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ABSTRACT 

BACKGROUND: Exercise training has been shown to improve impaired metabolic 

flexibility in individuals living with obesity. However, there is limited research on sprint 

interval training (SIT) and metabolic flexibility, and its association with clinical health 

outcomes such as insulin sensitivity. 

OBJECTIVES: The primary objective was to compare chronic and acute changes in 

metabolic flexibility for individuals living with or without obesity following a four-week 

SIT intervention. The secondary objective was to investigate if change in metabolic 

flexibility was associated with changes in insulin sensitivity. 

METHODS: A total of 34 adults living with obesity (BMI ≥ 30 kg/m2; n=16) or without 

obesity (BMI < 25 kg/m2; n=18) were recruited and took part in a 4-week SIT intervention 

performed three times per week. Each exercise session was composed of intervals of a 30 

seconds Wingate using 7.5% of the participant’s body weight as the load and was separated 

by four minutes of active recovery performed at 59 watts. Chronic and acute metabolic 

flexibility were measured using VCO2/VO2 pre and post session and intervention. Change 

in insulin sensitivity was measured using the Matsuda index estimated from an oral glucose 

tolerance test. 

RESULTS: A significant interaction effect (group x time) was observed for acute 

metabolic flexibility [F(1,31)=14.55, p=0.001] and insulin sensitivity [F(1,31)=5.010, 

p=0.033]; however, no significant interaction was observed for chronic metabolic 

flexibility (p>0.05). No significant correlations were observed between changes in 

metabolic flexibility (chronic and acute) and changes in insulin sensitivity (p>0.05). 
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CONCLUSION: Individuals living with obesity improved acute metabolic flexibility and 

insulin sensitivity over time with only four weeks of SIT. More mechanistic studies with 

larger sample size are needed to better understand how changes in metabolic flexibility and 

insulin sensitivity are modified with short-term SIT.
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Chapter 1: Introduction 

The worldwide prevalence of obesity has doubled over the past thirty years as it is 

currently estimated to be at 13% (1). This high prevalence of obesity is concerning from a 

cardiometabolic and chronic disease risk standpoint. The prevalence of obesity in the 

province of New Brunswick is even more alarming. Based on data from Statistics Canada, 

the estimated prevalence of obesity in the province of New Brunswick is 34.1% as of 2015, 

which is approximately 8% higher than the national average (2). The high prevalence of 

obesity within the province is concerning from a cardio-metabolic health standpoint as it 

is a common risk factor for the development of chronic conditions such as metabolic 

syndrome and Type 2 diabetes (1). It is also concerning from an exercise perspective as the 

majority of individuals living with obesity are physically inactive (3). Thus, it is important 

to explore strategies to identify effective interventions to manage obesity and obesity-

related conditions. 

It is suggested that individuals living with obesity are not efficient at alternating 

between carbohydrate and fat fuel sources when required based on the prevailing 

environmental conditions. In other words, individuals living with obesity have an impaired 

metabolic flexibility (4). The term metabolic flexibility in human physiology was first 

coined by Kelley et al. (1999) when comparing fuel utilisation in individuals living with 

obesity to individuals without obesity (4). In this study, they first reported that individuals 

living with obesity have an elevated respiratory quotient (RQ) at fasted state; thus, 

representing a reduction in fat oxidation at rest (4). Secondly, they observed no significant 

change in RQ following an insulin infusion in individuals living with obesity; however, 
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there was a significant increase in RQ in individuals without obesity (4). The increase in 

RQ is expected, as increases in insulin levels results in an increase in carbohydrate 

oxidation; therefore, leading to an increase in RQ.  These findings have been substantially 

supported throughout the literature; therefore, suggesting an impaired chronic metabolic 

flexibility in individuals living with obesity at rest (5,6).  

