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Abstract 

Adolescents with type 1 diabetes have lower exercise capacity than non-diabetic adolescents. 

Recent studies have shown that signs of cardiac and vascular dysfunction already present in 

type 1 diabetic adolescents at rest might contribute to the reduced exercise capacity. Exercise 

training has a positive effect on the cardiovascular function of healthy individual by 

improving left ventricular function and blood flow to tissues. However, the impact of 

exercise training in the left ventricular and vascular function of type 1 adolescents is 

unknown.  

Therefore, the purpose of this study was to use the gold standard magnetic resonance imaging 

technology to determine the role of left ventricular function and femoral artery blood flow on 

the reduced exercise capacity of type 1 diabetic patients. Moreover, this study aimed to 

determine the effect of 20 weeks of exercise training in the left ventricle and vessels of 

adolescents. Cardiac and femoral artery blood flow scans were performed at rest, during sub-

maximal leg exercise in 53 adolescents with type 1 diabetes and 22 healthy controls aged 

between 14 and 20 years. They were matched for body composition and reported physical 

activity level.  Maximal exercise capacity by cycling to exertion, blood tests and body 

composition performed using dual energy X-ray absorptiometry scan were also determined in 

all participants.   

At baseline, maximal exercise capacity was reduced in adolescents with type 1 diabetes 

compared to non-diabetic controls. Resting and sub-maximal exercise femoral artery blood 

flows were similar between type 1 diabetic and non-diabetic adolescents, while stroke 

volume and left ventricular filling capacity (end-diastolic volume) were significantly reduced. 

Twenty weeks of exercise training increased maximal exercise capacity by 10 %. Although 

no changes were seen with exercise training in femoral artery blood flow, stroke volume 

increased. Both resting and sub-maximal stroke volumes increased due to improvements in 

myocardial contractility (reduced end-systolic volume and increased ejection fraction). 

Exercise training was ineffective in improving left ventricular filling capacity (end-diastolic 

volume) in diabetic adolescents.  

Thus, while diabetes is already limiting the exercise capacity and cardiac function in 

adolescents, exercise training minimises, to some extent, these limitations.
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Overview of Hypotheses 

The overall aims of this research are 1) to determine the left ventricular and vascular function 

of type 1 diabetic adolescents at rest and in response to exercise compared to healthy non-

diabetic adolescents and 2) to determine the effects of 20 weeks exercise training on left 

ventricular and vascular function at rest and in response to exercise in type 1 diabetic and 

healthy non-diabetic adolescents.  

 

The first aim will be addressed using a cross-sectional comparison of type 1 diabetic and non-

diabetic adolescents with age between 14 and 20 years. 

Experimental hypotheses are set up as such: 

H1: Exercise capacity will be reduced in type 1 diabetic adolescents. 

H2: Stroke volume will be reduced in type 1 diabetic adolescents at rest and during sub-

maximal exercise. 

H3: End-diastolic volumes will be reduced in type 1 diabetic adolescents at rest and during 

sub-maximal exercise. 

H4: Femoral artery blood flow will be reduced in type 1 diabetic adolescents at rest and after 

sub-maximal exercise. 

  

The second aim will be addressed using a randomised controlled trial to determine the effect 

of 20 weeks exercise training on exercise capacity, stroke volumes, left ventricular volumes 

and femoral artery blood flow parameters in type 1 diabetic and non-diabetic adolescents. 

After cross-sectional assessments, type 1 diabetic participants will be randomised into either 

an exercise training or non-training control group for 20 weeks and then re-tested. 

Experimental hypotheses are set up as such: 

H1 Exercise capacity will be increased after 20 weeks of exercise training in type 1 diabetic 

adolescents. 

H2: Stroke volume, at rest and during exercise, will be increased after 20 weeks of exercise 

training in type 1 diabetic adolescents. 

H3: End-diastolic volumes, at rest and during exercise, will be increased in type 1 diabetic 

adolescents. 

H4: Femoral artery blood flow, at rest and after exercise, will be increased in type 1 diabetic 

adolescents. 
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Chapter 1. INTRODUCTION 

This chapter will review the scientific literature on cardiovascular function at rest and during 

exercise, in healthy individuals and those with type 1 diabetes mellitus. In addition, the 

potential role of exercise training in restoring normal cardiovascular response in this 

population is discussed. While the focus of this review is on the adolescent population, 

evidence from adult literature will be discussed where necessary due to the limited literature 

in youth. 

1.1. Cardiac Anatomy and Physiology 

In order to understand the impact of diabetes and exercise training on cardiovascular structure 

and function in adolescents, a brief overview of cardiac anatomy and physiology in healthy 

individuals will be presented. 

The cardiovascular system, consisting of the heart and blood vessels, is responsible for the 

transport of oxygen and nutrients to body tissues. The heart, being the pump, consists of 

unique muscle (myocardium) as well as an external and internal surface. The outside of the 

myocardium is covered by a thin layer of connective tissue and fat called epicardium. The 

internal surface is a smooth membrane of endothelial cells called endocardium. The heart is 

surrounded by a fluid filled sac called pericardium. The heart is essentially two pumps in 

parallel and is composed of four chambers (figure 1.1); the right atrium and ventricle and the 

left atrium and ventricle. The left chambers are responsible for pumping blood to the 

systemic circulation to tissues, while the right chambers pump blood through the pulmonary 

circulation to the lungs.   

As fluid flows from higher to lower pressures, venous blood from the systemic circulation 

enters the heart via the right atrium through the inferior and superior vena cava, before 

moving to the right ventricle via the tricuspid valve. As the right ventricle contracts blood 

enters the pulmonary artery, reaching the lungs where O2 and CO2 exchange occurs. 

Oxygenated blood then returns to the heart via the pulmonary veins into the left atrium. 

Blood flows from the left atrium, across the mitral valve into the left ventricle. The left 

ventricle contracts and blood is ejected into the systemic circulation via the semilunar aortic 

valve into the aorta. The following review will focus mainly on the left side of the heart.  
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Figure 1.1 Cardiac structure including the course of blood flow through the heart chambers. 

Adapted from Guyton et al. [3]. 
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1.1.1. The Cardiac Cycle 

The cardiac cycle involves the repeated contraction (systole) and relaxation (diastole) of the 

myocardium (figure 1.2). During systole, the left ventricle contracts and blood is ejected into 

the systemic circulation, while throughout diastole the ventricle relaxes and is filled with 

blood coming from the pulmonary circulation.   

 

 

The cardiac cycle is regulated by excitation-contraction coupling, as illustrated in figure 1.3. 

Charged ion movements initiate an action potential which induces contraction of the 

myocardium (a heart beat). Intracellular calcium (Ca
2+

) concentration is the main regulator of 

cardiac contraction and relaxation. Depolarization opens slow Ca
2+

 channels, allowing Ca
2+

 

to enter the myocyte and raising its concentration from approximately 0.1µM up to 1µM. 

This triggers a rapid propagation wave of depolarization, releasing Ca
2+

 stored in the 

sarcoplasmic reticulum (SR) and causing a massive change in intracellular Ca
2+

 levels with 

concentrations increasing by 40 to 60µM. Once the stored Ca
2+

 is released it binds troponin C 

(part of the regulatory complex attached to the thin filaments), inducing changes in the 

troponin-tropomyosin complex, allowing actin filaments to bind with myosin filaments. In 

the presence of adenosine triphosphate (ATP), the actin and myosin binding results in ATP 

hydrolysis and sarcomere shortening (contraction). After contraction, Ca
2+

 is reabsorbed by 

the SR via an ATP-dependent Ca
2+

 pump. Sarcomere length then returns to resting values 

(myocardium relaxation). Thus, myocardial relaxation is dependent on Ca
2+

 reuptake by the 

SR [4-6]. 

 

Figure 1.2 Magnetic resonance imaging of left ventricle in diastole (red) and systole 

(yellow). 
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Figure 1.3 Excitation-contraction coupling mechanism. ATP: adenosine triphosphate, NCX: 

sodium-calcium exchanger, Ca: calcium, SR: sarcoplasmic reticulum, Na: sodium [4].  

 

Action potentials (depolarization and repolarisation of cardiac cells) are rhythmically 

generated at a rate of approximately 60 - 70 in a healthy resting adult, resulting in a heart rate 

of 60 - 70 beats per minute (bpm).  At this rate, the cardiac cycle takes approximately 0.9 

seconds to be completed; 0.3 seconds (s) in systole and 0.6 s in diastole [7, 8]. Therefore, at 

rest, approximately two thirds of the cardiac cycle is spent in diastole and one third in systole.  

The complete cardiac cycle can be seen in figure 1.4. The phases of the cardiac cycle can be 

subdivided as follows: 

1-Atrial contraction 

2-Isovolumic ventricular contraction 

3-Early ejection 

4-Late ejection 

5-Isovolumic ventricular relaxation 

6-Early filling 

7-Late Filling 
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Figure 1.4 Left ventricular cardiac cycle pressure-volume loop. Left atrial pressure, left 

ventricular pressure, aortic pressure, ventricular volume, the electrocardiogram, and the 

phonocardiogram are shown. Adapted from Guyton et al. [3]. 

 

For the purpose of this review, systole will be defined as the beginning of the cardiac cycle, 

and is subdivided into isovolumic ventricular contraction, early and late ejection. Diastole is 

similarly subdivided into isovolumic ventricular relaxation, early filling, diastasis and late 

filling.  

Systole  

The cardiac cycle begins with the closure of the mitral valve (end of diastole). Due to 

previous left ventricular (LV) filling and the beginning of LV contraction, LV pressure rises 

above the pressure within the contracting left atrium causing closure of the mitral valve. At 

this stage, both the mitral and aortic valves are closed and the ventricle is full with blood. The 

amount of blood inside the left ventricle before it contracts represents the end-diastolic 

volume (EDV) [7, 8].  The first phase of systole, called isovolumic ventricular contraction, is 

the period during the myocardial contraction where no blood exits the ventricle. The 

myocardial contraction initially leads to an increase in ventricular wall tension without a 
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change in LV volume (since all valves are closed). This leads to a rapid increase in LV 

pressure from approximately 12 mmHg up to 80 mmHg [3]. Isovolumic contraction ends 

when LV pressure exceeds aortic pressure, resulting in the opening of the aortic valve 

allowing blood to be ejected into the systemic circulation. This phase is called early or rapid 

ejection. After aortic valve opening the ventricle continues contracting. This allows for a 

further increase in ventricular pressure. During this period the ventricular pressure increases 

to approximately 120 mmHg and the blood flow velocity can reach values of 10 cm/s in 

healthy individuals [9]. After rapid ejection, the rate of ejection reduces and this is referred to 

as the late or reduced ejection phase. This is explained by a decrease in myocardial 

contractile force that starts shortly after the early ejection phase. The rate at which the force 

of contraction is dissipated is influenced by Ca
2+

 reabsorption by the SR via ATP-dependent 

calcium pump activity, thereby triggering ventricular relaxation. This induces the detachment 

of actin-myosin cross-bridges, leading to passive elastic extension of the sarcomere back to 

its resting length. As the myocardium relaxes, the rate of ventricular outflow (cm/s) 

progressively slows until ventricular pressure becomes lower than aortic pressure, causing the 

closure of the aortic valve. At rest, the early and late ejection phases take approximately 0.24 

- 0.3 ms [7]. During ejection the ventricle is not completely emptied and the remaining 

volume, ranging from 40 - 70 ml in healthy adults, is referred as end-systolic volume (ESV) 

[10, 11]. 

LV performance, or the efficiency of cardiac contractility, can be estimated from parameters 

including dP/dt (rate of rise in left ventricular pressure), ejection fraction (EF) and fractional 

shortening. The maximal rate of pressure rise during ventricular contraction (dP/dt max) is 

considered the “gold standard” for the assessment of the cardiac contractility [12]. Although 

dP/dt is not influenced by changes in afterload and wall motion abnormalities, it requires an 

intraventricular catheter. Therefore, due to its invasive nature, its use remains limited in 

research projects [12]. EF, frequently assessed by echocardiography, refers to the ratio of 

blood volume, or the percentage of EDV that is ejected out of the left ventricle during systole. 

However, EF is afterload-dependent and is reduced in situations with high afterload. Resting 

EF is usually over 50 % in healthy young individuals with 90 % of the population ranging 

from 55 – 70 % [10, 11]. Lower EF‟s (below 50 %) indicate that the heart is in the process of 

failure and is no longer able to supply blood. In contrast to EF, fractional shortening 

measures the change in the diameter of the left ventricle. Fractional shortening can be 
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calculated using the formula: (LV end-diastolic diameter - LV end-systolic diameter) / LV 

end-diastolic diameter and is expressed as a percentage. 

Diastole 

After closure of the aortic valve, the myocytes continue to relax allowing LV pressure to 

continue to decrease. However, LV pressure is still higher than atrial pressure, keeping the 

mitral valve closed. This phase is referred to isovolumic ventricular relaxation. The rate at 

which this process occurs determines the duration of the active LV relaxation and 

consequently diastolic duration and efficacy. The isovolumic ventricular relaxation time 

(IVRT), which is the interval between aortic valve closure and the onset of transmitral inflow 

ranges from 50 - 90 ms in a healthy adult [9, 13]. IVRT is a marker for LV relaxation and is 

influenced by the rate at which Ca
2+

 is returned to SR which allows the myocytes to return to 

their natural length. Several factors may influence IVRT including changes in heart rate and 

preload [14, 15]. These affect left atrial pressure, and consequently the onset of LV filling, 

thereby influencing IVRT. Tachycardia (for example – increased heart rate during exercise) 

shortens the cardiac cycle duration and consequently IVRT [14]. IVRT is shortened 

following preload augmentation by volume loading due to an earlier onset of LV early filling 

[15]. With aging, IVRT is prolonged. This is attributed to a slower LV pressure decline 

and/or reduced left atrial pressure during early diastole [16].  Prolongation of IVRT is also 

caused by an age-associated reduction in the rate of Ca
2+

 uptake of the SR [17].  Conversely, 

endurance exercise training shortens IVRT, possibly due to enhanced LV distensibility, LV 

chamber dilation [18] and/or an increase in the Ca
2+

 uptake of the SR [17].  A shortened 

IVRT has also been reported in men with greater exercise capacity compared to individuals 

with lower exercise capacity [19].   

LV filling begins once the ventricular pressure during isovolumic ventricular relaxation 

decreases below atrial pressure (8 - 12 mmHg). This change in pressure creates a pressure 

gradient that triggers the opening of the mitral valve, allowing a rapid flow of blood into the 

left ventricle. This is termed the early filling phase. The rate of decline of LV pressure 

(IVRT) and level of the left atrial pressure are the main determinants of this pressure 

gradient; this phase takes approximately 0.15 s to be completed. At rest, early filling 

contributes approximately 70 % of the total blood volume in the left ventricle at the end of 

diastole [20].  
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Despite this initial inflow of blood, the ventricle continues to relax as it is filled with blood 

[21]. The inflow of blood from the left atrium to the left ventricle causes LV pressure to 

increase, while simultaneously, the rate of filling decreases [21].  When the pressure 

difference between the left ventricle and left atria equilibrates, filling momentarily stops. This 

momentary pause, named diastasis, lasts approximately 300 milliseconds (ms) and can be 

seen in heart rates around 60 bpm. This phase shortens and eventually disappears at heart 

rates over 80 bpm [22]. 

The late filling phase occurs following left atrial contraction which injects a small volume of 

blood into the LV. This late filling contributes an additional 20 – 30 % of the blood, or 

approximately 10 - 30 ml in a healthy man [23]. At the end of these two filling phases, the 

volume of blood in the left ventricle of healthy individuals, named EDV, reaches 

approximately 130 ml (ranges from 85 - 180 ml) [24]. After contraction, atrial pressure 

begins to fall due to atrial relaxation, while at the same time ventricular contraction begins; 

with these actions the ventricular pressure becomes higher than atrial pressure, triggering the 

closure of the mitral valve and the beginning of a new cardiac cycle. 

The amount of blood ejected by the left ventricle in each heart beat, approximately 80 - 120 

ml at rest, is called stroke volume [11, 25]. Stroke volume (SV) is the difference between the 

EDV and the ESV. Aging reduces SV [26] while endurance-trained individuals can have SV 

values as high as 170 ml [27].  In order to allow for comparisons between individuals, LV 

volumes are usually corrected to body surface area or fat free mass [28]. The impact of aging 

and exercise on LV parameters will be given further attention later on in this review.  

At rest, 4 to 6 litres of blood flow through the systemic circulation each minute. This is 

termed cardiac output (CO) and is calculated as the product of heart rate and SV. An increase 

in preload increases LV filling. The subsequent stretching of the LV walls results in a greater 

systolic contractile force because myofilament Ca
2+

 sensitivity increases with sarcomere 

length, leading to an increased active tension [29]. This mechanism, known as the Frank-

Starling law, allows the heart to increase SV and CO with increased LV filling [30].  

Several mechanisms can impair the ability of the heart to generate an appropriate SV. EDV 

can be altered by changing the time interval between contractions [10], the velocity of 

relaxation [31], the magnitude of atrial and ventricular pressures during diastole [32], the 

distensibility of the ventricle (compliance) and preload [33]. ESV can be affected by 

afterload, the Frank-Starling mechanism, an increase or decrease in Ca
2+ 

entry (inotropic
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status) and myocardial contractility. SV can also be affected by hydration status and changes 

in body temperature [34]. Therefore, it is difficult to establish the individual mechanisms for 

impairments or improvements in SV as many of these factors are integrated.  

1.1.2. Diastolic Function  

The pattern of mitral valve inflow (filling pattern), EDV and LV pressures are used to 

evaluate diastolic function.  Non-invasive techniques such as Doppler echocardiography and 

more recently Magnetic Resonance Imaging (MRI) technology have been successfully used 

to access these parameters. The assessment of filling pattern is achieved by looking at the 

velocity of blood passing through the mitral valve. The normal LV filling pattern is biphasic, 

representing the early and late filling phases (figure 1.5). The peak early flow velocity of 

blood passing through the mitral valve is called E and ranges from 60 - 100 cm/s in healthy 

adults.  The volume of mitral inflow during this phase is approximately 80 ml [25]. The peak 

atrial or late filling velocity of blood passing through the mitral valve is denoted as A. 

Resting A values range between 35 - 65 cm/s in a healthy adult and are equivalent to 

approximately 20 ml of blood [25]. The pattern of E and A velocities can be observed in 

figure 1.5.  In a healthy young individual, the ratio of E to A filling velocities (E/A) is greater 

than 1, with a higher contribution from early filling and a small contribution from late filling. 

Diastolic dysfunction is usually characterized by a progressive change in the E/A ratio and by 

impaired isovolumic relaxation. Progressive diastolic dysfunction can be categorized by: 

impaired relaxation; pseudonormal filling and restricted filling (figure 1.5) [35]. 
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Diastolic Dysfunction: Filling Patterns

Adapted from Sohn, D.W., et al., J Am Coll Cardiol, 1997. 30(2): 474-80

Doppler measurement of 

mitral inflow velocity  

Impaired Relaxation Pseudonormal Filling Restrictive Filling

Healthy Pattern

 

Figure 1.5 Healthy diastolic filling pattern and the three degrees of diastolic dysfunction. All 

images were obtained by Doppler mitral inflow velocity. Figures illustrate the early (E) and 

late (A) ventricular filling velocities patterns in healthy (top), impaired relaxation (bottom 

left), pseudonormal filling (middle) and restrictive filling patterns (bottom right). Adapted 

from Sohn et al. [35]. 

 

Impaired relaxation is usually the earliest abnormality noted in diastolic dysfunction. It is 

characterised by a prolonged rate of myocardial relaxation, resulting in a slower decrease in 

LV pressure. Therefore, it takes a longer time for LV pressure to drop below left atrial 

pressure, reducing the time for early filling. As a result, more blood accumulates in the atria 

(preload), increasing the atrial contribution to LV filling (Frank-Starling mechanism) and 

reducing the E/A ratio. Doppler echocardiography measurements of impaired relaxation 

include a reduction in E, leading to a reduction in the E/A ratio and a prolonged IVRT [21].  

The next pattern observed in the progression of diastolic dysfunction is pseudonormal filling. 

If the increase in late filling is not able to compensate for impaired relaxation, appropriate 

EDV‟s may not be achieved. If this happens, there is often an elevation in left atrial pressure 

to re-establish a normal atrio-ventricular pressure gradient and return early filling volume to 

expected levels [9]. This adaptation accelerates mitral valve opening producing a pattern that 

looks like a normal filling pattern despite the fact that it occurs at elevated LV pressures. 

Even though the E/A ratio is apparently normal, this pattern represents impairments in both 
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LV relaxation and compliance, since greater pressure is needed to fill the left ventricle to 

achieve adequate volumes. A Valsalva manoeuvre, which alters transmural pressure, can be 

used to unmask this pattern [36].  

The most advanced stage of diastolic dysfunction is shown by the restricted filling pattern, 

which reflects an even higher left atrial pressure and a severe decrease in LV relaxation and 

compliance. The result is a dramatically increased E/A ratio (values > 2). This pattern is often 

accompanied by symptoms of heart failure [37].  

Compensatory changes in LV structure and filling allow diseased populations to maintain 

normal resting CO. However, these compensatory changes might be unable to accommodate 

the alterations seen during exercise. Even though heart failure patients have decreased LV 

compliance and changes in filling pattern, one study has suggested that they have similar 

EDV, SV and cardiac index (CO indexed for body size) to healthy individuals at rest [24].  

However, in response to exercise, LV pressure increased but no changes in EDV were seen, 

indicating a limitation to LV filling [24].  Thus, while changes to LV filling pattern exist at 

rest, they might not affect cardiac output in certain diseased populations. However, when 

these individuals exercise they lose the ability to compensate and exercise CO may be 

compromised. 

1.1.3. Non-Invasive Cardiac Assessment: Echocardiography vs. Magnetic Resonance 

Imaging 

Echocardiography is currently the most common method for the assessment of cardiac 

structure and function. Echocardiography is non-invasive, relatively inexpensive and easy to 

perform. Doppler echocardiography is used to measure the velocities and relationship of early 

to late mitral inflow [38]. These measurements are all made after opening of the mitral valve 

and therefore exhibit a degree of load dependence. Doppler assessments can be affected by 

the angle between the ultrasound beam and the direction of blood flow [39]. Therefore, 

experienced and skilled sonographers are essential for the use and interpretation of Doppler 

echocardiography assessments, since substantial variability might occur between technicians 

[40]. Moreover, image acquisition may be affected by patient positioning, patient dimensions, 

body composition (especially greater adiposity), chest size and scar tissue [40]. 
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Echocardiography measurements have a tendency to overestimate left ventricular mass 

(LVM) and volumes [40, 41]. This disparity is largely attributed to the geometrical 

assumptions on which echocardiography measurements are based. LV volume can be 

estimated by two-dimensional echocardiography with the use of the “method of discs”, which 

calculates LV volume from 20 equally spaced discs and the length of the long chamber axis. 

This assumes a homogenous geometry of the left ventricle [41, 42]. However, approximately 

25 % of individuals undergoing echocardiography have anatomic or pathophysiologic 

abnormalities of the LV [41].  Thus, while Doppler echocardiography is extremely useful in 

clinical and research investigations, its accuracy and reproducibility for assessing LV 

structure and function have limitations [43]. Therefore, it is desirable to have additional 

variables, like Tissue Doppler imaging, to complement mitral inflow velocity when 

evaluating LV diastolic function and mass with echocardiography [35]. 

Although the majority of the studies examining LV performance have used conventional 

Doppler echocardiography, which measures blood velocities, this technique is highly 

sensitive to preload conditions. Tissue Doppler ultrasound imaging (TDI), a new modality in 

echocardiography that may be less load dependent [9, 38], allows for measurements in tissue 

velocities [9, 38]. The velocity of mitral annular motion replicates the shortening and 

lengthening of the myocardial fibres in the long-axis dimension.  The peak velocity of the 

mitral annulus during early peak flow is represented by E prime (E‟).  In healthy individuals, 

E‟ velocity is approximately 10 cm/s and reflects the rate of myocardial relaxation. The peak 

velocity of the mitral annulus during late filling is represented by A prime (A‟) and is 

approximately 9 cm/s, resulting in an E‟/A‟ ratio of 1.1 [35]. Studies conducting 

simultaneous catheterization and echocardiography have shown that LV filling pressure 

correlates with the ratio of E wave (obtained in standard Doppler) and E‟ wave (obtained in 

TDI) [9, 38]. Therefore TDI assessments have been used to estimate LV filling pressures 

using non-invasive technique [9, 44]. This measurement is one of the greatest advantages of 

Tissue Doppler assessment when compared to conventional Doppler.  

The major source of error during echocardiography assessment of LV volume derives from 

the geometric assumptions. Even the recent use of three-dimensional (3D) 

echocardiographies, which have correlated well with MRI assessments [45], has not 

improved estimations of volumes [46]. This has been attributed to the poor spatial resolution 

of 3D echocardiographies, which are insufficient to differentiate between trabeculae 

(connective) and myocardial tissue [46]. 
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Unlike echocardiography, MRI has superior spacial resolution and can characterise tissue to a 

greater degree, providing a more accurate assessment of volumes and mass [40, 41, 47]. MRI 

is, according to Constantine et al., the ideal tool for research studies that need longitudinal 

assessment of ventricular variables since its high reproducibility considerably reduces the 

sample size required to identify changes over time [47]. MRI scans are not adversely affected 

by patient size, body composition (especially greater adiposity), chest deformities or the 

presence of scar tissue, or variability between technicians. The only exception is that 

morbidly obese patients may not fit within the magnet. Therefore, MRI is considered the 

“gold standard” for LV structure and function assessment and blood flow measurement [40, 

41, 48-50]. MRI scanning allows for a 3D assessment that is not affected by preload 

conditions, geometric assumptions, the position or orientation of the images or the skills of 

the operator [51-53]. MRI also provides clear definition of the endocardial and epicardial 

borders, providing accurate and reproducible assessments of LVM, volume and function 

throughout the cardiac cycle [52, 53]. However, it is an expensive method for the assessment 

of LV function and structure and therefore few research facilities have access to such 

technology. 

Since echocardiography and MRI scanning are the most common non-invasive methods for 

measurement of the LV structure and function a small number of studies have compared both 

assessments and highlighted the advantages of MRI over echocardiography [40, 41, 54]. For 

instance, Bottini et al. compared the accuracy of MRI and echocardiography assessments of 

LVM with autopsy results in 6 ex vivo human hearts without evidence of heart disease [41]. 

The accuracy of LVM by MRI (11 g) was over twice that observed with echocardiography 

(26 g) and the reliability of MRI was more consistent (±8 g) than that for echocardiography  

(±49 g). Therefore, MRI was more precise and reliable for measuring LVM [41]. Gardner et 

al. compared measures of cardiac volume between MRI and echocardiography. Forty seven 

patients (age 66 years) with previous myocardial infarction were scheduled to have their heart 

function assessed by echocardiography and MRI within 60 minutes of each other. Large 

differences were observed in LV measurements [54]. Echocardiography underestimated EDV 

by 69 ml, ESV by 35 ml, SV by 34 ml and EF by 4 percent (figure 1.6) [54]. In summary, 

these studies emphasize the greater accuracy of MRI scanning compared to 

echocardiography. 
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Figure 1.6 Left ventricular (LV) volumes and function assessed by MRI and 

echocardiography (indexed to body surface area). CMR= cardiac magnetic resonance; echo= 

echocardiography. LVEDVI= left ventricular end-diastolic volume index; LVESVI= left 

ventricular end-systolic volume index; LVSVI= Left ventricular stroke volume index; 

LVEF= left ventricular ejection fraction. Volumes are indexed to BSA. Bars represent means, 

given with standard error whiskers. Comparisons of LVEDVI, LVESVI, and LVSVI between 

MRI and echo are significant at p < 0.001, and LVEF at p= 0.02. Adapted from Gardner et al. 

[54]. 

 

1.1.4.  Factors Affecting Left Ventricular Filling 

Diastolic function is influenced by several factors including age, fitness level, preload, 

afterload, heart rate and myocardial relaxation. With aging, there is a decrease in the E/A 

ratio due to a reduction in E, an increase in A and an increase in IVRT (figure 1.7) [16].  The 

reduction in E is due to the combination of decreased LV relaxation velocity (increased 

IVRT) and reduced LV compliance. Nikitin and colleagues (2006) showed using MRI 

assessments in healthy individuals, that LVM is not different with aging [43]. There was 

however, an increase in wall thickness and a reduction in EDV. Therefore, the lack of 

difference in LVM in Nikitin‟s study may have been due to smaller LV volumes, combined 

with increased wall thickness, suggesting concentric hypertrophy of the myocardium with 

aging, thereby creating a stiffer and less compliant chamber [43]. LV size has important 

consequences on diastolic function as it can affect LV relaxation and LV pressures [55].  

Interestingly, aging also decreases E‟ and increases A‟ [16].   
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Figure 1.7 Changes in isovolumic relaxation time (IVRT) and E/A ratio with aging in men 

and women. As described, IVRT increases and E/A decreases with aging in both men and 

women. Adapted from Fischer et al. [55]. 

 

Studies using echocardiography and pulmonary catheterization in healthy aging individuals 

have not shown differences in pulmonary capillary wedge pressure (PCWP); an indicator of 

left atrial pressure between young (35 years) and older individuals (60 years) at rest [56]. 

Therefore, the decreased filling at rest that accompanies aging, might be the result of changes 

in relaxation and/or compliance and not in chamber pressure (figure 1.8).  
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Figure 1.8 Pulmonary capillary wedge pressure obtained via catheterization in a group of 

young and senior individuals in 6 pressure points throughout the cardiac cycle. 1: peak atrial 

contraction (a wave), 2: left atrial pressure during start of ventricular systole, 3: peak atrial 

filling (v wave), 4: earliest left ventricular pressure during ventricular filling, line between 5 

and 6: pressure during diastasis. Adapted from Prasad et al. [56].  

 

During exercise, diastolic function must be augmented in order to increase CO. Exercise 

challenges diastolic function because the time allowed for filling is reduced due to increased 

heart rates. Levy and colleagues observed that both young and older individuals are able to 

increase peak filling rates in response to exercise [57]. However, in older individuals the 

filling rates are lower than in the young (figure 1.9). 
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Figure 1.9 Peak filling rates during exercise in a group of young (open circle- straight line) 

and older (dark circle- dash line) individuals. Adapted from Levy et al. [57]. 

 

Early filling impairments during exercise could also be atributted to LV pressure changes and 

impaired relaxation. Prasad and colleagues found no differences in PCWP in response to 

saline infusion, a condition that mimics exercise, between a group of young and older 

individuals (figure 1.10) [56]. Therefore impaired relaxation might again explain the filling 

impairments in response to exercise, at least during early filling with aging. 
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Figure 1.10 Pulmonary capillary wedge pressure in response to saline infusion in a group of 

seniors and young individuals. Six pressure points were obtained via catheterization 

throughout the cardiac cycle 1: peak atrial contraction (a wave), 2: left atrial pressure during 

start of ventricular systole, 3: peak atrial filling (v wave), 4: earliest left ventricular pressure 

during ventricular filling, line between 5 and 6: pressure during diastasis. Adapted from 

Prasad et al. [56]. 

 

Increased fitness is associated with increased early filling, resulting in a higher E/A ratio in 

both young and older individuals [16, 58]. The reasons for these filling adaptations are 

unknown, but increased relaxation rate [17], greater ventricular diastolic chamber compliance 

[59] or greater blood volume [60] may explain an increased atrio-ventricular pressure 

gradient observed in athletes, and therefore their augmented filling capacity [59, 60]. 

However, endurance training does not appear to correct the age-associated impairment in 

early diastolic function in older athletes [16]. Arbab-Zadeh and colleagues used pulmonary 

artery catheterization and echocardiography to compare sedentary older individuals with 

masters‟ athletes and young sedentary controls (figure 1.11) [26]. They investigated cardiac 

function in response to three different stimuli; decreased cardiac filling (using lower-body 

negative pressure), at rest and with increase filling (via saline infusion). They showed that 

older sedentary individuals have a left shift and steeper slope compared to masters‟ athletes 

and young individuals (figure 1.11).  A leftward shift is direct evidence of a less distensible 

and stiffer heart. Therefore older individuals that exercised regularly had a much more 

compliant heart than sedentary older subjects and almost identical compliance to the young 
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group. More details on the cardiac adaptation to exercise will be discussed further on this 

review. 

 

 

Figure 1.11 Pulmonary capillary wedge pressure during lower-body negative pressure (two 

bottom data points on graph), at rest (two middle data points on graph) and during saline 

infusion (top two data points on graph) in a group of sedentary older individuals (dark circle) 

and masters‟ athletes (open circle) and young individuals (dark triangle). Adapted from 

Arbab-Zadeh et al. [26]. 

 

Though LV compliance may be preserved by training during aging other diastolic parameters 

may not. Recently, Prasad and colleagues showed that age-related changes in ventricular 

filling, expressed by E/A ratio and relaxation time (IVRT), are attenuated by exercise training 

but not completely reversed (figure 1.12) [1]. In summary, aging reduces diastolic filling 

response to exercise and this is probably due to impairments in relaxation and compliance. 

Age-associated reductions in diastolic function appear to be attenuated by exercise training, 

at rest and during exercise, due to increased early filling.  However, training does not 

completely reverse the impact of aging on diastolic function. 
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Preload, represented by end-diastolic or left atrial pressure, is estimated by LV filling volume 

[61] and can be manipulated by the use of nitroglycerine, contrast agents, Valsalva 

manoeuvre, head-up down tilt and low-body-negative pressure [33, 62-64]. Studies in which 

manipulated preload was altered showed that a reduction in preload decreases E but not A, 

resulting in lower E/A ratio [33, 62]. Stoddard et al. looked at the effects of altered preload 

on LV filling patterns in a group of 50 patients (age 37 - 86 years) undergoing cardiac 

catheterization for the evaluation of chest pain. The study used nitroglycerine to decrease LV 

pressure by 20% (from 18 to 13 mmHg). After manipulation it was observed that E decreased 

but not A, resulting in a decrease in E/A ratio. The Valsalva manoeuvre (exhalation against 

close mouth and nose), has also been used to stimulate decreases in preload. The Valsalva 

manoeuvre increases the pressure inside the chest restricting blood return to the heart. Figure 

1.13 shows that in individuals with normal LV pressure the Valsalva manoeuvre decreases 

both E and A while in individuals with increased LV pressure only E decreases following the 

manoeuvre. This suggests that individuals with abnormal LV pressures are unable to alter 

their filling pattern in response to decreased preload [62]. On the other hand, augmentation of 

Figure 1.12 Age related changes in left ventricular filling. Left graph: Isovolumic relaxation 

time (IVRT) at specific pulmonary capillary wedge pressure (PCWP) points during low-

body-negative pressure (LBNP), at rest (BASELINE) and after saline infusion in a group of 

sedentary (dark circle) and fit (open circle) older individuals and in a group of young (dark 

triangle) individuals. Right graph: E/A ratio at specific PCWP points during low-body-

negative pressure (LBNP), at rest (BASELINE) and after saline infusion in a group of 

sedentary (dark circles) and fit (open circles) older individuals and in a group of young (dark 

triangle) individuals. Adapted from Prasad et al. [1]. 
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preload by the injection of a contrast agent (to increase LV pressure), has been shown to 

increase both E and A without changing the E/A ratio in healthy individuals [33]. 

 

Figure 1.13 Transmitral Doppler recordings at baseline (left) and during a Valsalva 

manoeuvre (right) in a patient with normal LV filling pressure (top) and one with increased 

LV filling pressure (bottom). Adapted from Hurrell et al. [62]. 

 

Afterload is the arterial resistance the heart must overcome to eject blood into circulation. In 

other words, it is the LV pressure necessary to eject blood into the aorta. Increased afterload 

may affect CO in the presence of low filling pressures [65]. Nishimura et al. inflated balloons 

in the descending aorta of dogs to look at the impact of increased afterload on LV filling 

patterns [65]. Increased afterload did not cause changes in E or A. However, when the 

increased workload was combined with decreased LV filling pressure (decreased atrio-

ventricular pressure gradient), there was a significant decrease in E [65].  In conclusion, 

increased afterload alters LV filling pressure gradient, which in turn may alter LV diastolic 

filling capacity. 
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The LV filling pattern is also affected by heart rate. At heart rates of 120 - 130 bpm, diastasis 

is shortened or disappears, therefore late filling immediately follows early filling or begins 

during the end of early filling [66]. The shortening of diastasis is responsible for the increased 

contribution of the atrial component at higher heart rates.  There is an inverse correlation 

between heart rate and E and E/A ratio and a positive correlation with A [67]. At low heart 

rates, atrial contraction contributes little to LV filling  [68].  However, an increment of only 

10 bpm has been associated with a 10 % increase in A, resulting in a decreased E/A ratio 

[68]. Similarly, tachycardia induced by transesophageal atrial pacing is associated with an 

increase in A but not E, resulting in a decreased E/A ratio (figure 1.14).  

 

Figure 1.14 Changes in LV filling pattern in response to alterations in heart rate.  Results 

displayed are average velocity values at baseline (rest) and during higher pacing (paced). 

Adapted from Harrison et al. [68].  

