Wong et al., 2003, Zhao et al., 2004). Wong et al. (2003) demonstrated that 

PRH following 5 minutes of forearm cuff occlusion was not different after the 

infusion of L-NMMA, and therefore not mediated by NO. Accordingly, the 

processes underlying the FMD and post-occlusive microvascular response 

appear to be mechanistically disparate, which is consistent with the lack of 

association demonstrated between post-ischaemic macro- and micro-vascular 

reactivity in adults (Dhindsa et al., 2008). Thus, simultaneous assessment of 

post-occlusive microvascular hyperaemia during the FMD protocol may offer 

further insight of vascular health. 
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2.10.2 Exercise and microvascular function 

There are limited data regarding exercise training and microvascular function in 

paediatric groups, and comparisons between studies are confounded by 

differences in assessment techniques. Furthermore, evidence indicates that 

microvascular reactivity increases throughout adolescence (Radtke et al., 

2012), however many studies fail to assess maturity.  

Radtke et al. (2012) controlled for pubertal status and demonstrated that time 

spent performing moderate to vigorous-intensity physical activity was not 

related to microvascular reactivity in 10 – 16 year old boys and girls. Roche et 

al. (2008) also controlled for maturity and demonstrated that microvascular 

reactivity in children and adolescents with type 1 diabetes was not related to 

time spent performing moderate to vigorous physical activity. Interestingly, 

these authors identified that �̇�O2 peak was positively related to microvascular 

reactivity (R2 = 0.29, P = 0.01), which is in line with data in healthy adults at risk 

of developing type 2 diabetes (Middlebrooke et al., 2005) and suggests an 

important role for aerobic fitness in improving microvascular function. This is 

consistent with data provided by Roche et al. (2010) who identified that trained 

13-15 year old boys have enhanced microvascular function compared to an 

untrained, age and maturity-matched control group. Taken together, exercise 

training and the associated increases in aerobic fitness appear to have a 

favourable effect on microvascular reactivity. Given that a high-intensity 

exercise stimulus (> 80% heart rate max) is recommended to improve aerobic 

fitness in apparently healthy adolescents (Baquet et al., 2003), it is plausible 

that high-intensity exercise training might promote microvascular function to a 

greater degree than moderate-intensity training. However, the influence of the 

intensity of exercise training, or a single exercise bout, on microvascular 

function remains to be elucidated.   

 

2.11 Autonomic function 

Alterations in the activity of the autonomic nervous system, characterised by a 

hyperactive sympathetic and hypoactive vagus system, are associated with the 

pathogenesis of atherosclerosis (Thayer et al., 2010). Heightened sympathetic 
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and suppressed parasympathetic nervous activity impair the autonomic 

regulation of the cardiac system (Dekker et al., 2000) and may be linked to CVD 

development via an impairment in endothelial function (Harris and Matthews, 

2004, Kaufman et al., 2007). Prolonged catecholamine stimulation promotes the 

absorption of LDL into the endothelium and a dose-dependent proliferation and 

migration of vascular smooth muscle (Zhang et al., 2004). Conversely, 

acetylcholine released by the vagus nerve has been shown to attenuate this 

proliferation of smooth muscle cells and subsequent increase in inflammatory 

cytokines (Ulloa, 2005).  

Evidence in adults indicates that autonomic function is positively associated 

with daily physical activity (Monahan et al., 2000) and improved following 

exercise training (Rosenwinkel et al., 2001). Consequently, it has been 

proposed that favourable changes in autonomic function account for some of 

the “missing” ~ 40% benefit of exercise on CVD risk (Joyner and Green, 2009).  

 

2.11.1 Assessment of autonomic function 

A commonly adopted measure of autonomic function is heart rate variability 

(HRV), whereby the intervals between consecutive heart beats are analysed 

using time and frequency domain techniques (Task force of the European 

Society of Cardiology, 1996). Time domain indexes of HRV, including the root 

mean square of the squared differences between adjacent normal R-R intervals 

(RMSSD) reflect vagal tone and are simple to calculate using a an electro-

cardiogram (Kleiger et al., 1991). Frequency domain (or “power”) analysis of 

HRV is more complex, but yields information regarding the relative balance 

between the sympathetic and parasympathetic nervous systems (Stein et al., 

1994). However, it has been demonstrated that that the time domain analysis of 

HRV is strongly correlated (r > 0.85) to each frequency domain variable (Kleiger 

et al., 1991). Therefore, it is accepted that a decreased HRV reflects an 

increased sympathetic activity and/or a decrease in parasympathetic tone (Stein 

et al., 1994), and the RSMMD outcome is used as a surrogate measure of 

vagus nerve (i.e. parasympathetic) activity.  
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2.11.2 Heart rate variability in adolescents and cardiovascular disease risk 

Low levels of parasympathetic activity (i.e. a low HRV) is a powerful marker of 

CVD and mortality in adults (Dekker et al., 2000). Previous studies with 

adolescents have demonstrated that HRV is inversely related to systolic blood 

pressure and obesity (Zhou et al., 2012), and physical inactivity (Gutin et al., 

2005). These data were recently confirmed in a cross-sectional study of 1,152 

adolescent boys which demonstrated that HRV is associated with the clustering 

of CVD risk factors (Farah et al., 2014). Given that the clustering of traditional 

CVD risk factors in adolescence track into adulthood (Andersen et al., 2004), 

this finding is important in the absence of any longitudinal data identifying the 

prognostic importance of HRV in youth. 

One study has identified that FMD is positively associated with parasympathetic 

activity (r = 0.48, P = 0.01) and negatively associated with sympathovagal 

balance (r = -0.51, P = 0.01) in apparently healthy children (Kaufman et al., 

2007). These relationships remained moderately strong and significant following 

adjustment for insulin, inflammation (C-reactive protein) and maturity (Tanner 

stage). Therefore it appears that reduced parasympathetic activity and 

dysfunctional sympathovagal balance during childhood is associated with an 

impairment in endothelial function.  

 

2.11.3 Exercise training and heart rate variability in young people 

Exercise training has been shown to increase HRV in obese children (Gutin et 

al., 2000), but this outcome was not improved following 13 weeks of endurance 

training in apparently healthy children (Mandigout et al., 2002). Additionally, 

only minor improvements have been observed following 5 months of training in 

adolescent swimmers (Perini et al., 2006). However, time spent performing 

vigorous, but not moderate, physical activity is favourably related to HRV in 

adolescents (Buchheit et al., 2007). Furthermore, data in adults indicate that 

exercise intensity is a positively associated with HRV (Buchheit et al., 2005, 

Leicht et al., 2003). Therefore, it has been argued that training at intensities 

above moderate-intensity exercise is required for improvements in 

parasympathetic activity (Buchheit et al., 2008). Indeed, this research group 
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demonstrated that both 9 weeks of high-intensity training or supramaximal 

training improved HRV in adolescent boys (Buchheit et al., 2008), which is 

consistent with the recent finding that high-intensity interval training was 

superior to aerobic endurance training at improving cardiac autonomic function 

in adults (Kiviniemi et al., 2014). Thus, it appears that improvements in HRV are 

possible in healthy adolescents, provided that the intensity of the exercise 

sessions is high. 

 

2.12 Summary and experimental aims 

Zilversmit (1979) proposed that atherosclerosis was a “postprandial 

phenomenon” over 30 years ago. Whilst some evidence is available supporting 

the initial hypothesis that elevated numbers of cholesterol-rich lipoprotein 

remnants can penetrate the arterial wall and promote plaque formation (Mamo 

et al., 1998, Pal et al., 2003, Rapp et al., 1994), there are now other well-

established mechanisms by which repeated episodes of postprandial lipaemia 

encourages the development of an atherogenic lipoprotein phenotype beyond 

Zilversmit’s proposed pathway (Austin et al., 1990), i.e. elevated TAG-rich 

lipoproteins, fewer HDL fractions (particularly HDL2) and smaller, denser LDL 

particles. 

In addition to these unfavourable changes in lipoprotein fractions, repeat 

episodes of exaggerated lipaemia promote transient periods of endothelial 

dysfunction (Gaenzer et al., 2001, Vogel et al., 1997) via oxidative stress (Bae 

et al., 2001). An impairment in endothelial function is a sentinel event in the 

progression of atherosclerosis (Ross, 1993), preceding structural changes to 

the vessel wall (Zeiher et al., 1991), and a requirement for the initiation and 

development of fatty streaks (Juonala et al., 2004). Thus, repetitive episodes of 

hypertriglyceridemia likely encourage the progression of atherosclerosis via 

endothelial dysfunction in concert with the promotion of an atherogenic 

lipoprotein phenotype. 

Data are available in both adult and paediatric groups that prior exercise 

favourably modulates postprandial lipaemia and vascular function. However, it 

is not known how exercise can be optimised for these parameters of health, 
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which is important given that few adolescents meet the recommended minimum 

amount of daily physical activity (Department of Health, 2008, Riddoch et al., 

2007). Consequently, the purpose of thesis is to undertake a series of novel 

experimental studies that will identify the influence of exercise intensity on these 

health outcomes. The primary aims of each experimental chapter are provided 

below. 

 

1. Chapter 4 is designed to isolate the effect of exercise intensity on 

postprandial lipaemia and SBP. This chapter also includes adolescent 

girls in order to assess whether the effect of sex on postprandial lipaemia 

in adulthood is present in youth. Furthermore, this study will determine 

whether an attenuation in postprandial lipaemia following exercise is 

related to changes in resting fat oxidation during the postprandial period. 

 

2. Chapter 5 addresses whether the intensity of exercise accumulated over 

the course of the day influences postprandial lipaemia, SBP and fat 

oxidation in adolescent boys and girls. This is a pertinent research 

question given that adolescents rarely sustain exercise for longer than 10 

minutes. Furthermore, the total accumulated exercise stimulus is 

comparable to the continuous MIE and HIIE bouts performed in Chapter 

4. As such, this study provides an insight into the efficacy of accumulated 

compared to continuous exercise for postprandial health.  

 

3. Chapter 6 extends the findings of this thesis beyond the outcomes 

measures included in Chapters 4 and 5, and is the first to isolate the 

influence of exercise intensity on postprandial macro- and micro-vascular 

function in adolescents. This study will also identify whether differences 

in postprandial macro- and micro-vascular function following MIE and 

HIIE are related to changes in postprandial lipaemia and [TAS]. 

Additionally, this study identifies the acute (< 4 hours) effect of exercise 

intensity on plasma [3-OHB] in order to provide novel insight regarding 

the mechanisms underlying the postprandial lipaemia response when the 

test meal is consumed 1 hour post exercise. 
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4. It is thought that the benefits of chronic exercise on vascular function 

may be related to the acute responses to a single bout of exercise. 

Accordingly, the purpose of Chapter 7 is to identify the time course of the 

macro- and micro-vascular response following work-matched MIE and 

HIIE in adolescents. 

 

5. Chapter 8 is the first to comprehensively assess the influence of 2 weeks 

of high-intensity interval exercise training on traditional and novel (i.e. 

endothelial function and HRV) CVD risk factors in adolescent boys and 

girls. Given that most of the day is spent in the postprandial state, and 

that current evidence regarding exercise training and CVD risk factors is 

limited to fasted measures, this study also determines whether or not any 

improvements in traditional and novel CVD risk factors are apparent 

following a high fat and sugar test meal. Finally, this study identifies 

whether any changes in traditional or novel CVD risk factors remain 3 

days after training. 
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3.1 Inclusion/exclusion criteria  

All studies presented in this thesis were granted ethical approval from the Sport 

and Health Sciences Ethics Committee (certificates provided in the Appendix 1). 

Participants were recruited from years 8-10 from local schools with the consent 

of the Head Teacher and the Physical Education department. Details of the 

study were initially presented to the pupils during an assembly, who were then 

provided with an information pack containing further specifics regarding the 

study design, rationale and procedures, contact details of the research team, a 

parent/guardian consent form, a participant assent form and a standard health 

screening form (forms provided in the Appendices). Participants then returned 

these signed forms back to a designated member of staff at the school by a pre-

arranged date. The primary investigator collected the forms and telephoned 

each parent/guardian to further discuss the study details. Participants were 

accepted onto the study if they satisfied the study recruitment criteria. Exclusion 

criteria included the presence of any contraindications towards maximal 

exercise, any relevant allergies (i.e. lactose intolerance) or the use of any 

supplement or medication known to influence fat or carbohydrate metabolism, 

or vascular function. There were no specific inclusion criteria apart from age 

(12-15 years).  

 

3.2 Standardisation of testing conditions 

During all studies, participants were instructed to avoid organised physical 

activity, and to wear an accelerometer and complete a food diary (Appendix 4) 

during the 48 hours preceding each laboratory visit. Participants were also 

asked to refrain from eating after 20:00, and replicate the same evening meal 

for each subsequent visit. Time was taken during the initial visit to the laboratory 

to ensure that each participant understood the importance of these requests. 

Parents/guardians and participants were verbally reminded of these conditions 

throughout the study by both the primary investigator and the relevant member 

of staff from the school’s Physical Education department. 

Physical activity was captured using an ActiGraph GT1M accelerometer 

(ActiGraph, LLC, Pensacola, USA) which was attached to an elasticated belt 
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and placed above the iliac crest on the right hand side in Chapter 5. This was 

also a requirement in Chapter 4, however adherence was low and data loss 

from device failure was high (complete data were only available for 5 

participants). Participants were instructed to only remove the accelerometer for 

bathing or sleeping. A sticker was placed on the top of the unit to ensure correct 

orientation of the accelerometer. Data were collected using a 1 second epoch in 

order to best capture the sporadic pattern of physical activity which 

characterises paediatric groups (Ward et al., 2005) and processed using 

Kinesoft software (version 3.3.62; Kinesoft, New Brunswick, Canada). Non-wear 

time was defined as 0 counts per minute for 30 continuous minutes during 

daylight hours (Rowlands and Eston, 2007). Minimum wear time was set as 10 

hours per day in accordance with prior work with this population (Riddoch et al., 

2007). Time spent performing moderate to vigorous intensity activity was 

determined using established cut points for paediatric groups (Evenson et al., 

2008). 

Due to poor compliance and device failure, complete accelerometer data was 

only available for 14 out of the 20 adolescents in Chapter 5. This level of data 

loss is consistent with the level of non-compliance reported in other studies 

which use a hip-worn accelerometer (Audrey et al., 2013, Van Coevering et al., 

2005). In an effort to improve the capture of physical activity data during the 48 

hours preceding each laboratory visit, participants were asked to wear a water-

proof tri-axial accelerometer on their wrist (GENEActiv, Activinsights Ltd, 

Cambridge, UK) in Chapters 6, 7 and 8 (Rowlands et al., 2014). The 

aforementioned criteria for non-wear and minimum wear times were adopted, 

and data were again captured in 1 second epochs. Data were processed using 

the GENEA Post Processing software (version 1.2.1), and moderate to vigorous 

intensity activity time was calculated using validated paediatric cut points for this 

device (Phillips et al., 2013). 

Completed food diaries were viewed by the primary investigator during each 

laboratory visit and discussed with the participants in turn in order to promote 

compliance and ensure a satisfactory level of detail. To minimise the burden of 

completing the food diaries, participants were instructed to indicate unit size 

(e.g. one spoonful, one small glass) rather than weigh all food and drink 
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consumed. Food diaries were assessed for total energy and macronutrient 

intake (CompEat Pro, Nutrition Systems, UK) upon completion of each study. 

 

3.3 Anthropometry 

Body mass, seated height and stature were measured to the nearest 0.1 kg and 

0.1 cm respectively. Percentage body fat was estimated using triceps and 

subscapular skinfold thickness according to Slaughter et al. (1988) and pubertal 

status was determined by a self-assessment of secondary sexual 

characteristics using adapted drawing (Morris and Udry, 1980) of the five 

Tanner stages (Tanner, 1962) of pubic hair development. Percentage body fat 

was estimated in Chapters 5 and 6 using the mean of the three measures of 

triceps and subscapular skinfold thickness (Holtain Ltd, Crymych, UK) 

according to Slaughter et al. (1988). 

 

3.4 Maximal oxygen uptake (�̇�O2 max) and gas exchange threshold (GET) 

Following an individualised habituation period, participants completed a 

combined ramp and supramaximal test to exhaustion to establish �̇�O2 max 

(Barker et al., 2011) using an electronically braked cycle ergometer (Lode 

Excalibur Sport, Groningen, the Netherlands).  Participants were instructed to 

maintain a cadence of 70-80 revolutions per minute (rpm) throughout the warm 

up (20 W) and during the incremental part of the test. The ramp rate was set at 

30 W min-1 for individuals > 50 kg, otherwise 25 W min-1 was used in order to 

elicit fatigue within 8-12 minutes (Buchfuhrer et al., 1983). Exhaustion was 

defined as a drop in cadence below 60 rpm for 5 consecutive seconds despite 

strong verbal encouragement.  

Participants completed a 5 minute cool down at 20 W immediately after 

exhaustion, followed by a 10 minute seated rest. Participants then cycled at 20 

W for 2 minutes before a “step” transition to 105% of the maximum power 

output achieved during the preceding ramp test. Cadence was kept constant 

between 70-80 rpm until exhaustion. Power output was then lowered to 20 W 

and the participant was monitored during a cool down which lasted at least 5 
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minutes. An example �̇�O2 trace for the combined ramp and supramaximal 

exercise protocol is provided in Figure 3.1. 

 

 

Figure 3.1 An example oxygen uptake (�̇�O2) trace from the combined ramp and supramaximal 

exercise protocol to establish �̇�O2 max. 

 

Pulmonary �̇�O2 and carbon dioxide production (�̇�CO2), and heart rate were 

assessed throughout the ramp and supramaximal protocols using a Cortex 

Metalyzer III B (Cortex, Leipzig, Germany), which was calibrated using gases of 

known volume and concentration prior to each test. The gas exchange 

threshold (GET) was identified as the disproportionate increase in �̇�CO2 relative 

to �̇�O2 and verified by an increase in expired ventilation (�̇�E)/ �̇�O2 with no 

increase in �̇�E/�̇�CO2. The mean �̇�O2 response time was taken into account 

when determining the power output which equated to the GET, i.e. two-thirds of 

the ramp rate was subtracted from the initial work rate at the GET (Whipp et al., 

1981). �̇�O2 max was determined as the highest 10 second average in �̇�O2 

elicited either during the ramp test or supramaximal bout (Barker et al., 2011). 

When calculated in this manner, the typical error in �̇�O2 max across three ramp 

tests is ~ 4% in children (Welsman et al., 2005). 
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3.5 Moderate-intensity and high-intensity interval exercise protocols 

In Chapters 4, 6 and 7, participants completed two exercise bouts using the 

Lode Excalibur Sport (Groningen, the Netherlands) in a randomised order; 

moderate-intensity exercise (MIE) and high-intensity interval exercise (HIIE). 

These exercise bouts were replicated in Chapter 5, however the total exercise 

stimulus was accumulated in four separate bouts over the course of the day, 

each separated by 2 hours.  

Moderate-intensity exercise encompasses work performed below the GET, 

which is analogous to the lactate threshold (Wasserman et al., 1973), and 

represents the highest work rate achievable without an appreciable rise in blood 

lactate concentrations from rest or the development of a �̇�O2 slow component 

(Whipp et al., 2005). As such, the physiological and perceptual stress of 

exercise is profoundly different when exercising above and below an individual’s 

GET. Given that the GET may vary from ~ 40 to 70% �̇�O2 peak in adolescents 

(Reybrouck et al., 1985), and that any error in determining the GET may be 

exacerbated by the smaller absolute differences in power output between 

exercise domains in paediatric groups, the MIE was prescribed at 90% of the 

GET in all studies. A 3 minute warm up and 2 minute cool down at 20 W was 

also included in the MIE bout.  

The duration of the MIE was work-matched to the total mechanical work 

performed during the high-intensity interval exercise (HIIE) using Equation 3.1: 

 

kJ min-1 = power output x 60 

          1000 
 

Equation 3.1 Calculating mechanical work performed from power output 

 

Repeated sprint interval training is unlikely to provide a feasible model of 

exercise for public health promotion. Consequently, we adopted a “practical” 

alternative which is similar to previous work with adult groups (Little et al., 

2010). The high-intensity interval exercise (HIIE) consisted of a 3 minute warm 

up at 20 W, followed by 8 intervals at 90% of the peak power output achieved 



108 
 

during the prior incremental ramp test to exhaustion interspersed with 75 

seconds of active recovery at 20 W. A 2 minute cool down at 20 W was also 

included. Therefore, the duration of the HIIE in Chapter 4, 6 and 7 was 23 

minutes.  

In Chapter 5, participants performed a 75 second warm up at 20 W, and then 

two 1 minute intervals at 90% peak power, interspersed by 75 seconds at 20 W. 

A 75 second cool down at 20 W was also included. Thus, the total HIIE stimulus 

accumulated over the course of the day was the same as Chapters 4, 6 and 7. 

In Chapter 8, the HIIE sessions were completed at school using a friction-

braked cycle ergometer (Monark 827e, Monark exercise AB, Sweden). 

Accordingly, participants completed a 3 minute warm up of unloaded (~ 20 W) 

pedalling before the weight of the cradle was lowered for each 1 minute interval, 

and raised for each 75 second unloaded active recovery interval and 3 minute 

unloaded cool down. Given that power output using a friction-braked cycle 

ergometer is a function of cadence and load, participants individually selected 

their preferred cadence between 70 – 80 rpm and the required load was 

calculated accordingly. 

Chapter 8 required the completion of 6 HIIE bouts over 2 weeks. The first 2 

training sessions included eight 1 minute intervals, which increased to nine 1 

minute intervals for sessions 3 and 4, and ten 1 minute intervals for the final 2 

training sessions in accordance with the progressive nature of other HIIE 

training studies (Little et al., 2010, Whyte et al., 2010). 

Participants were encouraged to maintain a constant cadence between 70-80 

rpm and remain seated in both MIE and HIIE trials. Apart from Chapter 8, �̇�O2, 

�̇�CO2, �̇�E and heart rate were assessed (Cortex Metalyzer III B, Leipzig, 

Germany) throughout both exercise protocols. Total energy expenditure and the 

contributions of fat and carbohydrate oxidation to MIE were estimated using the 

mean exercise �̇�O2 and respiratory exchange ratio (RER) as described in 

Equation 3.2 (Frayn, 1983). Protein oxidation was assumed to be negligible. 

The assumptions underlying indirect calorimetry are violated when the RER > 1 

(Frayn, 1983). Furthermore, indirect calorimetry is only reliable at intensities < 

80% �̇�O2 max due to the confounding effect of non-metabolic carbon dioxide 
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production on the RER outcome (Romijn et al., 1992). Therefore, it was not 

possible to determine substrate oxidation during HIIE. 

Participants provided a rating of perceived exertion (RPE) immediately before 

the cool down for both MIE and HIIE using the 1-10 Pictorial Children’s Effort 

Rating Table (Yelling et al., 2002). Immediately following exercise, participants 

completed the 16-point Physical Activity Enjoyment Scale (PACES) which has 

been validated for use in adolescents (Motl et al., 2001). Additionally, 

participants were asked which trial they preferred upon completion of both 

exercise bouts.  

 

3.6 Resting metabolic rate (RMR) 

Resting metabolic rate was assessed via indirect calorimetry (Cortex Metalyzer 

II, Leipzig, Germany) for 15 min in order to determine total energy expenditure 

and substrate oxidation (fat and carbohydrate) throughout the day in Chapters 4 

and 5. The same metabolic analyser was used for all tests. Data indicate that 

RMR determined from 15 minutes provide a valid surrogate of longer (≤ 30 

minutes) assessment periods in 7 – 12 year olds (Mellecker and McManus, 

2009) and is in accordance with current adult guidelines (Compher et al., 2006). 

Resting metabolic rate was identified as the average �̇�O2 after the removal of 

errant �̇�O2 values lying more than 4 standard deviations (SD) from the local 

mean. Average substrate oxidation was subsequently calculated using the 

Frayn equation (Frayn, 1983) under the assumption that protein oxidation was 

negligible (Equation 3.2). The energy liberated from fat and carbohydrate 

oxidation was calculated using the Atwater factors, which were summed to 

determine total RMR. 

  

Fat oxidation (g∙min-1) = (1.67 x VO2) – (1.67 x VCO2) 

  Carbohydrate oxidation (g∙min-1) = (4.55 x VCO2) – (3.21 x VO2) 

 

Equation 3.2 Estimation of substrate oxidation and energy expenditure using 

indirect calorimetry (Frayn, 1983). 
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In chapters 4 and 5, postprandial fat oxidation was determined by summing the 

amount of fat oxidized during each postprandial RMR assessment. When 

calculated in this manner, the TAUC for postprandial fat oxidation is comparable 

to total fat oxidation determined from the TAUC for postprandial �̇�O2 and �̇�CO2.  

Whilst a ventilated hood system is recommended for the assessment of RMR 

(Forse, 1993), pooled data from Chapters 4 and 5 report a between-day 

coefficient of variation (CV) for RMR of 14.7%. Given that the day to day 

variation in RMR is thought to be ~ 5% (Cooper et al., 2009, Compher et al., 

2006), it appears that our method to determine RMR in this group is consistent 

with a satisfactory level of reliability.  

 

3.7 Test meals 

A cereal breakfast was included in Chapters 4, 6 and 7 in order to address 

concerns raised by the institutional ethics committee regarding exercise in a 

fasted state. This breakfast (30 g Kelloggs® Corn Flakes and 130 mL skimmed 

milk) is unlikely to have influenced endothelial function (Padilla et al., 2006, 

Vogel et al., 1997), but may have modulated the postprandial lipaemic response 

observed in Chapters 4 and 6 (Grant et al., 1994, Pedersen et al., 1999). 

A high fat meal (HFM) was consumed in Chapters 4, 5 and 6. This was a 

milkshake comprised of 3 parts Cornish ice cream and 1 part double cream, 

which provided ~ 1.50 g of fat (70% total energy), 1.20 g carbohydrate (25%) 

and 0.21 g of protein (5%) per kilogram of body mass (80 kJ∙kg-1) in accordance 

with previous postprandial investigations in this population (Tolfrey et al., 2012, 

Tolfrey et al., 2013). This meal was also included in Study 6 as it provided ~ 85 

g of fat, and similar fat loads have been shown to impair endothelial function in 

adults (Padilla et al., 2006, Tyldum et al., 2009, Vogel et al., 1997) and 

adolescents (Sedgwick et al., 2013, Sedgwick et al., 2014, Sedgwick et al., 

2012).  

A second, identical HFM was consumed 4 hours after the first in Chapter 5 as 

the total duration of each visit was 9 hours. A similar fat load for both breakfast 

and lunch has also been used in postprandial investigations with adolescents 
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(Sedgwick et al., 2013, Sedgwick et al., 2014, Sedgwick et al., 2012, Thackray 

et al., 2013, Thackray et al., 2014). 

Study 5 included a high fat and sugar mixed breakfast meal, consisting of a 

chocolate croissant with added chocolate spread, a chocolate muffin and a 300 

mL commercially available fruit smoothie with 50 mL added double cream. This 

meal provided approximately 68 g of fat, 80 g of sugar and 7134 kJ which is 

broadly in line with the amount of fat provided in Chapters 4, 5 and 6. The high 

sugar content may have lowered the lipaemic response to this test meal (Cohen 

and Berger, 1990, Cohen and Schall, 1988), however postprandial 

hyperglycaemia has been demonstrated to impair endothelial function via 

oxidative stress (Ceriello et al., 2002), i.e. the same mechanism as elevated 

plasma [TAG] (Bae et al., 2001). 

Every effort was made to ensure that all test meals were consumed within 15 

minutes.  

 

3.8 Blood pressure 

Systolic and diastolic blood pressure (SBP and DBP, respectively) were 

measured in the seated position using a validated (Chang et al., 2003) 

automated oscillometric device (Dinamap Pro 100V2, GE Medical Systems 

Information Technologies, Florida, USA). Participants were instructed to sit 

quietly with their backs supported for 10 minutes and remain silent during each 

measure. SBP and DBP were determined from the mean of 3 assessments, 

with at least 30 seconds between measures. Data pooled from Chapters 4 and 

5 demonstrate a between-day coefficient of variation for SBP and DBP of 5.4% 

and 5.5%, respectively. Postprandial SBP in Chapters 4, 5 and 8 was calculated 

as the total area under the SBP curve versus time using the time point 

immediately before the first HFM.  

 

3.9 Blood sampling and analyses 

Capillary blood samples were collected in Chapters 4, 5, 6 and 8 for the 

determination of plasma [triacylglycerol] ([TAG]), [glucose], [total antioxidant 
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status] ([TAS]), [3-hydroxubutyrate] ([3-OHB]) and [glutathione peroxidase] 

([GTP]), as described in Table 3.1. Please refer to the specific chapters 

regarding the timings of each capillary sample.  

 

Table 3.1 Capillary plasma analyses in each experimental chapter 

 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8 

TAG X X X  X 

Glucose X X   X 

TAS   X  X 

3-OHB   X  X 

GTP     X 
 

TAG, triacylglycerol; TAS, total antioxidant status; 3-OHB, 3-hydroxybutyrate; GTP, glutathione 

peroxidase. 

 

The participants’ hand was warmed for 5 minutes using a 40°C water bath and 

then dried prior to each sample. Participants elected which finger or thumb to be 

sampled, which was then sterilised (Steret) and punctured (Lancet). The initial 

drop of blood was discarded in order to prevent contamination of the sample 

with debris, before ~ 600 µL of capillary blood was collected into lithium-heparin 

coated ([TAG], [TAS], [3-OHB]), ([GTP]) and heparin-fluoride coated ([glucose], 

Microvette CB 300 tubes (Sarstedt Ltd, Leicester, UK) and centrifuged 

immediately at 13,000 g for 15 min. Plasma was then removed and either 

stored at -80°C for analysis, or analysed immediately ([glucose]).  

All participants were familiarised with the blood sampling procedure during their 

initial visit the laboratory. Parents were also instructed of this practice during the 

initial telephone consultation, and the school Physical Education staff member 

was informed. All participants consented to the capillary blood sampling 

procedure, although one boy in Chapter 6 felt faint so no further samples were 

collected for this individual.  

Plasma [TAG], [TAS], [3-OHB] and [GTP] were quantified in duplicate by 

enzymatic, colorimetric methods using an assay kit according to the 

manufacturer’s guidelines (Cayman Chemical Company, MI, USA). The within-

batch coefficients of variation for these analyses are provided in the 

experimental chapters.  
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In Chapters 4 and 5, haematocrit and haemoglobin values were determined 

from the fasted and final capillary blood samples in order to calculate changes 

in plasma volume (Dill and Costill, 1974). Haematocrit was visually determined 

using a capillary tube reader (Hawksley and Sons, England) following 

centrifugation. Haemoglobin was assessed using a portable photometric system 

(HemoCue Ltd, Angelholm, Sweden) which has been validated for use in 

paediatric groups (Cohen and Seidl-Friedman, 1988) and is known not be 

influenced by hyperlipidaemia (von Schenck et al., 1986). Haematocrit and 

haemoglobin were also determined before and after training in Chapter 8.  

In chapter 8, total [cholesterol], [HDL] and [LDL] were determined in whole 

capillary blood using a validated (Panz et al., 2005) portable system 

(CardioChek, Polymer Technology Systems, IN, USA).  

 

3.10 Vascular function 

Macro- and micro-vascular function were simultaneously assessed in vivo in 

Chapters 6 and 7. Participants were familiarised to these procedures during 

their initial laboratory visit for the determination of anthropometric data and �̇�O2 

max, GET and peak power output. All vascular measures were performed in 

darkened, temperature controlled (~ 24°C) room. Apart from the immediate 

assessment of macro- and micro-vascular function following exercise in Chapter 

7, participants were asked to lie prone for 10 minutes in the vascular laboratory 

before these measures. 

 

3.10.1 Macrovascular function 

Macrovascular function was assessed via FMD in accordance with recent 

guidelines (Harris et al., 2010, Thijssen et al., 2011). When determined in this 

manner, it is generally accepted (Green, 2005) that FMD is NO-mediated (Doshi 

et al., 2001, Mullen et al., 2001), and may provide a valid surrogate measure of 

coronary artery endothelial function (Anderson et al., 1995, Takase et al., 1998), 

although this has recently been questioned (Atkinson and Batterham, 2015). 
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Brachial artery diameter was measured using high resolution ultrasonography 

(Sequoia 512, Acuson, Siemens Corp, Aspen, USA) in duplex mode with a 13 

MHz linear array transducer. B mode images were obtained at a reproducible 

point in the upper arm with the brachial artery in longitudinal section. The linear 

array transducer was clamped in place once the luminal-arterial wall interface 

image was optimised, and the position of the probe was marked on the arm in 

pen. Simultaneous assessment of Doppler velocity was obtained using an 

insonation angle of 60° with the sample volume as wide as possible without 

encompassing the vessel walls. The width of the Doppler sample gate was 

noted and subsequently replicated in all further assessments (Figure 3.2). 

Baseline arterial diameter was measured for 1.5 minutes, before the rapid 

inflation of a pneumatic cuff (Hokanson, Bellevue, USA) placed distal to the 

humeral epicondyles (Figure 3.3). To minimise movement of the ultrasound 

probe, the cuff was initially inflated to 150 mmHg, and was then increased to 

220 mmHg within 5 seconds. The cuff was rapidly deflated following 5 minutes 

of occlusion. Brachial artery diameter and blood flow were continuously 

determined during the last 30 seconds of occlusion and for 5 minutes post 

deflation.   

 

Figure 3.2 Longitudinal B mode images of the brachial artery (top) and continuous Doppler 

velocity (bottom). 
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Baseline arterial diameter was measured for 1.5 min, before the rapid inflation 

of a pneumatic cuff (Hokanson, Bellevue, USA) placed distal to the humeral 

epicondyles (Figure 3.3). To minimise movement of the ultrasound probe, the 

cuff was initially inflated to 150 mmHg, and was then increased to 220 mmHg 

within 5 seconds. The cuff was rapidly deflated following 5 minutes of occlusion. 

Brachial artery diameter and blood flow were continuously determined during 

the last 30 seconds of occlusion and for 5 minutes post deflation.   

 

 

Figure 3.3 Simultaneous acquisition of macro- and micro-vascular function. 
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All FMD files were labelled in a coded form according to visit number, rather 

than trial. Thus the primary investigator was blind to the condition (but not time) 

for all analyses. Brachial artery diameter was assessed during end diastole 

using validated ECG-gating software (Medical Imaging Applications LLC, 

Coralville, USA) (Mancini et al., 2002) which is supported for use by current 

FMD guidelines (Harris et al., 2010, Thijssen et al., 2011) and frequently used in 

paediatric investigations (Sedgwick et al., 2013, Sedgwick et al., 2014, 

Sedgwick et al., 2012). 

In order to account for the laminar flow of blood through an artery, shear was 

determined as described in Equation 3.3 as recommended in the current FMD 

guidelines (Harris et al., 2010). 

 

Shear rate = (8 x mean blood velocity) 

artery diameter 

 

Equation 3.3 Calculation of shear rate. 

 

The total shear stimulus (SRAUC) was calculated as the area under the shear 

curve versus time from the final 30 seconds of occlusion until peak arterial 

diameter (Harris et al., 2010, Pyke and Tschakovsky, 2007, Thijssen et al., 

2011). Fasted FMD was weakly related to SRAUC in Study 5 (r=0.39, P=0.02). 

However, no relationship was apparent between fasted FMD and SRAUC in 

Studies 3 and 4, nor in the post-exercise or postprandial state in any study 

(r<0.40, P>0.30 for all). Consequently, FMD was not normalised for SRAUC, and 

the shear stimulus is provided separately (Thijssen et al., 2011). 

The assumption of proportionality of the ratio-scaled FMD statistic was checked 

by determining the slope of the regression line between the logarithmically 

transformed baseline and peak diameters. Data were allometrically adjusted to 

baseline diameter in Studies 3, 4 and 5 as the 95% confidence interval around 

this relationship did not span unity (Atkinson and Batterham, 2013, Atkinson et 

al., 2013). Pooled pre-exercise FMD data from Chapters 6 and 7, and the 

fasted, pre-training data from Chapter 8 revealed a regression slope of 0.96, 

95% confidence interval 0.94 - 0.99 (n = 49).  
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Allometric scaling requires the construction of a power function ratio (y/xb), 

whereby baseline diameter is raised to the common group exponent from the 

log-linear regression model (b) in order to partition out the confounding effect of 

vessel calibre. This can be checked by confirming the absence of a significant 

correlation between baseline diameter and the power function ratio (Tanner, 

1949). The allometrically-adjusted FMD was then interpreted in the usual 

manner. 

Data from the resting control condition of Chapter 6 indicate that the within-day 

coefficient of variation for baseline arterial diameter, peak diameter, percentage 

increase in diameter (FMD), and SRAUC were 1.7%, 1.8%, 2.7% and 14.2%. The 

between-day coefficients of variation for these outcomes for Study 3 and 4 are 

provided in table 3.2. 

 

3.10.2 Microvascular function 

Microvascular function was simultaneously assessed during the FMD protocol 

via laser Doppler perfusion imaging (Periscan PIM II, Perimed, Järfalla, 

Sweden) of the forearm cutaneous circulation (Figure 3.3). The scanner emits a 

laser beam (wavelength: 670 nm), which becomes Doppler-shifted by 

interference with moving red blood cells. This Doppler-shifted light is reflected 

and received by the Doppler imager, and then interpreted as “flux” which is 

expressed in arbitrary units commonly reported as “perfusion units” (PU). High 

resolution data were collected at 4.33 Hz, and then interpolated to 1 s averages 

before being smoothed using a 5 s moving average. 

The distance between the scanner and the forearm was 20 cm, in order to 

determine any changes in cutaneous perfusion prior to occlusion. Freckles, 

scars or hairs were avoided and the area around the region of interest was 

marked in pen to promote reproducibility. Participants were also acclimatised to 

the temperature-controlled room for ~ 10 minutes before each scan (apart from 

the immediate post exercise vascular assessments in Chapter 7). 

Resting flux was determined as the average perfusion during the 2 minutes 

prior to cuff inflation. Any signal detected during the 5 minutes of occlusion was 

interpreted as the “biological zero” (Cracowski et al., 2006). Peak reactive 
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hyperaemia (PRH) was defined as the highest point after occlusion. Cutaneous 

perfusion was assessed for 5 minutes post occlusion. The total hyperaemic 

response following occlusion was calculated as the total area under the post-

occlusive hyperaemic response, minus the resting flux which was multiplied by 

the time taken for blood flow to return to baseline values in accordance with 

Wong et al. (2003). When determined in this manner, the total hyperaemic 

response is known not be NO-mediated (Wong et al., 2003). These values are 

identified in Figure 3.4. 

 

 

Figure 3.4 Example laser Doppler imaging trace of the post occlusive reactive hyperaemia 

technique. RF, resting flux; PRH, peak reactive hyperaemia; BZ, biological zero; THR, total 

hyperaemic response as defined by Wong et al. (2003). The data points represent the raw 

perfusion values. The line represents the 5 second moving average. 

 

The within-day coefficients of variation for PRH and total hyperaemic response 

(from the resting control condition of Chapter 6) were 11.0% and 21.6%, 

respectively. The between-day coefficients of variation for PRH and total 

hyperaemic response from Chapters 6 and 7 are provided in Table 3.2. No 

microvascular data were recorded in Chapter 8 due to equipment failure. 
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Table 3.2 Between-day reproducibility of different parameters of macro- and 

micro-vascular function 

 
Chapter 6 Chapter 7 

Baseline diameter 2.1 6.0 

Peak diameter 2.2 5.9 

FMD 10.5 9.7 

SRAUC 20.3 19.4 

PRH 16.2 13.3 

Total hyperaemic response 26.1 21.7 

 

FMD, flow mediated dilation statistic; SRAUC, area under the curve for shear; PRH, peak reactive 

hyperaemia. Values are the coefficient of determination (%).  

 

3.11 Heart rate variability  

Heart rate variabiltiy was simultaneously assessed during the FMD protocol in 

Chapters 6, 7 and 8 using the time intervals between each ECG-gated image of 

the brachial artery (i.e. the R-R interval) during the 1.5 minutes prior to cuff 

occlusion. In accordance with current guidelines, data were screened for 

ectopic beats (defined as a variation of > 20% from the previous beat) and 

these artefacts were removed and replaced by the mean of the adjacent beats 

(Task force of the European Society of Cardiology, 1996). The root mean 

square of the squared differences between adjacent normal R-R intervals 

(RMSSD) was calculated using the Kubios HRV software (Biosignal Analysis 

and Medical Imaging Group, Joensuu, Finland), which has recently been used 

to establish reference values in adolescent boys (Farah et al., 2014). Based 

upon the resting control condition in Chapter 6, the within-day coefficient of 

variation for the RMSSD statistic was 17.6%. The between-day coefficients of 

variation were 21.9% and 18.3% for Chapters 6 and 7, respectively.  

The aforementioned guidelines recommend that HRV is analysed from at least 

5 minutes of data, preceded by a 5 minute stabilisation period in the supine 

position (Task force of the European Society of Cardiology, 1996). However, it 

has been demonstrated that 1 minute of data is an appropriate surrogate of 

longer assessment periods for the time domain analysis of HRV, with the 



120 
 

intraclass correlations between these two approaches ranging from 0.92 to 0.97 

(Esco and Flatt, 2014, Flatt and Esco, 2015). Additionally, the RMSSD outcome 

has been shown to be uninfluenced by ventilatory rate (Saboul et al., 2013), 

which is important as no attempt was made to control for this confounder during 

data acquisition. Given that participants were acclimatising to the temperature-

controlled (~ 24°C) room for 10 minutes prior to the capturing of brachial artery 

diameter, it is likely that this is a robust method to determine HRV. However, 1 

minute of data is insufficient for the analysis of frequency domains (Task force 

of the European Society of Cardiology, 1996), so these analyses were not 

performed. 

 

3.12 Statistical analyses 

All statistical analyses were performed using SPSS (version 19.0, Chicago, 

USA) apart from the calculation of AUC analyses which were performed using 

GraphPad (Prism, GraphPad Software, San Diego, California, USA). Unless 

otherwise stated, all data are presented as means ± standard deviation 

throughout this thesis.  

Due to the limitations of hypothesis testing and the accompanying P value, 

comparisons between means were also interpreted using 95% confidence 

intervals (95% CI) in accordance with statistical recommendations (Hopkins et 

al., 2009, Nakagawa and Cuthill, 2007, Wilkinson, 2014). Standardised effect 

sizes (ES), determined as the difference in means divided by the pooled 

standard deviation (i.e. Cohen’s d), are included in order to determine whether 

the mean change in a variable was meaningful using the following thresholds: 

small (0.2), moderate (0.5), and large (0.8) (Cohen, 1988).  
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Chapter 4 

 

Exercise intensity and postprandial health outcomes 

in adolescents 
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4.1 Introduction 

Postprandial lipaemia has been implicated in the progression of atherosclerosis 

(Zilversmit, 1979), and is an independent predictor of CVD in adults 

(Nordestgaard et al., 2007). Although the clinical significance of atherosclerosis 

is not apparent until later life, the atherosclerotic process has its origins in 

childhood (Stary, 1989) and the progression of which is associated with CVD 

risk factors in childhood and adulthood (Berenson et al., 1998). SBP during 

adolescence is also associated with future CVD risk (Berenson et al., 1998), 

and postprandial hypertension has been purported as a novel atherosclerotic 

risk factor in adults (Uetani et al., 2012). Considering that up to two thirds of the 

day may be spent in the postprandial state, interventions that attenuate 

postprandial lipaemia and SBP in young people may offer primary prevention 

against the development of atherosclerosis.  

It is known that 60 minutes of intermittent or continuous exercise at a moderate 

to vigorous intensity (50-75% �̇�O2 peak) can reduce postprandial lipaemia by ~ 

20-30% in male and female adolescents (Tolfrey et al., 2012, Tolfrey et al., 

2008, Tolfrey et al., 2014a). Furthermore, 30 minutes of MIE, expending <1 MJ, 

was similarly effective at reducing postprandial lipaemia as 60 minutes in 13 

year old boys (Tolfrey et al., 2012), indicating that even a small volume of 

exercise may have a beneficial effect on postprandial lipaemia. However, the 

same authors failed to observe a meaningful reduction in postprandial lipaemia 

after 30 minutes of moderate exercise in 10-14 year old girls (Tolfrey et al., 

2014a). Currently, the optimal exercise interventions to modulate postprandial 

lipaemia in adolescent boys and girls are currently unknown, and no study has 

investigated the effect of exercise on postprandial SBP in young people.  

Recent evidence has identified that low volume, HIIE can lower postprandial 

lipaemia in healthy young adults (Freese et al., 2011), and may be more 

effective than MIE (Trombold et al., 2013). Furthermore, an increase in 

postprandial resting fat oxidation was related to the beneficial effects of HIIE on 

postprandial lipaemia (Trombold et al., 2013). It has recently been 

demonstrated that HIIE can lower postprandial lipaemia in 12-13 year old boys 

(Thackray et al., 2013), but this study did not compare the efficacy of HIIE to a 

bout of isoenergetic MIE to isolate the effect of exercise intensity. As many 
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children fail to achieve the recommended 60 minutes of daily moderate intensity 

physical activity (Riddoch et al., 2007), it is important to identify whether low 

volume HIIE offers either similar or superior benefits to postprandial health 

outcomes compared to traditional MIE.  

Surprisingly, no data are available regarding the influence of an acute bout of 

exercise on postprandial lipaemia in adolescents when exercise is performed 

immediately before a high fat meal. Reductions in postprandial lipaemia are 

possible in adult males when exercise is performed 60 minutes before the test 

meal (Katsanos et al., 2004), however this acute response may be sex 

dependent (Henderson et al., 2010). Recent evidence in youth suggests that 

exercise performed during the postprandial period does not influence 

postprandial lipaemia (Sisson et al., 2013), but it is currently unknown whether 

exercise performed on the same day prior to the test meal can modulate 

postprandial lipaemia in young people.  

The purpose of this investigation was to test the hypothesis that exercise 

performed one hour before a high fat meal attenuates postprandial lipaemia and 

SBP, and augments postprandial fat oxidation, in an intensity-dependent 

manner. Specifically, HIIE would provide superior benefits than MIE on these 

outcomes, and the larger reduction in lipaemia after HIIE is related to a greater 

increase in fat oxidation during the postprandial period.  

 

4.2 Methodology 

4.2.1 Participants 

Twenty 13 to 14 year old adolescents (10 girls) volunteered to take part in this 

study. Participant assent and parental consent were obtained before 

participation in the project, which was approved by the institutional ethics 

committee. Participants showed no contraindications to exercise and were not 

using any medication or substance known to influence carbohydrate or fat 

metabolism.  

Body mass and stature were measured to the nearest 0.1 kg and 0.1 cm 

respectively. Percentage body fat was estimated using triceps and subscapular 



124 
 

skinfold thickness according to Slaughter et al. (1988) and pubertal status was 

determined by a self-assessment of secondary sexual characteristics using 

adapted drawing of the five Tanner stages of pubic hair development (Morris, 

1980).  

 

4.2.2 Experimental protocol 

This study required four visits to the laboratory, separated by approximately 1 

week, and incorporated a within measures design. All exercise tests were 

performed using an electronically braked cycle ergometer (Lode Excalibur 

Sport, Groningen, the Netherlands).  

 

4.2.3 Visit 1: Maximal oxygen uptake and gas exchange threshold 

Participants were habituated to exercise on the cycle ergometer before 

completing a combined ramp and supramaximal test to exhaustion to establish 

�̇�O2 max (Barker et al., 2011). Pulmonary �̇�O2 was monitored throughout (Cortex 

Metalyzer III B, Leipzig, Germany). The GET and �̇�O2 max were determined as 

described in Section 3.4. 

 

4.2.4 Visits 2-4: Exercise and postprandial measures 

An overview of the study protocol is illustrated in Figure 4.1. Following a ~ 12 

hours overnight fast, participants arrived at the laboratory at 07:45 and rested 

for 10 minutes before providing a fasting capillary blood sample for plasma 

[TAG] and [glucose]. Blood pressure was determined as the mean of three 

measures using an automated inflation cuff (Dinamap Carescape V100, GE 

Healthcare, USA). RMR was assessed at 08:15 via indirect calorimetry (Cortex 

Metalyzer II, Leipzig, Germany) for 15 minutes as described in Section 3.6. 

Between 08:30 and 08:45 participants consumed a standard breakfast cereal 

with 125 mL semi skimmed milk (2.5 g fat, 31 g carbohydrates, 6 g protein, 732 

kJ energy intake). 
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Figure 4.1 Protocol schematic. 1 = rest; 2 = moderate-intensity exercise; 3 = high-intensity 

interval exercise. Arrows represent capillary blood samples for plasma triacylglycerol and 

glucose; grey boxes represent the assessment of resting metabolic rate, fat oxidation and blood 

pressure; HFM = high fat meal. 

 

At 09:45, 1 hour after breakfast, participants completed on separate days and in 

a randomised order: 1) 23 minutes of HIIE; 2) ~ 30 minutes of continuous 

moderate intensity cycling at 90% GET (MIE); or 3) rested in the laboratory for 

30 minutes. The HIIE bout consisted of a 3 minute warm up at 20 W, followed 

by 8 x 1 minute intervals at 90% of the peak power determined from the ramp 

test to exhaustion, interspersed with 75 seconds of recovery at 20 W, before a 2 

minute cool down at 20 W. The duration of the MIE trial was calculated to match 

the total external work performed during the HIIE bout for each participant. 

Heart rate, �̇�O2 and �̇�CO2 were monitored throughout both trials. For both MIE 

and HIIE the participants provided a RPE using the 1-10 Pictorial Children’s 

Effort Rating Table (Yelling et al., 2002) in the final 10 s of exercise, and then 

completed the 16-point PACES (Motl et al., 2001) on completion of the 

exercise. After their final exercise trial, each participant was asked to identify 

which exercise bout they preferred. Exercise was completed by 10:15.  

One hour after the completion of the rest/exercise condition, post exercise 

plasma [TAG], [glucose] and blood pressure were assessed. Participants then 

consumed a milkshake of 3 parts Cornish ice cream and 1 part double cream 

between 11:15 and 11:30, which provided ~ 1.50 g of fat (70% total energy), 

1.20 g carbohydrate (25%) and 0.21 g of protein (5%) per kilogram of body 

mass (80 kJ∙kg-1) in accordance with previous postprandial investigations in this 

population (Tolfrey et al., 2012, Tolfrey et al., 2014a). Plasma [TAG], [glucose], 

blood pressure, RMR and substrate oxidation were assessed at hourly intervals 

during the 4 hour postprandial period. A 4 hour postprandial observational 
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period was employed as this has been shown to provide a valid estimate of the 

postprandial lipaemic response compared to an 8 hour observational period 

(Weiss et al., 2008). No other food was consumed during the postprandial 

period, although water was available ad libitum and subsequently replicated for 

each trial. Participants remained in the laboratory and inactive throughout the 

postprandial period, by reading, completing homework, watching DVDs or 

playing computer games.  

 

4.2.5 Blood sampling and analyses 

For each blood sample, ~ 600 µL of capillary blood was collected into lithium-

heparin coated ([TAG]) and heparin-fluoride coated ([glucose]) Microvette CB 

300 tubes (Sarstedt Ltd, Leicester, UK) and centrifuged immediately at 13,000 g 

for 15 minutes. Plasma was then removed and either stored at -80°C for 1 

month for [TAG] analysis, or analysed immediately for [glucose] (YS1 2300 Stat 

Plus Glucose and L-Lactate Analyzer, YSI Inc., Yellow Springs, USA). Plasma 

[TAG] was quantified in duplicate by enzymatic, colorimetric methods using an 

assay kit according to the manufacturer’s guidelines (Cayman Chemical 

Company, MI, USA). The within-batch coefficients of variation for plasma [TAG] 

and [glucose] were 2.9 and 1.0% respectively. Haematocrit and haemoglobin 

values were determined from the fasted and final capillary blood samples in 

order to calculate plasma volume. Changes in plasma volume were small 

across each trial (-2.6 to 1.7%).  

 

4.2.6 Resting metabolic rate and substrate oxidation 

Total EE and the contributions of fat and carbohydrate oxidation to MIE were 

estimated using the mean exercise �̇�O2 and RER for each 15 minute 

measurement period (Frayn, 1983). Protein oxidation was assumed to be 

negligible, and an RER >1 during exercise was taken to represent 100% 

carbohydrate oxidation.    
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4.2.7 Standardisation of diet  

With parental supervision, participants were asked to complete a food diary 

during the 48 hours period immediately preceding each laboratory visit. 

Participants were asked to replicate their diet prior to each laboratory visit and 

were verbally reminded of this requirement. The food diaries were subsequently 

assessed for total energy and macronutrient intake (CompEat Pro, Nutrition 

Systems, UK). Participants were also asked to avoid strenuous exercise during 

this period. 

 

4.2.8 Statistical analyses 

Area under the curve analyses were performed using the trapezium rule 

(GraphPad Prism, GraphPad Software, San Diego, CA) to describe the 

changes in plasma [TAG], [glucose], SBP, RMR and fat oxidation over the 4 

hour period following the high fat meal. Both TAUC and IAUC analyses were 

performed to characterise the magnitude of the response and the changes over 

time respectively. It has previously been shown that changes in TAUC-TAG are 

largely attributable to differences in baseline [TAG] after exercise (Kolifa et al., 

2004), and that IAUC-TAG more accurately describes the [TAG] response after 

a test meal (Carstensen et al., 2003). Consequently, the IAUC analysis was 

used to account for changes in baseline plasma [TAG] across the experimental 

trials prior to the high fat meal and adopted as the primary outcome measure 

which is in line with previous studies (Trombold et al., 2013, Petitt et al., 2003). 

All AUC analyses were calculated using the time point immediately before the 

high fat meal (baseline).  

Descriptive statistics were calculated using SPSS (version 19.0, Chicago, USA) 

and presented as mean ± SD. Mean differences in descriptive statistics 

between boys and girls were analysed using independent samples t tests. The 

mean differences in the physiological and perceptual responses of the boys and 

girls during HIIE and MIE were analysed using paired samples t tests. Analysis 

of fasting TAG and glucose, and AUC analyses for TAG, glucose, fat oxidation 

and SBP were performed using a mixed model ANOVA with trial (CON, MIE, 

HIIE) and sex (male, female) as the main effects. Normality of distribution was 



128 
 

checked using the Shapiro-Wilk test, and data were log transformed if this 

assumption was violated. Homogeneity of variance was determined using 

Mauchly’s test of sphericity and the degrees of freedom were adjusted using the 

Greenhouse-Geisser correction if required. To facilitate comparison with recent 

studies examining exercise and postprandial lipaemia in adolescents (Thackray 

et al., 2013, Tolfrey et al., 2014a) pairwise comparisons between means were 

interpreted using the P value, 95% CI and standardised ES (Cohen, 1988, 

Hopkins et al., 2009).  The null hypothesis was rejected at an alpha level of 

0.05, and an ES of 0.20 was considered to be a small change between means, 

with 0.50 and 0.80 interpreted as a moderate and large change respectively 

(Cohen, 1988). Relationships between changes in AUC outcomes for TAG and 

potentially mechanistically important variables (e.g. postprandial resting fat 

oxidation) were explored using Pearson’s correlation coefficients and their 

associated 95% CI.  

 

4.2.9 Power calculation 

The calculation of sample size includes an alpha value of 0.05 and a power 

value of 0.8. Calculating the level of reduction in postprandial TAG which can be 

considered clinically significant is problematic, as postprandial lipaemia does 

not have an established clinical end point in paediatric populations, and that this 

field of research is characterized by a lack of data in adolescents. 

Consequently, the level of change deemed to be mechanistically significant is 

based upon the mean difference between the TAUC-TAG response to a similar 

high fat meal in the control group and exercise condition reported by Tolfrey et 

al. 2008 in 13 year old boys (1.25 mmol∙L-1). 

 

2 (1.5)2 (1.96 + 0.84)2 

N =          

1.252 

 

N = 9.33 
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The work by Tolfrey et al. 2008 reported that moderate exercise reduced the 

total area under the plasma TAG curve for the 6 hour postprandial period by 

24% (95% CI -42% to 0%, P = 0.05), despite a sample size of 8. By design, the 

current project is deliberately replicating several key elements of this study and 

thereby controlling for many potential confounding methodological issues, 

including the age of participants, the length of the fasting period, the 

macronutrient and energetic content of the high fat meal and the frequency of 

the postprandial TAG measures. Consequently, a sample size of 10 boys and 

10 girls is deemed to elicit sufficient statistical power for this study. 

 

4.3 Results 

Baseline participant characteristics are presented in Table 4.1. Girls and boys 

were matched for age and body mass, but boys were taller, had a lower 

percentage of body fat and higher �̇�O2 max compared to girls. The sexual 

maturation status for boys and girls was as follows; Tanner stage 2, n=2 and 

n=0; Tanner stage 3, n=0 and n=2; Tanner stage, 4 n=6 and n=5; Tanner stage 

5, n=2 and n=3. No differences in energy intake (main effect for trial, P=0.98; 

main effect for sex, P=0.17; trial by sex interaction, P=0.99) or individual 

macronutrient contributions (main effects for trials all P>0.70; main effects for 

sex all P>0.71; trial by sex interaction, P>0.58) were apparent for boys or girls 

during the 48 hours preceding each laboratory visit (Table 4.2).  
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Table 4.1 Participant characteristics 

 Boys (n = 10) Girls (n = 10) 95% CI ES 
 

Age (y)      14.3 ± 0.3 14.3 ± 0.3 -0.4 to 0.2 0.00 

Body mass (kg)    55.7 ± 10.5 56.1 ± 8.8 -8.7 to 9.6 0.04 

Stature (m)    1.70 ± 0.09    1.63 ± 0.04   0.01 to 0.14 1.12 

Body fat (%)  15 ± 2  25 ± 4     -14 to -8 3.89 

�̇�O2 max (L∙min-1)    2.66 ± 0.56    1.89 ± 0.27   0.36 to 1.18 1.75 

�̇�O2 max (mL∙min-1∙kg-1)      47.7 ± 4.0 34.1 ± 5.0     9.3 to 17.7 3.04 

GET (L∙min-1)    1.34 ± 0.28    1.08 ± 0.13   0.06 to 0.47 1.19 

GET (% �̇�O2 max)  49 ± 7  57 ± 8    -14.5 to -1.3 1.06 

SBP (mmHg)      107 ± 6      104 ± 3         -1 to 8 0.64 

TAG (mmol∙L-1)    0.37 ± 0.15    0.44 ± 0.17  -0.22 to 0.08 0.43 

Glucose (mmol∙L-1)    5.07 ± 0.26    4.94 ± 0.23   -0.11 to 0.35 0.51 

 

�̇�O2, oxygen uptake; GET, gas exchange threshold; SBP, systolic blood pressure; TAG, 

triacylglycerol; 95% CI, 95% confidence interval for the true difference; ES, effect size. Data 

presented as mean ± SD. Plasma [TAG] and [glucose] are measured in the fasted state.   

 

4.3.1 Exercise trials  

Table 4.3 presents the physiological and perceptual data from the exercise 

trials. An example �̇�O2 profile during the MIE and HIIE trials for one participant 

is provided in Figure 4.2.  Despite no differences in work done, HIIE elicited a 

higher �̇�O2, heart rate and RPE compared to MIE for both boys and girls. The 

highest �̇�O2 achieved during the HIIE condition equated to 93 ± 5% and 96 ± 

4% �̇�O2 max for boys and girls respectively. Average length of the MIE trial was 

27.1 ± 3.5 min. Enjoyment, as measured using PACES was higher for HIIE for 

boys and girls, and seven boys and seven girls indicated that they preferred the 

HIIE exercise bout. 
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Table 4.2 Food diary data during the 48 hours preceding each trial 

 CON MIE HIIE 
MIE vs. CON 

95% CI 

HIIE vs. CON 

95% CI 

HIIE vs. MIE 

95% CI 
       

Total energy intake (kcal day-1) 2207 ± 668 2200 ± 691           2236 ± 687           -418 to 402 -313 to 369 -284 to 356 

Energy from carbohydrates (%) 50 ± 5 50 ± 7 50 ± 4 -4 to 3 -2 to 3 -3 to 4 

Energy from fat (%) 35 ± 6 35 ± 6 35 ± 6 -3 to 4 -3 to 3 -4 to 4 

Energy from protein (%) 15 ± 4 15 ± 3 14 ± 3 -2 to 2 -2 to 2  -3 to 2 

 

CON, control trial; MIE, moderate-intensity exercise trial; HIIE, high-intensity interval exercise trial. 95% CI = 95% confidence limits for the true difference. Data have 

been pooled as ANOVA analysis revealed no main effect for sex 

 

 

 

 

 

 

 



132 
 

Table 4.3 Physiological and perceptual responses to MIE and HIIE  

 MIE HIIE 95% CI ES 
     

Boys* 
    

Mean HR (b∙min-1)     122 ± 9     152 ± 9 21 to 39 3.33 

Mean HR (% HRmax) 61 ± 4 76 ± 3 10 to 19 4.24 

Mean �̇�O2 (L∙min-1)   1.17 ± 0.19   1.50 ± 0.25 0.21 to 0.45 1.50 

Mean �̇�O2 (% �̇�O2 max) 45 ± 6 58 ± 5   9 to 17 2.57 

RER   0.92 ± 0.02   1.10 ± 0.02 0.15 to 0.20 9.00 

RPE   3 ± 1   6 ± 2 2 to 5 1.90 

PACES 59 ± 9 64 ± 8 -3 to 12 0.59 

Work performed (kJ) 134 ± 21 134 ± 21 - - 

Energy Expenditure (kJ)    656 ± 113 - - - 

Girls†     

Mean HR (b∙min-1) 133 ± 12     155 ± 7 15 to 29 2.24 

Mean HR (% HRmax) 68 ± 6 78 ± 3   8 to 15 2.35 

Mean �̇�O2 (L∙min-1)   0.99 ± 0.09   1.24 ± 0.13 0.18 to 0.32 2.24 

Mean �̇�O2 (% �̇�O2 max) 53 ± 6 66 ± 5 10 to 16 2.25 

RER   0.94 ± 0.03 1.06 ± 0.6 0.08 to 0.17 2.53 

RPE   4 ± 1   7 ± 1 3 to 5 3.00 

PACES 58 ± 5 64 ± 5   1 to 12 1.20 

Work performed (kJ) 106 ± 12 106 ± 12 - - 

Energy Expenditure (kJ) 545 ± 68 - - - 
 

 

HR, heart rate; �̇�O2, oxygen uptake; RER, respiratory exchange ratio; RPE, rate of perceived 

exertion; PACES, physical activity questionnaire; MIE, moderate-intensity exercise trial; HIIE, high-

intensity exercise trial; 95% CI, 95% confidence interval for the true difference; ES = effect size. Data 

presented as mean ± SD for MIE and HIIE. * n = 10 apart from mean HR where n = 9 due to data 

loss. 
†
 n = 10 apart from mean HR where n = 8 due to data loss. 
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Figure 4.2 An example oxygen uptake (�̇�O2) profile for one participant during the moderate-intensity 

exercise (A) and high-intensity interval exercise (B) bout. The dotted and solid lines demarcate the 

gas exchange threshold (GET) and maximal oxygen uptake (�̇�O2 max) respectively. 

