
  

High-Frequency Endurance Training, but not Low-Frequency Sprint Interval 

Training, Improves Glycemic Regulation and Cardiovascular Risk-Factors in 

Obese Males  

 

By 

Heather Lauren Petrick 

 

 

A Thesis 

Presented to 

The University of Guelph 

 

 

In partial fulfillment of requirements 

For the degree of  

Master of Science 

In 

Human Health and Nutritional Sciences 

 

 

Guelph, Ontario, Canada 

© Heather Lauren Petrick, September, 2019 

 



  

ABSTRACT 

 

 

 

HIGH-FREQUENCY ENDURANCE TRAINING, BUT NOT LOW-FREQUENCY 

SPRINT INTERVAL TRAINING, IMPROVES GLYCEMIC REGULATION AND 

CARDIOVASCULAR RISK-FACTORS IN OBESE MALES 

 

 

 

Heather Lauren Petrick      Advisors: 

University of Guelph, 2019      Dr. Graham P. Holloway 

         Dr. Jamie F. Burr 

 

 

 Involvement in daily moderate intensity continuous endurance (END) exercise is well 

known to reduce the risk of chronic diseases, however, the time-effective alternative of sprint 

interval training (SIT) has gained considerable popularity. It remains debatable if SIT is equally 

effective for decreasing cardiometabolic risk-factors, as many beneficial effects of exercise are 

transient, and unlike END, SIT cannot be performed daily. Therefore, this thesis examined the 

ability of chronic SIT or END to improve cardiometabolic health in obese males. This thesis 

established that over a 6 week period, 1) high-frequency END, but not low-frequency SIT, 

improved fitness, glucose tolerance, blood pressure, and body composition; 2) END and SIT 

appeared to elicit divergent outcomes with respect to arterial stiffness and cardiovascular health; 

and 3) daily exercise of END was an important factor mediating improvements in free-living 

glycemic regulation. Combined, these data suggest exercise frequency may be an underappreciated 

variable in improving health. 
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CHAPTER 1 – REVIEW OF LITERATURE 

1.1 INTRODUCTION – THE IMPORTANCE OF EXERCISE 

 Lifestyle-induced chronic diseases are at the forefront of human metabolic dysfunction and 

represent a significant cause of mortality in modern society. For instance, epidemiological data 

reports that global obesity rates have tripled in the past 30 years (WHO, 2018), in which Canada 

ranks in the top 30 most obese countries worldwide with 27% of the population over the age of 18 

years classified as obese (StatCan, 2017). Defined by a body mass index (BMI) ≥30 kg·m-2, obesity 

is associated with systemic perturbations in the vasculature, adipose tissue, liver, and skeletal 

muscle, and as a result, leads to the development of several closely linked co-morbidities including 

cardiovascular disease (CVD), hyperlipidemia, insulin resistance, and type 2 diabetes (T2D). 

However, when compared to all other risk factors, low cardiorespiratory fitness (CRF), or lack of 

physical activity, is the strongest predictor of mortality (Blair et al., 1996). It is clearly established 

that regular exercise is capable of eliciting a host of systemic adaptations to maintain whole-body 

health; however, despite this knowledge, the most recent reports suggest that only 15% Canadians 

achieve physical activity guidelines of 150 minutes of moderate intensity exercise per week 

(Colley et al., 2011; Tremblay et al., 2011). Furthermore, when directly comparing self-reported 

and objective physical activity measures, time spent being active was over-reported by over 40% 

of individuals (Tomaz et al., 2016), findings that clearly highlight the robust gap in achieving 

exercise recommendations. 

 As exercise training is classified by frequency, intensity, and duration, and given the 

commonly cited barrier of “lack of time” to performing regular physical activity (Stutts, 2002), 

recent literature has focused on augmenting exercise intensity at the expense of duration and 

frequency. Known as sprint interval training (SIT), this time-effective approach appears promising 
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for improving fitness (Gibala et al., 2012), however, knowledge pertaining to the influence of this 

type of exercise on other factors related to disease risk reduction remains understudied. 

Furthermore, while intensity has been a recent focus in designing and prescribing exercise 

protocols, it remains possible that exercise frequency is also a fundamental parameter to consider, 

particularly given the transient effects of a single exercise bout. Therefore, this review will provide 

background regarding the ability of various types of exercise to improve cardiovascular and 

metabolic dysfunction associated with obesity.  

 

1.1.2 Physical activity recommendations 

 The concept that exercise is a predominant approach to improve cardiometabolic health 

has long been established, as a classical epidemiological study in 2002 determined that over a 5 

year period, exercise and dietary lifestyle interventions prevented the incidence of T2D in obese 

individuals to a greater extent than the pharmacological approach of metformin (Diabetes 

Prevention Program Research Group, 2002). In addition, the risk of developing CVD is on average 

~35% lower in individuals who perform the highest level of physical activity per week compared 

to those conducting the lowest amount (Shiroma & Lee, 2010). While associative data, these 

findings clearly highlight the potent effects of exercise in improving health from an applied setting.  

 Despite these findings, the ideal exercise prescriptions for both healthy and clinical 

populations remain a matter of debate. In most of the developed world, recommendations for 

physical activity have commonly suggested at least 150 minutes of moderate intensity continuous 

endurance exercise (END, ~50-60% of maximal aerobic capacity (VO2max)) per week, performed 

over ≥5 days, as being preferable for achieving health benefits and improving fitness (Haskell et 

al., 2007; Tremblay et al., 2011). As a broad term encompassing attributes required for both day-
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to-day functional capacity and physical activity performance, many factors including strength, 

power, coordination, and most notably, aerobic capacity, are involved in defining fitness (Pate, 

1988). While research has largely characterized the efficacy of continuous END exercise for 

improving health and aerobic fitness; exercise frequency, intensity, and duration are all variables 

which can be manipulated when designing a training protocol. As “lack of time” is a commonly 

cited barrier to perform physical activity, recent literature has focused on high intensity interval 

training (HIIT) protocols to decrease the time commitment by performing exercise at a higher 

power output  (Gibala et al., 2012). Typically involving repeated intervals between 1-4 minutes in 

duration at ~80-90% of VO2max (MacInnis & Gibala, 2017), HIIT appears to be an effective 

exercise approach for improving health and fitness. However, HIIT protocols commonly still 

involve a duration of ~20-30 minutes (MacInnis & Gibala, 2017), and as a result, considerable 

interest has been placed on determining the shortest duration of exercise required to improve 

health. This has given rise to the popularity of time-effective sprint interval training (SIT) (Gibala 

et al., 2012). Involving repeated, short (10-30 second) intervals at a supramaximal intensity, SIT 

involves as little as 60 seconds of exercise work per session (Gillen et al., 2016), therefore 

dramatically decreasing exercise time and volume compared to traditional END approaches. 

 While intensity and duration are key factors that differ between SIT, HIIT, and END, the 

frequency of exposure is also an important parameter to consider between the distinct exercise 

protocols. High intensity SIT and HIIT cannot be performed daily as many unfavorable outcomes 

including inflammatory responses (Tuan et al., 2008) and increased risk of injury (Page, 1995) 

occur in response to repeated bouts of SIT/HIIT. In addition, acute increases in circulating 

catecholamines (Jezova et al., 1985) are events linked to elevated blood pressure and arterial 

stiffness (Tank & Lee Wong, 2015) during and following HIIT (Chaney & Eyman, 1988; 
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Rakobowchuk et al., 2009). In a more prolonged nature, chronic cardiac fibrosis (Holloway et al., 

2015) has been associated with high-frequency, high-intensity exercise. In contrast, END is 

conducive to daily sessions, and as a result, physical activity recommendations suggest END 

should be performed 5 days per week, while high-intensity exercise should maximally be 

performed 3 days per week (Burr et al., 2010; Tremblay et al., 2011). Regardless of intensity, all 

types of exercise are capable of improving fitness, however clinically relevant parameters such as 

glycemic regulation, lipid tolerance, and cardiovascular health are also important to consider. 

 

1.2 GLYCEMIC REGULATION 

 A key pathological outcome associated with obesity, and readily influenced by exercise, is 

insulin resistance and T2D. The prevalence of diagnosed T2D in Canada was nearly 10% in 2015, 

in addition to a further 25% of Canadians living with pre-diabetes and insulin resistance (Diabetes 

Canada, 2019), rates which are currently on the rise. As a disease which slowly progresses over 

time due to excessive nutrient intake and lack of physical activity, a range of systemic impairments 

occur prior to the development of T2D, representing pathological states which are preventable and 

treatable with involvement in regular exercise. 

 

1.2.1 Whole-body glycemic regulation 

 In healthy individuals, insulin is released from the pancreas when circulating glucose levels 

are high (>5 mmol·L-1), stimulating glucose uptake from the blood stream into several peripheral 

tissues and ultimately controlling blood glucose levels within a narrow range. A negative feedback 

loop is initiated when blood glucose drops below 4-5 mmol·L-1, resulting in an increase in 

pancreatic glucagon secretion to stimulate glucose production from the liver, a reduction in insulin 
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release, and consequently, a decrease in glucose uptake at peripheral tissues to maintain sufficient 

plasma glucose concentrations. However, as insulin resistance develops, the effectiveness of 

peripheral tissues to respond to insulin stimulation and glucose uptake is diminished, and therefore 

a greater quantity of circulating insulin is required to maintain homeostatic blood glucose levels. 

In the absence of any targeted interventions, overt T2D develops, wherein elevated levels of insulin 

are no longer effective at clearing blood glucose to target tissues, and therefore blood glucose 

levels dramatically increase. During the later stages of T2D, pancreatic dysfunction occurs from 

constant stimulation of insulin release, resulting in a permanent reduction in insulin production 

and a reliance on exogenous administration to prevent pathologically high blood glucose levels. 

As individuals who present with hyperglycemia have been shown to have a 2-fold higher risk of 

death after a 16 year follow-up period (Saydah et al., 2001), and a 1 mmol·L-1 increase in chronic 

plasma glucose levels is associated with a 4-5% increased risk of mortality (Stranders et al., 2004), 

the regulation of blood glucose is clearly important for maintaining health. 

 

1.2.2 Indices of glycemic homeostasis 

 From a health perspective, fasted levels of glycosylated hemoglobin (HbA1C) and 2 hour 

responses to an oral glucose tolerance test (OGTT) are traditionally used to assess glycemic 

control. Following the intake of high-glucose stimulus characteristic of an OGTT, in healthy 

individuals, blood glucose levels transiently increase, typically peaking around 1 hour following 

glucose intake and returning to resting states by 2 hours post-prandially. In contrast, T2D and 

insulin resistant individuals present with elevated fasting glucose levels, a greater rise in blood 

glucose, and a delayed return to resting levels during an OGTT. While many advantages of classic 

clinical diagnostic approaches exist, including the insight into post-prandial glycemic responses 
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provided by an OGTT, and chronic (i.e. 3-4 month average) representation of glycemic 

homeostasis reflected by HbA1C values (Saudek et al., 2006), the applicability of isolated 

laboratory-based measurements remains limited in a free-living situation. In this respect, the 

emergence of continuous glucose monitors (CGM) to track interstitial glucose levels at 15 minute 

intervals throughout the day and night has provided dynamic insight into the magnitude, duration, 

and frequency of free-living glycemic trends (Klonoff, 2005). Using this approach, it is evident 

that time spent in hyperglycemia in T2D individuals is dramatically greater than previously 

assumed (Praet et al., 2006b). Specifically, while healthy individuals maintained a daily blood 

glucose range between 4-8 mmol·L-1 regardless of dietary stimulus, levels in drug-controlled T2D 

individuals spiked dramatically, particularly following a breakfast meal, to nearly 16 mmol·L-1 

(Praet et al., 2006b) (Figure 1.1). As post-prandial hyperglycemia is a strong and independent risk 

factor for CVD risk and all-cause mortality (Ceriello, 2005), this highlights the notion that the 

robust increases in glucose levels identified in free-living settings are a significant health concern 

and may not be properly captured using a single time-point, laboratory-based assessment. Clearly, 

it is important to consider dynamic daily glycemic regulation; a parameter influenced by changes 

in metabolism, dietary intake, and energy expenditure over the course of a day, and regulated by 

endogenous and exogenous glucose uptake and production from numerous tissues. 
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1.2.3 Hepatic regulation of glycemic homeostasis 

 As a key tissue involved in this process, the liver exerts a major role in maintaining glucose 

uptake, glycogen storage, and glucose production (gluconeogenesis and glycogenolysis) (Sharabi 

et al., 2016). In response to dietary intake, glucose is taken up by the liver in an insulin-dependent 

manner and shuttled towards glycogen synthesis. When glucose and insulin levels drop in fasted 

periods, glycogen breakdown (glycogenolysis) occurs, in addition to the endogenous production 

of glucose from other non-carbohydrate precursor molecules (gluconeogenesis), to release glucose 

into circulation and maintain plasma levels (Sharabi et al., 2016). However, in T2D states, hepatic 

glucose production is dramatically increased by ~25% compared to healthy individuals (Campbell 

et al., 1988). This occurs in part due to an increased quantity of gluconeogenic substrates and 

hepatic resistance to the ability of insulin to suppress glucose output; events which contribute to 

the development of hyperglycemia (Campbell et al., 1988). In addition to its role in glucose 

production, the liver also contributes ~33% of post-prandial glucose uptake (Moore et al., 2012), 

representing the predominant tissue in this process. An additional ~33% of glucose disposal occurs 

in skeletal muscle and adipose tissue, while the final third is taken up by various other tissues 

including the brain, kidney, and red blood cells (Moore et al., 2012). 
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Figure 1.1 – Schematic representation of glucose concentrations over a 24 hour period in healthy 

compared to T2D individuals. Data modelled from Praet et al. 2006. 
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1.2.4 Skeletal muscle glucose uptake 

 From a cellular perspective, skeletal muscle is an important tissue for glycemic regulation, 

as it accounts for nearly 40% of total body mass, contributes to a large proportion of glucose 

disposal, and rapidly responds to changes in energy supply and demand (Sahlin, 2004), indicating 

skeletal muscle is a key tissue affected by physical (in)activity. In addition, skeletal muscle glucose 

uptake involves an intricate pathway with multiple sites of regulation. Briefly, circulating insulin 

interacts with its receptor on the skeletal muscle plasma membrane, which enables the binding and 

phosphorylation of insulin receptor substrate-1 (IRS-1).  Phosphoinositide 3-kinase (PI-3K) then 

binds to IRS-1 and phosphorylates lipid regions of the plasma membrane, activating the cellular 

secondary messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3). This event enables the 

docking, interaction, and phosphorylation of protein kinase B (Akt-PKB) by phosphoinositide-

dependent protein kinase (PDK). In its phosphorylated state, Akt-PKB moves away from the PIP3 

complex to induce the phosphorylation and inactivation of Akt substrate of 160kDa (AS160). At 

rest, AS160 binds to and sequesters glucose transporter 4 (GLUT4) proteins within intracellular 

vesicles; however, upon phosphorylation of AS160, this inhibition is released and GLUT4 vesicles 

translocate outwards to the plasma membrane. When located at the cell surface, GLUT4 is 

responsible for the uptake of circulating glucose into skeletal muscle, thus maintaining blood 

glucose levels (Figure 1.2). In unstimulated states, glucose transporter 1 (GLUT1) and GLUT4 

located on the plasma membrane are important for mediating glucose uptake, in which GLUT1 is 

preferentially involved in facilitated glucose transport at rest, while GLUT4 is mainly implicated 

in stimulated translocation and glucose uptake  (Klip & Marette, 1992). 

  In T2D and insulin resistant individuals, while total intracellular GLUT4 content (Smith 

et al., 2007), and plasma membrane GLUT4 content at rest (Garvey et al., 1998; Smith et al., 2007) 
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is not different from healthy states, the ability of GLUT4 to translocate to the plasma membrane 

in response to insulin stimulation is impaired (Garvey et al., 1998). This is suggested to occur as 

a result of lipid (diacylglycerol (DAG) and ceramide) accumulation (Schmitz-Peiffer et al., 1999; 

Itani et al., 2002) and increased reactive oxygen species (ROS) production (Abdul-Ghani et al., 

2009; Anderson et al., 2009) in skeletal muscle, indirectly impairing the insulin signalling cascade 

at various proximal locations (Figure 1.2). In addition, inflammatory responses, endoplasmic 

reticulum (ER) stress, and circulatory factors such as hepatokines can inhibit skeletal muscle 

insulin-stimulated glucose uptake at various steps within the signalling cascade (not depicted in 

Figure 1.2 for simplicity).  However, as exercise is a potent stimulus influencing skeletal muscle 

metabolism, physical activity represents an important approach to improve glucose uptake. 