 

LV relaxation rate determines the time needed for LV pressure to drop below left atrial 

pressure and consequently affects the time available for LV filling. Choong et al. examined 

the effect of alterations in the time constant of relaxation on LV filling by pumping blood into 

or from the femoral arteries of dogs [69]. In this model, left atrial pressure, or preload, was 

kept constant by controlling the rate of the roller pump bringing venous blood into the 

pulmonary artery.  As a result, with the increase in the time constant of relaxation, E 

decreased. Similarly, Ishida et al. studied the role of LV relaxation on early filling by 
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manipulating the loading conditions of the canine heart [32].  An acute increase in aortic 

pressure slowed LV relaxation rate and therefore reduced LV peak filling rate, even when left 

atrial pressure was increased.  The slowing of LV relaxation rate following increased 

afterload is consistent with the findings of Nishimura et al. [65]. These experiments showed 

that a slower rate of LV relaxation attenuated the decrease in LV pressure in early diastole, 

which in turn reduced the atrioventricular pressure gradient and therefore early LV filling. 

In summary, prolonged relaxation, reduced preload, increased afterload, reduced compliance 

and increased heart rate all contribute to alterations in LV filling. These are usually 

characterised by a reduction in E and E/A ratio. 

 

1.1.5. Left Ventricular Morphology 

LVM, generally calculated by the difference between the epicardial and endocardial 

boundaries (figure 2.15), affects LV compliance, diastolic and systolic function [70]. The 

myocardial mass is derived by multiplying the muscle volume with the specific density of 

myocardium (1.05 g/cm
3
) [50]. LVM ranges from 120 - 190 g in healthy adults; however, 

values can reach up to 300 g in diseased [50] or athletic populations (figure 1.16) [71].  

 

 

 

 

 

 

 

 
Figure 1.15 LV epicardial (in blue) and endocardial (in green) boundaries 

obtained in MRI scanning. LV long axis on the left and LV short axis on the 

right. 

 



 

24 
 

 

Figure 1.16 MRI scan image showing hypertrophic cardiomyopathy of a 28-year-old male 

athlete with „athlete's heart‟. Left ventricle epicardial (in blue) and endocardial (in green) 

walls. The left figure shows the hypertrophic left ventricle in a four-chamber long axis view. 

The right figure shows the hypertrophic left ventricle in a short axis view. Adapted from 

Hansen et al. [72]. 

 

Increased LVM (hypertrophy) is associated with an increased risk for morbidity and 

mortality, including heart failure [73]. LV hypertrophy is a mechanism of myocardial 

adaptation to the stresses of pressure and overload such as hypertension and increased blood 

volume [74]. This adaptation can occur in two forms: concentric or eccentric. Concentric 

hypertrophy is characterised by increased LV wall thickness in relation to chamber dimension 

(figure 1.17) while in the eccentric hypertrophy the LV walls are not increased relative to 

chamber dimensions [75]. Concentric hypertrophy, which is associated with poor prognosis, 

is associated with constant high pressures (hypertension) [73]. De Simone et al. (HyperGen 

study) observed that increased LVM was associated with delayed LV relaxation, systolic 

dysfunction and myocardial stiffness [74].  It is important to note that an increase in LVM is 

a normal physiological response to increased fat free mass [76]. 
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Figure 1.17 Illustration of normal LV geometry (left) and concentric LV hypertrophy (right). 

Adapted from  Haykowsky et al. [77]. 

 

LVM may be influenced by several factors including age, blood pressure, body composition, 

fitness level and growth and gender [78, 79]. Cardiac MRI studies have shown that body size 

and age are the major determinants of LVM in healthy individuals [79-81]. Therefore, LV 

mass is often indexed to body surface area or height. However, fat free mass has the closest 

relationship with LVM and therefore is the best indexing variable [80-82]. While there seems 

to be no significant impact of healthy aging on LV mass [1, 43], studies have shown that LV 

wall thickness does not change [16] or increases [57] due to an increase in myocyte size.  

This is likely due to the influence of other factors, such as diabetes and hypertension [83, 84]. 

Although many studies have investigated the effects of exercise training on LVM, 

controversy still remains. MRI technology has shown that competitive endurance athletes 

(cross-country skiers, runners and cyclists) have significantly higher LVM compared to non-

athletic control subjects, even after normalisation to body weight, body surface area or lean 

body mass [71]. Resistance training increases afterload, which may induce LV hypertrophy 

[85]. Early studies showed that resistance training correlated with increased LVM [86]. 

However recent studies, using MRI technology in resistance-trained athletes (Olympic 

weight-lifters), showed that these athletes do not present with higher LVM when indexed for 

fat free mass [87].  More careful control of the type of stimulus may be necessary to clearly 

answer this question. 

LVM increases with growth during adolescence [80], with values ranging from 70 to 120 g  

in healthy children and adolescents (6 - 17 years old) [81]. The increase in myocardial mass 

is generally in proportion to the body mass [88]. Dual Energy X-Ray Absorptiometry (DEXA 

scan) studies in youth observed that lean body mass, fat mass and systolic blood pressure 

Concentric Hypertrophy Normal Geometry 
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have a significant independent association with LVM in this population [81]. However, fat 

mass and systolic blood pressure had a smaller impact compared to lean body mass in this 

population [81]. Moreover, in a serial study with 40 young males (11 - 18 years old), heart 

volume was shown to correlate closely to fat free mass [80]. Therefore, to account for 

differences in body size, LVM is often indexed to body surface area, height or ideally to fat 

free mass in the adolescent population  [82].  

1.2. Vascular Anatomy and Physiology  

Blood vessels are responsible for transporting blood throughout the body via arteries, 

capillaries and veins. Systemic arteries are responsible for the transport of oxygenated blood 

to tissues; while most systemic veins carry deoxygenated blood from the tissues back to the 

heart. Most exchanges (oxygen, carbon dioxide, nutrients and water) occur in capillaries.  

Capillary blood flow and tissue perfusion are determined by a number of variables including 

the arterio-venous pressure gradient, fluid viscosity and vessel diameters. Alterations in 

vessel diameter are one of the main vascular adaptations regulating blood flow. Poiselle‟s law 

states that the flow through the vessels depends on several factors; however vessel radius, 

which is raised to the 4
th

 power, is the primary determinant of blood flow.   

F= (P1-P2) π R
4
/ 8LN   

Where F= flow rate, (P1-P2) = change in pressure, R= radius of the tube, L= length of the tube 

and N= viscosity of the fluid.  

Alterations in capillary blood flow are primarily determined by the diameter of arterioles 

which determine muscle blood flow and oxygen delivery during exercise. Both sympathetic 

and local paracrine regulation of vessel diameter occur to match capillary blood flow to tissue 

demand. Substances produced by endothelial cells in response to a variety of mechanical and 

chemical stimuli play an important role in vascular adaptations to blood flow [89]. Vascular 

endothelium synthesises and releases substances that control both vasoconstriction and 

vasodilation [90-93]. It is beyond the scope of this review to thoroughly discuss the large 

number of vasoactive factors, thus we will discuss a small subset of vasoactive peptides 

relevant to this review.  For a more thorough review of these peptides, see Joyner and Proctor 

(1999) [94].   

 

http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Nutrient
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The endothelium consists of a thin layer of cells situated on the interior surface of vessels, 

creating a barrier between the circulating blood and the vascular wall. It releases substances 

that allow smooth muscle to vasodilate or vasoconstrict as appropriate in response to the 

metabolic demand of the tissue. These substances include nitric oxide (vasodilation), 

prostacyclin (vasodilation) and endothelin (vasoconstrictor). Defects in the release or action 

of these substances impair vascular function and consequently blood flow. 

Early studies observed that the infusion of acetylcholine (Ach) in the vascular endothelium 

generated the release of a substance that had a vasodilatory effect [95, 96]. This was later 

identified as nitric oxide (NO). NO has been the most widely studied substance produced by 

the endothelial cells. NO is a lipid-soluble gas and is synthesised in endothelial cells from the 

amino-acid L-arginine through the action of endothelial nitric oxide synthase (eNOS) [97]. 

NO stimulates vasodilation by stimulating guanosine 3‟, 5‟-cyclic monophosphate pathways 

in vascular smooth muscle [90, 98]. Once formed, NO initiates a cascade of reactions that 

attenuates sympathetic vasoconstriction and thus induces arterial smooth muscle relaxation. 

Damage to endothelial cells reduces NO synthesis and vasoconstriction from tonic adrenergic 

tone. Endothelin (ET-1) is released in response to chemical and physical stress such as 

hypoxia or mechanical stretch [99] and exerts a vasoconstrictive effect via specific binding to 

receptors ETa and ETb [100]. Therefore, ET-1 and NO are mutual antagonists in vascular 

tone [93].  

The sympathetic nervous system also participates in the homeostasis of arterial pressure and 

consequently blood flow via the autonomic vasomotor nerves. Sympathetic nerve fibres are 

connected to vessels in the adventia (external wall of vessel). Activation of these nerves 

causes vasoconstriction or vasodilation of arteries and veins, depending on the type of post-

junctional receptors.  

During exercise, a combination of increased CO, vasoconstrictive and vasodilatory vascular 

responses redistribute blood flow from inactive to active areas.  Rowell (1986) has described 

how these mechanisms combine to reduce blood flow in the splanchnic and renal beds to a 

minimal level while increasing flow to working skeletal muscles (figure 1.18)  [61]. This 

allows an increase in the proportion of CO directed to muscle beds which extract more 

oxygen, thus increasing arterio-venous oxygen difference (a-vO2) which represents the 

difference between the oxygen content in arterial and mixed venous blood (ml/100ml).  
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Figure 1.18 Redistribution of blood flow to muscles (white) and splanchnic areas (coloured 

bars) at rest and during maximal exercise in a group of males with mitral stenosis (MS), non-

athletes (NA) and athletes (ATH). Adapted from Rowell (1986) [61]. 

 

In healthy individuals blood flow regulation during exercise is well matched for metabolic 

demands. Vasodilation occurs in active muscles. This happens through a complex interaction 

of factors regulating vascular tone. One of which is to overcome the sympathetic mediated 

vasoconstriction that accompanies blood flow redistribution during exercise. Exercise induces 

an increase in sympathetic activity which target both inactive and active muscle; however this 

effect needs to be blocked on active muscles. Vasodilation needs to happen in the active 

muscles in order to supply metabolic demand. This shift is called functional sympatholysis 

[101, 102]. 
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Impaired redistribution of blood can contribute to a reduction in exercise capacity. Studies 

using Doppler ultrasound [103, 104] and thermodilution [105, 106] suggest that aging 

reduces leg blood flow [103, 104, 106] during exercise. According to Dinenno and colleagues 

this reduction is largely caused by an increase in sympathetic vasoconstrictive activity in 

active areas [103]. In contrast, Proctor et al. found that physically active individuals preserve 

their ability to improve leg blood flow during sub-maximal exercise and that this was 

mediated by a reduction in sympathetic activity [105]. Regardless of the mechanisms 

involved, increased vasoconstriction impairs blood flow and thus limits O2 delivery and 

consumption during exercise. It is clear that the role of vasoactive substances in redirecting 

blood flow is important during exercise, and pathological conditions affecting these processes 

may affect cardiovascular capacity.  

Skeletal muscle blood vessels can undergo marked vasodilation leading to hyperaemia (an 

increase in the quantity of blood flow to a body part) in response to exercise. Muscle blood 

flow increases up to 100 fold in response to exercise [89]. Decreased muscle oxygen supply 

serves as a stimulus for vasodilation in skeletal and cardiac muscle. The mechanism for this 

vasodilatory response is still unclear. However, several mechanisms have been proposed, 

including chemical substances released by nerves, substances carried in the blood and 

mechanical interactions between the muscle contractions and the blood vessels [107, 108]. 

Some studies have shown that sheer stress and blood vessel stretch during exercise provokes 

NO synthesis and release by endothelial cells, which in turn increases blood flow [108]. 

Therefore, impairments in NO synthesis or function (endothelial function) alter blood flow. 

ATP is also believed to be an important part on the vasodilation on active muscles. 

Circulating ATP, has been demonstrated to cause concomitant vasodilation and inhibition of 

sympathetic vasoconstriction indicating an involvement of ATP in functional sympatholosys 

[101, 102]. These versatile actions of ATP on vascular tone may therefore have clinical 

implications for pathogenesis of the reduced exercise capacity observed in diseased 

population such as diabetics, in whom the ability to increase leg blood flow during exercise 

might be attenuated and the vasoconstrictive response increased [109, 110]. 

It has been difficult to describe the mechanisms by which exercise training enhances 

endothelial-dependent vasodilation in humans [111]. Several attempts have been made to 

eliminate the rise in blood flow with exercise. However, due to the interacting variables 
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involved, the suppression of blood flow has been transient, indicating substantial redundancy 

in this system [112]. Thus, if one mechanism is blocked other mechanisms are available to 

restore flow to normal values [113]. It has been hypothesised that chronic increases in 

exercise-induced blood flow from training can enhance the synthesis and release on NO from 

the vascular endothelium [114, 115]. Exercise training evokes an increase in eNOS gene 

expression in endothelial cells  and improves endothelial function by up regulating eNOS 

protein expression [116]. Studies indicate that short term training increases NO bioactivity, 

which acts to homeostatically regulate the shear stress associated with exercise [117]. 

The acute effects of exercise training on the vasculature include structural and functional 

changes [112]. A marked decrease in afterload is observed with exercise training [118]. 

Reduced peripheral vascular resistance (afterload) enables athletes to generate higher exercise 

CO [118]. Snell et al. showed that endurance training improves vascular conductance when 

he examined relationships between leg blood flow and vascular conductance and OV 2max 

(maximal oxygen consumption) in 15 sedentary individuals (mean age 28 years old) and 11 

endurance athletes (mean age 30 years old) [119]. Blood flow was obtained at rest and during 

reactive hyperaemia produced by ischemic exercise. Vascular conductance was obtained by 

venous occlusion. Although resting values were not different between groups, vascular 

conductance increased in athletes but not in sedentary individuals after ischemic exercise 

[119]. Moreover, Naylor and colleagues found that exercise training caused structural arterial 

enlargements (remodelling)  that could be mediated by shear stress [120].  

1.2.1. Vascular Function Measurement Techniques 

Several parameters and techniques have been used to evaluate vascular function [121]. 

Doppler ultrasound has been the modality most often used to assess vascular function and 

changes in blood flow during muscle contraction (exercise). This technique allows for 

measurements in large and varied vessel groups [122]. However, this technique introduces a 

large amount of variability in blood flow because of errors in estimating cross-sectional area 

[49]. In order to obtain blood flow information, two vascular parameters are needed. The 

arterial cross-sectional area and the arterial blood flow velocity [123]. Doppler ultrasound can 

be used for this purpose. However, ultrasound assessments incorrectly assume that the flow 

velocity passing over the vessel cross-section is constant. MRI scanning allows for the 

assessment of vessel size and blood flow without this assumption, making it more reliable 

[123]. Therefore, MRI is considered the “gold standard” for the measurement of blood flow. 
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It offers a wider field view, and allows for assessment of central and peripheral vessels as 

well as cardiac structure and function in an integrated manner [121].  

Flow mediated dilation (FMD) is an endothelium-dependent measurement used as a marker 

for sub-clinical cardiovascular disease. FMD is frequently assessed by ultrasound. The artery 

diameter is recorded with a linear high-resolution probe at rest, during hyperaemia, and after 

the intake of sublingual nitroglycerine [124]. Intima media thickness (IMT) can also be 

assessed by ultrasound. IMT is usually investigated 1 - 2 cm proximal to the carotid 

bifurcation. The IMT is defined as the distance from the lumen-intimal interface to the 

medial-adventitial border. Images are usually recorded from at least 3 consecutive cardiac 

cycles [124]. 

Increased arterial stiffness reduces blood flow. Several methods can be used to assess arterial 

stiffness including central pulse-waveform analysis (central pressure and augmentation 

index). Augmentation index (AIx) is a marker of peripheral artery stiffness. The Aix is 

calculated as the difference between early and late pressure peaks divided by pulse pressure 

expressed as a percentage [125]. AIx is a non-invasive measure of arterial wave reflection 

that may help to identify stiffening of arteries. AIx can be calculated using radial or carotid 

applanation tonometry [126, 127]. In compliant arteries, pulse wave velocity is relatively low 

and pressure waves return during diastole. In stiff arteries, pulse wave velocities increase, 

therefore the peripheral wave reflection returns during systole. Recently, AIx  has been 

investigated as a possible marker of increased cardiovascular risk [126]. This means that non-

invasive measurements of AIx might be helpful in investigating arterial stiffness in several 

diseased populations, making it an important tool for early disease assessment. However, 

further validation studies are required in both healthy and diseased populations.  

1.3. Exercise Capacity  

Aerobic capacity or exercise capacity is the maximum amount of physical exertion that an 

individual can perform. Decreased exercise capacity increases the risk for morbidity and 

mortality [128]. Aging and certain diseases are associated with reduced exercise capacity 

[128].  Exercise capacity depends on central and peripheral mechanisms. The central 

mechanism refers to the ability of the heart to pump blood (represented by CO), while the 

peripheral mechanism is the ability of muscle tissue to deliver and extract oxygen from the 

circulation. 
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The best indicator of aerobic capacity is maximum oxygen consumption ( OV 2max) which is 

based on the Fick Equation, [ OV 2max = CO x (a-vO2)]. In this equation, CO represents 

cardiac output or the volume of blood ejected by the heart per minute (L/min) while a-vO2 

represents the difference between the oxygen content in arterial and mixed venous blood 

(ml/100ml). At rest, OV 2 is approximately 3 - 5 ml/kg/min [129, 130]. During exercise these 

values increase to approximately 30 ml/kg/min in healthy sedentary adults, while athletes 

may achieve values of up to 85 ml/kg/min
 
  [2, 61, 129-133]. OV 2max is dependent on the 

increase in cardiac output, the ability to increase muscle capillary circulation, the capacity of 

the muscles to extract O2 and the efficiency of alveolar gas exchange. Therefore, both central 

(heart and lung) and peripheral (vascular and skeletal muscle) mechanisms contribute to the 

increase in O2 consumption during exercise.  

Impairments to either central or peripheral factors will limit OV 2max. However, it is generally 

accepted that, in healthy people, the capacity of muscle to consume oxygen and the capacity 

of vessels to improve blood flow are greater than the ability of the heart to increase cardiac 

output [129, 130, 132, 133]. Classical early studies measured OV 2 during exercise which 

involved increasing active muscle mass to test the heart‟s ability to increase cardiac output 

[129, 130, 133]. In one of these studies the investigators placed catheters in the right external 

iliac artery and vein and in the right axillary vein in 7 healthy young men performing 10 

minutes of exercise with arms, legs or with both extremities [133]. The addition of arm 

exercise to leg exercise, as illustrated on figure 1.19, increased OV 2 from 64 to 77 ml/kg/min 

but caused a reduction in leg blood flow. Similar results were observed when leg exercise 

was added to steady-state arm exercise.  The major conclusion from these studies was that the 

capacity of muscle to receive blood flow exceeds the capacity of the heart to supply it.  

Similar findings have been observed in other studies using similar techniques [129] or 

thermodilution [130]. 
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Figure 1.19 Cardiac output (top), leg blood flow (middle) and oxygen uptake (bottom) 

response to superimposition of arm exercise on leg. Leg exercise only is shown on the left 

side of the graph while leg exercise superimposed by arm exercise is shown on the right side 

Adapted from Rowell (1986) [61]. 

 

In young healthy individuals, cardiac output increases from 4 - 6 L/min at rest to a maximum 

of 20 - 40 L/min during exercise [132, 134]. Both heart rate and stroke volume increase 

during exercise in order to increase blood delivery [132, 135]. Several factors including 

sympathetic activity, ventricular filling and inotrophy, body composition and aerobic fitness 

are thought to be involved in this increment. In a study of athletes, normal active individuals 

and individuals with mitral stenosis, athletes had higher CO than normally active individuals 

and individuals with mitral stenosis [61]. When comparing the components of CO, maximal 

heart rate was similar between groups but SV was twice as large in athletes vs. non-athletes, 

and four times larger than the individuals with mitral stenosis (figure 1.20).  Others have 

shown that, while maximal SV plateaus at approximately 40 % OV 2max, athletes are capable 
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of increasing SV up to nearly maximal levels [132]. Thus, differences in maximal CO can be 

attributed to changes in SV in young individuals. 

 

Figure 1.20 Haemodynamic responses to exercise in males with mitral stenosis (MS), non 

athletes (NA) and athletes (ATH). Figure illustrates the cardiac output (top), stroke volume, 

heart rate, arterio-venous oxygen uptake and splanchnic renal flow in relation to oxygen 

consumption. Adapted from Rowell (1986) [61]. 

 

Heart rate plays an important role in increasing CO from rest to exercise. During exercise, 

heart rate is influenced by parasympathetic and sympathetic neural activity. Parasympathetic 

activity diminishes as exercise intensity increases allowing heart rate to increase. Sympathetic 

nervous activity increases during incremental exercise, stimulating an increase in heart rate 

by binding catecholamine to the membrane adrenoreceptors in the sinoatrial node. Therefore, 

maximum heart rate during exercise is dependent on sympathetic stimulation and reduced 

parasympathetic inhibition. Maximal heart rate in young individuals is approximately 190 to 

195 bpm irrespective of aerobic capacity or health status (figure 1.20). However, aging 
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attenuates both sympathetic stimulation and parasympathetic inhibition during incremental 

exercise [136], resulting in an inverse relationship between age and maximal heart rate [137].  

SV, as previously mentioned, is the difference between LV EDV and LV ESV.  SV varies 

between 70-120 ml at rest and can increase up to 200 ml during exercise (figure 1.21), 

depending on ventricular morphology and fitness level [2, 34, 61, 132]. As exercise intensity 

increases, SV in physically unconditioned individuals increases gradually to a plateau at 

approximately 120 bpm [132], or 40 % of OV 2max [2]. Conversely, SV continues to increase 

progressively until maximum heart rate in elite athletes (figure 1.21) [2, 10, 132]. 

 

 

 

In healthy adults, the capacity to increase SV and therefore CO in response to exercise relies 

on increased filling capacity. Poliner et al. and others have shown that the increase in SV 

during exercise is primarily attributed to relatively large increases in EDV and to a lesser 

extent on decreases in ESV [19, 135].  Surprisingly the relative proportion of diastolic phase 

during the cardiac cycle decreases from approximately 66 % at rest to 20 % during maximal 

exercise, with subsequent reductions in ejection time and diastolic filing [7, 132]. Therefore, 

SV response to exercise may be more influenced by the capacity to rapidly fill the ventricle 

during a dramatically reduced diastolic period, than by the capacity to increase ejection.  

Figure 1.21 Stroke volume response to exercise in untrained (black diamond), trained 

(black square) and elite athletes (black triangle). Adapted from Zhou et al. [2]. 
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The increased filling capacity required during exercise tachycardia could be attributed to 

more rapid development of the atrio-ventricular pressure gradient and/or increased left atrial 

pressure (preload) with a resultant increased early filling capacity (figure 1.22). Athletes have 

large increases in EDV and only modest decreases in ESV during exercise when compared 

with untrained controls [132].  This is possibly because trained men have lower LV filling 

pressures during exercise than untrained men [138]. Cheng et al. suggests that faster LV 

relaxation in trained men helps to increase the atrio-ventricular pressure gradient creating a 

transiently negative atrio-ventricular pressure gradient, or suction effect.  This, in turn, 

increases early filling [14].  This suction effect could be explained by improved Ca
2+

 

handling in athletes and/or increased preload (plasma volume) [60], which has previously 

been shown to enhance the Frank-Starling mechanism and to increase CO and aerobic 

capacity [139].  

 

Figure 1.22 LV pressure-volume loop at rest and during exercise. During exercise, the early 

diastolic portion of the LV pressure-volume loop is shifted downward (open arrow) so the 

early diastolic LV pressure is lower during exercise than at rest. Adapted from Cheng et al. 

[14]. 
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Figure 1.23 illustrates the ventricular volumes obtained in healthy adults at rest (R), in 

response to two incremental sub-maximal exercise intensities (1 and 2) and at peak exercise 

(Pk) in the supine position. EDV increased in response to exercise, while ESV remained 

unchanged. This data suggests that a healthy adult heart appears to rely more on filling, rather 

than contractility, to increase stroke volume during exercise [135]. 

Typical Exercise Response

Adapted from Poliner, L.R., et al. Circulation, 1980. 62(3): 528-34  

Figure 1.23 Supine LV volumes at rest and during sub-maximal exercise. Ventricular 

volumes showing: end-diastolic (full length of bar), end- systolic (hash bar) and stroke 

volume (open bar). Volumes were obtained at rest (R), during sub-maximal exercise (1 and 2) 

and at peak exercise (pk). Adapted from Poliner et al. [135]. 

 

Recently, Collins and colleagues utilised echocardiography and bioelectric impedance to 

illustrate that SV and CO correlated with fat free mass [140]. Neither gender nor age was 

independently associated with SV.  Fat free mass, which comprises organ cell mass and non-

fatty tissue, is an active metabolic tissue. Given that CO is related to metabolic demand, they 

suggested that increased lean body mass requires higher CO in order to supply adequate 

oxygen and nutrients [140]. Consequently, increased muscle mass may in part explain the 

increase in CO in athletes compared with sedentary individuals.   

Interestingly, healthy adolescents may present a different myocardial response to exercise 

than adults, relying more on contractile properties. Whilst the majority of studies indicate that 
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increased EDV is responsible for the increment in SV during exercise in adults, Roest et al. 

showed that ESV decreased with no change in EDV from rest to exercise in the supine 

position in a group of young (mean age 17 years) healthy individuals [141]. Roest‟s study 

used MRI and a much younger population compared to previous studies [135]. Further 

studies are required to establish whether these observations hold true for all adolescents. 

The hemodynamic response to exercise in adolescents is dependent on body surface area, 

age, gender and pubertal stage [142, 143]. The number of studies examining this population 

is limited and there are considerable differences in the methodologies used to assess their 

cardiac response to exercise [142, 144-146]. Lock and colleagues studied the hemodynamic 

response in children and adolescents aged 5 - 16 years, with or without pulmonary stenosis 

[146]. Cardiac catheterization was performed and hemodynamic measurements were taken at 

rest and during supine exercise. OV 2, heart rate, CO, SV and a-vO2 all increased from rest to 

exercise. The increase in cardiac index was largely achieved by increasing heart rate, as SV 

increments were small in the normal children. CO was closely related to OV 2 and the cardiac 

index during supine exercise was comparable with data from normal adults [146].  In 

contrast, Bar-Or et al. showed that cardiac index in children was lower than in adults during 

upright exercise [144, 145]. In addition, Rosenthal et al. demonstrated, using rebreathing 

measurements that in healthy children and adolescents aged 8 to 16 years the relationship 

between CO and OV 2 was not linear [142]. Therefore, SV may make a different contribution 

to cardiovascular capacity during exercise in children and adolescents compared to adults. 

Further investigations with more precise methodology are needed to clarify this diversity. 

1.3.1. Postural Effects 

While overall oxygen uptake does not differ between the upright and supine position [66], 

posture can affect heart rate and SV responses. In healthy adults, SV is greater in the supine 

position than the upright, while resting heart rate is increased in the upright compared to 

supine position [66, 135, 147]. 

Heart rate increases during incremental exercise in both body positions; however, the 

increase during upright exercise is greater than the supine condition [147]. This might be a 

compensation for lower preload in the upright vs. supine position, as heart rate increases in 

order to maintain CO [66]. 
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Postural changes affect SV through the Frank Starling mechanism. An increase in venous 

return (preload) and, consequently atrial pressure gradient, creates an atrioventricular 

pressure environment favourable to LV filling [135]. Poliner et al. used radionuclide 

angiography (red blood cell labelling) to show that EDV was greater in a supine position and 

that it increased less during exercise in the upright position [135]. Despite the larger EDV, 

ESV was unchanged with increased exercise intensity and was similar in both positions 

[135]. Consequently, SVs were smaller in the upright position at rest and during exercise 

(figure 1.24). During upright exercise the increase in SV is achieved through an increase in 

EDV in combination with small changes in ESV; while in the supine position SV increases 

exclusively through an increase in EDV, as ESV does not change. Thadani and colleagues 

used coronary cinearteriography and left ventriculography to show that pulmonary capillary 

wedge pressure, LV end-diastolic pressure and SV index were higher in the supine vs. upright 

position at rest and during exercise, suggesting that increased preload was responsible for the 

augmentation of SV in the supine condition [147].  Though heart rate and SV responses to 

exercise are different in the upright and supine conditions, CO at a given workload remains 

the same [135, 147, 148]. 

 

Figure 1.24 Supine and upright LV volumes. Ventricular blood volumes obtained at rest (R), 

sub-maximal exercise (1 and 2) and at peak exercise (pk) in the supine (left graph) and 

upright (right) position. Bars represent end-diastolic (full length of bar), end-systolic (hash 

bar) and stroke volume (open bar). Adapted from Poliner et al. [135].  



 

40 
 

 

Diastolic filling patterns are also altered by postural changes. Sato et al. compared transmitral 

filling velocities between supine and upright exercise in healthy individuals, and found that 

E/A ratio gradually decreased with increasing exercise intensity in both the upright and 

supine position [66]. Resting and post-exercise E/A ratios were significantly higher in the 

supine position, mainly as a result of a higher E wave [66]. However, the E/A ratio was not 

different between the upright and supine position during exercise [66].  

Greater preload and a resultant increase in end-diastolic diameter are also evident in a semi 

supine position.  Weiss et al. showed that there was a larger increase in stroke dimension (an 

index for stroke volume) and % change in diameter (an index for ejection fraction) at peak 

exercise when exercise was performed in a semi-supine vs. upright posture [148].  Moreover, 

the increase in stroke dimension was due to an increase in end-diastolic, but not end-systolic 

diameter, suggesting an effect of preload.  These findings emphasize the importance of body 

position when considering the hemodynamic exercise response.  

1.4. Exercise Training in Healthy Individuals 

The cardiovascular adaptations to exercise training in healthy adults are well documented. 

These include improvements in OV 2max, CO, SV, heart rate, vascular conductance and body 

composition [27, 137, 149-154]. Exercise training studies of varied length and intensity all 

show an increase in OV 2max [137, 149, 151, 152, 155]. Even short term intense protocols (8 

weeks) stimulated improvements in OV 2max [152, 155]. As an example, Spina et al. studied 

the response to 12 weeks of exercise training in 6 sedentary men and 6 sedentary women 

(average 25 years old) and found that OV 2max increased by 19 % [151]. Similarly, Dubach et 

al. trained a group of individuals for two months after myocardial infarction and induced a 26 

% increase in OV 2max [155].  

Cardiovascular adaptations, including increased CO and oxygen extraction, accompany this 

increase in OV 2max. Higher CO response to exercise after periods of training have been 

extensively reported in the literature [18, 61, 151] as well as improved a-vO2 [151]. Spina et 

al. showed a 12 %  improvement in CO, a 7 % increase in calculated a-vO2 and a 16 % 

increase in SV after 12 weeks of exercise training [151]. The mechanisms responsible for the 

increased CO response to exercise training remain unclear. However, Libonati‟s work has 

shown that the ability to meet the excess demands for increased CO during exercise is largely 



 

41 
 

dependent upon the ability to increase SV rather than heart rate [7, 18, 156]. The increase in 

SV during exercise is achieved by enhancing both the intrinsic contractility of the 

myocardium (manifested by decreased ESV and increased EF) and by increasing LV filling 

(increased preload or EDV - Frank Starling mechanism) [135]. Peronnet et al. trained a group 

of sedentary individuals for approximately 20 weeks and assessed LV function via 

echocardiography. The exercise group increased VO2max by 17% and LV volume increased 

by 16% after training [150]. Studies using other cardiac assessments such as radionuclide 

angiography have also demonstrated that training increased EDV [134].  

Recently Kivisto et al. have used MRI to investigate the effect of 3 months endurance 

training on LV function [149]. The exercise group (mean age 43 years old) exercised for 30 

minutes three times a week, at 75 % of maximal heart rate. Mitral flow velocity mapping 

analysis revealed that time to peak early filling shortened after training, from an average 112 

ms to 97 ms. The authors suggested that perhaps a more rapid relaxation was occurring [149]. 

Rodrigues et al. used Doppler and Tissue Doppler echocardiography before and after 6 

months exercise training in a group of 23 sedentary men (mean age 31 years old) [153]. The 

exercise protocol consisted of one hour of exercise three times a week. After training there 

was a 14% increase in OV 2max. Interestingly, LV diameter, SV and EF were unchanged 

[153]. However, mitral inflow showed a decrease in A velocity and an increase in E‟ 

velocities after training, suggesting an improvement in diastolic function [153]. 

More recently Vogelsang et al. have used MRI scan technology to show that 8 weeks of 

intense exercise training changed LV structure and function in 10 overweight individuals (19 

- 47 years old) [152]. Participants in this study exercised on a rowing ergometer three times a 

week for 30 minutes at approximately 72 % of maximal heart rate. As a result, OV 2max 

improved by 15 % (23 vs. 26 ml/kg/min) and sub-maximal exercise heart rate decreased from 

126 ± 5 bpm to 113 ± 3 bpm (10 %) at 70 watts and from 155 ± 5 bpm to 141 ± 4 bpm (9 %) 

at 140 watts. Moreover, SV increased by 6 %, EDV increased by 7 % and LVM increased by 

13 %. The increase in SV was attributed mainly to improvements in EDV (filling properties) 

[152]. These results are similar to those seen by Spina et al. in 1992 [151]. Therefore, 

improvements in exercise capacity cannot only be solely attributed to changes in heart rate or 

end-diastolic volumes, but a combination of factors. 

The mechanism responsible for the improved EDV response to exercise training remains 

uncertain. However, there is evidence that training increases preload via augmented blood 
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volume [132, 157]. Athletes have been shown to have higher blood volumes than non athletes 

[157]. The importance of blood volume in the increase in EDV and SV is also clearly shown 

by blood infusion studies that acutely induce an increase in SV [158] . 

Exercise training also changes myocardial structure, with an emphasis on eccentric 

hypertrophy. The extent of LV hypertrophy is directly proportional to the intensity and 

duration of training and inversely correlated with age. Vogelsang et al. showed a 13 % 

increase in LVM after 8 weeks of training in overweight adults (from 97g to 105g) [152]. The 

increase in LVM was likely related to changes in chamber size since increased EDV was 

observed. The increased EDV elevates wall stress and triggers a positive feedback loop in an 

attempt to normalize wall stress, stimulating eccentric hypertrophy. Interestingly, this benefit 

is not maintained once exercise training has ceased. Shapiro et al. examined the LVM of 154 

athletes compared to 21 ex-athletes and 40 sedentary individuals. Ex-athletes showed normal 

cardiac dimensions and LV thickness whereas athletes showed LV hypertrophy which was 

proportional to body size and degree of activity [159].  

As reported previously, exercise training reduces resting and exercise heart rate [152, 153]. 

Rodrigues et al. observed that, after 6 months of training a group of healthy individuals 

decreased their resting heart rates from 60 ± 7 bpm to 56 ± 8 bpm [153]. Volsegang et al., as 

previously mentioned, also observed that exercise heart rate decreased after training while 

resting and maximal heart rates remained unchanged [152].  These reductions are 

accomplished by improvements on cardiac autonomic balance. Regular exercise increases 

parasympathetic and decreases sympathetic regulation of the heart [61, 160]. 

1.5. Exercise Training in Healthy Adolescents  

Exercise training also improves OV 2max in healthy adolescents [161, 162]. There is still 

debate however as to whether the improvements seen are similar to those observed in adults. 

Rowland et al. reviewed the relevant literature and concluded that exercise training improves 

OV 2max in children and adolescents in a similar fashion to that seen in adults (approximately 

7 to 26 %) [161]. However, a recent review by Baquet et al. suggested that the average 

improvement in OV 2 in children and adolescents following aerobic training was 5 - 6 % and 

therefore less than those observed in adults [162]. Interestingly, in both reviews there was a 

lack of studies in the adolescent population compared to children. 
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Endurance training studies in young people vary considerably according to the age of 

participants, exercise protocols and methods of assessment making the interpretation of the 

results challenging [161, 162]. Figure 1.25 shows details of 9 example studies in youth. As 

demonstrated, studies have a variety of length from 6 to 88 weeks, exercise sessions have 

varied from 12 to 60 minutes and frequency from three to four days per week. A recent study 

conducted in youth, by Rowland and colleagues, used aerobic circuit training to exercise a 

group of 37 healthy children (mean age 11 years old) for 12 weeks [163]. Participants in this 

study exercised three times a week at an intensity eliciting 160 bpm for 30 minutes. As a 

result, OV 2max increased by 6.5 %. Interestingly, no differences were observed between 

males and females [163]. One of the potential confounders in this study was the wide age 

range and the inclusion of both pre-pubertal and pubertal subjects. As a consequence, the 

baseline level of fitness varied considerably among subjects, as did the capacity to increase 

OV 2max which is inversely proportional to the initial level of aerobic fitness. Therefore, there 

is a need for well-controlled studies in the adolescent population. 

 

Figure 1.25 Summary of exercise training studies in children that meet the minimum criteria 

of intensity and duration necessary to improve aerobic fitness in a similar fashion as in adults. 