 

4.3.2 Plasma [triacylglycerol] 

There were no differences in fasted plasma [TAG] between trials for boys or girls 

(main effect for trial, P=0.86; main effect for sex, P=0.59; trial by sex interaction, 

P=0.70). Changes in plasma [TAG] during the postprandial period are illustrated in 
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Figure 4.3 and the AUC analyses are described in Table 4.4. No differences were 

apparent in TAUC-TAG (main effect for trial, P=0.50; main effect for sex, P=0.82; 

trial by sex interaction, P=0.47). However, there was a significant trial by sex 

interaction for the IAUC-TAG (P=0.02). For boys, IAUC-TAG was not significantly 

different in HIIE compared with CON (P=0.22, 95% CI -0.14 to 0.56, ES=0.24) or 

MIE (P=0.34, 95% CI -0.19 to 0.54, ES=0.20), or for MIE compared with CON 

(P=0.65, 95% CI -0.30 to 0.37, ES=0.04). For girls, IAUC-TAG was 34% lower after 

MIE compared with CON (P=0.02, 95% CI -1.43 to -0.17, ES=0.58) and a strong 

trend for a 38% reduction in IAUC-TAG was observed after HIIE compared to CON 

(P=0.09, 95% CI -2.13 to 0.31, ES=0.73). There was no difference between HIIE and 

MIE for IAUC-TAG (P=0.74, 95% CI -0.77 to 0.57, ES=0.14). There were no 

differences in IAUC-TAG between boys and girls for CON (P=0.52, 95% CI -0.91 to 

1.69, ES=0.29) or MIE (P=0.28, 95% CI -1.28 to 0.40, ES=0.50), however IAUC-TAG 

was lower in girls for HIIE (P=0.03, 95% CI -1.36 to -0.08, ES=1.10). Pearson’s 

correlations did not reveal any relationships between percentage body fat, EE or 

mean �̇�O2 and IAUC-TAG for boys or girls (all r<0.2, P>0.05)).  

  

4.3.3 Plasma [glucose] 

No differences in fasted plasma [glucose] were apparent for boys or girls between 

trials (main effect for trial, P=0.76; main effect for sex, P=0.28; sex by trial 

interaction, P=0.72). Changes in plasma [glucose] during the postprandial period are 

illustrated in Figure 4.3 and the AUC analyses are presented in Table 4.4. No 

differences were present between trials for boys or girls in TAUC-glucose (main 

effect of trial, P=0.22; main effect of sex, P=0.36; age by sex interaction, P=0.44) or 

IAUC-glucose (main effect of trial, P=0.89; main effect of sex, P=0.56; age by sex 

interaction, P=0.90). 
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Figure 4.3 Mean plasma triacylglycerol and glucose concentrations for the control (○), moderate-(▲) 

and high-(■) intensity exercise trials for boys (A, C) and girls (B, D). Error bars are omitted for clarity. 

The high fat meal (HFM) is represented by the black rectangle.  

 

 

Table 4.4 Postprandial plasma [TAG] and [glucose] 

 CON MIE HIIE 

Boys    

TAUC-TAG (mmol∙L-1∙4 h)   3.53 ± 1.54 3.36 ± 1.16 3.46 ± 1.38 

IAUC-TAG (mmol∙L-1∙4 h)   1.98 ± 0.83 2.01 ± 0.80 2.18 ± 0.86 

TAUC-glucose (mmol∙L-1∙4 h)     20.59 ± 1.00      20.98 ± 1.29      20.39 ± 1.22 

IAUC-glucose (mmol∙L-1∙4 h)   0.74 ± 0.92 0.91 ± 1.80 0.92 ± 1.43 

 

Girls    

TAUC-TAG (mmol∙L-1∙4 h)   3.89 ± 2.46 3.35 ± 1.46      2.99 ± 0.82 

IAUC-TAG (mmol∙L-1∙4 h)   2.37 ± 1.71      1.57 ± 0.97 *         1.47 ± 0.36 † 

TAUC-glucose (mmol∙L-1∙4 h)     20.46 ± 0.80      20.23 ± 1.12  20.02 ± 1.44 

IAUC-glucose (mmol∙L-1∙4 h)   0.55 ± 0.76                0.67 ± 1.29         0.46 ± 3.05 

 

TAUC, total area under the curve; IAUC, incremental area under the curve; [TAG], plasma 

triacylglycerol; MIE, moderate-intensity exercise trial; HIIE, high-intensity interval exercise trial. * = 

P<0.05 for MIE vs CON. 
†
 = P<0.05 for HIIE boys vs girls. 
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4.3.4 Resting metabolic rate and fat oxidation 

There was no effect of trial (P=0.27) or trial by sex interaction (P=0.73) on TAUC-

RMR, but there was a main effect of sex, which was lower in girls (P=0.04, 95% CI -

228 to -5, ES=0.85, data not presented). There was a main effect for trial on 

postprandial TAUC-Fat oxidation (P<0.001), but not sex (P=0.55) or a trial by sex 

interaction (P=0.63). Data were subsequently pooled for further analysis of the 

TAUC-Fat oxidation main effect (n=20) and are presented in Figure 4.4. TAUC-Fat 

oxidation increased in HIIE by 23% compared to CON (P<0.001, 95% CI 0.04 to 

0.12, ES=0.88) and by 16% compared to MIE (P=0.001, 95% CI 0.03 to 0.09, 

ES=0.66). TAUC-Fat oxidation was not different in MIE compared to CON (P=0.20, 

95% CI -0.01 to 0.06, ES=0.28). Changes in TAUC-TAG analyses during MIE and 

HIIE were not related to postprandial TAUC-fat oxidation (all r < 0.2). 

 

4.3.5 Blood pressure and heart rate 

Changes in TAUC-SBP and heart rate over time are presented in Figure 4.4. 

Compared to the initial fasting measure, SBP was attenuated following HIIE 

(P=0.003, 95% CI -8 to -2, ES=0.72) and MIE (P=0.04, 95% CI -5 to 0, ES=0.33). 

There was a main effect for trial on the postprandial TAUC-SBP (P=0.01), but not 

sex (P=0.17) or a trial by sex interaction (P=0.39). Data were subsequently pooled 

for further analysis of the TAUC-SBP main effect (n=20). Postprandial TAUC-SBP 

was 3% lower in HIIE compared to CON (P=0.01, 95% CI -19 to -3, ES=0.68) and 

3% lower compared to MIE (P=0.02, 95% CI -15 to -2, ES=0.60). Postprandial 

TAUC-SBP was not different between MIE and CON (P=0.45, 95% CI -8 to 4, 

ES=0.14). Resting heart rate was elevated 1 hour post exercise compared to pre 

exercise values in HIIE, but not MIE, for boys (P=0.01, 95% CI 3 to 14, ES=1.13) 

and girls (P<0.001, 95% CI 7 to 16, ES=1.83). 
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Figure 4.4 Mean total area under the curves for postprandial fat oxidation (A) and systolic blood 

pressure vs time (4 hours; B), and heart rate (C) collapsed for the boys and girls (n=20). CON, control 

trial (○); MIE, moderate-intensity exercise trial (▲); HIIE, high-intensity interval exercise trial (■). ** = 

P<0.001 for HIIE vs CON; * = P<0.05 for HIIE vs CON; 
##

 = P<0.001 for HIIE vs MIE; 
#
 = P<0.05 for 

HIIE vs MIE. The high fat meal (HFM) is represented by the black rectangle. Error bars describe the 

standard deviation. 
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4.4 Discussion 

The novel findings of the present study are: 1) based on the IAUC-TAG analyses, 

both HIIE and MIE reduced postprandial lipaemia (moderate ES) in girls. In contrast, 

HIIE and MIE did not attenuate postprandial lipaemia in boys; 2) resting postprandial 

fat oxidation was increased after HIIE compared to CON (large ES) and MIE 

(moderate ES) for both boys and girls, but was not related to changes in postprandial 

lipaemia; 3) HIIE reduced postprandial SBP compared to CON and MIE (moderate 

ES) in boys and girls; and 4) PACES score was greater in HIE compared to MIE for 

boys and girls (moderate and large ES, respectively). These data, therefore, show 

for the first time that exercise intensity and sex play an important role in modulating 

different postprandial health outcomes in adolescents when the test meal is 

consumed one hour after exercise cessation.  

 

4.4.1 Postprandial lipaemia 

There is consistent evidence showing that performing 30-60 minutes of moderate to 

vigorous exercise (50-75% �̇�O2 peak) ~ 12-16 hours before a high fat meal can reduce 

postprandial lipaemia in healthy adolescents (Tolfrey et al., 2014b). Furthermore, an 

acute bout of low volume HIIE running performed 15.5 hours before a high fat meal 

can reduce TAUC-TAG (~11%, ES=0.50) and IAUC-TAG (~15%, ES=0.39) over a 

6.5 hours postprandial period in healthy 11-12 year old boys (Thackray et al., 2013). 

Given recent data in healthy adult men showing HIIE to be more effectual at 

attenuating postprandial lipaemia compared to an isoenergetic bout of MIE 

(Trombold et al., 2013), it was hypothesised that HIIE would offer either a  similar or 

superior attenuation of postprandial lipaemia in adolescents compared to a work-

matched bout of MIE. In contrast, the present study indicates that reductions in 

TAUC-TAG are not apparent when a high fat meal is consumed 1 hour after an 

exercise bout. However, interpreting the TAUC-TAG has been criticised due to its 

dependency on changes in fasting plasma [TAG] (Kolifa et al., 2004). Therefore the 

IAUC-TAG was used to quantify the effect of exercise on plasma [TAG] following the 

high fat meal, as recommended elsewhere (Carstensen et al., 2003)  and in 

accordance with other studies (Petitt et al., 2003, Trombold et al., 2013).  
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There were no significant changes in IAUC-TAG following HIIE and MIE in the 

adolescent boys. In addition, the ES for this finding was either small (HIIE) or trivial 

(MIE), suggesting no meaningful effect on the IAUC-TAG outcome for boys. This 

result is surprising given the well documented beneficial effect of MIE and HIIE 

exercise on plasma [TAG] following a high fat meal in adolescent boys (ES range 

from 0.39 to 1.40) (Thackray et al., 2013, Tolfrey et al., 2008). A possible explanation 

for this lack of effect in boys in the present study could reside in the adoption of a 

single day protocol, as postprandial lipaemia may be attenuated to a greater degree 

when exercise is performed 12 hours compared to 1 hour after exercise in adult 

males (Zhang et al., 1998), possibly due to a delayed increase in activity of 

lipoprotein lipase (Seip and Semenkovich, 1998). Furthermore, it has been shown 

that 135 minutes of light walking during a 3 hour postprandial period does not 

attenuate postprandial lipaemia in adolescents (Sisson et al., 2013). The EE of 

exercise may be important in modulating the lipaemic response (Gill et al., 2002) and 

may explain the findings in adolescent boys. The current study induced a lower EE 

(~ 650 kJ) than previous investigations in adolescent boys (~ 1-2.5 MJ (Tolfrey et al., 

2012, Tolfrey et al., 2008)), and adult studies which reported a reduction in 

postprandial lipaemia using a similar 1 day protocol to that adopted in the present 

study (4.6 MJ (Katsanos et al., 2004)). Interestingly, the EE in present study was 

similar to that used by Pfeiffer et al. (630 kJ), who failed to observe a reduction in 

postprandial lipaemia in healthy young men (Pfeiffer et al., 2006), and may indicate 

that the EE in the present study was insufficient to reduce postprandial lipaemia in 

boys. The EE explanation, however, cannot account for the work of Thackray et al. 

(2013) who found low volume HIIE running exercise to attenuate postprandial 

lipaemia in 11-12 year old boys over a 2 day protocol. This may suggest that the 

delayed increase in lipoprotein lipase activity is a key determinant of the attenuation 

in postprandial lipaemia after HIIE, and may account for the findings in adolescent 

boys.  

 

4.4.2 Postprandial lipaemia and sex 

A novel finding of the present study was that the effect of exercise on postprandial 

lipaemia was dependent on sex with both MIE and HIIE eliciting moderate reductions 
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(34% and 38% respectively) in IAUC-TAG in the adolescent girls only. There were 

no sex differences in postprandial lipaemia for CON, suggesting that this sexual 

dimorphism may be mechanistically linked to the exercise bout performed 1 hour 

before the high fat meal. These data are consistent with the work of Henderson et al. 

(2010) who found that exercise at 45% and 65% �̇�O2 peak reduced plasma [TAG] 3 

hours post exercise in young healthy women but not men. While this study cannot 

offer any insight into the mechanistic basis of this sex difference in postprandial 

lipaemia as no meaningful relationship was observed for EE, exercise intensity, RMR 

or substrate utilisation during or after MIE and HIIE exercise, previous adult studies 

have suggested an important role for body fat distribution (Couillard et al., 1999), the 

rate of [TAG] uptake by muscle (Horton et al., 2002), and/or hepatic VLDL output 

(Mittendorfer et al., 2003) and metabolism (Magkos et al., 2007).   

There was no meaningful difference between work-matched MIE and HIE to 

attenuate postprandial lipaemia in adolescent girls. Thus, exercise intensity per se 

does not appear to determine the magnitude of the reduction in postprandial 

lipaemia in this population. This finding is not consistent with the recent work of 

Trombold et al. (2013) who found HIIE (repeated bouts of exercise at ~90% �̇�O2 max) 

to be more effectual at reducing the IAUC-TAG compared to 60 minutes of moderate 

intensity exercise (~50% �̇�O2 max) in healthy men using a 2 day protocol. However, a 

direct comparison between studies is limited due to the confounding effect of sex 

(Henderson et al., 2010), and the probable disparity in mechanisms underlying the 

postprandial response after exercise between a 1- and 2-day protocol (Zhang et al., 

1998).  

 

4.4.3 Postprandial fat oxidation 

Both HIIE and MIE increased postprandial fat oxidation despite no change in RMR in 

adolescent boys and girls, with HIIE being more effectual than MIE. This is of 

importance given the relationship between elevated resting fat oxidation and 

exercise-induced fat loss (Barwell et al., 2009). Similar changes in resting fat 

oxidation have been reported 24 hours after a single bout of HIIE in overweight and 

obese men (Whyte et al., 2012), and it has been shown that ~2 MJ of exercise at an 
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intensity corresponding to peak fat oxidation (~63% �̇�O2 peak) increases postprandial 

fat oxidation in normal weight 12 year old girls on the subsequent day (Zakrzewski 

and Tolfrey, 2012). Given the greater increase in postprandial fat oxidation following 

HIIE in the current study, exercise intensity appears to be an important mediator of 

this response and offers a low volume alternative to MIE.  

 

4.4.4 Postprandial blood pressure 

Recent evidence in adults implicates postprandial hypertension as a novel risk factor 

for atherosclerosis (Uetani et al., 2012). In the present study the high fat meal 

promoted a transient increase (~ 4 mmHg) in SBP in the CON trial in both boys and 

girls, which may be indicative of the endothelial dysfunction and arterial stiffness that 

has been reported following a high fat meal (Vogel et al., 1997). Importantly, a 

significant reduction in postprandial SBP was present after HIIE compared to both 

CON (ES=0.68) and MIE (ES=0.60), highlighting for the first time, the role that HIIE 

can play in modulating postprandial SBP even in normotensive youth. A protective 

effect afforded by exercise on endothelial function after a high fat meal has been 

demonstrated in adolescents (Sedgwick et al., 2012), suggesting that the exercise 

performed in the current study may have preserved endothelial function. In addition, 

there was an increase in resting heart rate after both exercise trials, suggesting the 

reduction in SBP may be related to a fall in peripheral vascular resistance via an 

attenuated sympathetic drive. While it cannot be ruled out that the effect of exercise 

on SBP in the current study was related, in part, to the hypotensive response 

observed after exercise cessation, adult data indicates that postprandial SBP 

remains lower the day after exercise (Miyashita et al., 2008).  

 

4.4.5 Translational perspective 

Few UK adolescents meet the minimum daily guideline of 60 minutes of moderate to 

vigorous physical activity (Riddoch et al., 2007), and school-based interventions to 

promote physical activity in youth typically only increase physical activity by a small 

(~ 4 minutes) amount (Metcalf et al., 2012). Thus, it is important to either address 

how small volumes of exercise can be optimised for health. This study provides 
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novel data which demonstrate that exercise intensity is positively associated with 

favourable changes in postprandial fat oxidation and SBP in adolescents, whilst HIIE 

and MIIE provided comparable reductions in postprandial lipaemia in girls. It is also 

encouraging that the adolescents enjoyed the HIIE more than the MIE. Therefore, 

this data tentatively suggest that interventions which promote HIIE several times per 

week may be more effectual than traditional MIE interventions for postprandial 

health, and more popular.  

 

4.4.6 Limitations and considerations 

The data presented in the current study should be viewed in the light of a number of 

methodological considerations. Firstly, given the inherent problems in calculating EE 

via indirect calorimetry during HIIE, the exercise trials were matched based on the 

mechanical work done. Consequently, substrate oxidation and EE were only 

determined during MIE in the present study. Indirect calorimetry is also not 

appropriate immediately following high-intensity exercise. However, disturbances to 

the bicarbonate pool have been reported to return to baseline 30 minutes after 6 

minutes of high-intensity excise in adult males (Stringer et al., 1992), which broadly 

corresponds with the HIIE stimulus in the present study. Furthermore, paediatric 

populations may be characterised by a better acid/base regulation than adults (Ratel 

et al., 2002). Thus, the determination of postprandial RMR and fat oxidation in the 

present study is probably appropriate. Secondly, this study design included a high 

carbohydrate breakfast which was not standardised to body mass and may have 

altered the postprandial response to the high fat meal (Pedersen et al., 1999). 

However, no differences in mean body mass were apparent between boys and girls 

indicating the caloric intake relative to size was equivalent across the groups. 

Thirdly, postprandial lipaemia in adolescents is known to be influenced by exercise 

performed up to 16 hours before the high fat meal (Tolfrey et al., 2014b). Whilst it 

was not possible to provide objective measurements of the participants’ physical 

activity, all participants were asked not to undertake formal exercise 48 hours before 

each laboratory visit. Finally, the PACES scale has been validated for use with 

adolescent girls (Motl et al., 2001), but no study has addressed whether it is 

appropriate to use with adolescent boys. 
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4.5 Conclusion 

This study demonstrates that different postprandial health outcomes are dependent 

on exercise intensity and sex in healthy adolescents when exercise is performed 1 

hour before a high fat meal. Specifically, reductions in postprandial lipaemia were 

achieved after a single bout of MIE and HIE in girls but not boys, and not dependent 

on exercise intensity. In contrast, favourable changes in postprandial SBP and lipid 

oxidation are possible after HIIE, but not MIE, even in normotensive adolescents. 

Given that postprandial lipaemia is implicated in the atherosclerotic process 

(Zilversmit, 1979), which starts in childhood (Stary, 1989), and that SBP is 

associated with future CVD risk (Berenson et al., 1998), these findings may have 

clinical significance. Finally, given that HIIE was perceived to be more enjoyable than 

MIE, despite the greater physiological stress, these findings support the use of HIIE 

as an attractive, feasible and effective strategy to improve postprandial health 

outcomes in adolescents. 
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Accumulating exercise and postprandial health in 

adolescents 
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5.1 Introduction  

Repeat exposure to elevated postprandial plasma [TAG] and [glucose] has been 

implicated in the pathogenesis of atherosclerosis (Zilversmit, 1979) and type two 

diabetes (Reaven, 2005), which have their origins in youth (Stary, 1989, McGill et al., 

2008). Elevated non-fasting plasma [TAG], [glucose], and SBP in adolescence are 

independently associated with fatty streaks in the coronary arteries and future 

cardiovascular risk (McGill et al., 1995, Morrison et al., 2009, Raitakari et al., 2003). 

Furthermore, postprandial hypertension has been purported as a novel risk factor for 

atherosclerosis in adults (Uetani et al., 2012). Considering that most of the day may 

be spent in the postprandial state, it is important to identify feasible interventions to 

modulate these risks factors for cardiovascular disease in youth.  

Chapter 4 demonstrated that a single bout of exercise (~ 30 minutes) can improve 

postprandial health outcomes in adolescents in an intensity-dependent manner. 

However, it is known that adolescents rarely sustain exercise for longer than 10 

minutes (Riddoch et al., 2007). Therefore it is important to address whether 

accumulating short bouts of exercise over the course of the day can favourably 

modulate postprandial health in this group. 

It has been demonstrated that performing brief (3-10 minutes) bouts of low to 

moderate intensity exercise throughout the day may reduce postprandial plasma 

[TAG] to the same extent (Miyashita et al., 2008), or greater than (Altena et al., 

2004), an equivalent volume of continuous exercise in adults. Similar exercise 

patterns have also been shown to lower SBP in normotensive adults (Miyashita et 

al., 2008). Accumulating MIE the day before a high fat meal has been shown to 

lower postprandial plasma [glucose] and [TAG], and improve endothelial function in 

adolescent boys (Sedgwick et al., 2013). However, the timing of the exercise 

stimulus in relation to a high fat meal is known to effect the subsequent lipaemia 

(Zhang et al., 1998), and no study with adolescents has addressed the impact of 

exercise accumulated on the same day as the test meal, or if the intensity of 

accumulated exercise influences the postprandial response. The latter point is 

important to consider as there is evidence showing that performing high-intensity 

exercise is superior than MIE at modifying cardiometabolic risk factors in youth (Hay 
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et al., 2012, Hopkins et al., 2009), even when the total amount of high-intensity 

exercise performed is small (~ 4 minutes) (Carson et al., 2014).  

Given the above, the purpose of this investigation was to test the hypothesis that 

accumulating short bouts of work matched HIIE and MIE would improve parameters 

of postprandial health in youth (e.g. plasma [glucose] and [TAG], fat oxidation and 

SBP), but the benefits would be superior in HIIE compared to MIE. The present 

study also builds on the findings of Chapter 4 by identifying whether comparable 

benefits are achievable when the same exercise stimulus is accumulated in smaller 

bouts rather than performed in a single session. 

 

5.2 Methodology 

5.2.1 Participants 

Twenty one 13 to 14 year old adolescents (11 boys) initially volunteered to take part 

in this study. Participant assent and parental consent were provided before 

participation in the project, which was approved by the institutional ethics committee 

(reference number 2012/391). Exclusion criteria included any contraindications to 

exercise, the presence of disease or musculoskeletal injury and the use of any 

medication or substance known to influence carbohydrate or fat metabolism. These 

criteria precluded two boys from taking part (diagnosed asthma n=1; use of 

medication n=1), thus only 19 adolescents (9 boys) completed this investigation.  

 

5.2.2 Experimental protocol 

This study required four visits to the laboratory over a period of three weeks, each 

separated by at least 4 days, and incorporated a within measures design. All 

exercise tests were performed using an electronically braked cycle ergometer (Lode 

Excallibur Sport, Groningen, the Netherlands). 
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5.2.3 Visit 1: Maximal oxygen uptake and gas exchange threshold 

Body mass, stature, percentage body fat and pubertal status were determined as 

described in Section 3.3. Body mass index was interpreted using established cut 

points for this population (Cole et al., 2000). Participants were habituated to exercise 

on the cycle ergometer before completing a validated combined ramp and 

supramaximal test to exhaustion to establish the GET and �̇�O2 max (Barker et al., 

2011) as described in Section 3.4. Aerobic fitness was interpreted using current 

thresholds for metabolic health (Adegboye et al., 2011). 

 

5.2.4 Visits 2-4: Experimental trials 

A schematic of each trial is provided in Figure 5.1. Following a ~ 12 hour overnight 

fast, participants arrived at the laboratory at 07:45 and rested for 10 minutes before 

providing a fasting capillary blood sample for plasma [TAG] and [glucose]. At 08:00 

SBP was recorded after spending ~ 10 minutes in a seated position (Dinamap 

Carescape V100, GE Healthcare, USA). RMR was then assessed via indirect 

calorimetry (Cortex Metalyzer 3B, Leipzig, Germany) for 15 minutes in order to 

determine total resting EE and substrate oxidation (fat and carbohydrate). These 

measures were repeated 45 minutes after the cessation of each exercise bout or 

rest.  

 

 

Figure 5.1 Protocol schematic. C, control (rest); M, moderate-intensity exercise; H, high-intensity 

interval exercise. Arrows represent capillary blood samples for plasma [triacylglycerol] and [glucose]; 

grey boxes represent the assessment of resting metabolic rate, fat oxidation and systolic blood 

pressure; HFM = high fat meal. 
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On three separate occasions, approximately one week apart, participants completed 

in a randomised order: 1) two, 1 minute intervals at 90% of the peak power 

determined from the ramp test, separated by 75 seconds at 20 W (HIIE); 2) ~ 6 

minutes of cycling at 90% GET (MIE); or 3) remained seated and watched films in 

the laboratory (control; CON). The exercise bouts were repeated four times, each 

separated by two hours (see Figure 5.1). A warm up and cool down of 75 seconds at 

20 W was included for each HIIE and MIE. The duration of the MIE trial was 

calculated to match the total work performed during the HIIE bout for each 

participant, and the total accrued exercise stimulus was equivalent to the exercise 

bouts in Chapter 4. Total EE and the macronutrient energetic contributions to MIE 

were determined using the mean exercise �̇�O2 and RER values (Frayn, 1983). 

Protein oxidation was assumed to be negligible, and an RER >1 was taken to 

represent 100% carbohydrate oxidation.  

Participants were asked to provide a RPE using the 1-10 Pictorial Children’s Effort 

Rating Table (Yelling et al., 2002) in the final 10 seconds of exercise. Participants 

also completed the PACES questionnaire (Kendzierski, 1991) and identified which 

exercise trial they preferred upon immediate completion of the final exercise bout.  

  

5.2.5 High fat meal and postprandial observation 

Participants consumed a milkshake of three parts Cornish ice cream and one part 

double cream between 08:45 and 09:00. An identical milkshake was consumed 

between 12:45 and 13:00. The milkshake provided approximately 1.50 g of fat (70% 

total energy), 1.20 g carbohydrate (25%) and 0.21 g of protein (5%) per kilogram of 

body mass (80 kJ∙kg BM-1) in accordance with Chapter 4 and other postprandial 

investigations with adolescents (Tolfrey et al., 2012, Tolfrey et al., 2014). No other 

food was consumed during the postprandial period, although water was available ad 

libitum and subsequently replicated for each trial.  

 

5.2.6 Blood sampling and analyses 

For each blood collection, ~ 600 µL of capillary blood was collected into lithium-

heparin coated (TAG) and heparin-fluoride coated (glucose) Microvette CB 300 
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tubes (Sarstedt Ltd, Leicester, UK) and centrifuged immediately at 13,000 g for 15 

min. Plasma was then removed and either stored at -80°C for one month for TAG 

analysis, or analysed immediately using a YS1 2300 Stat Plus Glucose and L-

Lactate Analyzer (YSI Inc., Yellow Springs, USA) for glucose. Plasma [TAG] was 

quantified in duplicate by enzymatic, colorimetric methods using an assay kit 

according to the manufacturer’s guidelines (Cayman Chemical Company, MI, USA). 

The within-batch coefficients of variation for plasma [TAG] and [glucose] were 1.8% 

and 0.6% respectively.  

 

5.2.7 Standardisation of diet and physical activity 

With parental supervision, participants were asked to wear an ActiGraph GT1M 

accelerometer (ActiGraph, LLC, Pensacola, USA) and complete a food diary during 

the 48 hour period immediately preceding each laboratory visit. Participants were 

asked to replicate their diet prior to each laboratory visit and were verbally reminded 

of this requirement. The food diaries were subsequently assessed for total energy 

and macronutrient intakes (CompEat Pro, Nutrition Systems, UK). Time spent 

performing moderate to vigorous activity was determined using established cut 

points for paediatric groups (Evenson et al., 2008). 

 

5.2.8 Statistical analyses  

The TAUC analysis was performed using the trapezium rule (GraphPad Prism, 

GraphPad Software, San Diego, CA) to describe the changes in plasma [TAG], 

[glucose], RMR, fat oxidation and SBP. The IAUC was also calculated for plasma 

[TAG] and [glucose] in order to characterise the magnitude of the response and the 

changes over time. All plasma TAG and glucose area under the curve analyses were 

calculated using the time point immediately before the first high fat meal.  

Descriptive statistics were calculated using SPSS (version 19.0, Chicago, USA) and 

presented as mean ± SD. Mean differences in descriptive characteristics between 

boys and girls were analysed using independent samples t tests. The mean 

differences in the physiological and perceptual responses of the boys and girls 
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during HIIE and MIE were analysed using paired samples t tests. Analysis of fasting 

plasma [TAG] and [glucose], and AUC analyses for plasma [TAG], plasma [glucose], 

fat oxidation and SBP were performed using a mixed model ANOVA with trial (CON, 

MIE, HIIE) and sex (male, female) as the main effects. A main effect for sex was only 

present for plasma [TAG]. Thus, all other variables are reported with boys and girls 

combined into a single ANOVA model. Normality of distribution was checked using 

the Shapiro-Wilk test, and data were log transformed if this assumption was violated. 

Homogeneity of variance was determined using Mauchly’s test of sphericity and the 

degrees of freedom were adjusted using the Greenhouse-Geisser correction if 

required. Pairwise comparisons between means were interpreted using the P value, 

95% CI and standardised ES. The null hypothesis was rejected at an alpha level of 

0.05, and an ES of 0.20, 0.50 and 0.80 was considered to represent a small, 

moderate and large change between means (Cohen, 1988). Relationships between 

changes in AUC outcomes for TAG and potentially mechanistically important 

variables (e.g. postprandial resting fat oxidation) were explored using Pearson’s 

correlation coefficients and their associated P value.  

 

5.2.9 Power calculation 

This study was designed before any paediatric data were available regarding the 

efficacy of accumulated exercise on postprandial lipaemia (i.e. before the work by 

Sedgwick et al. 2013 was published). Therefore, a power calculation was based 

upon data provided by Miyashita et al. (2008), who demonstrated that 30 minutes of 

accumulated moderate-intensity exercise significantly lowered postprandial lipaemia 

in adult men by ~1.00 mmol∙L-1∙7 h (n=15). As with all other experimental chapters 

presented in this thesis, this power calculation was performed using an alpha value 

of 0.05 and a power value of 0.8. 

 

2 (0.8)2 (1.96 + 0.84)2 
N =          

1.002 

 

N = 10 
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5.3 Results 

Baseline participant characteristics are presented in Table 5.1. The sexual 

maturation status for boys and girls was as follows: Tanner stage 3, n=5 and n=4; 

Tanner stage, 4 n=3 and n=6; Tanner stage 5, n=1 and n=0. Two boys and 2 girls 

were overweight, and 5 boys and 2 girls did not achieve the recommended aerobic 

fitness level for metabolic health. No differences in energy intake, individual 

macronutrient contributions, or time spent performing moderate to vigorous physical 

activity were apparent for boys or girls during the 48 hours preceding each laboratory 

visit (P>0.74, ES<0.20; Table 5.2). Only 2 boys and 1 girl achieved the 

recommended minimum of > 60 minutes of moderate to vigorous physical activity per 

day.  

 

Table 5.1 Participant characteristics 

 Boys (n = 9) Girls (n = 10) 95% CI ES 

Age (y) 13.5 ± 0.3 13.9 ± 0.5            -0.8 to 0.0 0.96 

Body mass (kg) 59.4 ± 18.1 55.2 ± 7.7 -9.0 to 17.4 0.31 

Stature (m) 1.68 ± 0.14 1.63 ± 0.05 -5.3 to 16.4 0.49 

Percentage body fat (%)    18 ± 5    23 ± 7    -12 to 0 0.96 

�̇�O2 max (L∙min-1) 2.60 ± 0.87 2.02 ± 0.27 -0.03 to 1.19 0.92 

�̇�O2 max (mL∙kg-1∙min-1) 43.7 ± 6.0 36.8 ± 3.9      2.0 to 11.7 1.39 

GET (L∙min-1) 1.29 ± 0.40 1.09 ± 0.18 -0.12 to 0.52 0.66 

GET (% �̇�O2 max)    50 ± 7    55 ± 9    -13 to 4 0.52 

SBP (mmHg)  108 ± 14  111 ± 10    -15 to 7 0.32 

TAG (mmol∙L-1) 0.23 ± 0.10 0.16 ± 0.09 -0.01 to 0.14 0.73 

Glucose (mmol∙L-1) 5.17 ± 0.36 5.11 ± 0.32 -0.25 to 0.36 0.15 

 

�̇�O2 , oxygen uptake; GET, gas exchange threshold; SBP, systolic blood pressure; TAG, plasma 

triacylglycerol;95% CI, 95% confidence interval for the true difference; ES, effect size. SBP, HR, 

plasma [TAG] and [glucose] are measured in the fasted state. Data presented as mean ± SD for boys 

and girls. 
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Table 5.2 Accelerometer and food diary data during the 48 hours preceding each trial 

 CON MIE HIIE 
MIE vs. CON 

95% CI 

HIIE vs. CON 

95% CI 

HIIE vs. MIE 

95% CI 

 

Moderate-vigorous activity (min day-1)   45 ± 16   44 ± 11   47 ± 20 -9 to 7 -7 to 12 -7 to 13 

Total energy intake (kcal day-1) 1873 ± 520 1884 ± 487           1942 ± 498           -231 to 274  -397 to 452  -209 to 221 

Energy from carbohydrates (%) 49 ± 5 47 ± 5 49 ± 5 -8 to 4      -5 to 4      -3 to 7 

Energy from fat (%) 35 ± 6 35 ± 6 37 ± 5 -6 to 7      -4 to 8      -3 to 6 

Energy from protein (%) 16 ± 4 17 ± 4 15 ± 3 -1 to 4      -5 to 2      -5 to -1 

 

CON, control trial; MIE, moderate-intensity exercise trial; HIIE, high-intensity interval exercise trial; 95% CI, 95% confidence interval for the true difference. 

Data have been pooled as ANOVA analysis revealed no main effect for sex 
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5.3.1 Exercise trials 

Table 5.3 presents the physiological and perceptual data from the exercise trials. 

The average length of each MIE bout was 6.8 ± 1.2 minutes for boys and 5.5 ± 1.2 

minutes for girls. The total accumulated exercise time in the MIE trial was 29.6 ± 4.9 

minutes and 23.6 ± 4.3 minutes for boys and girls respectively. Eight boys but only 3 

girls indicated that they preferred the HIIE exercise bout. 

 

5.3.2 Plasma [triacylglycerol]  

There were no differences in fasted plasma [TAG] between trials for boys or girls 

(main effect for trial, P=0.74; main effect for sex, P=0.07; trial by sex interaction, 

P=0.33). Mean plasma [TAG] during the postprandial period are illustrated in Figure 

5.2 and the AUC analyses are described in Table 5.4. There was an effect of sex, 

but not trial, on TAUC-TAG (main effect for trial, P=0.87; main effect for sex, P=0.01; 

trial by sex interaction, P=0.29), with mean TAUC-TAG lower for girls than boys 

across all trials (P=0.01, 95% CI -2.96 to -0.50, ES=1.25). There was also an effect 

of sex, but not trial, on IAUC-TAG (main effect for trial, P=0.61; main effect for sex, 

P=0.01; trial by sex interaction, P=0.18), with mean IAUC-TAG across all trials lower 

for girls than boys (P=0.01, 95% CI -2.39 to -0.35, ES=1.21). There were no effects 

of trial on TAUC-TAG or IAUC-TAG during the 4 hours after the first (P=0.74 and 

P=0.24) or second (P=0.95 and P=0.17) high fat meal. Relationships between �̇�O2 

max, body fat, EE, fat oxidation or mean �̇�O2 and IAUC-TAG were not statistically 

significant for boys or girls (r < 0.2, P>0.16 for all).  
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Table 5.3 Physiological and perceptual responses to MIE and HIIE  

 MIE HIIE 95% CI ES 
     

Boys*     

Mean HR (b∙min-1) 130 ± 14     141 ± 9  4 to 16 0.81 

Mean HR (% HRmax) 67 ± 5 73 ± 3        2 to 9 0.81 

Mean �̇�O2 (L∙min-1)    1.21 ± 0.25   1.45 ± 0.34   0.14 to 0.35 0.88 

Mean �̇�O2 (% �̇�O2 max) 48 ± 7 58 ± 7        6 to 12 0.93 

RER    0.86 ± 0.04   1.01 ± 0.95   0.11 to 0.19 0.95 

RPE   3 ± 1   6 ± 1        2 to 4 0.90 

PACES   61 ± 14 66 ± 9       -1 to 11 0.54 

Work performed (kJ) 120 ± 28 120 ± 28            - - 

Energy Expenditure (kJ) 220 ± 46 -            - - 

Girls†  
 

  

Mean HR (b∙min-1) 135 ± 13  148 ± 10   4 to 20 0.83 

Mean HR (% HRmax) 71 ± 5  76 ± 5 2 to 8 0.91 

Mean �̇�O2 (L∙min-1)    1.09 ± 0.14     1.25 ± 0.15 0.07 to 0.24 0.81 

Mean �̇�O2 (% �̇�O2 max) 54 ± 6  63 ± 7   3 to 13 0.81 

RER    0.89 ± 0.03    1.04 ± 0.05 0.11 to 0.19 0.95 

RPE   3 ± 1    5 ± 1         1 to 3 0.92 

PACES   62 ± 11  58 ± 8      -14 to 7 0.24 

Work performed (kJ)       103 ± 9       103 ± 9             - - 

Energy Expenditure (kJ) 172 ± 36 -             - - 
 

HR, heart rate; �̇�O2, oxygen uptake; RER, respiratory exchange ratio; RPE, rate of perceived 

exertion; PACES, physical activity enjoyment scale;  MIE, moderate-intensity exercise trial; HIIE, high-

intensity interval exercise trial; ES, effect size. Data presented as mean ± SD for MIE and HIIE. * n = 

10 apart from mean HR where n = 9 due to loss of telemetric data. 
 †

 n = 10 apart from mean HR 

where n = 8 due to loss of telemetric data. 

 

5.3.3 Plasma [glucose]  

Mean plasma [glucose] are depicted in Figure 5.2 and the AUC analyses are 

provided in Table 5.4. Fasted plasma [glucose] was not different between trials 

(P=0.46). There was a strong trend for a main effect of trial on TAUC-glucose 
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(P=0.05), and pairwise comparisons revealed that TAUC-glucose was lower in HIIE 

compared to CON (P=0.03, 95% CI -1.64 to -0.08, ES=0.42) and MIE (P=0.04, 95% 

CI -1.57 to -0.04, ES=0.41), with no difference between MIE and CON (P=0.89, 95% 

CI -0.93 to 0.82, ES=0.04). There was no effect of trial on the 4 hour TAUC-glucose 

after the first high fat meal (P=0.16), but there was a difference after the second high 

fat meal (P=0.03) with TAUC-glucose lower in HIIE compared to CON (P=0.01, 95% 

CI -1.02 to -0.15, ES=0.61) and MIE (P=0.02, 95% CI -0.89 to -0.10, ES=0.55), but 

no difference between MIE and CON (P=0.75, 95% CI -0.67 to 0.49, ES=0.09). 

There was no main effect of trial for IAUC-glucose (P=0.49), or for the IAUC-glucose 

during the 4 hours after the first (P=0.90) and second (P=0.55) high fat meal. 

 

Figure 5.2 Mean plasma [triacylglycerol] (A) and [glucose] (B) in the control (○), moderate-intensity 

exercise (▲) and high-intensity interval exercise (■) trials. Data are pooled for sex (n=19). The high 

fat meals are represented by the black rectangles. * = P<0.05 for HIIE vs CON. Error bars describe 

the standard deviation.  
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Table 5.4 Postprandial plasma [TAG] and [glucose] 

 CON MIE HIIE 
MIE vs. CON 

95% CI 

HIIE vs. CON 

95% CI 

HIIE vs. MIE 

95% CI 

 

Boys (n = 9) 

 

TAUC-TAG (mmol ∙ L-1 6 h) 4.27 ± 1.53 4.54 ± 2.07 4.22 ± 1.11 -0.72 to 1.82 -0.69 to 0.88 -1.26 to 0.35 

IAUC-TAG (mmol ∙ L-1 6 h) 2.89 ± 1.40           3.28 ± 1.79           2.96 ± 0.99           -0.31 to 1.57 -0.49 to 0.83 -1.03 to 0.11 

       

Girls (n = 10) 

 

      

TAUC-TAG (mmol ∙ L-1 6 h) 2.94 ± 1.58 2.55 ± 0.98 2.79 ± 1.26 -1.53 to 0.74 -0.85 to 0.56 -0.48 to 0.96 

IAUC-TAG (mmol ∙ L-1 6 h) 1.94 ± 1.17 1.67 ± 0.78           1.77 ± 0.72           -1.11 to 0.57 -0.75 to 0.43 -0.40 to 0.61 

       

All (n = 19)       

       

TAUC-glucose (mmol ∙ L-1 6 h) 31.34 ± 1.93 31.26 ± 1.65 30.54 ± 1.83 -0.93 to 0.82 -1.64 to -0.08* -1.57 to -0.04* 

IAUC-glucose (mmol ∙ L-1 6 h)   0.53 ± 1.88   0.54 ± 1.51   0.04 ± 1.71 -1.11 to 1.06  -1.50 to 0.49  -1.47 to 0.50 

    
   

 

TAUC, total area under the curve; IAUC, incremental area under the curve; TAG, triacylglycerol; CON, control trial; MIE, moderate-intensity exercise trial; 

HIIE, high-intensity interval exercise trial. 95% CI = 95% confidence limits for the true difference. Glucose data have been pooled as ANOVA analysis 

revealed no main effect for sex.* = P < 0.05 
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5.3.4 Resting metabolic rate and fat oxidation  

There was no main effect of trial on TAUC-RMR (P=0.29, data not presented). 

There was a main effect for trial on postprandial TAUC-Fat (P=0.01; Figure 5.3). 

TAUC-Fat oxidation increased in HIIE by 17% compared to CON (P=0.01, 95% 

CI 3 to 13, ES=0.74) and by 11% compared to MIE (P=0.048, 95% CI 0 to 11, 

ES=0.51). There was no difference in TAUC-Fat oxidation between MIE and 

CON (P=0.37, 95% CI -3 to 8, ES=0.24). Changes in TAUC-TAG and IAUC-

TAG were not related to postprandial TAUC-fat oxidation (all r < 0.2). 

 

 

Figure 5.3 Total area under the curves for postprandial fat oxidation (A) and systolic blood 

pressure (B) vs time (6 hours) collapsed for the boys and girls (n=20). CON, control; MIE, 

moderate-intensity exercise; HIIE, high-intensity interval exercise. * = P<0.05 for HIIE vs CON; 
#
 

= P<0.05 for HIIE vs MIE. Error bars describe the standard deviation. 
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5.3.5 Postprandial blood pressure 

There was a strong trend for a main effect for trial on postprandial TAUC-SBP 

(P=0.05; Figure 5.3). TAUC-SBP was lower in HIIE compared to CON (P=0.02, 

95% CI -31 to -3, ES=0.31) but not different to MIE (P=0.10, 95% CI -28 to 3, 

ES=0.23). TAUC-SBP was not different between MIE and CON (P=0.54, 95% 

CI -18 to 10, ES=0.09).  

 

5.4 Discussion 

This study is the first to isolate the effect of exercise intensity on postprandial 

health outcomes in adolescent girls and boys when exercise is accumulated on 

the same day as two high fat meals. The novel findings of this study are: 1) 

accumulating small volumes of HIIE and MIE throughout the day did not 

attenuate postprandial lipaemia; and 2) repeating brief HIIE, but not MIE, 

lowered postprandial plasma [glucose] and SBP, and increased resting fat 

oxidation in adolescent boys and girls. This study demonstrates that even small 

volumes (8 min) of exercise performed throughout the day may favourably 

modulate postprandial health outcomes such as plasma [glucose], fat oxidation 

and SBP in a manner which is intensity-dependent.  

 

5.4.1 Postprandial lipaemia 

Chapter 4 demonstrated that the same total MIE and HIIE stimulus performed in 

a single session 1 hour before an identical high fat meal can attenuate 

postprandial lipaemia in girls but not boys. However, postprandial plasma [TAG] 

was not attenuated in the present study. Only two studies have investigated the 

efficacy of accumulating exercise on the same day as a series of high fat meals 

(Murphy et al., 2000, Miyashita et al., 2009), and these authors reported only a 

~ 10% reduction in TAUC-TAG was achievable in adults when accruing a total 

of 30 minutes of exercise at 60-70% �̇�O2 max. In agreement with the presented 

findings, a recent study has shown that performing 135 minutes of walking 

during the postprandial period did not reduce plasma [TAG] in adolescent boys 

and girls (Sisson et al., 2013). Furthermore, Zhang et al. (1998) have previously 
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demonstrated in adults that postprandial lipaemia was only attenuated when 

exercise was performed 1 hour before a high fat meal, compared to when 

identical exercise was performed during the postprandial period. Therefore, 

accumulating exercise during the postprandial period may only have a limited 

effect on postprandial lipaemia. Interestingly, 75% of the exercise stimulus in 

the present study was completed before the consumption of the second high fat 

meal, however there were no differences between trials in the 4 hour TAUC-

TAG after the first or the second test meal. Accumulating exercise has been 

shown to lower postprandial lipaemia the following day in adults (Altena et al., 

2004, Miyashita et al., 2008) and adolescents (Sedgwick et al., 2013), although 

the latter did not reach statistical significance. Therefore it is likely that repeating 

brief bouts of exercise may have some utility in attenuating postprandial 

lipaemia several hours after the final exercise bout, but further work is needed 

to establish whether this effect can be modulated by exercise intensity.  

 

5.4.2 Postprandial glycaemia 

An interesting finding of the present study is the reduction in TAUC-glucose in 

the HIIE trial, but not MIE, compared to CON. It is acknowledged that the 

absolute differences in TAUC-glucose between CON and MIE was small 

(ES=0.42 and 0.41, respectively), and this probably reflects the high fat content 

of the test meal and that the participants were normoglycaemic. It is also not 

known how the magnitude of this reduction in TAUC-glucose affects 

cardiometabolic risk if repeated on a daily basis. However, this is the first study 

to identify that an independent effect of exercise intensity exists when exercise 

bouts are brief, which may be important considering that young people rarely 

exercise for longer than 10 minutes (Riddoch et al., 2007). Consequently, future 

studies exploring this interaction between intensity and accumulated exercise 

are warranted. 

It is important to note that Chapter 4 failed to demonstrate an effect of exercise 

on plasma [glucose] after a single bout of MIE or HIIE (equating to the total 

exercise stimulus accrued in the present study) performed one hour before an 

identical test meal. Whilst it is not possible to provide any mechanistic insight 

regarding why accumulating HIIE exercise may be more efficacious than 
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performing the same total exercise stimulus in a single bout, studies with adults 

have shown that repeatedly interrupting sitting time can lower postprandial 

plasma [glucose] (Dunstan et al., 2012), and that minimising continuous 

sedentary behaviour is important for metabolic health independent of physical 

activity (Healy et al., 2008). This suggests that the repetitive pattern of exercise 

in the present study may play an important role in promoting glycaemic control, 

although this does not explain the absence of an effect in MIE. Interestingly, our 

laboratory recently demonstrated that a similar bout of MIE delivered in a single 

session offered comparable reductions in TAUC-glucose as HIIE one hour 

before an oral glucose tolerance test (Cockcroft et al., 2014). Therefore, 

exercise intensity may be an important factor regarding glycaemic control when 

the duration of exercise is short. This finding is consistent with existing literature 

identifying that accumulating even small volumes (4-8 minutes) of high-intensity 

(but not moderate-intensity) exercise is associated with a reduction in 

cardiometabolic risk in adolescents (Carson et al., 2014, Hay et al., 2012). 

Given that adolescents often fail to achieve the recommended 60 minutes of 

physical activity (Janssen and Leblanc, 2010), and the duration of exercise 

bouts performed by young people rarely last longer than 10 minutes (Riddoch et 

al., 2007), it would appear that HIIE has some utility in promoting glycaemic 

control in adolescents.  

 

5.4.3 Postprandial fat oxidation 

Data presented in Chapter 4 demonstrate that HIIE, but not MIE, increases 

postprandial fat oxidation during the immediate hours after exercise in 

adolescent boys and girls. The findings of the current study indicate that this 

favourable shift in resting substrate utilisation may also occur when small 

volumes of HIIE, but not MIE, are accumulated throughout the day in 

adolescents. Additionally, the effect size for this outcome in the present study is 

broadly comparable with the magnitude of change observed in Chapter 4 

(ES=0.74 and 0.88, respectively). This finding may have clinical importance as 

repeating 2 minute bouts of HIIE is likely to be achievable for most adolescents, 

and an elevation in resting fat oxidation is an important predictor of the 
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magnitude of exercise-induced fat loss (Barwell et al., 2009), and may be linked 

to insulin sensitivity (Kelley et al., 1999).  

 

5.4.4 Postprandial blood pressure 

Postprandial hypertension is purported to be a novel risk factor for 

atherosclerosis in adults (Uetani et al., 2012), and elevated SBP during 

adolescence is associated with future cardiovascular disease (Raitakari et al., 

2003). These data indicate that reductions in postprandial SBP are achievable 

when only two minutes of HIIE, but not MIE, are performed on four occasions 

over the course of the day. Whilst it is not possible to shed light on the 

mechanism(s) underlying this intensity-dependent response in postprandial 

SBP, it has been demonstrated that 2 x 15 minutes of high, but not moderate, 

intensity exergaming influences vascular function in children (Mills et al., 2013). 

Therefore, changes in SBP in HIIE may be related to an improvement in 

endothelial function and/or a reduction in vascular resistance. Further work is 

needed to identify the acute influence of exercise intensity on vascular function 

in this group, but it has been shown that accumulating exercise is equally 

effective in lowering SBP the following day as an equivalent bout of continuous 

exercise in adults (Miyashita et al., 2008). In contrast, the magnitude of the 

reduction in postprandial SBP observed in the accumulated HIIE trial in the 

present study is lower than reported in Chapter 4 when HIIE is performed in a 

single bout (ES=0.31 vs 0.68). However, the present findings are promising 

considering the very brief nature of each HIIE bout, and these data add to a 

growing body of literature indicating that low volumes of HIIE may be effectual 

in lowering SBP even in normotensive adolescents (Buchan et al., 2011, Burns 

et al., 2012). 

 

5.4.5 Translational perspective 

This study is the first to demonstrate that accumulating exercise may provide 

small benefits in postprandial health in a manner which is intensity-dependent. 

Whilst this investigation is unable to provide any mechanistic insight regarding 

the independent effect of exercise intensity, or translate these effects into 
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clinical relevance, these findings are conceptually important as adolescents 

rarely perform exercise for longer than 10 minutes (Riddoch et al., 2007), and 

most of the day may be spent in the postprandial state. Thus, investigations 

which identify how this pattern of exercise can be optimized are warranted. 

Cross-sectional data are available indicating that achieving approximately 7 

minutes of vigorous intensity physical activity per day (but not ~ 110 minutes of 

light or ~ 46 minutes of moderate intensity) reduces cardiometabolic risk in 

adolescents (Hay et al., 2012). Furthermore, longitudinal evidence in young 

people indicates that performing ~ 4 minutes of vigorous activity per day may 

lower cardiovascular disease risk over time (Carson et al., 2014). Therefore, it is 

plausible that the small effects observed in the HIIE trial may provide 

meaningful health benefits if performed on a regular basis. It is also of interest 

that the PACES score for HIIE and MIE were comparable for both boys and 

girls. Thus, accumulating HIIE may be a feasible alternative to MIE for health 

promotion in adolescents. 

 

5.4.6 Limitations and considerations 

The strengths of this study include the isolation of exercise intensity, the 

adoption of multiple meals and the comparison between boys and girls. 

Furthermore, the brief exercise bouts in this investigation more accurately 

reflect the pattern of physical activity performed by this age group than 

continuous exercise of a longer (>10 minutes) duration (Riddoch et al., 2007). 

Therefore, identifying that the intensity of accumulated exercise intensity is 

important regarding postprandial health is likely to be an important health 

message. However, these data should be considered in light of a number of 

limitations. Firstly, the test meals adopted in this study bear little resemblance to 

a typical diet. It is therefore important to see if these findings can be replicated 

following the consumption of more representative meals in a larger sample size. 

Secondly, it is not possible to extrapolate these findings beyond the sample 

population. Further work is required to establish the influence of the intensity of 

accumulated exercise on these outcomes in adolescents with cardiometabolic 

risk factors. Finally, we were not able to assess the influence of the MIE and 

HIIE bouts on these parameters the following day. Given that exercise 
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accumulated the day beforehand has been shown to lower postprandial 

lipaemia in adolescents (Sedgwick et al., 2013) and blood pressure in adults 

(Miyashita et al., 2008), it is pertinent to identify whether the favourable changes 

in glycaemic control, SBP and fat oxidation observed in the HIIE trial remain the 

following day. 

 

5.5 Conclusion 

This study investigated the influence of accumulating work-matched exercise of 

different intensities on postprandial plasma [TAG], [glucose], fat oxidation and 

SBP in male and female adolescents. We have demonstrated that repeating 

very brief bouts of HIIE, but not MIE, is effectual in lowering postprandial 

plasma [glucose] and SBP, and increasing resting fat oxidation on the same day 

in adolescents. These observations are encouraging, and add to a growing 

body of literature which identifies that accumulating short bouts of high-intensity 

exercise may be more important for cardiometabolic health than MIE (Carson et 

al., 2014, Hay et al., 2012, Hopkins et al., 2009). Further work is now needed to 

establish the efficacy of accumulating HIIE on parameters of postprandial health 

in adolescents with established cardiometabolic risk factors, and whether this 

translates into a clinically meaningful outcome with time.  
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Chapter 6 

 
Exercise intensity and the protection from 

postprandial vascular dysfunction in adolescents 
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6.1 Introduction 

It is well established that the atherosclerotic process originates in childhood 

(Stary, 1989), and that CVD risk factors in youth are associated with the 

progression of atherosclerosis during adulthood (Mahoney et al., 1996). 

Endothelial dysfunction is a sentinel event in the progression of atherosclerosis, 

preceding the development of fatty streaks, and holds prognostic value in 

predicting CVD end points and patient mortality (Suwaidi et al., 2000). Conduit 

artery endothelial function has been shown to be impaired in asymptomatic 

adolescents with CVD risk factors (Celermajer et al., 1992), whilst 

microvascular function is also impaired in children with clustered CVD risk 

(Khan et al., 2003). The ingestion of a high fat meal causes a transient period of 

macro- and micro-vascular dysfunction (Bae et al., 2001, Sedgwick et al., 2012, 

Tyldum et al., 2009), and given the central role endothelial dysfunction plays in 

the atherosclerotic process (Bonetti et al., 2003), it is likely that repeat exposure 

of the vasculature to this environment has long-term implications for vascular 

health.  

In adults, acute moderate and high-intensity exercise have transient benefits on 

macrovascular endothelial function in the fasted and postprandial state (Harris 

et al., 2008, Tyldum et al., 2009), with the benefits more pronounced following 

high-intensity exercise possibly due to favourable changes in [TAS] (Tyldum et 

al., 2009). Prior exercise has also been shown to protect the microvasculature 

from the deleterious effects of a high fat meal in adults (Gill et al., 2004). In 

children, cross-sectional evidence suggests that high-intensity exercise may 

have a positive effect on fasting vascular function (Hopkins et al., 2009). 

Additionally, a single bout of MIE (Sedgwick et al., 2012) and sprint interval 

exercise (Sedgwick et al., 2014) has been shown to preserve postprandial 

macrovascular function the following day in adolescent boys. However, the total 

exercise stimulus in these two studies was not equivalent, and the authors did 

not include a measure of microvascular function. Therefore, it is currently 

unknown whether exercise intensity modulates the postprandial macro- and 

micro-vascular dysfunction observed after a high fat meal in adolescents, which 

may have important public health implications as much of the day may be spent 

in the postprandial state. Furthermore, it has recently been shown that 

performing even small amounts (~ 4 minutes) of high-intensity exercise is 
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superior than MIE at modifying cardiometabolic risk factors in youth (Carson et 

al., 2014). Considering that few adolescents meet the current recommended 

minimum of 60 minutes of moderate to vigorous-intensity physical activity per 

day (Riddoch et al., 2007), and that habitual physical activity levels decline 

during adolescence (Kimm et al., 2005, Trost et al., 2002), it is pertinent to 

identify how small volumes of exercise can be optimised for vascular health in 

this group. 

Given the above, the purpose of this investigation was to test the hypothesis 

that the intensity of prior exercise is positively associated with postprandial 

vascular function, and that these postprandial changes are related to [TAS]. 

 

6.2 Methodology 

6.2.1 Participants 

Twenty 12 to 15 year old adolescents (10 males) volunteered to take part in this 

study. Participant assent and parental consent were obtained before 

participation in the project, which was approved by the institutional ethics 

committee. Exclusion criteria included the use of any medication or substance 

known to influence fat metabolism or vascular function.  

 

6.2.2 Visit 1: Maximal oxygen uptake and gas exchange threshold 

Anthropometric measures and somatic maturity were assessed as described in 

Section 3.3. The GET and �̇�O2 max were determined using a validated combined 

ramp and supramaximal test (Barker et al., 2011) as described in Section 3.4. 

All exercise was performed on an electronically braked cycle ergometer (Lode 

Excalibur Sport, Groningen, the Netherlands). 

 

6.2.3 Visits 2-4: Exercise and postprandial measures 

Participants completed three experimental trials, separated by approximately 

one week (Figure 6.1). Following a ~ 12 hour overnight fast, participants were 
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transported to the laboratory at 07:45 and rested for 15 minutes before 

providing a fasting fingertip capillary blood sample for plasma [TAG]. 

Participants then consumed 30 g of commercially available Corn Flakes with 

130 mL of skimmed milk, which is unlikely to have influenced endothelial 

function (Vogel et al., 1997). 

At 08:45, participants rested in a darkened, temperature-controlled (24°C) room 

for 10 minutes before the simultaneous assessment of macrovascular (FMD) 

and microvascular (PRH and the total hyperaemic response) function. 

Immediately afterwards, capillary blood samples were obtained for plasma 

[TAG], [3-OHB] and [TAS]. These measurements were repeated one hour after 

exercise (but before the high fat meal) and three hours after the high fat meal in 

order to coincide with peak plasma [TAG] observed in Chapter 4. 

At 09:45, one hour after breakfast, participants either: 1) remained seated in the 

laboratory (CON); 2) performed ~30 minutes of continuous MIE at 90% of the 

GET; or 3) completed 23 minutes of HIIE. These trials were completed on 

separate days and in a randomised order. The HIIE bout consisted of a 3 

minute warm up at 20 W, followed by 8 x 1 minute intervals at 90% of the peak 

power determined from the ramp test to exhaustion, interspersed with 75 

seconds of recovery at 20 W, before a 2 minute cool down at 20 W. The 

duration of the MIE trial was calculated to match the total work performed during 

the HIIE bout for each participant. Thus, the exercise trials were identical in 

design to the MIE and HIIE bouts performed in Chapter 4. RPE was measured 

in the final 10 seconds of exercise (Yelling et al., 2002), and participants 

completed the PACES questionnaire (Motl et al., 2001) immediately after 

exercise cessation. After their final exercise trial, each participant was asked to 

identify which exercise bout they preferred. Plasma [TAG] and [TAS] were 

assessed one hour after the exercise/rest condition. Plasma [3-OHB] was also 

assessed as a marker of hepatic fatty acid oxidation and VLDL secretion (Gill et 

al., 2007). Participants then consumed a milkshake of 3 parts Cornish ice cream 

and one part double cream between 10:45 and 11:00, which provided ~ 1.50 

g∙kg-1 (80 kJ∙kg-1) of fat in accordance with Chapters 4 and 5, and other 

postprandial investigations in this group (Tolfrey et al., 2008, Tolfrey et al., 

2014, Sedgwick et al., 2012). Plasma [TAG] was assessed at hourly intervals 
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during the three hour postprandial period. Participants remained seated in the 

laboratory throughout the postprandial period. 

 

 

Figure 6.1 Protocol schematic. CON, control (rest); MIE, moderate-intensity exercise; HIIE, 

high-intensity interval exercise. Arrows represent capillary blood samples for plasma 

[triacylglycerol]; grey boxes represent the assessment of macro- and micro-vascular function 

and capillary blood samples for plasma [3-hydroxybutyrate] and [total antioxidant status]; HFM, 

high fat meal. 

 

6.2.4 Measures of vascular function 

Flow mediated dilation and SRAUC were measured as described in Section 

3.10.1 and in accordance with recent guidelines (Corretti et al., 2002, Thijssen 

et al., 2011). All FMD analyses were performed by primary investigator who was 

blinded to the condition. To address concerns about the ratio-scaled FMD 

statistic (Atkinson et al., 2009), FMD was also allometrically scaled according to 

published guidelines (Atkinson and Batterham, 2013). The between-day 

coefficient of variation for FMD was 10.5%.  

During the FMD protocol, microvascular function was simultaneously assessed 

using a laser Doppler perfusion imager (Periscan PIM II, Perimed, Järfälla, 

Sweden) at a reproducible point on the distal third of the forearm (Cracowski et 

al., 2006). Methodological details are provided in Section 3.10.2. PRH was 

defined as the highest point after occlusion. The total hyperaemic response was 

calculated in by determining the area under the post-occlusive hyperaemic 

curve minus the baseline (pre-occlusion) blood flow (expressed as a percentage 

of PRH), multiplied by the time taken for reactive hyperaemia to return to 

baseline (Wong et al., 2003). When calculated in this manner, the post-

occlusive hyperaemic response is known to be NO independent (Wong et al., 
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2003), and accounts for differences in baseline skin perfusion. The between-

day coefficients of variation for PRH and the total hyperaemic response were 

16.2% and 26.1% respectively. 

 

6.2.5 Blood sampling and analyses 

For each blood sample, ~ 600 µL of capillary blood was collected and 

centrifuged immediately at 13,000 g for 15 minutes at 4°C. Plasma was then 

removed and stored at -80°C for no more than one month. Plasma [TAG], [3-

OHB] and [TAS] were quantified in duplicate by enzymatic, colorimetric 

methods using an assay kit according to the manufacturer’s guidelines 

(Cayman Chemical Company, MI, USA). The within-batch coefficients of 

variation for plasma [TAG], [3-OHB] and [TAS] were 2.9, 3.8 and 4.2% 

respectively. The TAUC and IAUC analyses were performed using the time 

point immediately before the high fat meal for plasma [TAG], and the time point 

immediately before exercise for plasma [3-OHB] and [TAS].  

 

6.2.6 Standardisation of diet and physical activity  

With parental supervision, participants were asked to replicate their evening 

meal prior to each laboratory visit. Participants also completed a food diary 

during the 48 hour period immediately preceding each visit, which were 

subsequently assessed for total energy and macronutrient intake (CompEat 

Pro, Nutrition Systems, UK). Participants were instructed to avoid strenuous 

exercise and wear a tri-axial accelerometer on their wrist (GENEActiv, 

Activinsights Ltd, Cambridge, UK) during the 48 hour prior to each visit. Time 

spent performing moderate to vigorous physical activity was determined using 

established cut points for paediatric groups (Phillips et al., 2013). 