 

Akt-

PKB

IRS-1 PI-3K
PIP3

Glucose Insulin

GLUT4

GLUT4GLUT4

DAG

ROS
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GLUT4 GLUT4
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Figure 1.2 – Insulin-stimulated glucose uptake in skeletal muscle. Circulating insulin signals through its 

receptor located on the skeletal muscle plasma membrane to initiate a host of intracellular signalling events 

mediating the translocation of intracellular GLUT4 vesicles to the plasma membrane for subsequent glucose 

uptake. This pathway is inhibited by DAGs, ceramides, and ROS. Akt-PKB, protein kinase B; AS160, Akt 

substrate of 160kDa; DAG, diacylglycerol; GLUT1, glucose transporter 1; GLUT4, glucose transporter 4; IRS-

1, insulin receptor substrate-1; P, phosphorylation event; PDK, phosphoinositide-dependent kinase; PI-3K, 

phosphoinositide 3-kinase; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; ROS, reactive oxygen species. 
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1.2.5 Acute effects of exercise on glycemic regulation 

 From a mechanistic perspective, exercise has rapid effects on glycemic regulation as 

muscle contraction can induce intracellular GLUT4 trafficking independent of insulin. As a result 

of the profound increase in energy turnover during exercise, cellular metabolites such as calcium 

(Ca2+) and adenine monophosphate (AMP) accumulate and induce the parallel phosphorylation of 

signalling kinases Ca2+/calmodulin-dependent protein kinase II (CaMKII), adenosine 

monophosphate-activated protein kinase (AMPK), and mitogen-activated protein kinases (MAPK) 

such as p38 MAPK. Similar to Akt-PKB, these exercise-induced pathways also act to 

phosphorylate AS160 and mediate the trafficking of GLUT4 to the plasma membrane for glucose 

uptake (Figure 1.3). While both insulin and contraction alone increase glucose transport, the 

combination of insulin and contraction result in an additive increase in these responses (Lund & 

Holmant, 1995), indicating some distinct signalling processes exist. In support, despite impaired 

insulin signalling in T2D individuals, plasma membrane GLUT4 content has been shown to 

increase by ~75% immediately following a single bout of exercise (Kennedy et al., 1999), a 

response which is identical to healthy subjects. While the intracellular mechanisms accounting for 

these responses remain to be fully elucidated, a paralogue of AS160, TBC1 domain family member 

1 (TBC1D1) appears to have greater specificity for contraction-mediated activation, converging 

with AS160 to induce GLUT4 translocation to the plasma membrane (Whitfield et al., 2017) 

(Figure 1.3). Furthermore, exercise also has direct effects on the ability of insulin to translocate 

GLUT4 to the skeletal muscle plasma membrane as a result of a greater susceptibility of GLUT4 

trafficking immediately following exercise (Holloszy, 2005). These effects are similarly evident 

in the liver, as a single bout of exercise in T2D individuals is effective at enhancing insulin 



  11 

sensitivity 12 hours post-exercise, and therefore reducing hepatic glucose production (Devlin et 

al., 1987).  

 

 

 In vivo, an acute bout of exercise has rapid and immediate effects on whole-body glycemic 

regulation, as the percentage of time spent in hyperglycemia (Praet et al., 2006b; Manders et al., 

2010) and the average daily glucose area under curve (AUC) (Macdonald et al., 2006; Little et al., 

2014) is dramatically reduced in T2D individuals following exercise. However, this response is 

transient in nature, as an acute bout of exercise performed in the morning in T2D individuals has 

been shown to reduce glycemic responses to a breakfast meal, but not a lunch meal later in the day 

(Larsen et al., 1997). Furthermore, whole-body insulin sensitivity is enhanced immediately 

following exercise (Minuk et al., 1981) and 18-20 hours after exercise (Devlin et al., 1987) in T2D 

Akt-
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PDK
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Figure 1.3 – Contraction-mediated glucose uptake in skeletal muscle. Exercise and skeletal muscle 

contraction increase cellular metabolites (Ca2+, AMP) which signal through pathways independent of insulin 

to translocation GLUT4 to the plasma membrane. Akt-PKB, protein kinase B; AMP, adenosine 

monophosphate; AMPK, AMP-activated protein kinase; AS160, Akt substrate of 160kDa CaMKII, 

Ca2+/calmodulin-dependent protein kinase II; GLUT1, glucose transporter 1; GLUT4, glucose transporter 4; 

IRS-1, insulin receptor substrate-1; MAPK, mitogen-activated protein kinases; P, phosphorylation event; PDK, 

phosphoinositide-dependent kinase; PI-3K, phosphoinositide 3-kinase; PIP3, phosphatidylinositol (3,4,5)-

trisphosphate; TBC1D1, TBC1 domain family member 1. 
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individuals, an effect which is lost beyond 24 hours post-exercise (Cusi et al., 2000; Whyte et al., 

2010). This response is in part linked to the dramatic increase in skeletal muscle substrate oxidation 

during exercise, therefore enhancing uptake and recovery of post-exercise carbohydrate stores 

(Minuk et al., 1981), further highlighting the importance of regular physical activity in improving 

glycemic regulation. 

  

1.2.6 Chronic effects of exercise on glycemic regulation 

 As the prolonged effects of exercise training manifest following repeated acute stimuli, it 

is not surprising that many chronic outcomes associated with exercise build upon those of an acute 

bout. For instance, exercise training is known to be a potent stimulus to increase skeletal muscle 

mitochondrial content and proteins involved in glucose and lipid uptake and metabolism (MacLean 

et al., 2000; Little et al., 2011). In addition to a decrease in skeletal muscle DAGs and ceramides  

(Dubé et al., 2008), this effect mechanistically alleviates the inhibition of insulin-stimulated 

glucose uptake. Furthermore, exercise training is capable of increasing insulin sensitivity in the 

liver (Marinho et al., 2012) and decreasing hepatic glucose output (Segal et al., 1991) in obese and 

insulin resistant states. As a result, with respect to integrated whole-body metabolism, exercise 

training has been shown to reduce OGTT responses ~36% in T2D individuals (Rogers et al., 1988), 

improve insulin sensitivity ~25% in obese individuals (Whyte et al., 2010), and in more prolonged 

20-36 week intervention trials, significantly decrease HbA1C (Hansen et al., 2009). Altogether, 

these factors indicate dramatically improved glycemic regulation following exercise. 
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1.2.7 Influence of exercise frequency/intensity on glycemic regulation 

 Given the recent popularity of SIT/HIIT, it is important to consider the effects of exercise 

frequency/intensity on glycemic regulation. When directly comparing various exercise protocols, 

a single bout of HIIT has been either shown to be equally (Little et al., 2014), greater (Little et al., 

2014) or less (Manders et al., 2010) effective at lowering 24 hour glycemic regulation and various 

parameters involved in dynamic free-living glucose trends compared to END exercise. While these 

discrepancies likely arise due to subject characteristics and the exercise protocols utilized, it is 

generally thought that the acute effects of various exercise bouts for improving glycemic regulation 

are similar (Cassidy et al., 2017). From a longer-term perspective, 2 weeks of HIIT (10 x 60 

seconds at 90% of maximal heart rate (HRmax)) improved average daily glucose levels nearly 15% 

in T2D individuals who were monitored using CGM (Little et al., 2011). While lacking a direct 

comparison, the magnitude of these changes is comparable to other reports following low intensity 

walking (Karstoft et al., 2013) or aerobic-based END cycling (Mikus et al., 2012). Recent meta-

analyses have consistently reported comparable or superior reductions in HbA1C, fasting glucose, 

and post-prandial OGTT  responses following HIIT compared to traditional END (Weston et al., 

2014; Jelleyman et al., 2015; Cassidy et al., 2017). These effects also appear similar in response 

to SIT, despite the dramatically lower exercise volume (Table 1.1). However, current studies have 

largely limited END to match the infrequent nature of SIT, therefore potentially mitigating some 

of the beneficial outcomes associated with END (Table 1.1). 

 As skeletal muscle is important for the mechanisms mediating the effects of exercise on 

glycemic regulation, literature comparing SIT/HIIT and END has thoroughly examined the 

molecular adaptations within this tissue (MacInnis & Gibala, 2017). Similar, or superior, acute 

signalling events and plasma membrane GLUT4 translocation (Gibala et al., 2009; Brandt et al., 
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2016), in addition to comparable chronic increases in GLUT4 and mitochondrial content 

(Burgomaster et al., 2008; Little et al., 2011; Gillen et al., 2016) are observed following various 

HIIT and SIT protocols compared to END.  
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Table 1.1 – Brief summary of studies investigating the effects of chronic (>2 weeks) exercise training 

on glycemic regulation.  
 

Authors/ 

Year 

Participant 

Characteristics 

Exercise Protocol Frequency/Modal

ity 

Outcomes 

HIIT vs. END Direct Comparisons 

(Robinson 

et al., 

2015) 

Insulin resistant, 

obese, 52yrs 

(n=39) 

HIIT: 4-10 x 1min (85-90% 

Wpeak) / 1min (20% Wpeak)  

END: 20-50min (32.5% 

Wpeak) 

5d·wk-1 cycle 

ergometer for 2wks 
Only END  fasting 

glucose 

(Terada et 

al., 2013) 
T2D, overweight, 

62yrs (n=15) 
HIIT: 7-14 x 1min (100% 

VO2max) / 3min (20% 

VO2max) 

END: 30-60min (40% 

VO2max) 

5d·wk-1 cycle 

ergometer for 12wks 

No change fasting 

glucose, HbA1C 

(Mitranun 

et al., 

2014) 

T2D, overweight, 

61yrs (n=43) 
HIIT: 4-6 x 1min (85-90% 

VO2max) / 4min (50% 

VO2max) 

END: 30-40min (60-65% 

VO2max) 

CTL: none 

3d·wk-1 treadmill for 

12wks 
Both HIIT and END  

fasting glucose 

Only HIIT  HbA1C 

(Tjønna et 

al., 2008) 
Insulin resistant, 

overweight, 

52yrs (n=32) 

HIIT: 4 x 4min (95% 

HRmax) / 3min (70% HRmax) 

END: 47min (70%HRmax) 

CTL: none 

3d·wk-1 treadmill for 

16wks 
HIIT  mitochondrial 

biogenesis > END 

Both HIIT and END  

insulin sensitivity 

SIT vs. END Direct Comparisons 

(Sjöros et 

al., 2017) 
Insulin resistant, 

obese, 49yrs 

(n=26) 

SIT: 4-6 x 30sec (all out) / 

4min recovery  

END: 40-60min (60% 

VO2max) 

3d·wk-1 cycle 

ergometer for 2wks 
Both SIT and END  

insulin-stimulated 

glucose uptake 

(Fisher et 
al., 2015) 

Overweight, 
20yrs (n=28) 

SIT: 4 x 30sec (85% Wmax) / 
2min (15% Wmax) 

END: 45-60min (55-65% 

VO2max)  

SIT: 3d·wk-1 cycle 

ergometer for 6wks 

END: 5d·wk-1 cycle 

ergometer for 6wks 

Both END and SIT  

glucose tolerance 

(OGTT) 

(Gillen et 

al., 2016) 

Sedentary, 28yrs 

(n=25) 

SIT: 3 x 20sec (all out) / 

2min (50W) 

END:45min (70% HRmax) 

CTL: none 

3d·wk-1 cycle 

ergometer for 12wks 

Both END and SIT  

glucose tolerance, 

insulin tolerance, and 

mitochondrial content 

Isolated HIIT/SIT/END Protocols 

(Little et 

al., 2011) 
T2D, obese, 

62yrs (n=8) 
HIIT: 10 x 60 sec (90% 

HRmax) / 60sec (50W) 
3d·wk-1 cycle 

ergometer for 2wks 
HIIT  average (CGM) 

and post-prandial 

(OGTT) glucose  

HIIT  mitochondria 

and GLUT4 content 
(Whyte et 

al., 2010) 

Obese, 32yrs 

(n=10) 

SIT: 4-6 x 30sec (all out) / 

3.5min recovery 
3d·wk-1 cycle 

ergometer for 2wks 

SIT  insulin 

sensitivity 24hrs post 

(but not 72hrs post) 

CGM, continuous glucose monitoring; CTL, control; END, moderate intensity continuous endurance 

training; GLUT4, glucose transporter 4; HbA1C, glycosylated hemoglobin; HIIT, high intensity interval 

training; HRmax, maximal heart rate; OGTT, oral glucose tolerance test; SIT, sprint interval training; 

VO2max, maximal aerobic capacity; W, watts; Wmax, maximal power output; Wpeak, peak power output at 

VO2max. 
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1.3 ADIPOSE TISSUE AND LIPID METABOLISM 

 Given that lipids exert a strong inhibitory effect on insulin sensitivity, and that increased 

adipose tissue is a defining factor of obesity, the characterization of adipose tissue content/function 

and lipid metabolism is a key factor in understanding the ability of exercise to improve health. 

Specifically, increased adipose tissue mass has systemic implications as this organ influences 

peripheral tissues and fasting and post-prandial blood lipid homeostasis; while the increase in 

metabolism and energy expenditure with exercise has potent effects on these parameters. 

 

1.3.1 Body fat mass and distribution 

 As a classic indicator of obesity, BMI is a broad estimate for fat mass. Epidemiological 

evidence indicates all-cause mortality is increased linearly above a BMI of 25 kg·m-2, at a rate of 

~40% every 5-unit increase in BMI (Di Angelantonio et al., 2016). However, despite this 

association, important limitations exist as the relationship between BMI and body fat mass is not 

always directly linked, given the inability of this metric to take into account body composition (i.e. 

fat compared to lean mass) (Frankenfield et al., 2001). As a result, direct quantification of body 

fat mass and body composition, particularly through approaches such as dual-energy X-ray 

absorptiometry (DEXA), are important to assess disease risk reduction (Denton & Karpe, 2016). 

While fat mass is more indicative of disease risk than BMI, obese individuals with large 

proportions of body fat can also be metabolically healthy (Goossens, 2017), and therefore the 

location and function of adipose tissue is of further importance. With respect to distribution, 

adipose tissue can be broadly divided into two categories: subcutaneous adipose tissue, located 

directly beneath the skin, and visceral adipose tissue, surrounding organs. In pathological states, 

the expansion of abdominal visceral adipose tissue occurs and individual adipocytes undergo 
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hypertrophy (increasing in size), as opposed to storage of a greater number of adipocytes 

(hyperplasia) (Goossens, 2017). This event is associated with adipose tissue inflammation, insulin 

resistance, decreased insulin-mediated suppression of lipolysis and therefore dysregulated lipid 

turnover (Cusi, 2010; Goossens, 2017). As a result, the release of lipids and adipose-derived 

inflammatory cytokines (i.e. TNF-α, IL-6, CRP) into circulation is elevated, metabolites which  

contribute to insulin resistance and dysfunction in peripheral tissues such as the liver, skeletal 

muscle, and vasculature (Cusi, 2010). In support of this sequential relationship, evidence has 

shown that adipose tissue insulin resistance develops after 3 days of high-fat diet feeding, an event 

which precedes liver, skeletal muscle, and whole body insulin resistance (Turner et al., 2013). 

Furthermore, insulin resistance was rapidly induced during the first 24 hours of a 48 hour lipid 

infusion in healthy individuals (Boden et al., 1995), providing further evidence that excess lipid 

accumulation from both endogenous and exogenous sources is directly linked to insulin resistance. 

 

1.3.2 Blood lipid homeostasis 

 As the main storage depot for lipids, adipose tissue exerts a major role in maintaining blood 

lipid homeostasis, determined as a function of lipid uptake, clearance, and production. In obesity 

and states of adipose tissue dysfunction, an increased release of adipose-derived free fatty acids 

(FFA) both at rest and in post-prandial states (Jensen et al., 1989; Roust & Jensen, 1993) is 

associated with elevated fasting FFA in circulation. Adipose tissue is also important in the 

clearance of dietary fat in the form of triglyceride-rich lipoproteins (Jensen, 2008), and in obese 

individuals, the storage of triacylglycerol (TAG) in adipose tissue has been shown to be impaired 

(Potts et al., 1995), leading to chronically elevated circulating levels of TAG 

(hypertriglyceridemia). This response is particularly evident in post-prandial states (Gill & 
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Hardman, 2003), assessed by plasma TAG and FFA responses to a laboratory-based oral fat 

tolerance test (OFTT). While typically examined over a 4-8 hour period, TAG and FFA 

concentrations peak within 4-6 hours post-prandially (Gill et al., 2004; Zhang et al., 2004; Dekker 

et al., 2010), a response which is of a dramatically higher magnitude and duration in obese and 

T2D individuals (Gill et al., 2004).  

 The elevated post-prandial lipid response in obese individuals is also in part related to 

increased hepatic lipid output (Martins & Redgrave, 2004). Specifically, endogenous cholesterol 

production (i.e. very low density lipoproteins, VLDL) from the liver is increased in obese 

individuals (Lewis et al., 1995). As VLDL circulate the body transporting TAG derived from 

endogenous and exogenous sources, FFA and TAG molecules are released from these compounds, 

leaving residual and pathological low density lipoprotein (LDL) cholesterol in circulation 

(Katsanos, 2006). In contrast, circulating high density lipoproteins (HDL) transport cholesterol 

from the periphery back to the liver for clearance, acting as a beneficial pathway to reduce 

circulating cholesterol levels (Katsanos, 2006). Ultimately, coordinated dysregulation in obesity 

leads to an increase in circulating TAG and LDL within the vasculature, and a reduction in HDL, 

which has unfavorable health implications (Katsanos, 2006). Specifically, CVD risk is increased 

~14% for every 0.6 mmol·L-1 increase in LDL cholesterol (Storey et al., 2018), and similarly, 

HDL levels are strongly and negatively correlated with risk of mortality, CVD, and coronary heart 

disease (Wilson et al., 1988). Combined, known as dyslipidemia, these events are an important 

causative factor in whole-body metabolic dysfunction.   
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1.3.3 Acute effects of exercise on lipid metabolism 

 As exercise is associated with an increase in whole-body fat oxidation (van Loon et al., 

2001), it is not surprising that an acute bout of exercise is capable of lowering post-exercise 

circulating TAG and FFA concentrations (Annuzzi et al., 1987), an effect known as 

hypotriglyceridemia. Occurring in a delayed sense 12-24 hours following a single prolonged bout 

of exercise, this effect is known to extend for 2-3 days (Dufaux et al., 1986; Annuzzi et al., 1987). 