Adapted from Rowland et al. [161]. 
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In addition to improvements in OV 2, exercise training studies in adolescents have also 

observed other physiological benefits including improvements in lean mass [164], reductions 

in resting heart rate [164], beneficial alterations in blood lipids [165], reductions in body fat 

[166], and improvements in cardiac hemodynamic [167]. 

Strength training has been shown to have no adverse effects on growth and to have no long-

term detrimental effects on the cardiovascular health of young individuals [168]. Eliakim  et 

al. trained 44 girls for five weeks, five times a week and observed increased muscle volume 

and a 12 % increase in OV 2 [169]. Faigenbaum et al. compared the effects of low-repetition 

heavy load and increased-repetition moderate load on the development of muscular strength 

and endurance in children [170]. Eleven girls and 38 boys, aged 5 - 11 years, were recruited 

for this study. They performed two sessions per week of resistance training for eight weeks. 

They found that greater repetitions with a moderate load were more effective in increasing 

muscle strength in children compared to low repetition using a heavy load [170].  

The physiological profile of highly-trained children resembles those described in adults 

[171]. Trained children have higher OV 2max, cardiac index and SV index compared with 

untrained children [171]. Moreover, their resting and sub-maximal heart rates are lower and 

SV greater [171]. Rowland et al. showed that SV fails to plateau at moderate to high intensity 

exercise in adolescents, as occurs in trained adults [132, 172]. Factors influencing SV 

(diastolic filling properties, systemic venoconstriction) may be important in determining the 

high SV that distinguishes athletes from non-athletes during adolescence and adulthood. As 

in sedentary adults, SV during upright exercise rises 30 - 40 % from resting values at low-

moderate exercise but then plateaus as workload increases in untrained adolescents [173]. 

Unlike adults [19, 135], children may rely more on reductions in ESV to achieve 

improvements in SV with training [167]. Oyen et al. used echocardiography to study a group 

of 52 trained and untrained children aged 7 - 14 at rest and during exercise [167]. Fractional 

shortening and the velocity of fibre shortening (contractility) was higher in trained vs. 

untrained during exercise. The untrained group increased CO during exercise, mainly by 

increases in heart rate. In contrast, the trained group increased both heart rate and SV. No 

gender differences were observed in this study [167]. Taken together these findings indicate 

that potential differences in cardiovascular adaptations to exercise training occur with aging 

and further investigation is required to confirm these observations. 
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1.6. Cardiac Function and Diabetes 

1.6.1. Type 1 Diabetes Mellitus  

Type 1 Diabetes mellitus (T1D) is an autoimmune disease that results in the destruction of 

beta cells (β-cells) within the Islets of Langerhans in the pancreas [174]. This destruction 

leads to an absolute deficiency of insulin. Insulin is a peptide hormone integral in energy 

homeostasis and particularly glucose metabolism. Insulin promotes the uptake of circulating 

glucose by liver, fat and muscle tissues as well as suppressing gluconeogenesis and 

glycogenolysis. It promotes anabolism by increasing protein synthesis and reducing protein 

breakdown, as well as enhancing fatty acid synthesis and reducing fatty acid oxidation [175-

177].  

With a substantial reduction in insulin secretion, glucose homeostasis is compromised and 

diabetes results. There is a large degree of functional β-cell reserve, so that the loss of more 

than 80 % of β-cells is necessary for this to occur. With insulin deficiency, exogenous insulin 

must be administered to maintain normal insulin function.  

Glucose enters the cell via specific glucose transporters; a family of 12 transmembrane 

glucose transporter (GLUT) proteins.  These are either present on the cell surface or 

translocate to the cell surface within intracellular vesicles. The most abundant GLUT proteins 

are GLUT- 1 and GLUT- 4. GLUT- 1 is the primary glucose transporter in the brain, nervous 

system and splanchnic tissue, as well as being widely found in muscle. It is probably the main 

mediator of insulin dependent glucose uptake, which accounts for approximately 80 % of 

glucose uptake at rest. GLUT- 4 is found primarily in fat, skeletal and cardiac muscle and its 

translocation to the cell membrane is stimulated by insulin [176-178].  

In non-diabetic (ND), healthy subjects glucose production and utilization are tightly regulated 

to maintain plasma glucose concentration between 4 - 6 mmol/L [175]. Glucose homeostasis 

depends on the rates of glucose production, delivery and uptake by tissues. Glucose 

production occurs in the liver through gluconeogenesis (conversion of lactate, glycerol and 

amino acids into glucose) or glycogenolysis (breakdown of glycogen into glucose). 

Glucagon, produced by the α-cells of the pancreas, together with catecholamines 

(noradrenaline and adrenaline), cortisol and growth hormone, oppose insulin action and 

stimulate glucose production and glycogen breakdown in the liver [176, 177, 179]. The liver 

releases glucose into the circulation at a rate closely matching the rate of utilization.  In the 
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basal state glucose is released at an average rate of between 1.8 and 2.4 mg/min/kg [175-

177]. At rest, the brain absorbs approximately 55 % of circulating glucose while muscle 

tissue consumes almost 20 % [175]. Figure 1.26 summarises the regulation of glucose 

metabolism by insulin and glucagon. 

 

Figure 1.26 Regulation of glucose metabolism by insulin and glucagon. A- Response to a 

reduction in blood glucose concentration, for example after an overnight fast. B- Response to 

increased blood glucose concentration, for example following carbohydrate feeding. Adapted 

from  Hopkins (2003) [180]. 

Criteria for the diagnosis of diabetes mellitus are summarised in table 1.1.  

Table 1.1 Criteria for diagnosis of diabetes mellitus. 

1- Symptoms of diabetes plus casual plasma glucose > 11.1 mmol/l 

2- Fasting plasma glucose ≥ 7.0 mmol/l 

3- 2 hour plasma glucose ≥ 11.1 mmol/l during an oral glucose tolerance test 

Modified from the Experts Committee on the Diagnosis and Classification of Diabetes 

Mellitus report [181]. 
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1.6.2. The Diabetic Heart: Adults 

Diabetes is a strong risk factor for cardiovascular morbidity and mortality and is the leading 

cause of coronary artery disease [182]. T1D individuals have a three to six-fold increase in 

coronary vascular disease mortality compared to the non-diabetic population [183]. These 

outcomes have been attributed to alterations in cardiovascular structure and function that are 

independent of hypertension or other coronary artery disease [37]. The structural and 

functional changes induced by diabetes are commonly referred to as diabetic 

cardiomyopathy. Increased LVM, primarily due to an increase in wall thickness [184, 185], 

both diastolic and systolic impairments [184-187], and reduced endothelial function [188-

190] are the main abnormalities consistently observed in T1D adults. 

Several studies have suggested that hyperglycaemia is associated with the development of 

cardiovascular disease in diabetic individuals [191-193] and therefore, that long-term 

glycaemic control is a predictor of both micro- and macrovascular disease [191, 193]. The 

accurate assessment of glycaemic control in diabetics is therefore vital. Most diabetic centres 

use the non enzymatic irreversible formation of glycosylation of protein to assess average 

glycaemic control. Serum glucose concentration closely matches the percentage of 

glycosylation of circulating proteins. Haemoglobin, and particularly haemoglobin A1c 

(HbA1c), is frequently used as it remains in the circulation for approximately 120 days. Thus, 

glycosylation of haemoglobin (HbA1c) reflects the average serum glucose concentration over 

the past 8 - 12 weeks and is used as an important tool for the assessment of diabetes control 

and management [194].  

In the Women‟s Health study, a cohort of 27,210 women aged ≥ 45 years demonstrated a 

linear association between HbA1c and the prevalence of cardiovascular disease and risk of 

death, even in non-diabetic subjects [195]. After adjusting for standard risk factors, non-

diabetic women with HbA1c levels between 5.60 and 5.99 % had a 54 % increased risk of 

mortality compared to those with HbA1c between 2.27 and 4.79 %. HbA1c was significantly 

associated with mortality across the range 4.50 to 7.00 % (p= 0.02) and diabetic women had 

more than twice the mortality risk of non-diabetic women [195]. Further studies have 

observed that the prevalence of heart failure increases with the elevated levels of HbA1c 

[196]. Moreover, the extent and frequency of diastolic dysfunction may be directly 

proportional to HbA1c levels [197]. Unfortunately, no glycaemic threshold has been 

established for the development of long-term complications in the T1D population [198].  
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Despite the fact that it is not clear whether the cardiovascular changes seen in diabetic 

individuals are due to glycaemic control or other factors, the formation of advanced glycation 

end products (AGEs) play an important role, promoting irreversible changes in myocardial 

and vascular structure [199, 200]. Hyperglycaemia increases the likelihood of reactions 

between cellular proteins and glucose (protein glycation), stimulating an abnormal build up 

of AGEs, mainly in connective tissue [201]. AGEs form protein cross-links with collagen and 

elastin, promoting irreversible changes in tissues such as myocardium and blood vessels [199, 

202]. In cardiomyocytes, increased AGEs produce negative effects by prolonging action 

potentials, reducing relaxation kinetics and altering myofilament Ca
2+

 sensitivity [202, 203]. 

These changes are thought to result in ventricular stiffness and impaired diastolic and systolic 

function [202]. In endothelial cells AGEs decrease NO availability and enhance the 

expression of ET-1 [90, 199]. Thus, AGEs alter the balance of NO and ET-1 to favour 

vasoconstriction.   

1.6.3. Left Ventricular Structural Changes: Adults 

The most marked myocardial alteration attributed to diabetes is an increase in LVM. Large-

scale epidemiological studies including the Framingham Heart Study [204], the 

Cardiovascular Health Study [205] and the Strong Heart Study [197] have reported higher 

LVM and wall thickness in both type 1 and 2 diabetic adults compared to non-diabetic 

controls. These findings were again reproduced when studies focused solely on T1D 

individuals [184, 185, 203, 206]. Doppler echocardiography research showed that „young‟ 

T1D adults (average 35 years old) had an 11 % greater LVM index and 8.4 % greater left 

ventricular wall thickness compared to non-diabetic individuals [185].  Moreover, animal 

studies using cardiac MRI scans in experimental models of T1D showed that, once 

normalized to body mass, diabetic rats have LV hypertrophy accompanied by systolic and 

diastolic dysfunction [207].  

The increased LVM found in T1D individuals has been primarily attributed to collagen 

accumulation and myocardial fibrosis [207]. Collagen accumulation is due in part to impaired 

collagen degradation resulting from glycosylation of the lysine residues on collagen. Animal 

studies indicate that collagen secretion is increased in diabetic rat hearts increased 

angiotensin II levels [208] and increased receptor density [209]. Increased angiotensin II 

activity may enhance oxidative damage, stimulating cardiac cell apoptosis and necrosis. 

Hyperglycaemia induces apoptotic cell death and myocyte necrosis in the myocardium, 
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triggered by the presence of reactive oxygen species [210]. The production of reactive 

oxygen and nitrogen species, which increase oxidative stress and cause abnormal gene 

expression, alter signal transduction and activate pathways that lead to programmed 

myocardial cell death or apoptosis [37]. Cardiac fibrosis in diabetic subjects is attributed to 

this myocyte necrosis [37].   

Prolonged hyperglycaemia is considered one of the primary causes of cardiac hypertrophy in 

diabetes; however, controversy still exists over the correlation between HbA1c and increased 

LVM [185, 211]. The lack of correlation in some studies may reflect the absence of a 

glycaemic threshold for the development of long-term complications, as well as discrepancies 

in the study population and methodology used [198]. Interestingly, improved glycaemic 

control over time has been shown to alter LVM in T1D individuals [211]. In 2004, 

Aepfelbacher and colleagues developed a rigid glucose control protocol using intravenous 

insulin infusion therapy in T1D adults. After one year of therapy, improved glycaemic 

control shown by a decrease in HbA1c from 9.8 % to 7.8 % reduced LVM by 10% [211]. 

Equally important, individuals who did not achieve improvements in HbA1c had unchanged 

LVM. These data suggest that a correlation with long-term glycaemic control does indeed 

exist and that, if improved glycaemic control can improve cardiac structural changes, an 

improvement in cardiac function may also be possible. 

Although numerous studies have detected LVM alterations in T1D [184, 185, 211], others 

have not [186, 212, 213]. Disparities in LVM findings could be due to differences in 

technique, LVM calculations and indexation. Moreover these studies included participants 

with a range of diabetic complications and ages that differed from the studies in which LVM 

alterations were observed [186, 212, 213].  

1.6.4. Left Ventricular Functional Changes: Adults 

In adults, T1D subjects have both altered diastolic and systolic function. Diastolic 

dysfunction is the most common cardiac abnormality reported [184, 186, 187]. Diabetic 

diastolic dysfunction is characterised by poor relaxation and impaired filling properties. 

These abnormalities are represented by an increase in IVRT, A and E/E‟, and a decrease in E, 

end-diastolic dimension (EDD), EDV, end-diastolic duration and E‟ [184, 186, 187]. The 

systolic impairments when observed, are characterized by reduced contractility, EF and SV 

and increased ESV [184, 186, 187].  
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Impaired Left Ventricular Relaxation 

Inadequate myocardial relaxation is characterized by increased IVRT in T1D adults [186, 

187, 203, 212, 214]. Increased IVRT has also been associated with poor glycaemic control 

and diabetic complications [186]. Doppler and TDI echocardiography studies have shown 

that prolonged deceleration time in early filling and IVRT occurs despite normal cardiac 

dimensions and systolic function [203, 214]. Shishehbor et al. (2003) examined a group of 25 

T1DM patients using TDI echocardiography and observed increased IVRT and decreased E‟ 

(a preload-independent index for left ventricular relaxation) [203]. The diabetic group had 

evidence of increased LV filling pressure due to an increase in E/E‟ compared to controls. 

Similar results are reported in T2D adults [215]. 

Early modifications that occur during the development of diabetic cardiomyopathy, including 

changes in Ca
2+

 homeostasis, may explain the impaired myocardial relaxation [216]. 

Myocardial relaxation is controlled by the rapid reabsorption of Ca
2+

 into the sarcoplasmic 

reticulum. A disturbance in intracellular Ca
2+

 homeostasis is thought to be an important factor 

in the development of impaired myocardial function in diabetes, since diabetic adults have 

shown to have decreased Ca
2+

 reabsorption [216]. Therefore, poor relaxation of the left 

ventricle may be related to uncoupling mechanisms and alterations in intracellular calcium 

homeostasis. However, further investigations are needed to clarify this relationship. 

Impaired Left Ventricular Filling 

The abnormal left ventricular inflow patterns observed in T1D adults are characterized by a 

shift in the contributions of E and A, leading to a decreased E/A ratio [185, 203, 214, 217]. 

LV filling impairments have been linked to glycaemic control [203], diabetes duration [185]  

and higher resting heart rate [187]. Carugo and colleagues showed a 6% decrease in the E/A 

ratio was associated with the duration of diabetes, but not HbA1c [185]. However, Shishehbor 

et al., using TDI echocardiography, found that T1D was associated with decreased E‟ and 

E‟/A‟ as well E/E‟ (estimated left ventricular pressure) and that these parameters all 

correlated with HbA1c (figure 1.27) [203]. Interestingly, these inflow patterns occur despite 

normal LV dimensions and systolic function [214, 217]. 
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Figure 1.27 Positive linear association between HbA1c and E/E‟ (an index for LV pressure) 

in T1D individuals. Adapted from Shishehbor et al. [203]. 

 

Impaired filling velocities, together with myocardial stiffness, may affect EDV and end-

diastolic dimension (EDD). MRI studies in animals have shown that diabetes can decrease 

EDV by 28 % [207]. Reductions in EDD have also been documented in adult human studies 

in most [187, 217, 218], but not all, cases [203, 214]. Interestingly, a reduction in EDD in 

healthy adults could be accounted for by a faster heart rate (and therefore less time available 

for filling) but EDD has not been found to correlate with the increased heart rate in the 

diabetic population. This suggests that the changes in diastolic function observed in diabetes 

are independent from the diastolic changes associated with heart rate [217]. 

Impaired Ejection 

Non-invasive resting studies suggest that subclinical LV systolic dysfunction occurs in T1D 

adults [217, 219]. Decreased SV and EF, as well as increased ESV, have been associated with 

the severity of other diabetic complications and the duration of diabetes [185, 212, 217-219]. 

Raev et al. showed that diabetic individuals with mild complications had a depressed SV 

index and that were positively correlated with diabetic complications [186]. Animal models, 

using cardiac MRI scans, have shown that T1D decreased resting SV by 48 % and EF by 28 

% [207]. In addition, young T1D adults (mean age 30 ± 4 years), assessed by integrated 

backscatter TDI and Doppler echocardiography, showed reduced systolic function evidenced 

by lower peak strain, strain rates, and cyclic variation indices at the septum and posterior wall 

[212]. These cardiac changes were inversely correlated with diabetes duration [212]. In 

summary, the capacity to eject blood into the systemic circulation is compromised in diabetic 
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adults and further investigations are needed to clarify the mechanisms involved in this 

process. 

MRI studies in diabetic animal models have observed decreased SV at rest due to 

abnormalities in both diastolic and systolic function. Loganathan et al. examined cardiac 

function at rest in eight diabetic Sprague-Dawley rats and found that SV was reduced by 48 

% in the diabetic animals due to both diastolic and systolic abnormalities. EDV was 

decreased by 28 % in diabetic rats, while the ESV was increased by 10 % (figure 1.28). 

Moreover, EF was 28 % lower in the diabetic animals [207]. Therefore, these artificially 

diabetic animals were unable to fill and empty their left ventricles properly. This data clearly 

illustrates the need for assessments of both systolic and diastolic parameters in diabetic 

individuals. 

 

Figure 1.28 LV volume obtained from MRI imaging in diabetic (open circle) and non-

diabetic (dark circles) rats during the cardiac cycle. Phase 1 corresponds to end-diastolic 

volume and phase 6 corresponds to end-systolic volume. * p< 0.05 between groups. Adapted 

from Loganathan et al. [207]. 

 

1.6.5. The Diabetic Heart: Adolescents 

Considering that diabetic cardiomyopathy has been commonly related to long-term exposure 

to hyperglycaemia very little attention has been given to the impact of short-term exposure to 
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diabetes, as it occurs in adolescents. Consequently, few studies have investigated the impact 

of diabetes on the cardiovascular system in adolescents. The studies performed to date 

suggest that children and adolescents have cardiovascular abnormalities that are similar to 

those observed in T1D adults [206, 220-222]. The majority of studies have demonstrated 

changes in myocardial structure, relaxation and filling properties [206, 220-222], increased 

LVM and wall thickness [206, 221, 222], signs of diastolic [220-222] and systolic [223] 

dysfunction in diabetic adolescents.  

Although the consensus is that alterations in cardiac structure and function exist in diabetic 

adolescents, several studies have not shown differences [224, 225]. These contradictory 

results are possibly due to differences in sample sizes, study population or techniques 

employed to access cardiac function. Consequently, the effects of diabetes on the heart in 

T1D adolescents remained less defined as those observed in diabetic adults. Moreover, it is 

not known how the adolescent diabetic heart fills and ejects in response to exercise. 

1.6.6. Left Ventricular Structural Changes: Adolescents 

Although some studies have demonstrated increased LVM [206, 221, 222] in T1D 

adolescents, others have not [223]. One of the first studies to use M-mode echocardiography 

in children with T1D did not detect differences in LVM between diabetic and non diabetic 

controls [223]. However, this study did have several limitations. Though the groups were of 

similar average, the age range was wide, from 6.8 to 19 years old, making comparisons 

difficult. The LV wall assessments were performed on only 19 T1D participants out of 33 and 

42 out of 51 in the control group [223], introducing both potential bias and reduced power to 

detect differences. One year later, Labadidi et al. published a study involving 107 T1D and 

636 controls with ages ranging from 2 to 24 years [221]. The author, however, analysed the 

findings by allocating the participants into age groups. In this study, diabetic patients showed 

clear echocardiographic changes from non-diabetic controls, including increased chamber 

dimensions with increased age and hypertrophy of the interventricular septum, which was 

present in some patients older than 12 years. Hypertrophy was limited to thickening of the 

septum, which was present only in those older than 12 years who demonstrated concomitant 

cardiac chamber enlargement and decreased excursions of the septum. Interestingly, cardiac 

abnormalities were correlated to age but not diabetes duration or glycaemic control [221].  

Kimball and colleagues observed a greater LVM index in diabetic adolescents with a mean 

age of 17, years compared to controls (26 ± 6 vs. 22 ± 6 g/ht 
2.7

) [206]. The increase in LVM 
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was due to an increase in wall thickness since LV EDD was similar to controls. Results 

correlated with increased BMI, urinary albumin secretion and diabetes duration, but not with 

diabetes control as measured by HbA1c [206]. A recent study published by Suys and 

colleagues, using Doppler and TDI echocardiography measurements, provided new evidence 

of the altered myocardial structure in T1D adolescents [222]. In this study gender differences 

were apparent with diabetic females, but not diabetic males, having greater LV size than 

controls. These results were found in the absence of cardiac symptoms or diabetes 

complications. LV wall thickness was 10 % greater in the female participants and a trend to 

increased LVM (86 ± 29 vs. 72 ± 30 g p= 0.06) and LVM index (57 ± 12 vs.51 ± 12 p= 0.06) 

was observed in the females, but not in the males. This agrees with previous findings in 

diabetic adults, where increased LVM is more common in adult females than males [204]. 

Interestingly, another mixed gender study involving T1D adolescents did not observe 

differences between males and females, nor between diabetic and non-diabetic control [224]. 

This study did however observe that although there were no structural differences from the 

control group at baseline, after a period of 3 years LV posterior diastolic wall diameter 

increased in the diabetic group. Unfortunately, other studies investigating cardiac function in 

diabetic adolescents do not report myocardial structure data [220, 226]. In summary, limited 

data suggests changes in LV structure in diabetic adolescents that may be affected by gender. 

However, all of these data have been collected using echocardiography, which may 

overestimate LVM [40, 41].  

1.6.7. Left Ventricular Functional Changes:  Adolescents 

Signs of diastolic dysfunction have been reported in T1D adolescents at rest and include 

delayed myocardial relaxation and filling abnormalities [220, 222]. These differences may be 

more pronounced in diabetic females than males [222]. One study reported that females 

showed increased A, EDD, IVRT and E/E‟ and lower E/A ratio and E‟ compared to non-

diabetic controls, while males showed only increased IVRT [222]. The reasons for these 

differences are unknown. It is also important to note that several studies have not observed 

resting diastolic impairments in diabetic adolescents [223, 224, 226, 227]. Differences in 

sample size and the quality of research may contribute to the discrepancy in these findings. 

Therefore, more studies are needed to clarify the impact of T1D on LV function in 

adolescents. 
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Friedman and colleagues also demonstrated systolic impairments through increased end-

systolic dimension (ESD) and ESV, a diminished EF, and a decreased minor axis shortening 

and velocity of circumferential fibre shortening [223]. Their study involved an 

echocardiographic comparison of 33 children with known diabetes (average duration of 4.5 

years) and compared them to 51 normal children.  Interestingly, these results did not correlate 

with age, diabetes duration or HbA1c [223].  

It also remains unclear whether changes in resting SV occur in T1D.  Kimball et al. found 

that systolic function was improved in T1D  since higher SV and CO were observed in 

diabetic children compared to non-diabetic children [206]. EDD was similar and therefore the 

increased SV was attributed to a smaller ESD. It is important to mention that Kimball‟s study 

parameters were not adjusted for participants‟ body weight and the T1D group was 

significantly heavier than the control. Therefore, the increased SV and CO found in this study 

might be attributed to a larger body mass (kg) independent of diabetes [140]. Moreover, this 

study did not take into consideration the potential effects of differences in body composition 

and fitness level of participants. On the other hand, Gusso et al. showed that female T1D 

adolescents had reduced SV and CO at rest, and in response to sub-maximal exercise, 

compared to non-diabetic controls [228]. Parameters in this study were indexed for 

participants‟ fat free mass (figure 1.29). 
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Figure 1.29 Resting cardiac output (a, b), stroke volume (c, d) and a-vO2 (e) in type 1 

diabetic adolescents (red) compared to type 2 diabetic adolescents (blue), obese non-diabetic 

(green) and non-obese non-diabetic (black) adolescents. Adapted from Gusso et al. [228]. 
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1.6.8. Heart Rate and Diabetes 

Heart rate, which affects diastolic and systolic function, is altered in T1D adults and 

adolescents [186, 203, 217, 220, 223, 227, 229]. T1D individuals usually have higher heart 

rate at rest and in response to exercise than non-diabetic individuals [186, 203, 217, 220, 223, 

227, 229]. Shishehbor et al. found higher resting heart rates in a group of 25 T1D adults (46 ± 

10 years) with average diabetes duration of 26 years and glucose control of 7.6 %, compared 

to 26 non-diabetic controls. The resting heart rate in the diabetic group was 81 ± 9 bpm 

compared to 70 ± 9 bpm in the control group [203]. Torchinsky et al. conducted a 

retrospective study for a 1 year period in 148 T1D adolescents (12.5 ± 4.4 years; diabetes 

duration 4.5 ± 3.3 years) and reported an average resting heart rate of 87 ± 14 bpm [230]. 

This study also found a positive correlation between mean HbA1c and heart rate (figure 1.30) 

[230]. 

 

Figure 1.30 Mean heart rate correlation with mean HbA1c in youth with T1D. African 

American (solid line) and Caucasian (dashed line) patients. R= 0.22 p< 0.0068 . Adapted 

from Torchinsky et al. [230]. 

 

The mechanisms responsible for increased heart rate in diabetic individuals remain unclear. 

Bottini and colleagues (1995) investigated the cardiovascular response to exercise in 10 

diabetic males with neuropathy and 10 diabetic males without neuropathy, compared to 10 

controls [231]. They then subdivided the 10 diabetic participants with neuropathy into two 

groups of five participants; a group with parasympathetic damage to the autonomic nervous 

system and another with both parasympathetic and sympathetic damage. Overall, the diabetic 
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individuals had higher resting heart rates than controls. The authors observed that diabetic 

males with parasympathetic damage had higher heart rates at rest and during early exercise; 

however, as exercise progressed, the normal activation of sympathetic activity allows a 

normal hemodynamic response to peak exercise. On the other hand, those with both 

parasympathetic and sympathetic damage were unable to achieve a normal heart rate 

response throughout exercise.  The authors also observed that the norepinephrine and 

epinephrine responses were blunted in diabetic individuals with both parasympathetic and 

sympathetic damage during exercise.  

Hyperinsulinemia may also result in an increased heart rate and is associated with a dose-

dependent increase in circulating norepinephrine [232]. There have been varied results 

regarding the catecholamine levels in T1D with higher [229, 233, 234], normal [235] and 

reduced [236] levels reported in diabetics compared to non-diabetics. This could be due to 

methodologies, sample sizes and the demographics of the population used. Hyperinsulinemia 

causes a desensitisation of the sinus node response to both sympathetic and parasympathetic 

stimuli [237]. Higher resting heart rates in diabetic adults have also been significantly 

correlated with echocardiographic parameters of early filling [187]. In summary, resting heart 

rate is elevated in patients with diabetes, and may be influenced by hyperinsulinemia and/or 

increased catecholamine levels [186]. However, more investigations are required since some 

studies have reported no differences in heart rate between T1D individuals and non-diabetic 

controls and this might be due to study designs and populations [213, 222]. 

1.7. Vascular Function in T1D Individuals 

Accelerated atherosclerosis and microvascular disease, including endothelial dysfunction, are 

associated with diabetes [188, 200, 238].  Diabetic vessels are thicker, stiffer and unable to 

dilate properly [188, 200, 238]. Decreased FMD and increased carotid wall IMT, a marker of 

generalized atherosclerosis, have been shown in diabetic adults [239, 240]. Increased aortic 

augmentation index and the rate of wave travel, as well as increased systemic arterial 

stiffness have also been observed in diabetic adults [241]. Moreover, abnormal endothelium-

dependent vasodilation has been detected in forearm vessels [188, 189], the femoral artery 

[238] and coronary arteries [190] of patients with T1D.  

Hyperglycaemia, AGEs formation and lipoprotein modification are among the mechanisms 

that may cause vascular dysfunction in diabetes [200, 242, 243]. Hyperglycaemia induces 
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atherosclerosis by increasing oxidative stress [244], leading to increased low density 

lipoproteins (LDL) oxidation [245].  Hyperglycaemia also contributes to endothelial 

dysfunction by decreasing nitric oxide bioavailability [246]. The irreversible formation and 

deposition of AGEs on vessel walls, a consequence of hyperglycaemia, promotes the 

oxidation LDL [90, 200] and alterations in endothelium-dependent vasodilation [90, 200, 

247]. In endothelial cells AGEs promote a decrease in NO bioavailability [90] and enhance 

expression of ET-1 [247]. Thus, AGEs alter the balance of NO and ET-1 to favour 

vasoconstriction.  

Blood FMD is reduced in diabetic individuals [190, 239, 248]. As mentioned earlier in this 

review, FMD is an endothelium-dependent measurement used as a marker for subclinical 

cardiovascular disease. Reduced FMD is associated with abnormal cardiac function and 

becomes more evident with increased T1D progression [239]. Shivalkar et al. examined FMD 

in the brachial artery, cardiac function (Doppler echocardiography) and carotid IMT in a 

group of 100 diabetic (age 22 - 63 years) and 75 controls without cardiovascular disease 

[239]. They found that FMD was decreased and IMT increased in the diabetic group. Those 

in their first decade of disease (± 7 years of diabetes) were able to increase FMD by 8%, 

those in their second decade (± 18 years of diabetes) had a 6.6 % increase and those in the 

third decade (± 29 years of diabetes) had only a 4.9 % increase. Moreover, Olli-Pekka 

Pitkanen et al. investigated the coronary flow reserve in a group of young males with T1D 

using positron emission tomography [190]. Myocardial blood flow at baseline was similar 

between diabetics and non-diabetics subjects; however, myocardial flow during hyperaemia 

was 29% lower in the diabetic group. Consequently coronary flow reserve was lower in the 

diabetics and the total coronary resistance during hyperaemia was higher in the diabetic 

group. In this particular study no correlation was found between coronary flow reserve and 

HbA1c [190].  

As mentioned previously, ATP acts as a potent vasodilator on functional sympatholyis. 

Impairments in ATP activity in diabetic individuals may have implications for the 

pathogenesis of the reduced vascular function seen in diabetics. Vasodilatory potency of 

purigenic system is attenuated in older diabetic individuals with endothelial dysfunction 

[101]. This could be impairing the regulation of vascular tone in diabetic individuals during 

exercise. Diabetic individuals have less ATP available, increased vasoconstriction 

counteraction, reduced bioavaiability of different mediators and differences in ATP receptors 

sensitivity [101, 102]. Recent studies have shown that T2D patients with endothelial 
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dysfunction (shown by reduced leg blood flow after acetylcholine infusion) are likely to have 

reduced exercise capacity due partly to less availability of ATP in combination with a 

reduction in vasodilatory potency of ATP [101, 102]. 

Vascular impairments usually occur as a consequence of aging and the progression of 

diabetic complications [239]; however T1D adolescents already present with signs of 

impaired vascular function [249-252]. Following the trend observed in diabetic adults, T1D 

adolescent already display increased IMT [249, 250], decreased endothelial function and 

reduced flow mediated dilation [252, 253].  

As previously mentioned, carotid artery IMT and endothelial function measured via blood 

FMD are impaired in T1D youth. Carotid artery IMT obtained via high resolution ultrasound 

has been showed to be significantly increased in T1D youth compared with healthy controls 

[249-251]. As seen in figure 1.31, diabetic youth, with or without endothelial dysfunction, 

have increased IMT compared to non-diabetic controls [253]. Moreover, increased IMT is a 

structural marker of early atherosclerosis that correlates with vascular risk factors [253]. 

Increased IMT in diabetic individuals has been correlated to HbA1c [251], BMI [250, 251], 

total cholesterol, LDL levels [250] age and diabetes duration [251].  

 

Figure 1.31 Carotid IMT in control, diabetic children without endothelial dysfunction (DM, 

EDF-), and diabetic children with endothelial dysfunction (DM, EDF +). Adapted from 

Jarvisalo et al. [253]. 
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T1D adolescents also have decreased endothelial and smooth muscle function compared to 

healthy controls [252-254]. Jarvisalo et al., using ultrasound, showed that flow mediated 

dilation of the brachial artery was almost 50% lower in T1D vs. non-diabetic (4.4 % vs. 8.7 

%) [253]. They recruited 45 T1D youth (mean age 11 ± 4 years; diabetes duration 4.4 years) 

and 30 non-diabetic controls. Of the diabetic participants, 36 % had endothelial dysfunction 

defined as total FMD response in the lowest decile for healthy children. The authors also 

found that FMD was associated with carotid artery IMT, which was increased in the diabetic 

group in this particular study [253].  On the other hand, others, have not found differences in 

carotid IMT in T1D teenagers, although lower FMD was present compared to controls [248]. 

Suggesting perhaps that endothelial dysfunction was probably impaired in diabetic youth 

within the first decade of the disease, while increased IMT would probably only occur later 

on in the progression of the disease. However, as Jarvisalo‟s study demonstrates 

abnormalities in both FMD and IMT can appear early on in the disease progression [253]. In 

support of this hypothesis, Pichler et al. reported that a group of 40 healthy T1D children 

(12.8 ± 2.9 years; diabetes duration averaging 51 months), without other vascular disorders, 

had impaired forearm blood flow at rest and in response to one-minute handgrip exercise 

compared to 40 healthy controls [252]. Pichler et al. used near-infrared spectroscopy to 

measure skeletal muscle blood flow in small vessels of the forearm. At baseline, forearm 

blood flow was decreased in diabetic individuals (1.39 vs. 1.90 ml/100g muscle/min) and 

showed an inverse correlation with age in both groups  [252]. After exercise, blood flow 

increased less in the diabetic group compared to controls (0.70 vs. 1.15 ml/100g muscle/min) 

and remained lower during all assessments performed during recovery (figure 1.32). 

However, this and other studies in diabetic youth were unable to distinguish whether the 

decreased flow was due to metabolic, vascular or neurogenic mechanisms. Therefore, the 

relationship between glycaemic control or diabetes duration and vascular impairments 

remains unclear in diabetic youth [249-251]. Collectively, these data indicate that vascular 

impairments are present in diabetic youth and may predispose them to early vascular 

abnormalities. The functional consequences of these abnormalities in adolescents are unclear, 

but they could be playing an important role in the decreased exercise capacity seen in diabetic 

youth by inhibiting blood flow and oxygen delivery to peripheral tissues. Furthermore, it 

remains unclear as to whether exercise hyperaemia is an endothelium-dependent or 

independent mechanism, and further investigations of vessel response to exercise in the 

diabetic population are needed. 
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Figure 1.32 Forearm blood flow (FBF) at rest and after 1 minute rhythmic handgrip exercise 

in T1D (open circles) and healthy children and adolescents (dark circles). * p= 0.026 FBF is 

significantly different between groups at rest. ** p= 0.003 FBF is significantly different 

between groups 1 minute after exercise. # p < 0.001 FBF significantly increased after 

exercise. Adapted from Pichlet et al. [252]. 

 

1.8. Exercise Capacity and Diabetes 

Type 1 diabetic adults have reduced exercise capacity compared to non-diabetic adults [189, 

218, 231, 255-257]. The causes for this reduction are undefined; however there is evidence 

that reduced aerobic capacity is correlated to diabetic complications [255, 257, 258] and poor 

glycaemic control [255, 259]. Niranjan et al. investigated the extent of cardiopulmonary 

abnormalities during exercise in T1D adults and the relationship of these impairments to 

long-term glycaemic control. The study involved three groups: non-diabetic, diabetic with 

well-controlled diabetes (mean HbA1c 5.6 %) and diabetic individuals with poor glycaemic 

control (mean HbA1C 8.8 %). Participants completed baseline assessments and were then 

followed for 7 years. Their final results showed that both diabetic groups had lower aerobic 

capacity than controls, with a greater reduction in the poorly controlled diabetic group. 

Moreover, the poorly controlled group had lower maximal heart rate response to exercise 

compared to the well-controlled group [255]. Recently, Demir et al. reported similar findings 

in a group of 330 T2D adults [259]. 
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 Impaired cardiac function clearly contributes to reduced exercise capacity in asymptomatic 

T1D [218, 235, 255, 258].  Diabetic adults have reduced CO response to exercise [218, 235, 

255, 258]. Figure 1.33  shows the CO response to exercise in a group of T2D and T1D adults, 

with or without autonomic neuropathy (R-R variation), compared to a group of non-diabetic 

individuals [235]. The reduced CO response to exercise in diabetic individuals has been 

mostly attributed to lower SV [218, 235, 256, 258, 260], although abnormalities in heart rate 

response have also been reported [255]. In the few studies available, the reduction in CO 

during exercise has been found to be independent of diabetes duration [218] and diabetic 

complications [258].  

 

Figure 1.33 Cardiac output response to graded exercise of T2D and T1D adults with and 

without neuropathy compared to healthy controls. Diabetic individuals with normal RR-

variation (cross) and with abnormal RR-variation (open circle) displayed reduced CO 

compared to healthy controls (dark circle). Adapted from Roy  et al. [235]. 