 

6.2.7 Statistical analyses 

Descriptive statistics were calculated using SPSS (version 19.0, Chicago, USA) 

and presented as mean ± SD. Mean differences in descriptive statistics 
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between boys and girls were analysed using independent samples t tests. The 

mean differences in the physiological and perceptual responses of the boys and 

girls during HIIE and MIE were analysed using paired samples t tests. Analysis 

of plasma [TAG], [3-OHB] and [TAS], and parameters of macro- and micro-

vascular function were performed using a mixed model ANOVA with trial (CON, 

MIE, HIIE) and sex (male, female) as the main effects. For clarity, the main 

effects for time and condition are not discussed if the ANOVA output revealed a 

significant interaction effect. The inclusion of sex into the ANOVA model did not 

reveal a significant interaction effect for plasma [3-OHB] and [TAS] or 

parameters of macro- and micro-vascular function. Data were subsequently 

pooled for these outcomes. Pairwise comparisons between means were 

interpreted using the P value, 95% CI and standardised ES to document the 

magnitude of the effect using the thresholds: small (0.2), moderate (0.5) and 

large (0.8) (Cohen, 1988). Relationships between changes in vascular 

outcomes and mechanistically important variables were explored using 

Pearson’s correlations.  

 

6.2.8 Power calculation 

No study has identified the influence of exercise intensity on postprandial FMD 

in paediatric populations. Thus, the sample size for this study was calculated 

using data provided by Tyldum et al. 2009, who demonstrated in adult males 

(n=8) that postprandial FMD is preserved and improved the day after a single 

bout of equivalent moderate- and high-intensity exercise, respectively. The 

magnitude of the mean change in FMD following the high-intensity interval 

exercise was 2.8%, with a standard deviation of 1.9% at baseline.  

 

2 (1.7)2 (1.96 + 0.84)2 
N =          

2.82 

 

N = 7 
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6.3 Results 

Baseline participant characteristics are presented in Table 6.1. The maturation 

status for boys and girls was as follows; Tanner stage 3, n=4 and n=1; stage, 4 

n=4 and n=8; stage 5, n=2 and n=1. No differences in energy intake, individual 

macronutrient contributions, or time spent performing moderate to vigorous 

physical activity were apparent for boys or girls during the 48 hour preceding 

each laboratory visit (P>0.14, ES<0.20; Table 6.2).  

 

Table 6.1 Participant characteristics 

 Boys (n = 10) Girls (n = 10) 95% CI ES 

Age (y) 14.8 ± 0.2 14.1 ± 0.9 0.0 to 1.3 1.07 

Body mass (kg)    61.1 ± 11.9 54.5 ± 9.3   -3.4 to 16.6 0.62 

Stature (m)    1.69 ± 0.07    1.61 ± 0.09 0.00 to 0.16 0.99 

Body fat (%)  13 ± 9  20 ± 4      -14 to 0 0.97 

�̇�O2 max (L∙min-1)    2.76 ± 0.54    2.03 ± 0.27 0.31 to 1.14 1.71 

�̇�O2 max (mL∙min-1∙kg-1) 45.5 ± 6.4 37.8 ± 4.5   2.4 to 12.9 1.39 

GET (L∙min-1)    1.40 ± 0.25   1.09 ± 0.20  0.10 to 0.52 1.37 

GET (% �̇�O2 max)  51 ± 6 54 ± 7         -9 to 4 0.46 

TAG (mmol∙L-1)           0.20 ± 0.09   0.13 ± 0.04 0.00 to 0.14 1.05 

 

�̇�O2, oxygen uptake; GET, gas exchange threshold; TAG, plasma [triacylglycerol]; 95% CI, 95% 

confidence interval for the true difference; ES, effect size. Data presented as mean ± SD. 
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Table 6.2 Accelerometer and food diary data during the 48 hours preceding each trial 

 CON MIE HIIE 
MIE vs. CON 

95% CI 

HIIE vs. CON 

95% CI 

HIIE vs. MIE 

95% CI 

 

Moderate-vigorous activity (min day-1)   75 ± 30   73 ± 36   75 ± 27 -35 to 19 -37 to 23 -18 to 24 

Total energy intake (kcal day-1) 1862 ± 427 1980 ± 388           2027 ± 551           -122 to 245 -134 to 455 -171 to 369 

Energy from carbohydrates (%) 46 ± 5 47 ± 5 45 ± 5 -1 to 5 -3 to 3 -5 to 2 

Energy from fat (%) 37 ± 6 36 ± 4 37 ± 6 -5 to 2 -5 to 2 -4 to 4 

Energy from protein (%) 17 ± 4 17 ± 3 18 ± 3 -4 to 2 -1 to 3   0 to 4 

 

CON, control trial; MIE, moderate-intensity exercise trial; HIIE, high-intensity interval exercise trial. 95% CI = 95% confidence limits for the true difference. Data have 

been pooled as ANOVA analysis revealed no main effect for sex 
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6.3.1 Exercise trials 

Table 6.3 presents the physiological and perceptual data from the exercise 

trials. The highest �̇�O2 achieved during the HIIE condition equated to 93 ± 5% 

and 96 ± 5% �̇�O2 max for boys and girls respectively. Average length of the MIE 

trial was 24.9 ± 2.3 min. Nine boys and nine girls indicated that they preferred 

the HIIE exercise bout. 

 

Table 6.3 Physiological and perceptual responses to MIE and HIIE 

 MIE HIIE 95% CI ES 

Boys 

Mean HR (b∙min-1)   117 ± 7    144 ± 4 22 to 33 4.74 

Mean HR (% HRmax)     63 ± 4      77 ± 3 12 to 18 3.96 

Mean �̇�O2 (L∙min-1) 1.25 ± 0.19 1.59 ± 0.25 0.22 to 0.47 1.53 

Mean �̇�O2 (% �̇�O2 max)     46 ± 7      58 ± 4   8 to 16 2.10 

RER 0.89 ± 0.04 1.05 ± 0.04 0.12 to 0.19 4.00 

RPE 4 ± 1 8 ± 1 3 to 4 4.00 

PACES 53 ± 15      64 ± 7 -1 to 22 0.94 

Work performed (kJ)   136 ± 24    136 ± 24 - - 

Energy Expenditure (kJ)  635 ± 100 - - - 

Girls     

Mean HR (b∙min-1)   144 ± 13    158 ± 12  5 to 22 1.12 

Mean HR (% HRmax)     74 ± 6      81 ± 5  3 to 11 1.27 

Mean �̇�O2 (L∙min-1)  1.10 ± 0.09 1.26 ± 0.11 0.10 to 0.22 1.59 

Mean �̇�O2 (% �̇�O2 max)     55 ± 4      62 ± 5  5 to 10 1.55 

RER 0.89 ± 0.05 1.04 ± 0.02 0.12 to 0.18 3.94 

RPE 5 ± 2        7 ± 1      1 to 4 1.26 

PACES  54 ± 10      59 ± 7 -3 to 12 0.58 

Work performed (kJ)    109 ± 11    109 ± 11 -  - 

Energy Expenditure (kJ)    700 ± 82            - -  - 
 

HR, heart rate; �̇�O2, oxygen uptake; RER, respiratory exchange ratio; RPE, rate of perceived 

exertion; PACES, physical activity enjoyment questionnaire; MIE, moderate-intensity exercise 

trial; HIIE, high-intensity exercise trial; 95% CI, 95% confidence interval for the true difference; 

ES, effect size. Data presented as mean ± SD. n = 10 for boys and girls apart from mean HR 

where n = 8 due to loss of telemetric data. 
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6.3.2 Blood analyses 

Mean differences in plasma [TAG], [3-OHB] and [TAS] during the postprandial 

period are illustrated in Figure 6.2. Mean fasted plasma [TAG] was lower across 

all trials in girls (P=0.03, ES=0.96). There was no trial by sex interaction 

(P=0.44) for TAUC-TAG, but there was a trend for TAUC-TAG to be lower in 

girls across all trials (P=0.05). There was no trial by sex interaction (P=0.58) for 

IAUC-TAG.  

A time by trial interaction (P=0.04) was apparent for plasma [3-OHB], which was 

elevated three hours after the high fat meal in HIIE compared to CON (P=0.01, 

ES=0.59), with no differences between MIE and CON (P=0.16, ES=0.26) or 

HIIE and MIE (P=0.13, ES=0.29). An increase in TAUC plasma [3-OHB] in HIIE 

was associated with lower TAUC-TAG (P=0.01, r=0.61) but not for MIE (P=0.22, 

r=0.30).  

There was no time by trial interaction (P=0.53) or effect of trial (P=0.88), but 

there was a main effect of time for [TAS] (P=0.04). Mean [TAS] across trials 

was lower after the high fat meal compared to baseline (P=0.02, ES=0.39). 

Changes in [TAS] were not related to parameters of vascular function (P>0.05 

and r<0.2). 
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Figure 6.2 Mean plasma triacylglycerol (TAG; A) and 3-hydroxybutyrate (3-OHB; B) 

concentrations, and total antioxidant status (TAS; C) for the control (○), moderate-(▲) and high-

(■) intensity exercise trials. Error bars represent the standard deviation. The high fat meal is 

represented by the black rectangle. *P<0.05 for HIIE vs CON. 



176 
 

6.3.3 Macrovascular function 

Differences in baseline arterial diameter, SRAUC and FMD between trials are 

provided in Figure 6.3. Changes in FMD were not related to SRAUC in any trial. 

Consequently, FMD was not normalised for SRAUC. There was no time by trial 

interaction for SRAUC (P=0.25), resting arterial diameter (P=0.11), or SRAUC 

(P=0.25). 

There was a time by trial interaction (P<0.001) for FMD. FMD was greater one 

hour after HIIE (P<0.001, ES=1.20), but unchanged after MIE (P=0.22, 

ES=0.09) and CON (P=0.99, ES<0.01) compared to before exercise. 

Consequently, FMD was greater after HIIE compared to MIE (P=0.002, 

ES=1.14) and CON (P=0.002, ES=1.15), with no difference between MIE and 

CON (P=0.59, ES=0.15) one hour after exercise.  

FMD was greater three hours after the high fat meal in HIIE compared to MIE 

(P<0.001, ES=1.47) and CON (P<0.001, ES=2.54), and in MIE compared to 

CON (P<0.001, ES=1.40). FMD was attenuated after the high fat meal in CON 

(P<0.001, ES=1.78) compared to before the meal. FMD remained elevated after 

the high fat meal compared to baseline in HIIE (P<0.001, ES=1.56). 

Postprandial FMD was not different compared to baseline in MIE (P=0.46, 

ES=0.16). 
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Figure 6.3 Mean baseline arterial diameter (A), area under the curve for shear versus time 

(SRAUC; B) and flow mediated dilation (FMD; C), for the control (○), moderate-(▲) and high-(■) 

intensity exercise trials. Error bars represent the standard deviation. The high fat meal is 

represented by the black rectangle. Statistical significance between trials at the same time point 

are described as follows: * HIIE vs CON; 
#
 HIIE vs MIE;

 †
 MIE vs CON. Within-trial significant 

difference from baseline: 
§
 HIIE; 

‡ 
CON. Refer to text for specific P values. 
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6.3.4 Microvascular function 

Differences in parameters of microvascular function between trials are 

presented in Figure 6.4. There was a time by trial interaction (P=0.002) for PRH. 

PRH was greater one hour after HIIE (P=0.004, ES=0.82) but unchanged after 

MIE (P=0.22, ES=0.26) and CON (P=0.27, ES=0.26). PRH was attenuated 

three hours after the high fat meal in CON (P=0.02, ES=0.59). Compared to 

baseline, postprandial PRH was preserved in MIE (P=0.27, ES=0.23) and HIIE 

(P=0.08, ES=0.49). Compared to CON, PRH was greater three hours after the 

high fat meal in HIIE (P=0.02, ES=0.71) and MIE (P=0.02, ES=0.84), with no 

difference between HIIE and MIE (P=0.72, ES=0.16). There was no effect of 

trial (P=0.15), time (P=0.40), or a trial by time interaction (P=0.27) for time taken 

to achieve PRH.  

There was no time by trial interaction (P=0.08), or main effect of time (P=0.06) 

for this outcome, but there was a main effect of trial (P=0.002). Total reactive 

hyperaemia was greater one hour after HIIE (P=0.04, 95% CI 7 to 175, 

ES=0.76) but unchanged after MIE (P=0.08, 95% CI -4 to 66, ES=0.42) and 

CON (P=0.61, 95% CI -38 to 23, ES=0.11). The total reactive hyperaemic 

response was not attenuated three hours after the high fat meal in CON 

(P=0.37, 95% CI -59 to 23, ES=0.25). Compared to CON, total reactive 

hyperaemia was greater three hours after the high fat meal in HIIE (P=0.02, 

95% CI 10 to 115, ES=0.71), with a trend to be greater after MIE (P=0.06, 95% 

CI -3 to 106, ES=0.59). There was no difference between HIIE and MIE three 

hours after the high fat meal (P=0.55, 95% CI -28 to 50, ES=0.11).  
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Figure 6.4 Mean peak reactive hyperaemia (PRH; A), and total reactive hyperaemia (B) for the 

control (○), moderate-(▲) and high-(■) intensity exercise trials. Error bars represent the 

standard deviation. The high fat meal is represented by the black rectangle. Statistical 

significance between trials at the same time point are described as follows: * HIIE vs CON; 
#
 

HIIE vs MIE;
 †

 MIE vs CON. Within-condition significant difference from baseline: 
§
 HIIE; 

‡ 
CON. 

Refer to text for specific P values. 

 

6.4 Discussion 

The novel findings from this study are: 1) macro- and micro-vascular function 

were enhanced one hour after HIIE compared to CON and MIE, and remained 

elevated three hours after a high fat meal; 2) a single bout of MIE did not alter 

macro- or micro-vascular function one hour after exercise, but prevented the 
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decline in function observed three hours after a high fat meal; and 3) the 

interactions between exercise intensity and vascular function were independent 

of changes in plasma [TAG] or [TAS]. These data show for the first time that the 

effect of exercise on postprandial vascular function is dependent on exercise 

intensity. Specifically, macrovascular function after a high fat meal is preserved 

by MIE, and augmented by HIIE. These findings may have a clinically important 

public health message as a significant proportion of time is spent in the 

postprandial state, and endothelial function predicts cardiovascular events 

independently of conventional CVD risk factors (Bonetti et al., 2003). 

 

6.4.1 Macrovascular function 

The high fat meal reduced FMD by 21% in CON, which is consistent with other 

adolescent (Sedgwick et al., 2012) and adult (Bae et al., 2001, Tyldum et al., 

2009, Vogel et al., 1997) data. For the first time in adolescents, this study 

provides evidence that a single bout of MIE performed one hour before a high 

fat meal may preserve endothelial function, and that an equivalent bout of HIIE 

not only prevents this attenuation but improves endothelial function despite no 

reduction in plasma [TAG]. Whilst the benefits of prior moderate-intensity 

(Sedgwick et al., 2012) and sprint interval (Sedgwick et al., 2014) exercise on 

postprandial macrovascular function have been shown to be unrelated to 

changes in plasma [TAG] in adolescents, this investigation is the first to identify 

an independent effect of exercise intensity. These findings concur with those 

reported by Tyldum et al. (2009), however these authors identified that this 

protective effect of exercise performed the day before a high fat meal was 

related to an exercise-induced increase in antioxidant capacity, which was not 

observed in this study.  It is known that postprandial lipaemia impairs vascular 

function via oxidative stress (Bae et al., 2001), which may reduce NO 

bioavailability (Wallace et al., 2010). FMD is considered to be largely NO 

dependent (Green, 2005), but there was no effect of exercise on [TAS], or a 

relationship between FMD and [TAS] in the present study. However, Johnson et 

al. (2012) also reported no relationship between post exercise FMD and 

oxidative stress, and this may be related to the limitation of a single 

measurement of oxidative stress rather than rate of antioxidant depletion 
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(Dawson et al., 2013). Furthermore, the exercise bouts in this study were 

performed one hour, compared to 16-18 hours (Tyldum et al., 2009), before the 

ingestion of the high fat meal, and thus the process(es) underlying the response 

in pro/anti-oxidant state are likely to be mechanistically different. Indeed a 

recent investigation failed to observe any changes in postprandial antioxidant 

status after MIE and HIE when exercise was performed one hour after a high fat 

meal (Canale et al., 2014). Additionally, the potential influence of training status 

on the changes in pro/antioxidant status following the exercise bouts cannot be 

accounted for in this study (Bogdanis et al., 2013). However, based upon 

recommended �̇�O2 max cut off values for cardiometabolic health (Adegboye et 

al., 2011), 5 of the boys and 2 of the girls included in this study could be 

identified as “at risk”, and the �̇�O2 max values observed in the present study were 

typically lower than those reported in trained groups (Armstrong and Barker, 

2011). 

Previous studies with healthy adults report that FMD either increases (Johnson 

et al., 2012, Tyldum et al., 2009), decreases (Dawson et al., 2013, Johnson et 

al., 2012) or remains unaltered (Dawson et al., 2008, Rognmo et al., 2008) after 

a single bout of exercise, however these data are difficult to interpret due to 

inconsistencies in the intensity, duration and modality of exercise, and the 

timing of the FMD measurement(s) (Dawson et al., 2013). The present study is 

the first to incorporate a work-matched exercise protocol in order to isolate the 

influence of exercise intensity on vascular function in adolescents, and 

demonstrate that FMD is increased one hour after HIIE but remains unaltered 

after MIE. In contrast, an exercise intensity dependent decrease in FMD has 

been shown immediately after cycling in adults (Birk et al., 2013), and 

exergaming in children (Mills et al., 2013). It is likely that this disparity is due to 

the timing of the FMD measure (one hour vs. immediately after exercise) as the 

FMD response post exercise is biphasic in nature (Dawson et al., 2008). 

Indeed, it is thought that the temporary blunting of FMD observed after high-

intensity, but not MIE (Birk et al., 2013, Johnson et al., 2012, Mills et al., 2013), 

is the stimulus for subsequent improvements in FMD (Padilla et al., 2011), 

however no study has yet identified the time course of the FMD response 

following work-matched exercise in adolescents.  



182 
 

Changes in FMD after exercise have been attributed to differences in baseline 

arterial diameter and shear rate (Dawson et al., 2013). However, these 

remained unaltered between trials in the present study and there was no 

relationship between the magnitude of the FMD response and SRAUC, which is 

consistent with existing data in children (Thijssen et al., 2009a) and following 

exercise in adults (Llewellyn et al., 2012). However, shear stress was not 

quantified during the exercise bouts. Given that the exercise trials were work-

matched, it is likely that the disparate responses in FMD observed post exercise 

are related to the positive association between brachial artery shear and the 

intensity of cycling exercise (Green et al., 2002, Thijssen et al., 2009b). This 

has been shown to play a leading role in modulating the post exercise FMD 

response (Tinken et al., 2009, Tinken et al., 2010), probably due to an 

upregulation in eNOS and subsequent increase in the bioavailability of NO 

(Jenkins et al., 2012). It is not possible to partition out the influence of the high 

fat meal on the postprandial FMD response following MIE and HIIE. For 

example, it is possible that postprandial FMD could have been higher still 

following HIIE. However, considering that FMD has been demonstrated to 

return to baseline 2 hours post high-intensity exercise (Johnson et al., 2012), 

and the lack of change in [TAS] in the present study,  it would appear that the 

inclusion of a high fat meal 1 hour after exercise did not modulate the post 

exercise NO bioavailability. Further study is needed to confirm this. 

 

6.4.2 Microvascular function 

A novel feature of this investigation was the simultaneous assessment of 

microvascular function during the FMD protocol. Whilst the endothelium only 

plays a part of the PRH response (Cracowski et al., 2006), impaired 

microvascular reactive hyperaemia is associated with elevated blood pressure 

(Serne et al., 2001), obesity (de Jongh et al., 2004), insulin resistance (Jaap et 

al., 1994), and has been identified in healthy children with clustered CVD risk 

factors (Khan et al., 2003). Therefore, it follows that the assessment of PRH as 

a surrogate of microvascular function in the current study may provide useful 

information regarding vascular health in asymptomatic individuals. A significant 

impairment in postprandial PRH was observed in CON, suggesting that a fatty 
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meal presents a global challenge to the vasculature. This dysfunction was 

prevented in both exercise trials, but not in an intensity-dependent manner. No 

other study has identified the effect of exercise intensity on subsequent 

postprandial microvascular function, however Gill et al. (2004) observed a 

similar protective effect of MIE performed the evening before a high fat meal in 

adults and this was endothelium-dependent. 

Interestingly, the total reactive hyperaemic response was not lowered by the 

high fat meal in CON. Given that this microvascular outcome is not mediated by 

NO (Wong et al., 2003), it suggests that a reduction in NO bioavailability might 

be responsible for at least part of the attenuation in PRH in CON. Furthermore, 

these data indicate that prior HIIE may improve microvascular endothelial 

function beyond an increase in eNOS activity. 

 

6.4.3 Postprandial lipaemia 

Prior MIE (Tolfrey et al., 2008) and HIIE (Thackray et al., 2013) can attenuate 

postprandial lipaemia in adolescents boys. Additionally, Chapter 4 

demonstrates that MIE and HIIE performed 1 hour prior to an identical high fat 

meal can lower postprandial lipaemia in adolescent girls. However these 

findings were not replicated in the present study, possibly due to the use of a 

one day protocol (Zhang et al., 1998) and a short (three hour) postprandial 

observation period. It has been hypothesised that exercise-induced changes in 

VLDL output may explain some of the reduction in postprandial lipaemia after a 

high fat meal (Magkos et al., 2006), particularly when the time between exercise 

cessation and consumption of the test meal is short due to the delay in the 

upregulation of lipoprotein lipase (Seip and Semenkovich, 1998). These data 

would appear to be consistent with this theory, as [3-OHB] was elevated three 

hours after the high fat meal in HIIE compared to CON, and significantly 

correlated with the reduction in TAUC-TAG, suggesting a shift towards hepatic 

fatty acid oxidation rather than re-esterification and VLDL synthesis during the 

HIIE condition (Gill et al., 2007). Thus, this data indicates that changes in VLDL-

TAG metabolism may have occurred post HIIE in the girls in Chapter 4. 

However, it is acknowledged that plasma [3-OHB] is not a direct measure of 

hepatic VLDL-TAG output. Furthermore, recent evidence demonstrates that the 
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hydrolysis rate of VLDL is increased after exercise in adults (Ghafouri et al., 

2015). Consequently, further study is necessary to elucidate the precise 

exercise-induced mechanisms underlying changes in postprandial lipaemia, and 

how they may be modulated by sex. 

 

6.4.4 Translational perspective 

This study demonstrates that exercise intensity is positively associated with 

postprandial macro- and micro-vascular function in adolescent boys and girls. 

Repeated sprint cycling the day before a high fat meal has previously been 

demonstrated to preserve postprandial macrovascular function in adolescents 

(Sedgwick et al., 2014). However, these authors reported that one third of the 

participants failed to complete the exercise protocol. In contrast, all participants 

in the present study completed the HIIE bout. Furthermore, the PACES data 

indicate that HIIE was perceived to be more enjoyable than MIE for both boys 

and girls, despite a greater physiological stress. This is encouraging considering 

that adolescents rarely sustain exercise for longer than 10 minutes (Riddoch et 

al., 2007), therefore low-volume, high-intensity exercise may be a suitable 

method of optimising this pattern of activity provided that the exercise is not an 

“all-out” effort. Further work is needed to identify the long term adherence to a 

HIIE training intervention in this group, however preliminary evidence is 

promising (Buchan et al., 2011). Indeed, these findings corroborate with 

Chapter 4 and add to a growing body of evidence which indicates that HIIE is a 

feasible and attractive alternative to MIE in adolescents (Crisp et al., 2012, 

Ratel et al., 2004). 

 

6.4.5 Limitations and considerations 

This is the first study to isolate the influence of exercise intensity on 

postprandial vascular function in adolescents. A further novelty of this study is 

the simultaneous assessment of microvascular function during the FMD 

protocol. However, these findings should be interpreted in light of a number of 

methodological considerations. Firstly, whilst post-occlusive reactive 

hyperaemia has been used as a marker of microvascular function in 
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adolescents (Roche et al., 2010), the mechanisms underlying the PRH 

response to 5 minutes of ischaemia following exercise and a high fat meal are 

yet to be fully determined, but likely involve other pathways in addition to 

changes in endothelial function (Cracowski et al., 2006). However, postprandial 

microvascular function has been shown to be improved following exercise 

elsewhere and this was endothelium-dependent (Gill et al., 2004). Therefore, it 

is likely that some of the improvements observed in macrovascular endothelial 

function via FMD in the present study are present at the microvascular level. 

Secondly, this study did not control for the menstrual cycle, which has been 

shown to influence FMD in women (Hashimoto et al., 1995). The median stage 

of maturity (Tanner 4) suggests that some girls would be pre or post menarche 

(Baxter-Jones et al., 2005), and whilst there was no significant interaction effect 

of sex on macro- or micro-vascular function in the present study, further work is 

necessary to explicitly establish whether sex influences this outcome in 

adolescents and in children. Thirdly, the high fat meal used in this study has 

limited ecological validity but provided a metabolic challenge in accordance with 

Chapters 4 and 5, and other postprandial investigations with adolescents 

(Sedgwick et al., 2012, Tolfrey et al., 2012, Tolfrey et al., 2014). This meal also 

provided an average of 35 g of sugar, which could plausibly have contributed to 

the postprandial responses (Ceriello et al., 2002), although this is equivocal 

(Padilla et al., 2006). Future work is needed to identify how prior exercise can 

alter macro- and micro-vascular function following more habitual fat loads and 

feeding regimes. Finally, this study did not determine endothelial-independent 

function via a sublingual spray of nitroglycerin (Corretti et al., 2002), and this 

remains an area of future research. 

 

6.5 Conclusion 

An impairment in macro- and micro-vascular function occur in concert after a 

high fat meal in adolescents. This study demonstrates that postprandial 

vascular function can be preserved after MIE, or improved after HIIE, and these 

changes were not related to plasma [TAG] or [TAS]. Whilst these findings 

cannot be extrapolated beyond healthy adolescents, they may have clinical 

importance as repeat impairment in endothelial function likely plays a key role in 
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the development of CVD, which is known to have its origins in childhood (Stary, 

1989). Future work is needed to assess the efficacy of different exercise 

intensities on postprandial endothelial function in adolescents with risk factors 

for CVD (e.g. obesity, type I diabetes). Finally, HIIE was also perceived to be 

more enjoyable than MIE, despite the greater physiological stress. Taken 

together, low-volume HIIE may be a feasible and attractive strategy to reduce 

CVD risk from an early age. 
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Chapter 7 

 

The acute effect of exercise intensity on vascular 

function in adolescents 
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7.1 Introduction 

Whilst the clinical manifestations of CVD are not detectable until adulthood, it is 

well established that the atherosclerotic process originates in the first decade of 

life (Stary, 1989). Impaired vascular function is thought to precede structural 

adaptations to the vessel wall (Zeiher et al., 1991), and both macro- and micro-

vascular function have been shown to be impaired in asymptomatic adolescents 

with CVD risk factors (Celermajer et al., 1992, Khan et al., 2003). Therefore, 

interventions which improve vascular function in young people are warranted.  

Data are available demonstrating that time spent performing vigorous-, but not 

moderate-, intensity physical activity is related to improved macrovascular 

function (Hopkins et al., 2011) and attenuated cardiometabolic risk (Carson et 

al., 2014) in youth. Additionally, exercise interventions have been shown to 

improve macrovascular function in obese adolescents (Watts et al., 2004). It 

has been suggested that changes in vascular function after a single exercise 

bout provide the foundation for these chronic adaptations (Birk et al., 2013, 

Dawson et al., 2013). Consequently, there is value in identifying the acute 

vascular responses to a single bout of exercise.  

Previous studies with adults report conflicting results on the effects of acute 

exercise on macrovascular function, with some reporting increases (Harris et 

al., 2008, Johnson et al., 2012), decreases (Birk et al., 2013, Johnson et al., 

2012) and no change (Birk et al., 2013) in FMD. However, differences between 

exercise intensities, modalities, the timing of the post exercise FMD 

measurement(s) (Dawson et al., 2013) and the problems associated with 

reporting the ratio-scaled FMD statistic (Atkinson and Batterham, 2013), limit 

our understanding of the FMD response to an acute bout of exercise. Currently, 

only one published study has assessed FMD immediately post exercise in 

young people (Mills et al., 2013). These authors reported that FMD immediately 

decreased after high-intensity, but not low-intensity, exergaming in children, and 

concluded that repeating high-intensity exergaming may provide a stimulus for 

favourable macrovascular adaptations. However, the exercise bouts were not 

work-matched in this study and FMD was only assessed immediately post 

exercise. Given that changes in vascular function within ~ 2 hours of exercise 

are thought to be biphasic in nature (Dawson et al., 2013), it is important to 
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document the time course of the change in vascular function after a single bout 

of exercise in youth to establish the influence of exercise intensity on the FMD 

response.  

An impairment in microvascular reactive hyperaemia has been identified in 

asymptomatic children with clustered CVD risk (Khan et al., 2003) and it is 

thought that microvascular dysfunction may play a primary role in the 

pathogenesis of insulin resistance (Pinkney et al., 1997). Microvascular function 

has been shown to be elevated in adolescent football players compared to their 

untrained peers (Roche et al., 2010), however no study has identified the time 

course of microvascular function following exercise at different intensities in 

young people or adults. Furthermore, post exercise changes in microvascular 

reactive hyperaemia have been shown to be unrelated to FMD (Shamim-

Uzzaman et al., 2002). Therefore, it is inappropriate to adopt post exercise 

changes in FMD as a surrogate of microvascular function. 

The purpose of this investigation was to test the hypothesis that macrovascular 

function is immediately impaired, and then subsequently improved, following 

HIIE, but remains stable following a work-matched bout of MIE in adolescents. 

A secondary aim was to identify the effect of exercise intensity on the time 

course of the microvascular response following exercise.  

 

7.2 Methodology 

7.2.1 Participants 

Twenty 12 to 15 year old adolescents (10 males) volunteered to take part in this 

study. Written participant assent and parental consent were obtained before 

participation in the project, which was approved by the institutional ethics 

committee. Exclusion criteria included the use of any medication or substance 

known to influence fat metabolism or vascular function. 
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7.2.2 Experimental overview 

This study required three visits to the laboratory and included a within-measures 

design. All exercise tests were completed using an electronically braked cycle 

ergometer (Lode Excalibur Sport, Groningen, the Netherlands). 

 

7.2.3 Visit 1: Maximal oxygen uptake and gas exchange threshold 

Participants were habituated to the cycle ergometer before completing a 

combined ramp and supramaximal test to exhaustion to establish the GET and 

�̇�O2 max (Barker et al., 2011) as described in Section 3.4. All exercise was 

performed on an electronically braked cycle ergometer (Lode Excalibur Sport, 

Groningen, the Netherlands). 

 

7.2.4 Visits 2 and 3: Exercise interventions 

Participants completed two experimental trials, separated by approximately one 

week. Following a ~ 12 hour overnight fast, participants were transported to the 

laboratory at 08:00 and then consumed 30 g of commercially available Corn 

Flakes with 130 mL of skimmed milk. The macronutrient contribution of this 

breakfast is unlikely to have influenced endothelial function (Vogel et al., 1997). 

At 08:45, participants rested in a darkened, temperature-controlled (24°C) room 

for 15 minutes before the simultaneous assessment of macrovascular (FMD) 

and microvascular (PRH and total reactive hyperaemia) function. 

At 09:15, one hour after breakfast, participants completed on separate days and 

in a randomised order: 1) ~ 30 minutes of continuous MIE at 90% of the GET; 

or 2) 23 minutes of HIIE. The HIIE bout consisted of a 3 minute warm up at 20 

W, followed by 8 x 1 minute intervals at 90% of the peak power determined from 

the ramp test to exhaustion, interspersed with 75 seconds of recovery at 20 W, 

before a 2 minute cool down at 20 W. The duration of the MIE trial was 

calculated to match the total work performed during the HIIE bout. Thus, the 

exercise trials were identical in design to the MIE and HIIE bouts performed in 

Chapters 4 and 6. RPE was measured in the final 10 seconds of exercise 
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(Yelling et al., 2002), and participants completed the PACES questionnaire 

(Motl et al., 2001) immediately after exercise cessation. After their final exercise 

trial, each participant was asked to identify which exercise bout they preferred.  

Macro- and micro-vascular function were reassessed immediately after exercise 

cessation, with further measures 1 and 2 hours post exercise to facilitate 

comparison between extant literature in adults (Dawson et al., 2013). 

Participants remained seated and were inactive at all times other than during 

the exercise bouts.  

 

7.2.5 Measures of vascular function 

Flow mediated dilation and SRAUC were measured as described in Section 

3.10.1, and in accordance with recent guidelines (Thijssen et al., 2011) and 

Chapter 6. The between-trial coefficient of variation for FMD was 9.7%.  

During the FMD protocol, microvascular function was simultaneously assessed 

using a laser Doppler perfusion imager (Periscan PIM II, Perimed, Järfälla, 

Sweden) at a reproducible point on the distal third of the forearm (Cracowski et 

al., 2006). Methodological details are provided in Section 3.10.2. The between-

trial coefficient of variation for PRH and the total hyperaemic response was 13.3 

and 21.7% respectively. 

 

7.2.6 Standardisation of diet and physical activity  

With parental supervision, participants were asked to replicate their evening 

meal prior to each laboratory visit. Participants also completed a food diary 

during the 48 hour period immediately preceding each visit, which were 

subsequently assessed for total energy and macronutrient intake (CompEat 

Pro, Nutrition Systems, UK). Participants were instructed to avoid strenuous 

exercise and wear a tri-axial accelerometer on their wrist (GENEActiv, 

Activinsights Ltd, Cambridge, UK) during the 48 hour prior to each visit. Time 

spent performing moderate to vigorous activity was determined using 

established cut points for paediatric groups (Evenson et al., 2008). 
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7.2.7 Statistical analyses 

The primary outcome for macro-vascular function was the difference between 

log-transformed peak and baseline arterial diameter, adjusted allometrically for 

baseline diameter (Atkinson and Batterham, 2013). Data were analysed using a 

linear mixed model with a random intercept (accounting for repeated measures 

within participants) plus fixed effects for condition (moderate/ high intensity), 

time (pre, post, 1-hour, 2-hour), and their interaction. As appropriate for a 

crossover trial, data were also adjusted for trial order. Differences on the log-

scale were back-transformed to provide percent (ratio) effects. Point estimates 

are presented together with 95% CI. Additionally, the AUC for estimated shear 

rate was calculated from the last 30 s of occlusion until the time of peak dilation 

(SRAUC) (Harris et al., 2010), however FMD was not related to SRAUC at rest or 

at any point post exercise in either trial (P = 0.21 to 0.80, r = -0.1 to 0.4) which 

is consistent with Chapter 6 and other paediatric data (Thijssen et al., 2009a). 

Consequently, FMD was not normalised for SRAUC. 

Descriptive statistics were calculated using SPSS (version 19.0, Chicago, USA) 

and presented as mean ± SD. Mean differences in descriptive statistics 

between boys and girls were analysed using independent samples t tests. The 

mean differences in the physiological and perceptual responses of the boys and 

girls during HIIE and MIE were analysed using paired samples t tests. 

Parameters of macro- and microvascular function were analysed using a mixed 

model ANOVA with trial (MIE, HIIE) and sex (male, female) as the main effects. 

The inclusion of sex into the ANOVA model did not reveal a significant 

interaction effect for parameters of macro- and micro-vascular function. Data 

were subsequently pooled for these outcomes. Pairwise comparisons between 

means were interpreted using the P value, 95% CI and standardised ES to 

document the magnitude of the effect using the thresholds: small (0.2), 

moderate (0.5) and large (0.8) (Cohen, 1988). Relationships between changes 

in vascular outcomes and mechanistically important variables were explored 

using Pearson’s correlations.  
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7.2.8 Power calculation 

It is difficult to identify the sample size needed to appropriately power this 

investigation as no study has performed allometric scaling in order to partition 

out the confounding effect of the exercise bout on baseline diameter. However, 

conceptually similar studies in paediatric (Mills et al., 2014) and adult groups 

(Johnson et al., 2012, Birk et al., 2013) have identified an independent effect of 

exercise intensity on the acute ratio-scaled FMD response post exercise using 

samples sizes ranging from 10 to 15 participants. A power calculation was 

determined using the mean change in FMD (~5%) and standard deviation 

(3.5%) reported by Mills et al. (2014) immediately after high-intensity 

exergaming. 

 

2 (3.5)2 (1.96 + 0.84)2 
N =          

52 

 

 

N = 8 

 

 

7.3 Results 

Baseline participant characteristics are presented in Table 7.1. The maturation 

status for boys and girls was as follows; Tanner stage 2, n=1 and n=0; stage 3, 

n=3 and n=0; stage 4, n=5 and n=7; stage 5, n=1 and n=3. No differences in 

energy intake, individual macronutrient contributions, or time spent performing 

moderate to vigorous physical activity were apparent for boys or girls during the 

48 hour preceding each laboratory visit (P>0.50, ES<0.20; Table 7.2).  
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 Table 7.1 Participant characteristics 

 Boys (n = 10) Girls (n = 10) 95% CI ES 

Age (y)  14.1 ± 0.3 14.1 ± 0.3      -0.3 to 0.4 0.00 

Body mass (kg)    61.6 ± 15.9 54.9 ± 4.6  -4.9 to 18.3 0.57 

Stature (m)    1.66 ± 0.10   1.65 ± 0.08     -0.08 to 0.09 0.11 

�̇�O2 max (L∙min-1)    2.77 ± 0.80   2.04 ± 0.36      0.13 to 1.34 1.18 

�̇�O2 max (mL∙min-1∙kg-1)  44.8 ± 6.4 37.1 ± 5.3    2.2 to 13.2 1.26 

GET (L∙min-1)    1.36 ± 0.35   1.08 ± 0.17  0.02 to 0.54 1.02 

GET (% �̇�O2 max)  49 ± 4 53 ± 6       -9 to 1 0.78 

 

    �̇�O2, oxygen uptake; GET, gas exchange threshold; 95% CI, 95% confidence interval for the true 

 difference; ES, effect size. Data presented as mean ± SD. 

 

  Table 7.2 Accelerometer and food diary data during the 48 hours preceding each trial 

   MIE   HIIE  95% CI  ES 

 

Moderate-vigorous activity (min day-1)   38 ± 12   36 ± 15   -9 to 18  0.15 

Total energy intake (kcal day-1) 1945 ± 301           1887 ± 341           -163 to 279   0.18 

Energy from carbohydrates (%) 47 ± 5 47 ± 5 -4 to 4 <0.01 

Energy from fat (%) 38 ± 4 38 ± 6 -4 to 4 <0.01 

Energy from protein (%) 15 ± 4 15 ± 3 -2 to 2 <0.01 
   

  

 

  MIE, moderate-intensity exercise trial; HIIE, high-intensity interval exercise trial; ES, effect size. 95% CI, 95% confidence 
 limits for the true difference. Data have been pooled as ANOVA analysis revealed no main effect for sex 
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7.3.1 Exercise trials 

The physiological and perceptual data from the exercise trials are presented in 

Table 7.3. All participants completed both exercise trials. The highest �̇�O2 

achieved during the HIIE condition equated to 96 ± 5%. Average length of the 

MIE trial was 25.8 ± 2.1 minutes. Nine boys and eight girls indicated that they 

preferred the HIIE exercise bout. 

 

Table 7.3 Physiological and perceptual responses to MIE and HIIE  

   MIE  HIIE 95% CI ES 

Mean HR (b∙min-1)*     129 ± 14 150 ± 14 17 to 25 1.50 
Mean HR (% HRmax)*       66 ± 6 77 ± 6   9 to 13 1.83 

Mean �̇�O2 (L∙min-1)   1.19 ± 0.26   1.49 ± 0.37 0.23 to 0.39 0.94 

Mean �̇�O2 (% �̇�O2 max)       51 ± 8 63 ± 7 10 to 15 1.60 

RER   0.91 ± 0.05   1.03 ± 0.06 0.10 to 0.15 2.17 
RPE   4 ± 2   7 ± 1 2 to 4 1.90 
PACES       57 ± 9 65 ± 7   5 to 13 0.99 
Work performed (kJ)     117 ± 18 117 ± 18  - - 
Energy Expenditure (kJ)    770 ± 182 -  - - 

 

HR, heart rate; �̇�O2, oxygen uptake; RER, respiratory exchange ratio; RPE, rate of perceived 
exertion; PACES, physical activity enjoyment scale; MIE, moderate-intensity exercise trial; HIIE, 
high-intensity exercise trial; 95% CI, 95% confidence interval for the true difference; ES, effect 
size. Data presented as mean ± SD and pooled for sex.  n = 20 apart from * where n = 18 due 
to loss of telemetry  

 

7.3.2 Macrovascular function 

Baseline arterial diameter, SRAUC and FMD are illustrated in Figure 7.1. There 

was a main effect of time (P<0.001), but not trial (P=0.68), or time by trial 

interaction (P=0.09) for baseline arterial diameter. Baseline arterial diameter 

was greater immediately after exercise compared to pre exercise values in MIE 

(P=0.03, 95% CI 0.01 to 0.22, ES=0.32) and HIIE (P=0.01, 95 CI 0.05 to 0.35, 

ES=0.51). Baseline diameter was not different from pre exercise values at any 

other point in either trial (P>0.21, ES<0.20 for all). 

There was a main effect of time (P<0.001), but not trial (P=0.28), or time by trial 

interaction (P=0.75) for SRAUC. Pairwise comparisons revealed that SRAUC was 

elevated immediately after exercise compared to baseline in MIE (P<0.001, 



196 
 

95% CI 206 to 564, ES=1.20) and HIIE (P=0.001, 95% CI 205 to 704, 

ES=1.31). There was also a trend for SRAUC to be greater 1 hour after MIE 

(P=0.06, 95% CI -10 to 358, ES=0.55) and HIIE (P=0.08, 95% CI -27 to 394, 

ES=0.64) compared to baseline. SRAUC was not different from baseline 2 hours 

after exercise for either trial (P>0.14, ES<0.36 for both). 

A time by trial interaction was present for FMD (P<0.001). No differences in 

mean FMD at baseline were apparent between trials (P=0.62, 95% CI -1.2 to 

0.7, ES=0.12).  Compared to baseline, FMD was attenuated immediately after 

HIIE (P<0.001, 95% CI -4.4 to -2.3, ES=1.20), but was unchanged immediately 

following MIE (P=0.28, 95% CI -1.5 to 0.4, ES=0.26). Consequently, FMD was 

lower in HIIE compared to MIE immediately post exercise (P<0.001, 95% CI -

3.4 to -1.6, ES=1.57). FMD was not different from baseline 1 hour (P=0.67, 95% 

CI -0.8 to 1.2, ES=0.10) and 2 hours (P=0.72, 95% CI -0.8 to 1.1, ES=0.08) 

after MIE, however FMD was greater than baseline after HIIE at these time 

points (P<0.001, 95% CI 1.7 to 3.7, ES=1.33 and P<0.001, 95% CI 1.8 to 3.7, 

ES=1.36, respectively). Consequently, FMD was greater in HIIE compared to 

MIE 1 hour (P<0.001, 95% CI 1.8 to 3.8, ES=1.31) and 2 hours (P<0.001, 95% 

CI 1.8 to 3.8, ES=1.33) post exercise. Changes in FMD post exercise were not 

related to age, maturity (Tanner stage) or aerobic fitness in either MIE or HIIE 

(r<0.43 and P>0.10 for all). 
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Figure 7.1 Mean baseline arterial diameter (A), area under the curve for shear versus time 

(SRAUC; B) and flow mediated dilation (FMD; C) pre and post moderate-intensity exercise (▲) 

and high-intensity interval exercise (■). Error bars represent the standard deviation. Significant 

difference from pre exercise is denoted by 
#
 for moderate-intensity exercise and * for high-

intensity interval exercise. 
‡
 denotes significant difference between exercise trials. Refer to text 

for specific P values. 
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7.3.3 Microvascular function 

Differences in parameters of microvascular function are presented in Figure 7.2. 

There was a main effect of trial (P=0.002) and time (P<0.001) for PRH, but no 

time by trial interaction (P=0.14). There were no differences between trials in 

mean PRH at baseline (P=0.51, 95% CI -0.18 to 0.09, ES=0.12). Compared to 

baseline, PRH increased immediately after MIE (P=0.048, 95% CI 0.02 to 0.46, 

ES=0.72) and HIIE (P<0.001, 95% CI 0.26 to 0.61, ES=1.16). PRH was greater 

in HIIE compared to MIE immediately after (P=0.02, 95% CI 0.05 to 0.44, 

ES=0.73) and 1 hour after exercise (P=0.002, 95% CI 0.13 to 0.48, ES=0.67). 

There was also a trend for PRH to be greater in HIIE 2 hours after exercise 

(P=0.08, 95% CI -0.03 to 0.42, ES=0.43). 

There was a main effect of trial (P=0.01) and time (P<0.001) for the total 

hyperaemic response, but no time by trial interaction (P=0.17). There were no 

differences in total hyperaemic response between trials at baseline (P=0.65, 

95% CI -28 to 18, ES=0.12). Compared to baseline, the total hyperaemic 

response was greater at all times after MIE (P<0.02 and ES>0.60 for all) and 

HIIE (P<0.001 and ES>1.18 for all). The total hyperaemic response was greater 

in HIIE compared to MIE immediately after (P=0.03, 95% CI 3 to 57, ES=0.67) 

and 1 hour after exercise (P=0.01, 95% CI 12 to 72, ES=0.62), with a strong 

trend for a statistical difference 2 hours after exercise (P=0.06, 95% CI -1 to 56, 

ES=0.45). 
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Figure 7.2 Mean peak reactive hyperaemia (PRH; A) and total reactive hyperaemia (B) pre and 

post moderate-intensity exercise (▲) and high-intensity interval exercise (■). Error bars 

represent the standard deviation. Significant difference from pre exercise is denoted by 
#
 for 

moderate-intensity exercise and * for high-intensity interval exercise. 
‡
 denotes significant 

difference between exercise trials. Refer to text for specific P values. 

 

7.4 Discussion 

The purpose of this investigation was to establish the effect of exercise intensity 

on macro- and micro-vascular function in adolescents, and to document the 

time course of the response. The novel findings from this study are: compared 

to baseline, 1) FMD is attenuated immediately following a single bout of HIIE 

but not MIE; 2) FMD is elevated 1 and 2 hours after HIIE, but unchanged in 

MIE; 3) PRH and total hyperaemic response are both increased during the 2 
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hours immediately following MIE and HIIE, and the magnitude of this increase is 

greater after HIIE than MIE. This is the first study to isolate the effect of exercise 

intensity and include serial measures of vascular function in adolescents after a 

single bout of exercise. The findings indicate that exercise intensity has an 

independent effect on macro- and micro-vascular function in young people, 

which likely have important implications for vascular health. 

 

7.4.1 Macrovascular function 

This study demonstrates that an immediate post exercise nadir in FMD is 

present following HIIE but not MIE, which is consistent with work-matched data 

in adults (Birk et al., 2013, Johnson et al., 2012) and the only available data in 

young people (Mills et al., 2013). Mills et al. (2013) hypothesised that this 

attenuation in FMD after high-intensity exercise might precede an increase in 

FMD, and might therefore be considered to be beneficial. However, these 

authors did not include serial measures of FMD in their investigation, and 

evidence of this response in endothelial function post exercise is scarce 

(Johnson et al., 2012). Furthermore, the “high-intensity” exergaming trial 

included by Mills et al. (2013) elicited a mean �̇�O2 peak of 3.6 ± 2.5 metabolic 

equivalents, which the authors correctly classify as moderate-intensity (Norton 

et al., 2010). Therefore, the present study extends the work by Mills et al. and is 

the first to confirm that the initial impairment in FMD following high-intensity 

exercise precedes an increase in macrovascular function, and that this 

improvement is present at least two hours later. Thus, exercise which elicits a 

greater acute challenge on the vasculature may be associated with larger 

increases in FMD in adolescents, and the evidence of a biphasic response in 

FMD post high-intensity exercise is compelling. 

The failure to observe any changes in FMD immediately after MIE is consistent 

with the data provided by Mills et al. (2013) following “low-intensity” exergaming, 

however this study extends their findings and report that endothelial function 

remained unchanged during the 2 hours that followed. Interestingly, the lack of 

change in FMD in the hours after MIE is consistent with some (Johnson et al., 

2012, Birk et al., 2013), but not all (Harris et al., 2008, Tyldum et al., 2009) data 

in healthy adults. However, in addition to differences in exercise stimulus, timing 
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of the FMD measurement and interpretation of the ratio-scaled FMD statistic 

(Atkinson and Batterham, 2013, Dawson et al., 2013), an independent effect of 

training status (Harris et al., 2008) has been observed on the acute FMD 

response. Furthermore, evidence suggests that age might modulate vascular 

reactivity to the FMD protocol (Thijssen et al., 2009a). Although the data is 

unable to confirm a potential confounding effect of age, maturity (Tanner stage) 

or aerobic fitness on the change in FMD post MIE and HIIE, it appears that a 

direct comparison between the findings of the present study with apparently 

healthy adolescents and the available adult literature may be problematic. 

Shear (when expressed as SRAUC) is thought to be the main stimulus underlying 

the FMD response in healthy adults at rest (Pyke and Tschakovsky, 2007). 

However, the relationship between SRAUC and FMD is not as robust following 

exercise (Llewellyn et al., 2012). Indeed, FMD remained elevated in the hours 

following HIIE despite a steady decline in SRAUC. The relationship between 

SRAUC and FMD has been shown to be weak in young people even at rest 

(Thijssen et al., 2009a), a finding also observed in this study. It is therefore not 

surprising that differences in the FMD response 1 and 2 hours post exercise 

were independent of changes in SRAUC. Considering that baseline arterial 

diameter remained unchanged 1 and 2 hours following MIE and HIIE, and that 

data were analysed using recent statistical guidelines designed to partition out 

the influence of vessel calibre (Atkinson and Batterham, 2013), these findings 

are also not explained by this factor. It is therefore not possible to identify the 

mechanism(s) underlying the disparity in FMD response presented here.  

It has been speculated elsewhere that the initial impairment in FMD immediately 

following exercise relates to an increase in oxidative stress (Dawson et al., 

2013, Johnson et al., 2012), which would reduce the bioavailability of nitric 

oxide (Cai and Harrison, 2000). Whilst this outcome was not measured, an 

increase in oxidative stress following high-intensity exercise is not consistent 

with the augmented FMD response observed 1 and 2 hours after HIIE. 

Conversely, an exercise-intensity dependent increase in total antioxidant status 

has been reported during the hours following work-matched HIIE but not MIE 

(Tyldum et al., 2009), which would prevent the reduction in nitric oxide 

bioavailability associated with an increase in exercise-induced oxidative stress. 

However, this is not a consistent finding (Harris et al., 2008, Johnson et al., 
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2012), and the changes in FMD 1 hour after identical HIIE in adolescents in 

Chapter 6 were not related to total antioxidant status. Alternatively, given that 

the exercise bouts were work-matched in the present study, these data may be 

explained by a positive association between the intensity of exercise and 

subsequent activity of endothelial nitric oxide synthase. Indeed, data in adults 

demonstrate that brachial artery shear increases with the intensity of cycling 

exercise (Thijssen et al., 2009b), and this has been demonstrated to play a 

leading role in the post exercise FMD response (Tinken et al., 2009). We did not 

quantify brachial artery shear during the exercise bouts as this is technically 

challenging during HIIE. However, Chapter 4 identified a reduction in 

postprandial systolic blood pressure in the 5 hours after HIIE, but not MIE, in 

adolescents, which would be consistent with an upregulation in endothelial nitric 

oxide synthase activity. 

An interesting finding of the present study is that the magnitude of the increase 

in FMD observed 1 hour after HIIE was also present after 2 hours. Further study 

is needed to identify the precise decay in this favourable response after high-

intensity exercise, although this benefit has been reported the following day in 

adults (Tyldum et al., 2009). Additionally, Chapter 6 demonstrates that a similar 

increase in FMD is present 4 hours after exercise despite the consumption of a 

meal which impaired FMD in a non-exercise control trial, whilst Sedgwick et al. 

(2014) reported an increase in postprandial FMD the day after repeated sprint 

cycling in adolescent boys. Therefore, a single bout of HIIE appears to provide 

a potent stimulus for macrovascular health, and may provide superior health 

benefits compared to MIE if repeated on a regular basis. Indeed, high-intensity 

interval training has been demonstrated to be more effectual in promoting 

macro-vascular function than moderate-intensity training in adults at risk of 

vascular dysfunction (Tjonna et al., 2008), and offer superior improvements in 

FMD than a multi-disciplinary approach in overweight adolescents (Tjonna et 

al., 2009). Furthermore, only time spent performing vigorous-, but not moderate-

, intensity exercise is related to vascular function in children (Hopkins et al., 

2011).  
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7.4.2 Microvascular function 

A novel feature of this investigation was the simultaneous assessment of post-

occlusive reactive hyperaemia in the cutaneous circulation (Cracowski et al., 

2006) during the FMD protocol. Chapter 6 demonstrated that microvascular 

function is improved following both MIE and HIIE, and that the magnitude of this 

improvement is greater following HIIE. Furthermore, PRH and the total 

hyperaemic response to occlusion remained elevated 2 hours after exercise.  

The data from this study show that transient improvements in microvascular 

function are possible following exercise without concomitant changes in FMD. 

No association has been demonstrated between FMD and reactive 

microvascular hyperaemia in adults post exercise (Shamim-Uzzaman et al., 

2002), presumably because the post-occlusive cutaneous response is not 

mediated by nitric oxide (Wong et al., 2003). The finding that micro-, but not 

macro-, vascular function was improved in the hours after MIE is probably 

testament to the different mechanisms underlying the post-occlusive 

hyperaemic response in this investigation, i.e. only the latter is NO-mediated 

(Wong et al., 2003). Furthermore, the microvascular post-occlusive response 

may include both endothelial-independent and dependent pathways (Cracowski 

et al., 2006). It is therefore likely inappropriate to adopt measures of 

macrovascular health as an indication of global vascular function, especially as 

the earliest changes in vascular function due to the metabolic syndrome may be 

specifically linked to the capillary and arteriole beds, rather than the larger, 

conduit arteries (Pinkney et al., 1997). As a result, simultaneously assessing 

microvascular function alongside FMD may offer a novel insight regarding the 

effects of exercise intensity on vascular health. 

This study is the first to show that a single bout of MIE or HIIE can improve 

microvascular function in the hours following exercise, and that HIIE may 

provide a superior benefit. Whilst this investigation is unable to identify the time 

course of the decay in these favourable responses post exercise, Gill et al. 

(2004) reported that endothelium-dependent microvascular function remained 

elevated 16-18 hours after 90 minutes of walking at 50% �̇�O2 max in adults. 

Therefore, repeating a single bout of exercise may have some utility in 

promoting microvascular function the following day, although this needs to be 
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confirmed in adolescents. Conversely, there is evidence suggesting that the 

intensity of habitual physical activity may not influence microvascular 

endothelial function in adolescents (Radtke et al., 2013). However, this study 

determined microvascular function by means that are considered to be NO-

dependent, which is mechanistically disparate from the method adopted in 

current investigation (Wong et al., 2003). Currently, no study has identified the 

efficacy of HIIE training on microvascular health in asymptomatic adolescents. 

Further study is therefore needed to identify whether the acute benefits in 

microvascular function observed in the present study translate into meaningful 

benefits in this group with time. 

 

7.4.3 Translational perspective 

Impairments in vascular function have been argued to be the earliest 

manifestation of CVD (Juonala et al., 2004, Ross, 1999) and the metabolic 

syndrome (Pinkney et al., 1997). Changes in vascular function after a single 

exercise bout may provide the foundation for chronic adaptations (Birk et al., 

2013, Dawson et al., 2013). Therefore, the finding that a single bout of HIIE 

promotes superior improvements in macro- and micro-vascular function in the 

hours after exercise compared to MIE may have importance regarding the 

primary prevention of these diseases. Given that the HIIE was deemed to be 

more enjoyable than the MIE bout (which is consistent with Chapters 4 and 6), 

repeating HIIE may be more popular and effectual than MIE for the promotion of 

macro- and micro-vascular health in adolescents. 

 

7.4.3 Limitations and considerations 

This is the first study to isolate the effect of exercise intensity on vascular 

function in adolescents. The strengths of this investigation include a work-

matched design, control of prior physical activity and dietary factors, serial 

measures of macro- and micro-vascular function and allometric scaling of the 

FMD statistic. However, apart from reporting SRAUC and baseline arterial 

diameter, this study is not able to provide any mechanistic data which could 

potentially explain the changes in vascular function following MIE and HIIE. A 
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further limitation is that it was not possible to measure the time course of these 

changes beyond 2 hours post exercise. Thus, the rate of decay in microvascular 

function following MIE and HIIE, and macrovascular function following HIIE 

remains unknown. It also cannot be ruled out that an increase in skin 

temperature following exercise influenced the measurement of microvascular 

function. However, this unavoidable confounding effect is likely limited to the 

time point immediately post exercise as participants were acclimatised to the 

temperature-controlled (24°C) room for all other vascular measures. 

Furthermore, the analysis of the post-occlusive reactive hyperaemic response 

accommodates differences in baseline perfusion (Wong et al., 2003). Finally, 

this study cannot partition out the possible interaction between exercise 

intensity and diurnal variation in FMD. Data in adults suggests that FMD could 

decline by ~ 1% from baseline values over the course of the measurement 

period adopted in the present study (Ringqvist et al., 2000). However, the 

magnitude of this effect is far lower, and in the opposite direction, than the 

change observed following HIIE in the present study.   

 

7.5 Conclusion 

These data indicate that the intensity of exercise has an independent effect on 

macro- and micro-vascular function in adolescents. Specifically, macrovascular 

function was improved in the hours after HIIE but not MIE. Additionally, both 

exercise bouts enhanced microvascular function, although the magnitude of this 

increase was greater after HIIE. Therefore, it is likely that repeating high-

intensity exercises may provide superior health benefits and lower 

cardiovascular disease risk than moderate-intensity activities. Given that HIIE 

was deemed to be more enjoyable than MIE, HIIE may provide an attractive, 

alternative to traditional MIE.  
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Chapter 8 

 

Two weeks of high-intensity interval training on novel 

and traditional CVD risk factors in adolescents 
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8.1 Introduction 

Whilst clinically overt CVD is not apparent until later life, the atherosclerotic 

process is known to originate in childhood (Stary, 1989) and the progression of 

this disease is related to CVD risk factor status in youth (Berenson et al., 1998, 

Mahoney et al., 1996). Furthermore, clustering of these risk factors track into 

adulthood (Bao et al., 1994, Katzmarzyk et al., 2001). Consequently, 

interventions which modify CVD risk factors in the first two decades of life are 

warranted for the primary prevention of CVD across the lifespan (McGill et al., 

2000). 

Physical activity reduces the clustering of traditional CVD risk factors in 

adolescents independently of sedentary time (Ekelund et al., 2012). Despite 

this, few adolescents meet the current recommended minimum of 60 minutes of 

moderate-intensity physical activity per day (Riddoch et al., 2007), and 

interventions only have a small effect on increasing physical activity levels in 

paediatric groups (Metcalf et al., 2012). Encouragingly, recent observational 

studies indicate that accumulating small volumes (~ 7 minutes) of vigorous 

physical activity can reduce CVD risk in adolescents (Carson et al., 2014, Hay 

et al., 2012). Additionally, 2 weeks of low-volume, HIIT can improve aerobic 

fitness in adolescents (Barker et al., 2014), which is associated with a reduced 

risk of cardiovascular events in later life (Hogstrom et al., 2014). Furthermore, 

7-12 weeks of HIIT can improve traditional CVD risk factors in adolescents 

(Logan et al., 2014). However, evidence indicates that favourable changes in 

traditional CVD risk factors with exercise may only account for ~ 60% of the 

reduction in CVD risk (Mora et al., 2007), and it is thought that improvements in 

endothelial function and cardiac autonomic modulation (HRV) may account for 

some of this “risk factor gap” (Green et al., 2003, Joyner and Green, 2009).  

An impairment in endothelial function is present in asymptomatic children and 

adolescents with CVD risk factors (Celermajer et al., 1992), and is considered 

to be a sentinel event in the progression of atherosclerosis (Juonala et al., 

2004). Poor autonomic function is also associated with clustered CVD risk in 

adolescence (Farah et al., 2014). It has been demonstrated that time spent 

performing high-intensity activities are most important for promoting vascular 

health (Hopkins et al., 2009) and autonomic function (Buchheit et al., 2007) in 
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children. Chapters 6 and 7 also demonstrate that a single bout of HIIE acutely 

promotes superior vascular health benefits than an equivalent MIE bout in 

adolescents. Therefore, performing small volumes of HIIE might provide a time 

efficient strategy for the modification of both traditional and novel CVD risk 

factors in adolescents. 

Current understanding of how HIIT influences traditional and novel CVD risk 

factors in adolescents is limited to fasting measures, but adolescents may 

spend up to two thirds of the day in a postprandial state. As such, it is important 

to assess CVD risk factors after a meal. Indeed, elevated non-fasting [TAG] in 

youth predict future CVD (Morrison et al., 2009). Additionally, the consumption 

of a high fat meal promotes a transient impairment in endothelial function (Vogel 

et al., 1997), which is a pre-requisite for the development of fatty streaks 

(Juonala et al., 2004), and lowers HRV (Charlot et al., 2011). HIIT has been 

shown to attenuate postprandial lipaemia in at-risk adult groups (Freese et al., 

2015). However, the reduction in postprandial lipaemia following 6 weeks of 

HIIT is comparable to that observed after a single bout of high-intensity exercise 

(Freese et al., 2015) indicating that this benefit is related to the last training 

session, rather than a chronic adaption per se. No data are available identifying 

whether this is also the case for endothelial function or HRV in apparently 

healthy adolescents.    

Given the above, the primary purpose of this study was to test the hypothesis 

that 2 weeks of HIIT can improve traditional and novel CVD risk factors in both 

the fasted and postprandial state in adolescents. A secondary aim was to 

determine whether any benefits observed the day after training cessation were 

present three days after the last training bout. 

 

8.2 Methodology 

8.2.1 Participants 

Sixteen 13 to 14-year-olds (7 girls) volunteered to take part in this study. 

Participant assent and parental consent were provided before participation in 

the project, which was approved by the institutional ethics committee. Exclusion 

criteria included any contraindications to exercise and the use of medications or 
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substances known to influence blood pressure, cholesterol or carbohydrate and 

fat metabolism. One boy and one girl failed to complete the HIIT protocol due to 

illness. A further boy did not complete the HIIT due to an unrelated injury. Thus 

13 adolescents (6 girls) completed this investigation. 

 

8.2.2 Experimental overview 

Participants were transported to the laboratory on 4 separate occasions over a 

3 week period. Visits 1 and 2 consisted of the pre-training outcome measures 

(PRE). Subsequently, participants completed six sessions of supervised HIIT, 

before completing the post-training measures the day after the last training 

session (visit 3, POST-1D) and three days after training cessation (POST-3D).  