Similar effects have been observed with respect to increases in fasting HDL and decreases in LDL 

following prolonged acute exercise (Dufaux et al., 1986). Furthermore, acute exercise is similarly 

known to influence post-prandial lipid responses, effects which are evident even following a non-

strenuous exercise bout (Dekker et al., 2010). Specifically, in obese individuals, a single bout of 

exercise performed 12 hours prior to an OFTT lipid challenge resulted in an 37% reduction in post-

prandial lipid responses (Zhang et al., 2004). However, in contrast to the temporal relationship of 

post-exercise regulation of resting TAG levels, the reduction in post-prandial lipidemia appears 

lost within 24 hours following an acute bout of exercise (Zhang et al., 2004). 

 

1.3.4 Chronic effects of exercise on lipid metabolism 

 As the effects of exercise in lowering post-prandial lipid responses are classically 

associated with an acute bout and appear to be normalized within 24 hours following exercise 

(Zhang et al., 2004), therefore are absent 60 hours post-exercise (Herd et al., 2000), findings with 

respect to the influence of chronic exercise on lipidemia remain a matter of debate (Gill & 

Hardman, 2003; Teeman et al., 2016). However, endurance trained individuals are known to have 

lower post-prandial lipidemic responses than their sedentary counterparts (Merrill et al., 1989), 

and furthermore, 7 weeks of aerobic exercise training lowers fasting and post-prandial lipid 
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responses in healthy males (Weintraub et al., 1989). In addition, exercise training is known to have 

modest but significant effects on decreasing fasting TAG, LDL, and total cholesterol levels (~5%), 

in addition to increasing HDL (Halbert et al., 1999). While large inter-individual variability exists 

with respect to body weight reductions following exercise, it is commonly established that exercise 

has a relatively mild effect on decreasing total body fat, but a robust influence on decreasing 

visceral adipose depots, which is more relevant to disease risk reduction (Verheggen et al., 2016). 

This highlights the role of intrinsic metabolic health, independent of broad outcomes such as 

weight loss and BMI. 

 

1.3.5 Role of exercise frequency/intensity in lipid metabolism 

 While an acute bout of SIT (4-8 x 30 seconds all out) (Freese et al., 2015) appears similarly 

as effective at attenuating post-prandial lipid responses as a single bout of END (Gill & Hardman, 

2003; Dekker et al., 2010), discrepancies between low-volume SIT and high-volume END 

protocols may exist with respect to systemic lipid metabolism when exposure is more chronic in 

nature. While neither protocol over a 4-12 week duration appears to have a dramatic effect on 

blood lipid levels within the current literature (Table 1.2), reductions in body fat and regional fat 

distribution may differ between SIT and END. Given the greater energy expenditure with END, it 

is not surprising that this type of exercise has consistently been shown to induce more pronounced 

reductions in total body fat (Keating et al., 2014; Cocks et al., 2016) (Table 1.2). Of greater 

importance, only END has consistently been shown to reduce abdominal gynoid and android body 

fat percentages (Keating et al., 2014; Elmer et al., 2016), which are directly associated with CVD 

risk (Wiklund et al., 2008). 
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Table 1.2 – Brief summary of studies investigating the effects of chronic (>2 weeks) exercise training 

on fat distribution and lipid metabolism. 
 

Authors/ 

Year 

Participant 

Characteristics 

Exercise Protocol Frequency/ 

Modality 

Outcomes 

HIIT vs. END Direct Comparisons 

(Terada et 

al., 2013) 

T2D, overweight, 

62yrs (n=15) 

HIIT: 7-14 x 1min (100% 

VO
2
max) / 3min (20% 

VO
2
max) 

END: 30-60min (40% VO
2
max) 

5d·wk-1 cycle 

ergometer for 

12wks 

Both HIIT and 

END  body fat 

No change blood 

lipid profile 

(Elmer et 

al., 2016) 

Sedentary, 22yrs 

(n=12) 

HIIT: 12 x 1min (90% 

VO2max) / 1min (50% 

VO2max) 

END: 30min (70% VO2max) 

3d·wk-1 treadmill 

for 8wks 

Only END  

abdominal body fat  

Only HIIT  TAG 

No change Hs-CRP 

SIT vs. END Direct Comparisons 

(Cocks et 

al., 2016) 

Obese, 25yrs 

(n=16) 

SIT: 4-7 x 30sec (200% 

VO
2
max) / 2-3min (30W) 

END: 40-60min (65% VO
2
max) 

SIT: 3d·wk-1 cycle 

ergometer for 4wks 

END: 5d·wk-1 

cycle ergometer for 

4wks 

Only END  body 

fat 

(Fedewa et 

al., 2018) 

Overweight, 

20yrs (n=44) 

SIT: 5-7 x 30sec (all out) / 4min 

recovery 

END: 20-30 min (60-70% 

HRmax) 

3d·wk-1 cycle 

ergometer for 6wks  

Only END  Hs-

CRP 

No change in blood 

lipid profiles 

(Keating et 

al., 2014) 

Overweight, 

42yrs (n=38) 

SIT: 4-6 x 30-60sec (120% 

VO
2
max) / 2-3min rec (30W) 

END: 45-60min (65% VO
2
max) 

3d·wk-1 treadmill 

for 12wks 

Only END   body 

fat 

No change in blood 

lipid profiles  

(Fisher et 

al., 2015) 

Overweight, 

20yrs (n=28) 

SIT: 4 x 30sec (85% Wmax) / 

2min (15% Wmax) 

END: 45-60min (55-65% 

VO2max)  

SIT: 3d·wk-1 cycle 

ergometer for 6wks 

END: 5d·wk-1 

cycle ergometer for 

6wks 

Both END and SIT 

 blood lipid 

profile, body fat, 

BMI 

 

 

 

 

 

1.4 CARDIOVASCULAR HEALTH 

 As elevated levels of glucose and lipids within the circulation influences vascular function, 

CVD is closely and directly linked with obesity. Specifically, chronic hyperglycemia is associated 

with vascular damage and CVD risk (Selvin et al., 2004), and furthermore, the accumulation of 

lipids within arterial walls promote atherosclerotic plaque development and impairments in arterial 

structure and function, which are strong and independent risk factors for cardiovascular-related 

BMI, body mass index; END, moderate intensity continuous endurance training; HIIT, high intensity 

interval training; HRmax. maximal heart rate; Hs-CRP, high sensitivity C-reactive protein; SIT, sprint 

interval training; TAG, triacylglycerol; VO2max, maximal aerobic capacity; W, watts; Wmax, maximal 

power output. 
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mortality (Choy et al., 2004; Ashor et al., 2014, 2015). As exercise improves cardiorespiratory 

fitness and dramatically improves vascular function, physical activity represents a treatment 

approach in attenuating CVD risk and mortality (Blair et al., 1996). 

 

1.4.1 Blood pressure and hypertension 

 Defined as a resting systolic blood pressure (SBP) ≥140 mmHg and diastolic blood 

pressure (DBP) ≥90 mmHg (American College of Cardiology, 2017), hypertension is a disease 

that 90% of Canadians will develop in their lifetime (Heart and Stroke Foundation, 2016). This is 

clearly a nation-wide health concern as hypertension is strongly related to CVD mortality risk (Gu 

et al., 2008), accounts for over 10% of the total Canadian healthcare budget (Weaver et al., 2015), 

and is a co-morbidity present in nearly 40% of individuals who are obese (Nguyen et al., 2008). 

In addition to the role of circulating lipids, inflammatory markers, and oxidative stress; an increase 

in blood pressure (BP) is also associated with activation of the sympathetic nervous system and 

peripheral vasoconstriction (Dorresteijn et al., 2011). Furthermore, recent evidence suggests 

obesity induces a distinct hypertensive phenotype in response to the myriad of systemic 

perturbations and metabolite deposition within the vasculature (Dorresteijn et al., 2011). In 

contrast to classical hypertension, obesity-associated hypertension is particularly unresponsive to 

medications, as multiple pharmacological approaches are required to treat various systemic 

perturbations (Calhoun et al., 2008); further highlighting the importance of lifestyle modifications 

such as exercise in preventative and treatment approaches. 
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1.4.2 Arterial stiffness 

 As a metric of vascular health that is closely associated with blood pressure, arterial 

stiffness represents a further independent risk factor for CVD (Tabit et al., 2010). In healthy young 

individuals, arterial collagen, elastin, and smooth muscle tone dictate arterial compliance, or the 

ability of an artery to expand and recoil as blood flows through the vasculature (Zieman et al., 

2005). This parameter is most commonly assessed non-invasively by pulse wave velocity (PWV), 

calculated by the speed at which the pulse travels through two points within the vasculature (Safar 

et al., 2006). While arterial stiffness naturally increases with age (Wildman et al., 2003), this is 

exacerbated by hormonal and structural changes occurring with obesity and insulin resistance 

(Safar et al., 2006), particularly as an increase in BP is associated with greater wall stress, vascular 

resistance, and increased pulse pressure (Dart & Kingwell, 2001; Zieman et al., 2005). Indeed, 

PWV was determined to be elevated by ~20% (up to 0.9 m·sec-1) in obese compared to age-

matched lean individuals across a wide range of age cohorts (Wildman et al., 2003). This signifies 

a dramatic and clinically important effect as every 1 m·sec-1 increase in PWV is associated a 14-

15% increase in CVD risk and mortality (Vlachopoulos et al., 2010).  

 

1.4.3 Endothelial function 

 In addition to increased stiffness, impaired vascular endothelial function, or inability of 

arteries to vasodilate in response to cellular signals, is associated with changes in arterial structure 

with obesity (Tabit et al., 2010). This response is commonly assessed using flow mediated dilation 

(FMD) of the brachial artery, as an increase in blood flow from reactive hyperemia is a potent 

stimulus to mediate endothelial-derived release of nitric oxide (NO), a signalling compound which 

has potent effects in regulating blood pressure, vasodilation, and vascular relaxation (Gewaltig & 
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Kojda, 2002). These dilatory effects of NO are opposed by the production of vasoconstrictive and 

inflammatory factors (Tabit et al., 2010), and therefore vascular tone is a balance between local 

production of vasodilators and vasoconstrictors, in addition to systemic circulating hormones.  

 As a potent systemic factor, levels of circulating glucose have been shown to inversely 

correlate with vascular dilation both at rest and following a post-prandial stimulus (Williams et 

al., 1998; Kawano et al., 1999). Specifically, endothelial function is rapidly impaired by nearly 

50% in healthy individuals 1 hour following the consumption of an OGTT, an effect which returns 

to baseline levels at a 2 hour timepoint (Kawano et al., 1999). As this response is dramatically 

prolonged and exacerbated in insulin resistant and T2D individuals (Kawano et al., 1999), and is 

not influenced by pharmacological inhibition of insulin secretion (Williams et al., 1998), these 

findings suggest a rapid and potent effect of hyperglycemia on vascular function. Furthermore, 

similar to the effects on arterial stiffness, increased circulating lipids and pro-inflammatory 

cytokines  have all been associated with endothelial dysfunction (Tabit et al., 2010; Ramos et al., 

2015). In T2D individuals, endothelial dysfunction and inflammation are suggested to account for 

nearly half of the increased CVD mortality risk associated with hyperglycemia (Jager et al., 2006), 

emphasizing the importance of vascular function in health and disease, particularly with obesity. 

 

1.4.4 Cardiorespiratory fitness 

 The vast increase in global obesity rates in modern society began around the 1970s, a time 

period corresponding with a decreased reliance on physical activity (Lamonte & Blair, 2006; 

Caballero, 2007). From an evolutionary perspective, historical lifestyles were directly dependent 

on physical fitness for survival (Lamonte & Blair, 2006), and as human genetics have remained 

relatively unchanged over the past 50,000 years (Macaulay et al., 1999), it is clear that lifestyle 
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modifications are directly related to obesity trends. Indeed, the major leading cause of premature 

morbidity, mortality, and disease risk factors is low CRF (Blair et al., 1996). Assessed by VO2max, 

this parameter represents the ability of the cardiovascular system (heart and vasculature) and the 

respiratory system to circulate oxygenated blood to working muscle, and the extent to which 

skeletal muscle can utilize this oxygen to produce energy for contraction (Booth et al., 2012). 

While a large component of VO2max is genetic (Bouchard et al., 1998), it is also highly adaptable 

based on the environment, being readily improved with exercise training and rapidly reduced 

following detraining (Neufer, 1989; Bouchard et al., 1999). It has been shown that a 3.5 mL·kg-

1·min-1 increase in VO2max is associated with a 10-25% decrease in mortality (Kaminsky et al., 

2013), while conversely a 10-fold reduction in daily steps, and 20 days of bedrest, dramatically 

decrease VO2max by 7% and 27% respectively (Saltin et al., 1968; Olsen et al., 2008). Clearly, 

CRF represents a coordination between several tissues which is highly modifiable by exercise. 

 

1.4.5 Acute effects of exercise on cardiovascular health 

 An acute bout of exercise places a profound stress on the cardiovascular system to increase 

the delivery of oxygenated blood to contracting tissues (Wingate, 1991). As a result of the high 

temporary demand of these physiological systems, a rapid and transient adaptive response occurs 

following the exercise stimulus (Dawson et al., 2013). Specifically, while SBP is acutely increased 

during exercise (Chaney & Eyman, 1988), it is established that both SBP and DBP, and as a result 

mean arterial pressure (MAP), are lowered for several subsequent hours following the exercise 

bout, a phenomenon known as post-exercise hypotension (Kenney & Seals, 1993). In addition, 

similar to BP, endothelial function is acutely decreased post-exercise (Dawson et al., 2013), and 

arterial stiffness transiently increased immediately post-exercise (Rakobowchuk et al., 2009); 
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functional effects which are normalized and improved for a period between 1-24 hours following 

a single bout (Dawson et al., 2013). As a result, the chronic beneficial effects of exercise manifest 

as a result of these adaptive processes following repeated exercise exposures (Dawson et al., 2013).  

 

1.4.6 Chronic effects of exercise on cardiovascular health 

 The prolonged influence of exercise on cardiovascular health is in part related to the 

improvements in several risk factors for CVD, including blood lipid levels and glycemic control 

(Myers, 2003). Exercise training also has direct effects on the vasculature itself, and is well 

established to reduce BP up to 5-10%, with a greater magnitude in hypertensive individuals 

(Pescatello et al., 2004). While it is unknown to date whether improvements in vascular structure 

and function are a causative factor or a consequence of changes in BP (Mitchell, 2014; Bleakley 

et al., 2015), regardless, the decrease in arterial stiffness and increase in endothelial function 

associated with regular exercise (Ashor et al., 2014, 2015) is closely associated with improved BP. 

As a result of  the changes in vascular function and the greater capacity of blood vessels to dilate, 

the ability to provide oxygenated blood to muscles following exercise training increases; an event 

which is directly linked to improved CRF (Myers, 2003). Combined with adaptations and 

improvements in function of the heart itself, this results in dramatic improvements in exercise 

capacity and VO2max following training (Neufer, 1989), a parameter which is the strongest 

predictor of mortality risk (Blair et al., 1996). Clearly, regular exercise is a potent, rapid, and 

important stimulus to prevent and decrease CVD risk factors in states of health and disease.  
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1.4.7 Role of exercise frequency/intensity in cardiovascular health 

 As a classic index used to determine the efficacy of HIIT/SIT and END exercise regimes, 

improvements in VO2max following these distinct protocols have commonly been examined. 

Relative to END, both SIT and HIIT have been shown to induce comparable or superior 

improvements in VO2max, an intriguing finding with respect to SIT given the low training volume 

and duration of this type of exercise (Burgomaster et al., 2008; Keating et al., 2014; Gillen et al., 

2016; Scribbans et al., 2016) (Table 1.3). However, previous work has shown that skeletal muscle 

oxidative phosphorylation is a major contributor to energy metabolism during single and repeated 

sprints beyond a duration of 6 seconds (Parolin et al., 1999) in which aerobic pathways are 

maximally activated (Parolin et al., 1999) and values close to VO2max can reached by 30 seconds 

of an all-out sprint (Calbet et al., 2003). Therefore, despite the low volume of SIT, this type of 

exercise is an important stimulus for aerobic systems and can greatly influence maximal aerobic 

capacity. With respect to other cardiovascular health parameters, it appears HIIT/SIT protocols are 

similarly as effective as END at decreasing BP, when END is limited to the low frequency of SIT 

(Table 1.3). However, when END was performed at a high frequency and SIT at a low frequency 

in obese males, Fisher et al. (2015) determined that only END, but not SIT, elicited improvements 

in DBP 48 hours following exercise (Fisher et al., 2015), thus highlighting the potential importance 

of exercise frequency in improving cardiovascular health. 