 

The first comprehensive studies to investigate the hemodynamic response to exercise in 

diabetic individuals were performed in the 1960‟s. Kalerfors and colleagues (1966) used 

cardiac catheterization to show that male T1D adults had lower CO during supine exercise 

than healthy controls due to decreased exercise SV. No differences in CO or SV were 
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observed at rest [218]. Later studies using different methodologies, or degrees of diabetes 

complications obtained similar results [255, 258, 261].  

The inappropriate SV response to exercise in diabetic adults could be attributed to several 

mechanisms, including changes in systolic or diastolic function. Abnormal systolic function 

is not commonly reported at rest in diabetic subjects, but has been more consistently observed 

during exercise [186, 187, 213, 220, 222, 262-264]. The assessment of LV performance in 

diabetic patients is usually determined by the change in EF in response to dynamic exercise. 

Several studies conducted during the 1980‟s showed an impaired EF response to exercise in 

T1D adults [263, 265-268] which was attributed to abnormal contractility [263, 265, 267]. 

Vered et al., using radionuclide ventriculography at rest and during exercise in a group of 30 

young men with T1D, showed no differences in LV function at rest. However, 44 % of the 

diabetic group had lower than predicted increases in EF [263]. Therefore, impaired exercise 

LV performance is often not predicted by LV abnormalities at rest [213]. Early studies 

performed at rest may therefore have been misinterpreted and assessments during exercise 

should be explored in order to thoroughly investigate LV function. In Vered‟s study the 

diabetic group increased their EF from 66 % to 72 % in response to exercise while the non-

diabetic group from 66 % to 76 % [263]. Moreover, 17 % of the diabetic patients had a 

decrease in EF after exercise of more than 4 % and 27 % diabetics did not change EF in 

response to exercise. Interestingly, LV function was not correlated to glucose levels, insulin 

dose or diabetes duration [263]. Mildenberger et al., using a similar technique at rest and 

during exercise in a group of young adults with T1D, demonstrated comparable results to 

Vered‟s study with 35 % of diabetic individuals displaying a decreased EF response to 

exercise [267]. However, this technique largely ignores the potential role of changes in 

afterload and preload, which can substantially alter ventricular function. Afterload is largely 

determined by SBP and exaggerated BP and heart rate responses are common during exercise 

in diabetic individuals [218, 258, 269].  Borow et al., using a similar technique, found that 45 

% of participants displayed decreased EF response to exercise [270]. However, after indexing 

results to heart rate and loading conditions, there was no evidence of abnormalities in LV 

contractility in diabetic individuals. Thus, exercise research examining at LV function should 

aim to eliminate or reduce load influences. 

More recent Doppler studies confirm that EF, SV index and CO index are lower in the T1D 

individuals [213, 262]. Scognamiglio et al. studied 14 young diabetic adults (average 28 

years old), using two-dimensional echocardiography and coronary angiography at rest and 
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during isometric exercise. Cardiac inotropism was stimulated by two interventions (post-

extrasystolic potentiation and dobutamine). Systolic function (LV volume, EF and ES wall 

stress) was not different at rest. However, EF was significantly reduced in the diabetic group 

in response to exercise [262]. After the inotropic assessments the authors reported abnormal 

sympathetic nerve fibre response in the diabetic group. Thus, defective inotropic recruitment 

plays an important role in the abnormal response to exercise in diabetic individuals, despite 

normal contractility at rest.  Interestingly poor diabetes control was associated with impaired 

systolic function during exercise. Recently, Palmieri et al. supported Scognamiglio‟s findings 

by showing that diabetic individuals, but not controls, increased ESV during peak exercise 

while EDV (an indicator of preload and a key element of the Frank-Starling mechanism) and 

maximal heart rate were not different between diabetic and controls [213]. The authors also 

found that the impairments in systolic function in response to exercise were independent of 

age, gender, LVM index, systolic or diastolic function at rest [213]. 

Diabetic individuals may be less able to increase or maintain EDV during exercise. Danielsen 

et al. used echocardiography to measure EDD, ESD and fractional shortening of T1D adults 

at rest and during two sub-maximal exercise levels (50 and 100 watts) [271]. They found that 

the T1D group had an increased heart rate response and a decreased LV EDD during the two 

sub-maximal exercise levels (figure 1.34). ESD was not different between groups during 

exercise, decreasing in both groups from rest to exercise. These data suggest that diabetic 

individuals may also have impaired LV filling response to exercise, as indicated by smaller 

EDD. However, the parameters used in this study were pre-load dependent and could also be 

explained by other variables, such as a reduction in blood volume. The diabetic group also 

had a greater heart rate response and thus a shorter time for diastole than the control group 

that may have independently affected LV filling. Therefore, future studies should aim to use 

more load independent assessments when looking at LV function in diabetic individuals.  
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Figure 1.34 LVEDD and LVESD response during moderate exercise in controls (dark 

circles) and T1D individuals (open circles). T1D individuals showed decreased LVEDD in 

response to exercise compared to controls. Adapted from Danielsen et al. [271].  

 

Diastolic and systolic function during exercise has been more frequently examined in T2D 

individuals [272, 273]. Regensteiner et al. performed invasive procedures (catheterization 

and myocardial perfusion) to assess cardiac function in a group of 22 premenopausal women 

with uncomplicated and recently diagnosed T2D (average diabetes diagnoses 3.6 years) 

[272]. The assessments were also performed in a group of 22 non-diabetic controls. There 

were no differences in resting hemodynamics between groups; however during exercise the 

diabetic group had significantly higher PCWP measurements than controls (148 % increase 

vs. 109 %) (figure 1.35) [272]. Moreover, myocardial perfusion was also lower and inversely 

related to peak exercise PCWP, in the diabetic group. Interestingly, increased PCWP was 

seen even in those with normal resting systolic and diastolic function. Therefore, diastolic 

dysfunction during exercise appears to be present even without signs of resting diastolic 

dysfunction [272]. Contractile mechanisms may also be impaired in T2D adults. Ha et al. 

using non-invasive TDI showed that ventricular tissue velocity during exercise was blunted in 

T2D individuals [273]. As in Regensteiner‟s (2009) study, the diabetic individuals did not 

present with abnormalities in tissue function at rest. Tissue abnormalities appeared only in 

response to exercise [273]. This is important to notice when assessing the cardiac function in 

the diabetic population. That is, resting assessments may not be enough to portray the cardiac 
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condition in a diabetic individual and exercise assessments should be performed more 

frequently, even if there is no indication of abnormalities at rest. 

 

 

Figure 1.35 PCWP increases disproportionately more with increasing work rate during 

graded exercise to OV 2max in women with T2D (top figure) compared to non-diabetic 

controls (bottom graph). Adapted from Regensteiner et al. [272]. 
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Peripheral vascular mechanisms may also be involved in the reduced exercise capacity in 

diabetic individuals. Lalande et al. investigated femoral artery blood flow in a group of T2D 

men at rest and in response to exercise [110]. The diabetic group had 20 % lower OV 2max 

than their non-diabetic matched controls. The study used MRI technology to show that 

diabetic individuals had decreased leg blood flow during sub-maximal exercise compared to 

non-diabetic men (figure 1.36). Interestingly, they also acquired data on cardiac function 

during the light exercise. Not surprisingly, the diabetic group also had decreased SV and 

increased heart rate in response to exercise [110]. Studies using other techniques have also 

observed impairments in peripheral vascular function, such as decreased a-vO2 in diabetic 

individuals [274]. Though the parameters from the studies mentioned above were not 

obtained at maximal exercise, they also suggest that both peripheral (femoral artery blood 

flow and a-vO2) and central (SV) alterations limit exercise capacity in diabetic individuals. 

In summary, both vascular and cardiac abnormalities have been observed in diabetic 

individuals in response to exercise.  
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Figure 1.36 Heart rate (A), SV indexed to fat-free mass (B), CO indexed for fat-free-mass 

(C), and femoral artery blood flow indexed to thigh lean mass (D) responses to low-intensity 

exercise in patients with T2D (dark circles) and controls (open circles). * p< 0.05 between 

T2D and controls. † p< 0.05 from rest to exercise in the both groups. Adapted from Lalande 

et al. [110]. 
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1.8.1. Exercise Capacity:  Adolescents  

Some, but not all, studies have reported reduced exercise capacity in T1D adolescents 

compared to healthy non-diabetic adolescents [228, 275-283]. A gender effect has also been 

documented, with diabetic girls displaying lower OV 2max than boys [282]. The gender effect 

needs more clarification, but it could be explained by the increased LV abnormalities 

observed in females seen previously [222]. A recent study in this lab showed that female type 

1 diabetic adolescents had a 23 % reduction in maximal aerobic capacity compared to non-

diabetic adolescents [228]. The underlying reasons for the reduction in maximal exercise 

capacity in diabetic adolescents are less defined than in T1D adults. It is still unclear whether 

the central (heart) or peripheral (blood vessels) functional changes are responsible for this 

reduction.  

In the early 1960‟s, Larsson et al. was one of the first researchers to show a reduced exercise 

capacity in diabetic adolescents (particularly in females) [276]. Subsequently, few studies 

have been undertaken to investigate the causes of these impairments. Baraldi et al. studied the 

exercise capacity of 33 well-controlled T1D boys and girls (age 9-15 years) compared to 47 

non-diabetic controls. OV 2max was reduced in the diabetic group compared to controls (41.2 

± 5.9 vs. 46.3 ± 9.6 ml/kg/min) [277]. Maximal heart rate was similar between groups; 

however O2 pulse ( OV 2/heart rate) was significantly lower in the diabetic group. Lower O2 

pulse reflects reduced O2 delivery to peripheral tissues, which is often attributed to reduced 

cardiac output. Neither OV 2max, nor O2 pulse, correlated with diabetes duration [277]. 

Komatsu et al. evaluated the exercise capacity of 72 T1D children and adolescents, with ages 

ranging from 9 to 20 years compared to 46 non-diabetic controls [281]. The diabetic group 

had lower OV 2max compared to non-diabetic controls (41.57 ± 7.68 vs. 51.12 ± 9.94 

ml/kg/min) and lower maximal heart rate response (189 vs. 195 bpm) [281]. 

Recently Gusso et al., using the CO2 rebreathing technique, investigated the role of CO and 

a-vO2 during sub-maximal exercise in four groups of adolescent girls; lean non-diabetic, 

obese non-diabetic group, obese T2D and T1D [228]. As shown in figure 1.37, both T1D and 

T2D adolescents had an attenuated increase in CO with exercise. This was predominantly due 

to reduced SV response to sub-maximal exercise because data were collected at identical 

exercise heart rates.  Calculated a-vO2 was not different between groups, suggesting that 

peripheral oxygen extraction was not affected by diabetes in these subjects [228].  
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Figure 1.37 Sub-maximal exercise cardiac output (a,b), stroke volume (c,d) and a-vO2 (e) in 

type 1 diabetic adolescents (red) compared to type 2 diabetic adolescents (blue), obese non-

diabetic (green) and obese non-diabetic (black) adolescents. Adapted from  Gusso et al.[228]. 

 

In healthy adolescents the increase in SV during exercise has been attributed to a decreased 

ESV, resulting from improved contractility [141]. This mechanism may be impaired in 

adolescents with diabetes. Baum et al. used echocardiography to show that a group of 25 

T1D teenagers (average 14 years of age and 6 years of disease duration) with similar LV 

function at rest, had an attenuated increase in fractional shortening and rate-corrected velocity 

of circumferential fibre shortening following exercise [226]. Therefore, contractile 

dysfunction may manifest during increased cardiac demand such as with exercise and impair 
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the exercise capacity of diabetic adolescents. There is currently no information on the filling 

capacity during exercise in T1D adolescents. In summary, T1D adolescents appear less able 

to increase SV during exercise due to an attenuated systolic exercise response, however the 

impact of diastolic abnormalities have not been assessed.  In addition, there are suggestions 

that T1D adolescents have a blunted exercise heart rate response, which can also affect 

exercise performance. Additional studies, using modern load-independent methods, are 

required to investigate LV function during exercise in diabetic adolescents. 

1.9. Exercise Training and Diabetes  

Physical activity reduces cardiovascular mortality and disease in T1D adults [284] and 

improves OV 2max [285-294]. Improvements in OV 2max after periods of training have ranged 

from 8 % up to 28 % in diabetic adults [285-294]. Although exercise training has been shown 

to improve OV 2max, training effects on glycaemic control, body composition, heart rate and 

cardiac and vascular performance remain less defined. Methodological differences, including 

intensity, type and duration of exercise training as well as sample sizes and assessment 

techniques, has made interpretation of the literature difficult [285-294]. For instance, exercise 

training interventions in diabetic adults have varied in length from 12 weeks up to 6 months, 

with the majority of studies involving 12 weeks of training. Intensity and duration of exercise 

has ranged from 50 % to 85 % of maximal heart rate capacity and from 20 to 60 minutes 

exercise per session. Likewise, training studies have large variations in sample size; gender 

and participant‟s age [285-294]. 

There is minimal data to support the beneficial effect of training on glycaemic control in T1D 

adults. Most studies show no improvements in HbA1c after training [285, 287-290, 292, 293]. 

The failure to demonstrate a decrease in HbA1c could be attributed to the survival time of red 

blood cells (120 days). Therefore, training adaptations may not be apparent following 8 - 12 

weeks of training (short periods of training). Furthermore, alterations in diabetes treatment 

during exercise interventions, such as reduced insulin dose and/ or increased food intake, has 

been reported in diabetic individuals and could potentially minimise the impact of exercise on 

HbA1c [293]. Prolonged (8 - 10 months) exercise interventions in T1D individuals have 

shown that a steady decline in HbA1c can be achieved [290, 295]. Perry et al. observed a trend 

towards lower HbA1c in a group of T1D individuals after 6 months low-intensity 

(walking/cycling) exercise [290]. Moreover, Veves et al. studied a group of trained and 

untrained diabetic individuals and found an inverse correlation between HbA1c and OV 2max 
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(L/min), indicating that fit diabetics were likely to have a better glycaemic control (figure 

1.38) [189]. Thus, prolonged exercise interventions need to be implemented to further 

investigate the impact of exercise training on glycaemic control. 

 

Figure 1.38 Relationship between HbA1c and VO2max in diabetic adults. An inverse 

correlation is observed, indicating that higher fitness levels are associated with better 

glycaemic control. Adapted from Veves et al. [189].  

 

The impact of exercise training on body composition in diabetic individuals remains 

controversial. While some studies have observed changes in body weight or percentage fat 

after training interventions [288, 289], the majority have not [285, 287, 290, 292, 293]. It is 

possible that differences in caloric intake and exercise protocols may have contributed to this 

lack of effect on body composition. McCargar et al. showed that 12 weeks exercise training, 

three to five times a week for one hour at up to 80 % of maximal heart rate decreased waist to 

hip ratio [289]. Lehman et al. showed that after the same period of training and a very similar 

protocol total body weight, waist to hip ratio and percentage of fat decreased in a group of 20 

T1D adults [288]. Interestingly, some studies have also demonstrated that exercise training 

protocols improve lipid profile [287, 288, 292] and decrease insulin use in T1D adults [285, 

289].  

A tendency for decreased heart rate has been observed in T1D adults after periods of exercise 

training [285, 288, 289, 291, 292]. Wallberg et al. showed that after five months of daily 

cycling (20 minutes a day) at 75- 90 % of maximal heart rate sub-maximal heart rate response 

r = - 0. 42    p < 0.05 
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of T1D individuals reduced from 151 to 142 bpm [292]. Similarly, McCargar et al. showed 

that, after 12 weeks of training (three to five times a week at 60 – 80 % maximal heart rate), a 

group of 12 male T1D adults had reduced heart rates at a constant workload from 183 to 175 

bpm [289]. In addition, Schneider et al. observed that three months training resulted in 

decreased resting heart rate in a group of T1D adults from 86 to 81 bpm [291].  

Few studies have investigated the impact of training on the vasculature of diabetic individuals 

[285], with the majority involving T2D adults [296, 297]. Fuchsjager et al. studied the impact 

of four months training on vascular function in 26 T1D adults (average 33 years old) [285]. 

Vascular function was assessed by flow-mediated and endothelium independent dilation of 

the brachial artery and resistance vessels in response to intravenous N
G
-monomethyl-L-

arginine. Training improved OV 2max by 13 % after two months and 27 % after four months. 

Flow-mediated dilation of the brachial artery increased 6.5 % at two months and 9.8 % after 

four months training [285].  

Studies in T2D individuals have also noted the benefits of exercise training on vascular 

function [297, 298]. Maiorana et al. used ultrasound to examine the impact of eight weeks of 

combined aerobic and resistance exercise training in 16 T2D individuals (52 years) [297]. 

Training was performed three times a week in one hour sessions. The aerobic training was 

targeted at 70 - 85 % of participants‟ heart rate and the resistance training set at 55 to 60 % of 

pre-training maximal workload. Exercise training increased OV 2max and decreased HbA1c 

(8.5 % to 7.9 %). FMD after forearm ischaemia, which is endothelium-and NO-dependent 

increased after training from 1.7 % to 5.0 %. In contrast, the response to nitroglycerine, an 

endothelium independent vasodilator was not changed by training (13.1 % vs. 13.7 %) (figure 

1.39) [297]. Interestingly, no correlation was found between glycaemic control and changes 

in FMD. McGavock et al. examined large artery compliance in 17 post-menopausal women 

with T2D after only 10 weeks of combined aerobic and resistance exercise [298]. OV 2max 

increased by 15 % while artery compliance increased by 16 %. Considering these results, 

more studies in the T1D population should be encouraged in an attempt to understand the 

benefits of exercise training within the vascular beds of T1D individuals. 
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Figure 1.39 T2D adults vascular function after 8 weeks exercise training. Graph A shows the 

endothelium-dependent response to flow-mediated dilation (FMD) (p< 0.001). Graph B 

shows the endothelium-independent response to nitroglycerine (GNT) (n=15). The open 

circles correspond to assessments done at pre-training; dark circles correspond to assessments 

performed after eight weeks of exercise training. Adapted from Maiorana et al. [297]. 

 

Currently there are no published studies on the impact of a specific exercise training protocol 

on LV function during exercise in T1D individuals. Animal research has demonstrated that 

moderate exercise training can attenuate structural abnormalities and improve cardiac 

haemodynamics (SV and CO) in T1D rats [207]. Loganathan et al. used MRI scans to 

observe LV function before and after 9 weeks running training in streptozotocin-induced 

diabetic rats. CO and SV increased after training in the diabetic exercise group and this was 

attributed to increased EDV (figure 1.40) [207]. Interestingly, the training-induced increase in 

volumetric parameters in the diabetic exercise group only reached similar levels to the 

sedentary controls. This suggests that, although there is some reversibility in cardiac function 
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with exercise training, it is not completely normalised. Currently, only one study examined 

the impact of endurance training on left ventricular function in T1D youth [299]. Obert et al. 

examined the impact of two months endurance training in 25 pre-pubertal T1D children. 

Fitness increased by 6.5% however no changes were seen in diastolic function assessed by 

TDI [299]. This result could be attributed to the very short-term training period (2 months); 

moreover all left ventricular assessments were performed solely at rest. Therefore it is not 

possible to establish if there were alterations to the left ventricular function during exercise.  

Investigations in diabetic humans are needed to clarify these functional and structural 

cardiovascular modifications in response to exercise training. 

 

Figure 1.40 Volumetric profiles at different phases of the cardiac cycle in sedentary control 

(white circle-straight line), sedentary diabetic (black circle-straight line) and exercise diabetic 

(gray circle-dashed line) rats. Number 1 on the cardiac cycle phase represents end- diastolic 

volume and those at 6 represent end-systolic volume. Adapted from Loganathan et al. [207].  

 

Recent studies in T2D individuals have contributed to the understanding of the impact of 

exercise training on cardiovascular function in diabetic individuals [294]. These studies have 

shown that the increased exercise capacity seen with exercise training can potentially 

minimise cardiac dysfunction in diabetic individuals. Brassard et al. trained a group of 11 

previously sedentary well-controlled (6.4 % HbA1c), T2D patients (age 58 ± 8 years) for a 

period of three months [294]. The exercise regime consisted of 60 minutes cycle exercise, 

three times a week, at fixed workloads of 60 - 70 % of OV 2max. Doppler assessments were 
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performed at baseline and after the intervention. OV 2max increased by 13% in the diabetic 

training group. Moreover, 45 % of the diabetic individuals with diastolic dysfunction at 

baseline normalized their function after training (figure 1.41). Exercise decreased A wave and 

increased the E/A ratio. As the authors point out, the sample was small and the results may 

only be applicable in well controlled T2D individuals [294]. 

 

Figure 1.41 Impact of three months exercise training on LV diastolic function in T2D 

individuals. Graphs show the different degrees of diastolic dysfunction in study participants. 

On the left side is the diabetic group that trained and on the right the diabetic controls. Dark 

circles represent pseudonormal filling pattern; gray circles represent abnormal relaxation and 

open circles represent normal diastolic function. Adapted from Brassard et al. [294]. 

 

1.9.1. Exercise Training: Adolescents 

Exercise training is recommended to adolescents as part of the management of diabetes 

mellitus. Several health agencies recommend accumulation of at least 30 minutes of 

moderate-intensity physical activity on most, and preferably all, days of the week to obtain 

health related benefits. More precisely, the American Center for Disease Control and 

Prevention recommends that adolescents should engage in at least 60 minutes of moderate-

intensity exercise (aerobic and resistance training) most days of the week and preferably daily 

[300]. Unfortunately, exercise training studies in diabetic adolescents have not followed these 

recommendations varying in length, duration, intensity and frequency [275, 278-280, 301-

305]. As in adult studies, the length of exercise interventions have ranged from 8 - 20 weeks, 

with the majority involving 12 weeks of training [275, 278-280, 301-305]. Unfortunately, 
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those including 12 to 20 weeks of training had lower frequency and intensity than 

recommended. Frequency has commonly been limited to three times a week, with only one 

study having higher frequency [275, 278-280, 301, 302, 305].  However, the study with 

higher frequency was performed for only 30 minutes per session and was performed over a 

short period of 10 weeks [302]. Exercise session durations have varied from 30 minutes to 

one hour. The types of exercise have also varied between studies, the majority including only 

aerobic exercise [275, 276, 301, 302, 306]. Few  incorporated some resistance training [305], 

callisthenics [279] or circuit training [278] into the program. A summary of the main findings 

from exercise interventions in T1D adolescents can be viewed on table 1.2. As illustrated in 

table 1.2, the length of the study, type of exercise, exercise duration and intensity have been 

variable and almost universally less than recommended with the majority averaging 12 weeks 

of aerobic exercise, three times a week, for 45 minutes.  

Table 1.2 Summary of exercise training studies in T1D adolescents. 

A= aerobic training; RT= resistance training; HR= heart rate; BMI= body mass index; ↑ 

increased; ↔ no changes; ↓ decreased [275, 278-280, 301-305]. 

 Study 

length 

Exercise 

mode 

Exercise 

prescription 

VO2max HR BMI HbA1c Lipids 

profile 

Insulin 

use 

Larsson 1964 20 weeks A 1xweek ↑    ↓  

Costill 1979 10 weeks A 5x 30 min ↑ ↓  ↔ ↓ fasting 

glucose 

 ↓  

Campaigne 1984 12 weeks A 3x 30 min ↑ ↔  ↓  ↔ 

Landt 1985 12 weeks A 3x 45 min ↑  ↑ lean mass ↔  ↑ insulin 

sensitivity  

Stratton 1987 8 weeks A + RT 3x 45 min ↑ ↓  ↔ ↔ ↔ ↓ 

Manero 1988 12 weeks A + 

callisthenic 

3x 30 min ↑    ↓  ↔ 

Mosher 1998 12 weeks A+ RT 

 (circuit) 

3x 45 min ↑   ↓% fat 

↑lean mass 

↓ ↓  

Ramalho 2006 12 weeks A vs. RT 3x 40 min ↑ A 

↑ RT 

 ↔ 

↔ 

↑ in the A 

group 

↔ 

↔ 

 

Sideraviciute 

2006 

14 weeks A 2x45 min ↑  ↓% fat  ↔  
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Even though there is limited research available, improvements in aerobic capacity after 

training have been observed. Exercise training interventions in diabetic adolescents have been 

shown to increase aerobic capacity [275, 276, 278-280, 301-305].  Interestingly, as noticed in 

one of the first training studies in T1D adolescents (figure 1.42), although exercise training 

improved aerobic capacity in diabetic adolescents, the improvement was smaller than those 

reported in healthy adolescents [307]. The reasons for this impaired training capacity remain 

unclear and there are no published studies investigating the impact of training on the 

mechanisms that might be affecting this capacity, such as cardiac and vascular response in 

diabetic adolescents.  

 

Figure 1.42 Changes in OV 2max with training and detraining in T1D adolescents. The 

straight line represents the diabetic participants and the dashed line (----) the non-diabetic 

results [307]. 

 

The impact of exercise training on body composition, lipid profile and glycaemic control in 

diabetic adolescents has been previously investigated [275, 278-280, 301-305]. Changes in 

body composition have included reduced fat content [278, 306] and increased lean mass [275, 

278]. Several studies, however, have failed to demonstrate significant changes in body 

composition [280, 302, 305]. This again could be due to the diversity of study protocols and 

methodologies applied. Controversy also exists with regard to the impact of training on lipid 
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profile. Improvements in high density lipoprotein (HDL) and LDL with training were found 

in some [276, 278, 302], but not all, studies [279, 301, 305]. Interestingly, exercise training 

has been shown to have a positive effect on insulin use. Insulin use has been noted to 

decrease [302, 305] and  insulin sensitivity enhanced after exercise training  [275]. 

The impact of exercise training on glycaemic control of adolescents remains unclear. A few 

studies have observed improvements in HbA1c [278, 279, 301], while the majority found 

none [275, 276, 280, 302, 305, 306]. Studies that have observed changes in glucose control 

report only modest changes. Mosher et al. observed a 0.96 % decrease in HbA1c after 12 

weeks of training, while Campaigne et al. observed a 1.2 % decrease after 12 weeks training 

[278, 301]. The diversity in findings regarding body composition, lipid profile and glycaemic 

control are likely a reflection of the differences in exercise protocols, populations and 

assessment methodologies. New studies with more delineated populations and protocols are 

needed to clarify the impact of exercise training on the body composition, lipid profile and 

glycaemic control in diabetic adolescents. 

There is a lack of information regarding the impact of exercise training on the heart rate 

response to exercise in diabetic adolescents. Most studies do not report a training influence 

on heart rate [275, 276, 278-280], while a few show a reduction in heart rate response during 

sub-maximal [305] or maximal exercise [302] after training. Stratton et al. trained a group of 

16 T1D young adult males (average 21 years old) for eight weeks (three times a week for 45 

minutes). Sub-maximal heart rates decreased from 175 to 160 bpm in the exercise training 

group [305]. The mechanisms triggering this reduction may be similar to those observed in 

adults. Nevertheless, more detailed studies are necessary to validate this statement. 

In conclusion, future exercise programs should aim to fulfil international recommendations 

and include both aerobic and resistance training, with longer training periods (more than 12 

weeks), greater frequency (more than three times a week) and longer exercise sessions (60 

minutes). Furthermore, studies should aim to evaluate the impact of diabetes on 

cardiovascular function in adolescents and the role of exercise to minimise/ alter this effect. 

The health and cost-benefit of preventing/minimising T1D cardiovascular complications is 

becoming increasingly apparent. This is particularly true in a growing number of adolescents, 

who face a lifetime of diabetic complications and reduced quality of life. 
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Chapter 2. METHODOLOGY 

This chapter describes the methodologies used to address the study aims. This section 

includes detailed descriptions of participants, recruitment criteria, equipments, techniques and 

methodologies used, pilot study data and reliability analyses.  

 

2.1. Overview of study design 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RECRUITMENT 

T1D Exercise Training ND Exercise Training T1D Controls 

Visit 01 

Peripheral Vascular Function 

Body Composition 

Functional Aerobic Capacity ( OV 2max test) 

 

RANDOMISATION 

Visit 02  

(MRI scans) 

Left Ventricular Function 

Femoral Artery Blood Flow  

Intervention Period (20 weeks) 

Post Intervention 

Figure 2.1 Flow chart description of study design 
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2.2. Participants   

2.2.1. Sample Size Estimation  

The variable utilized for sample size calculation was the change in relative OV 2max 

(ml/kg/min) in response to exercise training. This was used since there were no records 

available on training studies looking at SV changes with training in diabetic adolescents. 

Sample size estimation was based on the changes in relative OV 2max in diabetic individuals 

after three months of exercise training as described by Landt et al. [275]. Landt et al. 

described a mean change in OV 2max of 3 ml/kg/min [275]. To determine a difference of 3 

ml/kg/min between groups (diabetic vs. non-diabetic) with a power of 80 % and a 

significance level of 0.05, 15 participants would be required per group (SPSS 15.0 for 

Windows). To account for potential gender effects and drop outs we aimed to recruit 20 male 

and 20 female in the diabetic exercise training group. This would also enable assessment of 

secondary outcomes including changes in HbA1c and body composition. As these subjects 

were tested at baseline and at 5 months they served as their own controls. However to control 

for any “ normal” changes over the five month period, 15 diabetic adolescents (7 male and 8 

female) were followed who did not take part in the 5 month exercise training. 

2.2.2. Sample Size  

This study aimed to recruit 80 young adults (60 T1D and 20 ND) aged between 14 to 20 

years old. The study aimed to recruit post-pubertal adolescents that were under the care of the 

paediatric endocrinologists working at the Auckland Diabetes Clinic. Potential T1D 

participants were identified by paediatric endocrinologists and diabetic nurses working at the 

Auckland Diabetes Clinic. Ninety T1D adolescents were eligible in the Auckland area, 63 

T1D were contacted and 53 agreed to participate in our study. Twenty-seven ND young 

adults were contacted from the community (friends or family members of T1D participants) 

with 22 agreeing to participate. Consequently, 75 young adults were recruited for this study 

(53 T1D and 22 ND). Thirty-eight T1D participants were then randomly selected to engage in 

a 20 week exercise program, while the remaining 15 acted as a non-training control group 

(figure 2.1). Twenty-two healthy ND adolescents, with a similar age distribution and range of 

body composition to the T1D subjects, also took part in the 20 week exercise program. From 

the initial 75 participants only three were unable to complete their post (20 week) 

assessments (one T1D from the exercise training group and two T1D controls). Participants‟ 
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numbers and randomisation at baseline and post-intervention are shown on figure 2.2. The 

reasons for not taking part in the study included the inability to add gym sessions to an 

already busy school week, personal problems, fear of MRI scanning and adolescents not 

wanting to take part in the research. The reasons for not concluding the assessments included 

the inability of the researcher to contact one of the participants due to address and telephone 

change (moving) and participants not wishing to miss school commitments to schedule visits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Participant randomization at baseline and post-intervention. 
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2.2.3. Exclusion Criteria  

In order to control for any effects of body composition, diabetic complications or 

cardiovascular disease, participants were excluded if:  

  Body mass index < 16 or > 40 kg/m
2
 or body fat percentage > 50 %. 

  Hypertension defined as resting systolic blood pressure > 140 mmHg and/or diastolic 

pressure > 90 mmHg. 

 Evidence or history of musculoskeletal or cardiovascular disease. 

  Use of cardiovascular, hypertensive medication or any medication known to affect 

cardiac function (i.e. beta blockers or angiotensin-converting enzyme inhibitors). 

 Evidence of diabetic complications (i.e. autonomic neuropathy, retinopathy, 

nephropathy or peripheral vascular disease). This information was collected patients 

files since they attend diabetes clinic every 3 months and have screening tests 

performed according to American Diabetes Association  guidelines.  

 Presence of other diseases that could affect cardiovascular function and/ or aerobic 

capacity (i.e. asthma, chronic obstructive pulmonary disease, interstitial lung disease 

or cystic fibrosis, chronic infections disease, rheumatoid disorders, renal or liver 

disease).  

 Any contraindication for MRI scanning (contraindications included pacemakers, 

metal fragments in the eye, spinal column stimulators, aneurysm clips in the brain). 

 Unable to perform vigorous exercise or give informed consent. 

 Pregnancy. 

 Smoking. 

 Younger than 13 years or older than 20 years.  

All T1D participants fulfilled the American Diabetes Association criteria for diabetes 

[308].  

 

2.2.4. Provision of Information and Consents  

This study was approved by the Northern X Regional Ethics Committee- Ministry of Health 

(reference number NTX/07/12/125- Appendix 3) and registered at the Australian New 

Zealand Clinical Trials Registry (ANZCTR) under number ACTRN12608000075381 
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(Appendix 4). All participants were approached by telephone or in person. Individuals who 

expressed interest received an information package (by mail or email) containing: Participant 

Information Sheet (Appendix 1) and Participant Consent Form (Appendix 2). All participants 

provided written consent and it was compulsory for participants under the age of 16 to have 

written parental consent to participate in the study. Participation in this study was completely 

voluntary and participants were able to withdraw from the study at any time without having 

to give a reason or having any effect on any future health care or treatment. 

2.3. Testing Procedures 

The study protocol consisted of two initial assessment visits followed by a period of 20 

weeks of either training or observation and the repetition of the two assessment visits. Post 

intervention assessments were carried out 3 to 7 days after the last exercise training session. 

This was designed to allow the participants more than 48h to recover from their last exercise 

session, thus excluding any effects of acute exercise on their results.  

Locations 

Visit 01: Liggins Institute 2-6 Park Ave Grafton, Auckland NZ. 

Visit 02: Centre for Advanced MRI (CAMRI), 85 Park Road, Basement level, Building 501 

Faculty of Medical and Health Science, Grafton- Auckland. 

Exercise Training: Local gyms around Auckland area. 

Participants screening details were obtained prior to Visit 01 based on hospital/clinic files. 

2.3.1. Visit 01 

Visit 01 included assessments of: 

- Peripheral Vascular Compliance (Augmentation Index, Blood Pressure, Heart rate) 

- Body Composition 

- Functional Aerobic Capacity ( OV 2max test) 
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Peripheral Vascular Compliance 

Brachial artery pressure waves were measured after 5 minutes sitting using a Pulsecor R6.5 

device (Pulsecor, Auckland, NZ). A blood pressure cuff was positioned on the participant‟s 

left arm (resting on a table). The blood pressure cuff was inflated to 150 mmHg and deflated 

slowly for blood pressure and heart rate readings. Suprasystolic measurements were then 

obtained on a second reading when the cuff was inflated to a pressure 15mmHg higher than 

the systolic pressure obtained on the first reading. Cuff pressure was maintained for 12 

seconds and then deflated. Three complete measurements were collected and the average was 

calculated as the final result. Data was analyzed using the VasomonR software (Pulsecor, 

Auckland, NZ). Systolic blood pressure (mmHg), diastolic blood pressure (mmHg) and heart 

rate (beats/min) were obtained. Suprasystolic measurements included Augmentation Index 

(Aix- arterial stiffness parameter).  

Body Composition  

Weight in kilograms was measured on an electronic scale (CAMRY ED-307) and height in 

centimetres was measured on a Harpendon stadiometer (Holtain Limited, Britain) before 

assessment of total body composition by Dual-Energy X-ray Absorptiometry (DEXA; GE 

Lunar Prodigy, Madison, WI). During this procedure participants lay in a supine position on a 

scan table, with feet together and arms close to the body. Standard manufacturer‟s software 

(version Encore 4) determined participants‟ total body mass (grams), fat mass (grams), fat 

free mass (grams), lean mass (grams), total body percent of fat (%), bone mineral content 

(BMC-grams) and bone mass density (BMD-g/cm
2
). These data were also used to index 

cardiovascular parameters since fat free mass is a more appropriate indexing variable for 

myocardial dimensions than weight or body surface area [28, 309]. Quality assurance was 

performed daily before testing. Waist and hip circumferences were measured while 

participants were standing and at end-expiration (average of 3 measurements). Waist 

circumference was measured to the nearest 0.5 centimetre at the level of the umbilicus 

(average of 3 measurements). Hip circumference was measured to the nearest 0.5 centimetre 

at the level of the greater trocanter, where this could be felt, otherwise at the broadest 

circumference below the waist. Body mass index (BMI) was calculated as weight in 

kilograms divided by height in m
2
. Adolescent obesity was defined as body fat percentage > 

50 %. Body surface area (BSA) was calculated using the formula of DuBois and DuBois 

formula: BSA (m
2
) = 0.20247 x height (m) 

0.725
 x Weight (kg) 

0.425
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Functional Aerobic Capacity ( OV 2max test)  

Functional aerobic capacity was assessed by pedalling to exhaustion on an electronically-

braked cycle ergometer (Schiller, Switzerland) with simultaneous measurement of expired 

and inspired O2 and CO2 gas volumes. Participants were instructed to wear comfortable and 

appropriate clothes for exercise, avoid significant exertion or exercise on the day before the 

test, avoid heavy meals 2 hours prior to test (small snacks were acceptable), avoid drinking 

alcohol and caffeinated beverages for 12 hours prior to the test, drink 300ml of water one 

hour prior to test to standardise hydration and to bring their personal glucose analyser. 