 

8.2.3 Visit 1: Anthropometric measures, maximal oxygen uptake and gas 

exchange threshold 

Stature, body mass and somatic maturity were measured as described in 

Section 3.3. Participants completed a combined ramp and supramaximal test to 

exhaustion to establish �̇�O2 max (Barker et al., 2011; Section 3.4).  

 

8.2.4 Visits 2, 3 and 4: Pre and post training outcomes 

A schematic of these visits is provided in Figure 8.1. Following a ~ 12 hour 

overnight fast, participants were transported to the laboratory at 07:45 and 

rested for 15 minutes before the assessment of SBP (Dinamap Carescape 

V100, GE Healthcare, USA), FMD and HRV at 08:00. Fasting capillary blood 

samples for plasma [TAG], [glucose], [total cholesterol (TC)], [HDL], [LDL] and 

[glutathione peroxidase (GTP)] were then collected. Participants then consumed 

a high fat and sugar meal consisting of a chocolate croissant with added 

chocolate spread, a chocolate muffin and a 300 mL commercially available fruit 

smoothie with 50 mL added double cream. This meal was consumed within 15 

minutes and provided approximately 68 g of fat, 80 g of sugar and 7134 kJ. 

Plasma [TAG] and [glucose] were then assessed 30 minutes and 1, 2, 3 and 4 

hours later. Plasma [GTP], FMD and HRV were re-assessed 3 hours after the 

test meal in order to coincide with the expected peak in plasma [TAG] based on 
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the findings of Chapters 4 and 6. During visit 4 only, participants repeated the 

combined ramp and supramaximal test to exhaustion (Barker et al., 2011) after 

the 4 hour postprandial observation period.  

 

 

Figure 8.1 Schematic of fasted and postprandial assessments. Grey boxes indicate 

assessment of [glutathione peroxidase], flow mediated dilation and heart rate variability. Arrows 

represent capillary blood samples and assessment of systolic blood pressure. Please refer to 

text for precise timings of plasma [triacylglycerol], [glucose], [total cholesterol], [high-] and [low-

density lipoproteins].   

 

8.2.5 High-intensity interval training intervention 

All HIIT sessions were performed using a mechanically-braked cycle ergometer 

(Monark 827e, Monark exercise AB, Sweden) located in a satellite laboratory at 

a local secondary school. Each participant completed six supervised HIIT 

sessions over a 2 week period. In accordance with Chapters 4, 6 and 7, the first 

training session included 8 repetitions of 1 minute at 90% of the peak power 

output determined from the prior ramp test to exhaustion, separated by 75 

seconds of unloaded pedalling. The number of repetitions was increased to 9 

during sessions three and four, and 10 for the remaining two sessions. A 3 

minute unloaded warm up and cool down were provided. Participants cycled at 

a self-selected (70-95 revolutions∙min-1) but constant cadence and a RPE 

(Yelling et al., 2002) was noted after every other repetition.    

 

8.2.6 Assessment of novel CVD risk factors 

Flow mediated dilation and SRAUC were measured as described in Section 

3.10.1, in accordance with recent guidelines (Thijssen et al., 2011) and 
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Chapters 6 and 7. All analyses were performed by the primary investigator who 

was blinded to the measurement point.  

HRV was simultaneously assessed during the FMD protocol using the time 

intervals between each ECG-gated image of the brachial artery (i.e. the R-R 

interval) during the 1.5 minutes prior to cuff occlusion. These data were 

screened for ectopic beats, and artefacts were removed and replaced by the 

mean of the adjacent beats. The root mean square of the squared differences 

between adjacent normal R-R intervals (RMSSD) was calculated using the 

Kubios HRV software (Biosignal Analysis and Medical Imaging Group, Joensuu, 

Finland), which has recently been used to establish reference values in 

adolescent boys (Farah et al., 2014). 

 

8.2.7 Blood sampling and analyses 

For each blood sample, ~ 900 µL of capillary blood was collected and 

centrifuged immediately at 13,000 g for 15 minutes at 4°C. Plasma was then 

removed and stored at -80°C for no more than one month, or analysed 

immediately for [glucose] (YS1 2300 Stat Plus Glucose and L-Lactate Analyzer, 

YSI Inc., Yellow Springs, USA). Plasma [TAG] and [GTP] (Cayman Chemical 

Company, MI, USA) were quantified in duplicate by enzymatic, colorimetric 

methods using an assay kit according to the manufacturer’s guidelines. The 

within-batch coefficients of variation for plasma [TAG], [glucose], and [GTP] 

were 4.2, 1.4 and 3.8% respectively. [TC], [HDL] and [LDL] were assessed in 

capillary whole blood (CardioChek, Polymer Technology Systems, IN, USA) and 

the fasted TC:HDL ratio was calculated as a marker of CVD risk (Lemieux et al., 

2001). Haematocrit and haemoglobin values were determined from the fasted 

capillary blood samples in order to calculate changes in plasma volume 

following HIIT (Dill and Costill, 1974). 

 

8.2.8 Standardisation of diet and physical activity 

With parental supervision, participants were asked to replicate their evening 

meal prior to each laboratory visit. Participants also completed a food diary 

during the 48 hour period immediately preceding each visit, which were 
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subsequently assessed for total energy and macronutrient intake (CompEat 

Pro, Nutrition Systems, UK). Participants were instructed to avoid strenuous 

exercise and wear a tri-axial accelerometer on their wrist (GENEActiv, 

Activinsights Ltd, Cambridge, UK) during the 48 hour prior to each visit. Time 

spent performing moderate to vigorous activity was determined using 

established cut points for paediatric groups (Phillips et al., 2013). 

 

8.2.9 Statistical analyses 

The TAUC analysis was performed using the trapezium rule (GraphPad Prism, 

GraphPad Software, San Diego, CA) to describe the postprandial differences in 

SBP and plasma [glucose], [TAG], [glucose] and [GTP] between visits. The 

IAUC was also calculated for plasma [TAG], [glucose] and [GTP]. All AUC 

analyses were calculated using the time point immediately before the test meal. 

FMD was calculated as the difference between log-transformed peak and 

baseline arterial diameter, adjusted allometrically for baseline diameter 

(Atkinson and Batterham, 2013) and analysed using a linear mixed model with 

fixed effects for visit (PRE, POST-1D, POST-3D), time (fasted and 

postprandial), and their interaction. Differences on the log-scale were back-

transformed to provide percent (ratio) effects and interpreted in the conventional 

manner. 

Descriptive statistics were calculated using SPSS (version 19.0, Chicago, USA) 

and presented as mean ± SD. Differences between parameters of fitness and 

plasma volume before and after training were explored using paired samples t 

tests. Analysis of plasma [TAG], [glucose], [GTP], [TC], [HDL], [LDL], TC:HDL, 

blood pressure, SRAUC, HRV, food diary data and time spent performing 

moderate to vigorous activity were initially performed using a mixed model 

ANOVA with visit (PRE, POST, POST-3D), time (fasted or postprandial) and 

sex as the main effects. However, the inclusion of sex into the ANOVA model 

did not reveal any significant interaction effects, so data were subsequently 

pooled. Pairwise comparisons between means were interpreted using the P 

value, 95% CI and standardised ES to document the magnitude of the effect 
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using the thresholds: small (0.2), moderate (0.5) and large (0.8) (Cohen, 1988). 

Statistical significance was accepted when P<0.05. 

 

8.2.10 Power calculation 

No study has identified the influence of 2 weeks of HIIE on FMD in either adult 

or paediatric populations. Therefore, a power calculation was based upon the 

pooled mean and standard deviation in FMD from chapters 6 and 7 (8.6 ± 

1.6%), an alpha value of 0.05 and power set at 0.8. The equation below 

demonstrates that a sample size of 10 is required to detect a 2% change in 

FMD post training. 

 

2 (1.6)2 (1.96 + 0.84)2 
N =          

22 

 

N = 10 

 

 

8.3 Results 

The mean stature and mass were 162.5 ± 8.0 cm and 58.0 ± 7.3 kg, 

respectively. Three boys and 1 girl were considered to be overweight according 

to age-appropriate body mass index cut points (Cole et al., 2000). The 

maturation status for boys and girls was as follows; Tanner stage 3, n=2 and 

n=1; stage, 4 n=6 and n=1; stage 5, n=0 and n=5. No differences in energy 

intake, individual macronutrient contributions, or time spent performing 

moderate to vigorous physical activity were apparent for boys or girls during the 

48 hour preceding each laboratory visit (P>0.18, ES<0.20; Table 8.1). Mean 

RPE after the final cycling interval was 9±1 across all HIIT sessions. Plasma 

volume was not increased following HIIT (P=0.11, 95% CI 0.1 to 5.2, ES=0.55). 
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Table 8.1: Accelerometer and food diary data during the 48 hours preceding each visit 

 PRE POST-1D POST-3D 

PRE vs. 

POST-1D 

95% CI 

PRE vs. 

POST-3D 

95% CI 

POST-1D vs. 

POST-3D 

95% CI 

 

Moderate-vigorous activity (min day-1)   45 ± 30   63 ± 32   45 ± 20 -41 to 5   -23 to 22         -7 to 41 

Total energy intake (kcal day-1) 1781 ± 449 1882 ± 324           2067 ± 270             -554 to 353     -801 to 233 -472 to 101 

Energy from carbohydrates (%) 44 ± 8 48 ± 5 47 ± 9 -12 to 5 -11 to 5 -10 to 11 

Energy from fat (%) 39 ± 9 36 ± 4 39 ± 5       -8 to 14   -8 to 8 -8 to 2 

Energy from protein (%) 17 ± 4 17 ± 4 14 ± 4   -4 to 5   -2 to 9 -3 to 8 

 

PRE, before intervention; POST-1D, 1 day after the intervention; POST-3D, 3 days after the intervention. 95% CI, 95% confidence limits for the true difference. Data 

have been pooled as ANOVA analysis revealed no main effect for sex. POST-1D includes the time spent performing the final HIIT bout (~ 27 min). 
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Table 8.2: Fasted and postprandial health outcomes before, 1 day after and 3 days after training 

 
  PRE   POST-1D POST-3D 

PRE v POST-
1D ES 

PRE v POST-
3D ES 

POST-1D v 
POST-3D ES 

Fasted       
       

SBP (mmHg) 116 ± 11     114 ± 9 116 ± 10 0.20 0.00 0.21 

TAG (mmol∙L-1)   0.37 ± 0.18  0.34 ± 0.07   0.40 ± 0.10 0.22 0.21 0.70 

Glucose (mmol∙L-1)   5.05 ± 0.21  5.05 ± 0.31   5.05 ± 0.21 0.00 0.00 0.00 

GTP (mmol∙L-1) 100.3 ± 19.2  95.6 ± 20.5   93.8 ± 17.6 0.24 0.35 0.09 

TC (mmol∙L-1)   3.88 ± 0.81  3.81 ± 0.66   3.87 ± 0.79 0.09 0.01 0.08 

HDL (mmol∙L-1)   1.32 ± 0.35  1.38 ± 0.36   1.42 ± 0.42 0.17 0.26 0.10 

LDL (mmol∙L-1)   3.09 ± 1.13  2.93 ± 0.98     2.86 ± 0.90 0.15 0.23 0.07 

TC:HDL   3.00 ± 0.52  2.86 ± 0.60   2.84 ± 0.54 0.25 0.30 0.04 
       

 

   

   

Postprandial       
       

TAUC-SBP (mmHg∙4.25 h) 501 ± 41 497 ± 34 510 ± 32 0.11 0.24 0.39 

TAUC-TAG (mmol∙L-1∙4.25 h)   4.69 ± 3.32   4.04 ± 2.12   4.85 ± 2.30 0.23 0.06 0.37 

IAUC-TAG (mmol∙L-1∙4.25 h)   3.13 ± 2.84   2.67 ± 1.90   3.13 ± 2.00 0.19 0.00 0.24 

TAUC-glucose (mmol∙L-1∙4.25 h) 24.56 ± 1.49 24.74 ± 1.48 24.19 ± 0.94 0.12 0.30 0.44 

IAUC-glucose (mmol∙L-1∙4.25 h)   3.06 ± 1.46   3.32 ± 2.22   2.71 ± 1.40 0.14 0.24 0.33 

GTP (mmol∙L-1)   94.4 ± 25.4   91.3 ± 20.1   89.8 ± 16.3 0.14 0.22 0.08 
 

PRE, before intervention; POST-1D, 1 day after the intervention; POST-3D, 3 days after the intervention;  ES, effect size; SBP, systolic blood pressure; TC, total 

cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TAUC, total area under the curve; IAUC, incremental area under the curve; [TAG], plasma 

triacylglycerol. ANOVA revealed no effect of trial for any outcome.  
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8.3.1 Traditional cardiovascular disease risk factors 

The HIIT intervention increased peak power output by ~ 7% (217 ± 50 vs. 232 ± 

51 W; P=0.002, ES=0.32) but did not improve �̇�O2 max when expressed in 

absolute form (2.29 ± 0.63 vs 2.35 ± 0.63 L∙ min-1; P=0.36, ES=0.10) or 

normalised for body mass (39.1 ± 9.2 vs 40.2 ± 9.3 mL∙ kg-1 ∙ min-1; P=0.31, 

ES=0.12).  

Changes in fasted and postprandial outcomes are presented in Table 8.2. 

There was no effect of visit for fasted SBP (P=0.52), [glucose] (P=0.99), [TAG] 

(P=0.29), [GTP] (P=0.43) or TC:HDL (P=0.58). There was no effect of visit for 

TAUC-SBP (P=0.54), TAUC-TAG (P=0.22), IAUC-TAG (P=0.45), TAUC-

glucose (P=0.18) or IAUC-glucose (P=0.65). 

 

8.3.2 Novel cardiovascular disease risk factors 

Mean differences in baseline arterial diameter, SRAUC and FMD are presented 

in Figure 8.2. There was a visit by time interaction for baseline arterial diameter 

(P=0.05). Compared to PRE, postprandial baseline diameter was greater 

POST-1D (P=0.03, 95% CI 0.01 to 0.20, ES=0.39) and POST 3-D (P=0.01, 

95% CI 0.04 to 0.21, ES=0.0.42), although not different between POST-1D and 

POST-3D (P=0.73, 95% CI -0.06 to 0.08, ES=0.04). 

There was no effect of visit (P=0.34), time (P=0.15), or visit by time interaction 

(P=0.23) for SRAUC. FMD was related to SRAUC when fasted (r=0.39, P=0.02), 

but not following the test meal in any trial (r <0.31, P>0.30).  

There was an effect of visit (P<0.001) and time (P<0.001), but not a visit by time 

interaction (P=0.41), for FMD. Fasted FMD was greater POST-1D compared to 

PRE (P=0.003, 95% CI 0.4 to 1.9, ES=0.70) and POST-3D (P=0.04, 95% CI 0.1 

to 1.5, ES=0.48), with no difference between PRE and POST-3D (P=0.32, 95% 

CI -1.1 to 0.4, ES=0.22). The change between PRE and POST-1D fasted FMD 

was not related to PRE �̇�O2 max (r=0.03, P=0.93). 

Compared to the fasted measure, the test meal reduced FMD for all visits 

(P<0.001, 95% CI -2.0 to -1.1, ES=0.95). However, compared to PRE, 

postprandial FMD was greater POST-1D (P<0.001, 95% CI 0.9 to 2.4, ES=1.01) 
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and POST-3D (P=0.01, 95% CI 0.2 to 1.8, ES=0.60), with a trend for a 

difference between POST-1D and POST-3D (P=0.06, 95% CI 0.0 to 1.4, 

ES=0.42).  

 

Figure 8.2 Mean baseline arterial diameter (A), area under the curve for shear (SRAUC; B) and 

allometrically-scaled flow mediated dilation (FMD; C) before (●), 1 day after (■) and 3 days after 

(▲) the 2-week high-intensity interval training intervention. Error bars describe the standard 

deviation. 3 h PP, three hours postprandial. * P<0.05 for PRE vs POST-1D; 
‡ 
P<0.05 for PRE vs 

POST-3D;
 # 

P<0.05 for POST-1D vs POST-3D. 
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Mean differences in HRV are presented in Figure 8.3. There was an effect of 

visit (P=0.02) and time (P<0.001), but not a visit by time interaction (P=0.13), for 

HRV. Compared to PRE, fasted HRV was greater POST-1D (P=0.001, 95% CI 

9.1 to 27.2, ES=0.71) and POST-3D (P=0.02, 95% CI 2.5 to 20.5, ES=0.44), 

with a trend for a difference between POST-1D and POST-3D (P=0.08, 95% CI 

-0.9 to 14.2, ES=0.24). Compared to the fasted measure, postprandial HRV 

was lowered in all trials (P<0.001, 95% CI -20.0 to -7.9, ES=0.59), however 

there were no differences in postprandial HRV between trials (P>0.32 for all). 

Fasted HRV was not related to fasted FMD before the HIIT intervention (r=0.15, 

P=0.64). Changes in fasted HRV were not related to changes in fasted FMD 

(r=0.11, P=0.71) or plasma volume (r=0.01, P=0.98) following training. 

 

 

Figure 8.3 Mean heart rate variability before (●), 1 day after (■) and 3 days after (▲) the 2-

week high-intensity interval training intervention. Error bars describe the standard deviation. 

RMSSD, root mean square of successive R-R intervals; 3 h PP, three hours postprandial. * 

P<0.05 for PRE vs POST-1D; 
‡ 
P<0.05 for PRE vs POST-3D. 

 

8.4 Discussion 

This study is the first to identify the efficacy of a 2 week low-volume, HIIT 

intervention on traditional and novel CVD risk factors in adolescents. The key 

findings from this study are: 1) HIIT improved endothelial function and HRV in 

adolescent boys and girls; 2) improvements in novel CVD risk factors may occur 

in the absence of changes in traditional CVD risk factors; and 3) most of the 
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increase in endothelial function and HRV was lost 3 days after the HIIT 

intervention, indicating that the benefits of HIIT are likely related to the last 

training session.  

 

8.4.1 Traditional cardiovascular disease risk factors 

The present data indicate that 2 weeks of HIIT had no effect on traditional CVD 

risk factors or aerobic fitness. Previous studies have reported favourable 

changes in cholesterol (Racil et al., 2013), SBP (Corte de Araujo et al., 2012), 

body composition (Tjonna et al., 2008) and aerobic fitness (Corte de Araujo et 

al., 2012, Tjonna et al., 2009) in overweight and obese adolescents following 12 

weeks of HIIT. It is possible that these effects of HIIT are reserved to 

adolescents with CVD risk factors (Buchan et al., 2013), however improvements 

in SBP and aerobic fitness have been observed following 7 weeks of HIIT in 

apparently healthy and normotensive adolescents (Buchan et al., 2011). 

Therefore, it is possible that the present intervention was of an insufficient 

duration to improve these health outcomes, although no study has yet identified 

the time course of these improvements with HIIT. However, it has previously 

been demonstrated that 2 weeks of repeated sprint interval training can elicit 

significant increases in �̇�O2 max in adolescent boys (Barker et al., 2014). Thus it 

appears that improvements in fitness are achievable in 2 weeks provided that 

each training session requires a maximum (or “all-out”) effort.  

Evidence in adults indicate that changes in traditional CVD risk factors may only 

account for ~ 60% of the reduction in CVD risk with exercise (Mora et al., 2007), 

i.e. ~ 40% of the benefit of exercise is currently unaccounted for. A strength of 

this study is the assessment of FMD and HRV as it has been proposed that 

exercise-induced improvements in endothelial function (DeSouza et al., 2000, 

Green et al., 2004) and autonomic function account for some of this “risk factor 

gap” (Green et al., 2003, Joyner and Green, 2009). Indeed, it has been 

demonstrated that improvements in endothelial function following exercise 

interventions in adults are not related to changes in traditional CVD risk factors 

(Green et al., 2003). Considering that CVD has its origins in youth (Stary, 1989), 

and that asymptomatic children and adolescents with CVD risk factors present 

with an impairment in endothelial function (Celermajer et al., 1992) and low 



220 
 

HRV (Farah et al., 2014), it is encouraging that improvements in both of these 

outcomes are apparent following just 2 weeks (6 sessions) of low-volume HIIT 

even in apparently healthy adolescents.  

 

8.4.2 Endothelial function 

The improvement in fasted endothelial function following HIIT in the present 

study is in agreement with cross-sectional data identifying that time spent 

performing higher-intensity activities is the most important predictor of vascular 

health in children (Hopkins et al., 2009). Given that data were allometrically 

scaled to partition out the influence of baseline diameter, and that no 

concomitant changes in SRAUC or plasma [GTP] were observed, it is not 

possible to identify the mechanism(s) underlying the observed improvement in 

fasted FMD. Data from animal models demonstrate that eNOS gene expression 

is increased following 10 days of high-volume (2 hours per day) training (Sessa 

et al., 1994). It is known that the intensity of cycling exercise is positively 

associated with brachial artery shear (Thijssen et al., 2009), which is thought to 

play a leading role in the FMD response via an upregulation of eNOS activity 

(Tinken et al., 2009). Thus, it is plausible that just 2 weeks of HIIT is able to 

augment this pathway even in asymptomatic adolescents. However, ~ 65% of 

the improvement in fasted FMD was lost 3 days after training cessation, 

suggesting that most of the benefit in endothelial function may have been an 

acute response to the last training bout. Therefore, a single bout of high-

intensity interval exercise may promote FMD for ~ 24 hours. Whilst Chapters 6 

and 7 identify that endothelial function is acutely improved in the hours following 

a single bout of high-intensity interval exercise, the precise time course of the 

decay in FMD following HIIT is currently unknown, but may be rapid (Alomari et 

al., 2010). Consequently, it appears that regularly performing high-intensity 

interval exercise is important for the promotion of endothelial function in 

adolescents.  

Atherosclerosis has long been purported to be a “postprandial phenomenon” 

(Zilversmit, 1979), and more recent evidence indicates that endothelial 

dysfunction is a requirement for the atherosclerotic progression (Juonala et al., 

2004). A novelty of this study is the assessment of endothelial function following 
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a high fat and sugar meal, which impaired endothelial function, probably via an 

increase in oxidative stress (Bae et al., 2001, Ceriello et al., 2002). It has 

previously been demonstrated that postprandial endothelial function can be 

preserved the day after a single bout of sprint interval cycling in adolescent 

boys (Sedgwick et al., 2014), and improved following high-intensity exercise in 

adults (Tyldum et al., 2009). The latter study attributed this favourable response 

to an increase in [TAS], which would likely preserve the bioavailability of nitric 

oxide during the postprandial period (Cai and Harrison, 2000). In contrast, the 

test meal always attenuated FMD in the present study, which suggests that the 

bioavailability of nitric oxide was likely reduced via oxidative stress. In contrast, 

there were no differences in plasma [GTP] between trials. However, 

postprandial plasma [GTP] has recently been shown to remain unchanged after 

exercise (Canale et al., 2014), therefore a more comprehensive assessment of 

postprandial oxidative stress is warranted.  Additionally, no relationship between 

[TAS] and postprandial FMD was apparent in Chapter 6, although the 

processes underlying the pro/anti-oxidant state are likely to be mechanistically 

different in the immediate hours post exercise. Nevertheless, postprandial FMD 

was greater 1 and 3 days post HIIT compared to baseline, which may suggest 

that the time course of the benefit of high-intensity interval exercise is different 

between fasted and postprandial FMD measures. Further work is needed to 

confirm this, however these findings are conceptually important considering the 

small volume of exercise performed by the adolescents, and that most of the 

day is spent in the postprandial state.  

 

8.4.3 Autonomic function 

The observed increase in fasted HRV is consisted with extant data following 9 

weeks of HIIT in adolescents (Buchheit et al., 2008) and 2 weeks of HIIT in 

adults (Kiviniemi et al., 2014). Using recent HRV cut off points in adolescents 

(Farah et al., 2014), it is encouraging that participants improved from the 50th to 

the 75th percentile for the RMSSD outcome following just six sessions of HIIT. 

Furthermore, participants remained in the 75th percentile 3 days after training, 

although the magnitude of this improvement was diminished compared to the 

day following training cessation. Recent work in adults suggest that 
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improvements in autonomic function post HIIT are related to an increased vagal 

or baroreflex-mediated modulation of the sinoatrial node (Kiviniemi et al., 2014). 

Given that plasma volume did not change in the present study, these data 

suggest an increase in parasympathetic activity, although further work is 

necessary to identify the exact mechanisms underlying the improvement in HRV 

post HIIT. Interestingly, the RMSSD outcome has been shown to correlate with 

FMD in men (Pinter et al., 2012), possibly because both cardiac vagal activity 

(Chowdhary et al., 2000) and FMD (Green, 2005) are augmented by nitric oxide 

bioavailability. However, the changes in these parameters post HIIT were not 

related in the current study. Furthermore, there were no differences in 

postprandial HRV between trials, which is in contrast to the postprandial FMD 

data.  

 

8.4.4 Postprandial cardiometabolic outcomes 

Non fasting plasma [TAG] determined during youth may predict future CVD 

(Morrison et al., 2009), and a growing body of research in adolescents indicate 

that the lipaemic response to a high fat meal can be lowered by prior exercise 

(Tolfrey et al., 2014). A single bout of high-intensity interval running (Thackray 

et al., 2013) and sprint interval cycling (Sedgwick et al., 2014) performed the 

day before a test meal has been shown to attenuate postprandial lipaemia by 

10% and 13% respectively in adolescent boys. Whilst a 14% reduction in 

TAUC-TAG was present the day after the last HIIT session, this did not reach 

statistical significance. However, a reduction in postprandial lipaemia the day 

after high-intensity interval exercise is not a universal finding (Tyldum et al., 

2009). Additionally, the test meal in the present study included 80 g of sugar 

which may have blunted the lipaemic response (Cohen and Berger, 1990). In 

turn, it is plausible that this may have attenuated the magnitude of change in 

postprandial lipaemia following the last HIIT session. 

Chapter 4 demonstrates that significant improvements in postprandial SBP are 

possible during the 4 hours following a single bout of HIIE. Additionally, an 

identical bout of HIIE can also improve glycaemic control in the hours following 

exercise cessation (Cockcroft et al., 2014). Given that no changes were 

apparent in these outcomes in the present study, it appears that these benefits 
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are transient and are likely to be lost the following day. Interestingly, 45 minutes 

of moderate-intensity exercise has been shown to improve insulin sensitivity in 

habitually low active adolescents 17 hours post exercise (Short et al., 2013). 

Further work is needed to establish the time course of the beneficial effect of a 

single bout of high-intensity interval exercise in this group. However, 

considering that even small volumes of high-intensity exercise are related to 

lower cardiometabolic risk (Carson et al., 2014), it is likely that repeating low-

volumes of high-intensity exercise every day is important for health promotion in 

adolescents.  

 

8.4.5 Translational perspective 

This study demonstrates that improvements in novel, but not traditional, CVD 

risk factors are achievable following 2 weeks of low-volume HIIT in adolescents. 

These findings are pertinent given that few UK adolescents achieve the 

recommended minimum amount of daily exercise (Riddoch et al., 2007), and 

that improvements in traditional CVD risk factors may only account for ~ 60% of 

the benefit of exercise (Mora et al., 2007). Considering that this study is the first 

to comprehensively include traditional and novel CVD outcomes, other training 

studies which have not determined endothelial function or HRV may have 

“missed” some of the health benefits of exercise. Additionally, this study 

highlights that much of the benefit of the HIIT was lost after 3 days. This finding, 

in addition to the data presented in the preceding experimental chapters of this 

thesis, indicate that regularly performing HIIE may be an effectual, and feasible, 

strategy for the primary prevention of CVD.  

 

8.4.6 Limitations and considerations 

The strengths of this study include the control of diet and physical activity 

performed 48 hours prior to the mixed meal tolerance test, the comprehensive 

assessment of traditional CVD risk factors and the novel assessment of HRV 

using the ECG-gated images captured prior to cuff occlusion during the FMD 

protocol. However, this study did not control for the potential confounding 

influence of the menstrual cycle on FMD (Hashimoto et al., 1995), although this 
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is not a consistent finding regarding HRV (Leicht et al., 2003) and plasma [TAG] 

(Wendler et al., 1992). Additionally, this study did not include a non-exercise 

control group. However, this limitation is consistent with previous high-intensity 

training studies in adolescents (Barker et al., 2014) and adults (Whyte et al., 

2010). Furthermore, the observed changes in FMD and HRV are unlikely to be 

influenced by maturation (Farah et al., 2014, Michels et al., 2013) or seasonal 

variation (Hopkins et al., 2011) during such a short time frame. It is also not 

possible to compare the present findings to an equivalent moderate-intensity 

training intervention. Given that the preceding experimental chapters of this 

thesis indicate an independent effect of the intensity of an acute bout of 

exercise on several of these outcomes, this remains a pertinent research 

question. Finally, HRV was not measured over a long enough period for the 

frequency domain analysis of autonomic function, which would provide greater 

mechanistic insight regarding changes in sympathovagal balance post HIIT.  

 

8.5 Conclusion 

The present study identifies that improvements in autonomic and vascular 

function are achievable in asymptomatic adolescents following 2 weeks of HIIT, 

and that these may occur in the absence of changes in traditional CVD risk 

factors. Additionally, most of these improvements were lost three days after the 

last HIIT session. These findings are in line with cross sectional data indicating 

that time spent performing high-intensity activities is important for vascular 

health (Hopkins et al., 2009) and autonomic function (Buchheit et al., 2007) in 

youth. Considering that few adolescents meet the current guideline of a 

minimum of 60 minutes of daily exercise (Riddoch et al., 2007), HIIT may offer 

an attractive, low volume alternative to moderate-intensity exercise 

interventions for the primary prevention of CVD.    
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9.1 Summary of experimental chapters 

The primary aim of this thesis was to identify the influence of exercise intensity 

on vascular health outcomes in adolescent boys and girls. The experimental 

chapters in this thesis provide a significant contribution to the literature in this 

field and may offer important information regarding the primary prevention of 

CVD in this age group. The purpose of this chapter is fourfold; 1) to briefly 

summarise the key experimental findings from these studies; 2) to speculate on 

potential mechanisms underlying the observed findings; 3) to identify 

methodological limitations underlying the experimental chapters in this thesis; 

and 4) to highlight the practical implications of this work and outline avenues for 

future research.   

 

9.1.1 Chapter 4 

The purpose of this study was to identify whether exercise intensity modulates 

postprandial lipaemia and blood pressure in adolescents, and to address 

whether these outcomes are influenced by sex. At the time of the investigation, 

no study with adolescents had isolated the influence of exercise intensity, and 

no data were available identifying whether sex might modulate the post-

exercise lipaemic response despite evidence in adults (Freese et al., 2014), 

especially when the time between exercise cessation and the consumption of 

the test meal is short (Henderson et al., 2010). 

The strengths of this investigation include; 1) the isolation of exercise intensity 

using a work-matched study design; 2) the adoption of the same test meal as 

previous work with adolescents (Tolfrey et al., 2012, Tolfrey et al., 2008) in 

order to facilitate between-study comparisons; 3) the measurement of 

postprandial substrate oxidation as a potential mechanism underlying the 

postprandial lipaemic response following exercise; and 4) the inclusion of girls 

to directly assess the influence of sex in this age group for the first time. 

Additionally, a novel feature of this study was the prescription of exercise 1 hour 

before the test meal, as this study design could be considered to isolate a 

different plasma [TAG]-lowering mechanism than lipoprotein lipase, the 

upregulation of which is delayed ~ 8-24 hours post exercise (Seip and 



227 
 

Semenkovich, 1998). However, it should be noted that lipoprotein lipase activity 

was not directly measured in this work.  

The data from this study indicate that both MIE and HIIE performed 1 hour 

before a HFM can elicit moderate reductions in postprandial lipaemia in girls 

(ES=0.58 and 0.73), but not boys (ES=0.20 and 0.24), and that this was not 

influenced by exercise intensity. Therefore, this study demonstrated that the 

effect of sex on lowering postprandial lipaemia with exercise observed in adults 

(Freese et al., 2014, Henderson et al., 2010) is also apparent during 

adolescence. This sexual dimorphism highlights that it would be inappropriate to 

extrapolate the available exercise and postprandial lipaemia data in boys to 

both sexes.  

This study also highlighted that exercise intensity modulates postprandial blood 

pressure and resting fat oxidation in adolescents. Specifically, HIIE, but not an 

equivalent bout of MIE, reduced postprandial SBP and increased fat oxidation, 

and these outcomes were not influenced by sex. Furthermore, the changes in 

postprandial [TAG] and fat oxidation were not related. Considering that HIIE 

was perceived to be more enjoyable than MIE, this work suggests that HIIE may 

be an attractive and feasible alternative to traditional MIE which is effectual at 

improving postprandial health outcomes in adolescents. 

 

9.1.2 Chapter 5 

Accumulating 1 hour of moderate-intensity exercise has been shown to induce 

modest reductions in postprandial lipaemia the following day in adolescent boys 

(Sedgwick et al., 2013). However, no data are available in adolescent girls, and 

it is not known whether the effect of accumulating exercise on postprandial 

health outcomes is modulated by exercise intensity. Having established that 

exercise on the same day as a high fat meal favourably influences several 

postprandial health outcomes, and that the intensity of exercise plays an 

important role in these responses (apart from postprandial lipaemia) in Chapter 

4, the purpose of this study was to identify whether similar benefits are 

observed if the same total exercise stimulus is accumulated over the course of 

the day in adolescent boys and girls. This is a pertinent research question given 
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that adolescents rarely sustain exercise for > 10 minutes (Riddoch et al., 2007), 

and that current physical activity guidelines include the accumulation of exercise 

in their recommendations (Haskell et al., 2007). It is therefore important to 

identify how this pattern of exercise can be optimised (i.e. by manipulating 

exercise intensity) for health. 

The strengths of this study include; 1) the same total exercise stimulus as 

performed in Chapter 4 to address the efficacy of accumulated exercise; 2) 

work-matching of the HIIE and MIE bouts; 3) limiting each exercise bout to < 7 

minutes to reflect the exercise pattern of adolescents (Riddoch et al., 2007); 4) 

the inclusion of multiple meals, and 5) the comparison between boys and girls. 

The data indicate that accumulating exercise (either MIE or HIIE) on the same 

day as two test meals does not attenuate postprandial lipaemia in adolescent 

boys and girls. However, favourable changes in postprandial SBP and fat 

oxidation were observed in the HIIE, but not MIE, trial, which is in agreement 

with data presented in Chapter 4. Interestingly, the magnitude of the change in 

postprandial SBP was greater in Chapter 4 compared to when HIIE was 

accumulated in this study (ES=0.68 and 0.31, respectively), indicating that the 

pattern of exercise might be important for this outcome. In contrast, the ES for 

the increase in resting fat oxidation in the HIIE trial was comparable between 

Chapters 4 and 5 (ES=0.88 and 0.74), suggesting that the pattern of exercise 

does not influence this outcome provided that the total stimulus is the same. 

Finally, a novel finding of this study was the improved glycaemic control 

observed in the HIIE, but not MIE trial. This was not observed following HIIE in 

Chapter 4, and potential mechanisms underlying this favourable change are 

discussed in Section 9.2.1.  

Taken together, it would appear that exercise intensity is important to consider if 

the brief pattern of exercise typically performed by adolescents (Riddoch et al., 

2007) is to be optimised for health. Specifically, HIIE is consistent with superior 

postprandial health benefits than an equivalent MIE stimulus when accumulated 

across the day. Whilst HIIE was not perceived to be more enjoyable than MIE 

(as reported in Chapter 4), the PACES data indicate that these exercise 

protocols were comparable. Therefore, HIIE continues to be a feasible, 

attractive and effectual alternative to MIE for health promotion in this population. 
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9.1.3 Chapter 6 

The purpose of this study was to extend the work performed in Chapter 4 and 

provide insight into how exercise intensity may influence the attenuation in 

postprandial vascular function which has been observed in adults (Gaenzer et 

al., 2001, Vogel et al., 1997, Gill et al., 2004, Tyldum et al., 2009) and 

adolescents (Sedgwick et al., 2013, Sedgwick et al., 2014, Sedgwick et al., 

2012). In addition to replicating the robust methodological design adopted in 

Chapter 4, the strengths of this study include; 1) the simultaneous assessment 

of macro- and micro-vascular function; 2) allometric scaling of the FMD statistic 

to partition out the confounding impact of baseline artery diameter; 3) the 

determination of plasma [3-OHB] as a candidate mechanism for putative 

exercise-induced reductions in postprandial lipaemia (based on the findings of 

Chapter 4 in the girls); and 4) assessment of plasma [TAS] as a potential 

mediator of changes in the postprandial vascular response.   

This study demonstrated that macro- and micro-vascular function is augmented 

1 hour after HIE but not MIE. This investigation also demonstrated that macro- 

and micro-vascular function (PRH, but not the total hyperaemic response) were 

compromised following a high fat meal, and that prior exercise can protect 

against these unfavourable responses. Specifically, compared to CON, 

postprandial macro- and micro-vascular function (PRH) were greater in MIE and 

in HIIE, and postprandial FMD was greater in HIIE than MIE. Interestingly, these 

differences in vascular function were independent to changes in plasma [TAG] 

and [TAS]. Therefore, this study demonstrates that the intensity of an acute 

bout of exercise independently influences vascular function both before and 

after a high fat meal, even in the absence a concomitant reduction in 

postprandial plasma [TAG] or [TAS]. Furthermore, there was no interaction 

effect of sex on these outcomes. 

Finally, this study provided novel information regarding postprandial lipaemia 

and changes in [3-OHB] in adolescents, and how this marker of hepatic fatty 

acid metabolism, mainly VLDL-TAG output, is influenced by exercise intensity. 

Specifically, [3-OHB] increased following HIIE, but not MIE. Furthermore, this 

outcome demonstrated a strong relationship with the change in postprandial 

lipaemia in HIIE (P=0.01, r=0.61). Therefore, this data indicates that changes in 
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VLDL-TAG metabolism may have played an important role in the postprandial 

response observed in Chapter 4, and in other investigations which adopted a 1-

day protocol.  

 

9.1.4 Chapter 7 

This investigation was the first to assess the time course of the macro- and 

micro-vascular response post exercise in adolescents, which is important as it 

has been suggested that the acute changes post exercise provide the basis for 

chronic adaptation and subsequent vascular remodelling (Birk et al., 2013, 

Dawson et al., 2013). This study provides novel data as only one study has 

examined the acute macrovascular response to different exercise intensities in 

a paediatric cohort (Mills et al., 2013). Unfortunately, this study only measured 

FMD immediately after exercise, which is problematic as a recent review 

suggests that the post-exercise FMD response is biphasic in nature (Dawson et 

al., 2013), and did not include an assessment of microvascular function. 

Furthermore, the exercise bouts were not work-matched. Chapter 7 also 

extends the findings presented in Chapter 6, as the inclusion of serial vascular 

measures post exercise detail the time course of the macro- and micro-vascular 

responses post HIIE and MIE, and the confounding effect of a high fat meal was 

removed. The strengths of this study include; 1) work-matching of the exercise 

bouts; 2) the simultaneous measures of macro- and micro-vascular function; 3) 

serial measures of vascular function post exercise; and 4) allometric scaling of 

the FMD statistic.  

This study demonstrated that the intensity of an acute bout of exercise 

independently influences macro- and micro-vascular function in the 2 hours 

following exercise cessation. It confirms that the post exercise nadir in FMD 

previously observed after high-intensity exercise in children (Mills et al., 2013) 

precedes an augmented response which is evident 1 and 2 hours later, as 

predicted by a recent review (Dawson et al., 2013). In contrast, no changes in 

macrovascular function were observed following MIE at these time points. 

Additionally, this study identified that both MIE and HIIE increased NO-

independent microvascular during the 2 hours post exercise cessation, and that 

the magnitude of this improvement is greater following HIIE than MIE.   
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The changes in macrovascular function observed following HIIE were not 

related to baseline arterial diameter or SRAUC. Thus, this data suggest an 

upregulation of eNOS activity in the hours after HIIE due to a positive 

association between exercise intensity and the brachial artery shear stimulus 

during the exercise bout. Furthermore, the findings from this study identify that 

the superior effect of HIIE on microvascular function is independent of changes 

in NO bioavailability. Thus, a single bout of HIIE is a powerful stimulus for acute 

improvements in macro- and micro-vascular function, and that these favourable 

changes are mediated by different underlying mechanisms.    

 

9.1.5 Chapter 8 

The purpose of this study was to address the efficacy of performing the same 

HIIE protocol adopted in Chapters 4, 6 and 7, three times a week for two weeks, 

on traditional and novel CVD risk factors in apparently healthy adolescent boys 

and girls. Given that changes in traditional CVD risk factors following exercise 

only explain 59% of the reduction in CVD risk (Mora et al., 2007), it is pertinent 

to look “beyond” the health outcomes which are typically measured in training 

interventions in children and adolescents (Buchan et al., 2011a, Buchan et al., 

2011b, Baquet et al., 2001). It has been proposed that some of the 41% “risk 

factor gap” can be explained by improvements in endothelial and autonomic 

function following exercise interventions (Joyner and Green, 2009). Considering 

that asymptomatic adolescents with clustered CVD risk present with an 

impairment in FMD (Celermajer et al., 1992) and low HRV (Farah et al., 2014), 

it is pertinent to include these outcomes to provide a more comprehensive 

understanding of how regular HIIE may influence CVD risk in youth. 

The strengths of this study include; 1) the comprehensive measurement of 

traditional and novel CVD risk factors in both the fasted state and after a mixed 

meal tolerance test; 2) the simultaneous assessment of macrovascular and 

autonomic function; 3) the determination of whether changes in these outcomes 

remain three days post intervention; and 4) the identification of whether our HIIE 

protocol (also adopted in Chapters 4, 6 and 7) may attenuate postprandial 

lipaemia when performed the day before the test meal.    



232 
 

This intervention failed to improve any traditional CVD risk factors, whether in 

the fasted or postprandial state. In contrast, both FMD and HRV were improved 

the day after the last training session. However, the magnitude of these 

improvements deteriorated 3 days after training cessation (the improvement in 

FMD was no longer significant at this time point). Thus improvements in 

vascular and autonomic function may occur in the absence of improvements in 

traditional risk CVD risk factors. However, these benefits may be lost ~ 72 hours 

after the last training session, indicating the importance of performing regular 

HIIE for health.  

 

9.2. Synthesis of findings and discussion of candidate mechanisms 

This section collates the outcomes from the experimental chapters and 

speculates on the potential mechanisms underlying the observed findings. 

 

9.2.1 Postprandial lipaemia 

The assessment of postprandial lipaemia following exercise is a central theme 

in this thesis. The most pertinent questions raised by the initial findings from 

Chapter 4 are; what is(are) the mechanism(s) responsible for lowering 

postprandial lipaemia in the girls but not boys? And why does exercise intensity 

fail to influence it(them)?  

Given that 30 minutes of jogging at 55% �̇�O2 peak (Tolfrey et al., 2012) and 

performing 10 x 1 minutes of running at the maximal aerobic speed (Thackray 

et al., 2013) has been shown to attenuate postprandial lipaemia in adolescent 

boys the following day, the failure of both HIIE and MIE to lower plasma [TAG] 

in the boys in Chapter 4 is likely related to the adoption of a 1-day protocol. 

Completing exercise one hour prior to the test meal, rather than the day 

beforehand, is consistent with a blunted reduction in lipaemia in adults (Zhang 

et al., 1998), potentially due to the delayed upregulation of lipoprotein lipase 

(Seip and Semenkovich, 1998). Indeed, in the only other study to adopt a 1-day 

protocol with adolescents, postprandial lipaemia was not attenuated despite the 

completion of 135 minutes of walking (Sisson et al., 2013). Therefore, if the 
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study design diminishes the importance of the exercise-induced upregulation of 

lipoprotein lipase, and is unlikely to have affected gastric emptying rates 

(Feldman and Nixon, 1982), it is possible that the lower lipaemic response post 

exercise in the girls is related to an increased clearance, or decreased secretion 

of VLDL-TAG, or both (Bellou et al., 2013, Magkos, 2009, Katsanos, 2006).  

It was beyond the scope of this thesis to quantify changes in specific lipoprotein 

fractions and their subclasses, however this potential explanation gains 

credibility considering that sex is known to influence VLDL kinetics post 

exercise (Bellou et al., 2013, Magkos et al., 2006). Furthermore, the lower post 

exercise lipaemic response observed in the girls in this thesis is consistent with 

the work by Henderson et al. (2010) who observed that postprandial plasma 

[TAG] is reduced in women, but not men, when a high fat meal is consumed 1 

hour after exercise. These authors speculated that this may be due to the lower 

observed increase in post exercise plasma free FA in women than men 

(Henderson et al., 2007, Henderson et al., 2010), which could plausibly lead to 

a lower VLDL-TAG synthesis rate (Lewis et al., 1995). Support for this 

mechanism is provided by Davitt et al. (2013) who demonstrated using a stable 

isotope tracer technique that the reduction in postprandial lipaemia in women, 

when the test meal is consumed 30 minutes post exercise, is due to a reduced 

abundance of endogenous FA in plasma [TAG], rather than an increased 

clearance rate. Together, these findings highlight that sex does influence the 

postprandial [TAG] response when the duration between exercise cessation 

and consumption of the test meal is short. However, it is an assumption that 

these sex differences in plasma [FA] reflect changes in hepatic VLDL-TAG 

output, as this outcome was not measured in these studies. Indeed, these 

findings may be consistent with an increase in VLDL clearance, rather than 

hepatic output, which has recently been demonstrated to play an important role 

in the postprandial lipaemic response post exercise (Ghafouri et al., 2015). 

These authors demonstrated an increase affinity of VLDL1, a key determinant of 

postprandial lipaemia (Tan et al., 1995), for lipoprotein lipase the day after 

exercise in men ex vivo. This methodological approach has yet to be performed 

in women, or in the immediate hours post exercise, however it provides 

evidence that changes in VLDL clearance rate, rather than just hepatic VLDL 

secretion, occur following exercise.  
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The lack of an interaction effect of exercise intensity on postprandial lipaemia in 

the girls was surprising given that HIIE has recently been shown to be more 

effectual than MIE in adult males (Trombold et al., 2013, Gabriel et al., 2012). 

However, these investigations were performed the afternoon before the test 

meal, and therefore the processes underlying the attenuation in lipaemia are 

likely to be mechanistically different. Our data confirm that the attenuation in 

postprandial lipaemia after exercise is not related to substrate oxidation during 

the exercise bout (Malkova et al., 1999), and identified that changes in this 

outcome were not related to differences in fat oxidation during the postprandial 

period, which is also not in line with data reported by Trombold et al. (2013). 

Additionally, correlation analyses failed to identify any meaningful relationship 

between participant characteristics (i.e. body fatness (Lee et al., 2013, 

MacEneaney et al., 2009)) and the postprandial response. However, these 

analyses are limited due to the small sample size and homogenous nature of 

the sample population in this thesis. Finally, the IAUC-TAG statistic partitions 

out the potentially confounding effect of a reduction in “baseline” plasma [TAG], 

thus the lower lipaemic response observed is not an artefact of a lower plasma 

[TAG] post exercise in the girls.  

The data presented in this thesis are unable to explain why exercise intensity 

failed to affect the postprandial response in the adolescent girls using the data 

from Chapter 4. However, in the aforementioned investigation, Davitt et al. 

(2013) reported that the blunted appearance of endogenous TAG was similar 

following 1 hour of resistance exercise or 1 hour of exercise at 60-65% �̇�O2 peak 

in sedentary women. Additionally, exercise intensity has not been shown to 

influence plasma [3-OHB] immediately post exercise (Bassami et al., 2007), 

which is plausibly the candidate mechanism underlying our findings in the girls 

in Chapter 4. Thus, the modulation of VLDL-TAG kinetics in the immediate 

hours following exercise cessation in women and probably in adolescent girls 

may not be influenced by exercise intensity.  

In order to address this further, plasma [3-OHB] was measured during the 4 

hour post exercise period in Chapter 6, and these data demonstrate that an 

upregulation in plasma [3-OHB] does occur after HIIE, but not MIE. Whilst it is 

acknowledged that plasma [3-OHB] is only indicative of hepatic VLDL output, 

which was not measured in any experimental chapter, it appears that changes 
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in VLDL-TAG metabolism one hour post exercise may play a role in attenuating 

postprandial lipaemia as the difference in TAUC-3-OHB between HIIE and CON 

explained 44% of the change in TAUC-TAG between these trials (r=-0.66, 

P=0.003). This finding adds credibility to the speculation made in Chapter 4, 

that the adoption of a 1-day protocol likely isolates different mechanisms than 

traditional 2-day study designs; the former may favour post exercise changes in 

VLDL-TAG metabolism rather than an upregulation of lipoprotein lipase activity. 

However, plasma [3-OHB] was not increased post MIE in the girls. This effect of 

exercise intensity is consistent with an increase in fasted plasma [3-OHB] the 

day after HIIE, but not an isoenergetic bout of MIE in men (Trombold et al., 

2013), but not with the lack of effect observed immediately post exercise 

(Bassami et al., 2007). However, no data are currently available which identify 

the influence of the intensity of exercise performed 1 hour before a HFM on [3-

OHB] or VLDL-TAG metabolism. Therefore the plasma [3-OHB] data presented 

in Chapter 6 is unable to explain why postprandial lipaemia was lower in both 

HIIE and MIE trials in the girls in Chapter 4. However, such insights are 

speculative as there were no main effects of sex or trial on the TAUC-TAG or 

IAUC-TAG in Chapter 6.  

Given that the exercise bouts and both the timing and composition of the HFM 

in Chapters 4 and 6 were identical, the failure to attenuate postprandial lipaemia 

in the girls in either the MIE or HIIE trial in Chapter 6 may be related to the use 

of a 3 (rather than 4) hour postprandial period in this study. Closer scrutiny of 

the data indicates that plasma [TAG] was returning to baseline in the girls, but 

not the boys, 3 hours after the meal (Figure 9.1), which is consistent with effect 

of sex observed by Henderson et al. (2010). Thus we may have “missed” the 

benefit of exercise on the TAUC-TAG or IAUC-TAG outcomes in this 

investigation due to the adoption of a 3 hour postprandial measurement period.  
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Figure 9.1 Mean plasma triacylglycerol (TAG) concentrations for the control (○), moderate-(▲) 

and high-(■) intensity exercise trials in Chapter 6. Data are split for sex; boys (A) and girls (B). 

Error bars describe the standard error of measurement. The high fat meal (HFM) is represented 

by the black rectangle.  

 

In order to address this further, the 3 h TAUC-TAG and IAUC-TAG from 

Chapter 4 have been calculated and analysed using a mixed model ANOVA 

with trial and sex as the main effects (i.e. in a manner which is consistent with 

both Chapter 4 and 6). This analysis revealed no differences in the 3 h TAUC-

TAG (main effect of trial P=0.40; main effect of sex P=0.84; trial by sex 

interaction P=0.47) or 3 h IAUC-TAG outcome in Chapter 4 (main effect of trial 

P=0.21; main effect of sex P=0.71; trial by sex interaction P=0.06). Thus it is 

likely that this disparity between Chapters 4 and 6 is explained, at leas in part, 

by the truncated postprandial observation time in the latter.  



237 
 

To further shed light on this discrepancy, the 3 h IAUC-TAG data was pooled 

between these two studies and analysed using a mixed model ANOVA with trial 

(CON, MIE, HIIE), sex (male, female) and study (Chapter 4, Chapter 6) as the 

main effects. This is appropriate as the exercise bouts and the composition and 

timing of the high fat meal were identical between studies. Accordingly, there 

was a main effect of study (P=0.03), but not trial (P=0.33) or sex (P=0.16) for 

the pooled 3 h IAUC-TAG. Specifically, the 3 h IAUC-TAG was always lower in 

Chapter 6 than in Chapter 4 (P=0.03, 95% CI -0.67 to -0.04, ES=0.73), and it is 

possible that this may have limited the absolute change in postprandial lipaemia 

observed in Chapter 6. 

Data from Chapter 8 provides some insight into whether the HIIE bout in 

Chapter 4 may have lowered postprandial lipaemia the following day, as plasma 

[TAG] was measured every hour for 4 hours after a mixed meal tolerance test 

(which provided 68 g of fat), the day after performing 10 x 1 min intervals 

cycling at ~ 90% peak power output. However, because this meal contained a 

high glucose load (80 g of sugar) which may have lowered postprandial 

lipaemia (Cohen and Berger, 1990), such comparisons are made with caution. 

Chapter 8 demonstrates a 14% reduction in the IAUC-TAG the day after the last 

training session, although this was not significantly different to the postprandial 

response before training (P=0.24, 95% CI -1.25 to 0.34, ES=0.20). However, 

the magnitude of this change is similar to the 10% (ES=0.39) reduction 

observed the day after 10 x 1 minute of high-intensity running in adolescent 

boys by Thackray et al. (2013). Additionally, Trombold et al. (2013) reported a 

14% reduction in postprandial lipaemia the day after HIIE in adults (calculation 

of an ES not possible from the manuscript). Thus, when expressed as a 

percentage change, the date presented in Chapter 8 are in line with the current 

evidence base regarding the efficacy of HIIE to attenuate postprandial lipaemia. 

Surprisingly, there was no main effect of sex for plasma [TAG] in Chapter 8 

(P=0.16), so this attenuation in postprandial lipaemia was pooled for boys and 

girls. It is not immediately apparent why this study was unable to replicate the 

effect of sex observed in Chapters 4 and 5, and demonstrated in the immediate 

hours post exercise in adults (Henderson et al., 2010). Interestingly, Tolfrey et 

al. (2014a) suggests that an energy expenditure of ~ 1500 kJ may be necessary 
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to attenuate postprandial lipaemia the following day in girls, but not boys 

(Tolfrey et al., 2012). When the data in Chapter 8 are split for sex, there does 

appear to be a disparity in the IAUC-TAG outcome in boys (P=0.08, ES=0.37) 

compared to girls (P=0.43, ES=0.26). However, this analysis is limited due to 

the small sample size of boys (n=7) and girls (n=6), and thus requires further 

work. Indeed, Tolfrey et al. (2014a) attribute their observations to a greater 

individual variation in the postprandial lipaemic response in the girls, which 

might be due to the confounding influence of the menstrual cycle (Gill et al., 

2005). Thus, it is likely that a larger sample size is needed, or menstrual cycle 

phase controlled for, or both, in order to form robust conclusions regarding the 

efficacy of HIIE on postprandial lipaemia the following day in adolescents, and 

whether this is modulated by sex. 

Data in adults demonstrate that accumulating MIE the day before the test meal 

is as effectual at lowering postprandial lipaemia as performing the same 

exercise stimulus in a single bout (Miyashita et al., 2006). In contrast, 

postprandial lipaemia was not attenuated in the girls in Chapter 5, even though 

the total exercise accrued in this study was equivalent to the MIE and HIIE 

bouts performed in Chapter 4. A plausible explanation for this finding is that 

75% of the exercise bouts were accumulated during the postprandial period. It 

has previously been demonstrated in adults that 1 hour of treadmill running at 

60% �̇�O2 max attenuates postprandial lipaemia (38%) when performed 1 hour 

before, but not 1 hour after a high fat meal (Zhang et al., 1998). Furthermore, 

Sisson et al. (2013) demonstrated that 135 minutes of walking during the 

postprandial period failed to lower postprandial lipaemia in adolescent boys and 

girls.  

Currently, no data are available comparing the efficacy of accumulated and 

continuous exercise of any intensity on postprandial lipaemia using a 1-day 

protocol. Given that Chapter 6 indicates that acute increases in plasma [3-OHB] 

(which likely reflect changes in VLDL-TAG output) may play a leading role in the 

favourable postprandial response in the immediate hours post exercise, it is 

possible that accumulating brief (< 7 min) bouts of exercise is an insufficient 

stimulus for the upregulation of this mechanism, although may have been 

sufficient to increase lipoprotein lipase activity the following day (Miyashita et 

al., 2006). However, no dose-response data are available concerning the 
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increase in plasma [3-OHB] in the 4 – 6 hours post exercise, and no study in 

adolescents has compared accumulated versus continuous exercise on the 

subsequent lipaemic response. Considering that accumulating brief exercise 

bouts better reflects the pattern of physical activity performed by this age group 

(Riddoch et al., 2007), this remains an important area for future research.  

 

9.2.2 Postprandial fat oxidation 

The assessment of postprandial fat oxidation in Chapters 4 and 5 was primarily 

to determine whether differences in postprandial lipaemia between trials are 

explained by changes in resting fat oxidation following MIE or HIIE, which has 

been observed the day after MIE and HIIE in men (Trombold et al., 2013). 

However, this outcome is also important as exercise training-induced increases 

in resting fat oxidation in adults are a significant determinant of fat loss (Barwell 

et al., 2009). 

The positive association observed between exercise intensity and post-exercise 

fat oxidation in Chapters 4 and 5 is consisted with some (Broeder et al., 1991, 

Phelain et al., 1997), but not all (Melanson et al., 2002, Henderson et al., 2007) 

data reported in adults, and this discrepancy is probably due to the differences 

in the duration of the post-exercise observation time. Whilst the precise 

mechanisms underlying this phenomenon are yet to be fully established 

(Henderson et al., 2007), the lack of change in RMR indicate that the increase 

in fat oxidation reflects a shift in substrate use, rather than a function of an 

exaggerated excess post-exercise oxygen consumption, as mean RER was 

lowered post HIIE but RMR remained unchanged. Additionally, the lower RER 

observed 2 hours post HIIE probably does not reflect a conservation of ‘non-

metabolic’ carbon dioxide for the replenishment of bicarbonate as Stringer et al. 

(1992) demonstrated that disturbances to the bicarbonate pool return to 

baseline 30 minutes after 6 minutes of high-intensity exercise. Furthermore, it is 

known that young people are characterized by a better acid/base balance than 

adults during repeated bout of high-intensity exercise (Ratel et al., 2002). Thus, 

it is likely that perturbations to the bicarbonate pool would have returned to 

baseline when RMR and substrate oxidation were reassessed post HIIE in 

Chapter 4, although this was not directly assessed. 
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Data in adults have linked the elevation in fat oxidation post high-intensity 

exercise with greater circulating noradrenaline concentrations (Quisth et al., 

2005) and growth hormone (Henderson et al., 2007), both of which are 

positively associated with exercise intensity during the recovery period (Pritzlaff-

Roy et al., 2002, Romijn et al., 1993). It is also plausible that the increase in fat 

oxidation following HIIE reflects a post-exercise sparing and re-synthesis of 

glycogen which would have been utilised to a greater degree during HIIE than 

MIE. However, data from Chapter 4 revealed no relationship between mean 

RER during exercise and TAUC-fat oxidation for HIIE (r=0.22, P=0.36) or MIE 

(r=-0.16, P=0.51). 

It is important to note that no other investigation has included a high fat meal 

prior to their assessment of changes in post-exercise substrate utilisation, and 

evidence is available which suggest that this might have obscured our findings 

(Richard and Rivest, 1989, Poehlman and Horton, 1989). Indeed, our data 

indicates a significant increase in fat oxidation following consumption of this 

meal even during the non-exercise control day in Chapters 4 and 5 (main effect 

of time, P<0.001 for both Chapter 4 and 5; Figure 9.2). Nevertheless, 

considering that the test meal was also included in the MIE and HIIE trials, the 

between-trial differences presumably reflect differences in substrate use which 

are caused by the exercise bouts. 
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Figure 9.2 Mean fat oxidation and respiratory exchange ratio for the control (○), moderate-(▲) 

and high-(■) intensity exercise trials in Chapters 4 (A and C) and 5 (B and D). Error bars 

describe the standard error of measurement. The black rectangle represents a high fat meal 

(HFM). 

 

9.2.3 Postprandial blood pressure 

Uetani et al. (2012) demonstrated that an increase in SBP in the hours following 

a meal is associated with insulin resistance, carotid thickness and arterial 

stiffness in the elderly. Acute exercise is known to transiently lower SBP, and 

Forjaz et al. (2004) demonstrated that the fall in SBP during the 90 minutes 

after exercise is positively associated with exercise intensity. The data reported 

in Chapters 4 and 5 are consistent with this finding, as we observed a reduction 

(ES=0.68) in postprandial TAUC-SBP following HIIE, but not MIE (ES=0.14), 

compared to CON.  

The absence of a postprandial hypotensive response following MIE in Chapters 

4 and 5 is in agreement with some (Jones et al., 2007, MacDonald et al., 1999a, 

MacDonald et al., 1999b), but not all (Floras and Senn, 1991) investigations 

with adults. It has been argued that the magnitude of the hypotensive response 
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post exercise is greater in individuals with higher initial blood pressure (Kenney 

and Seals, 1993), which may offer some explanation regarding the failure of 

MIE to lower SBP. However, this argument does not explain the favourable 

response post HIIE. 

Unfortunately, the comparison between TAUC-SBP in these experimental 

chapters and the available literature is clouded by our inclusion of a high fat 

meal. Indeed, a mean increase in SBP of 4 mmHg was observed in Chapter 4 

following the consumption of the test meal, and we speculated at the time that 

this reflected a probable impairment in endothelial function and transient 

increase in arterial stiffness, which had been observed elsewhere (Vogel et al., 

1997). The findings from Chapter 6 and 8 confirm that an impairment in 

endothelial function is likely to have taken place in CON. 

Considering that postprandial resting heart rate was elevated following HIIE 

compared to MIE and CON in Chapter 4, it is logical that the accompanying 

lower SBP reflects a reduced total vascular resistance, perhaps caused by an 

increase in the bioavailability of NO due to an upregulation in eNOS activity, or 

a reduction in sympathetic drive, or both. The case for the former is consistent 

with the findings from Chapter 6 and 7, and suggests that the greater shear 

stress during the HIIE bout compared to MIE increased eNOS activity. Whilst 

adult data are available indicating that the post-exercise fall in total peripheral 

resistance increases with exercise intensity (Jones et al., 2007), these authors, 

and others (Forjaz et al., 2004) do not support an intensity-dependent fall in 

systemic vascular resistance as the primary mediator of the post-exercise 

hypotensive response. Unfortunately, SBP was not measured in Chapters 6 and 

7 so an assessment of the relationship between the change in vascular function 

and the change in TAUC-SBP is not possible.  

The hypotensive response immediately post exercise has also been attributed 

to a reduction in baroreflex sensitivity (Heffernan et al., 2007). The delay in the 

“resetting” of baroreflex sensitivity post exercise has been shown to increase 

with exercise intensity (Niemela et al., 2008), and these authors speculated that 

this phenomenon was attributed to a greater withdrawal of vagal modulation 

and an augmented sympathetic vasomotor tone as the intensity of exercise 

increases. HRV analysis (RMSSD) of the ECG gated FMD images pre-
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occlusion in Chapters 6 and 7 (Figure 9.3) demonstrate that vagal outflow is 

decreased immediately post MIE (P=0.01, 95% CI -23.2 to -4.1, ES=0.86) and 

HIIE (P<0.001, 95% CI -42.9 to -24.5, ES=2.50), but remained blunted 1 hour 

after HIIE only (Chapter 6; P=0.01, 95% CI -12.6 to -5.1, ES=0.83, Chapter 7; 

P=0.02, 95% CI -18.8 to -2.1, ES=0.71). Thus our data suggest a greater delay 

in the recovery of baroreflex sensitivity post HIIE. However, the interplay 

between the putative mechanisms underlying the post exercise “hypotensive” 

response (i.e. changes in systemic vascular resistance, stroke volume, cardiac 

output, sympathovagal balance, plasma volume) following exercises at different 

intensities, and how these may be modulated by resting blood pressure, fitness 

and sex (Senitko et al., 2002), is a complex phenomenon and currently not well 

defined in either adult or paediatric groups. 