 With respect to clinically relevant cardiovascular risk factors of arterial stiffness and 

endothelial function, findings regarding the influence of exercise intensity and frequency are less 

conclusive. When characterized in healthy individuals, SIT (4-6 x 30 seconds all out) has been 

shown to decrease arterial stiffness and improve endothelial function following 6 weeks of 

training, to a similar magnitude as END (Rakobowchuk et al., 2008; Heydari et al., 2013). 
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Similarly, 4 weeks of SIT was effective at reducing central PWV in young overweight males 

(Cocks et al., 2016). However, evidence suggests the beneficial effects of END in improving 

arterial stiffness are absent following 8 weeks of HIIT (4 x 4 minutes at 90% HRmax) in older adults 

(Kim et al., 2017). While the HIIT protocol conducted by Kim et al. (2017) was aerobically-based, 

it remains possible that SIT protocols have unfavorable effects on cardiovascular health, 

particularly given the potent and transient increase in plasma catecholamines (Jezova et al., 1985), 

blood pressure, and arterial stiffness (Rakobowchuk et al., 2009) with higher power outputs of 

exercise. As a result, it is clearly important to examine the influence of SIT on cardiovascular risk 

factors in clinical populations, in addition to the classically assessed parameter of aerobic fitness.  
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Table 1.3 – Brief summary of studies investigating the effects of chronic (>2 weeks) exercise training 

on cardiovascular health. 
 

Authors/ 

Year 

Participant 

Characteristics 
Exercise Protocol Frequency/ 

Modality 

Outcomes 

HIIT vs. END Direct Comparisons 

(Kim et 

al., 2017) 

Overweight, 

42yrs (n=49) 

HIIT: 4 x 4min (90% HRmax) / 

3min (70% HRmax) 

END: 47min at 70% HRmax 

4d·wk-1 all-extremity 

ergometer for 8wks 

HIIT  VO
2
max 

END  PWV 

No change BP 

(Tjønna et 

al., 2008) 

Insulin resistant, 

overweight, 

52yrs (n=32) 

HIIT: 4 x 4min (95% HR
max

) / 

3min (70% HRmax) 

END: 47min (70%HR
max

) 

CTL: none 

3d·wk-1 treadmill for 

16wks 

HIIT  VO
2
max, 

FMD > END 

Both HIIT and 

END  BP 

(Mitranun 

et al., 

2014) 

T2D, 

overweight, 

61yrs (n=43) 

HIIT: 4-6 x 1min (85-90% 

VO
2
max) / 4min (50% VO2max) 

END: 30-40min (60-65% 

VO
2
max) 

CTL: none 

3d·wk-1 treadmill for 

12wks 

HIIT  FMD, 

VO
2
max > END 

SIT vs. END Direct Comparisons 

(Keating et 

al., 2014) 

Overweight, 

42yrs (n=38) 

SIT: 4-6 x 30-60sec (120% 

VO
2
max) / 2-3min (30W) 

END: 45-60min (65% VO
2
max) 

3d·wk-1 treadmill for 

12wks 

Both SIT and 

END  VO
2
max 

(Cocks et 

al., 2016) 

Obese, 25yrs 

(n=16) 

SIT: 4-7 x 30sec (200% VO
2
max) 

/ 2-3min (30W) 

END: 40-60min (65% VO
2
max) 

SIT: 3d·wk-1 cycle 

ergometer for 4wks 

END: 5d·wk-1 cycle 

ergometer for 4wks 

Both SIT and 

END  VO
2
max 

Both SIT and 

END   PWV 

(Fedewa et 

al., 2018) 

Overweight, 

20yrs (n=44) 

SIT: 5-7 x 30sec (all out) / 4min 

recovery 

END: 20-30min (60-70% HRmax) 

3d·wk-1 cycle 

ergometer for 6wks  

Both END and 

SIT  VO
2
max  

(Fisher et 

al., 2015) 

Overweight, 

20yrs (n=28) 

SIT: 4 x 30sec (85% Wmax) / 

2min (15% Wmax) 

END: 45-60min (55-65% 

VO2max)  

SIT: 3d·wk-1cycle 

ergometers for 6wks 

END: 5d·wk-1 cycle 

ergometer for 6wks 

END  VO
2
max 

> SIT 

END  DBP 

(Gillen et 

al., 2016) 

Sedentary, 

28yrs (n=25) 

SIT: 3 x 20sec (all out) / 2min 

(50W) 

END:45min (70% HRmax) 

CTL: none 

3d·wk-1 cycle 

ergometer for 12wks 

Both END and 

SIT  VO2max 

Isolated HIIT/SIT/END Protocols 

(Whyte et 

al., 2010) 

Obese, 32yrs 

(n=10) 

SIT: 4-6 x 30sec (all out) / 3.5min 

recovery 
3d·wk-1 cycle 

ergometer for 2wks 

SIT  VO
2
max 

SIT  BP 24hrs 

post (but not 

72hrs post) 

No change PWV 

(Heydari et 

al., 2013) 

Overweight, 

25yrs (n=38) 

SIT: 60 x 8sec (80-90% HRmax) / 

12sec recovery 

CTL: none 

3d·wk-1 cycle 

ergometer for 12wks 

SIT  VO
2
max 

SIT  BP, PWV 

BP, blood pressure; CTL, control; DBP, diastolic blood pressure; END, moderate intensity continuous 

endurance training; FMD, flow mediated dilation; HIIT, high intensity endurance training; HRmax, maximal 

heart rate; PWV, pulse wave velocity; SIT, sprint interval training; VO2max, maximal aerobic capacity; W, 

watts; Wmax, maximal power output. 
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1.5 CONCLUSIONS AND FUTURE DIRECTIONS 

 Obesity is associated with a myriad of comorbidities, involving dysfunction in several 

tissues, and manifesting in hyperglycemic, dyslipidemia, and cardiovascular dysfunction. 

Exercise, particularly with respect to END, is well established to rapidly and effectively elicit 

systemic adaptations and restore these closely linked metabolic perturbations (Figure 1.4). While 

exercise protocols are varied and diverse with respect to frequency, intensity, and duration; classic 

high-frequency END and the recent alternative of low-frequency SIT are predominant approaches. 

Both regimes appear capable of improving fitness and inducing skeletal muscle adaptations, 

however, while END is well established to improve clinically relevant parameters, the relationship 

between low-frequency SIT and disease risk reduction remains less understood. 

 

Figure 1.4 – The combined effects of exercise in improving health. END exercise is well established 

to improve cardiometabolic health; however, the effects of SIT on these parameters remains incompletely 

understood. 
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CHAPTER 2 – AIM OF THESIS 

2.1 RATIONALE 

 Currently, the optimal exercise prescription for improving health remains unknown. While 

SIT is a popular alternative to END, several limitations of this approach may exist with respect to 

disease risk reduction; particularly given the potential for unfavorable cardiovascular adaptations, 

the low frequency of SIT, and the transient nature of many health benefits associated with exercise. 

However, despite this knowledge, literature examining the beneficial effects of exercise have 

largely been designed to match for low frequency of SIT/HIIT (3 days per week) (Tjønna et al., 

2008; Keating et al., 2014; Gillen et al., 2016; Kim et al., 2017), therefore potentially mitigating 

some of the adaptations to END performed in a higher-frequency setting. Thus, the purpose of this 

thesis was to explore the ability of variable frequency SIT or END training over a 6 week duration 

to improve cardiovascular and metabolic health, representing clinically relevant disease risk 

factors, in obese males.  

 

Specifically, this study aimed to: 

1) Characterize the influence of high-frequency END and low-frequency SIT on classical 

outcomes associated with exercise (VO2max, glucose tolerance, lipidemia, body composition). 

2) Examine the effects of exercise intensity on parameters indicative of cardiovascular health 

and CVD risk (BP, arterial stiffness, endothelial function). 

3) Determine the role of exercise frequency in improving free-living glycemic regulation. 
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2.2 HYPOTHESES 

It was hypothesized that: 

1) END and SIT would be comparable with respect to classical training-based health 

improvements of increasing VO2max and improving glycemic regulation; however, END 

would be favorable with respect to lipid tolerance and body composition. 

2) Low-intensity END would be more beneficial for improving outcomes indicative of CVD risk. 

3) High-frequency daily exercise is a key factor in improving day-to-day glycemic regulation. 
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3.1 ABSTRACT 

 While daily moderate-intensity END exercise has traditionally been prescribed to improve 

health, the time-effective alternative of low-frequency SIT has gained considerable popularity. 

However, whether SIT is equally effective for decreasing cardiometabolic risk-factors remains 

debatable, as many beneficial effects of exercise are transient in nature (i.e. <24 hours), and unlike 

END, SIT cannot be performed daily. Therefore, this study examined the ability of 6 week SIT 

and END protocols that varied in intensity, duration, and frequency to improve cardiometabolic 

health. Seventeen obese males (39.5 ± 3.7 yrs, 33.9 ± 0.8 kg·m-2) were randomized to perform 

END (30-40 minutes, 60% VO2max, 5 d·wk-1, n=8) or SIT (4-6 x 30 seconds, 170% VO2max, 3 

d·wk-1, n=9) using cycle ergometers. Aerobic fitness (VO2max), central arterial stiffness (PWV), 

resting BP, brachial artery endothelial function, body composition, and post-prandial lipid (OFTT) 

and glucose (OGTT) tolerance were assessed pre- and post-training. Free-living glycemic 

regulation was determined using continuous glucose monitors pre-training and during the final 7 

days of training. The effects of exercise were determined in each group using paired Students t-

tests. END increased VO2max ~15%, decreased BP ~10%, and decreased abdominal fat mass ~3% 

(p<0.05), effects which did not occur following SIT. While endothelial function and absolute 

arterial stiffness were not different post-training compared to pre-training in either group, END 

and SIT appeared to elicit divergent responses in arterial stiffness, as the change in PWV of END 

(-0.4 m·sec-1) was different from that of SIT (+0.3 m·sec-1, p=0.05). With respect to post-prandial 

metabolism, END, but not SIT, improved OGTT responses ~15% (p<0.03) and trended towards 

an improvement in OFTT responses (p=0.10). In a free-living setting, regardless of the exercise 

intervention, glycemic regulation was not altered on recovery days, while only END improved 

glycemic regulation on exercise days. As such, when rest and exercise days were combined to 
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estimate weekly glycemic homeostasis, these parameters (24 hour glucose AUC, average daily 

glucose, standard deviation of glucose fluctuations) only improved with END given the high-

frequency of exposure. Therefore, as only high-frequency END improved markers of 

cardiometabolic health following training, and free-living glycemic regulation on exercise but not 

rest days, exercise frequency may be an underappreciated factor in improving health.  

 

3.2 INTRODUCTION 

 Lifestyle-induced chronic diseases represent a significant cause of mortality in modern 

society. Specifically, epidemiological data reports that obesity rates have tripled in the past 30 

years (WHO, 2018), in which 27% of Canadians over the age of 18 years are classified as obese 

(StatCan, 2017). Defined by a BMI ≥30 kg·m-2, obesity is associated with broad and systemic 

perturbations including elevated BP (Nguyen et al., 2008), vascular dysfunction (Steinberg et al., 

1996; Safar et al., 2006), and glucose (Modan et al., 1985) and lipid (Hardman, 1999; Gill et al., 

2004) intolerance; events directly linked to CVD and T2D. As a fundamental cause of these 

numerous conditions, the primary and most powerful factor linked to mortality is lack of physical 

fitness (Blair et al., 1996).  

 While it is clearly established the regular exercise is capable of improving these risk factors 

and maintaining whole-body health, only 15% Canadians achieve physical activity guidelines of 

150 minutes of exercise per week (Colley et al., 2011; Tremblay et al., 2011). In attempts to 

address the growing epidemic of physical inactivity, particularly as the most commonly cited 

barrier to performing regular exercise is “lack of time” (Stutts, 2002), recent literature has focused 

on the time-effective approach of SIT. Involving short repetitions (10-30 seconds duration) of 

maximal exercise interspersed with periods of recovery, SIT involves as little as 60 seconds of 
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exercise work (Gibala et al., 2012). Despite the dramatic reduction in exercise volume, SIT appears 

comparable or superior for inducing skeletal muscle adaptations and improvements in fitness in 

comparison to traditional END training (MacInnis & Gibala, 2017). However, the role of SIT in 

disease risk reduction remains less conclusive, as while SIT has consistently been shown to 

increase glucose tolerance and insulin sensitivity (Whyte et al., 2010; Gillen et al., 2016), literature 

has provided evidence that the beneficial effects of END with respect to improving body 

composition (Keating et al., 2014) and arterial stiffness (Kim et al., 2017) may be absent following 

SIT given the low-volume and high-intensity nature of this type of exercise. 

 While intensity is a common variable which has recently been manipulated in designing 

exercise protocols, exercise frequency is also an important parameter, as many of the beneficial 

effects of exercise on disease risk reduction are transient in nature and only persist 18-24 hours 

following a single bout of exercise. For instance, post-exercise improvements in blood pressure 

(Kenney & Seals, 1993), insulin sensitivity (Whyte et al., 2010), and post-prandial lipid 

metabolism (Zhang et al., 2004) appear to return to baseline levels beyond 24 hours after exercise.  

While END is conducive to daily sessions, exercise at both a high frequency and high intensity 

has been associated with unfavorable outcomes including systemic inflammation (Tuan et al., 

2008), cardiac fibrosis (Holloway et al., 2015), and injury (Page, 1995), and as a result, it is only 

recommended to perform SIT ~3 times per week (Burr et al., 2010). Consequently, current 

literature has largely limited END exercise protocols to the low-frequency of SIT for direct 

comparisons (Keating et al., 2014; Gillen et al., 2016; Kim et al., 2017), which may limit the 

beneficial effects of END. It therefore remains unknown if SIT is truly as effective as END when 

performed in a realistic, variable frequency setting. 
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 Therefore, we aimed to examine the ability of 6 week END and SIT protocols, which varied 

in frequency, intensity, and duration, to improve clinically relevant cardiometabolic risk factors in 

obese males. Given the transient effects of exercise on these parameters, we hypothesized that 

END would elicit favorable adaptations as a result of the high-frequency of exercise exposure. We 

determined that aerobic fitness, BP, abdominal fat mass, and glucose tolerance were only improved 

following END but not SIT, and in addition, END had a more beneficial effect on arterial stiffness 

compared to SIT. Furthermore, as free-living glycemic regulation was only improved with END, 

driven by reductions in glucose parameters on exercise but not rest days, it appears that exercise 

frequency is an important factor for improving health. 

 

3.3 METHODS 

3.3.1 Participants 

 Seventeen obese males (39.5 ± 3.7 years of age, 33.9 ± 0.8 kg·m-2 BMI) were recruited 

from Guelph and the surrounding community. Participants were previously sedentary and self-

reported as participating in <100 minutes of structured physical activity per week. Prior to 

enrollment, participants were informed of the risks associated with the study, and completed a 

health questionnaire, study screening, and the physical activity readiness questionnaire (PARQ+) 

(Bredin et al., 2013). Participants were excluded from the study if smokers, diagnosed with type 2 

diabetes, or taking glucose-lowering medication. All other medications were permitted. Anti-

hypertensive agents (n=3 END; n=1 SIT), cholesterol-lowering agents (n=1 END; n=1 SIT), anti-

depressants (n=2 SIT) thyroid medication (n=1 SIT), migraine medication (n=1 END), and 

attention disorder medication (n=1 SIT) were taken daily, and all subjects continued their previous 

medications throughout the study. All participants gave written consent to the study protocol which 
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was reviewed and approved by the University of Guelph Human Research Ethics Board (REB#17-

08-008) in accordance with the Declaration of Helsinki and registered as a human clinical trial 

(clinicaltrials.gov ID#NCT03376685) (Appendices 1-3). Participants were randomly assigned to 

one of two groups (END or SIT) based on age, VO2max, and BMI; and all other parameters 

(medications, glycemic regulation, cardiovascular health parameters) were as matched as possible 

between the two conditions. 

 

3.3.2 Study design 

 Participants completed two baseline visits within one week prior to beginning the 6-week 

exercise training intervention, separated by at least 48 hours and occurring in either order (Figure 

2.1). Introductory visits were conducted following a 12 hour overnight fast, and having refrained 

from caffeine, alcohol, or exercise for 24 hours prior. One visit involved the insertion of a 

continuous glucose monitor prior to conducting a DEXA scan, cardiovascular assessments (blood 

pressure, pulse wave velocity, flow-mediated dilation), and a 2 hour OGTT. The second visit 

involved fasted venous blood analysis of lipid profiles and assessment of 6 hour post-prandial 

lipidemic responses to an OFTT. After one week of baseline glycemic recording, a VO2max test 

was conducted prior to beginning the training protocol. After 6 weeks of training in either END or 

SIT groups, a VO2max test was repeated on the final training day, and post-training testing 

occurred. To prevent any confounding effects of the final exercise bout, DEXA scans, 

cardiovascular assessments, and OGTTs were performed ~48 hours following the last exercise 

bout; and blood lipid analysis and OFTTs were performed ~72 hours following the final training 

bout. Dietary intake was recorded for 3 days at the beginning of the study (baseline week) and 3 

days during the final week of training (ESHA Food Prodigy, Salem, OR, USA). All post-training 
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testing sessions were completed with procedures and methods identical to the pre-training testing 

protocol (Figure 2.1). 