Prior to the test, all T1D participants verified their glucose level to ensure safety. Participants 

were allowed to perform the maximal exercise test if their blood glucose levels were between 

5 and 10 mmol/L. OV 2max test was performed according to participant preference, either 

early morning, between 8:00 and 10:00 am, or in the afternoon, between 3:30 and 6pm. The 

test time was then standardized with pre-and-post tests performed at a similar time. Test 

procedures were then explained to participants and a Polar wear link band (Polar S625X- 

Polar Electro, Kempele, Finland) was fitted on participant‟s chest. This band transmitted the 

participant‟s heart rate to a receiver connected to the metabolic system. Heart rate was 

monitored continuously and recorded every 30 seconds during test protocol. Blood pressure 

was recorded at test initiation and termination. Systolic blood pressure was measured at the 

occurrence of the first Korotkoff sound (clear appearance of tapping sounds). Diastolic 

pressure was measured as the complete disappearance of Korotkoff sound.  

The exercise protocol consisted of 1 minute stages, starting at 55 watts, with increments of 15 

watts per stage. Breath-by-breath data was collected and analysed using a ParvoMedics 

TrueOne 2400 Metabolic Measurement System (Parvomedics, Sandy, Utah) calibrated with 

room air and standardised gas. Prior to each test calibration was performed using room air gas 

concentrations of 20.94 % for O2 and 0.03 % for CO2 and standard gas of 16.01 % for O2 and 

4.01 % for CO2. Laboratory environmental conditions including temperature (°C), barometric 

pressure (mmHg), and relative humidity (%) were collected from a weather station, and 

entered into the computer software program before each test. The flow meter was calibrated 

using a 3L pump syringe. Gas calibration was considered satisfactory when the gain factor 

was less than 3%. Rates of oxygen consumption OV 2 and the volume of carbon dioxide 

production ( COV 2) were recorded every 30 seconds. The average of the highest two 

consecutive OV 2 values were defined as OV 2max.  Test was terminated when participants 
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were unable to continue due to exhaustion, discomfort or technical error. The test was 

considered a true maximum if either a plateau or increase of less than 250 ml in OV 2 

occurred despite an increase in workload or a respiratory exchange ratio (RER) > 1 was 

achieved. This protocol was designed to last no more than 15 minutes. Maximal oxygen pulse 

was determined by dividing OV 2max by maximal heart rate. Variables collected included, but 

were not limited to: OV 2 (L/ min and ml/kg/min), COV 2 (L/min and ml/kg/min); Minute 

ventilation- VE (L/min); RER; heart rate (bpm); workload (watts) and test time (minutes). At 

termination participants cooled down cycling at a workload of 40 watts until breathing and 

heart rate recovered (approximately 5 minutes). OV 2max (ml/kgffm/min) was then calculated 

by dividing the OV 2max (L/min) by the participants fat free mass obtained during the body 

composition scan.  

Blood test  

All participants received a blood test form (Medlab/Labtest) at the end of the visit 01 and 

were instructed to provide a blood sample at a blood centre close to their home on the first 

available day after their first visit. Participants reported to the laboratory in the morning after 

a 12 hour fast. A venous blood sample (fasting sample) was obtained from an arm vein using 

standard phlebotomy techniques for determination of HbA1c, total cholesterol, triglycerides, 

high (HDL) and low density (LDL) lipoprotein cholesterol and total cholesterol/HDL ratio. 

2.3.2. Visit 02  

The second visit was scheduled 2 to 7 days after visit 01. In this visit cardiac structure and 

function as well as femoral artery blood flow were evaluated at rest and during exercise using 

MRI technology. The scans were performed on a 1.5T Magnetom Avanto (Siemens, 

Erlangen, Germany) scanner using a phased array surface coil with retrospective ECG-gating. 

This protocol was validated in a group of healthy individuals previously (see pilot study 

section 3.4). Once participants were positioned on the MRI, electrodes were attached to the 

anterior chest wall and a blood pressure cuff was attached to the left arm (Invivo Magnitute). 

Headphones and an emergency buzzer (right hand) were also provided. Images were obtained 

on the following order: 

-Resting Femoral Artery Blood Flow Images 

-Resting Left Ventricular Images 
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-Exercise Left Ventricular Images 

-Post Exercise Femoral Artery Blood Flow Images 

Resting Femoral Artery Blood Flow Images  

Femoral artery blood flow was obtained using gated two-dimensional cine-mode phase-

contrast MRI. Data was analysed with ARGUS (Siemens, Erlangen, Germany).  Femoral 

artery blood flow was determined from a single slice with 5-mm thickness oriented 

perpendicular to the flow direction of the right femoral artery above the femoral bifurcation. 

Flow volume was calculated by integrating the velocity across the area of the vessel.  The 

velocity encoding parameter was set to 100 cm/s  at rest and 150 cm/s  during exercise [110]. 

Resting and Exercise Left Ventricular Images 

Once femoral leg blood flow assessments were completed the MRI compatible cycle 

ergometer was positioned at the end of the scan table and cables fed through the waveguide to 

an outside computer. Each participant‟s feet were then strapped into the pedals and their body 

position adjusted on the table. In order to prevent participants moving up the bed due to leg 

motion, a Velcro strap was positioned across the participants‟ hip. A strap attached to the left 

base of the ergometer was also given to the participants to hold (left hand). This was designed 

to ensure trunk stability during exercise. Participants‟ them performed a short bout of 

unloaded exercise to become familiarised with supine cycling and the breath hold manoeuvre. 

Once ergometer calibration was performed, the MRI table was advanced to zero reference (or 

up to 11cm from zero) ensuring that the participants knees did not contact the bore during 

pedalling. A bolster was then placed under the participants‟ knees for comfort while resting 

images were obtained. If patient position was not at zero the table position was reset at 

control before scanning. 

Left ventricular function at rest:  Six short axis Trufisp cine (true fast imaging steady state 

progression) 6mm evenly spaced from base to apex were obtained (figure 2.3). The distance 

between slices was based on the formula (VL – 36 / 5) + 6) where VL represents the left 

ventricle length in mm. Three long axis Trufisp images were then obtained at cine 0°, 60° and 

120° (figure 2.4). Images were acquired during breath hold manoeuvres. Participants 

performed breath-holds at mid expiration at each image acquisition to eliminate respiratory 

motion artefacts. Mitral valve assessments were obtained through plane imaging of the mitral 

inflow by positioning as per a LV short axis slice. This was performed during a mid-
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expiratory breath hold by planing off LV long axis images at 0 and 60 degrees and the 

imaging positioned at the mitral valve leaflet tips in diastole. Blood pressure measurement 

was obtained at the end of the resting protocol. 

Left ventricular function during sub-maximal exercise: After resting measurements were 

completed the bolster was removed and participants were instructed to start pedalling. Target 

heart rates for exercise were 60 % of the maximal heart rate obtained during OV 2max test. 

Left ventricular exercise images were obtained once one minute of steady state heart rate was 

completed. Ergometer resistance and participants cycling cadence (RPM) were adjusted 

accordingly to allow target heart rate to be sustained. Once heart rate was in steady state 

participants were giving the breathing instructions (while cycling). As soon as the breath hold 

started, the participant stopped cycling (5 - 7 seconds) and images were obtained. Participants 

resumed cycling as soon as the image was obtained. As previously described, six short axes 

and three long axes were acquired. Phase resolution could be dropped up to 50 % to shorten 

breath hold. Verbal feedback was constantly given to participants during the exercise phase. 

Blood pressure measurement was obtained once the last image was acquired with the 

participant still cycling. 

Cardiac MRI images analysis was performed with the CIM software (Cardiac Image 

Modeller, Auckland New Zealand). Endocardial limits of each slice were manually identified 

at
 
end-diastole and end-systole for each time point through the cardiac cycle. Mean arterial 

pressure was calculated by the formula ((2 x diastolic blood pressure) + systolic blood 

pressure) / 3.  CO was determined by multiplying SV by heart rate. Quantitative analysis 

allowed calculation of the following parameters: LVM, EDV, ESV, SV, EF and CO.  

   

                                                                         

 

 

 

 

 

 

A 

Left Ventricle 

B 

Figure 2.3 LV short axes images. A: lateral view of the 6 short axes slices in reference to the 

LV length. B: frontal view of a cardiac short axis. 
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Figure 2.4  

 

Post Exercise Femoral Artery Blood  flow 

Once the exercise left ventricular function scan was completed, the cycle ergometer was 

removed from MRI bed and a post exercise femoral artery blood flow was obtained similar to 

rest. This procedure lasted 30s. 

2.4. Exercise Training Program 

Sixty adolescents participated in the exercise training component of the study. The exercise 

training program was carried out at local gym facilities. Participants received a 5 month free 

membership and were able to attend the gym at their convenience. The exercise program 

consisted of four- 1 hour training sessions per week. Each participant had a supervised 

exercise session once a week. Those randomised to exercise training took part in a 20-week 

exercise program during which normal daily activities were maintained. Both the intensity 

and the duration of the exercise program were progressively increased throughout the training 

period according to participants‟ response. Participants had two weeks of familiarization at 

the gym (week 1 - 2). This was designed to encourage adjustment to regular exercise and 
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Figure 2.4 LV long axes images. A: The 3 long axes slices positioned in relation to a short 

axis image of the LV. B: Four chamber view obtained at 0°; C: Left ventricle view obtained 

at 60°; D: Left ventricle view obtained at 120°. 

 



 

92 
 

build exercise tolerance. It was also designed to help monitor the T1D participant‟s 

adjustment to training (insulin management, hypoglycaemic events, and muscle adaptation). 

Training was then progressively adjusted to achieve 85 % of the participant‟s maximal heart 

rate during aerobic exercise training (week 1- 4). After that (week 4 – 20), participants were 

asked to exercise at the target heart rates of 85% of maximal heart rate for a minimum of 40 

minutes per session during the aerobic sessions. Participants were also instructed to perform 

at least 3 sessions a week of aerobic training followed by once a week resistance training 

from week 1 - 12. From week 12 - 20 participants engaged in 4 exercise sessions a week of 

combined aerobic and resistance training (20 minutes of aerobic training, followed by 1 set of 

weight training, followed by 20 minutes of aerobic training). A schematic of training targets 

is shown on table 2.1.  

Aerobic exercise sessions consisted of 5 minutes of warm up, 50 minutes of aerobic exercise 

and 5 minutes cool down until week 12. The aerobic training component included the use of 

treadmills, cycle ergometer, cross-trainers and rowing machines and circuit training (circuit 

training was included only in the last two months of training). The resistance training 

component involved the use of free weight, resistance training equipment and Swiss balls. 

Upper body exercises focused on the following muscles groups: trapezius, deltoids, pectorals, 

triceps, latissimus dorsi, lower trapezius, and biceps. Lower body exercises focused on 

gastocnemius, soleus, gluteus, quadriceps, and hamstrings. Participants performed 2 - 3 sets 

with 8 - 15 repetitions according to participant progression. Participants were also able to 

participate in other gym activities or physical activities once the 4 days training had been 

completed. These extra activities were recorded in log books. All programs were adapted to 

participants‟ preferences and physical abilities but consisted mainly of 3 aerobic sessions a 

week intercalated with 1 weight training session a week.  
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Table 2.1 Schematic of exercise training program 

 Week 

1-2 

Week 

3-4 

Week 

4-20 

Week 

1-12 

Week 

12-20 

Familiarization X     

Intensity from 50 - 85 % max HR X X    

Intensity maintained at 85 % max HR   X   

3 AT + 1 RT weekly (40 - 60 minutes)    X  

4 mixed session weekly (60 minutes)     X 

Max HR: maximal heart rate achieved during OV 2max test; AT: aerobic training; RT: 

resistance training. 

 

Each participant in the training group received a downloadable heart rate monitor (Polar 

S625X- Polar Electro, Kempele, Finland) which was used to record their exercise sessions. 

These records provided a quantitative assessment of compliance, and ensured that 

participants were exercising at appropriate target heart rates. Data was downloaded into a 

research database using a Polar infrared device (Polar Electro, Hong Kong). The training 

program was updated every week for the first 4 weeks and fortnightly after the first 4 weeks 

of training. Exercise prescription was written on a training diary that was kept at gym‟s 

reception.  The training diary was also used to record heart rates, exercise intensities, rating 

of perceived exertion (RPE) and glucose concentrations. Blood glucose concentrations were 

recorded before, during and after the exercise sessions. Exercise training programmes were 

updated according to participant‟s progress and based on the information obtained from the 

heart rate monitors and log books.  

2.5. MRI Cycle Ergometer  

An MRI cycle ergometer was designed for this study in collaboration with the 

Bioengineering Institute of the University of Auckland. It was designed to function 

effectively without interfering with the scanned images and to the specifications required for 

this study protocol which were: 1) to accurately measure power output (up to 200 W), 2) be 

compact, 3) have minimal initial static and kinetic friction, 4) be easy to set-up and install, 5) 

function over the normal range of height for men and women, 6) have a comfortable and 
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secure placement for feet, 7) ensure minimal impact on the image quality from electronics, 8) 

record force and displacement continuously, and 9) offer resistance control. 

2.5.1. Ergometer 

The cycle ergometer was specifically designed to fit into a 1.5 T MRI scanner (Magneto 

Avanto; Siemens, Erlangen, Germany). The ergometer consists of an aluminium pedal system 

with two force transducers, a pulley and an aluminium flywheel, a hydraulic disk brake, a 

rotary position encoder, and an electronic enclosure. The ergometer was designed to be 

positioned at the end of the MRI bed and firmly screwed on the side of the bed with a 

polyvinylchloride trunion and base plate (figure 2.5). A crank length of 60 mm (figure 2.6) 

was used to allow for subjects of different heights (1.55 m to 1.85 m) to be positioned 

comfortably, with the heart within 110 mm of the MRI iso-center, thus ensuring optimal 

image quality. The foot pedal was designed to accommodate a range of foot sizes, and 

included foot-straps to secure the feet in retraction. The total mass of the ergometer was 

27 kg. Care was taken to avoid the use of ferromagnetic materials. Mean patient power output 

was modulated by the MRI operator using a manually adjustable break control located in the 

MRI control room. 
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Figure 2.5 MRI cycle ergometer setting. Volunteer prep in MRI room with cycle ergometer 

(a) electronic box (b) and optical fibre line (c). 

 

 

 

Figure 2.6 Crank Model. Solidworks model for analysing the crank length in relation to the 

knee height inside the MRI device. The final design of the crank and pedal can be used by 

patients within the height range 1.55m - 1.85m. 

 

a 

b 

c 
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2.5.2. Position Measurement 

 A three channel optical encoder (HEDS-5540, Avago Technologies) was used to measure the 

angular position (Ac) and angular velocity (ω) of the crank. The position encoder returned a 

two-channel quadrature output to indicate angular motion and direction, and an additional 

once-per-revolution index pulse. Encoder signals interfaced with a digital position counter on 

a data acquisition device. The position encoder was enclosed by a customised aluminium 

casing, in order to reduce the effects of electromagnetic interference and radio-frequency 

interference (EMI/RFI) on the encoder.  

2.5.3. Force Measurement 

In order for power to be calculated the force applied by the subject to each foot pedal was 

measured. An MRI-compatible force transducer (Futek model LRF350, arranged in full-

bridge configuration) was integrated into each pedal in order to measure the extension and 

retraction forces (Ff) applied by each foot. Bridge signals were fed-through to the electronic 

enclosure, where an instrumentation amplifier (INA128, Texas Instruments, gain= 518) 

amplified and filtered the signals prior to digitisation. A Sallen-Key hardware filter in low 

pass configuration (cut-frequency of ~100 Hz, gain of 1.53) was also implemented in the 

circuit.  

The force transducers were calibrated using a mechanical testing system (Instron 5800 series) 

with a 10 kN load cell. Three calibration trials were conducted on each force transducer. The 

force transducers exhibited a high degree of linearity (R
2
= 0.999) over the specified force 

measurement range, with sensitivity of 14 μV/N. 

2.5.4. Data Acquisition 

 All electrical signals were transmitted through shielded cables to an electronic enclosure 

(figure 2.5b). The enclosure contained a rechargeable lead-acid battery (10 Ah, 6 V) printed 

circuit boards, data acquisition device and USB fibre-optic interface. The enclosure consisted 

of a die-cast aluminium-alloy box (250 mm length, 250 mm width, 100 mm height, 3 mm 

wall thickness) that provided EMI/RFI shielding properties. As the electrical signals entered 

the electronic enclosure, they were passed through signal conditioning circuitry that 

attenuated radio frequency interference and low-gradient magnetic pulse noise. Analog 

signals were then digitised, and digital signals collected, using a USB-6122 (National 

Instruments, Austin, TX) data acquisition device. A fibre-optic interface was used to convert 
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the digital Universal Serial Bus signals to optical signals and transmit them, via optical fibre 

(figure 2.5c), from the electronic enclosure (inside the MRI scanning room) to an interface 

and computer located in the MRI operator room.  

2.5.5. Software Design 

The ergometer system was designed to be initialised before use with each patient. The pedal 

crank was rotated to the horizontal position and the patient‟s feet securely attached to the 

pedals. An initialisation software routine was triggered, thereby zeroing out the weight of the 

foot acting on each transducer, and creating a reference-point position of the crank for use in 

subsequent analysis.  

Estimates of patient instantaneous power output were computed from the acquired force and 

position signals as follows. Each force transducer measures a force , where Ff  is 

the horizontal force applied by the foot to the pedal, and Ap is the angle between the foot plate 

and the horizontal (figure 2.7). The component of Ff that is normal to the crank creates a 

torque τ on the crank given by , where L is the length of the crank. This 

torque is related to the measured force (Ft) by .  

 

 

When a patient is lying in the MRI machine with their feet attached to the foot-plates, we 

observe that Ap is approximately 30° throughout each rotation of the crank; we therefore 

assume this value for subsequent calculations. By summing the torques from each crank 

(yielding the net torque τn) we compute the power (P) imparted by the patient to the 

ergometer as  .  

Ap 

Ac 

Ff 

L 

Figure 2.7 Single ergometer pedal and crank. 
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A software interface (figure 2.8) for the ergometer was designed in the LabVIEW 8.5 

programming environment. Software was created to provide the MRI operator with regular 

updates of crank angle, angular velocity, force, battery voltage, and patient power generation. 

Power estimates were low-pass filtered, before being displayed on-screen, in order to provide 

a smooth update to the MRI operator. Patient heart rate was sensed using the MRI machine‟s 

heart rate monitor, and transmitted wirelessly in RS232 format to the computer in the MRI 

control room. The software interface allowed patient details to be entered and recorded in a 

log file together with all data acquired throughout the experiment. Pedal force and crank 

position signals were acquired and recorded to disk at a rate of 1 kHz. Heart rate was 

recorded at a rate of 1 Hz.  

 

Figure 2.8 Ergometer software interface. 
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2.6. Pilot Study 

A pilot study was conducted in healthy adults to test and validate the MRI compatible cycle 

ergometer at fixed heart rate of 110 bpm as well as the left ventricular assessment protocols 

(as described above). It was also an opportunity to familiarize study personnel with the 

protocols established for this study.  

Eight healthy sedentary volunteers (aged 20 - 30 years old) were invited to participate in the 

pilot study. This protocol was approved by the Northern X Regional Ethics Committee, 

Auckland, New Zealand. All participants gave signed consent and completed a health screen 

questionnaire prior to assessments. Body composition and fitness level were assessed one 

week prior to the cardiac MRI scanning. A total body scan was performed using dual energy 

X-ray absorptiometry (DEXA; GE Lunar Prodigy, Madison, WI). Maximal oxygen 

consumption ( OV 2max test) was measured by pedalling to exhaustion on an electronically-

braked cycle ergometer (Schiller, Switzerland) as previously described.  

2.6.1. Pilot Study Results 

The cycle ergometer was successfully tested on a 1.5T MRI scanner (Magnetom Avanto; 

Siemens, Erlangen, Germany) at the Centre for Advanced Magnetic Resonance Imaging 

(CAMRI) of the University of Auckland. Eight healthy volunteers (4 females and 4 males) 

participated. Table 2.2 contains the baseline information from those volunteers.  
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Table 2.2 Baseline characteristics (pilot study) 

Parameter Mean ± SD 

N  (Female/Male) 8 (4/4) 

Age (years) 25 ± 4 

Weight (kg) 67.1 ± 10.2 

Height (cm) 174 ± 7 

BMI  22.3 ± 3.5 

% body fat 24 ± 14 

FFM (kg) 51.6 ± 10.4 

Heart Rate (bpm) 67 ± 7 

SBP - sitting (mmHg) 104 ± 8 

DBP - sitting (mmHg) 65 ± 4 

Max Heart Rate (bpm) 184 ± 8 

Fitness  

OV 2max (l/min) 2.21 ± 0.04 

OV 2max (ml/kg) 34.8 ± 5.4 

OV 2max (ml/kgffm/min) 42.9 ±  4.4 

RER 1.34 ± 0.09 

Results are presented as mean ± standard deviation. BMI: Body mass index, FFM: fat free 

mass, SBP: systolic blood pressure, DBP: diastolic blood pressure, RER: respiratory 

exchange ratio. 

 

Resting and exercise cardiac results are shown on table 2.3. All participants were positioned 

within the 11cm cut off for the MRI iso-centre. Two participants were positioned at 0cm, two 

within 5cm, two within 8cm, one at 10cm and one at 11cm from the iso-centre. Participants‟ 

results were analysed using the students T-tests (SPSS software version 15.0). Participants‟ 

ejection fraction (p = 0.001), CO (p = 0.001) and systolic blood pressure (p = 0.04) all 

increased from rest to exercise while end-systolic volume (p = 0.03) decreased. End-diastolic 
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volume (p = 0.71), SV (p = 0.36) and diastolic blood pressure (p = 0.24) did not change in 

response to exercise. All participants were able to hold their breath during the rest and 

exercise imaging. A comparison between the quality of images obtained at rest and during 

exercise can be seen on figure 2.9 and 2.10 respectively. There was no signal interference 

from the electronic box or transducers affecting the images obtained. 

 

Table 2.3 Cardiac function at rest and during sub-maximal exercise (pilot study). 

 REST EXERCISE 

Heart rate (bpm) 67 ± 15 110 ± 1   * 

Left ventricular mass (g) 128 ± 28  

Ejection Fraction (%) 65.7 ± 3.8 74.3 ± 4.7   * 

End diastolic volume (ml) 147.6 ± 30.6 142.4 ± 25.1 

End systolic volume (ml) 50.9 ± 13.4 36.2 ± 10.2   * 

Stroke volume (ml) 96.7 ± 19.1 105.7 ± 18.7 

Cardiac Output (l/min) 6.5 ± 1.9 11.6 ± 2.1   * 

SBP (mmHg) 108 ± 14 128 ± 22   * 

DBP (mmHg) 66 ± 11 62 ± 6 

Workload (watts) - 96 ± 27 

Results are presented as mean ± standard deviation. * Significantly different from rest to 

exercise (p ≤ 0.05). 
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Figure 2.9 Quality of images obtained at rest. Volunteer n° 06 at 11cm from MRI iso-centre.  

 

Figure 2.10 Quality of images obtained at exercise. Volunteer n° 06 at 11cm from MRI iso-

centre.  
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2.6.2. Reliability 

To test the reliability of our exercise protocol two volunteers underwent repeat MRI 

assessments within one week. The mean values of the first and second assessments are 

presented in table 2.4.  All parameters of interest had less than 5 % difference between 

assessments.   

Table 2.4 Reliability data 

 Participant A Participant B 

  Test 1 Test 2 % diff Test 1 Test 2 % diff 

EF (%) 70.8 72.7 2.7 71.1 71.7 0.8 

LVM (g) 135.2 133.2 1.5 134.9 139.4 3.3 

EDV (ml) 168 170.1 1.2 171.5 173.3 1.0 

ESV (ml) 48 46.4 3.3 49.6 49 1.2 

SV (ml) 119.1 123.7 3.8 122 124.3 1.8 

Workload(watts) 74 71 4.0 79 80 1.3 

Data shown are means. EF= Ejection Fraction; LVM= left ventricular mass; EDV= end-

diastolic volume; ESV= end-systolic volume; SV= stroke volume 

 

The physiological responses obtained using our MRI-compatible cycle ergometer and 

protocols were comparable to previous studies [141, 310, 311]. Table 2.5 displays the results 

obtained from our study and two others in which a commercial MRI cycle ergometer was 

used in healthy individuals (MRI cardiac ergometer, Lode BV, Groningen, The Netherlands) 

[141, 311]. The first study examined left and right ventricular function in a group of healthy 

volunteers (mean age 17.5 years) [141]. Exercise images were obtained at 60% of maximal 

workload obtained during maximal exercise testing using 5 short axis images for the left 

ventricular analysis. Roest et al. (2001) study involved individuals with a similar age range to 

our pilot study cohort (24.8 vs. 25.3 years) and the left ventricular volumes were obtained 

from 10 consecutive short axis scans acquired during exercise at a workload corresponding to 

60 % of maximal oxygen consumption [311]. Even though the exercise workloads (130 vs. 
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96 watts) and exercise heart rates (120 vs. 110 bpm) were slightly higher on these studies, the 

hemodynamic response was similar. This is because the participants in these two studies were 

exercising at fixed workloads relative to their maximal capacity, while ours were exercising 

at fixed heart rates of 110 bpm. Moreover our participants were less fit than those in the two 

comparison studies and therefore a lower workload was required to trigger an increase in 

heart rate in our group. 

Table 2.5 Comparison of results with previous studies in healthy individuals using a 

commercial cycle ergometer. 

 Our study  Roest (2001)  Roest (2004)  

n 8 8 14 

Age (years) 25.3 ± 4 17.5 ± 2.3 24.8 ± 5.2 

Weight (kg) 67 ± 10 67 ± 12 74 ± 11 

Height (m) 1.74 ± 0.07 1.74 ± 0.10 1.78 ± 0.06 

OV 2max (ml/kg/min) 35 ± 5 39 ± 5 42 ± 5 

Rest heart rate (beats/min) 67 ± 15 71 ± 10 67 ± 8 

Exercise    

     Heart rate (beats/min) 110 ± 1 121 ± 14 122 ± 8 

     EDV (ml) 142 ± 25 138 ± 27 148 ± 26 

     ESV (ml) 36 ± 10 36 ± 12 36 ± 14 

     SV (ml) 106 ± 19 102 ± 19 112 ± 15 

     CO (L/min) 11.6 ± 2.1 12.3 ± 2.3  

     EF (%) 74 ± 5 74 ± 6 77 ± 6 

     LVM (g) 128 ± 28 - 133 ± 21 

     Workload (watts) 96 ± 27 130 ± 21 132 ± 16 

Results are presented as mean ± standard deviation.  
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2.7. Cardiovascular MRI Image Analyses 

To reliably and accurately perform analyses of LV function using the Cardiac Image 

Modeller software supervised training by a member of the CAMRI was obligatory. Before 

approval, accurate analysis of previous cardiac MRI scans was required. The values 

determined by this candidate (table 2.6) were compared with model analyses previously 

determined by a trained member of CAMRI (table 2.7) and the percent difference between 

these values was determined (table 2.8). A 10% difference was acceptable between the 

candidate analyses and the model analyses. 

Table 2.6 Candidate‟s analyses. 

 EDV ESV SV EF LV mass epiED epiES 

0502_1118 122.3 48.9 73.4 60 108.1 227.4 150.7 

0502_1130 122.1 63.9 58.2 47.6 134.9 253 190.5 

0502_1149 123.6 31.2 92.4 74.7 186.3 301.9 214.4 

0502_1172 201.5 64.4 137 68 167.9 369.3 228 

0521_1030 154.4 68.7 85.7 55.5 163.2 310.9 228.1 

0524_1021 165.3 79.7 85.6 51.7 165 327.9 240.9 

0540_1014 181.8 86.5 95.3 52.4 159.6 333.6 243.5 
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Table 2.7 Model analyses. 

 EDV ESV SV EF LV mass epiED epiES 

0502_1118 118.1 46.3 71.8 60.7 101.3 218.2 145.5 

0502_1130 128.5 64.9 63.5 49.4 134.1 258.1 194.8 

0502_1149 129.6 32.3 97.3 75.09 172.8 288.1 203.6 

0502_1172 210.8 71.2 139.5 66.1 156.1 360.9 226.9 

0521_1030 160 67.5 92.5 57.7 161.7 314.7 225.1 

0524_1021 178.9 84.7 94.2 52.6 163.2 339.9 242.1 

0540_1014 173.3 87.2 86 49.5 154.6 323.9 238.5 

 

Table 2.8 Percentage difference between the model and the candidate‟s analyses. 

 EDV ESV SV EF LV mass epiED epiES 

0502_1118 + 3.45 + 5.35 + 2.2 - 1.28 + 6.45 + 4.13 + 3.55 

0502_1130 - 5.11 - 1.63 - 8.79 - 3.82 + 0.59 - 2.00 - 2.23 

0502_1149 - 4.78 - 3.46 - 5.22 - 0.52 + 7.49 + 4.70 + 5.17 

0502_1172 - 4.53 - 10.03 - 1.84 + 2.76 + 7.25 + 2.30 + 0.48 

0521_1030 - 3.59 + 1.69 - 7.63 - 3.97 + 0.92 - 1.21 + 1.35 

0524_1021 - 7.93 - 6.14 - 9.57 - 1.73 + 1.1 - 3.61 - 0.48 

0540_1014 + 4.79 - 0.86 + 10.26 + 5.59 + 3.18 + 2.94 + 2.07 

 

To ensure quality and avoid possible drifts of analysis during study, the PhD candidate 

analysed 5 additional cases each fortnight and the results were compared to Auckland MRI 

research Group gold standard results. 
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2.8. Statistical Analysis 

Simple descriptive statistics were used to describe the characteristics of the participants. 

Multiple linear regression models were used to determine any pre-training differences in 

cardiovascular function and structure between diabetic and non-diabetic groups. These 

models included group (diabetic and non-diabetic) and gender as factors, while age and 

absolute OV 2 (l/min) were added as co-variates. General linear regression models were used 

to determine the baseline parameters that were associated with HbA1c. The model included 

gender as a factor, and diabetes duration and age as co-variates. 

Multiple linear mixed models with repeated measures were subsequently used to test for 

possible changes over time (from pre- to post-intervention) in cardiovascular function and 

structure within each group (T1D training, T1D control, and ND training) separately. These 

analyses included gender as factor, and age, absolute OV 2 (l/min), HbA1c and diabetes 

duration as co-variates (note that diabetes duration was excluded from the model for ND 

subjects).  

For post-intervention comparisons between groups, all parameters of interest were indexed 

for absolute OV 2 (l/min). Possible differences in such parameters were assessed using 

multiple linear regression models, with group (T1D training, T1D control, and ND training) 

and gender as factors, and age and HbA1c as co-variates. Bonferroni pairwise comparisons 

(post hoc) were carried out to identify possible differences between any two groups. 

The Statistical packages SAS version 9.2 (SAS Institute, Cary, USA) and SPSS version 15.1 

(LEAD Technologies Inc., USA) were used to perform the analyses and in particular the SAS 

procedure PROC MIXED with CONTRAST statements was used to investigate changes over 

time. A p value ≤ 0.05 was considered statistically significant. 
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Chapter 3. RESULTS 

 

This chapter describes the results obtained at baseline when participants were enrolled in the 

study and the results obtained 20 weeks after their randomization. Considering the study 

design we will separate the data in two sections 1) baseline results 2) post-intervention 

results. The baseline data addresses the results obtained from the comparison between the 

diabetic and non-diabetic participants and between genders (controlling for diabetes status). 

The post-intervention data addresses the results obtained at the end of the 20 weeks 

intervention and shows the results obtained from the comparison between the diabetic group 

that exercise trained for 20 weeks; the diabetic group that served as control; and the non-

diabetic group that exercise trained for 20 weeks. The post-intervention results are shown in 

two forms. First, if there were any changes from baseline to post-intervention assessments in 

each of the three groups. Secondly, if there were any differences between groups at post-

intervention. 

3.1. Diabetic vs. Non-diabetic: Baseline Results 

The baseline results are presented in the following order: participants‟ characteristics; blood 

test results, body composition results (diabetic vs. non-diabetic and boys vs. girls); exercise 

capacity (diabetic vs. non-diabetic and boys vs. girls); left ventricular function (diabetic vs. 

non-diabetic and boys vs. girls); vascular function (diabetic vs. non-diabetic and boys vs. 

girls). The correlations between glucose control (HbA1c) and diabetes duration with variables 

of interest are shown at the end of this section. 

3.1.1. Participant Characteristic 

Seventy-five adolescents from the Auckland area volunteered for this study and completed 

their assessments between June 2009 and March 2010. Baseline data was collected from 

fifty-three type 1 diabetic (T1D) and twenty-two healthy non-diabetic (ND) adolescents.  

The mean age (SE) of the study cohort was 15.9 (1.4) years. Participants in the T1D group 

were slightly younger than the ND group (15.5 ± 0.2 vs. 16.6 ± 0.3, years, p = 0.01) and had a 

diabetes duration of 6 ± 3.7 years. Both groups had equal gender distribution; the T1D group 

had equal 51 % boys and 49 % girls (n = 27 boys and n = 26 girls) while the ND group had 

45 % boys and 55 % girls (n = 10 boys and n = 12 girls). Participants were primarily from 
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middle/upper middle class socioeconomic backgrounds. Forty-five T1D participants were on 

insulin injection therapy and eight were on insulin pump therapy.  

All participants completed a historical activity questionnaire upon entry in the study. Forty 

T1D (75 %) self-reported as being active (more than 3 hours a week of moderate intensity 

exercise) while 13 (25 %) referred as themselves as sedentary (less than 3 hours a week of 

moderate intensity exercise). The ND group was matched for this ratio of self-reported 

activity levels with 16 active and 6 sedentary adolescents. 

3.1.2. Blood Test 

Blood test results are shown on table 3.1. As expected mean glucose control (HbA1c) was 

significantly higher in the T1D adolescents (p < 0.05). There were no differences in the lipid 

profile between groups (p > 0.05). Gender differences in glucose control and lipid profile are 

displayed on table 3.2. Boys had lower HDL (1.4 ± 0.06 vs. 1.6 ± 0.06 mmol/L; p < 0.05), 

LDL (2.1 ± 0.1 vs. 2.5 ± 0.1 mmol/L; p < 0.05) and total cholesterol (4.0 ± 0.1 vs. 4.6 ± 0.2 

mmol/L; p < 0.05) compared to girls. The T1D group used an average of 67 ± 23 insulin 

units/day or 0.99 ± 0.33 units/kg/day. 

 

Table 3.1 Baseline blood test. 

 T1D ND p-value 

n (girls) 53 (26) 22 (12)  

HbA1c, % 8.7 ± 0.18 5.3 ± 0.35 0.001 

Triglycerides, mmol/L 1.09 ± 0.09 0.77 ± 0.17 0.13 

HDL cholesterol, mmol/L 1.53 ± 0.04 1.50 ± 0.08 0.74 

LDL cholesterol, mmol/L 2.32 ± 0.11 2.32 ± 0.20 0.98 

Total cholesterol, mmol/L 4.33 ± 0.12 4.25 ± 0.22 0.75 

Cholesterol ratio  2.78 ± 0.11 2.94 ± 0.20 0.48 

Mean ± SE. HDL: high density lipid; LDL: low density lipid. 
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Table 3.2 Baseline blood test according to gender. 

 Boys Girls p-value 

n (ND) 37 (10) 38 (12) 
 

HbA1c, % 7.1 ± 0.2 6.9 ± 0.2 0.39 

Triglycerides, mmol/L 1.00 ± 0.1 0.86 ± 0.1 0.41 

HDL cholesterol, mmol/L 1.38 ± 0.06 1.65 ± 0.06 0.002 

LDL cholesterol, mmol/L 2.12 ± 0.14 2.52 ± 0.15 0.04 

Total cholesterol, mmol/L 4.01 ± 0.16 4.57 ± 0.18 0.01 

Cholesterol ratio 2.89 ± 0.14 2.84 ± 0.16 0.80 

Mean ± SE. HDL: high density lipid; LDL: low density lipid. 

 

3.1.3. Body Composition 

Table 3.3 displays baseline body composition measurements according to participants group. 

There were no differences in weight, height, BMD, android/gynoid fat distribution ratio (an 

index for fat distribution where android refers to the adipose deposition around the abdomen 

and trunk and gynoid refers to the adipose deposition around hips, thighs and buttocks), body 

fat percentage or BMI between T1D and ND participants.  Fat free mass was higher in the 

T1D group (p < 0.05). Boys were taller (p < 0.05) and had less body fat percentage (p < 0.05) 

and higher fat free mass (p < 0.05) than girls (table 3.4). 
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Table 3.3 Baseline body composition. 

 
T1D ND p-value 

n (female) 53 (26) 22 (12)  

Weight, kg 69.4 ± 1.6 67.0 ± 2.6 0.20 

Height, m 1.70 ± 0.09 1.67 ± 0.01 0.06 

BMI, kg/m
2
 23.7 ± 0.5 23.3 ± 0.8 0.64 

BMI-SDS score 1.12 ± 0.94 0.71 ± 1.18 0.15 

Body fat (%) 26.4 ± 1.1 29.0 ± 1.2 0.24 

Fat free mass 51.5 ± 0.9 46.2 ± 1.4 0.001 

BMD, g/cm
2
 1.15 ± 0.01 1.14 ± 0.02 0.55 

A/G ratio  0.85 ± 0.02 0.85 ± 0.04 0.90 

Mean ± SE. BMI: body mass index; BMD: bone mineral density; A/G ratio: android/gynoid 

ratio. 
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Table 3.4 Baseline body composition according to gender. 