Previous literature has suggested that individuals living with obesity have an 

impaired acute metabolic flexibility; however, this relation is still unclear due to the 

contradictory results in the current literature. Acute metabolic flexibility refers to the ability 

to shift between fuel sources with changes in exercise intensity (7). Previous literature 

suggests that individuals living with obesity have a higher ability to perform fat oxidation 

(lower RQ) during an acute bout of exercise compared to individuals without obesity. For 

example, Goodpaster et al. (2003) reported a lower respiratory exchange ratio (RER) for 

individuals living with obesity (0.86 ± 0.01) compared to individual without obesity (0.90 

± 0.01) (8). However, it has also been reported by Pérez-Martin et al. (2001) that 

individuals living with obesity are less capable of using fatty acid as their main fuel source 

during exercise which leads to inconsistent results in the literature (9). Thus, it is clear that 

acute metabolic flexibility must be further investigated in individuals living with obesity.  

Exercise interventions have been one of the primary methods for enhancing 

metabolic flexibility. It has been widely reported that continuous moderate-to-vigorous 

intensity exercise yields significant improvements in metabolic flexibility (8,10,11). 

However, it has not yet been established whether sprint interval training (SIT) yields 

improvements in metabolic flexibility. Whyte et al. (2010) reported significant 

improvements in chronic fat oxidation (using indirect calorimetry) following only two 



 

3 

 

weeks of SIT in individuals living with obesity (12). Likewise, significant improvements 

in lipolysis were observed at rest (11% increase), at 25 watts (26% improvement), 50 watts 

(21% improvement), and 75 watts (14% improvement) following six weeks of SIT in 

individuals living with obesity (13). Therefore, it seems that SIT interventions may yield 

improvements in metabolic flexibility. However, further research is needed to help 

understand the relationship between metabolic flexibility and changes in clinical health 

outcomes including insulin sensitivity. 

To date, there is limited information on the improvements in metabolic flexibility 

following SIT in individuals living with obesity. In addition, it is unknown whether 

changes in metabolic flexibility yield improvement in clinical health outcomes such as 

insulin sensitivity in individuals living with obesity. Therefore, the aim the study was to 

investigate chronic and acute changes in metabolic flexibility following four weeks of SIT 

for individuals living with obesity compared to individuals without obesity. The secondary 

aim was to determine whether changes in metabolic flexibility are associated with changes 

in insulin sensitivity. We hypothesised that the individuals living with obesity will have a 

larger improvement in metabolic flexibility compared to individuals without obesity, 

which will result in a larger improvement in insulin sensitivity following the SIT 

intervention. 
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Chapter 2: Literature Review 

2.1 Introduction to Metabolic Flexibility 

Metabolic flexibility was first discovered when investigating the helminths’ (a type 

of parasitic worm) ability to respond to environmental changes by alternating between 

aerobic and anaerobic metabolism (14). More recently; however, the term metabolic 

flexibility has been used to describe an individual’s ability to alternate between fuel sources 

based on energy demands (4). In regard to human physiology, a review was performed 

based on studies conducted throughout the early to mid 1900’s that investigated changes 

in substrate usage during a prolonged fasting (or starvation) state (15). As presented in 

Figure 1, when individuals progress towards a starvation state, there is an increase in lipid 

oxidation and a reduction in carbohydrate oxidation (15).  

 

Figure 1. Substrate oxidation from fed to fasted state (15). 

GNG = Gluconeogenesis, GGL = Glycogenolysis, KB = Ketone Bodies, TGest = 

Triglyceride Reesterification 
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Although not directly mentioned within this review, these studies were the first to 

investigate the mechanism of metabolic flexibility within human subjects (15).  

 

Figure 2 further explores substrate oxidation when transitioning from a fed to fasted 

state. Following a meal, both carbohydrate and fatty acid oxidation occurs within skeletal 

muscle; however, carbohydrate are primarily used (15). This is due to an increase in insulin 

levels, which suppresses lipolysis (15). In short, lipolysis refers to the breakdown of a 

triacylglycerol into a glycerol molecule and three fatty acid via hormone sensitive lipase 

Figure 2.  Carbohydrate and Fat Oxidation Interplay During Fed and Fasted State (15). 