 

 

 

3.3.3 Dual-energy x-ray absorptiometry 

 Body composition was determined in a fasted stated by a DEXA scan, using a Discovery 

DEXA System (Christie InnoMed Inc., Mississauga, Canada) calibrated to a manufacturer 

provided phantom spine. Whole-body DEXA scans were analyzed for total lean and fat mass, total 

body fat percentage, and regional fat mass/percentage. Specifically, the android region was 

determined as the top of the iliac crest to 20% of the distance between the pelvic cut and the bottom 

of the neck line (i.e. the area between the ribs and pelvis)  (Stults-Kolehmainen et al., 2013; 

Keating et al., 2014). The gynoid upper boundary was below the pelvis by a distance of 1.5-times 

the android space, and was equal to 2 times the height of the android region (i.e. included regions 

of the hips and upper thighs) (Stults-Kolehmainen et al., 2013). Analysis was conducted using 

Hologic APEX Version 3.2 Software (Bedford, MA, USA). 
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Figure 2.1 – Overview of study design. BP, blood pressure; CGM, continuous glucose monitor; DEXA, 

dual-energy x-ray absorptiometry; END, moderate intensity continuous endurance training; FMD, flow 

mediated dilation; OGTT, oral glucose tolerance test; OFTT, oral fat tolerance test; PWV, pulse wave 

velocity; SIT, sprint interval training; VO2max, maximal aerobic capacity. 
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3.3.4 Continuous glucose monitoring 

 During the initial study visit prior to the oral glucose tolerance test, a continuous glucose 

monitor (FreeStyle Libre Pro, Abbott Diabetes Care, Germany) was inserted onto the back of the 

upper arm and secured in place with an adhesive. The CGM recorded interstitial glucose levels at 

15 minute intervals, which have been shown to be highly correlated to capillary and venous blood 

glucose readings (Bailey et al., 2015; Distiller et al., 2016). CGMs were activated and data 

recording initiated for 7.6 ± 0.5 days pre-training and during the final week of training, in which 

participants were blind to glycemic readings at all times.  

 For each day, mean glucose, variation of glucose fluctuations (standard deviation), peak 

glucose levels, and area under the 24 hour daily glucose curve were calculated. These parameters 

on each of the final 7 days of glucose data collection were averaged across exercise days, rest days, 

and when rest and exercise days were combined; in comparison to pre-training values. CGM 

readings were not able to be recorded in one participant due to sensor fault, and only 2 days of 

post-exercise data recording was collected in another participant, therefore, pre-training compared 

to week 6 exercise and rest day analysis included a sample size of n=8 (END) and n=7 (SIT).  

 

3.3.5 Pulse wave velocity 

 After 10 minutes of supine rest and three measures of resting blood pressure (BPTru, VSM 

MedTech, Coquitlam BC, Canada), central carotid-femoral pulse wave velocity (cf-PWV) was 

conducted as the gold standard method to non-invasively assess arterial stiffness (Laurent et al., 

2006). The carotid and femoral arterial pulses were located with manual palpation, and the distance 

between each location to the suprasternal notch was measured with an anthropometric tape to the 

nearest millimeter (Coates et al., 2018). Pulse wave velocity was measured using Sphygmocor 
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CPVH (AtCor Medical Ltd., NSW, Australia), calculated as PWV = distance (m) / transit time 

(sec), where a correction factor was applied to subtract carotid-sternal distances (Butlin & Qasem, 

2016) to account for the distance from the aorta to the site of carotid measurement, where a pulse 

wave could be collected non-invasively. Consistent wave forms were recorded for 10 seconds at 

each site using a high-fidelity Millar tonometer, and transit time was calculated automatically from 

the ECG-gated pulse waveforms. Two cf-PWV measures were collected, and if the difference 

exceeded 0.5 m·sec-1, a third reading was taken, and the mean calculated.  

 

3.3.6 Brachial artery flow mediated dilation 

 Following PWV assessments, and in a fasted state, FMD testing was performed after 

participants were rested supine for at least 20 minutes. The participant’s arm was rested in a foam 

guide to ensure stability, and an ultrasound probe (13 MHz) was placed 2-5 cm above the 

antecubital fossa to continuously record blood velocity and artery diameter. An 11 cm x 82 cm 

forearm occlusion cuff (D.E. Hokanson, Bellevue, WA) was placed on the participants forearm 

immediately distal to the cubital fossa. Following 1 minute of baseline recording, the cuff was 

inflated to 200 mmHg for 5 minutes, and then released while recording continued for an additional 

3 minutes.  Blood velocity and artery diameter were collected and recorded throughout the test. 

 A probe operating at 13 MHz for B-mode and 5 MHz for Doppler, was used for collection 

of concurrent SFA diameter and blood velocity profiles, the latter collected at the lowest possible 

insonation angle (≤60°). Images of the artery diameter and associated blood velocity profiles were 

captured and stored on a computer at 60 Hz using the DVI2USB 3.0 video grabber (Epiphan 

Systems Inc., Ottawa, Ontario, Canada). Semi-automated offline analysis of recorded images 

determined artery diameter and tracing of the Doppler peak velocity envelope (Cardiovascular 
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Suite, Quipu, Pisa, Italy). The program determines vessel diameter by continuously measuring the 

median distance from the lumen/intima interface of the near wall to the far wall within a user-

defined region of interest.  Erroneous data points were removed and interpolated using the mean 

of the adjacent time points. In order to determine blood velocity, the program traced peak antegrade 

and retrograde blood velocity envelopes above and below the zero point, and each value was 

halved to estimate mean antegrade and retrograde velocity. Mean blood velocity was calculated 

subsequently by adding mean antegrade and retrograde blood velocities together. FMD was 

calculated as percent and absolute change in artery diameter from baseline (mean over 1 minute) 

to peak 3 second average diameter.  Shear rate (an estimate of shear stress, the stimulus for FMD) 

was calculated as:  4 x blood velocity / artery diameter, for each frame.  Shear rate AUC was 

calculated for data from cuff release to the peak arterial diameter following cuff release. One 

participant was excluded due to a large difference in baseline diameter, therefore FMD data 

analysis included a sample size of n=8 (END) and n=8 (SIT). 

 

3.3.7 Oral glucose tolerance test 

 After a 12 hour overnight fast, and following cardiovascular assessments, a fasted capillary 

blood sample (t = 0 minutes) was taken via finger prick and fasting blood glucose was analyzed 

using a handheld glucometer (OneTouch Ultra2, LifeScan, Switzerland). Participants then 

consumed a 75 gram glucose beverage (TRUTOL, Thermo Scientific), and capillary blood glucose 

measurements were performed at 30, 60, 90, and 120 minutes following the OGTT beverage 

consumption. Post-training OGTTs were performed ~48 hours following the final exercise session 

(Figure 2.1). 
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3.3.8 Oral fat tolerance test 

 On a second introductory study visit, participants reported to the Human Nutraceutical 

Research Unit at the University of Guelph. An intravenous catheter was inserted into a forearm 

vein and a baseline venous blood sample (t = 0 hours) was drawn (one 5 mL serum separator tube, 

one 3 mL K2EDTA vacutainer, one 4 mL K2EDTA vacutainer) for analysis of fasted lipid profile, 

HbA1C, and FFA. Participants then consumed a high-fat test beverage composed of whipping 

cream, cocoa powder, and calorie-free sweetener, which provided 845 ± 2 calories, 90 ± 0.2 grams 

of fat (56 ± 0.1 grams of saturated fat, 330 ± 0.7 milligrams of cholesterol), 11 ± 0.1 grams of 

carbohydrate, and 6.0 ± 0.1 grams of protein. Subsequent blood samples were drawn at 1, 2, 3, 4, 

and 6 hours following beverage consumption in 3 mL K2EDTA vacutainers for analysis of FFA. 

The catheter was flushed with 0.9% NaCl following every blood sample and saline was 

administrated at a slow drip rate throughout the 6 hour period to maintain the catheter for repeated 

blood sampling. Participants remained seated throughout the day and were allowed to consume 

only water during the 6 hour period. Post-training OFTTs were performed ~72 hours following the 

final training bout (Figure 2.1).  

 

3.3.9 VO2max testing 

 Participants completed an 8-18 minute incremental maximal exercise test (VO2max) on an 

electronically braked cycle ergometer (Racermate Velotron, Seattle, WA, USA) with metabolic 

parameters measured via breath-by-breath analysis of pulmonary gas exchange using a Cosmed 

metabolic cart (Cosmed Quark CPET, Rome, Italy). Depending on fitness, the test was set to a 

very-low ramp (starting at 75W, incrementally increasing by 1W/8sec), a low ramp (starting at 

75W, increasing by 1W/4sec) or a medium ramp (starting at 100W, increasing by 1W/4 sec). 
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Ratings of perceived exertion (RPE) were assessed every minute, and the test continued until 

volitional fatigue or cadence dropped below 60 rpm. HR was recorded using a Garmin HRM1B 

monitor (Garmin, Kansas, USA). VO2max values were determined as the highest reading over a 

rolling 30 second average, and power output corresponding to this point was recorded (Wpeak). 

 

3.3.10 Exercise training 

 Following baseline testing, participants were randomized to END or SIT protocols in a 

parallel study design. All exercise bouts were completed on cycle ergometers (Racermate 

Velotron, Seattle, WA, USA). The endurance training group exercised 5 days per week, 

performing 30-40 minutes at 60% VO2 max; while the sprint group exercised 3 days per week 

performing 4-6 x 30 seconds at a constant power output of 170% VO2max with 2 minutes recovery 

at 50W, preceded by a 3 minute warm-up and 2 minute cool-down (full training details reported 

in Table 2.2). Participants were given Polar A300 watches and heart rate straps (Polar Electro Oy, 

Kempele, Finland), and RPE was assessed once weekly. Training sessions were conducted in the 

morning or afternoon/evening (various times throughout the day), however, the number of 

participants who primarily exercised in the morning (n=5 END, n=5 SIT) and afternoon/evening 

(n=3 END, n=4 SIT) were similar between groups.  

 

3.3.11 Blood analyses 

 At baseline, one 3 mL K2EDTA vacutainer, one 4 mL K2EDTA vacutainer, and one 5 mL 

serum separator tube were collected and immediately inverted 5-8 times. The serum sample was 

allowed to clot for 30 minutes, centrifuged at 1734 x g (10˚C) for 10 minutes (Beckman Coulter 

Allegra X-22R, Brea, CA, USA) and analyzed for a fasting lipid profile including triacylglycerol 
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(TAG), low density lipoproteins (LDL), high-density lipoproteins (HDL), total cholesterol, and 

high-sensitivity C-reactive protein (Hs-CRP) by LifeLabs Guelph. The 4 mL K2EDTA tube was 

immediately stored at 4˚C and processed for analysis by LifeLabs Guelph for analysis of HbA1C. 

Fasting and hourly plasma samples following the OFTT were collected in 3 mL K2EDTA tubes, 

centrifuged at 1734 x g (4˚C) for 10 minutes, and stored at -80˚C for in-house analysis of non-

esterified fatty acids (NEFA) using a commercially available kit (Wako Diagnostics, 

Mountainview, CA, USA). Blood samples were unable to be obtained from one participant post-

training, and one participant was unwell on the final testing visit and excluded from analysis, 

resulting in a sample size of n=8 (END) and n=7 (SIT) for blood parameters. 

 

3.3.12 Statistics 

 Post-prandial OGTT and OFTT responses were calculated using the trapezoidal method, 

determined as the incremental total area under the concentration vs. time curves (AUC), after 

subtracting baseline values (OGTT) or the lowest value reached (OFTT). Resting MAP was 

calculated as (2·DBP + SBP) / 3. Pre-training vs. post-training measures for all parameters were 

compared using a paired Student’s t-test within each group with p≤0.05 considered statistically 

significant. For PWV, the change from post-training vs. pre-training within each group (END or 

SIT) was compared using an unpaired Student’s t-test between groups with p≤0.05 considered 

statistically significant. All data are expressed as mean ± SEM. 
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3.4 RESULTS 

3.4.1 Participant and training characteristics  

 At baseline, participants randomized to perform END and SIT were similar with respect to 

age, BMI, aerobic capacity, and HbA1C (Table 2.1). Throughout the 6 week training period, a 

total of 30 ± 0.2 and 18 ± 0.3 sessions were completed for END and SIT, respectively. Given the 

variation in frequency, intensity, and duration between END and SIT protocols (Table 2.2), total 

weekly workload was ~4-fold higher with END. In contrast, both RPE and HR during exercise 

were significantly greater during SIT compared to END bouts (Table 2.2; Figure 2.2), confirming 

the high intensity nature of the SIT protocol. 

 

 

 

 

 

 

 

 

Variable

Age (yrs)

Height (cm)

Weight (kg)

BMI (kg·m
-2

)

VO2max (mL·kg
-1·

min
-1

)

Wpeak (W)

HbA1C (%)

203.3 ± 19 208.1 ± 19.9

5.47 ± 0.09 5.51 ± 0.13

108.6 ± 4.4 106.8 ± 5.3

34.3 ± 0.9 33.6 ± 1.3

28.4 ± 2.4 27.9 ± 2.1

177.7 ± 2.1 178.0 ± 2.7

Endurance (n=8) Sprint (n=9)

40 ± 5.3 39 ± 5.1

Table 2.1 – Participant baseline characteristics. Participants randomized to END and SIT were similar 

with respect to anthropometric and metabolic parameters at baseline. BMI, body mass index; HbA1C, 

glycosylated hemoglobin; VO2max, maximal aerobic capacity; Wpeak, peak power output at VO2max. Data 

expressed as mean ± SEM n=8 END; n=9 SIT. 
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Following 6 weeks of training, BMI, weight, and total fat and lean mass were not influenced by 

either training protocol (Table 2.3), however, END training lead to reductions in clinically relevant 

abdominal fat depots. Specifically, both the percentage and absolute mass of gynoid fat, in addition 

to absolute mass of android fat, were significantly decreased in response to END, effects which 

were absent following SIT (Table 2.3).  

Week 1-2 Week 3-4 Week 5-6 Week 1-2 Week 3-4 Week 5-6

30 min 35 min 40 min

(60% VO2max) (60% VO2max) (60% VO2max) 4 x 30 sec (170% 5 x 30 sec (170% 6 x 30 sec (170%

VO2max) / 2 min (50W) VO2max) / 2 min (50W) VO2max) / 2 min (50W)

Daily Time 30 min 35 min 40 min 13 min 15.5 min 18 min

Weekly Time 150 min 175 min 200 min 39 min 46.5 min 54 min

Daily Volume ~190 kJ ~220 kJ ~250 kJ ~70 kJ ~90 kJ ~110 kJ

Weekly Volume ~950 kJ ~1100 kJ ~1250 kJ ~210 kJ ~270 kJ ~330 kJ

Exercise RPE 12.7 ± 0.4 12.1 ± 0.3 12.7 ± 0.5 16.9 ± 0.4 * 16.6 ± 0.6 * 16 ± 0.6 *

Exercise HR (bpm) 134 ± 5.1 137 ± 5.2 135 ± 5.2 151 ± 5.6 * 150 ± 6.1 * 149 ± 5.8 *

Protocol

3 min warm-up (50W); 2 min cool-down (50W)

Endurance (5d·wk
-1

) Sprint (3d·wk
-1

)

Table 2.2 – Summary of exercise training protocols, varying in frequency, intensity, and duration. 

HR and RPE were greater during low-frequency high-intensity SIT sessions compared to high-frequency 

low-intensity END sessions. HR, heart rate; RPE, rating of perceived exertion; VO2max, maximal 

aerobic capacity; W, Watts. * indicates p<0.05 vs. END for respective week. HR and RPE data expressed 

as mean ± SEM. n=8 END, n=9 SIT. 

 

 

 

 

Figure 2.2 – Representative heart rate tracing during END and SIT exercise bouts. Grey line 

depicts END representative HR tracing and black line depicts SIT representative HR tracing. END, 

moderate intensity continuous endurance training; HR, heart rate; SIT, sprint interval training.  
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 While blood lipid profiles were not altered in either END or SIT groups, there were trends 

(p<0.10) for END, but not SIT, to reduce serum cholesterol and non-HDL-C (Table 2.4). Self-

reported dietary intake did not change throughout the study in either END (2385 ± 165 kcals pre-

training vs. 2267 ± 227 kcals post-training, p=0.7) or SIT (2024 ± 331 kcals pre-training vs. 2121 

± 285 kcals post-training, p=0.4).  