 
Boys Girls p-value 

n (ND) 37 (10) 38 (12) 
 

Weight, kg 69.0 ± 2.0 65.5 ± 1.9 0.20 

Height, m 1.73 ± 0.01 1.65 ± 0.01 0.001 

BMI, kg/m
2
 22.9 ± 0.6 24.0 ± 0.6 0.19 

Body fat (%) 18.9 ± 1.4 36.4 ± 1.3 0.001 

Fat free mass 56.0 ± 1.1 41.7 ± 1.1 0.001 

BMD, g/cm
2
 1.15 ± 0.01 1.14 ± 0.01 0.64 

A/G ratio 0.84 ± 0.03 0.85 ± 0.03 0.77 

Mean ± SE. BMI: Body Mass Index; BMD: Bone Mineral Density; A/G ratio: 

android/gynoid ratio.   

 

3.1.4. Exercise Functional Capacity 

Participants‟ resting and maximal exercise capacity results are shown on table 3.5. All 

participants fulfilled the criteria established in our methodology and were considered to have 

a true maximal exercise test and performed the test until maximal effort. All participants had 

respiratory exchange ratio values above 1.1 at maximal exercise, although the respiratory 

exchange ratio was higher in the ND group compared to the diabetic group (p < 0.05). 

Absolute maximal oxygen consumption (L/min) was not different between groups (p > 0.05). 

However, once indexed for body composition (fat free mass), maximal oxygen consumption 

was lower in the T1D adolescents compared to ND adolescents (ml/kgffm/min) (p < 0.05). 

No differences were seen in ventilation per unit time (VE) between groups (p > 0.05). Heart 

rate was higher in the diabetic group at rest (p < 0.05) but not at maximal exercise (p > 0.05). 

Although there were no differences in diastolic blood pressure at rest or maximal exercise (p 

> 0.05), both resting and maximal exercise systolic blood pressures were significantly higher 

in the T1D adolescents compared to ND adolescents. Mean arterial pressure tended to be 

higher at rest (p = 0.07) and it was significantly higher at maximal exercise in the diabetic 

group (p < 0.05).  
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Table 3.5 Baseline functional capacity. 

 T1D 

             n = 53 

ND 

n = 22 

p-value 

Resting  

Heart rate, beats/min 75 ± 3 65 ± 3 0.02 

DBP, mmHg 63 ± 1 62 ± 1 0.20 

SBP, mmHg 110 ± 1 105 ± 2 0.02 

MAP, mmHg 79 ± 1 76 ± 1 0.07 

Maximal Exercise 

Heart rate, beats/min 187 ± 1 186 ± 2 0.23 

DBP, mmHg 67 ± 1 66 ± 2 0.64 

SBP, mmHg 171 ± 2 166 ± 3 0.001 

MAP, mmHg 102 ± 1 97 ± 2 0.05 

VO2, L/min 2.3 ± 0.1 2.4 ± 0.1 0.96 

VO2, ml/kgffm/min 44.7 ± 0.9 48.5 ± 1.4 0.03 

VE, L/min 84.7 ± 2.1 89.7 ± 5.4 0.18 

RER 1.20 ± 0.07 1.24 ± 0.01 0.01 

Mean ± SE. DBP: diastolic blood pressure; SBP: systolic blood pressure; MAP: mean arterial 

pressure; RER: respiratory of exchange ratio. 

 

The resting and maximal exercise test results according to gender are shown on table 3.6. As 

expected, boys had higher absolute volumes of oxygen consumption (L/min) and VE (L/min) 

at baseline compared to girls (p < 0.05). However, when indexed for body composition 

(ml/kgffm/min) the difference in oxygen consumption disappeared (p = 0.09). Although there 

were no differences in diastolic blood pressure, boys had significantly higher systolic blood 

pressure at rest (p < 0.05) and during maximal exercise (p < 0.05) compared to girls. Mean 
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arterial pressure was also higher in boys at maximal exercise (p < 0.05) but only tended to be 

higher at rest (p = 0.07). The respiratory exchange ratio was similar between boys and girls (p 

> 0.05). 

 

Table 3.6 Baseline functional capacity according to gender. 
 

 
Boys  

n = 37 

Girls 

n = 38 

p-value 

Resting 

Heart rate, beats/min 71 ± 2  71 ± 2  0.85 

DBP, mmHg 62 ± 1  62 ± 1  0.20 

SBP, mmHg 110 ± 1  105 ± 1  0.02 

MAP, mmHg 78 ± 1   76 ± 1  0.07 

Maximal Exercise 

Heart rate, beats/min 186 ± 1  186 ± 1  0.85 

DBP, mmHg 68 ± 1  67 ± 1 0.64 

SBP, mmHg 171 ± 3  156 ± 2  0.001 

MAP, mmHg 102 ± 1  96 ± 1  0.05 

OV 2max, L/min 2.7 ± 0.1 1.9 ± 0.1 0.001 

OV 2max,  ml/kgffm/min 47.8 ± 1.1   45.3 ± 1.1 0.09 

VE, L/min 91.3 ± 2.7  72.5 ± 2.6 0.001 

RER 1.21 ± 0.01  1.23 ± 0.01  0.07 

Mean ± SE. DBP: diastolic blood pressure; SBP: systolic blood pressure; MAP: mean arterial 

pressure; RER: respiratory of exchange ratio.   
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3.1.5. Left Ventricular Morphology and Function 

As mentioned on the methodology section, the left ventricular function was assessed using 

MRI imaging in the supine position. The study obtained left ventricular images at rest and 

during sub-maximal exercise. As indicated in table 3.7, the absolute left ventricular mass (g) 

was higher in the T1D compared to ND participants. However, once indexed for participants‟ 

fat free mass the difference disappeared (p > 0.05). Supine resting and sub-maximal exercise 

heart rates and ejection fractions, as well as the sub-maximal exercise workload were similar 

between T1D adolescents and ND adolescents (p > 0.05) (table 3.7). Both groups increased 

heart rate, systolic blood pressure and ejection fraction in response to sub-maximal exercise 

(p < 0.05). Nevertheless, similar to the OV 2max test data, the T1D group had elevated systolic 

blood pressure both at rest and during sub-maximal exercise in the supine position compared 

to the ND group (p < 0.05). Moreover, supine diastolic blood pressure was higher in the T1D 

group at rest, but only tended to be higher during sub-maximal supine exercise (p = 0.06) 

(table 3.7). Therefore, both resting and sub-maximal exercise mean arterial pressures were 

elevated in the diabetic adolescents at baseline (p < 0.05).  
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Table 3.7 Baseline cardiovascular characteristics. 

 
REST EXERCISE 

 T1D 

n = 53 

ND 

n = 22 

p 

value 

T1D 

n =  53 

ND 

n = 22 

p 

value 

Heart rate, beats/min 74 ± 1 71 ± 2 0.27 109 ± 1 109 ± 1 0.62 

LVM, g 134 ± 3 121 ± 5 0.05 - - - 

LVM, g/kgffm 2.6 ± 0.1 2.8 ± 0.1 0.16 - - - 

EF, % 63 ± 1 63 ± 1 0.45 67 ± 1 70 ± 2 0.24 

SBP, mmHg 110 ± 1 101 ± 2 0.001 128 ± 2 119 ± 3 0.03 

DBP, mmHg 60 ± 1 56 ± 1 0.05 66 ± 1 61 ± 2 0.06 

MAP, mmHg 77 ± 1 71 ± 1 0.001 86 ± 1 80 ± 2 0.02 

Workload, watts - - - 37.8 ± 1.3 41.5 ± 2.2 0.54 

Mean ± SE. LVM: left ventricular mass; EF: ejection fraction; SBP: systolic blood pressure; 

DBP: diastolic blood pressure; MAP: mean arterial pressure.  

 

There were no differences in the absolute resting (6.9 ± 0.7 vs. 6.7 ± 0.3 L/min; p = 0.79) or 

sub-maximal exercise (10.5 ± 0.2 vs. 11.3 ± 0.6 L/min; p = 0.23) CO volumes between T1D 

and ND adolescents. Both groups were able to significantly increase their CO in response to 

exercise (p < 0.05). CO was then indexed for participants‟ fat free mass (ml/kgffm) to adjust 

for body composition. Figure 3.1 outlines the CO results adjusted to body fat-free mass. Once 

indexed, the resting CO remained similar between groups (p = 0.61). However, the T1D 

group had significantly lower indexed CO (207.3 ± 4.1 vs. 235.8 ± 6.6 ml/kgffm/min; p < 

0.05) in response to sub-maximal exercise. 



 

117 
 

 
Figure 3.1 Baseline cardiac output indexed for fat-free-mass. Mean ± SE. p < 0.05 * 

significantly different between T1D vs. ND and between rest and exercise.  

 

The absolute left ventricular volumes are shown on table 3.8.  There were no differences in 

the absolute left ventricular volumes between the T1D and ND groups at rest or during 

exercise (p > 0.05).  

 

Table 3.8 Baseline absolute left ventricular volumes. 

 
REST EXERCISE 

 T1D 

n = 53 

ND 

n = 22 

p 

value 

T1D 

n = 53 

ND 

n = 22 

p 

value 

SV,  ml 94 ± 2 94 ± 5 0.97 95 ± 2 105 ± 5 0.16 

EDV, ml 148 ± 3 158 ± 8 0.34 139 ± 6 156 ± 6 0.12 

ESV, ml 54 ± 2 63 ± 3 0.08 44 ± 2 50 ± 3 0.21 

Mean ± SE. SV: stroke volume; EDV: end-diastolic volume; ESV: end-systolic volume. 
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However, once left ventricular volumes were adjusted for participants fat-free-mass 

significant differences appeared between groups (figure 3.2). SV was reduced in the T1D 

adolescents both at rest (1.86 ± 0.04 vs. 2.06 ± 0.07 ml/kgffm; p = 0.02) and during sub-

maximal exercise (1.89 ± 0.04 vs. 2.17 ± 0.06 ml/kgffm; p = 0.01). The T1D group was 

unable to increase their SV from rest to exercise (1.86 ± 0.04 vs. 1.89 ± 0.04 ml/kgffm; p = 

0.75) while the ND group did (2.06 ± 0.07 vs. 2.17 ± 0.06 ml/kgffm; p < 0.05).   

When looking at the components of SV, the end-diastolic volume was reduced both at rest 

(2.94 ± 0.06 vs. 3.26 ± 0.09 ml/kgffm; p = 0.01) and during sub-maximal exercise (2.78 ± 

0.05 vs. 3.09 ± 0.08 ml/kgffm; p = 0.01) in the T1D group (figure 3.2). Moreover, the T1D 

group reduced their end-diastolic volume from rest to exercise (2.94 ± 0.06 vs. 2.78 ± 0.05 

ml/kgffm; p = 0.03) while, the ND group did not (3.26 ± 0.09 vs. 3.09 ± 0.08 ml/kgffm; p = 

0.32) (figure 3.2). Therefore, the diabetic group were unable to fill their left ventricle with as 

much blood as the non-diabetic group in both conditions studied. 

The end-systolic volume was lower in the T1D group at rest (1.08 ± 0.03 vs. 1.21 ± 0.04 

ml/kgffm; p = 0.01) but not during sub-maximal exercise (0.89 ± 0.03 vs. 0.91 ± 0.05 

ml/kgffm; p = 0.73) (figure 3.2). Both groups reduced their end-systolic volumes in response 

to sub-maximal exercise (1.08 ± 0.03 vs. 0.89 ± 0.03 for the T1D group and 1.21 ± 0.04 vs. 

0.91 ± 0.05 for the ND group ml/kgffm; p < 0.05). 
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Figure 3.2 Baseline left ventricular volumes indexed for fat-free-mass. Mean ± SE. p < 0.05 

* significantly different between T1D vs. ND.  
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Left Ventricular Change from Rest to Exercise 

Although in general no differences were observed in  left ventricular volume change  from 

rest to sub-maximal exercise between T1D and ND groups, a smaller absolute reduction in 

end-systolic volume was noted in the TID group compared to the ND group (- 0.18 ml/ffm 

vs. - 0.30 ml/ffm (table 3.9). 

 

Table 3.9 Baseline change in left ventricular volumes from rest to exercise. 

 
T1D 

n = 53 

ND 

n = 22 

p-value 

Change (ml/kgffm) 
   

    EDV - 0.15 ± 0.04 - 0.17 ± 0.07 0.84 

    ESV - 0.18 ± 0.02 - 0.30 ± 0.04 0.02 

    SV 0.03 ± 0.03 0.12 ± 0.05 0.20 

Change (%)     

    EDV - 4.8 ± 1.4 - 4.2 ± 2.3 0.81 

    ESV - 16.9 ± 2.2 - 23.8 ± 3.5 0.11 

    SV 2.5 ± 1.8 7.1 ± 2.8 0.19 

Mean ± SE. EDV: end-diastolic volume; ESV: end-systolic volume; SV: stroke volume. 

 

Left ventricular function results according to gender 

The baseline cardiovascular response according to gender can be seen on table 3.10. As 

expected, absolute left ventricular mass (g) was higher in boys (p < 0.05). However, when 

indexed for participants‟ fat-free-mass (kg) this difference disappeared (p > 0.05). Resting 

and sub-maximal exercise heart rate, ejection fraction, diastolic blood pressure, mean arterial 

pressure and exercise workloads were not different between boys and girls (p > 0.05). 

Resting systolic blood pressure was higher in boys (p < 0.05) but not during sub-maximal 

exercise (p > 0.05). 
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Table 3.10 Baseline cardiovascular characteristics according to gender. 

 
REST EXERCISE 

 Boys 

n = 37 

Girls 

n = 38 

p 

value 

Boys 

n = 37 

Girls 

n = 38 

p 

value 

Heart rate, beats/min 71 ± 2 74 ± 2 0.37 109 ± 1 110 ± 1 0.54 

LVM, g 146 ± 4 109 ± 4 0.001 - - - 

LVM, g/kgffm 2.6 ± 0.1 2.7 ± 0.1 0.27 - - - 

EF, % 62 ± 1 64 ± 1 0.06 68 ± 2 69 ± 2 0.63 

SBP, mmHg 109 ± 2 102 ± 2 0.003 125 ± 3 122 ± 3 0.51 

DBP, mmHg 57 ± 1 59 ± 1 0.28 64 ± 2 63 ± 2 0.74 

MAP, mmHg 74 ± 1 74 ± 1 0.58 84 ± 2 83 ± 2 0.58 

Workload, watts - - - 34.7 ± 2 36.3 ± 2 0.57 

Mean ± SE. LVM: left ventricular mass; EF: ejection fraction; SBP: systolic blood pressure; 

DBP: diastolic blood pressure; MAP: mean arterial pressure. 

 

The resting and sub-maximal exercise absolute LV volumes according to gender are shown 

on table 3.11. The absolute CO, SV, end-diastolic volume and end-systolic volumes were 

similar between boys and girls both at rest and during sub-maximal exercise (p < 0.05). 

However, these results changed once left ventricular volumes were indexed for participants‟ 

fat-free-mass (figure 3.4 and 3.3). 
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Table 3.11 Baseline absolute left ventricular volumes according to gender. 

 
REST EXERCISE 

 Boys 

n = 37 

Girls 

n = 38 

p 

value 

Boys 

n = 37 

Girls  

n = 38 

p 

value 

CO,  L/min 7.0 ± 0.2 6.6 ± 0.2 0.29 10.9 ± 0.3 10.8 ± 0.3 0.89 

SV,  ml 96 ± 3  92 ± 3 0.37 101 ± 3 99 ± 3 0.66 

EDV, ml 157 ± 4 150 ± 5 0.32 149 ± 4 147 ± 4 0.76 

ESV, ml 60 ± 2 57 ± 2  0.45 47 ± 2 47 ± 2 0.99 

Mean ± SE. CO: cardiac output; SV: stroke volume; EDV: end-diastolic volume; ESV: end-

systolic volume. 

 

As shown on figure 3.3, the indexed CO was not different at rest between boys and girls (135 

± 5 boys vs. 145 ± 5 girls ml/kgffm/min; p = 0.17). However, sub-maximal exercise CO was 

higher in girls compared to boys (207 ± 6 boys vs. 236 ± 6 girls ml/kgffm/min; p < 0.05).  

 

 
 

Figure 3.3 Baseline cardiac output indexed for fat free mass according to gender. Mean ± SE. 

p < 0.05 * significantly different between boys vs. girls.  
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The SV in girls was higher at resting (1.8 ± 0.06 boys vs. 2.0 ± 0.06 girls ml/kgffm; p < 0.05) 

and sub-maximal exercise (1.9 ± 0.05 boys vs. 2.1 ± 0.05 girls ml/kgffm; p < 0.05) compared 

to boys (figure 3.4).  When looking at the SV components, end-diastolic volumes were higher 

in girls at rest (2.9 ± 0.08 boys vs. 3.2 ± 0.08 girls ml/kgffm; p < 0.05) and during sub-

maximal exercise (2.7 ± 0.07 boys vs. 3.1 ± 0.07 girls ml/kgffm; p < 0.05) (figure 3.4). 

Resting end-systolic volumes did not differ between boys and girls (p > 0.05). On the other 

hand, boys had lower end-systolic volumes during exercise (0.84 ± 0.04 boys vs. 0.97 ± 0.04 

girls ml/kgffm; p = 0.04) (figure 3.4). There were no gender differences in the exercise 

workload (34.6 ± 1.9 boys vs. 36.2 ± 1.8 girls watts; p = 0.57). 
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Figure 3.4 Baseline left ventricular volumes indexed for fat free mass according to gender. 

Mean ± SE.   p < 0.05 * significantly different between boys vs. girls.  
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No differences were observed regarding gender in the change in left ventricular volume from 

rest to sub-maximal exercise (p > 0.05) (table 3.12). 

 

Table 3.12 Baseline change in left ventricular volumes from rest to sub-maximal exercise by 

gender. 

 
Boys 

n = 37 

Girls 

n = 38 

p-value 

Change (ml/kgffm) 
   

    EDV -0.18 ± 0.06 -0.13 ± 0.06 0.60 

    ESV -0.25 ±0.04 -0.23 ± 0.04 0.62 

    SV 0.06 ± 0.05 0.08 ± 0.05 0.76 

Change (%)     

    EDV -6.1 ± 2.1 -2.9 ± 2.0 0.31 

    ESV -24.0 ± 3.2  -16.8 ± 3.1 0.14 

    SV 4.1 ± 02.6 5.7 ± 2.5 0.68 

Mean ± SE. EDV: end-diastolic volume; ESV: end-systolic volume; SV: stroke volume 
 

3.1.6. Vascular Function 

Results from vascular function assessments included augmentation index measured by pulse 

wave and resting and post-exercise femoral artery blood flow measured by MRI scans. 

Vascular conductance (blood flow/MAP) and resistance (MAP/ blood flow) were calculated 

based on MRI data. There were no differences in augmentation index between T1D and ND 

adolescents at rest (18.3 ± 1.2 vs. 21.9 ± 1.9 %; p > 0.05). There was however a gender 

difference with girls having higher augmentation index then boys (25.2 ± 1.4 vs. 14.9 ± 1.5 

%; p < 0.05).  
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Absolute resting and sub-maximal exercise results for femoral artery blood flow; vascular 

conductance and vascular resistance are shown on table 3.13.  The only difference between 

groups was on blood flow at rest, which was higher in the T1D group (p < 0.05).  

 

Table 3.13 Baseline vascular function. 

 
T1D 

n = 53 

ND 

n = 22 

p-value 

Resting 
   

Absolute Blood flow, ml/min 5.97 ± 0.25 5.08 ± 0.43  0.04 

Vascular Conductance, U 4.84 ± 0.20 4.19 ± 0.35 0.13 

Vascular Resistance, U 0.23 ± 0.01 0.26 ± 0.02 0.32 

Sub-maximal exercise    

Absolute Blood flow, ml/min 7.25 ± 0.32  6.87 ± 0.32  0.57 

Vascular Conductance, U 5.01 ± 0.23 5.12 ± 0.41 0.83 

Vascular Resistance, U 0.22 ± 0.01 0.23 ± 0.02 0.76 

Mean ± SE.  
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As shown by figure 3.5 once indexed for participant‟s leg fat free mass blood flow was not 

different between groups at rest or after exercise (p = 0.15). 

 

 
Figure 3.5 Baseline right leg femoral artery blood flow. Mean ± SE. 

 

 

Vascular Changes from Rest to Exercise 

The changes from rest to sub-maximal exercise in vascular parameters are shown on table 

3.14. Blood flow increased from rest in response to sub-maximal exercise in both T1D and 

ND groups (p > 0.05) (figure 3.5). The absolute and percentage change in vascular 

conductance and resistance were significantly different between groups (p < 0.05). The ND 

group was able to more efficiently increase vascular conductance and reduce vascular 

resistance in response to exercise compare to T1D participants (p < 0.05). 
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Table 3.14 Baseline change in vascular parameters from rest to sub-maximal exercise. 

 
T1D 

n = 53 

ND 

n = 22 

p-value 

Change (Absolute) 
   

Vascular Conductance,  0.18 ± 0.17 0.85 ± 0.29 0.05 

Vascular Resistance,  - 0.01 ± 0.01 - 0.05 ± 0.01 0.02 

Change (%)    

Vascular Conductance 5.9 ± 3.9 24.7 ± 6.6 0.02 

Vascular Resistance - 0.02 ± 3.2 - 14.9 ± 5.5 0.02 

Mean ± SE.  

 

Vascular Function According to Gender 

There were no gender differences at resting and after sub-maximal exercise on indexed 

femoral artery blood flow (table 3.15). Boys had higher vascular conductance and decreased 

resistance at rest and decreased conductance and resistance after exercise compared to girls  

(p < 0.05). 
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Table 3.15 Baseline right leg femoral artery blood flow according to gender. 

 
Boys 

n = 37 

Girls 

n = 38 

p-value 

Resting 
   

Blood flow, ml/kgffm/min 0.72 ± 0.03 0.68 ± 0.04 0.53 

Vascular Conductance, U 5.25 ± 0.26 3.78 ± 0.27 0.01 

Vascular Resistance, U 0.23 ± 0.01 0.26 ± 0.02 0.01 

Sub-maximal exercise    

Blood flow, ml/kgffm/min 0.93 ± 0.05 0.82 ± 0.05 0.10 

Vascular Conductance, U 5.01 ± 0.24 5.12 ± 0.41 0.01 

Vascular Resistance, U 0.19 ± 0.01  0.27 ± 0.01 0.01 

Mean ± SE.  
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3.1.7. Glucose Control and Diabetes Duration Correlations  

Linear regression analysis showed that HbA1C was independently correlated with resting and 

exercise SV (ml/kgffm), resting heart rates and maximal exercise capacity ( OV 2max) in the 

T1D participants (table 3.16) (p < 0.05). 

Table 3.16 Baseline  correlation for HbA1C . 

Variable Regression Coefficient Standard Error p-value 

OV 2max - 1.284 0.431 0.001 

Resting SBP 0.438 0.557 0.43 

Maximal SBP - 0.863 1.30 0.51 

Resting heart rate 1.941 0.849 0.03 

Rest       SV  - 0.052 0.022 0.02 

              EDV - 0.053 0.031 0.09 

              ESV - 0.001 0.014 0.92 

              Blood flow - 56.96 56.65 0.31 

Exercise  SV - 0.050 0.020 0.01 

              EDV - 0.030 0.027 0.28 

              ESV 0.024 0.014 0.09 

              Blood flow - 54.17 67.6 0.42 

SBP: systolic blood pressure; SV: stroke volume; EDV: end-diastolic volume; ESV: end-

systolic volume. 
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Linear regression analysis showed that diabetes duration had a negative correlation with 

resting and exercise end-systolic volumes (table 3.17) (p > 0.05).  

 

Table 3.17 Baseline correlation for diabetes duration.  

Variable Regression 

Coefficient 

Standard Error p-value 

OV 2max 0.123 0.21 0.55 

Resting SBP 0.093 0.27 0.73 

Maximal SBP 0.78 0.63 0.22 

Resting heart rate 0.362 0.41 0.38 

Rest       SV 0.002 0.01 0.82 

             EDV - 0.013 0.01 0.37 

             ESV - 0.016 0.01 0.02 

             Blood flow 9.68 6.5 0.14 

Exercise  SV - 0.002 0.01 0.81 

              EDV - 0.016 0.01 0.24 

              ESV - 0.013 0.01 0.05 

              Blood Flow 2.81 7.8 0.72 

SBP: systolic blood pressure; SV: stroke volume; EDV: end-diastolic volume; ESV: end-

systolic volume. 
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3.1.8. Baseline Results Summary 

T1D adolescents had increased resting heart rate and SBP. They were able to maintain similar 

CO at rest compared to ND adolescents. However, the mechanism by which this CO was 

maintained differed from controls. Diabetic adolescents had higher resting heart rate and 

lower SV than controls, while non-diabetic adolescents had lower resting heart rates and 

higher stroke volumes. Moreover, the reduction in SV in the diabetic group was due to 

smaller end-diastolic volumes, therefore impaired filling capacity. The T1D adolescents had 

also reduced maximal exercise capacity and increased SBP response to maximal exercise 

compared to ND adolescents. Contrary to the resting condition, in response to sub-maximal 

exercise, the T1D group had lower CO compared to ND adolescents. The reduced CO was 

due to reductions in SV since heart rates were similar between groups during sub-maximal 

exercise. The reduced SV in the diabetic group was due to smaller end-diastolic volumes and 

a failure of the end-systolic volume to decline to the same degree as in ND subjects. 

Therefore, diabetic adolescents have reduced SV at rest and in response to sub-maximal 

exercise due to reduced filling capacity. 

When looking at gender (controlling for diabetes), boys had higher resting and maximal 

exercise SBP than girls. Maximal exercise capacity was similar between boys and girls. Girls 

however, independent of diabetes, had higher CO in response to sub-maximal exercise 

compared to boys. This was due to larger SV. The increased SV in girls was due to improved 

left ventricular filling and emptying capacity shown by increased EDV and decreased ESV. 

There were no differences in femoral artery blood flow between diabetic and ND adolescents 

at rest or after sub-maximal exercise. However, the diabetic adolescents were unable to 

increase their blood flow in response to exercise as much as ND adolescents. Moreover, the 

ND adolescents were able to increase more vascular conductance and decrease vascular 

resistance in response to exercise than the T1D adolescents. When looking at gender, boys 

independently of diabetes status had increased vascular conductance at rest and decreased 

vascular conductance after exercise. On the other hand, vascular resistance was lower in boys 

both at rest and after exercise. 

Worse glycaemic control was associated within reduced SV, increased heart rate and poorer 

exercise capacity. Longer diabetes duration was only associated with higher end-systolic 

volumes. 



 

133 
 

3.2. Exercise Training vs. Non-Exercise Training: Post-Intervention Results 

This section presents the data obtained at the end of the intervention period (20 weeks) that 

occurred after the diabetic participants‟ were randomized to training or non-training 

intervention. Data presented compares the diabetic group that exercise trained for 20 weeks 

(T1D training); the diabetic group that served as control (T1D control); and the non-diabetic 

group that exercise trained for 20 weeks (ND training). Results are shown in two forms. First, 

we looked at changes that occurred from baseline compared to post-intervention in each 

group using repeated measures analyses. These differences are represented by the symbol * 

followed by the name of the group that changed from baseline to post-intervention. This 

symbol is displayed at the bottom of the graph figures or next to the variable on the tables. 

Secondly, we looked at differences between groups at the post-intervention assessment. The 

significant differences are represented by the symbols: † for differences between the T1D 

training group and T1D control group; ‡ for differences between the T1D training group and 

the ND training group and § for differences between the ND training group and the T1D 

control group. These symbols were displayed at the top of the post-intervention data points 

on graphs or next to the variables on the tables. 

As mentioned previously in our methodology section, our study aimed to recruit 60 T1D 

adolescents and 20 ND adolescents. Forty T1D adolescents for the exercise training program 

and 20 as control (2 : 1 ratio). Due to time constrictions, recruitment was ceased when 38 

T1D adolescents (20 boys and 18 girls) had been randomized to the exercise training program 

and 15 in the control group (7 boys and 8 girls). This did not affect the statistical power of the 

study since only 15 participants were required per group. Twenty two ND adolescents (10 

boys and 12 girls) were enrolled in the study and participated in the exercise training 

program. From the 75 participants enrolled at baseline, only three T1D participants (one boy 

and two girls) did not complete their post-intervention assessments. The two girls were 

unable to complete their post-intervention assessments due to school commitments; and the 

boy for personal reasons withdrew from the 13
th

 week of his participation. Thus, 72 

participants completed their post-intervention assessments, 37 in the T1D training group, 22 

in the ND training group and 13 in the T1D control group. 

The post-intervention results are presented in the following order: blood test, body 

composition; exercise capacity; left ventricular function and vascular function.  
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3.2.1. Blood Test 

The effect of exercise training on glucose control and lipid profile is displayed on table 3.18. 

Intervention did not affect glucose control after 20 weeks (p > 0.05) with the ND training 

group showing lower HbA1c compared to both diabetic groups at post-intervention (p < 0.05). 

There was however, a drop of 10 % in insulin use by the T1D training group (65 vs. 59 

units/day; p < 0.05) compared to the T1D control group (77 vs. 81 units day; p > 0.05). 

Insulin dose indexed for participant‟s body weight reduced after training in the T1D training 

group (0.95 ± 0.34 vs. 0.85 ± 0.33 units/kg/day p < 0.05) while it did not in the T1D control 

group (1.13 ± 0.28 vs. 1.15 ± 0.34 units/kg/day p > 0.05).  HDL decreased in the ND training 

group (p < 0.05) while it did not change in the T1D training group nor in the T1D control 

group (p > 0.05) compared to baseline. The lipid profile for LDL, total cholesterol, 

tryglicerides and the total cholesterol/HDL ratio were unchanged after 20 weeks of 

intervention in all three groups compared to baseline and at post-intervention assessment (p > 

0.05). 
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Table 3.18 Post-intervention blood test. 

 T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

HbA1c                     Baseline 8.78 ± 0.25 5.22 ± 0.08 §‡ 8.55 ± 0.35 

                                Post 8.46 ± 0.21 5.25 ± 0.10 §‡ 8.65 ± 0.25 

Triglycerides         Baseline 1.09 ± 0.09 0.75 ± 0.08 1.07 ± 0.19 

                                Post 0.94 ± 0.09 0.83 ± 0.09 1.10 ± 0.20 

Total cholesterol   Baseline 4.28 ± 0.13  4.15 ± 0.14 4.50 ± 0.22 

                                Post 4.32 ± 0.13 4.07 ± 0.14 4.54 ± 0.22 

HDL                       Baseline 1.51 ± 0.06 1.51 ± 0.07  1.43 ± 0.11 

                                Post 1.51 ± 0.06 1.34 ± 0.06* 1.46 ± 0.01 

LDL                       Baseline 2.24 ± 0.13 2.22 ± 0.13  2.64 ± 0.22 

                                Post 2.35 ± 0.13 2.13 ± 0.13  2.54 ± 0.23 

Cholesterol ratio   Baseline 2.83 ± 0.13 2.80 ± 0.15 2.95 ± 0.40 

                                Post 2.98 ± 0.13 3.13 ± 0.15 3.05 ± 0.43 

Mean ± SE.  p < 0.05 * significant different at post-intervention compared to baseline; § 

significantly different between ND Training vs. T1D control at post-intervention; ‡ 

significantly different between ND Training vs. T1D training at post-intervention. 

 

 

 

 

 

 

 



 

136 
 

3.2.2. Body Composition 

As shown on figure 3.6, 20 weeks of exercise intervention did not modify body weight in the 

exercising groups (p > 0.05). There was however an increase in weight, by more than 2 kgs, 

in the T1D control group from baseline (68.9 + 3 kg to 71.1 + 3 kg; p = 0.04). However, 

weight was not significantly different between groups at post-intervention assessment (p > 

0.05). 

 

 
Figure 3.6 Effect of exercise training on body weight. Mean ± SE. p < 0.05 * significantly 

different at post-intervention compared to baseline. 

 

Interestingly, the change in weight in the T1D control group was due to an increase in fat 

mass, since fat-free mass was unaltered from baseline (p > 0.05) (table 3.19). There were no 

significant changes in BMD, BMI, body fat percentage or fat-free mass in the training groups 

compared to their baseline assessments (p > 0.05) (table 3.19). 
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Table 3.19 Post-intervention body composition. 

 T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

BMI                       Baseline 23.78 ± 0.53 23.64 ± 0.95 24.68 ± 0.7 

                               Post 23.36 ± 0.53 23.01 ± 0.95 25.09 ± 0.98 

BMD                     Baseline 1.13 ± 0.01 1.15 ± 0.01 1.17 ± 0.02 

                               Post 1.14 ± 0.01 1.17 ± 0.01 1.17 ± 0.02 

BSA                       Baseline 1.83 ± 0.02 1.74 ± 0.03 1.77 ± 0.03 

                               Post 1.82 ± 0.03 1.76 ± 0.03 1.80 ± 0.03 

% fat                     Baseline 26.80 ± 1.25 27.50 ± 2.54 27.65 ± 2.17 

                               Post 26.26 ± 1.26  25.91 ± 2.14 § 28.84 ± 2.18† 

Fat free mass        Baseline 51.31 ± 0.81 48.97 ± 0.70 50.85 ± 1.24 

                               Post 52.24 ± 0.81 49.65 ± 0.70 50.33 ±1.24 

Mean ± SE.  p < 0.05 † significantly different at the post-intervention compared to baseline; § 

significantly different between the ND training vs. T1D control at post-intervention. 

 

 

Exercise training tended to improve the android/gynoid ratio (A/G ratio) in the ND training 

group (p = 0.06) however no significant changes were seen in all three groups in the A/G 

ratio compared to their baseline results (p > 0.05) (figure 3.7). When analysing the group 

results at post-intervention, the A/G ratio was significantly higher in the T1D control 

compared to the T1D training group and the ND training group (0.90 ± 0.04 vs. 0.83 ± 0.03 

vs. 0.82 ± 0.05 respectively p < 0.05). This was due to a significant increase in fat 

accumulation in the android area (trunk) in the T1D control group (33.2 vs. 28.9 vs. 29.0 % 

respectively, p < 0.05) (figure 3.7). Therefore, we can interpret from these results that the 

extra weight gained by the T1D group was mainly accumulated in the trunk area. 
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Figure 3.7 Effect of exercise training on percent fat distribution between android and gynoid 

areas. Mean ± SE. p < 0.05 *significantly different at post-intervention compared to baseline; 

† significantly different between T1D training vs. T1D control at the post-intervention; § 

significantly different between ND training vs. T1D control at the post-intervention.  
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3.2.3. Exercise Functional Capacity  

Exercise capacity variables analysed at post-intervention included the changes in maximum 

exercise capacity, resting (sitting) and maximal exercise heart rates (cycling), as well as the 

blood pressures obtained at rest and at the maximal effort. After 20 weeks, maximal oxygen 

consumption, expressed in absolute values (L/min) increased in both training groups from 

baseline (2.3 ± 0.1 vs. 2.6 ± 0.1 for the T1D training group; 2.4 ± 0.1 vs. 2.7 ± 0.1 for ND 

training L/min; p < 0.05) but not on the T1D control group (2.2 ± 0.1 vs. 2.2 ± 0.1 L/min; p > 

0.05). As seen on figure 3.8, exercise training resulted in increased oxygen consumption per 

kg of fat-free-mass in the T1D training group (from 45.1 ± 0.8 to 49.5 ± 0.8 ml/kgffm/min;   

p < 0.05) and in the ND training (from 48.5 ± 1.4 to 55.9 ± 2.1 ml/kgffm/min; p < 0.05) 

compared to their baseline results. Therefore, training  was able to increase maximal exercise 

capacity by an average 10 % while the T1D control group  maintained its fitness compared to 

baseline (44 ± 2.1 vs. 43.4 ± 2.2 ml/kgffm/min; p = 0.42). At the post-intervention 

assessment, the T1D control had significant lower oxygen consumption compared to both 

training groups (43.4 vs. 49.5 vs. 55.9 ml/kgffm/min p > 0.05) (figure 3.8). Moreover, there 

were no significant differences between training groups at post-intervention assessment (49.5 

for T1D vs. 55.9 for ND ml/kgffm/min; p = 0.16). 

 

 
Figure 3.8 Effect of exercise training on maximal exercise capacity. Mean ± SE. p < 0.05 * 

significantly different at post-intervention compared to baseline; † significantly different 

between T1D training vs. T1D control at post-intervention; § significantly different between 

ND training vs. T1D control at post-intervention. 
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Figure 3.9 shows the effect of exercise training on resting (sitting) and maximal (cycling) 

exercise heart rates. The intervention did not alter resting or maximal heart rate on 

participating groups compared to their baseline results (p > 0.05). At the post-intervention 

assessment, resting heart rate was significantly higher in the T1D control compared to the ND 

training group (67 vs. 79 beats/min; p < 0.05). However, no differences were seen at post-

intervention between the T1D training and ND training groups (73 vs. 67 beats/min; p > 

0.05).  Maximal heart rate was not different between groups at post-intervention assessment 

(p > 0.05; figure 3.9). 