 

Figure 9.3 Mean heart rate variability for the control (○), moderate-(▲) and high-(■) intensity 

exercise trials in Chapters 6 (A) and 7 (B). Error bars describe the standard error of 

measurement. The black rectangle represents a high fat meal. * P<0.05 compared to Pre in 

HIIE; 
†
 P<0.05 compared to Pre in MIE. 
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9.2.4 Macrovascular function 

Chapters 6 and 7 demonstrate that endothelial function is augmented 1 hour 

after HIIE, but is not influenced by MIE. Additionally, Chapter 7 highlights that 

this increase in FMD post HIIE remains 2 hours after exercise cessation. 

Furthermore, Chapter 6 demonstrates that macrovascular function remains 

elevated 4 hours post HIIE, despite the consumption of a HFM which attenuated 

FMD in CON. These findings cannot be explained by the observed changes in 

SRAUC (which were not related to FMD) or baseline artery diameter as the FMD 

statistic was allometrically scaled to partition out the influence of this potential 

confounder (Atkinson et al., 2009, Atkinson et al., 2013). Furthermore, no 

differences in physical activity performed the day before each laboratory visit 

were apparent between trials, the importance of which is demonstrated by the 

increase in endothelial function observed the day after the HIIT protocol (POST-

1D) in Chapter 8. 

Whilst no study has documented the change in brachial artery shear stimulus 

during exercise at different intensities in adolescents, the FMD responses 

observed in this study are consistent with data observed in adults 1 hour after 

exercise (Johnson et al., 2012). It is likely that the favourable macrovascular 

response 1 and 2 hours post HIIE is due to an upregulation in the activity of 

eNOS and subsequent increase in NO bioavailability. Furthermore, this pathway 

is probably exercise intensity dependent, as cycling intensity is positively 

associate with brachial artery shear in adults (Green et al., 2002, Thijssen et al., 

2009a), and it is understood that the exercise-induced change in shear provides 

the principle physiological stimulus for the adaptation of endothelial function 

(Tinken et al., 2010). Consequently, it is plausible that the MIE bout in Chapters 

6 and 7 did not provide enough of a shear-stimulus for the post exercise 

increase in eNOS activity.  

Chapter 7 reported an attenuation in FMD immediately post HIIE but not MIE, 

which is consistent with the only available data in youth (Mills et al., 2013), and 

adults (Birk et al., 2013, Johnson et al., 2012). Considering that the FMD data 

were allometrically scaled, this observation is not a statistical artefact caused by 

an increase in baseline arterial diameter. Therefore, this post HIIE nadir in 

endothelial function reflects a physiological event, and is probably related to an 
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increase in oxidative stress which is known to be positively associated with 

exercise intensity (Goto et al., 2003). Indeed, this post exercise impairment in 

endothelial function can be prevented via antioxidant supplementation (Silvestro 

et al., 2002). An increase in oxidative stress lowers the bioavailability of NO, 

and thus attenuates FMD (Green, 2005), as NO preferentially scavenges free 

radicals, forming peroxynitrite (Beckman and Koppenol, 1996). Furthermore, 

peroxynitrite itself is a potent oxidant that uncouples eNOS (Wallace et al., 

2010), and encourages the production of O2- (Forstermann and Munzel, 2006), 

thereby reducing NO production and further compromising the bioavailability of 

NO.  

Presumably, the MIE bout did not increase circulating reactive oxygen species 

to a level which exceeded the body’s antioxidant defences, although the same 

cannot be said immediately following the HIIE bout. Whilst this thesis is unable 

to provide any specific insight regarding the time course of changes in redox 

state following MIE and HIIE, such a conclusion is in line with available 

evidence from adult studies (Parker et al., 2014, Wang and Huang, 2005). 

However, the elevated FMD observed 1 and 2 hours post HIIE might indicate 

that this pro-oxidative state is short-lived, or that the magnitude of the likely 

increase in NO production 1 and 2 hours post HIIE may have exceeded the 

amount required to buffer this postulated increase in circulating free radicals, or 

both. However, markers of oxidative stress were not determined in Chapter 7, 

and the specific time course of the change in oxidative balance post MIE and 

HIIE is not well established. 

Total antioxidant status was determined in Chapter 6, as data in adults 

demonstrate that postprandial lipaemia impairs macrovascular function via 

oxidative stress (Bae et al., 2001) and Tyldum et al. (2009) previously identified 

that the favourable influence of exercise intensity on FMD was related to an 

increase in plasma [TAS]. However, although plasma [TAS] was significantly 

lowered in the postprandial period, we were unable to replicate this interaction 

between exercise intensity and this outcome 1 hour post exercise in Chapter 6. 

This discrepancy is plausibly related to the 2-day study design adopted by 

Tyldum et al. (2009). Indeed, no differences in postprandial circulating 

antioxidants were observed when moderate- and high-intensity exercise were 

performed 1 hour following the test meal in adults (Canale et al., 2014). The 
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data in Chapter 6 therefore indicate that oxidative balance might not have been 

compromised 1 hour post MIE and HIIE in Chapter 7. In other words, the 

oxidative stress presumed to be responsible for the impairment in endothelial 

function immediately post HIIE is short-lived (< 1 hour). However, it is a 

limitation that a more comprehensive assessment of redox state could not be 

performed in this study. Therefore, such conclusions are speculative and 

deserve further study. 

Fasted and postprandial plasma [GTP] was determined the day after the last 

training session in Chapter 8 as this antioxidant enzyme is lowered after a high 

fat meal and associated with a concomitant fall in endothelial function in adults 

(Tsai et al., 2004). Importantly, these measurements coincide with the timing of 

the [TAS] measures by Tyldum et al. (2009). However, [GTP] was not altered 

either by the HIIT intervention or the test meal in Chapter 8, which does not 

corroborate with the findings by Tyldum et al. (2009). However, during data 

collection for this investigation, Canale et al. (2014) published data 

demonstrating that [GTP] remains unchanged following a high fat meal despite 

concomitant reductions in other antioxidant enzymes, such as superoxide 

dismutase and catalase. Given that the fat loads and postprandial measures 

were comparable between Tsai et al. (2004) and Canale et al. (2014), the cause 

of this inconsistency is not immediately apparent. Thus, a more comprehensive 

assessment of oxidative stress would have been beneficial in Chapter 8. 

The inclusion of a high fat meal in Chapter 6 means that it is not possible to 

identify whether the magnitude of the postprandial increase in FMD above 

baseline (ES=1.56) 4 hours post exercise was compromised in the HIIE trial. 

However, the magnitude of this increase in FMD 4 hours post HIIE (i.e. 3 hours 

post HFM) in Chapter 6 is similar to that observed 1 hour (ES=1.33) and 2 

hours (ES=1.36) after HIIE in Chapter 7. Interestingly, Chapter 8 demonstrates 

that fasted FMD was greater ~ 18 hours after the final HIIT bout compared to 

before training (ES=0.70). Given that this finding may have been a response to 

the last HIIT session, rather than a training effect per se, these data indicate 

that a single HIIE bout of < 30 minutes in duration provides a profound stimulus 

for improvements in endothelial function in adolescents that may last for just 

short of 2 days. However, it is not possible to confirm that the observed 

increase in fasted FMD following 2 weeks of HIIT in Chapter 8 is solely an 
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artefact of the last training session as this study did not assess changes in FMD 

the day after the initial training bout. Thus the magnitude of the change in FMD 

following the first and last training sessions cannot be compared. It has been 

demonstrated that eNOS gene expression is augmented in dogs following 10 

days of high volume (2 x 1 hour per day) training, and it is thought that this 

reflects a systematic vascular adaption, rather than a “last bout effect” (Jenkins 

et al., 2012). Given the aforementioned positive association between exercise 

intensity and shear stress (Green et al., 2002, Thijssen et al., 2009a), and that 

shear plays a leading role is augmenting eNOS activity following both acute 

(Tinken et al., 2010) and chronic (Hambrecht et al., 2003) exercise in humans, it 

is plausible that this favourable adaptation may have occurred following 2 

weeks of HIIT in Chapter 8. Furthermore, Kingwell et al. (1997) demonstrated 

that the increase in basal NO production following 4 weeks of cycle training (30 

minutes at 65% maximum power output) returned to baseline following 48 hours 

detraining. Currently, no data exist in either humans or animals which identify 

the time course of the return of either eNOS gene expression or activity 

following a single bout of HIIE, and this remains an area for future research.  

 

9.2.5 Microvascular function 

The simultaneous assessment of microvascular function during the FMD 

protocol is also a unique feature of Chapters 6 and 7. Unfortunately, 

microvascular function was not determined in Chapter 8 due to equipment 

failure. 

The initial work in Chapter 6 demonstrated that PRH was impaired 3 hours after 

the test meal in CON, but not in the MIE and HIIE trials. The mechanisms 

underlying the post-occlusive hyperaemic response in the cutaneous circulation 

are not well established, but thought to include both endothelium dependent 

and independent pathways (Cracowski et al., 2006). The protective effect of 

exercise on postprandial microvascular function observed in Chapter 6 is 

consistent with the work by Gill et al. (2004), who demonstrated that this 

favourable postprandial response was endothelium-dependent using the 

iontophoresis of acetylcholine and sodium nitroprusside. Whilst the PRH 

outcome is different, data in adults show that measure of microvascular function 
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significantly correlates with the maximum peak perfusion following the 

iontophoresis of acetylcholine (r=0.62, P<0.001) (Hansell et al., 2004). Thus, 

the findings from Gill et al. (2004) suggest that the improvement in postprandial 

PRH in the exercise trials in this thesis may, in part, be due to an augmented 

endothelial function in the cutaneous circulation.  

Data in adults indicate that post-occlusive reactive hyperaemia may be 

favourably modulated by antioxidant status (Franzoni et al., 2004). Interestingly, 

Gill et al. (2004) found no significant correlations between the exercise-induced 

change in microvascular function and the changes in markers of inflammation, 

and speculated that the improvement in postprandial microvascular function 

might reflect the putative increase in eNOS activity due to elevations in post 

exercise blood flow and shear. Whilst plasma [TAS] was attenuated after the 

test meal in all trials (P=0.04) in Chapter 6, the lack of a time by trial interaction 

for this outcome (P=0.53) and the lack of a significant relationship between 

changes in plasma [TAS] and PRH or the total hyperaemic response (r<0.2 and 

P>0.05 for all) in Chapter 6 indicate that differences in oxidative stress might 

not underlie the protective effect of exercise on postprandial microvascular 

function. However, it is acknowledged that Chapter 6 is unable to provide a 

more comprehensive measurement of changes in redox state. Given that FMD 

was simultaneously determined in Chapter 6, and this is thought to be NO-

mediated (Green, 2005), it is attractive to use the FMD data as a surrogate for 

microvascular NO bioavailability in order to identify whether changes in NO 

might underlie the PRH response. However, existing data in adults demonstrate 

that the changes in the PRH outcome do not significantly correlate with changes 

in FMD adults (Hansell et al., 2004, Shamim-Uzzaman et al., 2002). Indeed, no 

significant relationship was apparent between PRH and FMD in either exercise 

trial (r<0.24, P>0.33 for both), or in CON (r=0.39, P=0.12). Therefore, the 

reduction in PRH is likely to be mechanistically disparate to the concomitant 

attenuation in FMD.  

In order to gain more insight regarding the potential mechanisms influencing the 

change in microvascular function, the total hyperaemic response following 

occlusion was calculated as described in Section 3.9.2. This outcome has been 

shown to be uninfluenced by NO-blockade in adults (Wong et al., 2003), and is 

therefore considered to be independent of changes in NO bioavailability. 
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Consequently, the data in Chapter 6 demonstrates that the high fat meal does 

not impair NO-independent microvascular function as the total hyperaemic 

response was not attenuated in CON. Furthermore, the total reactive 

hyperaemia in Chapter 6 suggest that HIIE (and probably MIE; P=0.08, 

ES=0.42) may improve microvascular function beyond the putative increase in 

eNOS activity post exercise. Given the aforementioned findings by Gill et al. 

(2004), it appears that other endothelial-dependent mechanisms are 

responsible for the microvascular response.  

One such mechanism could be an upregulation in prostaglandin release post-

occlusion, as Engelke et al. (1996) demonstrated a 22% reduction in the PRH 

response following inhibition of prostaglandins using ibuprofen. Interestingly, the 

authors reported that this inhibition did not influence the total reactive 

hyperaemic response. Therefore, this endothelium-dependent vasodilatory 

response may account for some of the improvement observed in the PRH 

outcome in Chapter 6, but may not have influenced the findings by Gill et al. 

(2004) as analysis of the iontophoresis technique involves the calculation of the 

area under the flux versus time curve. 

Data from Chapter 7 enables further speculation regarding the potential 

mechanisms underlying the augmented microvascular response post MIE and 

HIIE, as the confounding effect of the test meal is removed. Therefore, it is 

possible that the post exercise microvascular responses are not influenced by 

greater oxidative stress, as indicated by the lower plasma [TAS] after the high 

fat meal in all trials in Chapter 6 (main effect of time, P=0.04). In this 

experimental chapter, the total hyperaemic response was greater immediately 

after, and 1 and 2 hours after both MIE and HIIE which is in line with data 

presented in Chapter 6. However, the total hyperaemic response, and PRH, 

were greater immediately after, and 1 hour after HIIE compared to MIE. This 

effect of exercise intensity on both the total hyperaemic response and PRH 

outcomes was not observed 1 hour after exercise in Chapter 6, and the 

discrepancy between these two investigations is not immediately apparent. 

Using a stepwise regression analysis, Radtke et al. (2012) demonstrated that 

only maturity (and not sex, stature, SBP, BMI or habitual physical activity) was 

an independent predictor of microvascular reactivity in adolescence. However, 

the Tanner staging data indicate that the pubertal status of the participants in 
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Chapters 6 and 7 were broadly comparable. Accordingly, when the 

microvascular data are pooled for all participants in Chapters 6 and 7 (n=37), 

PRH is greater 1 hour post HIIE compared to 1 hour post MIE (P=0.002, 95% 

CI 0.09 to 0.36, ES=0.45). Similarly, the total reactive hyperaemic response is 

greater 1 hour post HIIE compared to 1 hour post MIE (P=0.02, 95% CI 6 to 64, 

ES=0.38). Thus, it appears that these parameters of microvascular function are 

positively associated with exercise intensity.  

Given that Gill et al. (2004) reported that the favourable effect of prior exercise 

on postprandial microvascular function is endothelium-dependent, and that NO-

blockade (L-NMMA) (Wong et al., 2003) and prostaglandin inhibition (ibuprofen) 

(Engelke et al., 1996) do not influence that total hyperaemic response post 

occlusion, it is likely that other endothelial vasoactive substances (such as 

endothelium-derived hyperpolarising factor) play a substantive role in the 

observed post-occlusive response. Currently, no data are available identifying 

the contribution of endothelium-derived hyperpolarising factor to the reactive 

hyperaemic response. Interestingly, although L-NMMA (Wong et al., 2003) and 

ibuprofen (Engelke et al., 1996) fail to modify the post-occlusive microvascular 

response, Engelke et al. (1996) demonstrated a 33% reduction in the total 

hyperaemic response when the NO-blockade is administered after ibuprofen. 

Therefore, it has been argued that prostaglandin inhibition might “unmask” a 

role for NO in the reactive hyperaemic response.  

Finally, it is pertinent that Gill et al. (2004) reported that the magnitude of the 

decrease in postprandial endothelium-independent reactivity (i.e. following the 

iontophoresis of sodium nitroprusside) was blunted following exercise compared 

to a non-exercise control group. Therefore, prior exercise might preserve 

endothelial-independent vasoactive pathways, including the involvement of 

sensory nerves in the axon reflex response (Cracowski et al., 2006). Indeed, 

Larkin and Williams (1993) demonstrated a 72% reduction in the post-occlusive 

hyperaemia response following combined sensory nerve and prostaglandin 

inhibition. Consequently, the microvascular outcomes in this thesis probably 

represent a complex interaction of a number of endothelium dependent and 

independent mechanisms. Currently, the specific contributions of NO, 

endothelium-derived hyperpolarising factor, prostaglandins and sensory 

nervous input are not known. However, given that changes in these 
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microvascular outcomes failed to correlate with FMD, which is in accordance 

with data in adults (Hansell et al., 2004, Shamim-Uzzaman et al., 2002), and 

that the earliest detectable manifestation of the metabolic syndrome may reside 

in the micro- and not macro-vasculature (Pinkney et al., 1997), the inclusion of 

microvascular function Chapters 6 and 7 is both novel and pertinent, even in the 

absence of a comprehensive mechanistic understanding. 

 

9.2.6 Autonomic function 

A novelty of Chapter 8 is the analysis of the ECG-gated FMD images (during 

the 90 seconds prior to occlusion) to determine HRV as a measure of 

autonomic function. Low HRV is associated with clustered CVD risk in 

adolescents (Farah et al., 2014, Zhou et al., 2012), and improvements in 

autonomic function following exercise have been proposed to explain some of 

the ~ 40% “gap” in the benefit of exercise on CVD risk (Green et al., 2008, 

Joyner and Green, 2009). Given that normative values for the frequency and 

time domain analyses of HRV are now available for adolescent boys (Farah et 

al., 2014), this measure is an attractive outcome to determine how exercise 

might modulate CVD risk. 

The improvement in HRV observed in Chapter 8 is consistent with favourable 

changes in autonomic function following two weeks of HIIT in adults (Kiviniemi 

et al., 2014). These authors included frequency domain analyses, which 

indicate that the improvements in HRV are likely related to an increase in vagal 

or baroreflex-modulated modulation of the sino-atrial node. Accordingly, nine 

weeks of HIIT has also been demonstrated to improve post exercise 

parasympathetic activity in adolescent boys (Buchheit et al., 2008).  

Improvements in cardiac vagal modulation 2 days after a single bout of HIIE 

have been attributed to an increase in plasma volume (Buchheit et al., 2009), 

and these authors speculated that the subsequent baroreflex activation would 

inhibit sympathetic activation and promote parasympathetic outflow. However, 

this is not a consistent finding (Convertino, 2003), and no increase in plasma 

volume following HIIT was apparent in Chapter 8. 
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A potential mechanism underlying the improved HRV post training in Chapter 8 

is an increase in basal NO bioavailability, as NO has been shown to directly 

influence cardiac vagal function (Chowdhary et al., 2000). Indeed, the RMSSD 

statistic has been shown to significantly correlate with FMD in apparently 

healthy adult males (r=0.39, P<0.01), whilst genetic variations in the eNOS 

gene have been demonstrated to explain part of the inter-individual variability in 

the observed parasympathetic adaptations post training (Silva et al., 2011). 

However, fasted HRV was not related to FMD before the HIIT intervention 

(r=0.15, P=0.64) in Chapter 8. Furthermore, the change in fasted HRV was not 

related to the change in FMD following HIIT (r=0.11, P=0.71), and the 

improvement in postprandial FMD the day after training was not mirrored by a 

concomitant improvement in postprandial HRV. Thus, the data presented in 

Chapter 8 cannot provide any understanding regarding the mechanism(s) 

responsible for the favourable change in fasted HRV. Greater insight would 

likely be provided by in the inclusion of time and frequency domain analyses of 

HRV. Additionally, it is not clear why this benefit of was lost in the postprandial 

period. Data in adults demonstrate that postprandial vagal withdrawal is more 

pronounced when the test meal (~ 40 g fat) is consumed 3 hours after 60 

minutes of cycling at 70% �̇�O2 max (Charlot et al., 2011), however no study has 

identified if changes in postprandial HRV are observed the day after exercise. 

Greater insight would likely be provided by in the inclusion of time and 

frequency domain analyses of HRV.  

 

9.2.7 Exercise enjoyment 

It could be argued that the “best” exercise for the primary prevention of CVD is 

that which is most enjoyable, and thus most likely to be repeated daily and 

incorporated into a lifestyle. Indeed, the perceived enjoyment of exercise is 

known to mediate the success of school-based physical activity interventions in 

adolescents (Dishman et al., 2005). Therefore, the meaningfully higher PACES 

score for HIIE compared to MIE for both boys and girls in Chapters 4, 6 and 7 is 

a pertinent finding. This is also encouraging given the comparable (e.g. TAG) 

and mostly superior health benefits observed post HIIE compared to MIE in all 

experimental chapters, and the improvements in novel CVD risk factors 
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following HIIT in Chapter 8. Furthermore, Chapter 8 demonstrates that a school-

based, low-volume, HIIT programme is feasible and effective with this age 

group. Taken together, these findings add to a growing body of literature 

indicating that HIIE may be an attractive alternative to continuous moderate-

intensity exercise (Buchan et al., 2011a, Crisp et al., 2012, Ratel et al., 2004).  

Given that the exercise bouts were consistent between Chapters 4, 6 and 7, 

pooling the modal score for each PACES question might provide some insight 

regarding why HIIE was perceived to be more enjoyable than MIE in these 

investigations (Figure 9.4, n=60). This analysis highlights that the greatest 

disparity between the exercise trials was that participants frequently reported 

the MIE bout to be more “boring” than HIIE. Considering that the duration of the 

HIIE and MIE bouts were broadly comparable across all studies (23 ± 0 minutes 

compared to 26 ± 3 minutes, respectively), the HIIE may have been perceived 

to be less “boring” due to its intermittent nature. This conclusion is consistent 

with findings by Crisp et al. (2012), who demonstrated that normal weight and 

overweight 8 – 12 year old boys preferred cycling at an intensity equivalent to 

the maximum rate of fat oxidation for 30 minutes when 4 seconds of sprint 

intervals were included every 2 minutes. It could also be argued that the 

intermittent nature of exercise at a high-intensity better reflect the nature of 

physical activity performed by adolescents and children than continuous MIE 

(Riddoch et al., 2007, Trost et al., 2002). Indeed, time spent performing 

invasion-game sports, which are typically characterised by repetitive high-

intensity running (Stroyer et al., 2004), are a major contributor to total physical 

activity levels in adolescents (Gordon-Larsen et al., 2000, Sallis et al., 2000), 

and accelerometer data identify that very few adolescents sustain exercise for 

longer than 10 minutes (Riddoch et al., 2007). Thus, it is perhaps not surprising 

that the continuous MIE bout was considered to be more “boring” than HIIE 

given that adolescents do not typically choose to perform this type of exercise. 

Indeed, it has been reported that intermittent MIE is perceived to be more 

enjoyable and “achievable” than continuous MIE in obese adolescents (Daley et 

al., 2008). Consequently, this pattern of activity is probably important in 

promoting adherence to exercise interventions in adolescent populations. It 

would therefore be interesting to identify the perceived enjoyment of HIIE 

compared to a work-matched bout of intermittent MIE, however the data in this 
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thesis demonstrate that the health benefits of the former would likely be 

superior. Considering that the intermittent nature of HIIT appears to be 

important for maximising physiological adaptations in adults (Cochran et al., 

2014), it is encouraging that this type of exercise may be more enjoyable for 

adolescents.  
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Figure 9.4 Modal answers to the physical activity enjoyment questionnaire following high-intensity interval (grey) and moderate intensity (clear) exercise. Data are 

pooled from Chapters 4, 6 and 7 (boys n=30, girls n=30). Of these participants, 25 boys and 24 girls preferred the high-intensity interval exercise.  
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A further interesting finding highlighted in Figure 9.4 is that the modal answers 

for “It gave me a strong feeling of success” and “I got something out of it” were 

greater in HIIE (agree and strongly agree, respectively). It therefore appears 

that participants perceived a greater sense of achievement following the HIIE 

compared to the MIE bout. This is important as motivation to exercise may be 

positively associated with intrinsic reward and feelings of personal achievement 

in adolescents (Craggs et al., 2011), which is a correlate of habitual physical 

activity levels in 4-18 year olds (Van Der Horst et al., 2007). 

In contrast to Chapters 4, 6 and 7, the PACES data from the accumulated HIIE 

and MIE trials in Chapter 5 were comparable (62 ± 12 and 62 ± 9 respectively, 

P=0.93, ES=0.03; data are pooled for sex). MIE was perceived to be more 

“boring” than HIIE in Chapters 4, 6 and 7, however data from Chapter 5 

indicates that this effect was lost, probably due to the very brief nature (< 7 

minutes) of the accumulated exercise bouts (Figure 9.5). Additionally, the 

greater sense of achievement previously observed in the HIIE trials in Chapters 

4, 6 and 7 was not apparent in Chapter 5, and this is also probably a function of 

the reduction in uninterrupted exercise time.  
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Figure 9.5 Modal answers to the physical activity enjoyment questionnaire following high-intensity interval (grey) and moderate intensity (clear) exercise in Chapter 

5 (boys n=9, girls n=10). Of these participants, 8 boys and 3 girls preferred the high-intensity interval exercise.  
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9.3 Methodological considerations and areas for future investigation 

The trade-off between the validity and precision of a study design, and the 

feasibility of an investigation is a well-established challenge for research 

scientists. This compromise is exaggerated when working with paediatric 

populations due to ethical restraints and limitations in non-invasive techniques. 

Consequently, whilst the experimental chapters of this thesis are consistent with 

a number of methodological strengths (e.g. Tanner staging, control of prior 

physical activity and diet, work-matching of HIIE and MIE, allometric scaling of 

the FMD technique), these data should be considered in light of a number of 

limitations.  

Firstly, the inclusion of adolescent girls was an important goal of this thesis as 

this population is typically under-represented in the postprandial literature. This 

is a pertinent issue because CVD is the leading cause of death in women 

(WHO, 2011) and adolescent girls are consistently reported to be less 

physically active than their male counterparts (Riddoch et al., 2007, Trost et al., 

2002). Additionally, sex is known to influence postprandial lipaemia (Cohn et al., 

1988, Couillard et al., 1999) and FMD (Benjamin et al., 2004). However, the 

menstrual cycle has been shown to have a confounding influence on these 

outcomes (Gill et al., 2005, Hashimoto et al., 1995), and this was not accounted 

for in any of the experimental chapters. Furthermore, in the girls who had 

achieved menarche, the potential influence of an irregular menstrual cycle 

cannot be ruled out. Therefore it could be argued that further studies which 

control for menstrual cycle phase are needed in order to explicitly identify the 

influence of sex on the outcomes included in this thesis. The girls were also at 

an advanced maturity compared to boys, meaning advanced biological age may 

account for some of the sex differences (e.g. postprandial lipaemia in Chapter 

4), and this remains to be examined.  

The test meal utilised in Chapters 4, 5 and 6 replicated the high fat meal 

provided in other postprandial investigations in adolescents (Tolfrey et al., 2012, 

Tolfrey et al., 2008, Tolfrey et al., 2014a), facilitating comparison between 

studies. Furthermore, the amount of fat this meal provided (1.5 g∙kg-1, or 

approximately 75 g) is broadly consistent with the extant adolescent (Tolfrey et 

al., 2014b) and adult (Freese et al., 2014) evidence base. This meal provides a 
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metabolic “challenge”, designed to exaggerate the possible changes in 

postprandial lipaemia following an exercise bout so that a chronic process can 

be observed in an acute setting. However, the ecological validity of this fat load 

is questionable. Whilst alarming evidence indicates that 30% of adolescents in 

the United States of America consume high fat “fast food” at least 3 times per 

week, and that this number might be rising (Bauer et al., 2009), the inclusion of 

more representative meals are warranted. Furthermore, given that most of the 

waking day may be spent in the postprandial state, it is pertinent to address the 

influence of multiple meals on markers of postprandial health. Whilst this was a 

key feature of Chapter 5, this study was not able to include a direct assessment 

of macro- or micro-vascular function, or autonomic function. 

The mechanisms underlying the attenuation in postprandial lipaemia following 

exercise remain to be fully elucidated, and the data presented in this thesis are 

unable to precisely identify the mechanism(s) underlying the favourable 

influence of exercise observed in adolescents (Tolfrey et al., 2014b). 

Postprandial lipaemia was only significantly lowered in Chapter 4, and this 

reduction was not related to substrate oxidation during the exercise or 

postprandial period. It was not possible to determine changes in lipoprotein 

lipase activity post exercise, although evidence in adults indicates that this is 

not a pre-requisite for an exercise-induced attenuation in postprandial lipaemia 

(Ferguson et al., 1998, Peddie et al., 2012) and is unlikely to have influenced 

the postprandial response in the immediate hours post exercise (Seip and 

Semenkovich, 1998, Zhang et al., 2002). Additionally, it has been argued that 

the major determinant of postprandial lipaemia is VLDL1, rather than the total 

VLDL pool (Tan et al., 1995), and this lipoprotein fraction was not quantified in 

any of the experimental chapters. However, Gill et al. (2007) demonstrated a 

strong and inverse correlation between the change in plasma [3-OHB] and the 

exercise-induced fall in [VLDL1] (r=-0.72, P=0.02), and this outcome was 

therefore included in Chapter 6. Barring venous blood sampling for the serial 

measures of specific lipoprotein fractions, the inclusion of plasma [3-OHB] in 

future work would likely provide useful insight into hepatic-mediated changes in 

plasma [TAG]. Alternatively, plasma FA kinetics and plasma lipoprotein 

fractions can be determined non-invasively and in vivo using stable isotope 

tracers and nuclear magnetic resonance spectroscopy, as adopted elsewhere in 
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adults (Magkos et al., 2006). Thus, the inclusion of these techniques may 

provide greater insight regarding the appearance and removal of plasma [TAG] 

following exercise bouts of different intensities. 

A key mechanistic link between elevated plasma [TAG] and atherosclerosis is 

thought to be the vascular insult caused by a oxidative stress (Bae et al., 2001, 

Sies et al., 2005) and the oxidative modification of LDL particles (Steinberg, 

2009). Oxidative stress refers to a “balance” of free radicals and antioxidants, 

and thus the global redox state is difficult to infer from the measure of a single 

antioxidant and/or free radical. However, it was not feasible to measure several 

individual free radicals or antioxidants in this thesis. Consequently, a 

commercially available analysis kit was used Chapter 6 to identify changes in 

postprandial plasma [TAS] following exercise, and this is in line with a key adult 

study in this field (Tyldum et al., 2009). However, this outcome only provides a 

broad measure of the numerous complex interactions underlying the pro/anti-

oxidative state, and therefore cannot provide insight regarding the roles of 

specific free radicals and their counterpart buffers on endothelial function. 

Accordingly, we quantified plasma [GTP] in Chapter 8, as data in adults 

demonstrates an inverse relationship between this antioxidant, postprandial 

lipaemia and endothelial function (Tsai et al., 2004), and evidence suggests that 

plasma [GTP] may play a role in the prevention of atherosclerotic plaque 

accrual (Lapenna et al., 1998). However, no differences in plasma [GTP] were 

apparent between visits, which is consistent with recent postprandial data in 

adults (Canale et al., 2014). Therefore, the data presented in this thesis are not 

able to identify how postprandial lipaemia might influence parameters of 

vascular health via oxidative stress. Further research using a more sensitive 

assay to lipid peroxidation, such as thiobartituric acid reactive substances and 

8-epi-prostaglandin-F2α (Wallace et al., 2010) is warranted.  

The positive association between exercise intensity and FMD (at least 1 hour 

post exercise) in Chapters 6 and 7 was attributed to an upregulation in eNOS 

activity due to a greater shear stress during HIIE compared to MIE. However, 

whilst this is consistent with data in adults (Green et al., 2002, Thijssen et al., 

2009a), it is a limitation that neither the magnitude, nor pattern of brachial shear 

was quantified in either of these experimental chapters. Furthermore, given that 

exercise mode influences shear pattern (Thijssen et al., 2009a), and that the 
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balance between antegrade and retrograde shear is an important determinant 

of the acute (and probably chronic) endothelial response (Thijssen et al., 

2009b), the findings that HIIE was superior to MIE in the hours after exercise 

cannot be extrapolated beyond cycling exercise. For example, leg kicking 

exercise is consistent with a greater retrograde shear profile than walking and 

cycling (Thijssen et al., 2009a). Therefore, the influence of swimming intensity 

on vascular function in adolescents is an appealing area of future research, 

especially given that 64% of girls and 57% of boys aged 11-15 would like to 

swim more (Health, 2007). 

In accordance with current guidelines (Harris et al., 2010, Thijssen et al., 2011), 

the FMD statistic was allometrically scaled and the shear stimulus was 

presented in Chapters 6, 7 and 8. However, these studies did not assess 

changes in endothelium-independent vasodilation via the sublingual 

administration of nitroglycerine, which would provide information regarding 

whether improvements in smooth muscle function and arterial compliance were 

playing any role in the observed changes in FMD (Corretti et al., 2002). 

Furthermore, this thesis cannot provide information regarding the influence of 

an acute bout of MIE and HIIE, or HIIT, on several other important determinants 

of vascular health, including endothelial progenitor cells, vascular endothelial 

growth factor and endothelial adhesion markers. Given that the number of 

endothelial progenitor cells independently predicts endothelial function in 

children (Bruyndonckx et al., 2014), and that these numbers can be increased 

following a single 20 minute bout of HIIE (Zaldivar et al., 2007) and after 12 

weeks of combined aerobic and resistance training (Park et al., 2012) in 

paediatric groups, studies identifying how these vascular health outcomes are 

influenced by exercise intensity would be mechanistically insightful.   

As discussed in Section 9.2.5, the mechanisms underlying the post-occlusive 

hyperaemic response in the cutaneous circulation are not well defined. In 

comparison, laser Doppler imaging combined with the iontophoresis of 

acetylcholine or sodium nitroprusside is an established technique to determine 

endothelium dependent and independent microvascular function respectively 

(Ferrell et al., 2002). Therefore, whilst the assessment of microvascular function 

during the FMD protocol is a strength of Chapters 6 and 7, further work is 

needed to elucidate the mechanisms responsible for the observed changes. 
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Similarly, the analysis of HRV from the ECG-gated images captured during the 

1.5 minutes prior to cuff occlusion in Chapter 8 provides an important outcome 

regarding HIIT and CVD risk. Yet this length of observation is insufficient for the 

analysis of frequency domains (Task force of the European Society of 

Cardiology, 1996), which provide more information regarding sympathovagal 

balance. Despite this limitation, it is understood that the time domain analysis of 

HRV is strongly correlated (r=0.85) to each frequency domain variable (Kleiger 

et al., 1991). Therefore, the time domain assessment of HRV might provide a 

surrogate for frequency domain measures (Stein et al., 1994).  

Given that Chapters 4, 5, 6 and 7 all demonstrate an independent effect of 

exercise intensity on the majority of vascular health outcomes studied, a 

limitation of Chapter 8 is the lack of a group randomised to two weeks of work-

matched MIE. However, existing data in 12 year olds demonstrate that time 

spent performing vigorous, but not moderate, intensity physical activity is 

favourably related to HRV indices (Buchheit et al., 2007). Furthermore, 2 weeks 

(6 sessions) of HIIT has been shown to provide superior improvements in HRV 

than aerobic endurance training in adults (Kiviniemi et al., 2014). The inclusion 

of a non-exercise control group in Chapter 8 would also provide information 

regarding the coefficient of variation for each outcome, enable any changes 

post HIIT to be attributable to the intervention, and identify the influence of 

growth and maturation. However, the influence of the latter is unlikely in to be 

meaningful within two weeks, and the lack of a control group is consistent with 

other adolescent (Barker et al., 2014) and adult (Burgomaster et al., 2008, 

Whyte et al., 2010) 2 week HIIT interventions.  

Collectively, the experimental chapters in this thesis demonstrate that 

performing HIIE is important for vascular health outcomes, however the optimal 

HIIE or HIIT protocol remains unclear. For example, Chapter 8 demonstrates 

that 2 weeks of HIIT does not improve traditional risk factors or aerobic fitness 

in adolescents. In contrast, 2 weeks of repeat sprint cycling can improve fitness 

in this group (Barker et al., 2014). Similarly, this study cannot comment on the 

feasibility or adherence of a longer intervention involving high-intensity interval 

cycling, or whether this intervention would have been more effectual during the 

winter months when FMD is lower (Hopkins et al., 2011). Preliminary data in 

adolescents indicate that longer HIIT interventions are feasible, and provide 



263 
 

similar benefits as MIE training despite an 85% lower training volume (Buchan 

et al., 2011a). However, no study has included a work-matched exercise 

training design to isolate the influence of exercise intensity on cardiovascular 

risk factors in this group, and this remains a pertinent area for future research. 

Furthermore, data in adults indicate that 6 weeks of HIIT is more effectual than 

a comparable continuous high-intensity training intervention (Cochran et al., 

2014). These authors suggest that the intermittent nature of the HIIE bouts 

plays an important role in the subsequent training response, thus it would be 

interesting to compare HIIT against an equivalent moderate-intensity interval 

exercise training intervention.  

Further work is also needed to identify the minimal amount of exercise for 

cardiometabolic health in adolescents, which might be as little as 3 minutes of 

sprint cycling per week according to data in adults (Metcalfe et al., 2012). 

However recent work with adolescent boys indicates that repeat sprint cycling 

may be consistent with unpleasant side effects (vomiting) and low adherence 

rates (Sedgwick et al., 2014). Therefore, studies are needed to identify a HIIE 

protocol which provides optimal health benefits with minimal risk and dropout 

rates in adolescents.    

Finally, apart from age (<11 years and >16 years), the presence of relevant 

allergies, any contraindications to exercise or the use of any relevant 

medications and supplements, there were no specific exclusion criteria for these 

studies. It is not unlikely that the recruitment process for the studies in this 

thesis resulted in a biased sample, i.e. one where BMI, aerobic fitness and 

habitual physical activity are not representative of the wider adolescent 

population. Table 9.1 describes the participant characteristics for each study, 

and uses recent age-appropriate cut points to determine how many boys and 

girls were overweight or obese (Cole et al., 2000) and how many failed to 

achieve the minimum recommended level of aerobic fitness for cardiometabolic 

health (Adegboye et al., 2011). Recent data from the UK Department of Health 

indicate that ~ 30% of adolescent boys and girls are overweight based upon 

normative British growth curves (Health, 2013), whilst current evidence 

suggests that ~ 40% of adolescents are “unfit” (Bailey et al., 2012). Finally, the 

most recent objectively determined physical activity data by the Department of 

Health report that 7% of boys and < 1% of girls aged 11 – 15 years achieve at 
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least 60 minutes of moderate to vigorous physical activity per day (Department 

of Health, 2008). Consequently, the majority of participants can be 

characterised as “asymptomatic”, if not “healthy”, and are probably broadly 

representative of the wider UK adolescent population. However, HIIT has been 

demonstrated to improve cardiometabolic risk factors in overweight adolescents 

(Tjonna et al., 2009) and restore vascular function in obese adolescents (Watts 

et al., 2004). Furthermore, the improvement in glycaemic control observed in 

the HIIE, but not MIE, trial in Chapter 5 suggests that the intensity of 

accumulated exercise may play an important role in controlling blood glucose 

concentrations in adolescents with type I or II diabetes, and this remains an 

interesting avenue for future research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



265 
 

Table 9.1. Participant characteristics across all experimental chapters 

 Overweight/Obese Low fit < 60 min MVPA day-1 

Chapter 4 
 
Boys (n = 10) 
 
Girls (n = 10) 

 
 

1 
 

1 
 

 
 

2 
 

4 
 

 
 
- 
 
- 

 

Chapter 5 
 
Boys (n = 9) 
 
Girls (n = 10) 

 
 

2 
 

2 
 

 
 

5 
 

2 
 

 
 

7 
 

8 
 

Chapter 6 
 
Boys (n = 10) 
 
Girls (n = 10) 

 
 

1 (Obese) 
 

2 
 

 
 

5 
 

2 
 

 
 

3 
 

1 
 

Chapter 7 
 
Boys (n = 10) 
 
Girls (n = 10) 

 
 

3 
 

0 
 

 
 

6 
 

2 
 

 
 

8 
 

10 
 

Chapter 8 
 
Boys (n = 7) 
 
Girls (n = 6) 

 
 

3 
 

1 
 

 
 

4 
 

2 
 

 
 

3 
 

5 
 

Total 
 
Boys (n = 46) 
 
Girls (n = 46) 
 

 
10 (22%) 

 
6 (13%)  

 
22 (48%) 

 
12 (35%) 

 
21 (46%) 

 
24 (52%) 

 

Age appropriate cut off points for overweight and low fit determined from (Cole et al., 2000) and 

(Adegboye et al., 2011), respectively. MVPA, moderate to vigorous physical activity. An 

ActiGraph GT1M Accelerometer (ActiGraph, LLC, Pensacola, USA) was used in Chapter 5 and 

interpreted using cut points provided by (Evenson et al., 2008). A GENEActiv wrist-worn 

accelerometer (GENEActiv, Activinsights Ltd, Cambridge, UK) was used for Chapters 6, 7 and 

8, and interpreted using cut points provided by (Phillips et al., 2013). Accelerometer data are not 

available for Chapter 4 due to data loss and poor compliance. N.B. Accelerometer data should 

be interpreted with caution as participants were instructed to refrain from organised physical 

activity during accelerometer wear time. 
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9.4 Practical implications 

Given that < 10% of UK adolescents achieve the recommended minimum of 60 

minutes of moderate to vigorous physical activity per day (Department of 

Health, 2008, Riddoch et al., 2007), and that interventions are largely 

unsuccessful in increasing physical activity levels in paediatric groups (Metcalf 

et al., 2012), it is essential to identify how smaller volumes of exercise can be 

optimised for the primary prevention of CVD.  

This thesis demonstrates, for the first time, that a single bout of HIIE is 

consistent with either similar (i.e. postprandial lipaemia in girls) or superior 

cardiometabolic health benefits compared to an equivalent bout of MIE in 

adolescents. Furthermore, postprandial health benefits are observed when 

HIIE, but not MIE, is accumulated in brief (< 7 minutes) bouts over the course of 

the day, which is important as adolescents rarely sustain exercise for longer 

than 10 minutes (Riddoch et al., 2007). Thus, repeating HIIE may be more 

effectual than MIE for the primary prevention of CVD across the lifespan.   

It is pertinent that HIIE was considered to be more enjoyable than MIE, which is 

a key determinant of the success of physical activity interventions in this age 

group (Dishman et al., 2005). Indeed, Chapter 8 adds to a growing body of 

literature which demonstrate that HIIT interventions are feasible and favourably 

modulate CVD risk factors in adolescents (Buchan et al., 2011a, Buchan et al., 

2013). Therefore, this thesis strongly supports the promotion of time spent 

performing HIIE in adolescents. 

The experimental chapters in this thesis were not designed to elucidate the 

optimal or smallest volume of HIIE for cardiovascular health. However, the HIIE 

bouts were 8-10 minutes in length, which is consistent with observational data 

demonstrating that just 7 minutes of vigorous physical activity per day is 

necessary for cardiometabolic health (Hay et al., 2012). Given that this exercise 

stimulus may be performed either in a single bout or over the course of the day, 

these findings are encouraging and may provide a realistic goal for most 

adolescents. 

It has been suggested that schools should play an increasing role in physical 

activity promotion (Pate et al., 2006), and it is understood that school-based 
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HIIE interventions are successful provided that staff members are engaged with 

the process (Buchan et al., 2012). Furthermore, HIIE interventions may require 

very little equipment (Ratel et al., 2004) and can successfully be incorporated 

into physical education classes to increase time spent performing vigorous 

physical activity in adolescent boys and girls (Fairclough and Stratton, 2005). 

Therefore, it initially appears that schools could facilitate a meaningful increase 

in the total time spent performing vigorous physical activity in adolescents, even 

if interventions to promote moderate to vigorous physical activity in children only 

have a small effect (~ 4 minutes) on increasing physical activity (Metcalf et al., 

2012).  

Importantly, evidence indicates that UK adolescents are most active in the hour 

immediately after school, before becoming more sedentary in the late afternoon 

and evening (Riddoch et al., 2007). Therefore, optimising the physical activity 

performed in the after school period might provide the best opportunity to 

increase the time spent performing vigorous physical activities. Additionally, 

longitudinal data suggest that the amount of activity performed after school 

declines from childhood into adolescence (Arundell et al., 2013). Therefore 

efforts could be made to “protect” this period of the day from sedentary 

behaviours for the effectual promotion of vigorous physical activities in 

adolescence. Finally, adolescents are less active at the weekend than during 

the week (Riddoch et al., 2007). Given that low-volume HIIE is consistent with 

superior cardiometabolic health benefits than MIE in adults (Nybo et al., 2010), 

and that parental activity is a correlate of adolescent activity (Van Der Horst et 

al., 2007), interventions aiming to promote HIIE may wish to include parents 

and families.  

More work needs to be done in order to identify that HIIE may be a safe, as well 

as effectual, alternative to MIE. There is need for larger studies which assess 

the feasibility and efficacy of longer HIIE interventions (> 7 weeks) with 

adolescents. Additionally, given that Chapter 8 is the first to assess endothelial 

function and HRV following HIIT in asymptomatic adolescents, the benefits of 

HIIT on these novel CVD risk factors may have been “missed” in other studies. 

Furthermore, it needs to be established that HIIE interventions are successful in 

improving cardiometabolic health outcomes in adolescents who are low active 

and in diseased groups. However, the findings of the experimental chapters in 
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this thesis are consistent with data identifying that time spent performing 

vigorous physical activity is more important than moderate-intensity activities for 

endothelial function (Hopkins et al., 2009), autonomic function (Buchheit et al., 

2007) and cardiometabolic risk (Carson et al., 2014, Hay et al., 2012) in 

adolescents. It is also likely that the findings of this thesis apply to other groups. 

For example, HIIT has been demonstrated to improve fitness, endothelial 

function and insulin sensitivity in overweight and obese adolescents (Tjonna et 

al., 2009), whilst the pilot work by Hulzbos et al. (2011) demonstrates that HIIT 

markedly improved fitness in a patient with cystic fibrosis. Indeed, the superior 

cardiometabolic improvements following HIIE compared to MIE observed in this 

thesis are entirely consistent with findings from adult clinical groups (Gibala et 

al., 2012, Whyte et al., 2012, Wisloff et al., 2007). Thus, it is likely that the data 

presented in this thesis have significant implications for health promotion 

beyond asymptomatic adolescents.  

In summary, this thesis demonstrates that repeating HIIE might provide superior 

health benefits than more traditional MIE in adolescents. Furthermore, 

excluding the warm up and active recovery intervals, the HIIE bouts totalled just 

8 minutes. Therefore, if school-based interventions only increase physical 

activity by ~ 4 minutes (Metcalf et al., 2012), it is important that these are 

performed at a high-intensity.   

 

9.5 Conclusion 

Cardiovascular diseases have their origins in youth. Physical activity plays an 

important role in lowering future CVD risk, however few adolescents achieve the 

recommended minimum amount of daily physical activity and interventions fail 

to meaningfully increase activity levels. Therefore, it is important to understand 

how lower volumes of exercise might be optimised for cardiovascular health. 

Chapters 4, 5, 6, 7 are the first to isolate the effect of exercise intensity on 

several vascular health outcomes in adolescent boys and girls. The data 

presented in these experimental chapters identify that HIIE attenuates 

postprandial lipaemia to the same extent as an equivalent bout of MIE in 

adolescent girls, whilst providing superior improvements in glycaemic control, 

blood pressure, resting fat oxidation, macro- and micro-vascular health in both 



269 
 

boys and girls. Therefore, the intensity of exercise is positively associated with 

vascular health outcomes in adolescents. Additionally, HIIE may be more 

enjoyable than MIE, suggesting that low-volume HIIT might provide a feasible 

and more effectual alternative to traditional MIE interventions. Indeed, Chapter 

8 demonstrates that improvements in novel CVD risk factors (FMD and HRV) 

are possible following just 2 weeks of HIIT. Therefore, this thesis indicates that 

repeating HIIE may provide superior vascular health benefits than MIE in 

adolescents and has laid the groundwork for future investigations in this area.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



270 
 

 

 

 

 

 

 

 

 

 

 

 

References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



271 
 

Aarsland, A., Chinkes, D. & Wolfe, R. R. 1996. Contributions of de novo 

synthesis of fatty acids to total VLDL-triglyceride secretion during prolonged 

hyperglycemia/hyperinsulinemia in normal man. J Clin Invest, 98, 2008-17. 

Abbott, R. A., Harkness, M. A. & Davies, P. S. 2002. Correlation of habitual 

physical activity levels with flow-mediated dilation of the brachial artery in 5-10 

year old children. Atherosclerosis, 160, 233-9. 

Adams, M. R., Forsyth, C. J., Jessup, W., Robinson, J. & Celermajer, D. S. 

1995. Oral L-arginine inhibits platelet aggregation but does not enhance 

endothelium-dependent dilation in healthy young men. J Am Coll Cardiol, 26, 

1054-61. 

Adams, M. R., Jessup, W., Hailstones, D. & Celermajer, D. S. 1997. L-arginine 

reduces human monocyte adhesion to vascular endothelium and endothelial 

expression of cell adhesion molecules. Circulation, 95, 662-8. 

Adegboye, A. R., Anderssen, S. A., Froberg, K., Sardinha, L. B., Heitmann, B. 

L., Steene-Johannessen, J., Kolle, E. & Andersen, L. B. 2011. Recommended 

aerobic fitness level for metabolic health in children and adolescents: a study of 

diagnostic accuracy. Br J Sports Med, 45, 722-8. 

Aggoun, Y., Farpour-Lambert, N. J., Marchand, L. M., Golay, E., Maggio, A. B. 

& Beghetti, M. 2008. Impaired endothelial and smooth muscle functions and 

arterial stiffness appear before puberty in obese children and are associated 

with elevated ambulatory blood pressure. Eur Heart J, 29, 792-9. 

Akerblom, H. K., Viikari, J., Uhari, M., Rasanen, L., Byckling, T., Louhivuori, K., 

Pesonen, E., Suoninen, P., Pietikainen, M., Lahde, P. L., Dahl, M., Aromaa, A., 

Sarna, S. & Pyörälä, K. 1985. Atherosclerosis precursors in Finnish children 

and adolescents. I. General description of the cross-sectional study of 1980, 

and an account of the children's and families' state of health. Acta Paediatr 

Scand Suppl, 318, 49-63. 

Al-Shayji, I. A., Caslake, M. J. & Gill, J. M. 2012. Effects of moderate exercise 

on VLDL(1) and Intralipid kinetics in overweight/obese middle-aged men. Am J 

Physiol Endocrinol Metab, 302, E349-55. 

Albrink, M. J., Fitzgerald, J. R. & Man, E. B. 1958. Reduction of alimentary 

lipemia by glucose. Metabolism, 7, 162-71. 

Aldred, H. E., Hardman, A. E. & Taylor, S. 1995. Influence of 12 weeks of 

training by brisk walking on postprandial lipemia and insulinemia in sedentary 

middle-aged women. Metabolism, 44, 390-7. 

Alomari, M. A., Mekary, R. A. & Welsch, M. A. 2010. Rapid vascular 

modifications to localized rhythmic handgrip training and detraining: vascular 

conditioning and deconditioning. Eur J Appl Physiol, 109, 803-9. 



272 
 

Altena, T. S., Michaelson, J. L., Ball, S. D. & Thomas, T. R. 2004. Single 

sessions of intermittent and continuous exercise and postprandial lipemia. Med 

Sci Sports Exerc, 36, 1364-71. 

Andersen, L. B., Harro, M., Sardinha, L. B., Froberg, K., Ekelund, U., Brage, S. 

& Anderssen, S. A. 2006. Physical activity and clustered cardiovascular risk in 

children: a cross-sectional study (The European Youth Heart Study). Lancet, 

368, 299-304. 

Andersen, L. B., Hasselstrom, H., Gronfeldt, V., Hansen, S. E. & Karsten, F. 

2004. The relationship between physical fitness and clustered risk, and tracking 

of clustered risk from adolescence to young adulthood: eight years follow-up in 

the Danish Youth and Sport Study. Int J Behav Nutr Phys Act, 1, 6. 

Andersen, L. B., Wedderkopp, N., Hansen, H. S., Cooper, A. R. & Froberg, K. 

2003. Biological cardiovascular risk factors cluster in Danish children and 

adolescents: the European Youth Heart Study. Prev Med, 37, 363-7. 

Anderson, R. A., Evans, M. L., Ellis, G. R., Graham, J., Morris, K., Jackson, S. 

K., Lewis, M. J., Rees, A. & Frenneaux, M. P. 2001. The relationships between 

post-prandial lipaemia, endothelial function and oxidative stress in healthy 

individuals and patients with type 2 diabetes. Atherosclerosis, 154, 475-83. 

Anderson, T. J., Uehata, A., Gerhard, M. D., Meredith, I. T., Knab, S., 

Delagrange, D., Lieberman, E. H., Ganz, P., Creager, M. A., Yeung, A. C. & Et 

Al. 1995. Close relation of endothelial function in the human coronary and 

peripheral circulations. J Am Coll Cardiol, 26, 1235-41. 

Armstrong, N. & Barker, A. R. 2011. Endurance training and elite young 

athletes. Med Sport Sci, 56, 59-83. 

Arundell, L., Ridgers, N. D., Veitch, J., Salmon, J., Hinkley, T. & Timperio, A. 

2013. 5-year changes in afterschool physical activity and sedentary behavior. 

Am J Prev Med, 44, 605-11. 

Atkinson, G. & Batterham, A. M. 2012. The use of ratios and percentage 

changes in sports medicine: time for a rethink? Int J Sports Med, 33, 505-6. 

Atkinson, G. & Batterham, A. M. 2013. Allometric scaling of diameter change in 

the original flow-mediated dilation protocol. Atherosclerosis, 226, 425-7. 

Atkinson, G. & Batterham, A. M. 2015. The clinical relevance of the percentage 

flow-mediated dilation index. Curr Hypertens Rep, 17, 1-9. 

Atkinson, G., Batterham, A. M., Black, M. A., Cable, N. T., Hopkins, N. D., 

Dawson, E. A., Thijssen, D. H., Jones, H., Tinken, T. M. & Green, D. J. 2009. Is 

the ratio of flow-mediated dilation and shear rate a statistically sound approach 



273 
 

to normalization in cross-sectional studies on endothelial function? J Appl 

Physiol (1985), 107, 1893-9. 

Atkinson, G., Batterham, A. M., Thijssen, D. H. & Green, D. J. 2013. A new 

approach to improve the specificity of flow-mediated dilation for indicating 

endothelial function in cardiovascular research. J Hypertens, 31, 287-91. 

Audrey, S., Bell, S., Hughes, R. & Campbell, R. 2013. Adolescent perspectives 

on wearing accelerometers to measure physical activity in population-based 

trials. Eur J Public Health, 23, 475-80. 

Austin, M. A. 1991. Plasma triglyceride and coronary heart disease. Arterioscler 

Thromb, 11, 2-14. 

Austin, M. A., Breslow, J. L., Hennekens, C. H., Buring, J. E., Willett, W. C. & 

Krauss, R. M. 1988. Low-density lipoprotein subclass patterns and risk of 

myocardial infarction. JAMA, 260, 1917-21. 

Austin, M. A., Hokanson, J. E. & Edwards, K. L. 1998. Hypertriglyceridemia as a 

cardiovascular risk factor. Am J Cardiol, 81, 7B-12B. 

Austin, M. A., King, M. C., Vranizan, K. M. & Krauss, R. M. 1990. Atherogenic 

lipoprotein phenotype. A proposed genetic marker for coronary heart disease 

risk. Circulation, 82, 495-506. 

Bae, J. H., Bassenge, E., Kim, K. B., Kim, Y. N., Kim, K. S., Lee, H. J., Moon, K. 

C., Lee, M. S., Park, K. Y. & Schwemmer, M. 2001. Postprandial 

hypertriglyceridemia impairs endothelial function by enhanced oxidant stress. 

Atherosclerosis, 155, 517-23. 

Baggio, G., Fellin, R., Baiocchi, M. R., Martini, S., Baldo, G., Manzato, E. & 

Crepaldi, G. 1980. Relationship between triglyceride-rich lipoprotein 

(chylomicrons and VLDL) and HDL2 and HDL3 in the post-prandial phase in 

humans. Atherosclerosis, 37, 271-6. 

Bailey, D. P., Boddy, L. M., Savory, L. A., Denton, S. J. & Kerr, C. J. 2012. 

Associations between cardiorespiratory fitness, physical activity and clustered 

cardiometabolic risk in children and adolescents: the HAPPY study. Eur J 

Pediatr, 171, 1317-23. 

Bansal, S., Buring, J. E., Rifai, N., Mora, S., Sacks, F. M. & Ridker, P. M. 2007. 

Fasting compared with nonfasting triglycerides and risk of cardiovascular events 

in women. JAMA, 298, 309-16. 

Bao, W., Srinivasan, S. R., Wattigney, W. A. & Berenson, G. S. 1994. 

Persistence of multiple cardiovascular risk clustering related to syndrome X 

from childhood to young adulthood. The Bogalusa Heart Study. Arch Intern 

Med, 154, 1842-7. 



274 
 

Baquet, G., Berthoin, S., Gerbeaux, M. & Van Praagh, E. 2001. High-intensity 

aerobic training during a 10 week one-hour physical education cycle: effects on 

physical fitness of adolescents aged 11 to 16. Int J Sports Med, 22, 295-300. 

Baquet, G., Van Praagh, E. & Berthoin, S. 2003. Endurance training and 

aerobic fitness in young people. Sports Med, 33, 1127-43. 

Barker, A. R., Day, J., Smith, A., Bond, B. & Williams, C. A. 2014. The influence 

of 2 weeks of low-volume high-intensity interval training on health outcomes in 

adolescent boys. J Sports Sci, 32, 757-65. 

Barker, A. R., Williams, C. A., Jones, A. M. & Armstrong, N. 2011. Establishing 

maximal oxygen uptake in young people during a ramp cycle test to exhaustion. 

Br J Sports Med, 45, 498-503. 

Barrett, L. A., Morris, J. G., Stensel, D. J. & Nevill, M. E. 2007. Exercise and 

postprandial plasma triacylglycerol concentrations in healthy adolescent boys. 

Med Sci Sports Exerc, 39, 116-22. 

Barter, P. J. 2002. Hugh Sinclair lecture: the regulation and remodelling of HDL 

by plasma factors. Atheroscler Suppl, 3, 39-47. 

Barter, P. J., Brewer, H. B., Jr., Chapman, M. J., Hennekens, C. H., Rader, D. J. 

& Tall, A. R. 2003. Cholesteryl ester transfer protein: a novel target for raising 

HDL and inhibiting atherosclerosis. Arterioscler Thromb Vasc Biol, 23, 160-7. 

Bartlett, J. D., Close, G. L., Maclaren, D. P., Gregson, W., Drust, B. & Morton, J. 

P. 2011. High-intensity interval running is perceived to be more enjoyable than 

moderate-intensity continuous exercise: implications for exercise adherence. J 

Sports Sci, 29, 547-53. 

Barwell, N. D., Malkova, D., Leggate, M. & Gill, J. M. 2009. Individual 

responsiveness to exercise-induced fat loss is associated with change in resting 

substrate utilization. Metabolism, 58, 1320-8. 

Bassami, M., Ahmadizad, S., Doran, D. & Maclaren, D. P. 2007. Effects of 

exercise intensity and duration on fat metabolism in trained and untrained older 

males. Eur J Appl Physiol, 101, 525-32. 

Bauer, K. W., Larson, N. I., Nelson, M. C., Story, M. & Neumark-Sztainer, D. 

2009. Fast food intake among adolescents: secular and longitudinal trends from 

1999 to 2004. Prev Med, 48, 284-7. 

Baxter-Jones, A. D. G., Eisenmann, J. C. & Sherar, L. B. 2005. Controlling for 

maturation in pediatric exercise science. Pediatric Exercise Science, 17, 18-30. 

Beckman, J. S. & Koppenol, W. H. 1996. Nitric oxide, superoxide, and 

peroxynitrite: the good, the bad, and ugly. Am J Physiol, 271, C1424-37. 



275 
 

Beisiegel, U., Weber, W. & Bengtsson-Olivecrona, G. 1991. Lipoprotein lipase 

enhances the binding of chylomicrons to low density lipoprotein receptor-related 

protein. Proc Natl Acad Sci U S A, 88, 8342-6. 

Bellou, E., Siopi, A., Galani, M., Maraki, M., Tsekouras, Y. E., Panagiotakos, D. 

B., Kavouras, S. A., Magkos, F. & Sidossis, L. S. 2013. Acute effects of 

exercise and calorie restriction on triglyceride metabolism in women. Med Sci 

Sports Exerc, 45, 455-61. 

Benjamin, E. J., Larson, M. G., Keyes, M. J., Mitchell, G. F., Vasan, R. S., 

Keaney, J. F., Jr., Lehman, B. T., Fan, S., Osypiuk, E. & Vita, J. A. 2004. 

Clinical correlates and heritability of flow-mediated dilation in the community: 

the Framingham Heart Study. Circulation, 109, 613-9. 

Berenson, G. S., Foster, T. A., Frank, G. C., Frerichs, R. R., Srinivasan, S. R., 

Voors, A. W. & Webber, L. S. 1978. Cardiovascular disease risk factor variables 

at the preschool age. The Bogalusa heart study. Circulation, 57, 603-12. 

Berenson, G. S., Srinivasan, S. R., Bao, W., Newman, W. P., 3rd, Tracy, R. E. 

& Wattigney, W. A. 1998a. Association between multiple cardiovascular risk 

factors and atherosclerosis in children and young adults. The Bogalusa Heart 

Study. N Engl J Med, 338, 1650-6. 

Berenson, G. S., Srinivasan, S. R., Bao, W., Newman, W. P., Tracy, R. E. & 

Wattigney, W. A. 1998b. Association between multiple cardiovascular risk 

factors and atherosclerosis in children and young adults. The Bogalusa Heart 

Study. N. Engl. J. Med., 338, 1650-6. 

Berenson, G. S., Wattigney, W. A., Tracy, R. E., Newman, W. P., 3rd, 

Srinivasan, S. R., Webber, L. S., Dalferes, E. R., Jr. & Strong, J. P. 1992. 

Atherosclerosis of the aorta and coronary arteries and cardiovascular risk 

factors in persons aged 6 to 30 years and studied at necropsy (The Bogalusa 

Heart Study). Am J Cardiol, 70, 851-8. 

Bergman, E. N., Havel, R. J., Wolfe, B. M. & Bohmer, T. 1971. Quantitative 

studies of the metabolism of chylomicron triglycerides and cholesterol by liver 

and extrahepatic tissues of sheep and dogs. J Clin Invest, 50, 1831-9. 

Berlin, J. A. & Colditz, G. A. 1990. A meta-analysis of physical activity in the 

prevention of coronary heart disease. Am J Epidemiol, 132, 612-28. 

Betik, A. C., Luckham, V. B. & Hughson, R. L. 2004. Flow-mediated dilation in 

human brachial artery after different circulatory occlusion conditions. Am J 

Physiol Heart Circ Physiol, 286, H442-8. 