 

 

 

 

 

 

 

 

 

Variable

Pre Post Pre Post t-test END t-test SIT

Weight (kg) 108.6 ± 4.9 107.5 ± 4.8 106.8 ± 5.3 107.3 ± 5.6 0.22 0.33

BMI (kg·m
-2

) 34.3 ± 0.9 34.0 ± 1.0 33.6 ± 1.4 33.6 ± 1.5 0.40 0.85

Body fat (%) 35.2 ± 2.0 34.5 ± 1.8 34.6 ± 1.6 34.4 ± 1.8 0.10 0.72

Body fat mass (kg) 38.3 ± 3.5 37.0 ± 3.3 36.6 ± 3.0 36.8 ± 3.4 0.11 0.82

Lean body mass (kg) 69.3 ± 2.6 69.4 ± 2.5 68.5 ± 2.9 69.0 ± 3.0 0.84 0.35

Gynoid fat (%) 36.5 ± 2.1 35.1 ± 2.2 * 34.5 ± 2.0 33.3 ± 2.1 0.028 0.14

Gynoid fat mass (kg) 6.56 ± 0.77 6.33 ± 0.83 * 5.65 ± 0.59 5.64 ± 0.64 0.025 0.89

Android fat (%) 44.9 ± 1.5 44.2 ± 1.75 43.8 ± 1.6 43.1 ± 1.8 0.17 0.31

Android fat mass (kg) 4.14 ± 0.38 3.98 ± 0.35 * 3.82 ± 0.29 3.81 ± 0.32 0.045 0.89

Endurance (n=8) Sprint (n=9) Statistics

Table 2.3 – Change in anthropometric parameters compared to baseline following 6 weeks of END 

and SIT training. BMI, body mass index; Data analyzed using paired Students t-tests vs. pre-training in 

each exercise group. Data expressed as mean ± SEM. n=8 END, n=9 SIT. 
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3.4.2 Cardiorespiratory fitness 

 Following 6 weeks of training, relative VO2max increased ~15% in response to END, an 

effect which did not reach significance in the SIT group (p=0.12; Figure 2.3A). Importantly, this 

effect was not influenced by changes in body weight, as absolute VO2max similarly increased 

following END (3.06 ± 0.24 L·min-1 pre-training vs. 3.46 ± 0.21 L·min-1 post-training, p<0.05), 

but not SIT (2.96 ± 0.24 L·min-1 pre-training vs. 3.15 ± 0.19 L·min-1 post-training, p=0.09). 

However, in contrast, peak power output at VO2max was significantly greater following both END 

and SIT (Figure 2.3B), confirming the expected training-induced adaptations in exercise capacity. 

 

 

 

 

 

Variable

Pre Post Pre Post t-test END t-test SIT

HbA1C (%) 5.47 ± 0.10 5.42 ± 0.10 5.56 ± 0.14 5.54 ± 0.13 0.23 0.83

TAG (mmol·L
-1

) 1.59 ± 0.21 1.33 ± 0.11 2.06 ± 0.55 3.02 ± 1.21 0.23 0.24

Cholesterol (mmol·L
-1

) 4.74 ± 0.25 4.33 ± 0.26 4.80 ± 0.26 4.85 ± 0.33 0.10 0.81

HDL-C (mmol·L
-1

) 1.24 ± 0.16 1.08 ± 0.10 1.01 ± 0.13 1.08 ± 0.13 0.24 0.47

Cholesterol/HDL Ratio 4.45 ± 0.29 4.31 ± 0.29 4.71 ± 0.68 4.9 ± 0.91 0.23 0.65

LDL (mmol·L
-1

) 2.91 ± 0.18 2.69 ± 0.21 2.79 ± 0.12 2.70 ± 0.20 0.15 0.54

Non HDL-C (mmol·L
-1

) 3.64 ± 0.19 3.29 ± 0.22 3.69 ± 0.30 3.75 ± 0.40 0.07 0.78

Hs-CRP (mg·L
-1

) 1.87 ± 0.56 1.51 ± 0.46 1.87 ± 0.42 1.68 ± 0.23 0.24 0.68

Endurance (n=8) Sprint (n=7) Statistics

Table 2.4 – Change in biochemical parameters compared to baseline following 6 weeks of END and 

SIT training. HbA1C, glycosylated hemoglobin; HDL-C, high density lipoprotein cholesterol; Hs-CRP, 

high sensitivity C-reactive protein; LDL, low density lipoproteins; TAG, triglycerides. Data analyzed using 

paired Students t-tests vs. pre-training in each exercise group. Data expressed as mean ± SEM. n=8 END, 

n=7 SIT for blood parameters. 
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3.4.3 Blood pressure, and endothelial function, and arterial stiffness  

 As a classical outcome associated with regular exercise, END decreased both SBP (132 ± 

3.7 mmHg pre-training vs. 123 ± 5.7 mmHg post-training, p<0.05) (Figure 2.4A) and DBP (81 ± 

3.7 mmHg pre-training vs. 74 ± 4.3 mmHg post-training, p<0.02) (Figure 2.4B), and as a result, 

elicited an ~10% reduction in MAP (Figure 2.4C). These effects were not evident following SIT 

(Figure 2.4A,B,C).  
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Figure 2.3 – Only END improved aerobic capacity, however both END and SIT increased peak power 

output. 6 weeks of END training improved VO2max by ~15% (A), while both training modalities improved 

peak power output at VO2 max (B). END, moderate intensity continuous endurance training; SIT; sprint 

interval training; VO2max, maximal aerobic capacity. Data analyzed using paired Students t-tests vs. pre-

training in each exercise group. * indicates p<0.05 vs. pre-training. Data expressed as mean ± SEM. Grey 

lines depict individual responses. n=8 END, n=9 SIT. 
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 Given the difference in blood pressure between exercise modalities, we next characterized 

functional changes within the vasculature. With respect to brachial artery flow mediated dilation, 

baseline arterial diameter was not influenced by training in either exercise group (Figure 2.5A). 

Furthermore, neither relative % FMD (Figure 2.5B) nor shear rate AUC to peak diameter (i.e. 

stimulus for FMD response) (Figure 2.5C) were altered following 6 week END or SIT protocols 

(p=0.3-0.8). As a result, we examined PWV as an index of arterial stiffness. While neither exercise 

training protocol influenced absolute PWV (Figure 2.5D), END and SIT appeared to elicit 

divergent responses in this parameter. Specifically, when comparing the differences in arterial 

stiffness from post-training to pre-training within each training group, the change in PWV of END 

(-0.4 m·sec-1) was significantly different from that of SIT (+0.3 m·sec-1, p=0.05) (Figure 2.5E). 
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Figure 2.4 – BP was reduced only in response to END. END, but not SIT, decreased SBP (A), DBP (B) 

and MAP (C) post-training. DBP, diastolic blood pressure; END, moderate intensity continuous endurance 

training; MAP, mean blood pressure; SBP, systolic blood pressure; SIT, sprint interval training. Data 

analyzed using paired Students t-tests vs. pre-training in each exercise group; * indicates p<0.05 vs. pre-

training. Data expressed as mean ± SEM. Grey lines depict individual responses. MAP calculated as 

(2·DBP + SBP) / 3. n=8 END, n=9 SIT. 
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3.4.4 Post-prandial lipid and glucose tolerance 

 With respect to metabolic outcomes, neither END nor SIT significantly influenced 6 hour 

FFA AUC responses following consumption of the high-lipid OFTT, however, END trended 

toward a reduction in this response (p=0.10) (Figure 2.6A). The effect in the END group was 

influenced by a trend (p=0.13) towards a reduction in plasma FFA concentrations post-training 

compared to pre-training at the 6 hour time-point (Figure 2.6B). Plasma FFA levels following 

OFTT consumption were not influenced at any time-point in response to SIT (Figure 2.6A,C). 

Furthermore, while glucose AUC during the 2 hour OGTT was decreased ~15% following 6 weeks 
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Figure 2.5 – Brachial artery endothelial function was not influenced by exercise training, while END 

and SIT elicited divergent responses in central arterial stiffness. Baseline brachial artery diameter (A), 

relative % FMD (B), and shear rate AUC to peak diameter (C) were not influenced following 6 weeks of 

either exercise protocol. Neither exercise intervention influenced absolute PWV (D), however, END and 

SIT appeared to elicit divergent responses, as the change in PWV post-training compared to pre-training 

was significantly different between END and SIT (E). AUC, area under curve; END, moderate intensity 

continuous endurance training; FMD, flow mediated dilation; PWV, pulse wave velocity; SIT, sprint 

interval training. Data analyzed using paired Student’s t-tests vs. pre-training in each group; or (E) using 

unpaired Student’s t-tests of the change in parameters (∆post-training vs. pre-training), between groups. # 

indicates p=0.05 vs. END. Data expressed as mean ± SEM. Grey lines depict individual responses. n=8 

END, n=9 SIT. 
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of END training (p<0.03), an improvement in glucose tolerance did not occur following SIT 

(Figure 2.6D). In the END group, the reduction in OGTT AUC was influenced by a significant 

decrease in blood glucose levels at 90 minutes (10.3 ± 0.6 mmol·L-1 pre-training vs. 8.8 ± 0.6 

mmol·L-1 post-training, p<0.05) (Figure 2.6E), while blood glucose concentrations at all points 

during the 2 hour OGTT were not different post-training compared to pre-training in response to 

SIT (Figure 2.6F). However, regardless of improvements in the OGTT AUC with END, neither 

training protocol influenced HbA1C (Table 2.4) or fasting blood glucose (END: 5.6 ± 0.1 mmol·L-

1 pre-training vs. 5.5 ± 0.2 mmol·L-1 post-training, p=0.69; SIT: 5.9 ± 0.4 mmol·L-1 pre-training 

vs. 5.7 ± 0.2 mmol·L-1 post-training, p=0.35). 
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Figure 2.6 – END improved glucose tolerance and trended towards an improvement in post-

prandial lipid responses, while SIT did not influence these outcomes. While neither exercise protocol 

significantly influenced post-prandial OFTT responses, END (A,B), but not SIT (A,C), trended towards 

a reduction in FFA AUC. Similarly, glycemic responses to a 2 hour OGTT were improved post-training 

with END (D,E), but not SIT (D,F). AUC, area under curve; END, moderate intensity continuous 

endurance training; FFA, free fatty acids; OFTT, oral fat tolerance test; OGTT, oral glucose tolerance test; 

SIT, sprint interval training. Data analyzed using paired Students t-tests vs. pre-training in each exercise 

group. * indicates p<0.05 vs. pre-training. Data expressed as mean ± SEM. Grey lines depict individual 

responses. n=8 END, n=8 SIT. 
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3.4.5 Free-living glycemic regulation 

 Given the variable frequency of training protocols, and to determine the influence of daily 

exercise on dynamic trends in free-living glycemic regulation, CGM data of interstitial glucose 

levels was analysed on only exercise days (Figures 2.7A,B), only rest days (Figure 2.8A,B), and 

when rest and exercise days were combined over an entire week (Figure 2.9A,B). On exercise 

days, 24 hour glucose AUC (Figure 2.7C) was decreased ~15% with END exercise, an effect 

influenced by reductions in average daily glucose levels (5.5 ± 0.1 mmol·L-1 pre-training vs. 5.1 

± 0.1 mmol·L-1 post-training, p<0.03) (Figure 2.7D) and standard deviation of daily glucose 

fluctuations (Figure 2.7E), in addition to a trend towards a reduction in peak glucose levels (Figure 

2.7D). However, in contrast, while the standard deviation of glucose fluctuations trended towards 

a decrease on SIT exercise days (Figure 2.7E), none of the other parameters involved in free-living 

glycemic regulation were improved in response to SIT (p=0.15-0.2).  
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 The effects of exercise training on daily glycemic regulation were largely absent on rest 

days during week 6, as only the standard deviation of glucose fluctuations (Figure 2.8E) was 

decreased with END, while neither training protocol altered other variables indicative of improved 

daily glucose homeostasis (Figure 2.8C,D,F).  
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Figure 2.7 – Free-living glycemic regulation was improved on week 6 exercise days in response to 

END, but not SIT. Representative tracings of daily glycemic trends on exercise days, assessed by CGM, 

are shown for END (A) and SIT (B). END training improved 24 hour glucose AUC (C), average daily 

glucose (D), standard deviation of glucose fluctuations (E), and trended towards an improvement in peak 

glucose levels (F); effects which were absent in response to SIT. AUC, area under curve; END, moderate 

intensity continuous endurance training; SIT, sprint interval training. Data analyzed using paired Students 

t-tests vs. pre-training in each exercise group. * indicates p<0.05 vs. pre-training. Data expressed as mean 

± SEM. Grey lines depict individual responses. n=8 END, n=7 SIT. 
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 Therefore, as a result of the greater frequency of exercise exposure with END, when both 

rest and exercise days were combined over 7 days, END was more beneficial for improving 

glycemic regulation (Figure 2.9A,B). Specifically, 24 hour glucose AUC (Figure 2.9C), average 

daily glucose levels (Figure 2.9D), and the standard deviation of glucose fluctuations (Figure 

2.9E) were all decreased ~10-15% during the final week of END (p<0.03), an effect which did not 

occur with SIT. Similar to the glycemic responses observed on exercise days, a trend towards a 

reduction in peak glucose levels was evident only in the END group (Figure 2.9F). 
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Figure 2.8 – Parameters involved in free-living glycemic regulation were not altered on week 6 rest 

days in response to END and SIT training. Representative tracings of daily glycemic trends on rest days, 

assessed by CGM, are shown for END (A) and SIT (B). Neither type of exercise improved average 24 hour 

glucose AUC (C), average daily glucose levels (D), or peak daily glucose levels (F) on rest days. Standard 

deviation of daily glucose fluctuations was only improved following END on week 6 rest days (E). AUC, 

area under curve; END, moderate intensity continuous endurance training; SIT, sprint interval training. 

Data analyzed using paired Students t-tests vs. pre-training in each exercise group. * indicates p<0.05 vs. 

pre-training. Data expressed as mean ± SEM. Grey lines depict individual responses. n=7 END, n=7 SIT. 
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3.5 DISCUSSION 

 In the current study, we demonstrate that while both END and SIT improved peak power 

output, only END was effective at increasing VO2max, reducing abdominal fat, decreasing BP, 

improving glucose tolerance, and a trending towards an improvement in lipid tolerance. In 

addition, the change in PWV from pre-training was lower following END compared to SIT, further 

signifying beneficial cardiovascular effects of END. Daily frequency of END exercise appears 

important in these clinically relevant parameters, as free-living glycemic regulation was only 

improved on END exercise days, but not rest days; and not improved following SIT. As a result, 
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Figure 2.9 – When exercise and rest days were combined over 7 days, only END improved free-

living glycemic regulation. Representative tracings of daily glycemic regulation over a 7 day period pre-

training and during week 6 of training are shown for END (A) and SIT (B). Only END reduced 24 hour 

glucose AUC (C), average daily glucose levels (D), and the standard deviation of glucose fluctuations (E) 

when rest and exercise days were combined during the final 7 days of training. Furthermore, END trended 

towards a reduction in peak glucose levels (F). AUC, area under curve; END, moderate intensity 

continuous endurance training; SIT, sprint interval training.  Data analyzed using paired Students t-tests 

vs. pre-training in each exercise group. * indicates p<0.05 vs. pre-training. Data expressed as mean ± 

SEM. Grey lines depict individual responses. n=7 END, n=8 SIT. 
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when both rest and exercise days were combined, improvements in daily glycemic regulation over 

a 7 day period only occurred with END. Altogether, these data provide valuable insight into the 

importance of exercise frequency characteristic of END regimes for improving cardiometabolic 

health. 

 

3.5.1 Whole-body health and fitness 

 As a classic indicator of improved fitness following training, VO2max increased in all 

participants within the END group, with an average increase of ~4 mL·kg-1·min-1 post-training. 

This effect has clear clinical significance, as a 3.5 mL·kg-1·min-1  increase in VO2max has been 

associated with a 10-25% decrease in mortality (Kaminsky et al., 2013). An improvement in 

VO2max of this magnitude is consistent with previous findings following similar END protocols 

in overweight, obese, and untrained populations (Keating et al., 2014; Fisher et al., 2015; Gillen 

et al., 2016). However, in contrast to previous literature determining equivalent (Whyte et al., 

2010; Cocks et al., 2016; Gillen et al., 2016) or greater (Gibala et al., 2012) increases in VO2max 

with SIT, surprisingly, we only observed a non-significant trend for SIT to increase VO2max. 

However, previous reports have provided evidence that large inter-individual variability exists 

with respect to training responses to both END and SIT (Bonafiglia et al., 2016), in which the 

incidence of VO2max non-response to exercise was particularly high with low-volume SIT 

protocols (Gurd et al., 2016). As increasing frequency up to 5 days per week was associated with 

an abolishment of VO2max non-response (Montero, 2017), the absence of an increase in VO2max 

with a third of the participants completing our SIT protocol (3 of 9) could be related to the low 

total exercise volume characteristic of this type of exercise. Regardless, as peak power output at 



  59 

VO2max (Wpeak) increased following 6 weeks of both END and SIT in our current study, this 

confirms the expected efficacy of the training protocols to improve aspects of fitness. 

 Similar to the clinically important effects of END on VO2max, END also decreased gynoid 

and android fat mass ~3-4%, in the absence of changes in total lean mass, fat mass, or BMI. As 

the android region represents central abdominal fat mass (including visceral and subcutaneous), 

and the gynoid region represents fat around the lower hips and thighs (mainly subcutaneous), the 

extent of these fat depots is particularly important as excess abdominal and visceral adipose tissue 

is independently associated with CVD, T2D, and mortality (Wiklund et al., 2008; Okosun et al., 

2015). The reduction in both android and gynoid regions with END but not SIT in the current study 

are consistent with previous findings following 12 weeks of END compared to  SIT in obese males 

(Keating et al., 2014) and 8 weeks of END compared to a higher-volume protocol of high intensity 

interval training (HIIT) in sedentary males (Elmer et al., 2016). In contrast, while a meta-analysis 

suggests HIIT may be beneficial for improving body composition (Boutcher, 2011), this could be 

related to the more prolonged duration of training examined in the studies (12-24 weeks) or the 

higher volume of HIIT conducted. However, while we confirmed that self-reported dietary intake 

did not differ over the exercise intervention period, several limitations of this approach exist 

(Schoeller, 1995); and therefore, it is possible that changes in dietary habits throughout the 6 week 

duration could influence body composition outcomes independent of exercise. 