 

 
Figure 3.9 Effect of exercise training on resting (sitting) and maximal (cycling) heart rates. 

Mean ± SE. p < 0.05 § significantly different between ND training vs. T1D control at post-

intervention.  
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Figure 3.10 shows the effects of training on blood pressure responses. Resting systolic and 

diastolic blood pressures did not change in all groups compared to the baseline results or at 

post-intervention assessments (p > 0.05). On the other hand, maximal exercise systolic blood 

pressure reduced in both training groups (172 ± 2 vs. 166 ± 2 in the T1D training group and 

166 ± 3 vs. 160 ± 3 in the ND training group mmHg; p < 0.05) compared to baseline. Even 

though the systolic blood pressure reduced in the T1D training group at maximal exercise, it 

still remained higher compared to the ND training group at post-intervention assessments 

(166 ± 2 vs. 160 ± 3 mmHg; p < 0.05) (figure 3.10). Maximal systolic blood pressure was 

also higher in the T1D control compared to ND Training at post-intervention (p < 0.05). The 

T1D control group increased their maximal exercise diastolic blood pressure compared to 

baseline results (66 ± 1 vs. 70 ± 1 mmHg; p < 0.05).  

 

 
Figure 3.10 Effect of exercise training on resting (sitting) and maximal (cycling) exercise 

blood pressures. Mean ± SE. p < 0.05 * significantly different at post-intervention compared 

to baseline; ‡ significantly different between T1D training vs. ND training at post-

intervention; § significantly different between ND training vs. T1D control at post-

intervention.  
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Resting mean arterial pressure (MAP) remained unchanged after 20 weeks of intervention in 

all groups with no differences between groups at post-intervention (p > 0.05) (figure 3.11). 

Nevertheless, the MAP at maximal exercise decreased in the T1D training group (102 ± 1 to 

99 ± 1 mmHg; p < 0.05), increased in the T1D control (99 ± 2 to 104 ± 2 mmHg; p < 0.05) 

and was unchanged in the ND training group (97 ± 2 vs. 98 ± 2 mmHg;  p > 0.05) compared 

to their baseline results (Figure 3.11). Therefore, at post-intervention, maximal MAP was 

significantly higher in the T1D control group compared to training groups (p < 0.05). 

Moreover, there were no differences between the T1D training and ND training group (102 ± 

1 vs. 97 ± 2 baseline vs. 99 ± 1 vs. 98 ± 2 post mmHg, p  > 0.05) (figure 3.11). 

 

 
Figure 3.11 Effect of exercise training on resting (sitting) and maximal (cycling) exercise 

mean arterial pressure. Mean ± SE. p < 0.05 * significantly different at post-intervention 

compared to baseline; § significantly different between ND training vs. T1D control at post-

intervention. 
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As demonstrated on figure 3.12, maximal  minute ventilation (VE) increased in both training 

groups (83.6 ± 3 vs. 94.1 ± 3 for the T1D training group and 89.7 ± 5 vs.  106.5 ± 6 in the ND 

training group L/min;  p < 0.05) after 20 weeks. VE at post-intervention was significantly 

higher in the T1D training group and ND training group compared to the T1D control group 

in the intervention (p < 0.05). No differences were seen between the training groups at post-

intervention (p > 0.05). 

 

 
Figure 3.12 Effect of exercise training on maximal minute ventilation. Mean ± SE. p < 0.05 * 

significantly different at post-intervention compared to baseline; † significantly different at 

post-intervention between T1D training vs. T1D control; § significantly different at post-

intervention between ND training vs. T1D control. 
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3.2.4. Left Ventricular Function   

This section describes first the effects of training on left ventricular structure (left ventricular 

mass), heart rate and blood pressure. Secondly, we present the results for CO and SV 

followed by the left ventricular volumes including end-diastolic and end-systolic volumes 

and by ejection fraction. For each volume variable the absolute volumes are presented first in 

table format followed by the indexed variables in figures (fat free mass).  

Left ventricular mass, indexed for body composition, did not change from baseline after 20 

weeks intervention (p > 0.05), remaining similar between the groups at post-intervention (p > 

0.05; table 3.20).  

 

Table 3.20 Post-intervention left ventricular mass. 

 T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

LVM                       Baseline 2.58 ± 0.05 2.85 ± 0.12 2.54 ± 0.08 

                                 Post 2.60 ± 0.05 2.85 ± 0.12 2.57 ± 0.08 

Mean ± SE. LVM= left ventricular mass. 

 

 

 

 

Figure 3.13 shows the resting and sub-maximal exercise heart rates obtained during the MRI 

scanning after intervention. Resting supine heart rates decreased in the T1D training group 

(75 ± 2 vs. 70 ± 2 beats/min; p = 0.005) and in the ND training group (70 ± 2 vs. 64 ± 2 

beats/min; p = 0.05) from baseline. There was no change in resting supine heart rate in the 

T1D control group (p > 0.05). At post-intervention assessment resting heart rate tended to be 

higher in the T1D control group compared to ND training group (p = 0.08). Sub-maximal 

exercise heart rates remained unaltered in all three groups after intervention (p > 0.05). 
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Figure 3.13 Effects of exercise training on supine heart rates. Mean ± SE. p < 0.05 * 

significantly different at post-intervention compared to baseline.  
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 As seen on figure 3.14, after exercise training, resting (111 ± 1 vs. 106 ± 1 mmHg; p < 0.05) 

and sub-maximal exercise (128 ± 3 vs. 121 ± 3 mmHg; p < 0.05) supine systolic blood 

pressure (SBP) decreased in the T1D training group compared to their baseline result.  No 

changes were observed on the ND training group or in the T1D control group compared to 

their baseline results (p > 0.05). At post-intervention assessment there were no differences in 

resting or sub-maximal exercise SBP between training groups (p > 0.05). On the other hand, 

the T1D control had significantly higher SBP at rest and during sub-maximal exercise 

compared to training groups at post-intervention assessment (p < 0.05; figure 3.14). 

 

 
Figure 3.14 Effect of exercise training on supine systolic blood pressures. Mean ± SE. p < 

0.05 * significantly different at post-intervention compared to baseline; § significantly 

different between ND training vs. T1D control at post-intervention.  
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Resting diastolic blood pressure (DBP) decreased in the T1D training group compared to 

baseline results (61 ± 1 vs. 56 ± 1 mmHg; p < 0.05) while no changes were seen on the ND 

training group or the T1D control group (p > 0.05; figure 3.15). Sub-maximal exercise DBP 

did not change from baseline assessments in all three groups (p > 0.05; figure 3.15). There 

were no significant differences in resting or sub-maximal exercise DBP between groups at 

post-intervention assessments (p > 0.05; figure 3.15). 

 

 
Figure 3.15 Effect of exercise training on supine diastolic blood pressure. Mean ± SE. p < 

0.05 * significantly different at post-intervention compared to baseline.  
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Due to changes in systolic blood pressure sub-maximal exercise MAP decreased from 

baseline in the T1D training group (102 ± 1 vs. 99 ± 1 mmHg; p = 0.04) while it increased in 

the T1D control group (100 ± 2 vs. 104 ± 2 mmHg; p = 0.02) and remained unaltered in the 

ND training group (101 ± 1 vs. 97 ± 1 mmHg; p > 0.05). 

 

Figure 3.16 shows that the sub-maximal exercise workload increased from baseline in the ND 

training group after intervention (41 ± 2 vs. 48 ± 2 watts; p < 0.05). However, sub-maximal 

exercise workload was not different from baseline on both diabetic groups (37 ± 2 vs. 41 ± 2 

watts for the T1D training group and 37 ± 2 vs. 33 ± 2 watts; for the T1D control group; p > 

0.05). At post-intervention there were no differences in workload between training groups (48 

± 2 for ND training group vs. 41 ± 2 for T1D training group, watts; p > 0.05). However, the 

ND training group had significantly higher sub-maximal exercise workload then the T1D 

control group (48 ± 2 vs. 33 ± 3 watts; p < 0.05). No differences were seen in exercise 

workload between the diabetic groups at post-intervention (41 ± 2 vs. 33 ± 2 watts; p > 0.13). 

 

 
Figure 3.16 Effect of exercise training on cycling workload during sub-maximal supine 

exercise. Mean ± SE. p < 0.05 * significantly different at post-intervention compared to 

baseline; § significantly different between ND training vs. T1D control at post-intervention.  
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When looking at the absolute values resting and sub-maximal exercise CO did not change 

with exercise training compared to baseline nor were different at post-intervention 

assessment (p > 0.05; table 3.21). The absolute sub-maximal exercise CO only tended to 

increase on T1D training group (p = 0.07).  

 

Table 3.21 Post-intervention absolute cardiac output. 

Cardiac Output T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

Rest         (l/min)      Baseline 7.00 ± 0.25 6.70 ± 0.28 6.80 ± 0.24 

                                  Post 7.30 ± 0.25 6.70 ± 0.28 6.60 ± 0.25 

Exercise   (l/min)     Baseline 10.80 ± 0.30  11.30 ± 0.30 10.30 ± 0.30 

                                  Post 11.40 ± 0.30 12.00 ± 0.20 10.00 ± 0.30 

Mean ± SE. 

 

However, once CO was indexed for fat-free mass a significant improvement was seen on 

training groups. Figure 3.17 outlines the effect of training on the indexed CO responses. 

Resting CO did not change after 20 weeks in any of the study groups (p > 0.05). On the other 

hand, as noted above, sub-maximal exercise CO increased in both training groups compared 

to their baseline assessments (207 ± 4 vs. 226 ± 6 for the T1D training group and 236 ± 6 vs. 

253 ± 7 for the ND training group ml/kgffm/min; p < 0.05). The indexed sub-maximal 

exercise CO in the T1D control group did not change compared to their baseline result (207 ± 

7 vs. 197 ± 7 ml/kgffm/min; p > 0.05). Moreover, at the post-intervention assessment, results 

showed that there was a clear difference between all three groups regarding their sub-

maximal exercise CO (p < 0.05). The ND training group had higher sub-maximal exercise 

CO compared to both diabetic groups while the T1D training group had higher CO than the 

T1D control group (253 ± 7 for ND training vs. 226 ± 6 for T1D training vs. 197 ± 7 for T1D 

control ml/kgffm/min; p < 0.05). 
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Figure 3.17 Effect of exercise training on resting and sub-maximal exercise cardiac output. 

Mean ± SE.  p < 0.05 * significantly different at post-intervention compared to baseline; † 

significantly different between T1D training vs. T1D control at post-intervention; ‡ 

significantly different between T1D training vs. ND training at post-intervention; § 

significantly different between ND training vs. T1D control at post-intervention.  
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Table 3.22 shows the baseline and post-intervention absolute SV (ml) at rest and during sub-

maximal exercise in all three groups. Resting absolute SV did not change after the 

intervention period in all three groups (p > 0.05). On the other hand, sub-maximal exercise 

SV increased on both training groups (p < 0.05) while it remained unaltered in the T1D 

control group. 

 

Table 3.22 Post-intervention absolute stroke volume. 

Stroke Volume T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

Rest         (ml)         Baseline 97 ± 2 94 ± 3 92 ± 3 

                                 Post 101 ± 2 100 ± 3 90 ± 3 

Exercise  (ml)         Baseline 98 ± 3  105 ± 3 94 ± 3 

                                 Post 106 ± 3* 112 ± 3* 92 ± 3 

Mean ± SE. * p < 0.05 significantly different at the post-intervention compared to baseline. 

 

More importantly were the results obtained once SV was indexed for body composition. As 

shown on figure 3.18, resting SV increased in the T1D training group from baseline (1.88 ± 

0.05 vs. 1.98 ± 0.05 ml/kgffm; p < 0.05). No changes were seen in resting SV in the ND 

training group or the T1D control group compared to their baseline results (p > 0.05). The 

initial difference seen at baseline in resting SV between T1D and ND adolescents 

disappeared in the training groups at the post-intervention assessment (p < 0.05). The T1D 

training group had similar resting SV to the ND training group (1.98 ± 0.05 vs. 2.08 ± 0.06 

ml/kgffm; p = 0.75) while the T1D control group had significantly smaller resting SV 

compared to the ND training group (1.79 ± 0.08 vs. 2.08 ± 0.06 ml/kgffm; p = 0.02). The 

sub-maximal exercise SV improved on both training groups compared to their baseline 

results (1.89 ± 0.05 vs. 2.09 ± 0.05 for the T1D training group and 2.23 ± 0.05 vs. 2.31 ± 0.05 

for the ND training group ml/kgffm; p < 0.05). There was however a difference between all 

three groups at the post-intervention assessment (p < 0.05).  The ND training group had 

higher sub-maximal exercise SV compared to both diabetic groups while the T1D training 

group had higher SV than the T1D control group (2.31 ± 0.05 for ND training vs. 2.09 ± 0.05 

for T1D training vs. 1.83 ± 0.08 T1D control ml/kgffm; p > 0.05). 
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Figure 3.18 Effect of exercise training on resting and sub-maximal exercise stroke volume. 

Mean ± SE. p < 0.05 * significantly different at post-intervention when compared to baseline; 

† significantly different between T1D training vs. T1D control at post-intervention; ‡ 

significantly different between T1D training vs. ND training at post-intervention; § 

significantly different between ND training vs. T1D control at post-intervention.  
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We then looked at the components of SV to determine what mechanism was involved in the 

changes seen after exercise training, whether it was changes in EDV or ESV. Table 3.23 

shows that both resting and sub-maximal exercise end-diastolic volumes were not altered in 

any of the participating groups after the intervention (p > 0.05). 

 

Table 3.23 Post- intervention absolute end-diastolic volume. 

End-Diastolic Volume T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

Rest         (ml)       Baseline 149 ± 4 158 ± 5 144 ± 4 

                              Post 153 ± 4 161 ± 5 149 ± 4 

Exercise   (ml)      Baseline 144 ± 4  156 ± 4 138 ± 5 

                              Post 148 ± 4 157 ± 4 136 ± 5 

Mean ± SE. 

 

The indexed end-diastolic volume at the post-assessment remained lower at rest (2.97 ± 0.06 

T1D training and 2.97 ± 0.11 T1D control vs. 3.27 ± 0.09 ND training ml/kgffm; p < 0.05) 

and during sub-maximal exercise (2.90 ± 0.07 T1D training and 2.71 ± 0.11 T1D control vs. 

3.21 ± 0.07 ND training ml/kgffm; p < 0.05) in both T1D training and T1D control group 

compared to the ND group (figure 3.19). Therefore, exercise training was not able to improve 

left ventricular EDV in the training groups. 
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Figure 3.19 Effect of exercise training on resting and sub-maximal exercise end-diastolic 

volume. Mean ± SE. p < 0.05 ‡ significantly different between T1D training vs. ND training 

at post-intervention; § significantly different between ND training vs. T1D control at post-

intervention. 
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In contrast to the end-diastolic volume, end-systolic volume did change with exercise 

training. Table 3.24 shows the absolute end-systolic volumes at rest and during sub-maximal 

exercise after intervention. Resting and sub-maximal exercise end-systolic volume 

significantly decreased on training groups (p < 0.05) while it did not change on T1D control 

group (p > 0.05). 

 

Table 3.24 Post-intervention absolute end-systolic volume. 

End-systolic volume T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

Rest         (ml)       Baseline 56 ± 2 63 ± 3 52 ± 3 

                               Post 52 ± 2* 54 ± 3* 55 ± 3 

Exercise   (ml)      Baseline 48 ± 2 50 ± 3 45 ± 3 

                               Post 42 ± 2* 41 ± 3* 44 ± 3 

Mean ± SE. p < 0.05 * significantly different at post-intervention compared to baseline. 

 

As seen on figure 3.20, indexed end-systolic volume reduced in the training groups, both at 

rest and during sub-maximal exercise, compared to their baseline results and compared to the 

T1D control group (p < 0.05). The T1D training group decreased the end-systolic volume 

from 1.09 ± 0.03 to 1.00 ± 0.03 ml/kgffm at rest and from 0.92 ± 0.03 to 0.80 ± 0.03 

ml/kgffm during sub-maximal exercise (p < 0.05). The ND training group decreased the end-

systolic volume from 1.25 ± 0.04 to 1.14 ± 0.04 ml/kgffm at rest and from 0.91 ± 0.04 to 0.85 

± 0.05 ml/kgffm during sub-maximal exercise (p < 0.05). The T1D control group did not 

modify their end-systolic volume from baseline (p > 0.05). No differences were seen between 

groups at post-assessment (p > 0.05).  
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Figure 3.20 Effect of exercise training on resting and sub-maximal exercise end-systolic 

volume. Mean ± SE. p < 0.05 * significantly different at post-intervention compared to 

baseline.  
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Results for ejection fraction can be seen on figure 3.21. Resting ejection fraction increased in 

both training groups (62 ± 0.8 to 66 ± 0.8 % in the T1D group and 62 ± 0.9 to 65 ± 1 % in the 

ND group; p < 0.05) compared to their baseline assessments. At post-intervention resting 

ejection fraction was greater in the T1D training group compared to the T1D control group 

(66 ± 1 vs. 61 ± 1 %; p = 0.01) but not between the training groups (66 ± 1 vs. 65 ± 1 %; p > 

0.05). The T1D training group was able to increase the ejection fraction during sub-maximal 

exercise compared to their baseline result (65 ± 1 vs. 72 ± 1 %; p < 0.05) while the ND 

training group did not (70 ± 1 vs. 72 ± 1 %; p > 0.05). Moreover, the sub-maximal exercise 

ejection fraction decreased in the T1D control group (69 ± 1 vs. 67 ± 1 %; p < 0.05) 

compared to baseline. Therefore, at post-intervention, there were no differences in the sub-

maximal exercise ejection fraction between training groups (72 ± 1 vs. 72 ± 1 %;  p > 0.05) 

and the T1D control group  had significantly lower exercise ejection fraction compared to the 

training groups (p < 0.05; figure 3.21). 

 
Figure 3.21 Effect of exercise training on resting and sub-maximal exercise ejection fraction. 

Mean ± SE. p < 0.05 * significantly different at post-intervention compared to baseline; † 

significantly different between T1D training vs. T1D control at post-intervention; § 

significantly different between ND training vs. T1D control at post-intervention.  
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Left ventricular changes from rest to exercise 

The left ventricular volume changes from rest to sub-maximal exercise after 20 weeks of 

intervention are shown on figure 3.22. No significant differences were seen from baseline 

regarding the percentage change in SV, end-diastolic volume or end-systolic volume. The 

T1D training group showed a tendency to a greater change in SV compared to baseline but 

this did not reach statistical significance (p = 0.07). At post-intervention, the percentage 

change in SV remained significantly higher in the ND group compared to both diabetic 

groups (p < 0.05). On the other hand, the percentage change in end-diastolic volume in 

response to exercise was significantly lower in the T1D control group compared to training 

groups at post-intervention assessments (p < 0.05). No changes were seen in the percentage 

change in end-systolic volumes (p > 0.05). 
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Figure 3.22 Effect of exercise training on percentage change (from rest to sub-maximal 

exercise) in left ventricular volumes. Mean ± SE. p < 0.05 * significantly different at post-

intervention compared to baseline; † significantly different between T1D training vs. T1D 

control at post-intervention; ‡ significantly different between T1D training vs. ND training at 

post-intervention; § significantly different between ND training vs. T1D control at post-

intervention.  
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3.2.5. Vascular Function   

Exercise training did not alter the vascular variables assessed at baseline including 

augmentation index, blood flow, vascular conductance and resistance.  

The intervention had no impact on augmentation index measured by pulse wave in the 

participating groups (p > 0.05; figure 3.23). Although, it tended to decrease in the ND 

training group after 20 weeks (21.9 ± 1.9 to 15.5 ± 1.9 %; p = 0.06). There were no 

differences in augmentation index between groups at the post-intervention assessment (p = 

0.91). 

 

 
Figure 3.23 Effect of exercise training on augumentation index. Mean ± SE. 
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Resting and exercise vascular conductance and vascular resistance were also not affected  

with exercise training. No changes occured from baseline nor were the groups different at 

post-intervention (p > 0.05; figure 3.24). 

 

 
Figure 3.24 Effect of exercise training on vascular conductance and vascular resistance. 

Mean ± SE. 

 

 

 

 

 

 

 

 

 

 



 

162 
 

As shown on table 3.25, the absolute right fermoral artery blood flow (ml/s) at rest and after 

sub-maximal exercise remained unaltered at post-intervention when compared to the baseline 

assessments. There were no diferences between groups at post-intervention assessements (p > 

0.05). 

 

Table 3.25 Post-intervention absolute blood flow. 

Blood Flow T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

Rest         (ml/s)     Baseline 6.16 ± 0.25 5.08 ± 0.43 5.78 ± 0.68 

                               Post 6.18 ± 0.30 4.98 ± 0.50 5.67 ± 0.73 

Exercise   (ml/s)    Baseline 7.46 ± 0.38 6.87 ± 0.55 7.22 ± 0.85 

                               Post 7.33 ± 0.38 6.11 ± 0.60 6.67 ± 0.91 

Mean ± SE. 
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There were also no significant changes in femoral artery blood flow both at rest or after sub-

maximal exercise compared to baseline assessments once flow was indexed to right leg fat 

free mass (p > 0.05; figure 3.25). There were no differences between groups at the post-

intervention assessment either at rest or after sub-maximal exercise (p > 0.05). 

 
Figure 3.25 Effect of exercise training on femoral artery blood flow. Mean ± SE. 
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Vascular Change from Rest to Exercise 

Figure 3.26 illustrates the percentage change in femoral artery blood flow from rest to sub-

maximal exercise after 20 weeks of intervention. There were no significant changes in all 

groups compared to their baseline assessments or at post-intervention assessment (p > 0.05).  

 

 
Figure 3.26 Effect of training on percentage change in femoral artery blood flow from rest to 

sub-maximal exercise. Mean ± SE. 
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Table 3.26 shows the percentage change in vascular conductance and resistance from rest to 

sub-maximal exercise after 20 weeks of intervention.  Again, exercise training had no impact 

in all participating groups compared to the baseline assessments or at their post-intervention 

assessments (p > 0.05).  

 

Table 3.26 Post-intervention percentage change in vascular conductance and vascular 

resistance. 

% Change T1D Training 

n = 37 

ND Training 

n = 22 

T1D control 

n = 13 

Vascular Conductance (%)    

                            Baseline 5.8 ± 5.5 26.8 ± 6.2 10.3 ± 5.3 

                            Post 9.9 ± 5.5 22.9 ± 6.3 6.2 ± 5.8 

Vascular Resistance (%)    

                            Baseline - 0.4 ± 5.1 - 16.47 ± 4.1 - 0.02 ± 3.9 

                            Post 1.22 ± 5.1 - 16.02 ± 4.1 - 3.79 ± 4.3 

Mean ± SE. 

3.2.6. Post-Intervention Results Summary 

Exercise training in diabetic adolescents had no effect on glucose control, lipid profile or 

body composition. However, those not exercise training (T1D control) increased their body 

weight after 20 weeks by adding body fat in the truck area. Exercise training prevented this 

fat accumulation in both diabetic and non-diabetic training groups.  

Exercise training improved fitness levels in both diabetic and non-diabetic adolescents. 

Moreover, the initial difference in fitness between diabetic and non-diabetic disappeared after 

training (p = 0.16). Therefore, the intervention normalized the fitness level of the T1D 

training group compared to ND training adolescents. Training had no impact on both resting 

(sitting) and maximal (cycling) heart rates but did reduce systolic blood pressure on both 

diabetic and non-diabetic adolescents and by doing that it significantly decreased MAP in the 

diabetic group that exercised. 
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Exercise training had no impact on LVM. However, training reduced supine resting heart rate 

on both diabetic and non-diabetic adolescents. Moreover, it decreased resting blood pressures 

(systolic and diastolic) and sub-maximal exercise systolic blood pressure in the diabetic 

group that exercise trained for 20 weeks. 

One of the greatest changes seen with exercise training was an improvement in the SV both at 

rest and during sub-maximal exercise. The increased SV was achieved due to improved 

systolic function shown by decreases in ESV and increased ejection fraction. Contrary to the 

literature, filling capacity did not increase with exercise training in this group of diabetic and 

non-diabetic adolescents. 

Exercise training did not alter the vascular variables assessed at baseline including 

augmentation index, blood flow, vascular conductance and resistance. Interestingly, no 

correlations with HbA1c or diabetes duration were observed for the post-intervention results 

changes (p > 0.05).  
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Chapter 4. DISCUSSION 

The overall objectives of this research were 1) to cross-sectionally compare resting and 

exercise cardiovascular structure and function of T1D adolescents and matched, non-diabetic 

adolescents and 2) to determine whether 20 weeks of exercise training affects resting and 

exercise cardiac and vascular function in T1D and healthy adolescents. Therefore, this 

chapter will discuss the effects of diabetes and regular exercise on the cardiovascular function 

of adolescents. We hypothesised that diabetic adolescents would have reduced exercise 

capacity and smaller SV during exercise. We also hypothesised that T1D would have smaller 

EDV and reduced femoral arterial blood flow responses to exercise. Secondly, we 

hypothesized that 20 weeks of regular exercise would lead to an improvement of exercise 

capacity and restore the left ventricular and vascular function of T1D adolescents. The study 

design allowed for further understanding on the cardiovascular response to exercise in 

diabetic and for the first time LV response during exercise has been documented in diabetic 

adolescents.  

The main findings of the cross-sectional comparisons were that T1D adolescents have 

reduced exercise capacity and an abnormal cardiovascular response to exercise. Maximal 

exercise capacity was reduced by 10 % in T1D. Though there were no differences in 

restingCO, the manner by which CO was maintained in T1D adolescents was different. T1D 

adolescents had higher heart rates, lower SV and EDV than ND adolescents, yet their ESV 

was lower than ND controls at rest. T1D adolescents were unable to increase SV in response 

to exercise stimulus. SV during sub-maximal exercise was 13 % lower in T1D compared to 

controls. Furthermore, during sub-maximal exercise EDV remained lower in the T1D group 

and they were unable to further decrease ESV.  

The exercise intervention increased exercise capacity by 10 %. Interestingly, the exercise 

training programme only elicited changes in the cardiac function but not vascular function. 

The exercise training program increased both resting and exercise SV in the T1D group. 

Instead of a blunted response to exercise, the T1D group was able to increase SV from rest to 

exercise. Contrary to our hypothesis, EDV was not affected by training and the T1D training 

group remained with lower EDV at rest and during exercise. In contrast, ESV decreased in 

both diabetic and ND groups, suggesting an increase contractility of the left ventricle with 

training. 
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4.1. Diabetic vs. Non-Diabetic 

Our finding that diabetic adolescents had lower maximal exercise capacity compared to ND 

adolescents is consistent with previous studies [228, 276, 281, 312]. Exercise capacity 

measured by OV 2max and indexed for participants body composition was 10% reduced in the 

diabetic adolescents participating in the present study. This is consistent with other studies 

showing that the decreased exercise capacity in T1D adolescents can range from 8 % up to 20 

% [228, 277, 281, 312] compared to ND adolescents. Studies in T1D and T2D diabetic adults 

have also reported reductions in exercise capacity; however their reductions are usually 

greater than 20 % compared to matched controls [218, 255, 313, 314]. Therefore, it can be 

inferred that T1D adolescents and adults may reflect continuum reduced exercise capacity 

worsening with the duration of diabetes.  

Cardiac function was impaired in diabetic adolescents at rest and in response to exercise. At 

rest, the diabetic group was able to maintain a normal CO compared to ND controls. 

However, the manner by which each group generated their resting CO was different. T1D 

adolescents relied on higher heart rates and smaller SV to maintain cardiac output at rest 

while the ND adolescents relied on lower heart rates and higher SV at rest.  

It is well established by the literature that diabetic patients have altered heart rates [203, 230].  

In this study the diabetic group had higher resting heart rates but similar maximal (cycling) 

heart rate compared to ND controls. The T1D group had 15 % faster heart rate at rest than the 

ND group. Studies in diabetic individuals have attributed the increased heart rate to damage 

in the autonomic nervous system [231] or to the impact of constant high levels of insulin on 

circulating catecholamine levels, as previously commented on the literature review chapter 

[233]. We did not investigate the levels of circulating catecholamine or specific aspects of the 

autonomic nervous system in our study group and therefore cannot exclude this possibility. 

Our patients were carefully monitored and screened for diabetes complications during their 

visits to the diabetes clinic and abnormal autonomic function seems unlikely. However, 

subclinical alterations of cardiac parasympathetic activity (evaluated by heart rate 

variability), without abnormal autonomic function, cannot be excluded and could (partially) 

explain the higher heart rate in the diabetic group. Therefore, the potential mechanisms for 

the increased heart rate in T1D adolescents include the impact of hyperinsulinemia on heart 

rate, circulating catecholamine or perhaps just a compensatory mechanism for the reduced 

SV.  
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In this study, healthy adolescents increased SV during supine exercise by reducing ESV and 

not by augmenting EDV. This agrees with previous reports using MRI technology to access 

the cardiac response to exercise in youth. In Roest et al. study, 16 volunteers (average 17.7 

years) exercised while the left and right ventricles were scanned by MRI. As a result, SV 

increased by 14 % from rest to exercise. EDV remained the same (- 3 %) while ESV reduced 

by 32 % in response to exercise [141]. In our study ND adolescents increased SV in response 

to exercise (from 2.06 to 2.17 ml/kgffm/min) by decreasing ESV by approximately 25 %. 

As previously described [228], SV was reduced in T1D adolescents both at rest and during 

exercise. This study was the first of its kind to identify that the lower supine resting SV in the 

T1D group was caused by lower EDV. In contrast, the T1D group had increased systolic 

function at rest showed by a lower ESV, suggesting that a compensatory increase in 

contractility occurred to maintain SV. This study was not designed to investigate detailed 

diastolic function and systolic function such as IVRT and filling patterns. However, previous 

echocardiography assessments in diabetic adults and youth have found altered filling patterns, 

impaired LV relaxation (IVRT) and higher filling pressures at rest, which in turn may alter 

resting EDV [203, 222, 315].  With increased IVRT there is a slower decline in LV pressure 

which delays mitral valve opening and reduces the time available for LV filling [21].  This 

shortening of diastolic duration can cause a reduction in E and an increased A which 

contributes to the reversal of the E/A ratio therefore impacting EDV [21].   

As seen in the literature review (chapter 1), EDV can also be affected by heart rate and 

preload. Considering that both study groups exercised at comparable heart rates and therefore 

had similar cardiac cycle length, we can rule out the impact of heart rate on EDV outcomes. 

Reductions on EDV could also be attributed to decreased blood volume. Endurance-trained 

athletes rely on increased rates of LV diastolic filling, attributable to larger blood volume, to 

achieve greater SV during exercise [60, 132].  Therefore, it could be hypothesized that a 

reduction in preload caused by a smaller blood volume would affect the ability to increase or 

maintain end-diastolic volume in T1D adolescents. Total body blood volumes were not 

measured in our study population. However, Lalande et al. found that total blood volume was 

20 % reduced in a group of T2D adults [316]. Lalande et al.,  compared LV MRI images and 

total body blood volume (Evans blue dye dilution technique) between eight T2D and 11 non-

diabetic men matched for age, weight and level of habitual physical activity [316]. As a 

result, left ventricular SV and EDV were lower in the T2D men. Moreover, the decreased 
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blood volume correlated with EDV (r = 0.82, p < 0.05). The authors suggested that reduced 

blood volume, independently of LV filling patterns, affect EDV and SV in T2D men. 

Therefore future studies should investigate total blood volume in T1D adolescents.  

Interestingly, both resting and exercise SV results were correlated to participants‟ glucose 

control. This coincides with findings in diabetic adults [255]. Niranjan et al. compared a 

group of 18 T1D adults with 14 ND individuals at rest and during peak exercise using 

acetylene rebreathing technique [255]. The study divided the diabetic group according to 

glycaemic control (normoglycaemic with average 5.6 ± 0.2 % HbA1c and hyperglycaemic 

with average 8.8 ± 0.5 % HbA1c).  As a result, peak exercise cardiac index was lower in both 

diabetic groups due to lower stroke index. However the hyperglycaemic group had worse 

results compared to the normoglycaemic group [255]. Hyperglycaemia increases the 

formation of advanced glycation end products (AGES). This in turn may promote irreversible 

changes in myocardial structure [199, 201]. As mentioned in the literature review chapter, 

hyperglycaemia increases the likelihood of reactions between cellular proteins and glucose 

(protein glycation), stimulating an abnormal build-up of AGEs, mainly in connective tissue 

[201]. AGEs form protein cross-links with collagen and elastin, promoting irreversible 

changes in tissue such as the myocardium [200, 202]. This changes may result in ventricular 

stiffness and consequently interfere with diastolic and systolic function [202]. 

In agreement with previous studies no cardiac structural changes (LVM) were found between 

T1D and ND adolescents [222, 315]. Indeed, our results are similar to those using Doppler 

echocardiography to analyse LVM in T1D adolescents [222, 315]. Whalley et al. showed that 

a group of T1D girls had similar LVM indexed for fat free mass compared to ND girls (2.78 

± 0.27 vs. 2.71 ± 0.40 g/kg p = 0.54) [315]. Furthermore, Suys et al. compared diabetic girls 

(57 ± 12 vs. 51 ± 12 g/m
2
, p > 0.05) and boys (64.4 ± 15 vs. 66.8 ± 16 g/m

2
,  p > 0.05) with 

their respective controls and again no differences in LVM index adjusted for BSA [222]. 

They support the hypothesis that the increase in LVM observed in diabetic adults occurs later 

in the disease progression. As expected, in our study males had higher absolute LVM than 

girls. Nevertheless, when LVM was indexed for participants‟ fat-free-mass this difference 

disappeared, reinforcing the importance of adjusting LVM to body composition when 

investigating groups with both genders [222, 315]. 

Our data contradicts previous reports of blood flow in diabetic adults and adolescents ( [238, 

239, 248, 253, 312]. The responses of the forearm vasculature to endothelium-dependent and 
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independent vasodilators have been extensively investigated in the diabetes population [248, 

253, 312]. Reductions in blood flow in forearm vessels have been a common finding in 

diabetic adolescents [248, 253, 312].  Nadeau et al. examined the vascular function in a group 

of 12 T1D compared to 12 ND adolescents by venous occlusion plethysmography [312]. The 

study found that T1D adolescents had decreased vascular reactivity. The peak forearm blood 

flow was decreased in the diabetic group compared to controls (12.5 ± 5.6 vs. 17.6 ± 6.9 

ml/100ml.min) [312].  Nadeau‟s findings are also similar to Jarvisalo et al., who reported 

decreased FMD in a group of 45 young diabetic compared to 30 controls( 4.4 % vs. 8.7%)  

[253].  

It is not known whether the impairments in brachial artery can be generalized to leg 

vasculature. Our data showed no differences in femoral artery blood flow between T1D and 

ND adolescents. Forearm vascular function has limited influence on systemic cardiovascular 

function due to the relatively small mass and blood flow [317]. Moreover it is apparent that 

forearm and leg have blood flow responses and phenotypic differences in healthy individuals 

[317]. The leg requires a greater percentage of CO than the forearm in response to exercise. 

Therefore, it is a better model for examining skeletal muscle blood flow and systemic 

cardiovascular function during exercise. Findings using brachial artery studies cannot be 

generalized to femoral arteries. Additionally, we were unable to determine whether the 

femoral leg blood flow data from this study would be different from T1D adults since there is 

no comparable data available in the literature. Data on femoral artery blood flow in T2D 

adults has shown that femoral artery blood flow is preserved at rest but impaired in response 

to exercise, however these results could be explained by obesity or the type of diabetes [110]. 

Moreover, both T1D and ND groups were able to increase blood flow in response to exercise. 

Therefore large arteries functional response to exercise may not be yet altered by diabetes. 

Despite these findings, peripheral vascular dysfunction cannot be ruled out from this study 

population. Though blood flow change was not different between groups, vascular 

conductance and resistance which are indirect measurements of capillary bed function were. 

Diabetic patients had lower vascular conductance changes in response to exercise while their 

vascular resistance increased proportionally more. These findings indicate that subtle changes 

in peripheral bed and therefore capillary function are likely to exist in T1D adolescents, 

which agrees with changes observed in previous studies in smaller vessels such as the 

brachial artery [252, 253].  
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4.2. Exercise Training vs. Non-Exercise Training 

This was the first study to utilise MRI technology to assess the heart and vessels of diabetic 

youth both at rest and in response to exercise after 20 weeks of exercise training. The major 

findings from this intervention were that T1D adolescents are able to improve fitness levels, 

CO and SV at rest and during sub-maximal exercise with training.  

Our exercise training programme was consistent with the recommendations from the 

American Diabetes Association based on the guidelines of the American Centre for Disease 

Control and Prevention and American College of Sports Medicine [300]. The agency states 

that adolescents should engage in at least 60 minutes of moderate intensity exercise (aerobic 

and resistance training) most days of the week. These guidelines are aimed to improve health 

and well-being on youth. Our exercise intervention was predominantly a gym-based program 

where participants attended the gym at a time of their convenience and in a location close to 

their homes or schools. Moreover, research participants had a one-to-one session a week with 

the primary investigator for the study. This was implemented to facilitate adherence and 

compliance. Considering the nature of our study participants our study compliance was very 

good. The overall compliance in the exercise training groups was 84.7 % of the total exercise 

sessions prescribed (84.1 % T1D and 85.7 % ND). This is a high compliance and we attribute 

it to the study design and the nature of the exercise training (gym-based).  