Bey, L. & Hamilton, M. T. 2003. Suppression of skeletal muscle lipoprotein 

lipase activity during physical inactivity: a molecular reason to maintain daily 

low-intensity activity. J Physiol, 551, 673-82. 



276 
 

Birk, G. K., Dawson, E. A., Batterham, A. M., Atkinson, G., Cable, T., Thijssen, 

D. H. & Green, D. J. 2013. Effects of exercise intensity on flow mediated dilation 

in healthy humans. Int J Sports Med, 34, 409-14. 

Bjorkegren, J., Packard, C. J., Hamsten, A., Bedford, D., Caslake, M., Foster, 

L., Shepherd, J., Stewart, P. & Karpe, F. 1996. Accumulation of large very low 

density lipoprotein in plasma during intravenous infusion of a chylomicron-like 

triglyceride emulsion reflects competition for a common lipolytic pathway. J Lipid 

Res, 37, 76-86. 

Blades, B. & Garg, A. 1995. Mechanisms of increase in plasma triacylglycerol 

concentrations as a result of high carbohydrate intakes in patients with non-

insulin-dependent diabetes mellitus. Am J Clin Nutr, 62, 996-1002. 

Blair, S. N., Kohl, H. W., 3rd, Paffenbarger, R. S., Jr., Clark, D. G., Cooper, K. 

H. & Gibbons, L. W. 1989. Physical fitness and all-cause mortality. A 

prospective study of healthy men and women. JAMA, 262, 2395-401. 

Blair, S. N. & Morris, J. N. 2009. Healthy hearts--and the universal benefits of 

being physically active: physical activity and health. Ann Epidemiol, 19, 253-6. 

Bobryshev, Y. V. 2006. Monocyte recruitment and foam cell formation in 

atherosclerosis. Micron, 37, 208-22. 

Bogdanis, G. C., Stavrinou, P., Fatouros, I. G., Philippou, A., Chatzinikolaou, A., 

Draganidis, D., Ermidis, G. & Maridaki, M. 2013. Short-term high-intensity 

interval exercise training attenuates oxidative stress responses and improves 

antioxidant status in healthy humans. Food Chem Toxicol, 61, 171-7. 

Bonetti, P. O., Lerman, L. O. & Lerman, A. 2003. Endothelial dysfunction: a 

marker of atherosclerotic risk. Arterioscler Thromb Vasc Biol, 23, 168-75. 

Boquist, S., Ruotolo, G., Tang, R., Bjorkegren, J., Bond, M. G., De Faire, U., 

Karpe, F. & Hamsten, A. 1999. Alimentary lipemia, postprandial triglyceride-rich 

lipoproteins, and common carotid intima-media thickness in healthy, middle-

aged men. Circulation, 100, 723-8. 

Borsheim, E., Knardahl, S. & Hostmark, A. T. 1999. Short-term effects of 

exercise on plasma very low density lipoproteins (VLDL) and fatty acids. Med 

Sci Sports Exerc, 31, 522-30. 

Brasaemle, D. L., Cornely-Moss, K. & Bensadoun, A. 1993. Hepatic lipase 

treatment of chylomicron remnants increases exposure of apolipoprotein E. J 

Lipid Res, 34, 455-65. 

Brevetti, G., Silvestro, A., Schiano, V. & Chiariello, M. 2003. Endothelial 

dysfunction and cardiovascular risk prediction in peripheral arterial disease: 



277 
 

additive value of flow-mediated dilation to ankle-brachial pressure index. 

Circulation, 108, 2093-8. 

Broeder, C. E., Brenner, M., Hofman, Z., Paijmans, I. J., Thomas, E. L. & 

Wilmore, J. H. 1991. The metabolic consequences of low and moderate 

intensity exercise with or without feeding in lean and borderline obese males. Int 

J Obes, 15, 95-104. 

Brownlee, M. 2005. The pathobiology of diabetic complications: a unifying 

mechanism. Diabetes, 54, 1615-25. 

Brunzell, J. D., Hazzard, W. R., Porte, D., Jr. & Bierman, E. L. 1973. Evidence 

for a common, saturable, triglyceride removal mechanism for chylomicrons and 

very low density lipoproteins in man. J Clin Invest, 52, 1578-85. 

Bruyndonckx, L., Hoymans, V. Y., Frederix, G., De Guchtenaere, A., Franckx, 

H., Vissers, D. K., Vrints, C. J., Ramet, J. & Conraads, V. M. 2014. Endothelial 

progenitor cells and endothelial microparticles are independent predictors of 

endothelial function. J Pediatr, 165, 300-5. 

Buchan, D. S., Ollis, S., Thomas, N. E., Buchanan, N., Cooper, S. M., Malina, 

R. M. & Baker, J. S. 2011a. Physical activity interventions: effects of duration 

and intensity. Scand J Med Sci Sports, 21, e341-50. 

Buchan, D. S., Ollis, S., Thomas, N. E., Malina, R. M. & Baker, J. S. 2012a. 

School-based physical activity interventions: challenges and pitfalls. Child Care 

Health Dev, 38, 1-2. 

Buchan, D. S., Ollis, S., Young, J. D., Cooper, S. M., Shield, J. P. & Baker, J. S. 

2013. High intensity interval running enhances measures of physical fitness but 

not metabolic measures of cardiovascular disease risk in healthy adolescents. 

BMC Public Health, 13, 498. 

Buchan, D. S., Ollis, S., Young, J. D., Thomas, N. E., Cooper, S. M., Tong, T. 

K., Nie, J., Malina, R. M. & Baker, J. S. 2011b. The effects of time and intensity 

of exercise on novel and established markers of CVD in adolescent youth. Am J 

Hum Biol, 23, 517-26. 

Buchan, D. S., Young, J. D., Simpson, A. D., Thomas, N. E., Cooper, S. M. & 

Baker, J. S. 2012b. The effects of a novel high intensity exercise intervention on 

established markers of cardiovascular disease and health in Scottish 

adolescent youth. J Public Health Res, 1, 155-7. 

Buchfuhrer, M. J., Hansen, J. E., Robinson, T. E., Sue, D. Y., Wasserman, K. & 

Whipp, B. J. 1983. Optimizing the exercise protocol for cardiopulmonary 

assessment. J Appl Physiol Respir Environ Exerc Physiol, 55, 1558-64. 



278 
 

Buchheit, M., Laursen, P. B., Al Haddad, H. & Ahmaidi, S. 2009. Exercise-

induced plasma volume expansion and post-exercise parasympathetic 

reactivation. Eur J Appl Physiol, 105, 471-81. 

Buchheit, M., Millet, G. P., Parisy, A., Pourchez, S., Laursen, P. B. & Ahmaidi, 

S. 2008. Supramaximal training and postexercise parasympathetic reactivation 

in adolescents. Med Sci Sports Exerc, 40, 362-71. 

Buchheit, M., Platat, C., Oujaa, M. & Simon, C. 2007. Habitual physical activity, 

physical fitness and heart rate variability in preadolescents. Int J Sports Med, 

28, 204-10. 

Buchheit, M., Simon, C., Charloux, A., Doutreleau, S., Piquard, F. & 

Brandenberger, G. 2005. Heart rate variability and intensity of habitual physical 

activity in middle-aged persons. Med Sci Sports Exerc, 37, 1530-4. 

Burdge, G. C., Jones, A. E., Frye, S. M., Goodson, L. & Wootton, S. A. 2003. 

Effect of meal sequence on postprandial lipid, glucose and insulin responses in 

young men. Eur J Clin Nutr, 57, 1536-44. 

Burgomaster, K. A., Howarth, K. R., Phillips, S. M., Rakobowchuk, M., 

Macdonald, M. J., Mcgee, S. L. & Gibala, M. J. 2008. Similar metabolic 

adaptations during exercise after low volume sprint interval and traditional 

endurance training in humans. J Physiol, 586, 151-60. 

Burns, S. F., Oo, H. H. & Tran, A. T. 2012. Effect of sprint interval exercise on 

postexercise metabolism and blood pressure in adolescents. Int J Sport Nutr 

Exerc Metab, 22, 47-54. 

Burton, F. L., Malkova, D., Caslake, M. J. & Gill, J. M. 2008. Energy 

replacement attenuates the effects of prior moderate exercise on postprandial 

metabolism in overweight/obese men. Int J Obes (Lond), 32, 481-9. 

Byrnes, D. J., Borody, T., Daskalopoulos, G., Boyle, M. & Benn, I. 1981. 

Cholecystokinin and gallbladder contraction: effect of CCK infusion. Peptides, 2 

Suppl 2, 259-62. 

Byun, J., Mueller, D. M., Fabjan, J. S. & Heinecke, J. W. 1999. Nitrogen dioxide 

radical generated by the myeloperoxidase-hydrogen peroxide-nitrite system 

promotes lipid peroxidation of low density lipoprotein. FEBS Letters, 455, 243-6. 

Cai, H. & Harrison, D. G. 2000. Endothelial dysfunction in cardiovascular 

diseases: the role of oxidant stress. Circ Res, 87, 840-4. 

Canale, R. E., Farney, T. M., Mccarthy, C. G. & Bloomer, R. J. 2014. Influence 

of acute exercise of varying intensity and duration on postprandial oxidative 

stress. Eur J Appl Physiol, 114, 1913-24. 



279 
 

Cara, L., Dubois, C., Borel, P., Armand, M., Senft, M., Portugal, H., Pauli, A. M., 

Bernard, P. M. & Lairon, D. 1992. Effects of oat bran, rice bran, wheat fiber, and 

wheat germ on postprandial lipemia in healthy adults. Am J Clin Nutr, 55, 81-8. 

Carson, V., Rinaldi, R. L., Torrance, B., Maximova, K., Ball, G. D., Majumdar, S. 

R., Plotnikoff, R. C., Veugelers, P., Boule, N. G., Wozny, P., Mccargar, L., 

Downs, S., Daymont, C., Lewanczuk, R. & Mcgavock, J. 2014. Vigorous 

physical activity and longitudinal associations with cardiometabolic risk factors 

in youth. Int J Obes (Lond), 38, 16-21. 

Carstensen, M., Thomsen, C. & Hermansen, K. 2003. Incremental area under 

response curve more accurately describes the triglyceride response to an oral 

fat load in both healthy and type 2 diabetic subjects. Metabolism, 52, 1034-7. 

Casiglia, E., Tikhonoff, V., Caffi, S., Bascelli, A., Schiavon, L., Guidotti, F., 

Saugo, M., Giacomazzo, M., Martini, B., Mazza, A., D'este, D. & Pessina, A. C. 

2008. Menopause does not affect blood pressure and risk profile, and 

menopausal women do not become similar to men. J Hypertens, 26, 1983-92. 

Celermajer, D. S. 1997. Endothelial dysfunction: does it matter? Is it reversible? 

J Am Coll Cardiol, 30, 325-33. 

Celermajer, D. S., Sorensen, K. E., Gooch, V. M., Spiegelhalter, D. J., Miller, O. 

I., Sullivan, I. D., Lloyd, J. K. & Deanfield, J. E. 1992. Non-invasive detection of 

endothelial dysfunction in children and adults at risk of atherosclerosis. Lancet, 

340, 1111-5. 

Ceriello, A., Taboga, C., Tonutti, L., Quagliaro, L., Piconi, L., Bais, B., Da Ros, 

R. & Motz, E. 2002. Evidence for an independent and cumulative effect of 

postprandial hypertriglyceridemia and hyperglycemia on endothelial dysfunction 

and oxidative stress generation: effects of short- and long-term simvastatin 

treatment. Circulation, 106, 1211-8. 

Chait, A., Brazg, R. L., Tribble, D. L. & Krauss, R. M. 1993. Susceptibility of 

small, dense, low-density lipoproteins to oxidative modification in subjects with 

the atherogenic lipoprotein phenotype, pattern B. Am J Med, 94, 350-6. 

Chan, S. Y., Mancini, G. B., Kuramoto, L., Schulzer, M., Frohlich, J. & 

Ignaszewski, A. 2003. The prognostic importance of endothelial dysfunction and 

carotid atheroma burden in patients with coronary artery disease. J Am Coll 

Cardiol, 42, 1037-43. 

Chang, J. J., Rabinowitz, D. & Shea, S. 2003. Sources of variability in blood 

pressure measurement using the Dinamap PRO 100 automated oscillometric 

device. Am J Epidemiol, 158, 1218-26. 



280 
 

Charlot, K., Pichon, A. & Chapelot, D. 2011. Exercise prior to a freely requested 

meal modifies pre and postprandial glucose profile, substrate oxidation and 

sympathovagal balance. Nutr Metab (Lond), 8, 66. 

Chen, Y. D., Swami, S., Skowronski, R., Coulston, A. & Reaven, G. M. 1993a. 

Differences in postprandial lipemia between patients with normal glucose 

tolerance and noninsulin-dependent diabetes mellitus. J Clin Endocrinol Metab, 

76, 172-7. 

Chen, Y. D., Swami, S., Skowronski, R., Coulston, A. M. & Reaven, G. M. 

1993b. Effect of variations in dietary fat and carbohydrate intake on postprandial 

lipemia in patients with noninsulin dependent diabetes mellitus. J Clin 

Endocrinol Metab, 76, 347-51. 

Cherry, P. D., Furchgott, R. F., Zawadzki, J. V. & Jothianandan, D. 1982. Role 

of endothelial cells in relaxation of isolated arteries by bradykinin. Proc Natl 

Acad Sci U S A, 79, 2106-10. 

Chowdhary, S., Vaile, J. C., Fletcher, J., Ross, H. F., Coote, J. H. & Townend, 

J. N. 2000. Nitric oxide and cardiac autonomic control in humans. Hypertension, 

36, 264-9. 

Chung, B. H. & Segrest, J. P. 1991. Cytotoxicity of remnants of triglyceride-rich 

lipoproteins: an atherogenic insult? Adv Exp Med Biol, 285, 341-51. 

Clarke, W. R., Schrott, H. G., Leaverton, P. E., Connor, W. E. & Lauer, R. M. 

1978. Tracking of blood lipids and blood pressures in school age children: the 

Muscatine study. Circulation, 58, 626-34. 

Clarkson, P., Montgomery, H. E., Mullen, M. J., Donald, A. E., Powe, A. J., Bull, 

T., Jubb, M., World, M. & Deanfield, J. E. 1999. Exercise training enhances 

endothelial function in young men. J Am Coll Cardiol, 33, 1379-85. 

Clay, M. A., Newnham, H. H., Forte, T. M. & Barter, P. I. 1992. Cholesteryl ester 

transfer protein and hepatic lipase activity promote shedding of apo A-I from 

HDL and subsequent formation of discoidal HDL. Biochim Biophys Acta, 1124, 

52-8. 

Cochran, A. J., Percival, M. E., Tricarico, S., Little, J. P., Cermak, N., Gillen, J. 

B., Tarnopolsky, M. A. & Gibala, M. J. 2014. Intermittent and continuous high-

intensity exercise training induce similar acute but different chronic muscle 

adaptations. Exp Physiol, 99, 782-91. 

Cockcroft, E. J., Williams, C. A., Tomlinson, O. W., Vlachopoulos, D., Jackman, 

S. R., Armstrong, N. & Barker, A. R. 2014. High intensity interval exercise is an 

effective alternative to moderate intensity exercise for improving glucose 

tolerance and insulin sensitivity in adolescent boys. J Sci Med Sport. DOI: 

http://dx.doi.org/10.1016/j.jsams.2014.10.001 

http://dx.doi.org/10.1016/j.jsams.2014.10.001


281 
 

 

Cohen, A. R. & Seidl-Friedman, J. 1988. HemoCue system for hemoglobin 

measurement. Evaluation in anemic and nonanemic children. Am J Clin Pathol, 

90, 302-5. 

Cohen, J. 1988. Statistical Power Analysis for the Behavioural Sciences, 

Mahwah, NJ, Lawrence Erlbaum. Pages 284-8. 

Cohen, J. C. 1989. Chylomicron triglyceride clearance: comparison of three 

assessment methods. Am J Clin Nutr, 49, 306-13. 

Cohen, J. C. & Berger, G. M. 1990. Effects of glucose ingestion on postprandial 

lipemia and triglyceride clearance in humans. J Lipid Res, 31, 597-602. 

Cohen, J. C., Boerwinkle, E., Mosley, T. H., Jr. & Hobbs, H. H. 2006. Sequence 

variations in PCSK9, low LDL, and protection against coronary heart disease. N 

Engl J Med, 354, 1264-72. 

Cohen, J. C., Noakes, T. D. & Benade, A. J. 1988. Serum triglyceride 

responses to fatty meals: effects of meal fat content. Am J Clin Nutr, 47, 825-7. 

Cohen, J. C., Noakes, T. D. & Benade, A. J. 1989. Postprandial lipemia and 

chylomicron clearance in athletes and in sedentary men. Am J Clin Nutr, 49, 

443-7. 

Cohen, J. C. & Schall, R. 1988. Reassessing the effects of simple 

carbohydrates on the serum triglyceride responses to fat meals. Am J Clin Nutr, 

48, 1031-4. 

Cohen, J. C., Stray-Gundersen, J. & Grundy, S. M. 1991. Dissociation between 

postprandial lipemia and high density lipoprotein cholesterol concentrations in 

endurance-trained men. Arterioscler Thromb, 11, 838-43. 

Cohen, R. A. & Vanhoutte, P. M. 1995. Endothelium-dependent 

hyperpolarization. Beyond nitric oxide and cyclic GMP. Circulation, 92, 3337-49. 

Cohn, J. S., Johnson, E. J., Millar, J. S., Cohn, S. D., Milne, R. W., Marcel, Y. 

L., Russell, R. M. & Schaefer, E. J. 1993. Contribution of apoB-48 and apoB-

100 triglyceride-rich lipoproteins (TRL) to postprandial increases in the plasma 

concentration of TRL triglycerides and retinyl esters. J Lipid Res, 34, 2033-40. 

Cohn, J. S., Mcnamara, J. R., Cohn, S. D., Ordovas, J. M. & Schaefer, E. J. 

1988. Postprandial plasma lipoprotein changes in human subjects of different 

ages. J Lipid Res, 29, 469-79. 



282 
 

Cole, T. J., Bellizzi, M. C., Flegal, K. M. & Dietz, W. H. 2000. Establishing a 

standard definition for child overweight and obesity worldwide: international 

survey. BMJ, 320, 1240-3. 

Compher, C., Frankenfield, D., Keim, N. & Roth-Yousey, L. 2006. Best practice 

methods to apply to measurement of resting metabolic rate in adults: a 

systematic review. J Am Diet Assoc, 106, 881-903. 

Convertino, V. A. 2003. Baroreflex-mediated heart rate and vascular resistance 

responses 24 h after maximal exercise. Med Sci Sports Exerc, 35, 970-7. 

Cooke, J. P. & Tsao, P. S. 1994. Is NO an endogenous antiatherogenic 

molecule? Arterioscler Thromb, 14, 653-5. 

Cooney, M. T., Dudina, A., De Bacquer, D., Wilhelmsen, L., Sans, S., Menotti, 

A., De Backer, G., Jousilahti, P., Keil, U., Thomsen, T., Whincup, P. & Graham, 

I. M. 2009. HDL cholesterol protects against cardiovascular disease in both 

genders, at all ages and at all levels of risk. Atherosclerosis, 206, 611-6. 

Cooper, J. A., Watras, A. C., O'brien, M. J., Luke, A., Dobratz, J. R., Earthman, 

C. P. & Schoeller, D. A. 2009. Assessing validity and reliability of resting 

metabolic rate in six gas analysis systems. J Am Diet Assoc, 109, 128-32. 

Cooper, R., Cutler, J., Desvigne-Nickens, P., Fortmann, S. P., Friedman, L., 

Havlik, R., Hogelin, G., Marler, J., Mcgovern, P., Morosco, G., Mosca, L., 

Pearson, T., Stamler, J., Stryer, D. & Thom, T. 2000. Trends and disparities in 

coronary heart disease, stroke, and other cardiovascular diseases in the United 

States: findings of the national conference on cardiovascular disease 

prevention. Circulation, 102, 3137-47. 

Corretti, M. C., Anderson, T. J., Benjamin, E. J., Celermajer, D., Charbonneau, 

F., Creager, M. A., Deanfield, J., Drexler, H., Gerhard-Herman, M., Herrington, 

D., Vallance, P., Vita, J. & Vogel, R. 2002. Guidelines for the ultrasound 

assessment of endothelial-dependent flow-mediated vasodilation of the brachial 

artery: a report of the International Brachial Artery Reactivity Task Force. J Am 

Coll Cardiol, 39, 257-65. 

Corte De Araujo, A. C., Roschel, H., Picanco, A. R., Do Prado, D. M., Villares, 

S. M., De Sa Pinto, A. L. & Gualano, B. 2012. Similar health benefits of 

endurance and high-intensity interval training in obese children. PLoS One, 7, 

e42747. DOI:10.1371/journal.pone.0042747 

Couch, S. C., Isasi, C. R., Karmally, W., Blaner, W. S., Starc, T. J., Kaluski, D., 

Deckelbaum, R. J., Ginsberg, H. N., Shea, S. & Berglund, L. 2000. Predictors of 

postprandial triacylglycerol response in children: the Columbia University 

Biomarkers Study. Am J Clin Nutr, 72, 1119-27. 



283 
 

Couillard, C., Bergeron, N., Prud'homme, D., Bergeron, J., Tremblay, A., 

Bouchard, C., Mauriege, P. & Despres, J. P. 1999. Gender difference in 

postprandial lipemia : importance of visceral adipose tissue accumulation. 

Arterioscler Thromb Vasc Biol, 19, 2448-55. 

Cox, D. W., Breckenridge, W. C. & Little, J. A. 1978. Inheritance of 

apolipoprotein C-II deficiency with hypertriglyceridemia and pancreatitis. N Engl 

J Med, 299, 1421-4. 

Cracowski, J. L., Minson, C. T., Salvat-Melis, M. & Halliwill, J. R. 2006. 

Methodological issues in the assessment of skin microvascular endothelial 

function in humans. Trends Pharmacol Sci, 27, 503-8. 

Craggs, C., Corder, K., Van Sluijs, E. M. & Griffin, S. J. 2011. Determinants of 

change in physical activity in children and adolescents: a systematic review. Am 

J Prev Med, 40, 645-58. 

Criqui, M. H., Heiss, G., Cohn, R., Cowan, L. D., Suchindran, C. M., 

Bangdiwala, S., Kritchevsky, S., Jacobs, D. R., Jr., O'grady, H. K. & Davis, C. E. 

1993. Plasma triglyceride level and mortality from coronary heart disease. N 

Engl J Med, 328, 1220-5. 

Crisp, N. A., Fournier, P. A., Licari, M. K., Braham, R. & Guelfi, K. J. 2012. 

Adding sprints to continuous exercise at the intensity that maximises fat 

oxidation: implications for acute energy balance and enjoyment. Metabolism, 

61, 1280-8. 

Dai, G., Kaazempur-Mofrad, M. R., Natarajan, S., Zhang, Y., Vaughn, S., 

Blackman, B. R., Kamm, R. D., Garcia-Cardena, G. & Gimbrone, M. A., Jr. 

2004. Distinct endothelial phenotypes evoked by arterial waveforms derived 

from atherosclerosis-susceptible and -resistant regions of human vasculature. 

Proc Natl Acad Sci U S A, 101, 14871-6. 

Daley, A. J., Copeland, R. J., Wright, N. P. & Wales, J. K. 2008. 'I can actually 

exercise if I want to; it isn't as hard as I thought': a qualitative study of the 

experiences and views of obese adolescents participating in an exercise 

therapy intervention. J Health Psychol, 13, 810-9. 

Davis, P. H., Dawson, J. D., Riley, W. A. & Lauer, R. M. 2001. Carotid intimal-

medial thickness is related to cardiovascular risk factors measured from 

childhood through middle age: The Muscatine Study. Circulation, 104, 2815-9. 

Davitt, P. M., Arent, S. M., Tuazon, M. A., Golem, D. L. & Henderson, G. C. 

2013. Postprandial triglyceride and free fatty acid metabolism in obese women 

after either endurance or resistance exercise. J Appl Physiol, 114, 1743-54. 



284 
 

Dawson, E. A., Green, D. J., Cable, N. T. & Thijssen, D. H. 2013. Effects of 

acute exercise on flow-mediated dilatation in healthy humans. J Appl Physiol, 

115, 1589-98. 

Dawson, E. A., Whyte, G. P., Black, M. A., Jones, H., Hopkins, N., Oxborough, 

D., Gaze, D., Shave, R. E., Wilson, M., George, K. P. & Green, D. J. 2008. 

Changes in vascular and cardiac function after prolonged strenuous exercise in 

humans. J Appl Physiol, 105, 1562-8. 

De Jongh, R. T., Serne, E. H., Rg, I. J., De Vries, G. & Stehouwer, C. D. 2004. 

Impaired microvascular function in obesity: implications for obesity-associated 

microangiopathy, hypertension, and insulin resistance. Circulation, 109, 2529-

35. 

Defronzo, R. A. & Ferrannini, E. 1991. Insulin resistance. A multifaceted 

syndrome responsible for NIDDM, obesity, hypertension, dyslipidemia, and 

atherosclerotic cardiovascular disease. Diabetes Care, 14, 173-94. 

Dekker, J. M., Crow, R. S., Folsom, A. R., Hannan, P. J., Liao, D., Swenne, C. 

A. & Schouten, E. G. 2000. Low heart rate variability in a 2-minute rhythm strip 

predicts risk of coronary heart disease and mortality from several causes: the 

ARIC Study. Atherosclerosis Risk In Communities. Circulation, 102, 1239-44. 

Demacker, P. N., Schade, R. W., Jansen, R. T. & Van 'T Laar, A. 1982. Intra-

individual variation of serum cholesterol, triglycerides and high density 

lipoprotein cholesterol in normal humans. Atherosclerosis, 45, 259-66. 

Department of Health 2008. Health Survey for England 2008: Physical activity 

and fitness. 1, 159-172. 

Department of Health 2011. Start Active, Stay Active: A report on physical 

activity from the four home countries' Chief Medical Officers. 1, 1-62. 

Department of Health 2013. Statistics on obesity, physical activity and diet; 

England, 2013. 22-44. 

Department of Health 2007. Health Survey for England 2007: Healthy lifestyles: 

knowledge, attitude and behaviour. 251-264.  

Derby, C. A., Crawford, S. L., Pasternak, R. C., Sowers, M., Sternfeld, B. & 

Matthews, K. A. 2009. Lipid changes during the menopause transition in relation 

to age and weight: the Study of Women's Health Across the Nation. Am J 

Epidemiol, 169, 1352-61. 

Desouza, C. A., Shapiro, L. F., Clevenger, C. M., Dinenno, F. A., Monahan, K. 

D., Tanaka, H. & Seals, D. R. 2000. Regular aerobic exercise prevents and 

restores age-related declines in endothelium-dependent vasodilation in healthy 

men. Circulation, 102, 1351-7. 



285 
 

Despres, J. P., Couillard, C., Gagnon, J., Bergeron, J., Leon, A. S., Rao, D. C., 

Skinner, J. S., Wilmore, J. H. & Bouchard, C. 2000. Race, visceral adipose 

tissue, plasma lipids, and lipoprotein lipase activity in men and women: the 

Health, Risk Factors, Exercise Training, and Genetics (HERITAGE) family 

study. Arterioscler Thromb Vasc Biol, 20, 1932-8. 

Despres, J. P., Gagnon, J., Bergeron, J., Couillard, C., Leon, A. S., Rao, D. C., 

Skinner, J. S., Wilmore, J. H. & Bouchard, C. 1999. Plasma post-heparin lipase 

activities in the HERITAGE Family Study: the reproducibility, gender 

differences, and associations with lipoprotein levels. Clin Biochem, 32, 157-65. 

Dhindsa, M., Sommerlad, S. M., Devan, A. E., Barnes, J. N., Sugawara, J., Ley, 

O. & Tanaka, H. 2008. Interrelationships among noninvasive measures of 

postischemic macro- and microvascular reactivity. J Appl Physiol, 105, 427-32. 

Diez, J. J. & Iglesias, P. 2003. The role of the novel adipocyte-derived hormone 

adiponectin in human disease. Eur J Endocrinol, 148, 293-300. 

Dill, D. B. & Costill, D. L. 1974. Calculation of percentage changes in volumes of 

blood, plasma, and red cells in dehydration. J Appl Physiol, 37, 247-8. 

Dimmeler, S., Fleming, I., Fisslthaler, B., Hermann, C., Busse, R. & Zeiher, A. 

M. 1999. Activation of nitric oxide synthase in endothelial cells by Akt-

dependent phosphorylation. Nature, 399, 601-5. 

Dishman, R. K., Motl, R. W., Saunders, R., Felton, G., Ward, D. S., Dowda, M. 

& Pate, R. R. 2005. Enjoyment mediates effects of a school-based physical-

activity intervention. Med Sci Sports Exerc, 37, 478-87. 

Doshi, S. N., Naka, K. K., Payne, N., Jones, C. J., Ashton, M., Lewis, M. J. & 

Goodfellow, J. 2001. Flow-mediated dilatation following wrist and upper arm 

occlusion in humans: the contribution of nitric oxide. Clin Sci (Lond), 101, 629-

35. 

Dubois, C., Beaumier, G., Juhel, C., Armand, M., Portugal, H., Pauli, A. M., 

Borel, P., Latge, C. & Lairon, D. 1998. Effects of graded amounts (0-50 g) of 

dietary fat on postprandial lipemia and lipoproteins in normolipidemic adults. Am 

J Clin Nutr, 67, 31-8. 

Dull, R. O. & Davies, P. F. 1991. Flow modulation of agonist (ATP)-response 

(Ca2+) coupling in vascular endothelial cells. Am J Physiol, 261, H149-54. 

Dumith, S. C., Gigante, D. P., Domingues, M. R. & Kohl, H. W., 3rd 2011. 

Physical activity change during adolescence: a systematic review and a pooled 

analysis. Int J Epidemiol, 40, 685-98. 

Dunstan, D. W., Kingwell, B. A., Larsen, R., Healy, G. N., Cerin, E., Hamilton, 

M. T., Shaw, J. E., Bertovic, D. A., Zimmet, P. Z., Salmon, J. & Owen, N. 2012. 



286 
 

Breaking up prolonged sitting reduces postprandial glucose and insulin 

responses. Diabetes Care, 35, 976-83. 

Durstine, J. L. & Haskell, W. L. 1994. Effects of exercise training on plasma 

lipids and lipoproteins. Exerc Sport Sci Rev, 22, 477-521. 

Dzau, V. J. 1988. Circulating versus local renin-angiotensin system in 

cardiovascular homeostasis. Circulation, 77, I4-13. 

Ekelund, U., Luan, J., Sherar, L. B., Esliger, D. W., Griew, P. & Cooper, A. 

2012. Moderate to vigorous physical activity and sedentary time and 

cardiometabolic risk factors in children and adolescents. JAMA, 307, 704-12. 

Engelke, K. A., Halliwill, J. R., Proctor, D. N., Dietz, N. M. & Joyner, M. J. 1996. 

Contribution of nitric oxide and prostaglandins to reactive hyperemia in human 

forearm. J Appl Physiol, 81, 1807-14. 

Enos, W. F., Holmes, R. H. & Beyer, J. 1953. Coronary disease among United 

States soldiers killed in action in Korea; preliminary report. J Am Med Assoc, 

152, 1090-3. 

Esco, M. R. & Flatt, A. A. 2014. Ultra-short-term heart rate variability indexes at 

rest and post-exercise in athletes: evaluating the agreement with accepted 

recommendations. J Sports Sci Med, 13, 535-41. 

Evenson, K. R., Catellier, D. J., Gill, K., Ondrak, K. S. & Mcmurray, R. G. 2008. 

Calibration of two objective measures of physical activity for children. J Sports 

Sci, 26, 1557-65. 

Fairclough, S. & Stratton, G. 2005. 'Physical education makes you fit and 

healthy'. Physical education's contribution to young people's physical activity 

levels. Health Educ Res, 20, 14-23. 

Farah, B. Q., Barros, M. V., Balagopal, B. & Ritti-Dias, R. M. 2014. Heart rate 

variability and cardiovascular risk factors in adolescent boys. J Pediatr, 165, 

945-50. 

Feldman, M. & Nixon, J. V. 1982. Effect of exercise on postprandial gastric 

secretion and emptying in humans. J Appl Physiol Respir Environ Exerc 

Physiol, 53, 851-4. 

Ferguson, M. A., Alderson, N. L., Trost, S. G., Essig, D. A., Burke, J. R. & 

Durstine, J. L. 1998. Effects of four different single exercise sessions on lipids, 

lipoproteins, and lipoprotein lipase. J Appl Physiol, 85, 1169-74. 

Fernhall, B. & Agiovlasitis, S. 2008. Arterial function in youth: window into 

cardiovascular risk. J Appl Physiol, 105, 325-33. 



287 
 

Ferreira, A. P., Ferreira, C. B., Souza, V. C., Cordova, C. O., Silva, G. C., 

Nobrega Ode, T. & Franca, N. M. 2011. The influence of intense intermittent 

versus moderate continuous exercise on postprandial lipemia. Clinical Science 

(Sao Paulo), 66, 535-41. 

Ferrell, W. R., Ramsay, J. E., Brooks, N., Lockhart, J. C., Dickson, S., Mcneece, 

G. M., Greer, I. A. & Sattar, N. 2002. Elimination of electrically induced 

iontophoretic artefacts: implications for non-invasive assessment of peripheral 

microvascular function. J Vasc Res, 39, 447-55. 

Fielding, B. A., Callow, J., Owen, R. M., Samra, J. S., Matthews, D. R. & Frayn, 

K. N. 1996. Postprandial lipemia: the origin of an early peak studied by specific 

dietary fatty acid intake during sequential meals. Am J Clin Nutr, 63, 36-41. 

Fielding, B. A., Reid, G., Grady, M., Humphreys, S. M., Evans, K. & Frayn, K. N. 

2000. Ethanol with a mixed meal increases postprandial triacylglycerol but 

decreases postprandial non-esterified fatty acid concentrations. Br J Nutr, 83, 

597-604. 

Fielding, C. J. & Fielding, P. E. 1995. Molecular physiology of reverse 

cholesterol transport. J Lipid Res, 36, 211-28. 

Fisher, R. M., Coppack, S. W., Humphreys, S. M., Gibbons, G. F. & Frayn, K. N. 

1995. Human triacylglycerol-rich lipoprotein subfractions as substrates for 

lipoprotein lipase. Clin Chim Acta, 236, 7-17. 

Flatt, A. A. & Esco, M. R. 2015. Heart rate variability stabilization in athletes: 

towards more convenient data acquisition. Clin Physiol Funct Imaging. 

DOI: 10.1111/cpf.12233 

Floras, J. S. & Senn, B. L. 1991. Absence of post exercise hypotension and 

sympathoinhibition in normal subjects: additional evidence for increased 

sympathetic outflow in borderline hypertension. Can J Cardiol, 7, 253-8. 

Ford, E. S. 2005. Risks for all-cause mortality, cardiovascular disease, and 

diabetes associated with the metabolic syndrome: a summary of the evidence. 

Diabetes Care, 28, 1769-78. 

Forjaz, C. L., Cardoso, C. G., Jr., Rezk, C. C., Santaella, D. F. & Tinucci, T. 

2004. Postexercise hypotension and hemodynamics: the role of exercise 

intensity. J Sports Med Phys Fitness, 44, 54-62. 

Forse, R. A. 1993. Comparison of gas exchange measurements with a 

mouthpiece, face mask, and ventilated canopy. JPEN J Parenter Enteral Nutr, 

17, 388-91. 

Forstermann, U. & Munzel, T. 2006. Endothelial nitric oxide synthase in 

vascular disease: from marvel to menace. Circulation, 113, 1708-14. 



288 
 

Francone, O. L. & Fielding, C. J. 1990. Initial steps in reverse cholesterol 

transport: the role of short-lived cholesterol acceptors. Eur Heart J, 11, 218-24. 

Franzoni, F., Plantinga, Y., Femia, F. R., Bartolomucci, F., Gaudio, C., Regoli, 

F., Carpi, A., Santoro, G. & Galetta, F. 2004. Plasma antioxidant activity and 

cutaneous microvascular endothelial function in athletes and sedentary 

controls. Biomed Pharmacother, 58, 432-6. 

Fraser, R., Dobbs, B. R. & Rogers, G. W. 1995. Lipoproteins and the liver sieve: 

the role of the fenestrated sinusoidal endothelium in lipoprotein metabolism, 

atherosclerosis, and cirrhosis. Hepatology, 21, 863-74. 

Frayn, K. N. 1983. Calculation of substrate oxidation rates in vivo from gaseous 

exchange. J Appl Physiol, 55, 628-34. 

Frayn, K. N., Shadid, S., Hamlani, R., Humphreys, S. M., Clark, M. L., Fielding, 

B. A., Boland, O. & Coppack, S. W. 1994. Regulation of fatty acid movement in 

human adipose tissue in the postabsorptive-to-postprandial transition. Am J 

Physiol, 266, E308-17. 

Freese, E. C., Gist, N. H., Acitelli, R. M., Mcconnell, W. J., Beck, C. D., 

Hausman, D. B., Murrow, J. R., Cureton, K. J. & Evans, E. M. 2015. Acute and 

chronic effects of sprint interval exercise on postprandial lipemia in women at-

risk for the metabolic syndrome. J Appl Physiol, DOI: 

10.1152/japplphysiol.00380.2014 

Freese, E. C., Gist, N. H. & Cureton, K. J. 2014. Effect of prior exercise on 

postprandial lipemia: an updated quantitative review. J Appl Physiol, 116, 67-

75. 

Freese, E. C., Levine, A. S., Chapman, D. P., Hausman, D. B. & Cureton, K. J. 

2011. Effects of acute sprint interval cycling and energy replacement on 

postprandial lipemia. J Appl Physiol, 111, 1584-9. 

Freiberg, J. J., Tybjaerg-Hansen, A., Jensen, J. S. & Nordestgaard, B. G. 2008. 

Nonfasting triglycerides and risk of ischemic stroke in the general population. 

JAMA, 300, 2142-52. 

Friday, K. E., Srinivasan, S. R., Elkasabany, A., Dong, C., Wattigney, W. A., 

Dalferes, E., Jr. & Berenson, G. S. 1999. Black-white differences in postprandial 

triglyceride response and postheparin lipoprotein lipase and hepatic triglyceride 

lipase among young men. Metabolism, 48, 749-54. 

Fuccella, L. M., Goldaniga, G., Lovisolo, P., Maggi, E., Musatti, L., Mandelli, V. 

& Sirtori, C. R. 1980. Inhibition of lipolysis by nicotinic acid and by acipimox. 

Clin Pharmacol Ther, 28, 790-5. 



289 
 

Furchgott, R. F. & Jothianandan, D. 1991. Endothelium-dependent and -

independent vasodilation involving cyclic GMP: relaxation induced by nitric 

oxide, carbon monoxide and light. Blood Vessels, 28, 52-61. 

Furchgott, R. F. & Zawadzki, J. V. 1980. The obligatory role of endothelial cells 

in the relaxation of arterial smooth muscle by acetylcholine. Nature, 288, 373-6. 

Gabriel, B., Ratkevicius, A., Gray, P., Frenneaux, M. P. & Gray, S. R. 2012. 

High-intensity exercise attenuates postprandial lipaemia and markers of 

oxidative stress. Clin Sci (Lond), 123, 313-21. 

Gaenzer, H., Sturm, W., Neumayr, G., Kirchmair, R., Ebenbichler, C., Ritsch, 

A., Foger, B., Weiss, G. & Patsch, J. R. 2001. Pronounced postprandial lipemia 

impairs endothelium-dependent dilation of the brachial artery in men. 

Cardiovasc Res, 52, 509-16. 

Ganz, P. & Vita, J. A. 2003. Testing endothelial vasomotor function: nitric oxide, 

a multipotent molecule. Circulation, 108, 2049-53. 

Garg, U. C. & Hassid, A. 1989. Nitric oxide-generating vasodilators and 8-

bromo-cyclic guanosine monophosphate inhibit mitogenesis and proliferation of 

cultured rat vascular smooth muscle cells. J Clin Invest, 83, 1774-7. 

Ghafouri, K., Conney, J., Bedford, D. K., Wilson, J., Caslake, M. J. & Gill, J. M. 

(2015). Moderate exercise increases affinity of large very low-density 

lipoproteins for hydrolysis by lipoprotein lipase. J Clin Endocrinol Metab, 100, 

2205-13. 

Gibala, M. J. 2007. High-intensity interval training: a time-efficient strategy for 

health promotion? Curr Sports Med Rep, 6, 211-3. 

Gibala, M. J., Little, J. P., Macdonald, M. J. & Hawley, J. A. 2012. Physiological 

adaptations to low-volume, high-intensity interval training in health and disease. 

J Physiol, 590, 1077-84. 

Gill, J. M., Al-Mamari, A., Ferrell, W. R., Cleland, S. J., Packard, C. J., Sattar, 

N., Petrie, J. R. & Caslake, M. J. 2004. Effects of prior moderate exercise on 

postprandial metabolism and vascular function in lean and centrally obese men. 

J Am Coll Cardiol, 44, 2375-82. 

Gill, J. M., Al-Mamari, A., Ferrell, W. R., Cleland, S. J., Perry, C. G., Sattar, N., 

Packard, C. J., Caslake, M. J. & Petrie, J. R. 2007. Effect of prior moderate 

exercise on postprandial metabolism in men with type 2 diabetes: heterogeneity 

of responses. Atherosclerosis, 194, 134-43. 

Gill, J. M., Caslake, M. J., Mcallister, C., Tsofliou, F., Ferrell, W. R., Packard, C. 

J. & Malkova, D. 2003a. Effects of short-term detraining on postprandial 

metabolism, endothelial function, and inflammation in endurance-trained men: 



290 
 

dissociation between changes in triglyceride metabolism and endothelial 

function. J Clin Endocrinol Metab, 88, 4328-35. 

Gill, J. M., Frayn, K. N., Wootton, S. A., Miller, G. J. & Hardman, A. E. 2001. 

Effects of prior moderate exercise on exogenous and endogenous lipid 

metabolism and plasma factor VII activity. Clin Sci (Lond), 100, 517-27. 

Gill, J. M. & Hardman, A. E. 2000. Postprandial lipemia: effects of exercise and 

restriction of energy intake compared. Am J Clin Nutr, 71, 465-71. 

Gill, J. M., Herd, S. L. & Hardman, A. E. 2002a. Moderate exercise and post-

prandial metabolism: issues of dose-response. J Sports Sci, 20, 961-7. 

Gill, J. M., Herd, S. L., Tsetsonis, N. V. & Hardman, A. E. 2002b. Are the 

reductions in triacylglycerol and insulin levels after exercise related? Clin Sci 

(Lond), 102, 223-31. 

Gill, J. M., Herd, S. L., Vora, V. & Hardman, A. E. 2003b. Effects of a brisk walk 

on lipoprotein lipase activity and plasma triglyceride concentrations in the fasted 

and postprandial states. Eur J Appl Physiol, 89, 184-90. 

Gill, J. M., Malkova, D. & Hardman, A. E. 2005. Reproducibility of an oral fat 

tolerance test is influenced by phase of menstrual cycle. Horm Metab Res, 37, 

336-41. 

Gill, J. M., Murphy, M. H. & Hardman, A. E. 1998. Postprandial lipemia: effects 

of intermittent versus continuous exercise. Med Sci Sports Exerc, 30, 1515-20. 

Ginsberg, H. N. & Huang, L. S. 2000. The insulin resistance syndrome: impact 

on lipoprotein metabolism and atherothrombosis. J Cardiovasc Risk, 7, 325-31. 

Gokce, N., Keaney, J. F., Jr., Hunter, L. M., Watkins, M. T., Menzoian, J. O. & 

Vita, J. A. 2002. Risk stratification for postoperative cardiovascular events via 

noninvasive assessment of endothelial function: a prospective study. 

Circulation, 105, 1567-72. 

Gokce, N., Keaney, J. F., Jr., Hunter, L. M., Watkins, M. T., Nedeljkovic, Z. S., 

Menzoian, J. O. & Vita, J. A. 2003. Predictive value of noninvasively determined 

endothelial dysfunction for long-term cardiovascular events in patients with 

peripheral vascular disease. J Am Coll Cardiol, 41, 1769-75. 

Goldberg, I. J., Eckel, R. H. & Abumrad, N. A. 2009. Regulation of fatty acid 

uptake into tissues: lipoprotein lipase- and CD36-mediated pathways. J Lipid 

Res, 50, S86-90. 

Gordon-Larsen, P., Mcmurray, R. G. & Popkin, B. M. 2000. Determinants of 

adolescent physical activity and inactivity patterns. Pediatrics, 105, E83, 1-8. 



291 
 

Gordon, D. J., Probstfield, J. L., Garrison, R. J., Neaton, J. D., Castelli, W. P., 

Knoke, J. D., Jacobs, D. R., Jr., Bangdiwala, S. & Tyroler, H. A. 1989. High-

density lipoprotein cholesterol and cardiovascular disease. Four prospective 

American studies. Circulation, 79, 8-15. 

Gordon, P. M., Visich, P. S., Goss, F. L., Fowler, S., Warty, V., Denys, B. J., 

Metz, K. F. & Robertson, J. 1996. Comparison of exercise and normal variability 

on HDL cholesterol concentrations and lipolytic activity. Int J Sports Med, 17, 

332-7. 

Gordon, T., Castelli, W. P., Hjortland, M. C., Kannel, W. B. & Dawber, T. R. 

1977. High density lipoprotein as a protective factor against coronary heart 

disease. The Framingham Study. Am J Med, 62, 707-14. 

Gorski, J., Oscai, L. B. & Palmer, W. K. 1990. Hepatic lipid metabolism in 

exercise and training. Med Sci Sports Exerc, 22, 213-21. 

Goto, C., Higashi, Y., Kimura, M., Noma, K., Hara, K., Nakagawa, K., 

Kawamura, M., Chayama, K., Yoshizumi, M. & Nara, I. 2003. Effect of different 

intensities of exercise on endothelium-dependent vasodilation in humans: role 

of endothelium-dependent nitric oxide and oxidative stress. Circulation, 108, 

530-5. 

Grant, K. I., Marais, M. P. & Dhansay, M. A. 1994. Sucrose in a lipid-rich meal 

amplifies the postprandial excursion of serum and lipoprotein triglyceride and 

cholesterol concentrations by decreasing triglyceride clearance. Am J Clin Nutr, 

59, 853-60. 

Green, D. 2005. Point: Flow-mediated dilation does reflect nitric oxide-mediated 

endothelial function. J Appl Physiol, 99, 1233-4. 

Green, D., Cheetham, C., Mavaddat, L., Watts, K., Best, M., Taylor, R. & 

O'driscoll, G. 2002a. Effect of lower limb exercise on forearm vascular function: 

contribution of nitric oxide. Am J Physiol Heart Circ Physiol, 283, 899-907. 

Green, D., Cheetham, C., Reed, C., Dembo, L. & O'driscoll, G. 2002b. 

Assessment of brachial artery blood flow across the cardiac cycle: retrograde 

flows during cycle ergometry. J Appl Physiol, 93, 361-8. 

Green, D. J., Jones, H., Thijssen, D., Cable, N. T. & Atkinson, G. 2011. Flow-

mediated dilation and cardiovascular event prediction: does nitric oxide matter? 

Hypertension, 57, 363-9. 

Green, D. J., Maiorana, A., O'driscoll, G. & Taylor, R. 2004. Effect of exercise 

training on endothelium-derived nitric oxide function in humans. J Physiol, 561, 

1-25. 



292 
 

Green, D. J., O'driscoll, G., Joyner, M. J. & Cable, N. T. 2008. Exercise and 

cardiovascular risk reduction: time to update the rationale for exercise? J Appl 

Physiol, 105, 766-8. 

Green, D. J., Walsh, J. H., Maiorana, A., Best, M. J., Taylor, R. R. & O'driscoll, 

J. G. 2003. Exercise-induced improvement in endothelial dysfunction is not 

mediated by changes in CV risk factors: pooled analysis of diverse patient 

populations. Am J Physiol Heart Circ Physiol, 285, 2679-87. 

Groener, J. E., Van Rozen, A. J. & Erkelens, D. W. 1984. Cholesteryl ester 

transfer activity. Localization and role in distribution of cholesteryl ester among 

lipoproteins in man. Atherosclerosis, 50, 261-71. 

Grundy, S. M. 1983. Absorption and metabolism of dietary cholesterol. Annu 

Rev Nutr, 3, 71-96. 

Grundy, S. M. & Metzger, A. L. 1972. A physiological method for estimation of 

hepatic secretion of biliary lipids in man. Gastroenterology, 62, 1200-17. 

Guerci, B., Paul, J. L., Hadjadj, S., Durlach, V., Verges, B., Attia, N., Girard-

Globa, A. & Drouin, P. 2001. Analysis of the postprandial lipid metabolism: use 

of a 3-point test. Diabetes Metab, 27, 449-57. 

Gutin, B., Barbeau, P., Litaker, M. S., Ferguson, M. & Owens, S. 2000. Heart 

rate variability in obese children: relations to total body and visceral adiposity, 

and changes with physical training and detraining. Obes Res, 8, 12-9. 

Gutin, B., Barbeau, P., Owens, S., Lemmon, C. R., Bauman, M., Allison, J., 

Kang, H. S. & Litaker, M. S. 2002. Effects of exercise intensity on 

cardiovascular fitness, total body composition, and visceral adiposity of obese 

adolescents. Am J Clin Nutr, 75, 818-26. 

Gutin, B., Howe, C., Johnson, M. H., Humphries, M. C., Snieder, H. & Barbeau, 

P. 2005. Heart rate variability in adolescents: relations to physical activity, 

fitness, and adiposity. Med Sci Sports Exerc, 37, 1856-63. 

Halcox, J. P. & Deanfield, J. E. 2005. Childhood origins of endothelial 

dysfunction. Heart, 91, 1272-4. 

Halcox, J. P., Donald, A. E., Ellins, E., Witte, D. R., Shipley, M. J., Brunner, E. 

J., Marmot, M. G. & Deanfield, J. E. 2009. Endothelial function predicts 

progression of carotid intima-media thickness. Circulation, 119, 1005-12. 

Hallberg, D. 1965. Elimination of exogenous lipids from the blood stream. An 

experimental, methodological and clinical study. Acta Physiol Scand Suppl, 254, 

1-23. 



293 
 

Hambrecht, R., Adams, V., Erbs, S., Linke, A., Krankel, N., Shu, Y., Baither, Y., 

Gielen, S., Thiele, H., Gummert, J. F., Mohr, F. W. & Schuler, G. 2003. Regular 

physical activity improves endothelial function in patients with coronary artery 

disease by increasing phosphorylation of endothelial nitric oxide synthase. 

Circulation, 107, 3152-8. 

Hambrecht, R., Fiehn, E., Weigl, C., Gielen, S., Hamann, C., Kaiser, R., Yu, J., 

Adams, V., Niebauer, J. & Schuler, G. 1998. Regular physical exercise corrects 

endothelial dysfunction and improves exercise capacity in patients with chronic 

heart failure. Circulation, 98, 2709-15. 

Hamilton, M. T., Etienne, J., Mcclure, W. C., Pavey, B. S. & Holloway, A. K. 

1998. Role of local contractile activity and muscle fiber type on LPL regulation 

during exercise. Am J Physiol, 275, 1016-22. 

Hamilton, R. L., Moorehouse, A. & Havel, R. J. 1991. Isolation and properties of 

nascent lipoproteins from highly purified rat hepatocytic Golgi fractions. J Lipid 

Res, 32, 529-43. 

Hamosh, M. & Burns, W. A. 1977. Lipolytic activity of human lingual glands 

(Ebner). Lab Invest, 37, 603-8. 

Hamosh, M. & Scow, R. O. 1973. Lingual lipase and its role in the digestion of 

dietary lipid. J Clin Invest, 52, 88-95. 

Hansell, J., Henareh, L., Agewall, S. & Norman, M. 2004. Non-invasive 

assessment of endothelial function - relation between vasodilatory responses in 

skin microcirculation and brachial artery. Clin Physiol Funct Imaging, 24, 317-

22. 

Hansen, K., Shriver, T. & Schoeller, D. 2005. The effects of exercise on the 

storage and oxidation of dietary fat. Sports Med, 35, 363-73. 

Hardman, A. E. & Aldred, H. E. 1995. Walking during the postprandial period 

decreases alimentary lipaemia. J Cardiovasc Risk, 2, 71-8. 

Harris, K. F. & Matthews, K. A. 2004. Interactions between autonomic nervous 

system activity and endothelial function: a model for the development of 

cardiovascular disease. Psychosom Med, 66, 153-64. 

Harris, R. A., Nishiyama, S. K., Wray, D. W. & Richardson, R. S. 2010. 

Ultrasound assessment of flow-mediated dilation. Hypertension, 55, 1075-85. 

Harris, R. A., Padilla, J., Hanlon, K. P., Rink, L. D. & Wallace, J. P. 2008. The 

flow-mediated dilation response to acute exercise in overweight active and 

inactive men. Obesity, 16, 578-84. 



294 
 

Harrison, D. G. 1996. Endothelial control of vasomotion and nitric oxide 

production: a potential target for risk factor management. Cardiol Clin, 14, 1-15. 

Harrison, M., O'gorman, D. J., Mccaffrey, N., Hamilton, M. T., Zderic, T. W., 

Carson, B. P. & Moyna, N. M. 2009. Influence of acute exercise with and 

without carbohydrate replacement on postprandial lipid metabolism. J Appl 

Physiol, 106, 943-9. 

Hashimoto, M., Akishita, M., Eto, M., Ishikawa, M., Kozaki, K., Toba, K., 

Sagara, Y., Taketani, Y., Orimo, H. & Ouchi, Y. 1995. Modulation of 

endothelium-dependent flow-mediated dilatation of the brachial artery by sex 

and menstrual cycle. Circulation, 92, 3431-5. 

Haskell, W. L., Lee, I. M., Pate, R. R., Powell, K. E., Blair, S. N., Franklin, B. A., 

Macera, C. A., Heath, G. W., Thompson, P. D. & Bauman, A. 2007. Physical 

activity and public health: updated recommendation for adults from the 

American College of Sports Medicine and the American Heart Association. 

Circulation, 116, 1081-93. 

Havel, R. 1994. McCollum Award Lecture, 1993: triglyceride-rich lipoproteins 

and atherosclerosis--new perspectives. Am J Clin Nutr, 59, 795-6. 

Havel, R. J. 1984. The formation of LDL: mechanisms and regulation. J Lipid 

Res, 25, 1570-6. 

Havel, R. J. & Hamilton, R. L. 1988. Hepatocytic lipoprotein receptors and 

intracellular lipoprotein catabolism. Hepatology, 8, 1689-704. 

Hay, J., Maximova, K., Durksen, A., Carson, V., Rinaldi, R. L., Torrance, B., 

Ball, G. D., Majumdar, S. R., Plotnikoff, R. C., Veugelers, P., Boule, N. G., 

Wozny, P., Mccargar, L., Downs, S., Lewanczuk, R. & Mcgavock, J. 2012. 

Physical activity intensity and cardiometabolic risk in youth. Arch Pediatr 

Adolesc Med, 166, 1022-9. 

Healy, G. N., Dunstan, D. W., Salmon, J., Cerin, E., Shaw, J. E., Zimmet, P. Z. 

& Owen, N. 2008. Breaks in sedentary time: beneficial associations with 

metabolic risk. Diabetes Care, 31, 661-6. 

Hecker, M., Mulsch, A., Bassenge, E. & Busse, R. 1993. Vasoconstriction and 

increased flow: two principal mechanisms of shear stress-dependent endothelial 

autacoid release. Am J Physiol, 265, 828-33. 

Heffernan, K. S., Collier, S. R., Kelly, E. E., Jae, S. Y. & Fernhall, B. 2007. 

Arterial stiffness and baroreflex sensitivity following bouts of aerobic and 

resistance exercise. Int J Sports Med, 28, 197-203. 

Hellerstein, M. K., Christiansen, M., Kaempfer, S., Kletke, C., Wu, K., Reid, J. 

S., Mulligan, K., Hellerstein, N. S. & Shackleton, C. H. 1991. Measurement of 



295 
 

de novo hepatic lipogenesis in humans using stable isotopes. J Clin Invest, 87, 

1841-52. 

Henderson, A. H. 1991. St Cyres lecture. Endothelium in control. Br Heart J, 65, 

116-25. 

Henderson, G. C., Fattor, J. A., Horning, M. A., Faghihnia, N., Johnson, M. L., 

Mau, T. L., Luke-Zeitoun, M. & Brooks, G. A. 2007. Lipolysis and fatty acid 

metabolism in men and women during the postexercise recovery period. J 

Physiol, 584, 963-81. 

Henderson, G. C., Krauss, R. M., Fattor, J. A., Faghihnia, N., Luke-Zeitoun, M. 

& Brooks, G. A. 2010. Plasma triglyceride concentrations are rapidly reduced 

following individual bouts of endurance exercise in women. Eur J Appl Physiol, 

109, 721-30. 

Herd, S. L., Kiens, B., Boobis, L. H. & Hardman, A. E. 2001. Moderate exercise, 

postprandial lipemia, and skeletal muscle lipoprotein lipase activity. Metabolism, 

50, 756-62. 

Herd, S. L., Lawrence, J. E., Malkova, D., Murphy, M. H., Mastana, S. & 

Hardman, A. E. 2000. Postprandial lipemia in young men and women of 

contrasting training status. J Appl Physiol, 89, 2049-56. 

Higashi, Y., Sasaki, S., Kurisu, S., Yoshimizu, A., Sasaki, N., Matsuura, H., 

Kajiyama, G. & Oshima, T. 1999. Regular aerobic exercise augments 

endothelium-dependent vascular relaxation in normotensive as well as 

hypertensive subjects: role of endothelium-derived nitric oxide. Circulation, 100, 

1194-202. 

Hogstrom, G., Nordstrom, A. & Nordstrom, P. 2014. High aerobic fitness in late 

adolescence is associated with a reduced risk of myocardial infarction later in 

life: a nationwide cohort study in men. Eur Heart J, 35, 3133-40. 

Holman, R. L., Mcgill, H. C. J., Strong, J. P. & Geer, J. C. 1958. The natural 

history of atherosclerosis: the early aortic lesions as seen in New Orleans in the 

middle of the 20th century. Am J Pathol, 34, 209-35. 

Hopkins, N. D., Stratton, G., Cable, N. T., Tinken, T. M., Graves, L. E. & Green, 

D. J. 2012. Impact of exercise training on endothelial function and body 

composition in young people: a study of mono- and di-zygotic twins. Eur J Appl 

Physiol, 112, 421-7. 

Hopkins, N. D., Stratton, G., Tinken, T. M., Mcwhannell, N., Ridgers, N. D., 

Graves, L. E., George, K., Cable, N. T. & Green, D. J. 2009a. Relationships 

between measures of fitness, physical activity, body composition and vascular 

function in children. Atherosclerosis, 204, 244-9. 



296 
 

Hopkins, N. D., Stratton, G., Tinken, T. M., Ridgers, N. D., Graves, L. E., 

Mcwhannell, N., Cable, N. T. & Green, D. J. 2011. Seasonal reduction in 

physical activity and flow-mediated dilation in children. Med Sci Sports Exerc, 

43, 232-8. 

Hopkins, N. D., Van Den Munckhof, I., Thijssen, D. H., Tinken, T. M., Cable, N. 

T., Stratton, G. & Green, D. J. 2013. Are changes in conduit artery function 

associated with intima-medial thickness in young subjects? Eur J Prev Cardiol, 

20, 904-10. 

Hopkins, W. G., Marshall, S. W., Batterham, A. M. & Hanin, J. 2009b. 

Progressive statistics for studies in sports medicine and exercise science. Med 

Sci Sports Exerc, 41, 3-13. 

Horton, T. J., Commerford, S. R., Pagliassotti, M. J. & Bessesen, D. H. 2002. 

Postprandial leg uptake of triglyceride is greater in women than in men. Am J 

Physiol Endocrinol Metab, 283, 1192-202. 

Hu, F. B., Willett, W. C., Li, T., Stampfer, M. J., Colditz, G. A. & Manson, J. E. 

2004. Adiposity as compared with physical activity in predicting mortality among 

women. N Engl J Med, 351, 2694-703. 

Hulzebos, H. J., Snieder, H., Van Der Et, J., Helders, P. J. & Takken, T. 2011. 

High-intensity interval training in an adolescent with cystic fibrosis: a 

physiological perspective. Physiother Theory Pract, 27, 231-7. 

Hurren, N. M., Balanos, G. M. & Blannin, A. K. 2011. Is the beneficial effect of 

prior exercise on postprandial lipaemia partly due to redistribution of blood flow? 

Clin Sci (Lond), 120, 537-48. 

Hussain, M. M., Kancha, R. K., Zhou, Z., Luchoomun, J., Zu, H. & Bakillah, A. 

1996. Chylomicron assembly and catabolism: role of apolipoproteins and 

receptors. Biochim Biophys Acta, 1300, 151-70. 

Huttunen, J. K., Ehnholm, C., Kekki, M. & Nikkila, E. A. 1976. Post-heparin 

plasma lipoprotein lipase and hepatic lipase in normal subjects and in patients 

with hypertriglyceridaemia: correlations to sex, age and various parameters of 

triglyceride metabolism. Clin Sci Mol Med, 50, 249-60. 

Hwang, I. C., Kim, K. H., Choi, W. S., Kim, H. J., Im, M. S., Kim, Y. J., Kim, S. 

H., Kim, M. A., Sohn, D. W. & Zo, J. H. 2012. Impact of acute exercise on 

brachial artery flow-mediated dilatation in young healthy people. Cardiovasc 

Ultrasound, 10, 39. 

Hwang, J., Ing, M. H., Salazar, A., Lassegue, B., Griendling, K., Navab, M., 

Sevanian, A. & Hsiai, T. K. 2003a. Pulsatile versus oscillatory shear stress 

regulates NADPH oxidase subunit expression: implication for native LDL 

oxidation. Circ Res, 93, 1225-32. 



297 
 

Hwang, J., Saha, A., Boo, Y. C., Sorescu, G. P., Mcnally, J. S., Holland, S. M., 

Dikalov, S., Giddens, D. P., Griendling, K. K., Harrison, D. G. & Jo, H. 2003b. 

Oscillatory shear stress stimulates endothelial production of O2- from p47phox-

dependent NAD(P)H oxidases, leading to monocyte adhesion. J Biol Chem, 

278, 47291-8. 

Ignarro, L. J. 1989. Endothelium-derived nitric oxide: actions and properties. 

FASEB J, 3, 31-6. 

Ignarro, L. J., Adams, J. B., Horwitz, P. M. & Wood, K. S. 1986. Activation of 

soluble guanylate cyclase by NO-hemoproteins involves NO-heme exchange. 

Comparison of heme-containing and heme-deficient enzyme forms. J Biol 

Chem, 261, 4997-5002. 

Ijzerman, R., De Jongh, R. T., Beijk, M. A., Van Weissenbruch, M. M., 

Delemarre-Van De Waal, H. A., Serne, E. H. & Stehouwer, C. D. 2003. 

Individuals at increased coronary heart disease risk are characterized by an 

impaired microvascular function in skin. Eur J Clin Invest, 33, 536-42. 