GNG = Gluconeogenesis, GGL = Glycogenolysis, KB = Ketone Bodies, TGest = Triglyceride 

Reesterification, Glyc = Glycogen, FAO = Fatty Acid Oxidation, Glc = Endogenous Glucose, FA 

= Fatty Acid, CHO = Carbohydrate Oxidation. 
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(16). Carbohydrate availability increases during a fed state due to an increase in both 

gluconeogenesis and glycogenolysis as described by the larger circles in figure 2 during 

the postabsorptive state (15). However, during a fasted state, a reduction of insulin is 

observed with a reduction in carbohydrate availability (depletion of glycogen in the liver); 

thus, increasing lipolysis within the adipose tissue as described by the larger circles in 

figure 2 during the starvation state (15). This increase in lipolysis causes an increase in 

fatty acid availability resulting in an increase in fat oxidation within skeletal muscle (15). 

This increase in fat oxidation causes an increase in ketone bodies production within the 

liver as well (15). 

Metabolic flexibility was originally investigated in the context of comparing a 

fasted and fed state. When observing individuals without obesity, it is suggested that there 

is an apparent transition in fuel sources from fatty acid oxidation when in a fasting state to 

glucose oxidation when in a post-absorptive state (4). The original evolutionary proposition 

for metabolic flexibility was that in times of energy shortages, the body needs to isolate 

glucose oxidation for the central nervous system; thus, there is a need to primarily transition 

to fatty acid oxidation during these prolonged periods (17). However, over time, the 

environmental conditions that humans live in has changed and has led to a constant 

availability of energy (i.e. food). Therefore, part of the global population has shifted away 

from using fatty acids as a source of energy towards what is known as metabolic 

inflexibility, where reliance on carbohydrate metabolism dominates energy production 

(17). 

In addition, substrate consumption impacts substrate utilization. It is well-

established that high fat diets elicit a higher oxidation of fat. Cooling and Blundell (1998) 
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investigated differences in substrate oxidation between individuals without obesity with a 

high-fat diet and low-fat diet (18). The findings suggest a significantly lower RQ value in 

the high-fat diet group (0.84±0.008) compared to the low-fat diet group (0.89±0.018) (18). 

These results have also been supported within a sample of individuals living with obesity 

(19). Therefore, increased consumption of fat and carbohydrate mediate substrate 

utilization in both individuals living with and without obesity (18,19). 

Over recent years, the focus of metabolic flexibility has trended towards its 

implication on health outcomes. For example, there has been an increased interest in the 

area of altered metabolic flexibility and its effects on obesity (7,20). It is suggested that 

individuals living with obesity have an inability to properly utilize substrates; or have an 

inefficient metabolic flexibility (or metabolic inflexibility) (17). For example, presented in 

Figure 3, metabolic inflexibility is the inability to transition between carbohydrate and fat 

oxidation when transitioning from a fed to fasted state (12).  

 

Figure 3. Metabolic Flexibility vs Metabolic Inflexibility (17). 
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Therefore, research has started to focus on whether improving metabolic flexibility 

would be a viable option for the mechanism of obesity reversal. The relationship between 

substrate utilization with exercise intensity and duration has become increasingly popular 

in the literature since the late 1900’ and early 2000’s. Due to this, exercise training is being 

used as one of the most prominent method to change metabolic flexibility.  

Although the research on metabolic flexibility has been extensively broadened 

throughout recent years (4,7,15,17,20), there are many flaws within the research. For 

example, it is still unclear what the optimal type and intensity of exercise is to enhance 

metabolic flexibility in individuals living with obesity compared to individuals without 

obesity. In addition, it is unknown whether improvement in metabolic flexibility through 

exercise interventions are associated with clinical health outcomes such as improved 

insulin sensitivity and reduced obesity.  

2.2 Methodology to Assessing Metabolic Flexibility 

 Although there are a multitude of methods to assess metabolic flexibility, three 

methods are prominent for whole body metabolic flexibility: RQ from resting metabolic 

rate test, RER from an acute bout of exercise, and lactate levels with blood samples during 

a steady state condition.  