 Previous literature has shown that both SIT/HIIT and END induce modest decreases in 

blood lipid profiles (Halbert et al., 1999; Fisher et al., 2015), however, in the current study, we 

observed only non-significant trends toward reductions in total cholesterol and non-HDL 

cholesterol with END. This may be due to the protocol duration, as a detailed time-course 

examination of serum cholesterol and TAG determined these parameters improve linearly starting 
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at 4 weeks of exercise training (Farrell & Barboriak, 1980). Similarly, other studies of 6 week 

duration comparing END and SIT have also shown an absence of changes in blood lipid parameters 

(Terada et al., 2013; Fedewa et al., 2018). Furthermore, we did not observe any improvements in 

Hs-CRP or HbA1C following exercise training, which could be attributed to the 6 week duration 

(as HbA1C represents a 3-4 month average of glycemic homeostasis (Saudek et al., 2006)), and 

the relatively controlled level of these parameters at baseline in our subjects (Da Costa et al., 2012). 

 

3.5.2 Cardiovascular health 

 Blood pressure is a clinically important parameter, as elevated BP is linearly related to 

CVD mortality risk (Gu et al., 2008), and exercise is well known to decrease BP (Pescatello et al., 

2004). In the present study, 6 weeks of END decreased SBP, DBP, and MAP consistent with 

previous literature (Tjønna et al., 2008; Fisher et al., 2015). However, we did not observe any 

significant decreases in BP following SIT, which is consistent (Fisher et al., 2015), but also in 

contrast to other findings in overweight and obese males (Tjønna et al., 2008; Whyte et al., 2010). 

Interestingly, the absence of changes in BP observed by Fisher et al. (2015) occurred in the 

presence of similar exercise approach as our current study, where END exercised 5 days per week 

(45-60 minutes cycling at 55-65% VO2max), and the SIT group exercised 3 days per week (4 x 30 

seconds at 85% Wmax). As the effects of a single bout of exercise for transiently decreasing BP 

persist ~24 hours (Kenney & Seals, 1993), the improvements in BP with END but not SIT are 

likely related to the high-frequency of END. In the current study, BP was measured 48 hours 

following the final exercise bout to specifically examine the chronic influence of training 

independent of an acute bout. However, other studies determining an improvement in BP with SIT 

measured this parameter at 24 hours post-exercise (Whyte et al., 2010). Importantly, the decrease 
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in BP 24 hours following SIT observed by Whyte et al. (2010) was completely normalized to 

baseline values by 72 hours post-exercise, further highlighting the importance of exercise 

frequency. Therefore, the potential beneficial effects of SIT may be related to the acute effects of 

exercise (Whyte et al., 2010), while END may be related to structural changes that appear more 

chronic in nature and persist for at least 48 hours following exercise (Fisher et al., 2015). 

 While regular exercise training has consistently been shown to improve FMD, regardless 

of intensity (Rakobowchuk et al., 2008; Tjønna et al., 2008; Ashor et al., 2015), it is interesting 

we did not observe this effect in our study following either END or SIT. The absence of changes 

in endothelial function could be related to the duration of our exercise protocol, as the majority of 

studies identifying an increase in endothelial function were 8-52 weeks in duration (Ashor et al., 

2015). As an additional functional outcome of vascular health, arterial stiffness assessed by central 

PWV is also an important parameter that is improved with regular aerobic exercise (Ashor et al., 

2014). However, the influence of SIT on PWV is less well established, as SIT has shown to reduce 

PWV to a comparable extent as END in obese males (Cocks et al., 2016), but not alter this 

parameter (Whyte et al., 2010). In older adults who present with greater arterial stiffness (Wildman 

et al., 2003),  Kim et al. (2017) examined PWV following 6 weeks of END compared to HIIT, and 

determined that only END improved PWV. While the HIIT protocol utilized by Kim et al. (2017) 

was aerobically-based, it is possible that SIT performed at a supramaximal intensity would not be 

favorable for improving arterial stiffness. Indeed, we determined that END and SIT appeared to 

induce opposing responses with respect to PWV, as the change in PWV post-training from pre-

training was lower following END compared to SIT (-0.70 m·sec-1 difference). This represents a 

clinically important difference, as a 1 m·sec-1  decrease in PWV is associated with a 14-15% 

reduction in CVD risk (Vlachopoulos et al., 2010). While future work is clearly needed to examine 
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arterial stiffness in response to SIT protocols, particularly in older individuals, our results suggest 

that high-frequency END may be more beneficial than SIT for cardiovascular health. 

 

3.5.3 Post-prandial glucose and lipid tolerance 

 As a standard index of glycemic regulation, an OGTT provides insight into standardized 

post-prandial glycemic responses, in which elevated and prolonged hyperglycemia is a hallmark 

of T2D (Ceriello, 2005). Exercise is a potent stimulus to improve this response, involving 

coordinated changes in metabolism, glucose uptake, and glucose production in several tissues 

including skeletal muscle (Richter et al., 1989), liver (Moore et al., 2012), and adipose tissue 

(Marcinko et al., 2015). As expected, in the current study, the OGTT glucose AUC was decreased 

~15% following END, a magnitude which is consistent with previous observations following this 

type of exercise (Fisher et al., 2015). However, in contrast to our hypothesis, and most (Gillen et 

al., 2012; Adams, 2013; Fisher et al., 2015) but not all (Whyte et al., 2010) previous findings, we 

did not observe an improvement in OGTT responses following SIT. As the effects of chronic 

exercise on glycemic homeostasis are directly influenced by transient (~24-48 hours) 

improvements in insulin-dependent (Holloszy, 2005) and insulin-independent (Kennedy et al., 

1999) glucose uptake, differences in exercise frequency could be influencing the effects we 

observed. In support of the transient nature, while Whyte et al. (2010) did not observe a change in 

OGTT responses following SIT at any time-point following the final exercise bout, insulin 

sensitivity was improved 24 hours following the last exercise bout; an effect which was lost by 72 

hours. However, in the current study, while we provide insight into glycemic regulation, the 

absence of assessments of insulin sensitivity prevent direct conclusions of the efficacy of high-

frequency END compared to low-frequency SIT in this parameter. 
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 As a previous report has determined that glycemic regulation and insulin sensitivity were 

improved 12 hours following an acute bout of END, but not following low-volume SIT (Brestoff 

et al., 2009), this suggests the transient effects of END on these parameters may be more robust 

than SIT. Importantly, OGTTs in our current study were performed 48 hours following the final 

exercise bout, and therefore it is unlikely than any changes we observed in glycemic responses 

were due to the acute effect of exercise. Furthermore, all participants completed a VO2max test on 

the final training day, and therefore any variable transient responses based on intensity would be 

negligible. Despite the post-prandial improvements in glycemic regulation, we did not observe any 

differences in fasting blood glucose levels post-training in either group. This finding is not 

unexpected, as our participants were not hyperglycemic at baseline, and several previous studies 

(reviewed in Macleod et al., 2013) have shown dramatic and clinically relevant improvements in 

post-prandial OGTT responses in the absence of changes in fasting glucose. It appears longer-term 

study durations (i.e. >12 weeks) are required for improvements in fasting glucose and HbA1C 

values (Grace et al., 2017). However, interestingly, in a meta-analysis of randomized controlled 

exercise trials >12 weeks in a duration, it appears improvements in HbA1C in T2D individuals are 

directly and inversely correlated with the number of exercise sessions per week (Umpierre et al., 

2013), clearly highlighting a role of exercise frequency. 

 Similar to the post-prandial regulation of glycemic homeostasis, metabolic responses to a 

high-lipid load are directly related to disease risk (Gill & Hardman, 2003). While improvements 

in post-prandial lipidemia are usually transient and persist up to 24 hours following an exercise 

bout (Herd et al., 2000; Zhang et al., 2004), we did observe a trend for improvements in post-

prandial FFA responses with END, but not SIT. While this effect did not reach significance, the 

FFA AUC was decreased post-training in 5 of 8 participants in the END group, but in contrast, 
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only improved in 2 participants in the SIT group. This finding may arise as energy expenditure 

during exercise has a direct link with improvements in lipid tolerance (Gill & Hardman, 2003). 

Specifically, post-prandial lipidemia was decreased to a greater extent following exercise at a 

higher intensity when duration was matched (Tsetsonis & Hardman, 1996a); while in contrast, 

responses were comparable when bouts were matched for volume (intensity · duration) (Tsetsonis 

& Hardman, 1996b). Therefore, it is likely that FFA responses trended towards a reduction 

following END but not SIT in part due to the greater chronic training volume of END, and greater 

expected utilization of lipid substrates during acute bouts of more prolonged, moderate intensity 

END compared to SIT (van Loon et al., 2001). However, in contrast to the role of volume, other 

previous reports (Freese et al., 2015) have determined SIT to be effective at lowering post-prandial 

lipidemia. It does, however, remain possible that the beneficial effects of SIT on lipid tolerance 

were more transient in nature than that of END, as our measurements were performed 72 hours 

following the final exercise bout. In addition, while we measured post-prandial plasma FFA levels, 

plasma TAG concentrations are also known to be dramatically reduced following exercise (Gill et 

al., 2004; Zhang et al., 2004), which would further indicate an improvement in post-prandial 

lipidemia and could be influenced by exercise protocols of varying intensity/frequency. 

 While it appears that 6 weeks of END trended towards lower plasma FFA concentrations 

during hour 6 of the OFTT, it is unknown if this involves greater uptake into peripheral tissues 

such as skeletal muscle and adipose tissue, greater clearance from the liver, or blunted release of 

FFA from adipose depots. In support of a role of skeletal muscle, chronic exercise is known to 

upregulate plasma membrane transporters involved in lipid uptake, and increase rates of fat 

oxidation (Talanian et al., 2010). Exercise training is also capable of decreasing hepatic lipid 

content (Finucane et al., 2010), attenuating hepatic VLDL secretion (Alam et al., 2004), and 
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reducing adipose tissue FFA release (Hickner et al., 2000); therefore it is likely that several tissues 

contribute to the observed trend towards greater plasma FFA disappearance following END. 

 

3.5.4 Free-living glycemic regulation 

 While OGTT assessments provide insight into glycemic regulation in a controlled 

laboratory setting, this is not always representative of free-living situations given the diverse 

dietary intake, energy expenditure, and changes in metabolism throughout the day. Indeed, it has 

been shown that day-to-day glycemic regulation is dramatically improved following 7 days of 

exercise in T2D individuals, in the absence of changes in OGTT responses (Mikus et al., 2012). 

Therefore, the use of CGM allowed us to determine dynamic insight into the magnitude, frequency, 

and direction of changes in daily glucose levels (Klonoff, 2005) over the course of several days 

pre- and post-training. To date, many studies examining the effects of END and SIT using CGM 

have been acute in nature for 24 hours following a single exercise bout (Praet et al., 2008; Manders 

et al., 2010; Little et al., 2014), or only assessing a short duration (1-3 days) following training 

with standardized dietary conditions (Little et al., 2011; Mikus et al., 2012). As a result, the 

influence of END compared to SIT on glycemic regulation in a free-living setting, involving the 

practical application of self-selected dietary intake, has not been examined. As such, we aimed to 

explore the influence of exercise frequency on daily glycemic regulation over 7 days using CGM. 

 To do so, on both exercise days, sedentary days, and while combined over the 7 day period, 

we determined average daily glucose, peak daily glucose, standard deviation of glucose 

fluctuations, and total 24 hour glucose AUC. These parameters are of clinical importance as recent 

evidence suggests fluctuations in glucose levels around the mean, between hyperglycemic spikes 

and hypoglycemic nadirs, is a risk factor for CVD (Colette & Monnier, 2007; Torimoto et al., 
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2013) in T2D individuals. In addition, higher peak glucose levels, and sustained hyperglycemia 

time with glucose levels above averages, are important parameters associated with ~2.5-fold 

increase in all-cause mortality risk (Vegt et al., 1999). In accordance with the ability of exercise 

to improve glycemic homeostasis, we determined that free-living glycemic regulation (average 

daily glucose, standard deviation of glucose fluctuations, and 24 hour glucose AUC) was only 

improved on END exercise days, but not SIT exercise days, or rest days of either intensity. As a 

result, when combined, beneficial effects were only observed with END.  

 These findings are consistent with previous research examining the effects of an acute bout 

of END, determining a decrease in glucose fluctuations (Figueira et al., 2013), glycemic range 

(Mikus et al., 2012), and hyperglycemic time (Praet et al., 2006a; Manders et al., 2010). While 

previous literature suggests that HIIT may also be effective at reducing blood glucose averages 

and daily post-prandial AUC responses (Little et al., 2011; Gillen et al., 2012), our lack of 

improvements in glycemic regulation on SIT exercise days could be due to the short, brief duration 

of this protocol, which has previously not been examined with CGM. This is, however, in 

accordance with the lack of acute changes in OGTT responses following SIT observed by Brestoff 

et al. (2009). While Gillen et al. (2012) and Little et al. (2011) did determine improvements in 

glycemic parameters following SIT, these studies were performed in T2D while our participants 

were relatively normoglycemic at baseline. Therefore, we may not have been able to detect a 

difference in free-living glycemic regulation with SIT. As 5 of 7 participants displayed reductions 

in several free-living glycemic parameters (trends, p=0.06-0.20) following SIT on exercise days, 

it remains possible that a statistical decrease would be seen in T2D or individuals who present with 

impaired glucose tolerance. In addition, we assessed these parameters during the final week of 

training, and it is possible that individuals responded differently in the absence of prior exercise 
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as typically characterized in previous acute studies (Praet et al., 2006a; Manders et al., 2010; 

Gillen et al., 2012). Importantly, the influence of END on glycemic regulation, and trends toward 

an influence following SIT, occurred only on exercise but not rest days; and therefore overall, 

high-frequency END appears to be a favorable approach. 

 Given the improvement we observed on exercise days but not rest days in the END group, 

it is evident that daily END exercise is important in mediating day-to-day reductions in glycemic 

trends. However, a previous study in T2D individuals (van Dijk et al., 2012) determined that 

exercise performed daily over 2 days did not have a greater influence on daily glycemic regulation 

compared to volume-matched exercise performed every second day. This finding by van Dijk et 

al. (2012) could be related to acute 3 day nature of the study design, or the total duration- and 

volume-matched approach in which daily exercise involved only 30 minutes at a moderate 

intensity, while the single bout of exercise was the sum of the two individual daily bouts (60 

minutes duration). As a result, this would suggest that total exercise volume or duration are 

important factors mediating the beneficial effects of exercise (van Dijk et al., 2012), a finding 

consistent with previous reports that increasing the total duration of exercise elicited greater 

improvements in glycemic regulation than exercise protocols involving a lower number of minutes 

per week (Houmard et al., 2004). While exercise volume, but not exercise frequency, has indeed 

been shown to be a predominant factor mediating improvements in glycemic regulation (Di Loreto 

et al., 2005; Dube et al., 2013), other findings with SIT and HIIT appear to contrast the necessity 

of high total volume or total exercise duration (Little et al., 2011; Gillen et al., 2012, 2016), and 

therefore future research is needed to differentiate the often linked parameters of exercise 

frequency, duration, and volume. 



  68 

 While we did not observe a significant reduction in peak glucose levels following either 

intervention, which is in contrast to previous findings (Mikus et al., 2012), this may similarly be 

due to our participants’ normoglycemic status at baseline, or the free-living approach of our study 

design. It is also possible that glycemic regulation was influenced by the non-standardized dietary 

intake throughout the 7 day period pre-training and post-training. While the infeasibility of dietary 

standardization in the current study does represent a limitation, in contrast, it is crucial to consider 

participant habits outside of strict laboratory guidelines for the practical sense of prescribing from 

a sustained, real-world perspective. 

 

3.6 CONCLUSION 

 Altogether, the current data suggest that exercise frequency may be an important parameter 

to consider when designing exercise protocols to improve cardiometabolic health. While previous 

literature has identified beneficial health outcomes associated with SIT (reviewed in MacInnis & 

Gibala, 2016), a major caveat of this approach is the low-frequency nature of the exercise, and 

when exercise protocols were performed in the current study as per general practice (i.e. low-

frequency SIT compared to high-frequency END), it appears END is superior for improving health 

in obese individuals, as only high-frequency END 1) improved free-living glycemic regulation, 2) 

increased VO2max, 3) reduced BP, 4) decreased abdominal fat mass, and 5) trended towards an 

improvement in lipid tolerance. In addition, END and SIT appeared to elicit divergent outcomes 

with respect to arterial stiffness, such that 6) END decreased arterial stiffness from pre-training 

values when compared relative to the change observed with SIT, a finding which warrants further 

investigation when SIT is performed in clinical or elderly populations. It is therefore evident that 

a repeated high-frequency exercise stimulus characteristic of END is important for maintaining 
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the transient health benefits and reduction in clinically relevant disease risk factors following 

exercise. Future research should therefore focus on the role of exercise frequency when comparing 

the efficacy of various exercise protocols, and when prescribing exercise as a preventative and 

treatment approach in clinical populations. 
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CHAPTER 4 – LIMITATIONS AND FUTURE DIRECTIONS 

4.1 LIMITATIONS  

4.1.1 Participant sample size and characteristics 

 A limitation of our study to date is the small sample size of participants (n=8 END, n=9 

SIT), in which a lower sample size (n=7) is present in various measures due to an inability to obtain 

blood samples or CGM data. Based on the well characterized literature in similar populations 

(Gibala et al., 2012), we would expect that increasing our statistical power would enable 

differences to be detected in certain parameters currently reported as a trend following 6 weeks of 

SIT; including glucose tolerance (as assessed by OGTT) and aerobic fitness (VO2max). It therefore 

appears we may not have statistical power to detect changes in these parameters, and while this 

does not influence our main interpretation that high-frequency END is more beneficial for 

important and transient parameters of disease risk reduction, future work is still warranted to 

increase our participant pool. Furthermore, while participants in the current study were classified 

as obese, several important parameters of metabolic function (i.e. glucose tolerance, arterial 

stiffness, blood lipid profiles) were relatively controlled at baseline. Therefore, the effects of 

exercise on these parameters, particularly with respect to dynamic trends in daily glycemic 

regulation, were relatively modest compared to clinical populations (Praet et al., 2006a; Little et 

al., 2011). As a result, it is possible that low-frequency SIT may still have beneficial effects on 

glycemic regulation in insulin resistant or T2D individuals, although to a lesser extent than END, 

which were unable to be accounted for in the current study given the small magnitude of change. 