Inaba, Y., Chen, J. A. & Bergmann, S. R. 2010. Prediction of future 

cardiovascular outcomes by flow-mediated vasodilatation of brachial artery: a 

meta-analysis. Int J Cardiovasc Imaging, 26, 631-40. 

Iqbal, J. & Hussain, M. M. 2009. Intestinal lipid absorption. Am J Physiol 

Endocrinol Metab, 296, 1183-94. 

Irving, R. J., Walker, B. R., Noon, J. P., Watt, G. C., Webb, D. J. & Shore, A. C. 

2002. Microvascular correlates of blood pressure, plasma glucose, and insulin 

resistance in health. Cardiovasc Res, 53, 271-6. 

Iso, H., Naito, Y., Sato, S., Kitamura, A., Okamura, T., Sankai, T., Shimamoto, 

T., Iida, M. & Komachi, Y. 2001. Serum triglycerides and risk of coronary heart 

disease among Japanese men and women. Am J Epidemiol, 153, 490-9. 

Isomaa, B., Almgren, P., Tuomi, T., Forsen, B., Lahti, K., Nissen, M., Taskinen, 

M. R. & Groop, L. 2001. Cardiovascular morbidity and mortality associated with 

the metabolic syndrome. Diabetes Care, 24, 683-9. 

Jaap, A. J., Hammersley, M. S., Shore, A. C. & Tooke, J. E. 1994. Reduced 

microvascular hyperaemia in subjects at risk of developing type 2 (non-insulin-

dependent) diabetes mellitus. Diabetologia, 37, 214-6. 

Jakicic, J. M., Wing, R. R., Butler, B. A. & Robertson, R. J. 1995. Prescribing 

exercise in multiple short bouts versus one continuous bout: effects on 

adherence, cardiorespiratory fitness, and weight loss in overweight women. Int 

J Obes Relat Metab Disord, 19, 893-901. 



298 
 

Janssen, I. & Leblanc, A. G. 2010. Systematic review of the health benefits of 

physical activity and fitness in school-aged children and youth. Int J Behav Nutr 

Phys Act, 7, 40. 

Jarvisalo, M. J., Raitakari, M., Toikka, J. O., Putto-Laurila, A., Rontu, R., Laine, 

S., Lehtimaki, T., Ronnemaa, T., Viikari, J. & Raitakari, O. T. 2004. Endothelial 

dysfunction and increased arterial intima-media thickness in children with type 1 

diabetes. Circulation, 109, 1750-5. 

Jarvisalo, M. J., Ronnemaa, T., Volanen, I., Kaitosaari, T., Kallio, K., Hartiala, J. 

J., Irjala, K., Viikari, J. S., Simell, O. & Raitakari, O. T. 2002. Brachial artery 

dilatation responses in healthy children and adolescents. Am J Physiol Heart 

Circ Physiol, 282, 87-92. 

Jenkins, N. T., Martin, J. S., Laughlin, M. H. & Padilla, J. 2012. Exercise-

induced Signals for Vascular Endothelial Adaptations: Implications for 

Cardiovascular Disease. Curr Cardiovasc Risk Rep, 6, 331-346. 

Jensen, M. D. 1995. Gender differences in regional fatty acid metabolism before 

and after meal ingestion. J Clin Invest, 96, 2297-303. 

Jensen, M. D., Nguyen, T. T., Hernandez Mijares, A., Johnson, C. M. & Murray, 

M. J. 1998. Effects of gender on resting leg blood flow: implications for 

measurement of regional substrate oxidation. J Appl Physiol, 84, 141-5. 

Jeppesen, J., Chen, Y. D., Zhou, M. Y., Wang, T. & Reaven, G. M. 1995a. 

Effect of variations in oral fat and carbohydrate load on postprandial lipemia. 

Am J Clin Nutr, 62, 1201-5. 

Jeppesen, J., Hollenbeck, C. B., Zhou, M. Y., Coulston, A. M., Jones, C., Chen, 

Y. D. & Reaven, G. M. 1995b. Relation between insulin resistance, 

hyperinsulinemia, postheparin plasma lipoprotein lipase activity, and 

postprandial lipemia. Arterioscler Thromb Vasc Biol, 15, 320-4. 

Joannides, R., Costentin, A., Iacob, M., Compagnon, P., Lahary, A. & Thuillez, 

C. 2002. Influence of vascular dimension on gender difference in flow-

dependent dilatation of peripheral conduit arteries. Am J Physiol Heart Circ 

Physiol, 282, 1262-9. 

Joannides, R., Haefeli, W. E., Linder, L., Richard, V., Bakkali, E. H., Thuillez, C. 

& Luscher, T. F. 1995. Nitric oxide is responsible for flow-dependent dilatation 

of human peripheral conduit arteries in vivo. Circulation, 91, 1314-9. 

Johnson, B. D., Padilla, J. & Wallace, J. P. 2012. The exercise dose affects 

oxidative stress and brachial artery flow-mediated dilation in trained men. Eur J 

Appl Physiol, 112, 33-42. 



299 
 

Johnson, J. M. & Rowell, L. B. 1975. Forearm skin and muscle vascular 

responses to prolonged leg exercise in man. J Appl Physiol, 39, 920-4. 

Jonas, A. 2000. Lecithin cholesterol acyltransferase. Biochim Biophys Acta, 

1529, 245-56. 

Jones, H., George, K., Edwards, B. & Atkinson, G. 2007. Is the magnitude of 

acute post-exercise hypotension mediated by exercise intensity or total work 

done? Eur J Appl Physiol, 102, 33-40. 

Joyner, M. J. & Green, D. J. 2009. Exercise protects the cardiovascular system: 

effects beyond traditional risk factors. J Physiol, 587, 5551-8. 

Juonala, M., Kahonen, M., Laitinen, T., Hutri-Kahonen, N., Jokinen, E., 

Taittonen, L., Pietikainen, M., Helenius, H., Viikari, J. S. & Raitakari, O. T. 2008. 

Effect of age and sex on carotid intima-media thickness, elasticity and brachial 

endothelial function in healthy adults: the cardiovascular risk in Young Finns 

Study. Eur Heart J, 29, 1198-206. 

Juonala, M., Viikari, J. S., Laitinen, T., Marniemi, J., Helenius, H., Ronnemaa, T. 

& Raitakari, O. T. 2004. Interrelations between brachial endothelial function and 

carotid intima-media thickness in young adults: the cardiovascular risk in young 

Finns study. Circulation, 110, 2918-23. 

Kantor, M. A., Cullinane, E. M., Herbert, P. N. & Thompson, P. D. 1984. Acute 

increase in lipoprotein lipase following prolonged exercise. Metabolism, 33, 454-

7. 

Karpe, F., Bickerton, A. S., Hodson, L., Fielding, B. A., Tan, G. D. & Frayn, K. 

N. 2007. Removal of triacylglycerols from chylomicrons and VLDL by capillary 

beds: the basis of lipoprotein remnant formation. Biochem Soc Trans, 35, 472-

6. 

Karpe, F., De Faire, U., Mercuri, M., Bond, M. G., Hellenius, M. L. & Hamsten, 

A. 1998. Magnitude of alimentary lipemia is related to intima-media thickness of 

the common carotid artery in middle-aged men. Atherosclerosis, 141, 307-14. 

Karpe, F. & Hamsten, A. 1995. Postprandial lipoprotein metabolism and 

atherosclerosis. Curr Opin Lipidol, 6, 123-9. 

Karpe, F., Humphreys, S. M., Samra, J. S., Summers, L. K. & Frayn, K. N. 

1997. Clearance of lipoprotein remnant particles in adipose tissue and muscle 

in humans. J Lipid Res, 38, 2335-43. 

Katsanos, C. S. 2006. Prescribing aerobic exercise for the regulation of 

postprandial lipid metabolism : current research and recommendations. Sports 

Med, 36, 547-60. 



300 
 

Katsanos, C. S., Grandjean, P. W. & Moffatt, R. J. 2004. Effects of low and 

moderate exercise intensity on postprandial lipemia and postheparin plasma 

lipoprotein lipase activity in physically active men. J Appl Physiol, 96, 181-8. 

Katz, S. S., Shipley, G. G. & Small, D. M. 1976. Physical chemistry of the lipids 

of human atherosclerotic lesions. Demonstration of a lesion intermediate 

between fatty streaks and advanced plaques. J Clin Invest, 58, 200-11. 

Katzmarzyk, P. T., Perusse, L., Malina, R. M., Bergeron, J., Despres, J. P. & 

Bouchard, C. 2001. Stability of indicators of the metabolic syndrome from 

childhood and adolescence to young adulthood: the Quebec Family Study. J 

Clin Epidemiol, 54, 190-5. 

Kaufman, C. L., Kaiser, D. R., Steinberger, J. & Dengel, D. R. 2007. 

Relationships between heart rate variability, vascular function, and adiposity in 

children. Clin Auton Res, 17, 165-71. 

Kelishadi, R., Hashemi, M., Mohammadifard, N., Asgary, S. & Khavarian, N. 

2008. Association of changes in oxidative and proinflammatory states with 

changes in vascular function after a lifestyle modification trial among obese 

children. Clin Chem, 54, 147-53. 

Kelley, D. E., Goodpaster, B., Wing, R. R. & Simoneau, J. A. 1999. Skeletal 

muscle fatty acid metabolism in association with insulin resistance, obesity, and 

weight loss. Am J Physiol, 277, 1130-41. 

Kelley, J. L. 1991. Macrophage scavenger receptor(s) for modified low density 

lipoproteins. Prog Lipid Res, 30, 231-5. 

Kendzierski, D. a. D., K. 1991. Physical Activity Enjoyment Scale: Two 

validation studies. Journal of Sport & Exercise Psychology, 13, 50-64. 

Kenney, M. J. & Seals, D. R. 1993. Postexercise hypotension. Key features, 

mechanisms, and clinical significance. Hypertension, 22, 653-64. 

Khan, F., Elhadd, T. A., Greene, S. A. & Belch, J. J. 2000. Impaired skin 

microvascular function in children, adolescents, and young adults with type 1 

diabetes. Diabetes Care, 23, 215-20. 

Khan, F., Green, F. C., Forsyth, J. S., Greene, S. A., Morris, A. D. & Belch, J. J. 

2003. Impaired microvascular function in normal children: effects of adiposity 

and poor glucose handling. J Physiol, 551, 705-11. 

Khossousi, A., Binns, C. W., Dhaliwal, S. S. & Pal, S. 2008. The acute effects of 

psyllium on postprandial lipaemia and thermogenesis in overweight and obese 

men. Br J Nutr, 99, 1068-75. 



301 
 

Kiens, B., Lithell, H., Mikines, K. J. & Richter, E. A. 1989. Effects of insulin and 

exercise on muscle lipoprotein lipase activity in man and its relation to insulin 

action. J Clin Invest, 84, 1124-9. 

Kimm, S. Y., Glynn, N. W., Obarzanek, E., Kriska, A. M., Daniels, S. R., Barton, 

B. A. & Liu, K. 2005. Relation between the changes in physical activity and 

body-mass index during adolescence: a multicentre longitudinal study. Lancet, 

366, 301-7. 

Kingwell, B. A., Sherrard, B., Jennings, G. L. & Dart, A. M. 1997. Four weeks of 

cycle training increases basal production of nitric oxide from the forearm. Am J 

Physiol, 272, 1070-7. 

Kiviniemi, A. M., Tulppo, M. P., Eskelinen, J. J., Savolainen, A. M., Kapanen, J., 

Heinonen, I. H., Huikuri, H. V., Hannukainen, J. C. & Kalliokoski, K. K. 2014. 

Cardiac autonomic function and high-intensity interval training in middle-age 

men. Med Sci Sports Exerc, 46, 1960-7. 

Kleiger, R. E., Bigger, J. T., Bosner, M. S., Chung, M. K., Cook, J. R., Rolnitzky, 

L. M., Steinman, R. & Fleiss, J. L. 1991. Stability over time of variables 

measuring heart rate variability in normal subjects. Am J Cardiol, 68, 626-30. 

Klotz, O. & Manning, M. F. 1911. Fatty streaks in the intima of arteries. The 

Journal of Pathology and Bacteriology, 16, 211-220. 

Kolifa, M., Petridou, A. & Mougios, V. 2004. Effect of prior exercise on lipemia 

after a meal of moderate fat content. Eur J Clin Nutr, 58, 1327-35. 

Koller, A. & Kaley, G. 1990. Role of endothelium in reactive dilation of skeletal 

muscle arterioles. Am J Physiol, 259, 1313-6. 

Kolovou, G. D., Mikhailidis, D. P., Nordestgaard, B. G., Bilianou, H. & 

Panotopoulos, G. 2011. Definition of postprandial lipaemia. Curr Vasc 

Pharmacol, 9, 292-301. 

Koutsari, C. & Hardman, A. E. 2001. Exercise prevents the augmentation of 

postprandial lipaemia attributable to a low-fat high-carbohydrate diet. Br J Nutr, 

86, 197-205. 

Koutsari, C., Malkova, D. & Hardman, A. E. 2000. Postprandial lipemia after 

short-term variation in dietary fat and carbohydrate. Metabolism, 49, 1150-5. 

Koutsari, C., Zagana, A., Tzoras, I., Sidossis, L. S. & Matalas, A. L. 2004. 

Gender influence on plasma triacylglycerol response to meals with different 

monounsaturated and saturated fatty acid content. Eur J Clin Nutr, 58, 495-502. 

Kowal, R. C., Herz, J., Goldstein, J. L., Esser, V. & Brown, M. S. 1989. Low 

density lipoprotein receptor-related protein mediates uptake of cholesteryl 



302 
 

esters derived from apoprotein E-enriched lipoproteins. Proc Natl Acad Sci 

USA, 86, 5810-4. 

Kraemer-Aguiar, L. G., Laflor, C. M. & Bouskela, E. 2008. Skin microcirculatory 

dysfunction is already present in normoglycemic subjects with metabolic 

syndrome. Metabolism, 57, 1740-6. 

Krasinski, S. D., Cohn, J. S., Schaefer, E. J. & Russell, R. M. 1990. 

Postprandial plasma retinyl ester response is greater in older subjects 

compared with younger subjects. Evidence for delayed plasma clearance of 

intestinal lipoproteins. J Clin Invest, 85, 883-92. 

Kubes, P., Suzuki, M. & Granger, D. N. 1991. Nitric oxide: an endogenous 

modulator of leukocyte adhesion. Proc Natl Acad Sci USA, 88, 4651-5. 

Kuivenhoven, J. A., Pritchard, H., Hill, J., Frohlich, J., Assmann, G. & Kastelein, 

J. 1997. The molecular pathology of lecithin:cholesterol acyltransferase (LCAT) 

deficiency syndromes. J Lipid Res, 38, 191-205. 

Kuo, C. C., Fattor, J. A., Henderson, G. C. & Brooks, G. A. 2005. Lipid oxidation 

in fit young adults during postexercise recovery. J Appl Physiol, 99, 349-56. 

Lairon, D., Play, B. & Jourdheuil-Rahmani, D. 2007. Digestible and indigestible 

carbohydrates: interactions with postprandial lipid metabolism. J Nutr Biochem, 

18, 217-27. 

Lamarche, B., Tchernof, A., Moorjani, S., Cantin, B., Dagenais, G. R., Lupien, 

P. J. & Despres, J. P. 1997. Small, dense low-density lipoprotein particles as a 

predictor of the risk of ischemic heart disease in men. Prospective results from 

the Quebec Cardiovascular Study. Circulation, 95, 69-75. 

Lapenna, D., De Gioia, S., Ciofani, G., Mezzetti, A., Ucchino, S., Calafiore, A. 

M., Napolitano, A. M., Di Ilio, C. & Cuccurullo, F. 1998. Glutathione-related 

antioxidant defenses in human atherosclerotic plaques. Circulation, 97, 1930-4. 

Larkin, S. W. & Williams, T. J. 1993. Evidence for sensory nerve involvement in 

cutaneous reactive hyperemia in humans. Circ Res, 73, 147-54. 

Larosa, J. C., Levy, R. I., Herbert, P., Lux, S. E. & Fredrickson, D. S. 1970. A 

specific apoprotein activator for lipoprotein lipase. Biochem Biophys Res 

Commun, 41, 57-62. 

Lauer, R. M., Connor, W. E., Leaverton, P. E., Reiter, M. A. & Clarke, W. R. 

1975. Coronary heart disease risk factors in school children: the Muscatine 

study. J Pediatr, 86, 697-706. 



303 
 

Lee, S., Burns, S. F., White, D., Kuk, J. L. & Arslanian, S. 2013. Effects of acute 

exercise on postprandial triglyceride response after a high-fat meal in 

overweight black and white adolescents. Int J Obes (Lond), 37, 966-71. 

Leicht, A. S., Allen, G. D. & Hoey, A. J. 2003a. Influence of intensive cycling 

training on heart rate variability during rest and exercise. Can J Appl Physiol, 

28, 898-909. 

Leicht, A. S., Hirning, D. A. & Allen, G. D. 2003b. Heart rate variability and 

endogenous sex hormones during the menstrual cycle in young women. Exp 

Physiol, 88, 441-6. 

Lemieux, I., Lamarche, B., Couillard, C., Pascot, A., Cantin, B., Bergeron, J., 

Dagenais, G. R. & Despres, J. P. 2001. Total cholesterol/HDL cholesterol ratio 

vs LDL cholesterol/HDL cholesterol ratio as indices of ischemic heart disease 

risk in men: the Quebec Cardiovascular Study. Arch Intern Med, 161, 2685-92. 

Lewis, G. F., O'meara, N. M., Soltys, P. A., Blackman, J. D., Iverius, P. H., 

Pugh, W. L., Getz, G. S. & Polonsky, K. S. 1991. Fasting hypertriglyceridemia in 

noninsulin-dependent diabetes mellitus is an important predictor of postprandial 

lipid and lipoprotein abnormalities. J Clin Endocrinol Metab, 72, 934-44. 

Lewis, G. F. & Rader, D. J. 2005. New insights into the regulation of HDL 

metabolism and reverse cholesterol transport. Circ Res, 96, 1221-32. 

Lewis, G. F. & Steiner, G. 1996. Acute effects of insulin in the control of VLDL 

production in humans. Implications for the insulin-resistant state. Diabetes Care, 

19, 390-3. 

Lewis, G. F., Uffelman, K. D., Szeto, L. W., Weller, B. & Steiner, G. 1995. 

Interaction between free fatty acids and insulin in the acute control of very low 

density lipoprotein production in humans. J Clin Invest, 95, 158-66. 

Lieberman, E. H., Gerhard, M. D., Uehata, A., Selwyn, A. P., Ganz, P., Yeung, 

A. C. & Creager, M. A. 1996. Flow-induced vasodilation of the human brachial 

artery is impaired in patients <40 years of age with coronary artery disease. Am 

J Cardiol, 78, 1210-4. 

Lind, L., Sarabi, M., Millgard, J., Kahan, T. & Edner, M. 1999. Endothelium-

dependent vasodilation and structural and functional changes in the 

cardiovascular system are dependent on age in healthy subjects. Clin Physiol, 

19, 400-9. 

Linke, A., Schoene, N., Gielen, S., Hofer, J., Erbs, S., Schuler, G. & Hambrecht, 

R. 2001. Endothelial dysfunction in patients with chronic heart failure: systemic 

effects of lower-limb exercise training. J Am Coll Cardiol, 37, 392-7. 



304 
 

Little, J. P., Safdar, A., Wilkin, G. P., Tarnopolsky, M. A. & Gibala, M. J. 2010. A 

practical model of low-volume high-intensity interval training induces 

mitochondrial biogenesis in human skeletal muscle: potential mechanisms. J 

Physiol, 588, 1011-22. 

Llewellyn, T. L., Chaffin, M. E., Berg, K. E. & Meendering, J. R. 2012. The 

relationship between shear rate and flow-mediated dilation is altered by acute 

exercise. Acta Physiol, 205, 394-402. 

Logan, G. R., Harris, N., Duncan, S. & Schofield, G. 2014. A review of 

adolescent high-intensity interval training. Sports Med, 44, 1071-85. 

Logason, K., Barlin, T., Jonsson, M. L., Bostrom, A., Hardemark, H. G. & 

Karacagil, S. 2001. The importance of Doppler angle of insonation on 

differentiation between 50-69% and 70-99% carotid artery stenosis. Eur J Vasc 

Endovasc Surg, 21, 311-3. 

Lopez-Miranda, J., Williams, C. & Lairon, D. 2007. Dietary, physiological, 

genetic and pathological influences on postprandial lipid metabolism. Br J Nutr, 

98, 458-73. 

Lundberg, J. O., Weitzberg, E. & Gladwin, M. T. 2008. The nitrate-nitrite-nitric 

oxide pathway in physiology and therapeutics. Nat Rev Drug Discov, 7, 156-67. 

Macdonald, J., Macdougall, J. & Hogben, C. 1999a. The effects of exercise 

intensity on post exercise hypotension. J Hum Hypertens, 13, 527-31. 

Macdonald, J. R., Macdougall, J. D., Interisano, S. A., Smith, K. M., Mccartney, 

N., Moroz, J. S., Younglai, E. V. & Tarnopolsky, M. A. 1999b. Hypotension 

following mild bouts of resistance exercise and submaximal dynamic exercise. 

Eur J Appl Physiol Occup Physiol, 79, 148-54. 

Maceneaney, O. J., Harrison, M., O'gorman, D. J., Pankratieva, E. V., O'connor, 

P. L. & Moyna, N. M. 2009. Effect of prior exercise on postprandial lipemia and 

markers of inflammation and endothelial activation in normal weight and 

overweight adolescent boys. Eur J Appl Physiol, 106, 721-9. 

Maes, B. D., Ghoos, Y. F., Geypens, B. J., Hiele, M. I. & Rutgeerts, P. J. 1995. 

Relation between gastric emptying rate and energy intake in children compared 

with adults. Gut, 36, 183-8. 

Magkos, F. 2009. Basal very low-density lipoprotein metabolism in response to 

exercise: mechanisms of hypotriacylglycerolemia. Prog Lipid Res, 48, 171-90. 

Magkos, F., Patterson, B. W., Mohammed, B. S., Klein, S. & Mittendorfer, B. 

2007. Women produce fewer but triglyceride-richer very low-density lipoproteins 

than men. J Clin Endocrinol Metab, 92, 1311-8. 



305 
 

Magkos, F., Tsekouras, Y. E., Prentzas, K. I., Basioukas, K. N., Matsama, S. 

G., Yanni, A. E., Kavouras, S. A. & Sidossis, L. S. 2008. Acute exercise-induced 

changes in basal VLDL-triglyceride kinetics leading to hypotriglyceridemia 

manifest more readily after resistance than endurance exercise. J Appl Physiol, 

105, 1228-36. 

Magkos, F., Wright, D. C., Patterson, B. W., Mohammed, B. S. & Mittendorfer, 

B. 2006. Lipid metabolism response to a single, prolonged bout of endurance 

exercise in healthy young men. Am J Physiol Endocrinol Metab, 290, 355-62. 

Mahley, R. W., Bennett, B. D., Morre, D. J., Gray, M. E., Thistlethwaite, W. & 

Lequire, V. S. 1971. Lipoproteins associated with the Golgi apparatus isolated 

from epithelial cells of rat small intestine. Lab Invest, 25, 435-44. 

Mahley, R. W. & Ji, Z. S. 1999. Remnant lipoprotein metabolism: key pathways 

involving cell-surface heparan sulfate proteoglycans and apolipoprotein E. J 

Lipid Res, 40, 1-16. 

Mahoney, L. T., Burns, T. L., Stanford, W., Thompson, B. H., Witt, J. D., Rost, 

C. A. & Lauer, R. M. 1996. Coronary risk factors measured in childhood and 

young adult life are associated with coronary artery calcification in young adults: 

the Muscatine Study. J Am Coll Cardiol, 27, 277-84. 

Mahoney, L. T., Lauer, R. M., Lee, J. & Clarke, W. R. 1991. Factors affecting 

tracking of coronary heart disease risk factors in children. The Muscatine Study. 

Ann N Y Acad Sci, 623, 120-32. 

Malkova, D., Evans, R. D., Frayn, K. N., Humphreys, S. M., Jones, P. R. & 

Hardman, A. E. 2000. Prior exercise and postprandial substrate extraction 

across the human leg. Am J Physiol Endocrinol Metab, 279, 1020-8. 

Malkova, D., Hardman, A. E., Bowness, R. J. & Macdonald, I. A. 1999. The 

reduction in postprandial lipemia after exercise is independent of the relative 

contributions of fat and carbohydrate to energy metabolism during exercise. 

Metabolism, 48, 245-51. 

Mamo, J. C., Proctor, S. D. & Smith, D. 1998. Retention of chylomicron 

remnants by arterial tissue; importance of an efficient clearance mechanism 

from plasma. Atherosclerosis, 141 Suppl 1, 63-9. 

Mancini, G. B., Yeoh, E., Abbott, D. & Chan, S. 2002. Validation of an 

automated method for assessing brachial artery endothelial dysfunction. Can J 

Cardiol, 18, 259-62. 

Mandigout, S., Melin, A., Fauchier, L., N'guyen, L. D., Courteix, D. & Obert, P. 

2002. Physical training increases heart rate variability in healthy prepubertal 

children. Eur J Clin Invest, 32, 479-87. 



306 
 

Maraki, M., Aggelopoulou, N., Christodoulou, N., Katsarou, C., Anapliotis, P., 

Kavouras, S. A., Panagiotakos, D. & Sidossis, L. S. 2011. Validity of 

abbreviated oral fat tolerance tests for assessing postprandial lipemia. Clin Nutr, 

30, 852-7. 

Maraki, M., Magkos, F., Christodoulou, N., Aggelopoulou, N., Skenderi, K. P., 

Panagiotakos, D., Kavouras, S. A. & Sidossis, L. S. 2010. One day of moderate 

energy deficit reduces fasting and postprandial triacylglycerolemia in women: 

the role of calorie restriction and exercise. Clin Nutr, 29, 459-63. 

Maraki, M. & Sidossis, L. S. 2010. Effects of energy balance on postprandial 

triacylglycerol metabolism. Curr Opin Clin Nutr Metab Care, 13, 608-17. 

Maraki, M. I. & Sidossis, L. S. 2013. The latest on the effect of prior exercise on 

postprandial lipaemia. Sports Med, 43, 463-81. 

Marchesi, S., Lupattelli, G., Schillaci, G., Pirro, M., Siepi, D., Roscini, A. R., 

Pasqualini, L. & Mannarino, E. 2000. Impaired flow-mediated vasoactivity during 

post-prandial phase in young healthy men. Atherosclerosis, 153, 397-402. 

Mathers, C. D. & Loncar, D. 2006. Projections of global mortality and burden of 

disease from 2002 to 2030. PLoS Med, 3, e442. 

Mattes, R. D. 2002. Oral fat exposure increases the first phase triacylglycerol 

concentration due to release of stored lipid in humans. J Nutr, 132, 3656-62. 

Matthews, J. N., Altman, D. G., Campbell, M. J. & Royston, P. 1990. Analysis of 

serial measurements in medical research. BMJ, 300, 230-5. 

Mcgill, H. C., Jr., Mcmahan, C. A. & Gidding, S. S. 2008. Preventing heart 

disease in the 21st century: implications of the Pathobiological Determinants of 

Atherosclerosis in Youth (PDAY) study. Circulation, 117, 1216-27. 

Mcgill, H. C., Jr., Mcmahan, C. A., Herderick, E. E., Malcom, G. T., Tracy, R. E. 

& Strong, J. P. 2000a. Origin of atherosclerosis in childhood and adolescence. 

Am J Clin Nutr, 72, 1307S-1315S. 

Mcgill, H. C., Jr., Mcmahan, C. A., Malcom, G. T., Oalmann, M. C. & Strong, J. 

P. 1995. Relation of glycohemoglobin and adiposity to atherosclerosis in youth. 

Pathobiological Determinants of Atherosclerosis in Youth (PDAY) Research 

Group. Arterioscler Thromb Vasc Biol, 15, 431-40. 

Mcgill, H. C., Jr., Mcmahan, C. A., Malcom, G. T., Oalmann, M. C. & Strong, J. 

P. 1997. Effects of serum lipoproteins and smoking on atherosclerosis in young 

men and women. The PDAY Research Group. Pathobiological Determinants of 

Atherosclerosis in Youth. Arterioscler Thromb Vasc Biol, 17, 95-106. 



307 
 

Mcgill, H. C., Jr., Mcmahan, C. A., Tracy, R. E., Oalmann, M. C., Cornhill, J. F., 

Herderick, E. E. & Strong, J. P. 1998. Relation of a postmortem renal index of 

hypertension to atherosclerosis and coronary artery size in young men and 

women. Pathobiological Determinants of Atherosclerosis in Youth (PDAY) 

Research Group. Arterioscler Thromb Vasc Biol, 18, 1108-18. 

Mcgill, H. C., Jr., Mcmahan, C. A., Zieske, A. W., Sloop, G. D., Walcott, J. V., 

Troxclair, D. A., Malcom, G. T., Tracy, R. E., Oalmann, M. C. & Strong, J. P. 

2000b. Associations of coronary heart disease risk factors with the intermediate 

lesion of atherosclerosis in youth. The Pathobiological Determinants of 

Atherosclerosis in Youth (PDAY) Research Group. Arterioscler Thromb Vasc 

Biol, 20, 1998-2004. 

Mcnamara, J. R., Jenner, J. L., Li, Z., Wilson, P. W. & Schaefer, E. J. 1992. 

Change in LDL particle size is associated with change in plasma triglyceride 

concentration. Arterioscler Thromb, 12, 1284-90. 

Mekki, N., Christofilis, M. A., Charbonnier, M., Atlan-Gepner, C., Defoort, C., 

Juhel, C., Borel, P., Portugal, H., Pauli, A. M., Vialettes, B. & Lairon, D. 1999. 

Influence of obesity and body fat distribution on postprandial lipemia and 

triglyceride-rich lipoproteins in adult women. J Clin Endocrinol Metab, 84, 184-

91. 

Melanson, E. L., Sharp, T. A., Seagle, H. M., Horton, T. J., Donahoo, W. T., 

Grunwald, G. K., Hamilton, J. T. & Hill, J. O. 2002. Effect of exercise intensity 

on 24-h energy expenditure and nutrient oxidation. J Appl Physiol, 92, 1045-52. 

Mellecker, R. R. & Mcmanus, A. M. 2009. Measurement of resting energy 

expenditure in healthy children. J Parenter Enteral Nutr, 33, 640-5. 

Mellion, B. T., Ignarro, L. J., Ohlstein, E. H., Pontecorvo, E. G., Hyman, A. L. & 

Kadowitz, P. J. 1981. Evidence for the inhibitory role of guanosine 3', 5'-

monophosphate in ADP-induced human platelet aggregation in the presence of 

nitric oxide and related vasodilators. Blood, 57, 946-55. 

Merrill, J. R., Holly, R. G., Anderson, R. L., Rifai, N., King, M. E. & 

Demeersman, R. 1989. Hyperlipemic response of young trained and untrained 

men after a high fat meal. Arteriosclerosis, 9, 217-23. 

Metcalf, B., Henley, W. & Wilkin, T. 2012. Effectiveness of intervention on 

physical activity of children: systematic review and meta-analysis of controlled 

trials with objectively measured outcomes (EarlyBird 54). BMJ, 345, 7876. 

Metcalfe, R. S., Babraj, J. A., Fawkner, S. G. & Vollaard, N. B. 2012. Towards 

the minimal amount of exercise for improving metabolic health: beneficial 

effects of reduced-exertion high-intensity interval training. European Journal of 

Applied Physiology, 112, 2767-75. 



308 
 

Meyer, A. A., Kundt, G., Lenschow, U., Schuff-Werner, P. & Kienast, W. 2006. 

Improvement of early vascular changes and cardiovascular risk factors in obese 

children after a six-month exercise program. J Am Coll Cardiol, 48, 1865-70. 

Meyer, B., Mortl, D., Strecker, K., Hulsmann, M., Kulemann, V., Neunteufl, T., 

Pacher, R. & Berger, R. 2005. Flow-mediated vasodilation predicts outcome in 

patients with chronic heart failure: comparison with B-type natriuretic peptide. J 

Am Coll Cardiol, 46, 1011-8. 

Meyer, E., Westerveld, H. T., De Ruyter-Meijstek, F. C., Van Greevenbroek, M. 

M., Rienks, R., Van Rijn, H. J., Erkelens, D. W. & De Bruin, T. W. 1996. 

Abnormal postprandial apolipoprotein B-48 and triglyceride responses in 

normolipidemic women with greater than 70% stenotic coronary artery disease: 

a case-control study. Atherosclerosis, 124, 221-35. 

Meyer, M. F., Lieps, D., Schatz, H. & Pfohl, M. 2008. Impaired flow-mediated 

vasodilation in type 2 diabetes: lack of relation to microvascular dysfunction. 

Microvasc Res, 76, 61-5. 

Michels, N., Clays, E., De Buyzere, M., Huybrechts, I., Marild, S., Vanaelst, B., 

De Henauw, S. & Sioen, I. 2013. Determinants and reference values of short-

term heart rate variability in children. Eur J Appl Physiol, 113, 1477-88. 

Middlebrooke, A. R., Armstrong, N., Welsman, J. R., Shore, A. C., Clark, P. & 

Macleod, K. M. 2005. Does aerobic fitness influence microvascular function in 

healthy adults at risk of developing Type 2 diabetes? Diabet Med, 22, 483-9. 

Miesenbock, G., Patsch, J.R. 1992. Postprandial hyperlipidemia: the search for 

the atherogenic lipoprotein. Current Opinion in Lipidology, 3, 196-201. 

Miles, J. M., Park, Y. S., Walewicz, D., Russell-Lopez, C., Windsor, S., Isley, W. 

L., Coppack, S. W. & Harris, W. S. 2004. Systemic and forearm triglyceride 

metabolism: fate of lipoprotein lipase-generated glycerol and free fatty acids. 

Diabetes, 53, 521-7. 

Mills, A., Rosenberg, M., Stratton, G., Carter, H. H., Spence, A. L., Pugh, C. J., 

Green, D. J. & Naylor, L. H. 2013. The effect of exergaming on vascular 

function in children. J Pediatr, 163, 806-10. 

Mills, G. L., Lane, P. A. & Weech, P. K. 1984. A guidebook to lipoprotein 

techniques, Amsterdam, the Netherlands, Elsevier Science Publishers. 1-13. 

Mitchell, G. F., Parise, H., Vita, J. A., Larson, M. G., Warner, E., Keaney, J. F., 

Jr., Keyes, M. J., Levy, D., Vasan, R. S. & Benjamin, E. J. 2004. Local shear 

stress and brachial artery flow-mediated dilation: the Framingham Heart Study. 

Hypertension, 44, 134-9. 



309 
 

Mittendorfer, B., Patterson, B. W. & Klein, S. 2003. Effect of sex and obesity on 

basal VLDL-triacylglycerol kinetics. Am J Clin Nutr, 77, 573-9. 

Miyashita, M. 2008. Effects of continuous versus accumulated activity patterns 

on postprandial triacylglycerol concentrations in obese men. Int J Obes (Lond), 

32, 1271-8. 

Miyashita, M., Burns, S. F. & Stensel, D. J. 2006. Exercise and postprandial 

lipemia: effect of continuous compared with intermittent activity patterns. Am J 

Clin Nutr, 83, 24-9. 

Miyashita, M., Burns, S. F. & Stensel, D. J. 2008. Accumulating short bouts of 

brisk walking reduces postprandial plasma triacylglycerol concentrations and 

resting blood pressure in healthy young men. Am J Clin Nutr, 88, 1225-31. 

Miyashita, M., Burns, S. F. & Stensel, D. J. 2009. Acute effects of accumulating 

exercise on postprandial lipemia and C-reactive protein concentrations in young 

men. Int J Sport Nutr Exerc Metab, 19, 569-82. 

Miyashita, M. & Tokuyama, K. 2008. Moderate exercise reduces serum 

triacylglycerol concentrations but does not affect pre-heparin lipoprotein lipase 

concentrations after a moderate-fat meal in young men. Br J Nutr, 99, 1076-82. 

Mjos, O. D., Faergeman, O., Hamilton, R. L. & Havel, R. J. 1975. 

Characterization of remnants produced during the metabolism of triglyceride-

rich lipoproteins of blood plasma and intestinal lymph in the rat. J Clin Invest, 

56, 603-15. 

Modena, M. G., Bonetti, L., Coppi, F., Bursi, F. & Rossi, R. 2002. Prognostic 

role of reversible endothelial dysfunction in hypertensive postmenopausal 

women. J Am Coll Cardiol, 40, 505-10. 

Monahan, K. D., Dinenno, F. A., Tanaka, H., Clevenger, C. M., Desouza, C. A. 

& Seals, D. R. 2000. Regular aerobic exercise modulates age-associated 

declines in cardiovagal baroreflex sensitivity in healthy men. J Physiol, 529, 

263-71. 

Moncada, S. & Vane, J. R. 1978. Pharmacology and endogenous roles of 

prostaglandin endoperoxides, thromboxane A2, and prostacyclin. Pharmacol 

Rev, 30, 293-331. 

Mora, S., Cook, N., Buring, J. E., Ridker, P. M. & Lee, I. M. 2007. Physical 

activity and reduced risk of cardiovascular events: potential mediating 

mechanisms. Circulation, 116, 2110-8. 

Moreno, L. A., Quintela, I., Fleta, J., Sarria, A., Roda, L., Giner, A. & Bueno, M. 

2001. Postprandial triglyceridemia in obese and non-obese adolescents. 



310 
 

Importance of body composition and fat distribution. J Pediatr Endocrinol 

Metab, 14, 193-202. 

Morris, N. M. & Udry, J. R. 1980. Validation of a self-administered instrument to 

assess stage of adolescent development. Journal of youth and adolescence, 9, 

271-280. 

Morrison, J. A., Glueck, C. J., Horn, P. S., Yeramaneni, S. & Wang, P. 2009. 

Pediatric triglycerides predict cardiovascular disease events in the fourth to fifth 

decade of life. Metabolism, 58, 1277-84. 

Mortensen, L. S., Hartvigsen, M. L., Brader, L. J., Astrup, A., Schrezenmeir, J., 

Holst, J. J., Thomsen, C. & Hermansen, K. 2009. Differential effects of protein 

quality on postprandial lipemia in response to a fat-rich meal in type 2 diabetes: 

comparison of whey, casein, gluten, and cod protein. Am J Clin Nutr, 90, 41-8. 

Motl, R. W., Dishman, R. K., Saunders, R., Dowda, M., Felton, G. & Pate, R. R. 

2001. Measuring enjoyment of physical activity in adolescent girls. Am J Prev 

Med, 21, 110-7. 

Mullen, M. J., Kharbanda, R. K., Cross, J., Donald, A. E., Taylor, M., Vallance, 

P., Deanfield, J. E. & Macallister, R. J. 2001. Heterogenous nature of flow-

mediated dilatation in human conduit arteries in vivo: relevance to endothelial 

dysfunction in hypercholesterolemia. Circ Res, 88, 145-51. 

Murphy, M. C., Isherwood, S. G., Sethi, S., Gould, B. J., Wright, J. W., Knapper, 

J. A. & Williams, C. M. 1995. Postprandial lipid and hormone responses to 

meals of varying fat contents: modulatory role of lipoprotein lipase? Eur J Clin 

Nutr, 49, 578-88. 

Murphy, M. H., Nevill, A. M. & Hardman, A. E. 2000. Different patterns of brisk 

walking are equally effective in decreasing postprandial lipaemia. Int J Obes 

Relat Metab Disord, 24, 1303-9. 

Myers, J., Kaykha, A., George, S., Abella, J., Zaheer, N., Lear, S., Yamazaki, T. 

& Froelicher, V. 2004. Fitness versus physical activity patterns in predicting 

mortality in men. Am J Med, 117, 912-8. 

Naghavi, M., Libby, P., Falk, E., Casscells, S. W., Litovsky, S., Rumberger, J., 

Badimon, J. J., Stefanadis, C., Moreno, P., Pasterkamp, G., Fayad, Z., Stone, 

P. H., Waxman, S., Raggi, P., Madjid, M., Zarrabi, A., Burke, A., Yuan, C., 

Fitzgerald, P. J., Siscovick, D. S., De Korte, C. L., Aikawa, M., Airaksinen, K. E., 

Assmann, G., Becker, C. R., Chesebro, J. H., Farb, A., Galis, Z. S., Jackson, 

C., Jang, I. K., Koenig, W., Lodder, R. A., March, K., Demirovic, J., Navab, M., 

Priori, S. G., Rekhter, M. D., Bahr, R., Grundy, S. M., Mehran, R., Colombo, A., 

Boerwinkle, E., Ballantyne, C., Insull, W., Jr., Schwartz, R. S., Vogel, R., 

Serruys, P. W., Hansson, G. K., Faxon, D. P., Kaul, S., Drexler, H., Greenland, 



311 
 

P., Muller, J. E., Virmani, R., Ridker, P. M., Zipes, D. P., Shah, P. K. & 

Willerson, J. T. 2003. From vulnerable plaque to vulnerable patient: a call for 

new definitions and risk assessment strategies: Part II. Circulation, 108, 1772-8. 

Nakagawa, S. & Cuthill, I. C. 2007. Effect size, confidence interval and 

statistical significance: a practical guide for biologists. Biol Rev Camb Philos 

Soc, 82, 591-605. 

Nakajima, K., Nakano, T., Tokita, Y., Nagamine, T., Inazu, A., Kobayashi, J., 

Mabuchi, H., Stanhope, K. L., Havel, P. J., Okazaki, M., Ai, M. & Tanaka, A. 

2011. Postprandial lipoprotein metabolism: VLDL vs chylomicrons. Clin Chim 

Acta, 412, 1306-18. 

Neal, B., Chapman, N and Patel A 2002. Managing the global burned of 

cardiovascular disease. European Heart Journal Supplements, 4, 2-6. 

Neunteufl, T., Heher, S., Katzenschlager, R., Wolfl, G., Kostner, K., Maurer, G. 

& Weidinger, F. 2000. Late prognostic value of flow-mediated dilation in the 

brachial artery of patients with chest pain. Am J Cardiol, 86, 207-10. 

Nevill, A. M. & Holder, R. L. 1995. Scaling, normalizing, and per ratio standards: 

an allometric modeling approach. J Appl Physiol, 79, 1027-31. 

Niemela, T. H., Kiviniemi, A. M., Hautala, A. J., Salmi, J. A., Linnamo, V. & 

Tulppo, M. P. 2008. Recovery pattern of baroreflex sensitivity after exercise. 

Med Sci Sports Exerc, 40, 864-70. 

Nordestgaard, B. G., Benn, M., Schnohr, P. & Tybjaerg-Hansen, A. 2007. 

Nonfasting triglycerides and risk of myocardial infarction, ischemic heart 

disease, and death in men and women. JAMA, 298, 299-308. 

Nordestgaard, B. G. & Nielsen, L. B. 1994. Atherosclerosis and arterial influx of 

lipoproteins. Curr Opin Lipidol, 5, 252-7. 

Norton, K., Norton, L. & Sadgrove, D. 2010. Position statement on physical 

activity and exercise intensity terminology. J Sci Med Sport, 13, 496-502. 

Norum, K. R., Lilljeqvist, A. C., Helgerud, P., Normann, E. R., Mo, A. & Selbekk, 

B. 1979. Esterification of cholesterol in human small intestine: the importance of 

acyl-CoA:cholesterol acyltransferase. Eur J Clin Invest, 9, 55-62. 

Nybo, L., Sundstrup, E., Jakobsen, M. D., Mohr, M., Hornstrup, T., Simonsen, 

L., Bulow, J., Randers, M. B., Nielsen, J. J., Aagaard, P. & Krustrup, P. 2010. 

High-intensity training versus traditional exercise interventions for promoting 

health. Med Sci Sports Exerc, 42, 1951-8. 



312 
 

O'keeffe, L. M., Muir, G., Piterina, A. V. & Mcgloughlin, T. 2009. Vascular cell 

adhesion molecule-1 expression in endothelial cells exposed to physiological 

coronary wall shear stresses. J Biomech Eng, 131, 1-9. 

O'meara, N. M., Lewis, G. F., Cabana, V. G., Iverius, P. H., Getz, G. S. & 

Polonsky, K. S. 1992. Role of basal triglyceride and high density lipoprotein in 

determination of postprandial lipid and lipoprotein responses. J Clin Endocrinol 

Metab, 75, 465-71. 

Ockner, R. K. & Manning, J. A. 1974. Fatty acid-binding protein in small 

intestine. Identification, isolation, and evidence for its role in cellular fatty acid 

transport. J Clin Invest, 54, 326-38. 

Ohvo-Rekila, H., Ramstedt, B., Leppimaki, P. & Slotte, J. P. 2002. Cholesterol 

interactions with phospholipids in membranes. Prog Lipid Res, 41, 66-97. 

Olesen, S. P., Clapham, D. E. & Davies, P. F. 1988. Haemodynamic shear 

stress activates a K+ current in vascular endothelial cells. Nature, 331, 168-70. 

Ooue, A., Ichinose, T. K., Inoue, Y., Nishiyasu, T., Koga, S. & Kondo, N. 2008. 

Changes in blood flow in conduit artery and veins of the upper arm during leg 

exercise in humans. Eur J Appl Physiol, 103, 367-73. 

Ortega, F. B., Ruiz, J. R. & Sjostrom, M. 2007. Physical activity, overweight and 

central adiposity in Swedish children and adolescents: the European Youth 

Heart Study. Int J Behav Nutr Phys Act, 4, 61. 

Osono, Y., Woollett, L. A., Herz, J. & Dietschy, J. M. 1995. Role of the low 

density lipoprotein receptor in the flux of cholesterol through the plasma and 

across the tissues of the mouse. J Clin Invest, 95, 1124-32. 

Packard, C. J., Munro, A., Lorimer, A. R., Gotto, A. M. & Shepherd, J. 1984. 

Metabolism of apolipoprotein B in large triglyceride-rich very low density 

lipoproteins of normal and hypertriglyceridemic subjects. J Clin Invest, 74, 2178-

92. 

Packard, G. C. & Boardman, T. J. 1999. The use of percentages and size-

specific indices to normalize physiological data for variation in body size: 

wasted time, wasted effort? Comparative Biochemistry and Physiology a-

Molecular and Integrative Physiology, 122, 37-44. 

Padilla, J., Harris, R. A., Fly, A. D., Rink, L. D. & Wallace, J. P. 2006. The effect 

of acute exercise on endothelial function following a high-fat meal. Eur J Appl 

Physiol, 98, 256-62. 

Padilla, J., Simmons, G. H., Bender, S. B., Arce-Esquivel, A. A., Whyte, J. J. & 

Laughlin, M. H. 2011. Vascular effects of exercise: endothelial adaptations 

beyond active muscle beds. Physiology (Bethesda), 26, 132-45. 



313 
 

Paffenbarger, R. S., Jr., Hyde, R. T., Wing, A. L. & Hsieh, C. C. 1986. Physical 

activity, all-cause mortality, and longevity of college alumni. N Engl J Med, 314, 

605-13. 

Pahkala, K., Heinonen, O. J., Lagstrom, H., Hakala, P., Simell, O., Viikari, J. S., 

Ronnemaa, T., Hernelahti, M., Sillanmaki, L. & Raitakari, O. T. 2008. Vascular 

endothelial function and leisure-time physical activity in adolescents. 

Circulation, 118, 2353-9. 

Pal, S., Semorine, K., Watts, G. F. & Mamo, J. 2003. Identification of 

lipoproteins of intestinal origin in human atherosclerotic plaque. Clin Chem Lab 

Med, 41, 792-5. 

Palmer, R. M., Rees, D. D., Ashton, D. S. & Moncada, S. 1988. L-arginine is the 

physiological precursor for the formation of nitric oxide in endothelium-

dependent relaxation. Biochem Biophys Res Commun, 153, 1251-6. 

Panz, V. R., Raal, F. J., Paiker, J., Immelman, R. & Miles, H. 2005. 

Performance of the CardioChek PA and Cholestech LDX point-of-care 

analysers compared to clinical diagnostic laboratory methods for the 

measurement of lipids. Cardiovasc J S Afr, 16, 112-7. 

Park, J. H., Miyashita, M., Kwon, Y. C., Park, H. T., Kim, E. H., Park, J. K., Park, 

K. B., Yoon, S. R., Chung, J. W., Nakamura, Y. & Park, S. K. 2012. A 12-week 

after-school physical activity programme improves endothelial cell function in 

overweight and obese children: a randomised controlled study. BMC Pediatr, 

12, 111. 

Parker, L., Mcguckin, T. A. & Leicht, A. S. 2014. Influence of exercise intensity 

on systemic oxidative stress and antioxidant capacity. Clin Physiol Funct 

Imaging, 34, 377-83. 

Pate, R. R., Davis, M. G., Robinson, T. N., Stone, E. J., Mckenzie, T. L. & 

Young, J. C. 2006. Promoting physical activity in children and youth: a 

leadership role for schools: a scientific statement from the American Heart 

Association Council on Nutrition, Physical Activity, and Metabolism (Physical 

Activity Committee) in collaboration with the Councils on Cardiovascular 

Disease in the Young and Cardiovascular Nursing. Circulation, 114, 1214-24. 

Pate, R. R., Pratt, M., Blair, S. N., Haskell, W. L., Macera, C. A., Bouchard, C., 

Buchner, D., Ettinger, W., Heath, G. W., King, A. C. & Et Al. 1995. Physical 

activity and public health. A recommendation from the Centers for Disease 

Control and Prevention and the American College of Sports Medicine. JAMA, 

273, 402-7. 

Patsch, J. R. 1987. Postprandial lipaemia. Baillieres Clin Endocrinol Metab, 1, 

551-80. 



314 
 

Patsch, J. R., Karlin, J. B., Scott, L. W., Smith, L. C. & Gotto, A. M., Jr. 1983. 

Inverse relationship between blood levels of high density lipoprotein subfraction 

2 and magnitude of postprandial lipemia. Proc Natl Acad Sci U S A, 80, 1449-

53. 

Patsch, J. R., Miesenbock, G., Hopferwieser, T., Muhlberger, V., Knapp, E., 

Dunn, J. K., Gotto, A. M., Jr. & Patsch, W. 1992. Relation of triglyceride 

metabolism and coronary artery disease. Studies in the postprandial state. 

Arterioscler Thromb, 12, 1336-45. 

Patsch, J. R., Prasad, S., Gotto, A. M., Jr. & Bengtsson-Olivecrona, G. 1984. 

Postprandial lipemia. A key for the conversion of high density lipoprotein2 into 

high density lipoprotein3 by hepatic lipase. J Clin Invest, 74, 2017-23. 

Peddie, M. C., Rehrer, N. J. & Perry, T. L. 2012. Physical activity and 

postprandial lipidemia: are energy expenditure and lipoprotein lipase activity the 

real modulators of the positive effect? Prog Lipid Res, 51, 11-22. 

Pedersen, A., Marckmann, P. & Sandstrom, B. 1999. Postprandial lipoprotein, 

glucose and insulin responses after two consecutive meals containing rapeseed 

oil, sunflower oil or palm oil with or without glucose at the first meal. Br J Nutr, 

82, 97-104. 

Pellaton, C., Kubli, S., Feihl, F. & Waeber, B. 2002. Blunted vasodilatory 

responses in the cutaneous microcirculation of cigarette smokers. Am Heart J, 

144, 269-74. 

Pentikainen, M. O., Oorni, K., Ala-Korpela, M. & Kovanen, P. T. 2000. Modified 

LDL - trigger of atherosclerosis and inflammation in the arterial intima. J Intern 

Med, 247, 359-70. 

Perini, R., Tironi, A., Cautero, M., Di Nino, A., Tam, E. & Capelli, C. 2006. 

Seasonal training and heart rate and blood pressure variabilities in young 

swimmers. Eur J Appl Physiol, 97, 395-403. 

Perk, J., De Backer, G., Gohlke, H., Graham, I., Reiner, Z., Verschuren, M., 

Albus, C., Benlian, P., Boysen, G., Cifkova, R., Deaton, C., Ebrahim, S., Fisher, 

M., Germano, G., Hobbs, R., Hoes, A., Karadeniz, S., Mezzani, A., Prescott, E., 

Ryden, L., Scherer, M., Syvanne, M., Scholte Op Reimer, W. J., Vrints, C., 

Wood, D., Zamorano, J. L. & Zannad, F. 2012. European Guidelines on 

cardiovascular disease prevention in clinical practice (version 2012). The Fifth 

Joint Task Force of the European Society of Cardiology and Other Societies on 

Cardiovascular Disease Prevention in Clinical Practice (constituted by 

representatives of nine societies and by invited experts). Eur Heart J, 33, 1635-

701. 



315 
 

Perreault, L., Lavely, J. M., Kittelson, J. M. & Horton, T. J. 2004. Gender 

differences in lipoprotein lipase activity after acute exercise. Obes Res, 12, 241-

9. 

Petitt, D. S., Arngrimsson, S. A. & Cureton, K. J. 2003. Effect of resistance 

exercise on postprandial lipemia. J Appl Physiol, 94, 694-700. 

Petitt, D. S. & Cureton, K. J. 2003. Effects of prior exercise on postprandial 

lipemia: a quantitative review. Metabolism, 52, 418-24. 

Petridou, A., Gerkos, N., Kolifa, M., Nikolaidis, M. G., Simos, D. & Mougios, V. 

2004. Effect of exercise performed immediately before a meal of moderate fat 

content on postprandial lipaemia. Br J Nutr, 91, 683-7. 

Petty, R. G. & Pearson, J. D. 1989. Endothelium--the axis of vascular health 

and disease. J R Coll Physicians Lond, 23, 92-102. 

Pfeiffer, M., Ludwig, T., Wenk, C. & Colombani, P. C. 2005. The influence of 

walking performed immediately before meals with moderate fat content on 

postprandial lipemia. Lipids Health Dis, 4, 24. 

Pfeiffer, M., Wenk, C. & Colombani, P. C. 2006. The influence of 30 minutes of 

light to moderate intensity cycling on postprandial lipemia. Eur J Cardiovasc 

Prev Rehabil, 13, 363-8. 

Phelain, J. F., Reinke, E., Harris, M. A. & Melby, C. L. 1997. Postexercise 

energy expenditure and substrate oxidation in young women resulting from 

exercise bouts of different intensity. J Am Coll Nutr, 16, 140-6. 

Phillips, L. R., Parfitt, G. & Rowlands, A. V. 2013. Calibration of the GENEA 

accelerometer for assessment of physical activity intensity in children. J Sci 

Med Sport, 16, 124-8. 

Picard, F., Naimi, N., Richard, D. & Deshaies, Y. 1999. Response of adipose 

tissue lipoprotein lipase to the cephalic phase of insulin secretion. Diabetes, 48, 

452-9. 

Pinkney, J. H., Stehouwer, C. D., Coppack, S. W. & Yudkin, J. S. 1997. 

Endothelial dysfunction: cause of the insulin resistance syndrome. Diabetes, 46, 

9-13. 

Pinter, A., Horvath, T., Sarkozi, A. & Kollai, M. 2012. Relationship between 

heart rate variability and endothelial function in healthy subjects. Auton 

Neurosci, 169, 107-12. 

Plotnick, G. D., Corretti, M. C. & Vogel, R. A. 1997. Effect of antioxidant 

vitamins on the transient impairment of endothelium-dependent brachial artery 

vasoactivity following a single high-fat meal. JAMA, 278, 1682-6. 



316 
 

Podl, T. R., Zmuda, J. M., Yurgalevitch, S. M., Fahrenbach, M. C., Bausserman, 

L. L., Terry, R. B. & Thompson, P. D. 1994. Lipoprotein lipase activity and 

plasma triglyceride clearance are elevated in endurance-trained women. 

Metabolism, 43, 808-13. 

Poehlman, E. T. & Horton, E. S. 1989. The impact of food intake and exercise 

on energy expenditure. Nutr Rev, 47, 129-37. 

Pohl, U., Holtz, J., Busse, R. & Bassenge, E. 1986. Crucial role of endothelium 

in the vasodilator response to increased flow in vivo. Hypertension, 8, 37-44. 

Porkka, K. V., Viikari, J. S. & Akerblom, H. K. 1991. Tracking of serum HDL-

cholesterol and other lipids in children and adolescents: the Cardiovascular Risk 

in Young Finns Study. Prev Med, 20, 713-24. 

Potts, J. L., Fisher, R. M., Humphreys, S. M., Coppack, S. W., Gibbons, G. F. & 

Frayn, K. N. 1991. Chylomicrons are the preferred substrate for lipoprotein 

lipase in vivo. Biochem Soc Trans, 19, 314S. 

Potts, J. L., Humphreys, S. M., Coppack, S. W., Fisher, R. M., Gibbons, G. F. & 

Frayn, K. N. 1994. Fasting plasma triacylglycerol concentrations predict adverse 

changes in lipoprotein metabolism after a normal meal. Br J Nutr, 72, 101-9. 

Powers, S. K., Nelson, W. B. & Hudson, M. B. 2011. Exercise-induced oxidative 

stress in humans: cause and consequences. Free Radic Biol Med, 51, 942-50. 

Pritzlaff-Roy, C. J., Widemen, L., Weltman, J. Y., Abbott, R., Gutgesell, M., 

Hartman, M. L., Veldhuis, J. D. & Weltman, A. 2002. Gender governs the 

relationship between exercise intensity and growth hormone release in young 

adults. J Appl Physiol, 92, 2053-60. 

Proctor, S. D. & Mamo, J. C. 1998. Retention of fluorescent-labelled 

chylomicron remnants within the intima of the arterial wall--evidence that plaque 

cholesterol may be derived from post-prandial lipoproteins. Eur J Clin Invest, 

28, 497-503. 

Pyke, K. E., Dwyer, E. M. & Tschakovsky, M. E. 2004. Impact of controlling 

shear rate on flow-mediated dilation responses in the brachial artery of humans. 

J Appl Physiol, 97, 499-508. 

Pyke, K. E. & Tschakovsky, M. E. 2007. Peak vs. total reactive hyperemia: 

which determines the magnitude of flow-mediated dilation? J Appl Physiol, 102, 

1510-9. 

Quisth, V., Enoksson, S., Blaak, E., Hagstrom-Toft, E., Arner, P. & Bolinder, J. 

2005. Major differences in noradrenaline action on lipolysis and blood flow rates 

in skeletal muscle and adipose tissue in vivo. Diabetologia, 48, 946-53. 



317 
 

Racil, G., Ben Ounis, O., Hammouda, O., Kallel, A., Zouhal, H., Chamari, K. & 

Amri, M. 2013. Effects of high vs. moderate exercise intensity during interval 

training on lipids and adiponectin levels in obese young females. Eur J Appl 

Physiol, 113, 2531-40. 

Radtke, T., Khattab, K., Eser, P., Kriemler, S., Saner, H. & Wilhelm, M. 2012. 

Puberty and microvascular function in healthy children and adolescents. J 

Pediatr, 161, 887-91. 

Radtke, T., Kriemler, S., Eser, P., Saner, H. & Wilhelm, M. 2013. Physical 

activity intensity and surrogate markers for cardiovascular health in 

adolescents. Eur J Appl Physiol, 113, 1213-22. 

Raitakari, O. T., Juonala, M., Kahonen, M., Taittonen, L., Laitinen, T., Maki-

Torkko, N., Jarvisalo, M. J., Uhari, M., Jokinen, E., Ronnemaa, T., Akerblom, H. 

K. & Viikari, J. S. 2003. Cardiovascular risk factors in childhood and carotid 

artery intima-media thickness in adulthood: the Cardiovascular Risk in Young 

Finns Study. JAMA, 290, 2277-83. 

Ranjan, V., Xiao, Z. & Diamond, S. L. 1995. Constitutive NOS expression in 

cultured endothelial cells is elevated by fluid shear stress. Am J Physiol, 269, 

550-5. 

Rapp, J. H., Lespine, A., Hamilton, R. L., Colyvas, N., Chaumeton, A. H., 

Tweedie-Hardman, J., Kotite, L., Kunitake, S. T., Havel, R. J. & Kane, J. P. 

1994. Triglyceride-rich lipoproteins isolated by selected-affinity anti-

apolipoprotein B immunosorption from human atherosclerotic plaque. 

Arterioscler Thromb, 14, 1767-74. 

Ras, R. T., Streppel, M. T., Draijer, R. & Zock, P. L. 2013. Flow-mediated 

dilation and cardiovascular risk prediction: a systematic review with meta-

analysis. Int J Cardiol, 168, 344-51. 

Ratel, S., Duche, P., Hennegrave, A., Van Praagh, E. & Bedu, M. 2002. Acid-

base balance during repeated cycling sprints in boys and men. J Appl Physiol, 

92, 479-85. 

Ratel, S., Lazaar, N., Dore, E., Baquet, G., Williams, C. A., Berthoin, S., Van 

Praagh, E., Bedu, M. & Duche, P. 2004. High-intensity intermittent activities at 

school: controversies and facts. J Sports Med Phys Fitness, 44, 272-80. 

Reaven, G. 2005. All obese individuals are not created equal: insulin resistance 

is the major determinant of cardiovascular disease in overweight/obese 

individuals. Diab Vasc Dis Res, 2, 105-12. 

Rector, R. S., Linden, M. A., Zhang, J. Q., Warner, S. O., Altena, T. S., Smith, 

B. K., Ziogas, G. G., Liu, Y. & Thomas, T. R. 2009. Predicting postprandial 



318 
 

lipemia in healthy adults and in at-risk individuals with components of the 

cardiometabolic syndrome. J Clin Hypertens (Greenwich), 11, 663-71. 

Reiber, I., Mezo, I., Kalina, A., Palos, G., Romics, L. & Csaszar, A. 2003. 

Postprandial triglyceride levels in familial combined hyperlipidemia. The role of 

apolipoprotein E and lipoprotein lipase polymorphisms. J Nutr Biochem, 14, 

394-400. 

Reybrouck, T., Weymans, M., Stijns, H., Knops, J. & Van Der Hauwaert, L. 

1985. Ventilatory anaerobic threshold in healthy children. Age and sex 

differences. Eur J Appl Physiol Occup Physiol, 54, 278-84. 

Ribeiro, M. M., Silva, A. G., Santos, N. S., Guazzelle, I., Matos, L. N., 

Trombetta, I. C., Halpern, A., Negrao, C. E. & Villares, S. M. 2005. Diet and 

exercise training restore blood pressure and vasodilatory responses during 

physiological maneuvers in obese children. Circulation, 111, 1915-23. 

Richard, D. & Rivest, S. 1989. The role of exercise in thermogenesis and 

energy balance. Can J Physiol Pharmacol, 67, 402-9. 

Riddoch, C. J., Mattocks, C., Deere, K., Saunders, J., Kirkby, J., Tilling, K., 

Leary, S. D., Blair, S. N. & Ness, A. R. 2007. Objective measurement of levels 

and patterns of physical activity. Arch Dis Child, 92, 963-9. 

Ringqvist, A., Caidahl, K., Petersson, A. S. & Wennmalm, A. 2000. Diurnal 

variation of flow-mediated vasodilation in healthy premenopausal women. Am J 

Physiol Heart Circ Physiol, 279, 2720-5. 