2.2.1 Respiratory Quotient with Resting Metabolic Rate 

Indirect calorimetry is a widely accepted method of assessing metabolic flexibility 

within a laboratory setting (21,22). This method allows analysis of breath by breath 

PP = Postprandial, PA = Postabsorptive, RQ = Respiratory Quotient, CHO = Carbohydrate 

Oxidation 
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measurements while having the ability to manipulate the condition performed (21,22). For 

example, metabolic flexibility can be examined during the following conditions: fasted and 

fed state, during different dietary protocols (i.e. high glucose intake vs high fatty acid 

intake), at rest, and at multiple exercise intensities (or durations). During resting conditions, 

RQ is used to determine metabolic flexibility. RQ is the ratio of carbon dioxide (VCO2) 

produced over the amount of oxygen (VO2) that is consumed (16). Although RQ is 

measured via blood gases based on venous/arterial sampling, RQ can be represented based 

on breath by breath measurement using RER at rest; and therefore, it is widely accepted 

that RER is an accurate measurement of cellular metabolism during a resting state (16). 

For example, the chemical reaction for complete carbohydrate oxidation is C6H12O6 + 6O2 

 6CO2 + 6H2O (16). Therefore, the oxidation of carbohydrate requires the consumption 

of six oxygen molecules and produces six carbon dioxide molecules which is a 1:1 ratio. 

Therefore, the RQ for carbohydrate oxidation would be 1.00. Alternatively, the chemical 

reaction for palmitic acid oxidation is C6H32O2 + 23O2  16CO2 + 16 H2O; thus, the 

reactions require the consumption of 23 oxygen molecules and the production of 16 carbon 

dioxide molecules (16). The ratio for this reaction would be 16:23 which results in an RQ 

value of approximately 0.7 (16). These reactions are estimated by the metabolic cart by 

using oxygen and carbon dioxide utilization equations. Briefly, cellular oxygen utilization 

is estimated by VO2=VI%O2I-VE%O2E (16). Likewise, cellular carbon dioxide production 

is estimated using VCO2=VE(%CO2E-%CO2I) (16). These formulas allow for the researcher 

to estimate the amount of oxygen that is utilized and the amount of carbon dioxide 

produced by the cell; therefore, the researcher is able to estimate substrate utilization at a 

cellular level (16).  
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Although indirect calorimetry is a valid and reliable tool (23), it has some important 

limitations that need to be considered when investigating changes in chronic metabolic 

flexibility. First, dietary habits can have an impact on resting RQ values through the Mass 

Effect; which refers the consumption of predominantly one fuel source (24). For example, 

if an individual’s diet consists primarily of carbohydrate, this individual will primarily 

perform carbohydrate oxidation for energy purposes which, in turn, will result is an 

increased RQ value (24). This is why participants are required to fast for at least 12 hours 

prior to testing to help control for these dietary effects (23). In addition, exercise levels 

prior to resting metabolic rate (RMR) testing can have a prolonged effect on RQ values 

due to excess post-exercise O2 consumption which refers to an increase in O2 consumption 

following an acute bout of exercise (25).  Excess post-exercise O2 consumption can last up 

to 48 to 72 hours; thus, it is important to have restrictions on exercise prior testing 

(23,25,26). Finally, testing conditions can have an effect on RQ values (i.e. posture, 

lighting, movements during test) (23). These procedures should be standardized across test 

to help diminish external influence on RQ values and diminish measurement errors. 

2.2.2 Respiratory Exchange Ratio with Acute Bout of Exercise 

 During exercise, RER is also a measure of the VCO2 expelled over the VO2 

consumed. In short, RER provides a valid representation of RQ during a resting state; 

however, during certain conditions (for example high intensity exercise), RER is not an 

accurate measure of cellular activity (16). For example, during high intensity exercise, 

sodium bicarbonate acts as a buffer within the blood to regulate pH levels during lactate 

accumulation from glycolysis (16). The chemical reaction for the buffering of lactate 
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results in carbonic acid formation (HLA + NaHCO3  NaLa + H2CO3) (16). Carbonic acid 

is then converted into carbon dioxide and water which are then expelled from the body 

(H2CO3  H2O + CO2) (16). Therefore, this results in hyperventilation to regulate CO2 

levels; thus, increasing RER values with no associated increase in O2 consumption (16). 

Therefore, RER would not represent substrate utilization from a cellular standpoint during 

these conditions. However, during steady state exercise below ventilatory threshold, these 

reactions do not occur (16); therefore, RER is appropriate for use in assessing metabolic 

flexibility during steady state exercise. RER is widely accepted as a measurement tool for 

acute metabolic flexibility at different intensities. The limitations that affect RQ values also 

impact RER values during exercise; therefore, it is important to standardise protocol to 

help diminish the external influence on RER values. 