Furthermore, it is important to examine cardiovascular outcomes in T2D and clinical populations, 

as the two participants who had the greatest increase in PWV following SIT (+ ~1.5 m·sec-1) both 

presented with elevated HbA1C and fasting glucose; suggesting divergent responses may have 
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existed based on participant characteristics. Similarly, the age range of our participants was 

between 19-65 years, and although equally matched between groups, discrepancies may exist in 

age-specific responses to different exercise protocols, which could further increase variability and 

limit our statistical power. Previous evidence has suggested that recovery from an acute bout of 

HIIT requires at least 3 days in older participants, indicated by a sustained decrease in peak power 

output until 5 days following a HIIT session (Herbert & Grace, 2015), an effect which did not 

occur in younger individuals. However, given our small sample size of participants, it is not 

possible to directly determine if younger or older individuals responded differently to the SIT 

protocol. While we effectively randomized and matched participants to END and SIT groups based 

on age, VO2max, and BMI, we were limited in our ability to do so for all parameters (i.e. BP, lipid 

homeostasis, PWV); an effect which could influence the change in health outcomes between 

groups. Lastly, the absence of a control non-exercise group also represents a limitation of the 

current study. Specifically, while SIT did not significantly improve certain parameters of health 

(OGTT, VO2max, BP, daily glycemic regulation) it remains unknown if the lack of improvements 

does not negate the efficacy of SIT, compared to potential decrements in these parameters in the 

absence of any targeting interventions. 

 

4.1.2 Free-living approach 

 In the current study, we assessed daily glycemic trends using CGM for 7 days pre-training 

and 7 days at the end of the training period to gain insight into free-living regulation. While the 7 

day duration represents sufficient insight into habitual patterns and is an advantage when assessing 

the practical application of prescribing exercise training, we did not strictly control for or 

standardize dietary intake. This particularly presents a limitation when assessing glycemic 
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regulation over a smaller number of exercise days (3-5 days, depending on protocol) or rest days 

(2-4 days depending on protocol), as variable dietary intake is capable of strongly influencing 

glycemic regulation. Controlling dietary habits over a chronic study duration involving variable 

caloric expenditure between exercise groups presents many challenges; however, the absence of 

doing so could also influence our findings with respect to body composition and lipid tolerance. 

 In addition, the exercise bouts in the current study were performed anytime throughout the 

day. While the number of participants performing morning or evening exercise were similar 

between END and SIT groups, evidence is accumulating to suggest that the timing of exercise 

during the day, with relation to dietary intake (Haxhi et al., 2013) and circadian rhythms (Sato et 

al., 2019; Savikj et al., 2019), have dramatic influences on glycemic regulation. Morning HIIT 

exercise performed in T2D individuals has been shown to increase blood glucose levels using 

CGM on both rest and exercise days over a 2 week period, when compared to pre-training or an 

afternoon exercise protocol (Savikj et al., 2019). Interestingly, while preliminary in nature due to 

our small sample size, when divided between morning and afternoon exercise, END appeared more 

beneficial when performed in the afternoon compared to morning (Figure 3.1A,B), while SIT 

appeared more beneficial when performed in the morning compared to afternoon (Figure 3.1C,D). 

When quantified, SIT trended towards improvements in daily glycemic regulation only with 

morning exercise, while END trended towards improvements on both morning and afternoon 

exercise days. However, this only represents a small sample size in both END (n=6 morning, n=4 

afternoon) and SIT (n=6 morning, n=4 afternoon), in which some participants alternated between 

morning and afternoon exercise (thus were included in both analyses), and therefore our data with 

respect to time of day is only preliminary. As a result, a limitation of our study remains the inability 

to differentiate between effects of exercise performed in the morning or in the afternoon, and in 
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addition, the timing of meal intake in relation to exercise (i.e. pre-meal exercise or post-prandial 

exercise) which is also capable of influencing glycemic regulation (Haxhi et al., 2013). The 

differences in exercise timing throughout the day could also influence our analysis of free-living 

glycemic trends on rest days and on exercise days. Specifically, morning compared to afternoon 

exercise would result in a different number of post-exercise hours over the course of the day. While 

analyzing over a specific 24 hour period following the exercise bout could mitigate these 

differences, it would also introduce a non-standardization of other factors during the day (i.e. 

eating, sleeping, etc.). However, importantly, when analysed using this alternative approach, 

similar trends remained in which only END improved glycemic regulation for 24 hours following 

an exercise bout, while SIT did not. 
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4.1.3 Exercise intensity, exercise frequency, or exercise volume 

 While specifically designed to examine the efficacy of END and SIT as per general practice 

(i.e. daily END compared to infrequent and brief SIT), the concept that exercise protocols in the 

current study varied in frequency, intensity, and within-bout duration represents a potential 

limitation. As a result, while frequency appears to be a driving factor in improving the health 

outcomes observed in the current study, we are unable to differentiate the influence of frequency 

from that of other parameters, particularly as exercise duration and volume was greater with END. 
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Figure 3.1 – The influence of exercise time of day on glycemic regulation following END and SIT 

training. Representative tracings of daily glycemic trends on exercise days, assessed by CGM, are shown 

for END morning (A) and afternoon (B) exercise; and SIT morning (C) and afternoon (D) exercise. CGM, 

continuous glucose monitor; END, moderate intensity continuous endurance exercise; SIT, sprint interval 

training; n=6 for morning exercise; n=4 for afternoon exercise. 
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With respect to duration, an exercise training protocol involving 170 minutes of exercise per week 

has been shown to improve glycemic regulation to a greater extent than a protocol of 115 minutes 

per week, irrespective of intensity or volume (Houmard et al., 2004). However, while classical 

literature examining the efficacy of interval training aimed to normalize exercise duration volume 

by matching HIIT to isocaloric END within a single bout (Kim et al., 2017), or based on weekly 

low-frequency (Gibala et al., 2012), this leads to an underrepresentation of END training volume. 

To examine the attractive low-volume benefit of SIT, Gillen et al. (2016) provided recent evidence 

that despite a ~5-fold lower volume of SIT compared a low-frequency matched END protocol, SIT 

was equally as effective at improving cardiometabolic health. While this suggests a difference in 

exercise volume between our END and SIT protocols does not necessarily contribute to the 

observed lack of improvements in clinically relevant parameters with SIT in the current study, the 

absence of a low-frequency volume-matched END group or a high-frequency combined END-SIT 

group prevents direct determination of the role of frequency without confounding changes in 

exercise intensity or volume. 

 

4.2 FUTURE DIRECTIONS  

4.2.1 END and SIT – A combined approach 

 While SIT provides the benefit of being time-efficient in nature, and END provides the 

feasibility of daily exercise, it is logical to consider including both approaches within an exercise 

regime to maximize health benefits. Our findings would suggest frequency is a predominant factor, 

however a wealth of previous literature has determined SIT to be efficacious in increasing VO2max 

and improving glycemic regulation (Gibala et al., 2012; MacInnis & Gibala, 2017), therefore we 

cannot dismiss the potential importance and time-effective benefit of this type of exercise in certain 
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populations. Furthermore, as another commonly cited barrier to exercise is boredom and lack of 

motivation (Stutts, 2002), a combined protocol of END and SIT appears to be a promising 

alternative. This approach could further differentiate between the role of exercise intensity or 

frequency, and determine if END could be capable of mitigating the divergent cardiovascular 

responses to SIT, when a combined END-SIT high-frequency protocol is directly compared to that 

of a purely END high-frequency protocol. While Ludzki et al. (2015) utilized high-frequency 

approach of alternating END and SIT daily for 6 weeks and determined a dramatic improvement 

in glucose tolerance, insulin sensitivity, and skeletal muscle metabolic pathways involved in 

improving health, most exercise protocols within the literature to date have only examined each 

distinct protocol in isolation. A direct comparison between isolated END, isolated SIT, and a 

combined END-SIT approach with respect to improving cardiovascular and metabolic health is 

therefore lacking, and as a result, future research in this area is warranted. 

  

4.2.2 Individual response and non-response 

 Current literature suggests substantial variability in individual response and non-response 

occurs with respect to improvements in VO2max between END and HIIT, in which individuals 

who present with improved aerobic capacity following one protocol do not necessarily respond 

similarly to another (Bonafiglia et al., 2016). However, as increasing exercise volume and 

frequency to 5 days per week abolishes the non-response of VO2max improvements (Montero, 

2017), it appears that “non-response” is only due to an insufficient exercise stimuli. Montero et al. 

(2017) mainly utilized moderate intensity exercise characterized by minutes (60 minutes per day, 

increasing up to 300 minutes total per week), and it remains unknown the stimulus of SIT required 

to prevent non-response in a majority of participants. Specifically, while frequency is not 
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conducive to being increased in SIT as in END, SIT protocols vary dramatically in number, 

duration, and intensity of repetitions; factors which could be related to lack of improvements 

following this type of exercise. From the perspective of resistance training, exercise to fatigue 

appears instrumental in mediating training adaptations (Burd et al., 2012), and therefore this 

concept may similarly apply to SIT protocols (i.e. an “all out” intensity as opposed to clamped at 

a certain percentage of Wpeak or HRmax). While response and non-response to VO2max following 

exercise have been characterized, such an investigation has not yet been examined with respect to 

clinically relevant risk factors such as glycemic regulation, blood pressure, or arterial stiffness. 

Future research should therefore aim to determine the degree of response or non-response, 

including specific parameters and underlying characteristics involved, to optimize exercise 

prescriptions in specific populations. 

 

4.2.3 The influence of time of day on glycemic regulation and cardiovascular health 

 As previously discussed, exercise time of day appears to be an important factor in 

mediating changes in glycemic regulation in response to HIIT (Savikj et al., 2019). However, 

while our data may suggest that END appears more beneficial when performed in the afternoon, 

but not detrimental when performed in the morning, a direct and controlled comparison between 

exercise time of day and exercise intensity/frequency has yet to be identified. Furthermore, Savijk 

et al. (2019) did not standardize dietary intake, and similar to our study, it is possible that changes 

in energy intake and hormonal profiles throughout the day had strong influences on glycemic 

regulation, independent of diurnal rhythms. In addition, similar circadian rhythm patterns are 

suggested to influence cardiovascular health, including BP regulation (Millar-Craig et al., 1978) 

and vascular function (Paschos & Fitzgerald, 2010). Interestingly, a greater incidence of 
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cardiovascular events occur in the morning (Muller et al., 1985, 1987), and highest BP readings 

occur mid-morning (Millar-Craig et al., 1978); therefore, it remains possible that, similar to 

glycemic regulation, exercise time of day influences the clinically relevant improvements in 

cardiovascular parameters such as BP, arterial stiffness, and endothelial function. Indeed, with 

respect to BP, it has been shown the post-exercise hypotensive responses are blunted when exercise 

is performed in the morning compared to afternoon (Jones et al., 2008); patterns that are likely 

influenced by rapid changes in sympathetic activation, activity and energy expenditure, and 

hormonal profiles during the early morning (Schofl et al., 1997; White, 2007). A potential factor 

which may be involved in both glycemic regulation and cardiovascular events is the catecholamine 

hormone epinephrine, known to increase early in the morning shortly after awakening (Dodt et al., 

1997). As sympathetic neurohormones that signal through adrenergic receptors on several tissues, 

catecholamines have potent effects in increasing HR and BP (Tank & Lee Wong, 2015), in addition 

to increasing hepatic glucose output (Barth et al., 2007). As high-intensity exercise dramatically 

increases catecholamine release compared to that of low intensities (Jezova et al., 1985), this could 

potentially further exacerbate the unfavorable effects when SIT is performed in the morning, in 

the presence of diurnal patterns and elevated cardiovascular parameters at rest (HR, BP). While a 

direct relationship between changes in metabolism throughout the day and the beneficial effects 

of both SIT and END have yet to be determined, this remains an area of future interest. 

 

4.2.4 Mechanisms of exercise intensity and frequency 

 It is possible that transient increases in catecholamines (epinephrine, norepinephrine) with 

acute high-intensity exercise (Jezova et al., 1985) could be influencing the divergent effects of 

variable intensity exercise on chronic cardiovascular outcomes observed in our study and by others 
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(Holloway et al., 2015; Kim et al., 2017). In response to exercise, prolonged elevations in 

circulating catecholamines have been shown to persist, particularly with repeated exercise stimuli 

over subsequent days (Mischler et al., 2003). Future research could therefore determine the direct 

influence of acute increases in catecholamines on BP, arterial stiffness, and endothelial function; 

particularly while blocking ß-adrenergic receptors to prevent the effects of these hormones. This 

could be of further potential importance as prolonged elevations in catecholamines have been 

linked to the development of pathological conditions such as heart failure, hypertension, and 

cardiac hypertrophy (Tank & Lee Wong, 2015). Interestingly, evidence in rodents suggests that 

while END improved left ventricle fibrosis in hypertensive rates, this effect was absent following 

high-frequency HIIT (Holloway et al., 2015), signifying an unfavorable cardiac outcome which 

could be associated with exercise-induced epinephrine and norepinephrine release. The use of a 

rodent model could therefore provide mechanistic insight into divergent cardiovascular responses 

which may occur following low- and high-frequency END and SIT protocols to determine which 

approaches may be preferable to recommend to specific populations. 

 While our data suggests exercise frequency is important for improving glycemic regulation 

from a whole-body perspective, the underlying mechanisms which may be involved similarly 

remain unknown, particularly in skeletal muscle as this tissue responds rapidly to exercise (Sahlin, 

2004). As a recent report identified that both high-frequency END (5 days per week) and low-

frequency SIT (3 days per week) decreased skeletal muscle ceramide content, which is associated 

with insulin sensitivity (Shepherd et al., 2017), frequency-dependent differences in bioactive lipid 

accumulation does not appear to be involved. However, the same authors also determined that 

increases in mitochondrial size and density appeared more robust following END (Shepherd et al., 

2017), an important parameter also known to be related to insulin sensitivity (Morino et al., 2006). 
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While mitochondrial content is important in skeletal muscle adaptations, mitochondrial function 

(substrate transport, adenosine triphosphate (ATP) production, ROS emission) are also key 

processes which can be influenced in the absence of changes in content (Holloway, 2017). To date, 

the regulation of mitochondrial function in response to variable frequency of exercise, and its 

relation to whole-body health outcomes of glucose, lipid, and insulin sensitivity, remains 

unknown. As the influence of exercise timing on glycemic regulation has in part been attributed 

to circadian rhythms of mitochondrial function (Gabriel & Zierath, 2019), this further adds an 

additional layer of complexity and highlights the importance of understanding mitochondrial 

function as an underlying mechanism in exercise, health, and disease. 

 

4.3 SUMMARY AND CONCLUSION 

 In summary, this thesis established that over a 6 week exercise training intervention in 

obese males, exercise frequency is a key factor mediating the cardiometabolic health benefits of 

exercise, many of which are transient in nature following a single bout of exercise. Our data 

suggest that 1) High-frequency END improved VO2max, laboratory-based glycemic regulation, 

abdominal fat mass, and trended towards an improvement in lipid tolerance; effects which did not 

occur following SIT ; 2) Only low-intensity, high-frequency END decreased BP, and furthermore, 

the change in arterial stiffness following END signified an improved response compared to SIT; 

3) Daily exercise appears to be important in improving daily free-living glycemic regulation, as 

these parameters were only improved on END exercise days, but SIT exercise days, or rest days 

of either protocol. Combined, these data suggest high-frequency END may be a favorable approach 

than low-frequency SIT. However, limitations of the current study arise as we are unable to directly 

determine the role of frequency without the concomitant differences in intensity/volume between 
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protocols, or the physiological events mediating these observed responses. Therefore, future 

research should examine a combined high-frequency END-SIT approach or a low-frequency 

volume-matched END approach, particularly in clinical populations who are capable of achieving 

meaningful health benefits, to determine the importance of exercise frequency. Furthermore, future 

investigations should examine the underlying mechanisms and the influence of exercise timing in 

mediating the frequency-based health benefits of regular exercise. Ultimately, exercise frequency 

should be considered as a fundamental parameter when prescribing exercise to improve health.  
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