Risser, T. R., Reaven, G. M. & Reaven, E. P. 1978. Intestinal contribution to 

secretion of very low density lipoproteins into plasma. Am J Physiol, 234, 277-

81. 

Rizzo, R. J., Sandager, G., Astleford, P., Payne, K., Peterson-Kennedy, L., 

Flinn, W. R. & Yao, J. S. 1990. Mesenteric flow velocity variations as a function 

of angle of insonation. J Vasc Surg, 11, 688-94. 

Roche, D. M., Edmunds, S., Cable, T., Didi, M. & Stratton, G. 2008. Skin 

microvascular reactivity in children and adolescents with type 1 diabetes in 

relation to levels of physical activity and aerobic fitness. Pediatr Exerc Sci, 20, 

426-38. 

Roche, D. M., Rowland, T. W., Garrard, M., Marwood, S. & Unnithan, V. B. 

2010. Skin microvascular reactivity in trained adolescents. Eur J Appl Physiol, 

108, 1201-8. 

Rognmo, O., Bjornstad, T. H., Kahrs, C., Tjonna, A. E., Bye, A., Haram, P. M., 

Stolen, T., Slordahl, S. A. & Wisloff, U. 2008. Endothelial function in highly 



319 
 

endurance-trained men: effects of acute exercise. J Strength Cond Res, 22, 

535-42. 

Romijn, J. A., Coyle, E. F., Hibbert, J. & Wolfe, R. R. 1992. Comparison of 

indirect calorimetry and a new breath 13C/12C ratio method during strenuous 

exercise. Am J Physiol, 263, 64-71. 

Romijn, J. A., Coyle, E. F., Sidossis, L. S., Gastaldelli, A., Horowitz, J. F., 

Endert, E. & Wolfe, R. R. 1993. Regulation of endogenous fat and carbohydrate 

metabolism in relation to exercise intensity and duration. Am J Physiol, 265, 

380-91. 

Rosenwinkel, E. T., Bloomfield, D. M., Arwady, M. A. & Goldsmith, R. L. 2001. 

Exercise and autonomic function in health and cardiovascular disease. Cardiol 

Clin, 19, 369-87. 

Ross, R. 1993. The pathogenesis of atherosclerosis: a perspective for the 

1990s. Nature, 362, 801-9. 

Ross, R. 1999. Atherosclerosis--an inflammatory disease. N Engl J Med, 340, 

115-26. 

Rossi, R., Nuzzo, A., Origliani, G. & Modena, M. G. 2008. Prognostic role of 

flow-mediated dilation and cardiac risk factors in post-menopausal women. J 

Am Coll Cardiol, 51, 997-1002. 

Rowlands, A. V. & Eston, R. G. 2007. The Measurement and Interpretation of 

Children's Physical Activity. J Sports Sci Med, 6, 270-6. 

Rowlands, A. V., Rennie, K., Kozarski, R., Stanley, R. M., Eston, R. G., Parfitt, 

G. C. & Olds, T. S. 2014. Children's physical activity assessed with wrist- and 

hip-worn accelerometers. Med Sci Sports Exerc, 46, 2308-16. 

Rubanyi, G. M. 1993. The role of endothelium in cardiovascular homeostasis 

and diseases. J Cardiovasc Pharmacol, 22 Suppl 4, 1-14. 

Rubanyi, G. M., Romero, J. C. & Vanhoutte, P. M. 1986. Flow-induced release 

of endothelium-derived relaxing factor. Am J Physiol, 250, 1145-9. 

Ruiz, J. R., Rizzo, N. S., Hurtig-Wennlof, A., Ortega, F. B., Warnberg, J. & 

Sjostrom, M. 2006. Relations of total physical activity and intensity to fitness 

and fatness in children: the European Youth Heart Study. Am J Clin Nutr, 84, 

299-303. 

Rye, K. A., Hime, N. J. & Barter, P. J. 1995. The influence of cholesteryl ester 

transfer protein on the composition, size, and structure of spherical, 

reconstituted high density lipoproteins. J Biol Chem, 270, 189-96. 



320 
 

Ryu, J. E., Craven, T. E., Macarthur, R. D., Hinson, W. H., Bond, M. G., 

Hagaman, A. P. & Crouse, J. R., 3rd 1994. Relationship of intraabdominal fat as 

measured by magnetic resonance imaging to postprandial lipemia in middle-

aged subjects. Am J Clin Nutr, 60, 586-91. 

Ryu, J. E., Howard, G., Craven, T. E., Bond, M. G., Hagaman, A. P. & Crouse, 

J. R., 3rd 1992. Postprandial triglyceridemia and carotid atherosclerosis in 

middle-aged subjects. Stroke, 23, 823-8. 

Saboul, D., Pialoux, V. & Hautier, C. 2013. The impact of breathing on HRV 

measurements: implications for the longitudinal follow-up of athletes. Eur J 

Sport Sci, 13, 534-42. 

Sady, S. P., Thompson, P. D., Cullinane, E. M., Kantor, M. A., Domagala, E. & 

Herbert, P. N. 1986. Prolonged exercise augments plasma triglyceride 

clearance. JAMA, 256, 2552-5. 

Sallis, J. F., Prochaska, J. J. & Taylor, W. C. 2000. A review of correlates of 

physical activity of children and adolescents. Med Sci Sports Exerc, 32, 963-75. 

Sandstrom, B., Hansen, L. T. & Sorensen, A. 1994. Pea fiber lowers fasting and 

postprandial blood triglyceride concentrations in humans. J Nutr, 124, 2386-96. 

Sarwar, N., Danesh, J., Eiriksdottir, G., Sigurdsson, G., Wareham, N., Bingham, 

S., Boekholdt, S. M., Khaw, K. T. & Gudnason, V. 2007. Triglycerides and the 

risk of coronary heart disease: 10,158 incident cases among 262,525 

participants in 29 Western prospective studies. Circulation, 115, 450-8. 

Schlager, O., Willfort-Ehringer, A., Hammer, A., Steiner, S., Fritsch, M., 

Giurgea, A., Margeta, C., Lilaj, I., Zehetmayer, S., Widhalm, K., Koppensteiner, 

R. & Gschwandtner, M. E. 2011. Microvascular function is impaired in children 

with morbid obesity. Vasc Med, 16, 97-102. 

Schneeman, B. O., Kotite, L., Todd, K. M. & Havel, R. J. 1993. Relationships 

between the responses of triglyceride-rich lipoproteins in blood plasma 

containing apolipoproteins B-48 and B-100 to a fat-containing meal in 

normolipidemic humans. Proc Natl Acad Sci U S A, 90, 2069-73. 

Schrott, H. G., Clarke, W. R., Wiebe, D. A., Connor, W. E. & Lauer, R. M. 1979. 

Increased coronary mortality in relatives of hypercholesterolemic school 

children: the Muscatine study. Circulation, 59, 320-6. 

Sedgwick, M. J., Morris, J. G., Nevill, M. E. & Barrett, L. A. 2013. The 

accumulation of exercise and postprandial endothelial function in boys. Scand J 

Med Sci Sports, 24, 11-9. 



321 
 

Sedgwick, M. J., Morris, J. G., Nevill, M. E. & Barrett, L. A. 2014. Effect of 

repeated sprints on postprandial endothelial function and triacylglycerol 

concentrations in adolescent boys. J Sports Sci, 33, 806-16. 

Sedgwick, M. J., Morris, J. G., Nevill, M. E., Tolfrey, K., Nevill, A. & Barrett, L. A. 

2012. Effect of exercise on postprandial endothelial function in adolescent boys. 

Br J Nutr, 110, 301-9. 

Seip, R. L., Angelopoulos, T. J. & Semenkovich, C. F. 1995. Exercise induces 

human lipoprotein lipase gene expression in skeletal muscle but not adipose 

tissue. Am J Physiol, 268, 229-36. 

Seip, R. L., Mair, K., Cole, T. G. & Semenkovich, C. F. 1997. Induction of 

human skeletal muscle lipoprotein lipase gene expression by short-term 

exercise is transient. Am J Physiol, 272, E255-61. 

Seip, R. L. & Semenkovich, C. F. 1998. Skeletal muscle lipoprotein lipase: 

molecular regulation and physiological effects in relation to exercise. Exerc 

Sport Sci Rev, 26, 191-218. 

Senitko, A. N., Charkoudian, N. & Halliwill, J. R. 2002. Influence of endurance 

exercise training status and gender on postexercise hypotension. J Appl 

Physiol, 92, 2368-74. 

Serne, E. H., Gans, R. O., Ter Maaten, J. C., Tangelder, G. J., Donker, A. J. & 

Stehouwer, C. D. 2001. Impaired skin capillary recruitment in essential 

hypertension is caused by both functional and structural capillary rarefaction. 

Hypertension, 38, 238-42. 

Sessa, W. C., Pritchard, K., Seyedi, N., Wang, J. & Hintze, T. H. 1994. Chronic 

exercise in dogs increases coronary vascular nitric oxide production and 

endothelial cell nitric oxide synthase gene expression. Circ Res, 74, 349-53. 

Shafi, S., Brady, S. E., Bensadoun, A. & Havel, R. J. 1994. Role of hepatic 

lipase in the uptake and processing of chylomicron remnants in rat liver. J Lipid 

Res, 35, 709-20. 

Shamim-Uzzaman, Q. A., Pfenninger, D., Kehrer, C., Chakrabarti, A., Kacirotti, 

N., Rubenfire, M., Brook, R. & Rajagopalan, S. 2002. Altered cutaneous 

microvascular responses to reactive hyperaemia in coronary artery disease: a 

comparative study with conduit vessel responses. Clin Sci (Lond), 103, 267-73. 

Shannon, K. A., Shannon, R. M., Clore, J. N., Gennings, C., Warren, B. J. & 

Potteiger, J. A. 2008. Aerobic exercise alters postprandial lipemia in African 

American versus White women. Int J Sport Nutr Exerc Metab, 18, 37-48. 

Sharrett, A. R., Ballantyne, C. M., Coady, S. A., Heiss, G., Sorlie, P. D., 

Catellier, D. & Patsch, W. 2001. Coronary heart disease prediction from 



322 
 

lipoprotein cholesterol levels, triglycerides, lipoprotein(a), apolipoproteins A-I 

and B, and HDL density subfractions: The Atherosclerosis Risk in Communities 

(ARIC) Study. Circulation, 104, 1108-13. 

Shechter, M., Issachar, A., Marai, I., Koren-Morag, N., Freinark, D., Shahar, Y., 

Shechter, A. & Feinberg, M. S. 2009. Long-term association of brachial artery 

flow-mediated vasodilation and cardiovascular events in middle-aged subjects 

with no apparent heart disease. Int J Cardiol, 134, 52-8. 

Shimbo, D., Grahame-Clarke, C., Miyake, Y., Rodriguez, C., Sciacca, R., Di 

Tullio, M., Boden-Albala, B., Sacco, R. & Homma, S. 2007. The association 

between endothelial dysfunction and cardiovascular outcomes in a population-

based multi-ethnic cohort. Atherosclerosis, 192, 197-203. 

Short, K. R., Pratt, L. V., Teague, A. M., Man, C. D. & Cobelli, C. 2013. 

Postprandial improvement in insulin sensitivity after a single exercise session in 

adolescents with low aerobic fitness and physical activity. Pediatr Diabetes, 14, 

129-37. 

Sieg-Dobrescu, D., Burnier, M., Hayoz, D., Brunner, H. R. & Waeber, B. 2001. 

The return of increased blood pressure after discontinuation of antihypertensive 

treatment is associated with an impaired post-ischemic skin blood flow 

response. J Hypertens, 19, 1387-92. 

Sies, H., Stahl, W. & Sevanian, A. 2005. Nutritional, dietary and postprandial 

oxidative stress. J Nutr, 135, 969-72. 

Sigurdsson, G., Nicoll, A. & Lewis, B. 1975. Conversion of very low density 

lipoprotein to low density lipoprotein. A metabolic study of apolipoprotein B 

kinetics in human subjects. J Clin Invest, 56, 1481-90. 

Silva, B. M., Neves, F. J., Negrao, M. V., Alves, C. R., Dias, R. G., Alves, G. B., 

Pereira, A. C., Rondon, M. U., Krieger, J. E., Negrao, C. E. & Ac, D. a. N. 2011. 

Endothelial nitric oxide synthase polymorphisms and adaptation of 

parasympathetic modulation to exercise training. Med Sci Sports Exerc, 43, 

1611-8. 

Silvestro, A., Scopacasa, F., Oliva, G., De Cristofaro, T., Iuliano, L. & Brevetti, 

G. 2002. Vitamin C prevents endothelial dysfunction induced by acute exercise 

in patients with intermittent claudication. Atherosclerosis, 165, 277-83. 

Simmons, G. H., Padilla, J., Young, C. N., Wong, B. J., Lang, J. A., Davis, M. J., 

Laughlin, M. H. & Fadel, P. J. 2011. Increased brachial artery retrograde shear 

rate at exercise onset is abolished during prolonged cycling: role of 

thermoregulatory vasodilation. J Appl Physiol, 110, 389-97. 



323 
 

Singhal, A., Trilk, J. L., Jenkins, N. T., Bigelman, K. A. & Cureton, K. J. 2009. 

Effect of intensity of resistance exercise on postprandial lipemia. J Appl Physiol, 

106, 823-9. 

Singleton, M. J., Heiser, C., Jamesen, K. & Mattes, R. D. 1999. Sweetener 

augmentation of serum triacylglycerol during a fat challenge test in humans. J 

Am Coll Nutr, 18, 179-85. 

Sisson, S., Anderson, A. E., Short, K. R., Gardner, A. W., Whited, T., Robledo, 

C. & Thompson, D. M. 2013a. Light Activity Following a Meal and Post-Prandial 

Cardiometabolic Risk in Adolescents. Pediatr Exerc Sci, 25, 347-59. 

Sisson, S. B., Anderson, A. E., Short, K. R., Gardner, A. W., Whited, T., 

Robledo, C. & Thompson, D. M. 2013b. Light activity following a meal and 

postprandial cardiometabolic risk in adolescents. Pediatr Exerc Sci, 25, 347-59. 

Slaughter, M. H., Lohman, T. G., Boileau, R. A., Horswill, C. A., Stillman, R. J., 

Van Loan, M. D. & Bemben, D. A. 1988. Skinfold equations for estimation of 

body fatness in children and youth. Hum Biol, 60, 709-23. 

Smiesko, V., Kozik, J. & Dolezel, S. 1985. Role of endothelium in the control of 

arterial diameter by blood flow. Blood Vessels, 22, 247-51. 

Sorensen, K. E., Celermajer, D. S., Georgakopoulos, D., Hatcher, G., 

Betteridge, D. J. & Deanfield, J. E. 1994. Impairment of endothelium-dependent 

dilation is an early event in children with familial hypercholesterolemia and is 

related to the lipoprotein(a) level. J Clin Invest, 93, 50-5. 

Squadrito, G. L. & Pryor, W. A. 1998. Oxidative chemistry of nitric oxide: the 

roles of superoxide, peroxynitrite, and carbon dioxide. Free Radic Biol Med, 25, 

392-403. 

St-Amand, J., Despres, J. P., Lemieux, S., Lamarche, B., Moorjani, S., 

Prud'homme, D., Bouchard, C. & Lupien, P. J. 1995. Does lipoprotein or hepatic 

lipase activity explain the protective lipoprotein profile of premenopausal 

women? Metabolism, 44, 491-8. 

Stampfer, M. J., Krauss, R. M., Ma, J., Blanche, P. J., Holl, L. G., Sacks, F. M. 

& Hennekens, C. H. 1996. A prospective study of triglyceride level, low-density 

lipoprotein particle diameter, and risk of myocardial infarction. JAMA, 276, 882-

8. 

Stary, H. C. 1989. Evolution and progression of atherosclerotic lesions in 

coronary arteries of children and young adults. Arteriosclerosis, 9, 19-32. 

Stein, P. K., Bosner, M. S., Kleiger, R. E. & Conger, B. M. 1994. Heart rate 

variability: a measure of cardiac autonomic tone. Am Heart J, 127, 1376-81. 



324 
 

Steinberg, D. 1987. Lipoproteins and the pathogenesis of atherosclerosis. 

Circulation, 76, 508-14. 

Steinberg, D. 2009. The LDL modification hypothesis of atherogenesis: an 

update. J Lipid Res, 50 Suppl, 376-81. 

Steinbrecher, U. P., Parthasarathy, S., Leake, D. S., Witztum, J. L. & Steinberg, 

D. 1984. Modification of low density lipoprotein by endothelial cells involves lipid 

peroxidation and degradation of low density lipoprotein phospholipids. Proc Natl 

Acad Sci USA, 81, 3883-7. 

Stringer, W., Casaburi, R. & Wasserman, K. 1992. Acid-base regulation during 

exercise and recovery in humans. J Appl Physiol, 72, 954-61. 

Strong, J. P. & Mcgill, H. C. J. 1962. The natural history of coronary 

atherosclerosis. Am J Pathol, 40, 37-49. 

Stroyer, J., Hansen, L. & Klausen, K. 2004. Physiological profile and activity 

pattern of young soccer players during match play. Med Sci Sports Exerc, 36, 

168-74. 

Suwaidi, J. A., Hamasaki, S., Higano, S. T., Nishimura, R. A., Holmes, D. R., Jr. 

& Lerman, A. 2000. Long-term follow-up of patients with mild coronary artery 

disease and endothelial dysfunction. Circulation, 101, 948-54. 

Takabe, W., Jen, N., Ai, L., Hamilton, R., Wang, S., Holmes, K., Dharbandi, F., 

Khalsa, B., Bressler, S., Barr, M. L., Li, R. & Hsiai, T. K. 2011. Oscillatory shear 

stress induces mitochondrial superoxide production: implication of NADPH 

oxidase and c-Jun NH2-terminal kinase signaling. Antioxid Redox Signal, 15, 

1379-88. 

Takase, B., Hamabe, A., Satomura, K., Akima, T., Uehata, A., Ohsuzu, F., 

Ishihara, M. & Kurita, A. 2005. Close relationship between the vasodilator 

response to acetylcholine in the brachial and coronary artery in suspected 

coronary artery disease. Int J Cardiol, 105, 58-66. 

Takase, B., Uehata, A., Akima, T., Nagai, T., Nishioka, T., Hamabe, A., 

Satomura, K., Ohsuzu, F. & Kurita, A. 1998. Endothelium-dependent flow-

mediated vasodilation in coronary and brachial arteries in suspected coronary 

artery disease. Am J Cardiol, 82, 1535-9, 7-8. 

Tall, A. R. 1990. Plasma high density lipoproteins. Metabolism and relationship 

to atherogenesis. J Clin Invest, 86, 379-84. 

Talmud, P. J., Hawe, E., Miller, G. J. & Humphries, S. E. 2002. Nonfasting 

apolipoprotein B and triglyceride levels as a useful predictor of coronary heart 

disease risk in middle-aged UK men. Arterioscler Thromb Vasc Biol, 22, 1918-

23. 



325 
 

Tan, C. E., Foster, L., Caslake, M. J., Bedford, D., Watson, T. D., Mcconnell, 

M., Packard, C. J. & Shepherd, J. 1995. Relations between plasma lipids and 

postheparin plasma lipases and VLDL and LDL subfraction patterns in 

normolipemic men and women. Arterioscler Thromb Vasc Biol, 15, 1839-48. 

Tanaka, H., Shimizu, S., Ohmori, F., Muraoka, Y., Kumagai, M., Yoshizawa, M. 

& Kagaya, A. 2006. Increases in blood flow and shear stress to nonworking 

limbs during incremental exercise. Med Sci Sports Exerc, 38, 81-5. 

Tanner, J. M. 1949. Fallacy of per-weight and per-surface area standards, and 

their relation to spurious correlation. J Appl Physiol, 2, 1-15. 

Tanner, J. M. 1962. Growth at Adolescence, Oxford, Blackwell Scientific 

Publications. 

Task Force of the European Society of Cardiology 1996. Heart rate variability. 

Standards of measurement, physiological interpretation, and clinical use. Eur 

Heart J, 17, 354-81. 

Tee, G. B., Rasool, A. H., Halim, A. S. & Rahman, A. R. 2004. Dependence of 

human forearm skin postocclusive reactive hyperemia on occlusion time. J 

Pharmacol Toxicol Methods, 50, 73-8. 

Tejada, C., Strong, J. P., Montenegro, M. R., Restrepo, C. & Solberg, L. A. 

1968. Distribution of coronary and aortic atherosclerosis by geographic location, 

race, and sex. Lab Invest, 18, 509-26. 

Thackray, A. E., Barrett, L. A. & Tolfrey, K. 2013. Acute High-Intensity Interval 

Running Reduces Postprandial Lipemia in Boys. Med Sci Sports Exerc, 45, 

1277-84. 

Thackray, A. E., Barrett, L. A. & Tolfrey, K. 2014. Acute Effects of Energy Deficit 

Induced by Moderate-intensity Exercise or Energy-Intake Restriction on 

Postprandial Lipemia in Healthy Girls. Pediatr Exerc Sci DOI: 

10.1123/pes.2014-0096 

Thayer, J. F., Yamamoto, S. S. & Brosschot, J. F. 2010. The relationship of 

autonomic imbalance, heart rate variability and cardiovascular disease risk 

factors. Int J Cardiol, 141, 122-31. 

Thijssen, D. H., Black, M. A., Pyke, K. E., Padilla, J., Atkinson, G., Harris, R. A., 

Parker, B., Widlansky, M. E., Tschakovsky, M. E. & Green, D. J. 2011. 

Assessment of flow-mediated dilation in humans: a methodological and 

physiological guideline. Am J Physiol Heart Circ Physiol, 300, 2-12. 

Thijssen, D. H., Bullens, L. M., Van Bemmel, M. M., Dawson, E. A., Hopkins, N., 

Tinken, T. M., Black, M. A., Hopman, M. T., Cable, N. T. & Green, D. J. 2009a. 

Does arterial shear explain the magnitude of flow-mediated dilation?: a 



326 
 

comparison between young and older humans. Am J Physiol Heart Circ Physiol, 

296, 57-64. 

Thijssen, D. H., Dawson, E. A., Black, M. A., Hopman, M. T., Cable, N. T. & 

Green, D. J. 2009b. Brachial artery blood flow responses to different modalities 

of lower limb exercise. Med Sci Sports Exerc, 41, 1072-9. 

Thijssen, D. H., Dawson, E. A., Tinken, T. M., Cable, N. T. & Green, D. J. 

2009c. Retrograde flow and shear rate acutely impair endothelial function in 

humans. Hypertension, 53, 986-92. 

Thijssen, D. H., Van Bemmel, M. M., Bullens, L. M., Dawson, E. A., Hopkins, N. 

D., Tinken, T. M., Black, M. A., Hopman, M. T., Cable, N. T. & Green, D. J. 

2008. The impact of baseline diameter on flow-mediated dilation differs in young 

and older humans. Am J Physiol Heart Circ Physiol, 295, 1594-8. 

Thomas, T. R., Horner, K. E., Langdon, M. M., Zhang, J. Q., Krul, E. S., Sun, G. 

Y. & Cox, R. H. 2001. Effect of exercise and medium-chain fatty acids on 

postprandial lipemia. J Appl Physiol, 90, 1239-46. 

Thompson, P. D., Buchner, D., Pina, I. L., Balady, G. J., Williams, M. A., 

Marcus, B. H., Berra, K., Blair, S. N., Costa, F., Franklin, B., Fletcher, G. F., 

Gordon, N. F., Pate, R. R., Rodriguez, B. L., Yancey, A. K. & Wenger, N. K. 

2003. Exercise and physical activity in the prevention and treatment of 

atherosclerotic cardiovascular disease: a statement from the Council on Clinical 

Cardiology (Subcommittee on Exercise, Rehabilitation, and Prevention) and the 

Council on Nutrition, Physical Activity, and Metabolism (Subcommittee on 

Physical Activity). Circulation, 107, 3109-16. 

Tinken, T. M., Thijssen, D. H., Hopkins, N., Black, M. A., Dawson, E. A., 

Minson, C. T., Newcomer, S. C., Laughlin, M. H., Cable, N. T. & Green, D. J. 

2009. Impact of shear rate modulation on vascular function in humans. 

Hypertension, 54, 278-85. 

Tinken, T. M., Thijssen, D. H., Hopkins, N., Dawson, E. A., Cable, N. T. & 

Green, D. J. 2010. Shear stress mediates endothelial adaptations to exercise 

training in humans. Hypertension, 55, 312-8. 

Tiret, L., Gerdes, C., Murphy, M. J., Dallongeville, J., Nicaud, V., O'reilly, D. S., 

Beisiegel, U. & De Backer, G. 2000. Postprandial response to a fat tolerance 

test in young adults with a paternal history of premature coronary heart disease 

- the EARS II study (European Atherosclerosis Research Study). Eur J Clin 

Invest, 30, 578-85. 

Tjonna, A. E., Lee, S. J., Rognmo, O., Stolen, T. O., Bye, A., Haram, P. M., 

Loennechen, J. P., Al-Share, Q. Y., Skogvoll, E., Slordahl, S. A., Kemi, O. J., 

Najjar, S. M. & Wisloff, U. 2008. Aerobic interval training versus continuous 



327 
 

moderate exercise as a treatment for the metabolic syndrome: a pilot study. 

Circulation, 118, 346-54. 

Tjonna, A. E., Stolen, T. O., Bye, A., Volden, M., Slordahl, S. A., Odegard, R., 

Skogvoll, E. & Wisloff, U. 2009. Aerobic interval training reduces cardiovascular 

risk factors more than a multitreatment approach in overweight adolescents. 

Clin Sci (Lond), 116, 317-26. 

Tolfrey, K., Bentley, C., Goad, M., Varley, J., Willis, S. & Barrett, L. 2012. Effect 

of energy expenditure on postprandial triacylglycerol in adolescent boys. Eur J 

Appl Physiol, 112, 23-31. 

Tolfrey, K., Doggett, A., Boyd, C., Pinner, S., Sharples, A. & Barrett, L. 2008. 

Postprandial triacylglycerol in adolescent boys: a case for moderate exercise. 

Med Sci Sports Exerc, 40, 1049-56. 

Tolfrey, K., Engstrom, A., Murphy, C., Thackray, A., Weaver, R. & Barrett, L. A. 

2014a. Exercise energy expenditure and postprandial lipemia in girls. Med Sci 

Sports Exerc, 46, 239-46. 

Tolfrey, K., Thackray, A. E. & Barrett, L. A. 2014b. Acute exercise and 

postprandial lipemia in young people. Pediatr Exerc Sci, 26, 127-37. 

Touboul, P. J., Hennerici, M. G., Meairs, S., Adams, H., Amarenco, P., 

Desvarieux, M., Ebrahim, S., Fatar, M., Hernandez Hernandez, R., Kownator, 

S., Prati, P., Rundek, T., Taylor, A., Bornstein, N., Csiba, L., Vicaut, E., Woo, K. 

S. & Zannad, F. 2004. Mannheim intima-media thickness consensus. 

Cerebrovasc Dis, 18, 346-9. 

Tounian, P., Aggoun, Y., Dubern, B., Varille, V., Guy-Grand, B., Sidi, D., 

Girardet, J. P. & Bonnet, D. 2001. Presence of increased stiffness of the 

common carotid artery and endothelial dysfunction in severely obese children: a 

prospective study. Lancet, 358, 1400-4. 

Tribble, D. L., Holl, L. G., Wood, P. D. & Krauss, R. M. 1992. Variations in 

oxidative susceptibility among six low density lipoprotein subfractions of 

differing density and particle size. Atherosclerosis, 93, 189-99. 

Trombold, J. R. P. D., Christmas, K. M., Machin, D. R., Kim, I. Y. & Coyle, E. F. 

2013. Acute High-Intensity Endurance Exercise is More Effective than 

Moderate-Intensity Exercise for Attenuation of Postprandial Triglyceride 

Elevation. J Appl Physiol, 114, 792-800. 

Trost, S. G., Pate, R. R., Sallis, J. F., Freedson, P. S., Taylor, W. C., Dowda, M. 

& Sirard, J. 2002. Age and gender differences in objectively measured physical 

activity in youth. Med Sci Sports Exerc, 34, 350-5. 



328 
 

Tsai, W. C., Li, Y. H., Lin, C. C., Chao, T. H. & Chen, J. H. 2004. Effects of 

oxidative stress on endothelial function after a high-fat meal. Clin Sci (Lond), 

106, 315-9. 

Tsetsonis, N. V. & Hardman, A. E. 1996a. Effects of low and moderate intensity 

treadmill walking on postprandial lipaemia in healthy young adults. Eur J Appl 

Physiol Occup Physiol, 73, 419-26. 

Tsetsonis, N. V. & Hardman, A. E. 1996b. Reduction in postprandial lipemia 

after walking: influence of exercise intensity. Med Sci Sports Exerc, 28, 1235-

42. 

Tsetsonis, N. V., Hardman, A. E. & Mastana, S. S. 1997. Acute effects of 

exercise on postprandial lipemia: a comparative study in trained and untrained 

middle-aged women. Am J Clin Nutr, 65, 525-33. 

Twisk, J. W., Kemper, H. C., Van Mechelen, W. & Post, G. B. 1997. Tracking of 

risk factors for coronary heart disease over a 14-year period: a comparison 

between lifestyle and biologic risk factors with data from the Amsterdam Growth 

and Health Study. Am J Epidemiol, 145, 888-98. 

Tyldum, G. A., Schjerve, I. E., Tjonna, A. E., Kirkeby-Garstad, I., Stolen, T. O., 

Richardson, R. S. & Wisloff, U. 2009. Endothelial dysfunction induced by post-

prandial lipemia: complete protection afforded by high-intensity aerobic interval 

exercise. J Am Coll Cardiol, 53, 200-6. 

Uematsu, M., Ohara, Y., Navas, J. P., Nishida, K., Murphy, T. J., Alexander, R. 

W., Nerem, R. M. & Harrison, D. G. 1995. Regulation of endothelial cell nitric 

oxide synthase mRNA expression by shear stress. Am J Physiol, 269, 1371-8. 

Uetani, E., Tabara, Y., Igase, M., Guo, H., Kido, T., Ochi, N., Takita, R., Kohara, 

K. & Miki, T. 2012. Postprandial hypertension, an overlooked risk marker for 

arteriosclerosis. Atherosclerosis, 224, 500-5. 

Uiterwaal, C. S., Grobbee, D. E., Witteman, J. C., Van Stiphout, W. A., Krauss, 

X. H., Havekes, L. M., De Bruijn, A. M., Van Tol, A. & Hofman, A. 1994. 

Postprandial triglyceride response in young adult men and familial risk for 

coronary atherosclerosis. Ann Intern Med, 121, 576-83. 

Ulloa, L. 2005. The vagus nerve and the nicotinic anti-inflammatory pathway. 

Nat Rev Drug Discov, 4, 673-84. 

Umpaichitra, V., Banerji, M. A. & Castells, S. 2004. Postprandial hyperlipidemia 

after a fat loading test in minority adolescents with type 2 diabetes mellitus and 

obesity. J Pediatr Endocrinol Metab, 17, 853-64. 

Vallance, P., Collier, J. & Moncada, S. 1989. Effects of endothelium-derived 

nitric oxide on peripheral arteriolar tone in man. Lancet, 2, 997-1000. 



329 
 

Van Coevering, P., Harnack, L., Schmitz, K., Fulton, J. E., Galuska, D. A. & 

Gao, S. 2005. Feasibility of using accelerometers to measure physical activity in 

young adolescents. Med Sci Sports Exerc, 37, 867-71. 

Van Der Horst, K., Paw, M. J., Twisk, J. W. & Van Mechelen, W. 2007. A brief 

review on correlates of physical activity and sedentariness in youth. Med Sci 

Sports Exerc, 39, 1241-50. 

Van Loon, L. J., Greenhaff, P. L., Constantin-Teodosiu, D., Saris, W. H. & 

Wagenmakers, A. J. 2001. The effects of increasing exercise intensity on 

muscle fuel utilisation in humans. J Physiol, 536, 295-304. 

Vita, J. A. & Keaney, J. F., Jr. 2002. Endothelial function: a barometer for 

cardiovascular risk? Circulation, 106, 640-2. 

Vita, J. A., Treasure, C. B., Nabel, E. G., Mclenachan, J. M., Fish, R. D., Yeung, 

A. C., Vekshtein, V. I., Selwyn, A. P. & Ganz, P. 1990. Coronary vasomotor 

response to acetylcholine relates to risk factors for coronary artery disease. 

Circulation, 81, 491-7. 

Vogel, R. A., Corretti, M. C. & Plotnick, G. D. 1997. Effect of a single high-fat 

meal on endothelial function in healthy subjects. Am J Cardiol, 79, 350-4. 

Von Schenck, H., Falkensson, M. & Lundberg, B. 1986. Evaluation of 

"HemoCue," a new device for determining hemoglobin. Clin Chem, 32, 526-9. 

Vuilleumier, P., Decosterd, D., Maillard, M., Burnier, M. & Hayoz, D. 2002. 

Postischemic forearm skin reactive hyperemia is related to cardovascular risk 

factors in a healthy female population. J Hypertens, 20, 1753-7. 

Wallace, J. P., Johnson, B., Padilla, J. & Mather, K. 2010. Postprandial 

lipaemia, oxidative stress and endothelial function: a review. Int J Clin Pract, 64, 

389-403. 

Walldius, G., Jungner, I., Holme, I., Aastveit, A. H., Kolar, W. & Steiner, E. 

2001. High apolipoprotein B, low apolipoprotein A-I, and improvement in the 

prediction of fatal myocardial infarction (AMORIS study): a prospective study. 

Lancet, 358, 2026-33. 

Wang, J. S. & Huang, Y. H. 2005. Effects of exercise intensity on lymphocyte 

apoptosis induced by oxidative stress in men. Eur J Appl Physiol, 95, 290-7. 

Wang, X., Guo, F., Li, G., Cao, Y. & Fu, H. 2009. Prognostic role of brachial 

reactivity in patients with ST myocardial infarction after percutaneous coronary 

intervention. Coron Artery Dis, 20, 467-72. 



330 
 

Wang, X., Magkos, F. & Mittendorfer, B. 2011. Sex differences in lipid and 

lipoprotein metabolism: it's not just about sex hormones. J Clin Endocrinol 

Metab, 96, 885-93. 

Warburton, D. E., Nicol, C. W. & Bredin, S. S. 2006. Health benefits of physical 

activity: the evidence. CMAJ, 174, 801-9. 

Ward, D. S., Evenson, K. R., Vaughn, A., Rodgers, A. B. & Troiano, R. P. 2005. 

Accelerometer use in physical activity: best practices and research 

recommendations. Med Sci Sports Exerc, 37, 582-8. 

Wasserman, K., Whipp, B. J., Koyl, S. N. & Beaver, W. L. 1973. Anaerobic 

threshold and respiratory gas exchange during exercise. J Appl Physiol, 35, 

236-43. 

Watts, K., Beye, P., Siafarikas, A., Davis, E. A., Jones, T. W., O'driscoll, G. & 

Green, D. J. 2004a. Exercise training normalizes vascular dysfunction and 

improves central adiposity in obese adolescents. J Am Coll Cardiol, 43, 1823-7. 

Watts, K., Beye, P., Siafarikas, A., O'driscoll, G., Jones, T. W., Davis, E. A. & 

Green, D. J. 2004b. Effects of exercise training on vascular function in obese 

children. J Pediatr, 144, 620-5. 

Webber, L. S., Cresanta, J. L., Voors, A. W. & Berenson, G. S. 1983. Tracking 

of cardiovascular disease risk factor variables in school-age children. J Chronic 

Dis, 36, 647-60. 

Weintraub, M. S., Zechner, R., Brown, A., Eisenberg, S. & Breslow, J. L. 1988. 

Dietary polyunsaturated fats of the W-6 and W-3 series reduce postprandial 

lipoprotein levels. Chronic and acute effects of fat saturation on postprandial 

lipoprotein metabolism. J Clin Invest, 82, 1884-93. 

Weiss, E. P., Fields, D. A., Mittendorfer, B., Haverkort, M. A. & Klein, S. 2008. 

Reproducibility of postprandial lipemia tests and validity of an abbreviated 4-

hour test. Metabolism, 57, 1479-85. 

Welsman, J., Bywater, K., Farr, C., Welford, D. & Armstrong, N. 2005. Reliability 

of peak VO2 and maximal cardiac output assessed using thoracic 

bioimpedance in children. European Journal of Applied Physiology, 94, 228-

234. 

Wendler, D., Michel, E., Kastner, P. & Schmahl, F. W. 1992. Menstrual cycle 

exhibits no effect on postprandial lipemia. Horm Metab Res, 24, 580-1. 

Westphal, S., Leodolter, A., Kahl, S., Dierkes, J., Malfertheiner, P. & Luley, C. 

2002. Addition of glucose to a fatty meal delays chylomicrons and suppresses 

VLDL in healthy subjects. Eur J Clin Invest, 32, 322-7. 



331 
 

Whipp, B. J., Davis, J. A., Torres, F. & Wasserman, K. 1981. A test to determine 

parameters of aerobic function during exercise. J Appl Physiol, 50, 217-21. 

Whipp, B. J., Ward, S. A. & Rossiter, H. B. 2005. Pulmonary O2 uptake during 

exercise: conflating muscular and cardiovascular responses. Med Sci Sports 

Exerc, 37, 1574-85. 

WHO 1973. The prevention and control of major cardiovascular diseases. World 

Health Organization, Conference Report No. Euro 8214, 18-23 June, 1-88. 

WHO 2011. Global Atlas on cardiovascular disease prevention and control. 

Eds: Mendis, S., Puska, P., Norving, B. World Health Organization, Geneva 

2011. Pages 2-15. 

Whyte, L. J., Ferguson, C., Wilson, J., Scott, R. A. & Gill, J. M. 2012. Effects of 

single bout of very high-intensity exercise on metabolic health biomarkers in 

overweight/obese sedentary men. Metabolism, 62, 212-219. 

Whyte, L. J., Gill, J. M. & Cathcart, A. J. 2010. Effect of 2 weeks of sprint 

interval training on health-related outcomes in sedentary overweight/obese 

men. Metabolism, 59, 1421-8. 

Wideman, L., Kaminsky, L. A. & Whaley, M. H. 1996. Postprandial lipemia in 

obese men with abdominal fat patterning. J Sports Med Phys Fitness, 36, 204-

10. 

Wilkinson, M. 2014. Distinguishing between statistical significance and 

practical/clinical meaningfulness using statistical inference. Sports Med, 44, 

295-301. 

Williams, C. M. 1998. Dietary interventions affecting chylomicron and 

chylomicron remnant clearance. Atherosclerosis, 141 Suppl 1, 87-92. 

Wisloff, U., Stoylen, A., Loennechen, J. P., Bruvold, M., Rognmo, O., Haram, P. 

M., Tjonna, A. E., Helgerud, J., Slordahl, S. A., Lee, S. J., Videm, V., Bye, A., 

Smith, G. L., Najjar, S. M., Ellingsen, O. & Skjaerpe, T. 2007. Superior 

cardiovascular effect of aerobic interval training versus moderate continuous 

training in heart failure patients: a randomized study. Circulation, 115, 3086-94. 

Witte, D. R., Van Der Graaf, Y., Grobbee, D. E. & Bots, M. L. 2005a. 

Measurement of flow-mediated dilatation of the brachial artery is affected by 

local elastic vessel wall properties in high-risk patients. Atherosclerosis, 182, 

323-30. 

Witte, D. R., Westerink, J., De Koning, E. J., Van Der Graaf, Y., Grobbee, D. E. 

& Bots, M. L. 2005b. Is the association between flow-mediated dilation and 

cardiovascular risk limited to low-risk populations? J Am Coll Cardiol, 45, 1987-

93. 



332 
 

Wong, B. J., Wilkins, B. W., Holowatz, L. A. & Minson, C. T. 2003. Nitric oxide 

synthase inhibition does not alter the reactive hyperemic response in the 

cutaneous circulation. J Appl Physiol, 95, 504-10. 

Woo, K. S., Chook, P., Yu, C. W., Sung, R. Y., Qiao, M., Leung, S. S., Lam, C. 

W., Metreweli, C. & Celermajer, D. S. 2004a. Effects of diet and exercise on 

obesity-related vascular dysfunction in children. Circulation, 109, 1981-6. 

Woo, K. S., Chook, P., Yu, C. W., Sung, R. Y., Qiao, M., Leung, S. S., Lam, C. 

W., Metreweli, C. & Celermajer, D. S. 2004b. Overweight in children is 

associated with arterial endothelial dysfunction and intima-media thickening. Int 

J Obes Relat Metab Disord, 28, 852-7. 

Woodman, R. J., Playford, D. A., Watts, G. F., Cheetham, C., Reed, C., Taylor, 

R. R., Puddey, I. B., Beilin, L. J., Burke, V., Mori, T. A. & Green, D. 2001. 

Improved analysis of brachial artery ultrasound using a novel edge-detection 

software system. J Appl Physiol, 91, 929-37. 

Yamada, N., Shames, D. M., Takahashi, K. & Havel, R. J. 1988. Metabolism of 

apolipoprotein B-100 in large very low density lipoproteins of blood plasma. 

Kinetic studies in normal and Watanabe heritable hyperlipidemic rabbits. J Clin 

Invest, 82, 2106-13. 

Yamashina, A., Tomiyama, H., Arai, T., Hirose, K., Koji, Y., Hirayama, Y., 

Yamamoto, Y. & Hori, S. 2003. Brachial-ankle pulse wave velocity as a marker 

of atherosclerotic vascular damage and cardiovascular risk. Hypertens Res, 26, 

615-22. 

Yanagisawa, M., Kurihara, H., Kimura, S., Goto, K. & Masaki, T. 1988. A novel 

peptide vasoconstrictor, endothelin, is produced by vascular endothelium and 

modulates smooth muscle Ca2+ channels. J Hypertens Suppl, 6, 188-91. 

Yeboah, J., Crouse, J. R., Hsu, F. C., Burke, G. L. & Herrington, D. M. 2007. 

Brachial flow-mediated dilation predicts incident cardiovascular events in older 

adults: the Cardiovascular Health Study. Circulation, 115, 2390-7. 

Yeboah, J., Folsom, A. R., Burke, G. L., Johnson, C., Polak, J. F., Post, W., 

Lima, J. A., Crouse, J. R. & Herrington, D. M. 2009. Predictive value of brachial 

flow-mediated dilation for incident cardiovascular events in a population-based 

study: the multi-ethnic study of atherosclerosis. Circulation, 120, 502-9. 

Yelling, M., Lamb, K. & Swaine, I. 2002. Validity of a Pictorial Perceived 

Exertion Scale for Effort Estimation and Effort Production During Stepping 

Exercise in Adolescent Children. European Physical Education Review, 8, 157-

175. 

Yla-Herttuala, S., Palinski, W., Rosenfeld, M. E., Parthasarathy, S., Carew, T. 

E., Butler, S., Witztum, J. L. & Steinberg, D. 1989. Evidence for the presence of 



333 
 

oxidatively modified low density lipoprotein in atherosclerotic lesions of rabbit 

and man. J Clin Invest, 84, 1086-95. 

Zakrzewski, J. K. & Tolfrey, K. 2012. Acute effect of Fatmax exercise on the 

metabolism in overweight and nonoverweight girls. Med Sci Sports Exerc, 44, 

1698-705. 

Zaldivar, F., Eliakim, A., Radom-Aizik, S., Leu, S. Y. & Cooper, D. M. 2007. The 

effect of brief exercise on circulating CD34+ stem cells in early and late pubertal 

boys. Pediatr Res, 61, 491-5. 

Zambon, A., Bertocco, S., Vitturi, N., Polentarutti, V., Vianello, D. & Crepaldi, G. 

2003. Relevance of hepatic lipase to the metabolism of triacylglycerol-rich 

lipoproteins. Biochem Soc Trans, 31, 1070-4. 

Zeiher, A. M., Drexler, H., Wollschlager, H. & Just, H. 1991. Modulation of 

coronary vasomotor tone in humans. Progressive endothelial dysfunction with 

different early stages of coronary atherosclerosis. Circulation, 83, 391-401. 

Zhang, H., Chalothorn, D., Jackson, L. F., Lee, D. C. & Faber, J. E. 2004. 

Transactivation of epidermal growth factor receptor mediates catecholamine-

induced growth of vascular smooth muscle. Circ Res, 95, 989-97. 

Zhang, J. Q., Smith, B., Langdon, M. M., Messimer, H. L., Sun, G. Y., Cox, R. 

H., James-Kracke, M. & Thomas, T. R. 2002. Changes in LPLa and reverse 

cholesterol transport variables during 24-h postexercise period. Am J Physiol 

Endocrinol Metab, 283, 267-74. 

Zhang, J. Q., Thomas, T. R. & Ball, S. D. 1998. Effect of exercise timing on 

postprandial lipemia and HDL cholesterol subfractions. J Appl Physiol, 85, 

1516-22. 

Zhao, J. L., Pergola, P. E., Roman, L. J. & Kellogg, D. L., Jr. 2004. Bioactive 

nitric oxide concentration does not increase during reactive hyperemia in human 

skin. J Appl Physiol, 96, 628-32. 

Zhou, Y., Xie, G., Wang, J. & Yang, S. 2012. Cardiovascular risk factors 

significantly correlate with autonomic nervous system activity in children. Can J 

Cardiol, 28, 477-82. 

Zilversmit, D. B. 1979. Atherogenesis: a postprandial phenomenon. Circulation, 

60, 473-85. 

Zilversmit, D. B. 1995. Atherogenic nature of triglycerides, postprandial 

lipidemia, and triglyceride-rich remnant lipoproteins. Clin Chem, 41, 153-8. 



334 
 

Ziogas, G. G., Thomas, T. R. & Harris, W. S. 1997. Exercise training, 

postprandial hypertriglyceridemia, and LDL subfraction distribution. Med Sci 

Sports Exerc, 29, 986-91. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



335 
 

 

 

 

 

 

 

 

 

 

 

 

Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



336 
 

Appendix 1: Certificates of ethical approval 

Chapter 4 

 
 

 
 
Chapter 5 
 

 

 
 



337 
 

Chapter 6 
 

 

 
 
 
 

Chapter 7 
 

 

 



338 
 

Chapter 8 

 

 

 

 

 

 

 

 

 

 

 

 



339 
 

Appendix 2: Standard health screening form 

 

HEALTH SCREEN FOR CHILD VOLUNTEERS (PARENTAL FORM) 
 
Name:   ………………………………….. 
 
It is important that volunteers participating in research studies are currently in 
good health amd have had no significant medical problems in the past. This is: 
 

i) To ensure their own continuing well-being 
ii) To avoid the possibility of individual health issues confounding 

study outcomes 
 
Your answers to the questions in this questionnaire, on behalf of your child, are 
strictly confidential. 
 
Please complete this brief questionnaire to confirm your child’s fitness to 
participate: 
 

1. At present, does your child have any health problem for which they are: 

(a) On medication, prescribed or otherwise ……YES   □  NO □ 

(b) Attending a general practitioner ……………  YES   □  NO □ 

(c) On a hospital waiting list ……………………  YES   □  NO □ 

 
 

2. In the past two years, has your child had any illness that required them 
to: 

(a) Consult your family GP………………………... YES   □  NO □ 

(b) Attend a hospital outpatient department ……  YES   □  NO □ 

(c) Be admitted to hospital………………………..  YES   □  NO □ 

 
 

3. Has your child ever had any of the following: 

(a) Convulsions/epilepsy …………………………. YES   □  NO □ 

(b) Asthma …………………………………………. YES   □  NO □ 

(c) Eczema …………………………………………. YES   □  NO □ 

(d) Diabetes ………………………………………... YES   □  NO □ 

(e) A blood disorder ……………………………….. YES   □  NO □ 

(f) Head injury ……………………………………... YES   □  NO □ 

(g) Digestive problems ……………………………. YES   □  NO □ 

(h) Heart problems ……………………………….   YES   □  NO □ 
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(i) Lung problems ………………………………… YES   □  NO □ 

(j) Problems with bones or joints ……………….. YES   □  NO □ 

(k) Disturbance of balance/coordination ………... YES   □  NO □ 

(l) Numbness in hands or feet …………………... YES   □  NO □ 

(m)Disturbance of vision ………………………….. YES   □  NO □ 

(n) Ear/hearing problems …………………………. YES   □  NO □ 

(o) Thyroid problems ……………………………… YES   □  NO □ 

(p) Kidney or liver problems ……………………… YES   □  NO □ 

(q) Allergy to nuts ………………………………….. YES   □  NO □ 

(r) Eating disorder ………………………………… YES   □  NO □ 

 
 

4. Do you know of any other reason why your child should not engage in 
physical activity? 

 YES    □   NO  □ 

 
 
If YES to any question, please describe briefly (for example, to confirm the 
problem was/is short-lived, insignificant or well controlled). 
 
A member of our research team may contact you if we have any further 
questions. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Thank you for your cooperation 
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Appendix 3: Example information pack to participants (Chapter 6) 

Parent/Guardian Information Sheet 
 

Project Title: The effect of exercise intensity on blood vessel function after a 

fatty meal in adolescents 

 
Thank you for expressing an interest towards the ongoing research at the 
Children’s Health and Exercise Research Centre (CHERC), Sport and Health 
Sciences, University of Exeter. Over the past 25 years, scientists at CHERC 
have made crucial advances in the fields of paediatric exercise physiology and 
health promotion, and the department has developed into a world-leading 
research centre. However, these advances have only been made possible by 
the enthusiasm of the children who volunteer to take part in the exciting studies 
at the centre, and the support of their parents/guardians. This letter is an 
invitation for your child to be included in a study which aims to look at the health 
benefits of moderate and high intensity exercise.  
 
We will be running a study in the coming weeks, and we are looking for Year 10 
girls and boys to volunteer to take part. This may be a great opportunity for 
those interested in health, exercise and nutrition, and we aim for each study to 
be as fun and as informative as possible for those who volunteer. It also 
provides an excellent opportunity for students to experience a University 
atmosphere and the process of scientific research first hand. Please take time 
to read the following information carefully before deciding whether or not to let 
your child be included in this study. We would welcome any questions or 
concerns you have about this study, so please do not hesitate to contact a 
member of the research team on the details provided at the end of this 
information sheet.  
 
 
1. What is the purpose of the study?  
 
Heart attacks and strokes are the leading causes of death in the UK, and they 
are attributable to the progression of atherosclerosis (a slow build up of fatty 
plaques in the blood vessels), a process which begins in childhood. We know 
that exercise can promote the health of blood vessels in both adults and 
children, but we don’t know which type of exercise (small volumes of high-
intensity, intermittent exercise or longer durations of continuous moderate 
intensity exercise) is best for young people. Current physical activity guidelines 
of 60 minutes per day are only met by 32% of boys and 24% of girls in the UK. 
Furthermore, the 2008 Health Survey for England identified that only 7% of 
boys and <1% of girls aged 11-15 years achieve this amount of physical 
activity. A lack of time is often cited as a possible reason why so few 
adolescents meet these guidelines. It is therefore important to identify whether 
brief, high-intensity exercise can benefit the health of blood vessels in youth. 
Ultimately, this study will from part of a larger field of research which may help 
shape future health promotion guidelines for children and adolescents.  
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2. What does this study involve? 
 
The project will require a total of 4 visits to an exercise laboratory at CHERC, 
which is situated at St. Luke’s Campus on Heavitree Road in central Exeter. 
Please note, we will pick up your child from school and drop them off either 
back at school or at home. For clarity, the protocol has been divided into 2 
sections; baseline and experimental measures. The details of each visit are 
provided in this information pack.  
 
 
Section 1 – Baseline Measures 
 
The first visit will familiarise your child to the laboratory setting and the 
equipment we will use. Upon arrival, we will measure your child’s height, sitting 
height, body weight and estimate body fatness by measuring their skinfolds at 
the arm, back and hip. This is performed by very gently pinching the skin and 
measuring the width of the skinfolds. Your child will also be familiarised with 
cycling at different intensities on a stationary bike machine until he or she feels 
confident.  
 
It is important that we control for the influence of pubertal development on the 
results. Because children start puberty at different times, and mature at different 
rates, we will ask your child to self assess their pubertal development at home 
and in private. This will require your child to look at scientific drawings showing 
5 stages of pubertal development and to identify which stage best describes 
their own development before sealing this information into an envelope which 
we will provide. This is a routine procedure which is frequently performed within 
this population for scientific research.  

 
Ensuring that your child is comfortable with the equipment and has had the 
opportunity to ask any questions they may have, your child will then be required 
to complete an exercise test and a number of measurements will be taken. This 
will involve pedalling on an exercise bike for as long as possible. This exercise 
test starts against very light resistance, but gradually the pedals become harder 
to turn making the test progressively more difficult. This will feel like cycling up a 
hill which becomes steeper and steeper until your child cannot cycle any further. 
At this point, they will be allowed to rest and their recovery will be closely 
monitored. This is a routine exercise test which is well tolerated. However, it is 
important to stress that it demands a maximal effort and that the final moments 
of the test will therefore be strenuous for your child. 

 
 
Section 2 – Experimental Measures 
 
We will collect your child from school at 07:15. It is important that your child has 
not eaten since 8:00pm the previous evening. This includes not having a 
breakfast as this will be provided. Blood pressure will be monitored, and the 
amount of fat and antioxidant enzymes in your child’s circulation will be 
measured using a very small amount (less than 1 mL) of blood from the 
fingertip. This is a routine process which we have frequently performed with this 
age group with no adverse effects; it will feel like a small pin prick. 
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We will then provide your child with a breakfast consisting of a bowl of 
Kellogg’s® Cornflakes with semi-skimmed milk. Half an hour after breakfast we 
will assess the ability of your child’s brachial (arm) artery to dilate. This is an 
indication of blood vessel health – the greater the dilation, the healthier the 
artery. We will inflate a blood pressure cuff around the forearm, just below the 
elbow, for 5 minutes. The cuff is then rapidly deflated, and we measure the 
amount of dilation of the artery using ultrasound. At the same time, we will 
measure the changes in blood flow in the smaller blood vessels of the forearm. 
This process involves shining a laser onto the forearm skin and recording the 
light reflected back. This process is considered to be safe, and is non-invasive 
and pain-free. We will provide your child with their scores at the end of the 
study. 
 
One hour after they have consumed breakfast, you child will either (1) perform 
some high intensity cycling, (2) cycle at a moderate intensity or (3) rest for half 
an hour. Each of these conditions will be separated by at least one week and 
performed in a random order. 
 
 
1) High intensity cycling 

 
This will involve cycling for 60 seconds at 90% of the resistance achieved at the 
end of the initial fitness test performed during Visit 1, before cycling at a very 
light resistance for 75 seconds. This pattern of intense cycling, followed by 
active recovery will be repeated for a total of 8 repetitions, before a cool down 
period. This exercise attempts to replicate the vigorous nature of game activities 
and will last a total of 23 minutes (including the rest intervals). This type of 
exercise is well tolerated by children, and your child will be closely monitored 
throughout the session. 

 
 

2) Moderate intensity cycling 
 
This exercise bout will last for approximately 20 minutes and will be set at a 
resistance equating to roughly 50% of the maximum resistance achieved during 
the initial test performed on Visit 1. As such, this should feel quite easy. 
 
3) Rest 
 
Your child may read a book, watch a film or complete school work during this 
time provided that they remain inactive.  
 
 
One hour after your child has completed the exercise/rest condition, we will re-
assess the ability of the brachial artery to dilate using ultrasound, before 
providing them with a milkshake comprised of Cornish ice cream and double 
cream. Once this has been consumed we will ask your child to rest for a total of 
3 hours in the lab. When at rest, your child may complete homework or 
coursework, revise, watch a film or play computer games provided that they are 
inactive. No other food may be consumed during this period, however water will 
be freely available. Less than 1 mL of blood will be collected from your child’s 
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finger tip every hour until the end of the 3 hour duration, whereupon we will 
perform the final ultrasound assessment. Blood pressure will also be measured 
at these times. Your child will finish the day by 2:30pm and can be collected 
from our lab, or we can drop them home or back to school by 3:00pm. 
 

 
 
Figure 1. Outline of the day. The arrows represent the small amount of blood (<1mL) taken 
from the fingertip to measure fat and antioxidant enzyme content. The grey boxes indicate when 
we will be scanning the brachial (arm) artery using ultrasound. 1 = rest; 2 = moderate-intensity 
exercise; 3 = high-intensity intermittent exercise. 

 
We will require your child to wear an accelerometer (which is a small device 
worn at the hip and measures amount and type of physical activity) and 
complete a food diary for the 48 hour period prior to visiting the lab. The food 
diary should include the amounts of all items which have been eaten or drunk 
during this time. It is also essential that the evening meal your child consumes 
is replicated as closely as possible for the evenings of the other 2 conditions as 
this may affect the results.  
 
 
3. What else will my child have to do? 
 
If your child wishes to take part, we would ask that they refrain from strenuous 
exercise during the day before arriving at the laboratory. Your child will also 
need to bring suitable kit for the exercise sessions, and some schoolwork or a 
DVD to watch during the 3 hour rest and observational period. We also have a 
Sony Playstation 3 and desktop computers with age-appropriate games and 
educational software which your child may play on during the rest period. We 
would also encourage your child to ask as many questions as they please; we 
hope that their visit to the laboratory inspires them to think about their health 
and the potential of higher education.   
 
 
4. What are the possible risks of my child taking part? 
 
The testing procedures and exercise sessions are both safe and routine 
amongst children and adolescents. An assessment of your child’s health will be 
made before any involvement to confirm it is safe for them to take part. Your 
child will be carefully monitored and observed to ensure their safety and well-
being throughout all testing. Please note that by signing the statement of 
informed consent and by allowing your child to take part, you are confirming the 
absence of any allergies which are relevant to the Cornflake breakfast and 
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milkshake (e.g. nut allergies, lactose intolerance). The present study has been 
thoroughly reviewed and granted ethical approval by the departmental ethics 
committee within Sport & Health Sciences, University of Exeter. All measures 
are considered to be non-invasive and pain-free.  
 
 
5. What are the potential benefits of my child taking part?  
 
The main aim of this study is to develop our understanding of the benefits of 
different types of exercise in children and adolescents. Ultimately this project 
forms part of a broader research theme which hopes to identify how we can 
best promote and protect the health of our children as they develop into adults. 
Whilst this may not immediately benefit your child, we hope that your child will 
enjoy their time in the University laboratories and the chance to be part of a 
scientific edge study. At CHERC, we pride ourselves on ensuring that each 
volunteer has an enjoyable and informative experience throughout every 
research project. We hope that we can inspire your child to take an interest in 
their health and in the science of exercise, and that this project proves to be 
both interesting and fun.  
 
 
6. What will happen to the results of the study? 
 
Your child’s data will be stored in coded form to protect anonymity and will be 
completely confidential. This research will form part of a PhD thesis, and this 
study will also be submitted to relevant scientific journals for publication. Your 
child’s information and data will not be identifiable in either of these instances. 
You will be sent a summary of the research findings once all data have been 
collected and analysed, as well as your child’s individual data with a full 
explanation of what it represents should you so wish. 
 
 
7. What should I do if my child would like to take part? 
 
If your child would like to take part in the study you must give your permission 
by completing the following forms which are included in this information pack: 
 

 The parental consent form 

 The child assent form (signed by your child) 

 The personal information form 

 The health screen questionnaire 
 
You should then return these forms to Miss V Gill in the P.E. Department. We 
will then make contact with you about arranging your child’s first visit. Any 
questions should be forwarded to Bert Bond (the principle investigator) without 
hesitation.  
 
Taking part is entirely voluntary and it is up to you to decide whether or not your 
child is involved. If you do allow your child to take part you are still free to 
withdraw your child at any time, without giving a reason.  
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Parent/Guardian Consent Form 

I have read the information sheet regarding this project and understand the 

rationale for the study and what my child will be asked to do.  I have had the 

chance to ask questions about the study, and I have received satisfactory 

answers to any questions I have asked.   

I understand that: 
 

 My child will perform an incremental cycle test to exhaustion. 
 

 My child will participate in 3 different trials: a rest trial, a moderate 
exercise trial, and a high intensity interval trial at the Children’s Health 
and Exercise Research Centre.  

 

 My child will have their height, weight and body fat measured.  
 

 My child will assess their pubertal status according to 5 drawings of 
secondary sexual characteristics. The purpose of this has been made 
clear to me.  

 

 Fingertip blood samples will be taken.   
 

 My child will have to consume a breakfast of Kellogg’s® Cornflakes with 
semi-skimmed milk, and a specially prepared milkshake (consisting of 
ice cream and double cream). My child will not have eaten breakfast. 
 

 I can confirm the absence of any food allergies related to this study. 
 

 My child will be asked to record dietary information and consume the 
same meal no later than 8:00pm before each trial. 

 

 I am free to request further information at any stage.   
 

I know that:  
 

 My child’s participation in the project is entirely voluntary and my child is 
free to withdraw from the project at any time without giving reason or 
affecting his relationship with either the research team or the school. 
 

 The results will be stored on computer in coded form and individual 
results will be confidential to the Children’s Health and Exercise 
Research team. 
 

 The results of the project may be published but my child’s anonymity will 
be preserved. 

 
 
Signed ……………………………………….. Date ……………………..…………… 

 
On behalf of my child ………………………………………………………………….. 
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Assent form for Participant 

 

Name………………………………………………………………… 

 

I agree to take part in the study as described in the enclosed information sheet.  

The study has been clearly explained to me.   

I understand that: 
 

 I will complete a maximal exercise test to exhaustion on my first visit. 
 

 I will participate in 3 different trials: a rest trial, a moderate exercise trial, 
and a high intensity interval exercise trial at the Children’s Health and 
Exercise Research Centre.    

 

 I will have my height, weight and body fat measured.   
 

 I will need to assess my pubertal status according to 5 drawings of 
secondary sexual characteristics. The purpose of this has been made 
clear to me.  

 

 Fingertip blood samples will be taken.   
 

 I will have to eat a bowl of Kellogg’s® Cornflakes with semi-skimmed 
milk, and a specially prepared milkshake. I am not allergic to any of 
these foods. 

 

 I will be asked to record dietary information. I must also eat the same 
meal before each visit, and this must be eaten by 8:00pm.  

 

 I am free to ask any questions at any time.   
 
I know that: 
 

 I can withdraw from the study at any time without giving a reason or 
affecting my relationship with either the research team or the school. 

 

  

Signed ……………………………………………………………………….   

 

Date  ………………………………………………………………………. 
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Appendix 4: Food diary (used in all experimental chapters) 

Food Diary 

Name: 

Day 2 

Date: 

Was today a normal eating day?     YES   NO 

Time Food and Drink 
Measured amount 
(e.g. 1 tsp, 1 apple 

etc) 
Brand/Description 

Breakfast    

Mid-morning 
Snack 

   

Lunch    

Afternoon 
Snack 

   

Dinner    

Evening 
Snack 
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Day 2 

Date: 

Was today a normal eating day?     YES   NO 

Time Food and Drink 
Measured amount 
(e.g. 1 tsp, 1 apple 

etc) 
Brand/Description 

Breakfast    

Mid-morning 
Snack 

   

Lunch    

Afternoon 
Snack 

   

Dinner    

Evening 
Snack 
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