Body composition assessed by DEXA scanning showed that exercise training had no effect 

on participants‟ body composition. This finding is consistent with previous studies in T1D 

adolescent and adult populations [285, 287, 302, 305]. Stratton et al. observed that after 8 

weeks of training and supervised diet no differences in body weight were seen in T1D 

adolescents (59 ± 6.1 vs. 60 ± 5.7 kg p > 0.05) [305]. Additionally, Costill et al. observed no 

changes in body weight or percentage fat after 10 weeks of daily running training in 12 T1D 

male youth [302]. Laaksonen et al. observed similar results after aerobically training a group 

of 28 T1D men (average age 30 years) for 12 - 16 weeks [287]. BMI went from 24.4 ± 1.9 

kg/m
2
 at baseline to 24.3 ± 1.9 kg/m

2
 after training, likewise percent body fat went from 20.5 

± 4.1% to 20.4 ± 4.7 % (p > 0.05).  Even though several studies have not observed body 

composition changes [285, 287, 302, 305] others have [278, 306]. This diversity in findings 

might be due to differences in study population, methods for body composition assessments 

and the type and length of exercise training used. Interestingly, our T1D control group, which 

was not involved in the exercise training, gained 2 kg of weight over the period of 20 weeks. 
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No changes were seen in the dietary control/daily food between the three groups. DEXA 

analyses suggested that the increase in body weight in the T1D control group was due to an 

increase in fat mass in the android area. This was not the first study to observe maintenance 

of body composition in T1D training groups and gain of weight in T1D controls. Heyman et 

al. also observed an increase in weight in a group of T1D adolescents girls serving as control 

in an exercise intervention [318]. Therefore even though 20 weeks of exercise training did 

not reduce fat content of T1D participants it might have prevented its accumulation. 

There is growing interest in the prospective benefits of exercise on reducing HbA1c and lipid 

profile. The effects of exercise in diabetic adolescents have not documented a clear and 

consistent result on glucose control [275, 278-280, 301, 305, 318]. There have been few 

randomized controlled trials, and those reported have generally involved small sample size, 

inadequate quantification of exercise performance, varied length and intensity of exercise 

training, and limited control over factors confounding the relationship between exercise and 

glucose control. Decreased [278, 279, 301] similar [275, 305, 318] and increased [280] 

HbA1c have been reported in response to exercise interventions in diabetic individuals. The 

exercise training programme used in this study had no effect on glucose control or lipid 

profile in diabetic participants. Interestingly, this study observed a significant decrease in 

daily insulin dose in the T1D training group, without change in HbA1c after 20 weeks 

intervention, an indication of reduced insulin resistance. This has been previously observed in 

exercise training interventions in diabetic adolescents [302, 305, 318] and adults [280, 285, 

289, 319]. Ramalho et al. observed a reduction in daily insulin use from 0.95 ± 0.34 

(units/kg/day) to 0.79 ± 0.28 (units/kg/day) with no alteration of HbA1c after 12 weeks of 

training in T1D youth [280]. Heyman et al. observed that after 6 months training a group of 

T1D girls had decreased insulin resistance even though their HbA1C was unchanged [318]. In 

addition, Landt et al. observed an increase in 23 % in insulin sensitivity after 12 weeks of 

exercise training in a group of 9 T1D adolescents and an unaffected HbA1c [275]. A reduction 

in insulin dose and therefore systemic insulin levels may have benefits to health. 

Hyperinsulinemia has been associated with many aspects of the metabolic syndrome 

including hypertension, dyslipidaemia and a prothrombotic state [320]. Physiological 

hyperinsulinemia studies have shown an acute desensitisation of sinus node activity to both 

sympathetic and parasympathetic stimuli [237]. As insulin also has direct chronotropic and 

inotropic cardiac effects, cardiovascular function may also be altered. 
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This exercise intervention had no positive influence on the lipid profile of T1D adolescents 

which concurs with previous studies [280, 306]. In agreement with our study, Sideraviciute et 

al., found no significant changes in blood lipid after 14 weeks exercise training in a group of 

19 T1D girls with age between 14 and 19 years [306]. However, the literature linking lipids 

and exercise training still remains controversial. Studies have obtained improvements with 

training in diabetic youth [278] while other have not [280, 306]. Hence, more investigations 

are needed to clarify the impact of exercise on lipid profile of diabetic adolescents. 

Twenty weeks of exercise training did not induce significant LV morphological adaptations. 

LVM remained unchanged in T1D and ND adolescents from baseline to post-intervention 

assessments in our study. Previous studies in diabetic youth, adults and animal models have 

shown similar results [294, 299, 321]. Obert et al. trained a group of 25 T1D youth (9 - 

11years old) for two months (three times a week) and found no changes in LVM [299]. 

Brassard et al., also found no effect of exercise training on the LVM in a group of T2D adults 

after exercise training three times a week for three months [294]. Exercise induced alterations 

in LV morphology are consistently seen in athletes, but it is possible that this requires 

prolonged exposure to intense training and the current exercise studies in diabetic adults and 

adolescents have been too short. Collectively, this finding indicate that LVM is unaffected by 

20 weeks of moderate exercise training in the adolescent population. 

Twenty weeks of predominantly aerobic exercise training resulted in a 10 % improvement in 

the exercise capacity of both T1D and ND adolescents. The increase in exercise capacity seen 

in this study is consistent with previous exercise interventions in adults and adolescents with 

diabetes [275, 278, 279, 287, 289, 301, 302, 305]. Mosher et al. obtained a 10.5 % increase in 

fitness after training a group of 10 T1D adolescents for 12 weeks [278]. Participants engaged 

in exercise three times a week for 45 minutes in a circuit training program (combined aerobic 

and resistance training) [278]. Similar results were seen by Marrero et al. in a 12 week 

callisthenic training program involving 30 minutes of exercise three times a week at target 

heart rate of 160 bpm [279]. T1D youth were able to increased their fitness by 10 % after the 

12 week program [279]. Ramalho et al. obtained 8 % improvement in OV 2max with aerobic 

training and 12 % improvement with resistance training in a group of T1D boys after 12 

weeks. Participants in the aerobic group exercised three times a week for 40 minutes at 70 – 

90 % of their OV 2max, while the resistance training group exercised three times a week for 40 
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minutes at 60 – 80 % [280]. This suggests that our exercise programme was successful in 

changing fitness levels among all training participants. 

Systolic blood pressure, which was increased in the diabetic group at baseline, significantly 

decreased after 20 weeks of exercise in the T1D training group at rest and during both sub-

maximal and maximal exercise. Unfortunately, it is difficult to compare our results with 

previous research in T1D adolescents since the great majority of studies involving exercise 

interventions in T1D adolescents do not report blood pressure outcomes [278, 285, 287, 301, 

306]. Still our findings are in accordance with previous exercise interventions in T1D and 

T2D adults [288, 322, 323].  Cauza et al. observed, when comparing the effects of aerobic vs. 

strength training, that 4 months training (independent of the exercise modality) reduces 

systolic blood pressure in T2D adults. Endurance training reduced resting systolic blood 

pressure from 141 ± 5 to 121 ± 5 mmHg while strength training reduced it from 138 ± 3 to 

119 ± 3 mmHg [323]. Several mechanisms may explain the reduction in systolic blood 

pressure with training [324]. A meta-analysis of randomized controlled trials on the effects of 

chronic endurance exercise on blood pressure showed that the sympathetic nervous system 

and rennin-angiotensin system are involved in the endurance training decreases in blood 

pressure [324]. This is a plausible mechanism for the improvement in SBP in our study since 

reductions in heart rate, which could also be attributed to changes in sympathetic activity, 

were also observed our T1D adolescents. However, further studies are necessary to fully 

understand this mechanism. 

Participation in our exercise programme had no impact on femoral artery blood flow both at 

rest and after sub-maximal exercise in T1D and ND adolescents. These findings are in 

contrast to reports of improved vascular function in diabetic individuals after exercise 

training [285, 297]. Fuchsjager et al. observed a 9.8 % increase in FMD in T1D adults after 4 

months training, while Maiorana et al. observed that FMD increased from 1.7 to 5 % after 8 

weeks of exercise training in a group of T2D adults [285, 297]. One of the major differences 

between our study and others is the type of vessels being analysed and the methodology used. 

Previous studies looked at the impact of exercise training on flow-mediated dilation at the 

brachial artery using ultrasound, while this study looked at exercise induced blood flow in the 

femoral artery using MRI technology [285, 297]. As mentioned on section 4.1, these vessels 

might have different response to exercise stimulus and therefore not respond to exercise 

training in a similar fashion. Other differences in methodology may also explain the 

differences to other studies including, the type and length of exercise employed in the current 
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study was also not adequate to elicit vascular changes. Anton et al., using ultrasound 

assessments, found that 13 weeks of exclusively resistance training increased basal femoral 

blood flow and vascular conductance in previously sedentary adults [325]. It is important to 

note that the ND control group also had no changes in femoral leg blood flow with training. 

Obviously further research is necessary to investigate the vascular adaptations that occur with 

diabetes and with exercise training. The type of exercise as well as the vessels analysed may 

be considered when determining the influence of exercise training on peripheral vascular 

function in diabetic adolescents. Moreover, our femoral artery MRI assessments were 

performed after sub-maximal exercise cessation. A delay between exercise and femoral 

visualization occurred and our data may not describe real time vascular adaptations to 

exercise training. 

This study demonstrated that cardiac performance improves with exercise training in diabetic 

youth. CO was unaltered at rest; however the manner by which resting CO was generated in 

the diabetic group improved. In addition, sub-maximal exercise CO increased in both training 

groups. This concurs with previous reports demonstrating that exercise training may not alter 

resting CO but increases exercise CO [61, 151].  

In the cross sectional study (baseline), CO in the diabetic group was similar to ND controls. 

However, it was generated through higher heart rates and lower SV. Exercise training elicited 

a positive shift in the CO mechanism in the diabetic group. There was a decrease in heart rate 

and an increase in SV at rest. This decrease in heart rate and increase in SV mechanism is 

compatible with the commonly accepted effect of exercise training on resting hemodynamic 

in healthy humans [61]. Moreover, diabetic animal models have also observed improvements 

in resting SV elicited by exercise training compared to sedentary diabetic rats [321]. 

Considering that the heart rates were similar during the sub-maximal exercise MRI 

assessment, the increased exercise CO after 20 weeks exercise training can be attributed 

solely to an increased SV. Although there were improvements in the T1D group with 

training, their sub-maximal CO still remained lower when compared to the ND adolescents 

that had also exercised trained for 20 weeks. Interestingly, the CO obtained during exercise in 

the T1D training group after the intervention was similar to the exercise CO generated by the 

ND group at baseline prior to the intervention (226 vs. 236 ml/kgffm/min). It could therefore 

be implied that exercise training normalized the cardiac function of T1D adolescents to a 

sedentary ND adolescent and that there remained a difference compared to trained ND 

adolescents. 
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Exercise training reduced resting supine heart rate, yet resting and maximal sitting (upright) 

heart rates were unaffected in T1D adolescents. The impact of an exercise intervention on 

heart rate responses in adolescents is contradictory [285, 299, 302, 305]. Studies have found a 

positive effect of exercise training on the resting and exercise upright heart rates in T1D 

individuals [288, 291, 302]. Stratton et al. observed a reduction in sub-maximal heart rate in a 

group of T1D youth (average 21 years) after just two months of training [305]. Furthermore, 

Schneider et al. found that three months exercise training intervention decreased resting heart 

rate from 86 to 81 bpm in a group of T1D adults [291]. In contrast, other studies had similar 

results to ours (upright heart rate) [285, 299]. Obert et al. did not find changes in upright 

resting heart rate after exercise training in a group of pre-pubertal T1D children [299]. 

Fucksjager et al., also did not find change in resting heart rate in a group of 26 T1D adults 

after 4 months training [285]. These contrasting findings could be attributed to the population 

studied, differences in exercise intensities, studies duration or perhaps the type of assessment 

performed (supine vs. upright). As mentioned previously in the literature review section body 

position affects heart rate. Heart rate is lower in the supine position vs. upright. Heart rate 

increases during incremental exercise in both body positions; however the increase during 

upright exercise is greater than the supine condition [142]. Exercise training independently of 

body position has been shown to reduce heart rate. The mechanism for the improvement in 

heart rate with training is still unclear but it has been inferred that changes in cardiac 

autonomic balance are triggered by exercise training due to an increase in parasympathetic 

and decrease sympathetic activity [61, 160, 286]. Howorka et al. showed that in diabetic 

patients with no or early cardiovascular neuropathy, regular endurance exercise (12 weeks) 

increased heart rate variability due to improved sympathetic and parasympathetic supply 

[286]. Consequently, exercise training has the potential to improve sympathetic and 

parasympathetic performance in T1D adolescents. 

By using MRI technology this study was able to examine the diastolic and systolic 

performance during sub-maximal exercise in the supine position to determine whether the 

effects of training on exercise SV were influenced by diastolic or systolic parameters. As 

seen from this study results, the improved SV at rest and during exercise with training was 

the consequence of greater contractility (decreased ESV and increased EF) and not diastolic 

performance (increased EDV). Our resting findings agree with recent observations in diabetic 

youth. Obert et al. looked at the impact of 8 weeks endurance training in the resting diastolic 

function in a group of pre-pubertal (9 - 11 years) diabetic youth using echocardiography 
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[299]. Obert‟s study observed that exercise training was able to increase OV 2max by 6.5 % 

and SV, decrease blood pressure and as in our study had no impact on LVM. Most 

importantly, the study did not observe any changes in resting diastolic parameters assessed by 

TDI with training [299]. However, these findings are in contrast with previous training 

studies in healthy individuals and diabetic animal models; in which the increase in SV was 

attributed to improved diastolic function [134, 149, 150, 152, 321]. Loganathan et al. for 

example, observed that after 9 weeks training a group of diabetic rats improved resting SV by 

increasing EDV and decreasing ESV [321]. Differences in results could be attributed to the 

population used, sample sizes, methodologies used to assess diastolic and systolic function or 

to the fact that data was collected in the supine position. 

The results from this study showed that the absence of improvement in EDV following 

exercise training might be due to potential differences in the cardiovascular adaptation in 

adolescents vs. adults. Improvements in EDV in the supine and upright position with training 

are common in the adult literature [59, 132]. However, it is not surprising that systolic 

improvements, rather than diastolic, were seen in young individuals. Previous cross sectional 

studies comparing trained and untrained children at rest and during exercise showed that 

fractional shortening and the velocity of fibre contraction (contractility) was higher in trained 

vs. untrained children during exercise [167]. Taken together these findings indicate that 

potential differences in cardiovascular adaptations to exercise training occur with aging[1, 16, 

149, 326]. With aging myocardial structure and function changes. There is an increase in 

AGE‟s formation, changes in myocardial CA
2+

 sensitivity, reduced relaxation kinetics to 

mention a few. Perhaps the heart response to exercise shifts from contractility to filling with 

aging, however further investigations are required to confirm this hypothesis. 

The improved systolic function seen in our study (decreased ESV and increased EF) has been 

observed in animal models [321]. After 9 weeks training, ESV was decreased by more than 

10 % in a group of T1D induce rats compared to a sedentary diabetic group [321]. 

Improvements in ESV could be attributed to changes in afterload and preload (Frank-Starling 

mechanism) and improved myocardial contractility (cardiomyocytes). Exercise training has 

shown to augment the contractility of cardiomyocytes [327] and increase energy mobilization 

from mitochondria [328]. Moreover, EF also increased in our study after the intervention, 

suggesting that exercise training improves the contractile state of the myocardium. Despite a 

significant reduction in ESV, we did not observe an increase in the EDV in the training 
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groups. For that reason, more investigations are required to elucidate these findings and to 

understand the mechanism behind the improved systolic function and poor diastolic 

performance in response to exercise training. 

Based on the present study findings it is plausible to say that, in the absence of diabetes 

complications cardiac performance at rest and during exercise is increased with exercise 

training in diabetic adolescents. This is due to improvements in contractility. In addition, pre-

existing impairments in EDV in diabetic youth may not be restored with exercise training, at 

least not with the training protocol used in this study. In conclusion, exercise training has the 

ability to improve cardiovascular performance in adolescents; however more studies are 

needed to understand the impact of exercise training in the diastolic and systolic function of 

T1D and ND adolescents. 

4.3. Study Strengths 

Study design 

This study was strengthened by use of a randomized controlled trial and a T1D control group. 

Randomization minimizes allocation bias when allocating participants to intervention groups. 

The use of a non-exercising T1D control group strengthened our design by allowing a natural 

observation on the variation on exercise capacity and LV and vascular function in diabetic 

youth.  

Study inclusion criteria 

The specific inclusion criteria for entry into the study allowed for a reduction of confounders 

specifically those regarding to diabetes complications. All diabetic participants were from the 

Auckland Hospital Diabetes Centre and therefore pass throught frequent check- ups (every 3 

months) and had their diabetes progress well documented and assessed. Moreover, the use of 

T1D participants from only one health centre reduced the possible confounding effect of 

differences in the health care of diabetic patients. 

Exercise Intervention 

The exercise programme was designed to enhance recruitment, adherence and compliance by 

allowing exercise to be completed in local gyms, and to be scheduled to fit into each 

participant‟s schedule. While non-supervised exercise generally results in lower compliance, 
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having a once a week meeting with trainer was essential to maintain compliance in the study. 

Effort was made by the primary investigator to motivate and encourage continued 

participation during the course of 20 weeks. This is reinforced by the low drop-out rate from 

the exercise intervention and by the high compliance of participants to exercise training 

sessions.  

An additional strength of our exercise intervention was the use of exercise training diaries 

and downloadable heart rate monitors. This helped to collect accurate exercise training data 

and allowed participants to easily achieve the exercise targets and prescription. Thus, we can 

be confident of the exercise levels reported in this study (85 % of max) and remove the 

confounding effects of self reported exercise intensities. 

Assessments  

This study was strengthened by the use of gold standard assessments including the use of 

MRI technology to assess resting and exercise left ventricular function and vascular function, 

DEXA scanning to assess body composition, and OV 2max testing to assess maximal exercise 

capacity. 

4.4. Study Limitations 

Study population bias 

All participants in this study were volunteers and the study population may have been biased 

towards including adolescents with interest in exercising and therefore prone to maintain a 

healthier lifestyle. However, exercise records before entering the study suggested the 

majority of the participants were relatively sedentary and that both T1D and ND had similar 

levels of self-reported physical activity levels. 

Sample size 

While the study aimed to recruit 80 participants, time restrictions allowed the recruitment of 

75 participants. Though we did not reach the preferred sample size the recruited number 

covered the calculated sample size of 45 participants (15 in each group). Though the sample 

size was adequate, it was based on exercise capacity changes and might not have been 

statistically powered for some of the cardiovascular parameters we investigated. Future 

researches should aim to investigate larger sample sizes. 
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Data collection 

It is recognized that exercise data from sub-maximal exercise was used to infer the maximal 

exercise performance. Therefore our findings do not necessary correspond to the actual 

maximal exercise LV and vascular response participants. There was some potential limitation 

to the methodology used during the cardiac MRI sessions.  Firstly, LV assessments were not 

obtained simultaneously during exercise but during a brief breath hold pause (4 - 6s), 

however heart rates were maintained at the target heart rate for the breath hold duration and 

did not drop significantly. The breath hold manoeuvre can also potentially influence the LV 

filling capacity. If the breath hold manoeuvre is accompanied by the Valsalva manoeuvre a 

change in filling pressure might happen and therefore alterations in EDV potentially may  

occur. The study personnel did however instruct and practice with each participant prior to 

MRI scanning to avoid the Valsalva manoeuvre. Secondly, blood flow was assessed after 

exercise had ceased and therefore may not correspond to the actual exercise response. Finally 

several factors that influence LV and vascular function may have contributed to results 

differences including genetics, blood volume and diastolic filling patterns which were not 

collected in this study. 

Length and modality of training 

It could be argued that the short term training (5 months) used in our study was not long 

enough to trigger some of the LV and vascular function changes. It is possible that longer 

exposure could result in different outcomes. Therefore prolonged studies should be aimed in 

future researches. 

The resistance training part of the exercise program was performed only once a week. It may 

be argued that it was insufficient to allow for resistance training related adaptations such as 

increase in lean mass and perhaps changes in vascular function [296, 297]. Future studies 

with more exposure to resistance training should be designed. 

4.5. Future Research and Recommendations 

Future exercise interventions should target the type and length of exercise interventions in 

diabetic youth. A comparison between different modalities of exercise should be done. It is 

not known if diabetic youth would benefit from specific types of exercise e.g. the impact of 

aerobic training vs. resistance training. The duration of exercise intervention needs further 



 

182 
 

research. Longer exercise intervention could elicit greater effect on cardiac function and 

perhaps vascular function. Based on this study results studies should aim to exercise 

participants for more than 20 weeks. 

MRI has been reported as a gold-standard for non-invasive cardiovascular assessments and as 

seen in this study the use of an exercise ergometer is a reliable tool to assess exercising 

cardiac function. Cardiac MRI will complement current techniques for assessing cardiac 

function and future research should aim to incorporate such technology in further studies. 

Patients such as those with heart failure and T2D would benefit from these investigations. 

Ongoing projects at the University of Auckland are using this study protocol and MRI cycle 

ergometer to assess the resting and exercising LV and vascular function in T2D adolescents, 

obese adolescents and adults with heart failure.  This will help in the description and 

understanding of the mechanisms involved in the changes in LV and vascular function seen 

in these populations. 

Based on the findings from this study, future exercise trials should include blood volumes 

estimation, an analysis of LV filling patterns and perhaps LV pressures at rest and in response 

to exercise. This would help to understand the mechanisms behind the reduction in EDV seen 

in diabetic youth. Cardiac catheterisation remains the gold standard for these assessments but 

is invasive and risky. MRI and echocardiography are currently the most approachable 

techniques for LV assessments; unfortunately at this stage they are limited to investigate LV 

volumes and to sub-maximal exercise intensities.  Most importantly, future research should 

focus on altering HbA1c and exercise levels to investigate changes in diastolic function. 

4.6. Summary 

In conclusion, this randomised controlled trial showed that diabetic adolescents have reduced 

exercise capacity. The mechanisms involved in this reduction are unclear; however changes 

in CO may contribute significantly to it. An impaired resting and exercising LV diastolic 

function, contributed to a smaller EDV and SV in patients with T1D compared to ND 

controls.  While CO was maintained by a greater heart rate at rest and enhanced systolic 

function in patients with T1D, exercising CO was reduced due to smaller EDV and an 

inability to further increase systolic performance. Moreover these impairments were linked 

with short-term glucose control and diabetes duration. The impairment in exercising LV 

diastolic function is likely to contribute to the reduced CO at higher exercise intensities, and 
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therefore contribute to the reduced exercise capacity seen in T1D youth. As hypothesised an 

exercise training program improved exercise capacity and SV response in diabetic 

adolescents by improving LV performance. The improvement on exercise capacity could be 

in part attributed to an increase in SV. Interestingly instead of improving diastolic function, 

the exercise intervention improved systolic function in adolescents. The study did not observe 

significant alterations in blood flow between T1D and ND adolescents and an exercise 

training program showed not to improve blood flow performance in the femoral artery in 

youth. This was the first study to demonstrate that diabetic adolescents have reduced cardiac 

response to exercise due to reduced LV filling and participation in regular aerobic exercise 

helps to minimised some of these alterations in cardiac function by improving systolic 

function. The health and cost-benefit of preventing/minimizing T1D cardiac complications is 

of increasing importance. This is particularly true in a growing number of adolescents, who 

face a lifetime of diabetic complications and reduced quality of life. This study adds to a 

large body of work demonstrating the importance of regular exercise in providing a healthy 

life for diabetic individuals. Moreover, the results from this investigation will help in the 

development of appropriate interventions for this population. 
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APPENDIX 1 : Participant Consent form  
 
 

 

 

PARTICIPANT CONSENT FORM 

THIS CONSENT FORM WILL BE HELD FOR A PERIOD OF TEN YEARS. 

Study title: Can a 5 month intensive exercise program in type 1 diabetic adolescents improve cardiac and 

peripheral vascular function? 

Researcher: Silmara Gusso, Liggins Institute 2-6 Park Ave, Grafton. Email: s.gusso@auckland.ac.nz 

English I wish to have an interpreter Yes No 

Maori E hiahia ana ahau ki tetahi kaiwhakamaori/kaiwhaka pakeha korero Ae Kao 

Samoan Oute mana’o ia iai se fa’amatala upu Ioe Leai 

Tongan Oku ou fiema’u ha fakatonulea Io Ikai 

Cook Island Ka inangaro au I tetai tangata uri reo Ae Kare 

Niuean Fia manako au ke fakaaoga e taha tagata fakahokohoko kupu E Nakai 

 

 I have read and I understand the Participation Information sheet dated 18
th
 January 2008 (version 

02) for volunteers in the study to determine the effects of exercise on the heart function of 
adolescents.  

 I have had the opportunity to discuss this study and consider if I want to take part. 

 I am happy with the answers I have been given. 

 I understand that taking part in this study is voluntary (my choice) and that I may leave the study at 
any time and this will in not affect my future healthcare. 

 I understand that my participation in this study is confidential and that no material which could 
identify me will be used in any reports on this study. 

 I understand the compensation for this study. 

 I know whom to contact if I have any questions about the study. 

 I understand that blood will be taken. 

 I consent the researchers to keep a sample of my blood as a part of this study. 

 I understand that the sample of my blood will be destroyed by standardized methods at the end of 
the study. 

 I understand that the information from this study may be kept for further comparisons to other 
research projects. 

 I understand that I have the right to remove my data and results from the study for a period of no 
more than one-week following my final testing date. 

 I understand that my GP will be informed of my participation in this study if I request it so. 

 I understand all risks involved in this study. 
 

By signing this form, I agree to the above statements and I agree to take part in this research project. 

 

Participant Signature: ___________________________________________________________________ 
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Name (please print clearly): ______________________________________________________________          

Parental signature: _______________________________________________________________________ 

Name (please print clearly): ________________________________________________________________     

Consent explained and obtained by: _____________________________________Date: _______________ 

            

If you have any questions, please contact the researchers:  

Primary investigator: 

Paul Hofman  

(09) 373-7599 Ext 86453 

Email: p.hofman@auckland.ac.nz 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Co-Investigator:  

Silmara Gusso 

(09) 373-7599 Ext 89975/86098 

Email: s.gusso@auckland.ac.nz 

 

Co-Investigator: 

Dr Wayne Cutfield  

(09) 373-7599 Ext 84476 

Email: w.cutfield@auckland.ac.nz 

mailto:p.hofman@auckland.ac.nz
mailto:s.gusso@auckland.ac.nz
mailto:w.cutfield@auckland.ac.nz
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APPENDIX 2 : Participant Information Sheet  
 
 

 

 

PARTICIPANT INFORMATION SHEET 

Title: Can a 5 month intensive exercise program in type 1 diabetic adolescents improve cardiac and 

peripheral vascular function? 

Contact Researcher: Silmara Gusso MSc, PGDipHSc 
                                  PhD student 
                                  Liggins Institute 2-6 Park Ave, Grafton 

                      University of Auckland   
                      Private Bag 92019 

                                  (09) 373-7599 ext 86098/ 89975 or 021 0236-0909 
                                  Email: s.gusso@auckland.ac.nz 
To participants: 

You are invited to take part in a study evaluating the effects of exercise on the heart and vessels of 

adolescents with and without diabetes. It is important that you read and understand the risks and benefits 

involved so you can make an informed decision. All information collected from this study is completely 

confidential. Your participation is completely voluntary and you can leave the study any time you want. These 

pages dated 18
th
 January 2008 (version 02) explain the objectives, requirements, procedures, risks and 

benefits of your participation in the study.  

Background information: 

Diabetes changes the heart function and structure and reduces exercise capacity. This study will use an 
exercise program and advanced Magnetic Reasonance Imaging (MRI) technology to determine how is the 
heart function of those with diabetes and whether 20 weeks of exercise improves exercise capacity and heart 
function in diabetic and non-diabetic adolescents.    

 

Procedures: 

This study will involve 04 visits approximately 6 hours of your time for tests and data collection. Two visits will 

be scheduled at the beginning of your participation in the study. The two remaining visits will be scheduled 

after a period of 20 weeks (5 months). Some participants will be randomly selected to attend an exercise 

training program during the 20 weeks. The exercise training participants will attend a local gym for a 

minimum of 4 sessions a week (each session will last approximately one hour).  

This study will take place in three different places: 

- Local Gym  

- Liggins Institute, 2-6 Park Avenue, Grafton, University of Auckland 

- Centre for Advanced MRI, 85 Park Road-Basement level, Building 501, Grafton. Faculty of Medical and 
Health Science, University of Auckland 

Participants will be excluded if:  

- Evidence or history of musculoskeletal, cardiovascular or pulmonary disease 

- Use of cardiovascular or hypertensive medication 

 

mailto:s.gusso@auckland.ac.nz
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- Evidence of diabetic complications  

- Any contraindication for MRI including pacemakers, metal fragments in the eye, spinal column stimulators, 
aneurysm clips in the brain. 

- Pregnancy 

 

Parental consent for participants under 16 years will be necessary for subjects’ participation in the study. 

Visit 01:  Screening and baseline information (~ 1 hour and 30 minutes) 

Where: Liggins Institute, 2-6 Park Avenue, Grafton. 

 

You will:  

 Have your height, weight and blood pressure measured, 

 Receive a blood test form (blood test will be done at your convenience 
at a lab close to your home), 

 Have a DEXA scan (see picture). You will lie down on a table while 
your percentage body fat is measured with weak X-rays (similar to a chest X-
ray). 
 

  

 

We will then assess your fitness level. 

You will exercise on a stationary bicycle while you breathe through a 
mouthpiece. The picture gives you an idea how the test looks like. When you 
arrive, we will check your glucose levels (if diabetic). You will then be 
prepared for the test. You will wear a heart monitor (band on your chest) and 
have a cuff in your arm for blood pressure. The mouthpiece used may cause 
some discomfort. The workload (intensity) will start very low but will increase 
every minute until you cannot pedal further. Usually this test last 
approximately 6-12 minutes (Yes, you will be probably tired and may sweat a 
little bit!). You may experience muscular fatigue, dizziness or shortness of 
breath.  

For this visit you should: 

 Avoid alcohol and physical exertion on the day prior to the test.  

 Not eat 2 hours prior to test (small snacks are ok) and avoid coffee on the test day.  

 Drink a glass of water between 60 and 120 minutes before the test.   

 Wear clothes that are appropriate and comfortable for exercise. Females should wear a 
sports bra. 

If diabetic, bring your glucose analyser 

 

Visit 02: MRI scans (~ 1 hour) 

Where: Centre for Advanced MRI, 85 Park Road- Basement level, Building 501, Grafton- Faculty of Medical 
and Health Science, University of Auckland. 

After your bicycle test, we will meet you at the MRI Centre to scan your heart at 
rest and while you exercise. If you have experienced claustrophobia (fear of 
small places), or have trouble in enclosed spaces please discuss with the 
researches before your appointment. People who have claustrophobia can find 
lying in the MRI scanner difficult to tolerate, as the tunnel is quite narrow. Some 
people find that having a friend or relative in the room for support is enough to 
help relieve anxiety. Everyone who enters the room will need to complete a 
safety sheet. You will change into a gown and remove all items of metal or 
jewellery. You will then be asked to lie on a bed, and lightweight equipment will 
be placed on top of or around the part of your body being scanned. As the 
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scanner is very noisy while scanning, (sounds like someone drilling the road) you will be given headphones 
to wear. If you wish, you would be welcome to bring a CD of your choice, which can be played over the 
headphones during the scan. The bed is then slid into the scanner (the MRI scanner consists of a tunnel 
slightly shorter than a person, see picture). It is important to remain as still as possible during the procedure 
to ensure the resulting images are movement free. At all times you will be in voice contact with the MRI 
operator and have an emergency button in case you need to get out of the scanner immediately. The 
scanning process is painless and free from X-ray exposure. You will be asked to lie in the scanner for 
approximately 45-60 minutes. The sequences of scan vary in length from a few seconds to several minutes. 
The radiographer will let you know how long each sequence is going to last, and remind you to stay very still. 
Some of the short scans require you to hold your breath. These "breath holds" last from 5-10 seconds, and 
this will be fully explained at the time of the scan. 

For heart scans leads will be attached to stickers on your chest or back to monitor your heart rate. Once we 
have taken measurements while you lie down at rest, we will repeat the measurements while you cycle (still 
lying down- just your legs will move) with your heart rate at around 110 beats per minute. The exercise might 
take approximately 15 minutes. 

 

Exercise Training Program: 

If you are selected to the exercise training you will receive a 5 month gym membership. The exercise 

program (aerobic + resistance training) will consist of four 1-hour session per week.  Both the intensity and 

the duration of the exercise program will be progressively increased throughout the training period according 

to your ability.   

You will receive a downloadable Polar heart rate monitor, which will help you to achieve an appropriate 

target heart rate during exercise and give us quantitative assessment of your compliance. Blood glucose 

levels (diabetic participants only) will need to be monitored before, during and after exercise sessions. You 

will receive a log book for you to write down your heart rates, exercise intensities, rate of perceived exertion 

(RPE) and glucose levels which will be explained to you during your first day at the gym. You will also need 

to record your diet at the beginning (~ 1 week) and at end of the study (~ 1 week). The gym staff will be 

informed of your participation in the study and your health status (type 1 diabetes or not) 

* All tests will be repeated at the end of the 20 weeks. 

Compensation: 

All tests and procedures will be free of charge. If you are coming to the visit by car we will offer a petrol 

voucher to help cover travel costs.  

In the event of injury consequence of your participation in this study, you may be covered by the ACC under 

the Injury Prevention, Rehabilitation and Compensation Act. ACC cover is not automatic and your case will 

need to be evaluated by ACC according to the requirements of the 2002 Injury Prevention, Rehabilitation 

and Compensation Act. If you have any questions about it please feel free to ask the researchers for more 

information or look at http://www.acc.co.nz  

Risks:   

These tests are considered low-risk. The screening tests will help to identify possible problems that may 

occur during procedures. There is a low risk for injuries during exercise tests; however, we will make every 

effort to minimize this possibility by given appropriate instructions and supervision during procedures. 

Muscular fatigue and shortness of breath may be experience during VO2max test. You may feel some 

discomfort during blood sampling, and the possibility of bruising. However, if bruise occurs, usually disappear 

within one week. If results suggest an unexpected medical condition, you will be referred to medical attention 

and data collection will be discontinued. No harmful effects or risks are known from MRI scanning. All 

participants will be screened for the standard contraindications to MRI prior to scanning and excluded if any 

are found.  Absolute contraindications include pacemakers, metal fragments in the eye, spinal column 

stimulators and aneurysm clips in the brain. During MRI some people may feel claustrophobic (approximately 

http://www.acc.co.nz/
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2%), a feeling of warmth, or tickling. The scanner is noisy while scanning, and it is necessary to wear ear 

protection during the scan. 

Freedom of Consent: 

Your participation in this study is entirely volunteer (your choice), and if you decide not to take part in the 

study this will not affect any future care or treatment. You are invited to discuss the study with your 

family/whanau if you choose to do so. If you agree to participate in this study you are free to leave from the 

study at any time, without having to give a reason and this will not affect your future health care, or your 

involvement with the University of Auckland. Your consent to participate in this study will be indicated by your 

signing and dating the attached consent form.  

Confidentiality:  

All information collected will stay confidential. You will be identified by a code and only the principal 

investigator will be able to match number with participant.  

Data and Results: 

You can remove your data and results from the study for a period no more than one-week after your final 

test. The final results from the study will be sent to you when the study is finished. A report with your specific 

results will be sent to you and to your GP. Data may be kept for comparison in other research projects run by 

the University of Auckland. The results will be stored in a locked file for 10 years. 

Enquiries: 

If you have any queries or concerns regarding your rights as a participant in this research study, you can 
contact an independent health and Disability Advocate. This is a free service provided under the Health & 
Disability Commissioner Act: 

Telephone (NZ wide): 0800 555 050 

Free Fax (NZ wide): 0800 2787 7678 (0800 2 SUPPORT) 

Email: advocacy@hdc.org.nz 

This study received ethical approval by the Northern X Regional Ethics Committee. 

Investigators: 
Dr. Paul Hofman       

Liggins Institute  

2-6 Park Ave, Grafton 

University of Auckland  

(09) 373-7599 ext. 86453      

Email: p.hofman@auckland.ac.nz 

 

Dr. Wayne Cutfield    

Liggins Institute  

2-6 Park Ave, Grafton 

University of Auckland  

(09) 373-7599 ext. 84476     
Email:w.cutfield@auckland.a

mailto:advocacy@hdc.org.nz
mailto:p.hofman@auckland.ac.nz
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APPENDIX 4 : Clinical Trial Registration Letter 
 
 

 
 