2.2.3 Blood Lactate Levels  

Blood lactate levels have been used to provide an indirect assessment of an 

individual’s metabolic flexibility. Lactate is a byproduct of the glycolysis energy system 

which consists of ten to twelve chemical reactions to produce adenosine triphosphate 

(ATP) from a glucose or a glycogen molecule (16). Briefly, glycolysis begins with the 

conversion of a glucose or glycogen molecule to glucose 6-phosphate via the enzyme 

hexokinase or glycogen phosphorylase (16). Then, following several other steps, the end 

product is pyruvate (16). One of the products of the glycolytic system is nicotinamide 

adenine dinucleotide (NADH) which is transported to the mitochondria during steady state 

exercise to be utilized (16). However, during high intensity exercise (or high levels of 

anaerobic metabolism), NADH is separated into NAD+ and hydrogen ions (H+) (16). The 
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H+ is combined with pyruvate via the lactate dehydrogenase enzyme to form lactate; thus, 

lactate is a byproduct during high usage of the glycolytic system (16). 

In this regard, blood lactate can be a simple measure of the primary fuel source that 

is being oxidized by an individual while performing exercise or at rest. This relationship 

has been established by Achten and Jeukendrup (2004) who observed increases in blood 

lactate levels with a reduction in fatty acid oxidation at multiple exercise intensities (27). 

In fact, these results were supported by San-Millán and Brooks (2017) who investigated 

metabolic flexibility by analyzing the relationship between blood lactate levels and both 

fatty acid and carbohydrate oxidation (using indirect calorimetry) (28). The findings of this 

study suggest that fat oxidation and blood lactate accumulation were strongly inversely 

related during exercise, and carbohydrate oxidation had a strong positive relationship with 

blood lactate accumulation (28). Although this illustrates the association between blood 

lactate and substrate oxidation, this study does not allow for the determination of specific 

substrate oxidation based on specific blood lactate values. Bircher et al. (2005) were 

interested in determining lactate level during maximal fat oxidation in a sample of 

individuals living with obesity (29). Maximal fat oxidation is the intensity of exercise in 

which the maximal levels of fat oxidation is elicited (30). They found that blood lactate 

level at maximum fat oxidation was approximately 2 mmol/L; however, they discussed 

that this can vary based on exercise duration (29). Although specific cut-offs for lactate 

levels are not established for fuel oxidation, it is well-established that lactate levels increase 

following changes in fuel utilization from fat to carbohydrates (27–29). Thus, blood lactate 

accumulation provides a simple method of assessing metabolic flexibility which potentially 

provides the ability to identify individuals living with metabolic inflexibility before it 
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becomes detrimental to their health. The major limitation of using blood lactate levels to 

measure metabolic flexibility is exercise prior to testing. For example, moderate-to-

vigorous physical activity elevates lactate levels in the blood for a period of time (31). 

Therefore, it is important to control for exercise participation prior to measuring metabolic 

flexibility by means of blood lactate levels. 

2.3 Metabolic Flexibility and Obesity 

As mentioned previously, the concept of metabolic inflexibility has been linked to 

the change in energy availability over time (17). Humans developed metabolic flexibility 

through early evolution to adapt to changes in fuel availability (17). Therefore, there was 

a substantial fasting periods between energy intake which required an ability to alternate 

between fatty acid and carbohydrate oxidation efficiently dependent on energy supply and 

demand (17). However, this need for alternating fuel sources has been minimized by the 

consistent increase in fuel availability for humans (17). Thus, it is suspected that increases 

in overnutrition habits worldwide has resulted in an increase in carbohydrate oxidation 

within the skeletal muscle in both the fasted and fed state due to the mass effect; thus, 

contributing to an increased prevalence in obesity (17).  

Not only does total caloric intake impact substrate utilization, change in 

consumption of specific macronutrients over time may also impact metabolic flexibility 

(24). Austin et al. (2011) were interested by changes in dietary habits over time; thus, they 

investigated the differences in macronutrient consumption from the 1971 and 2005-06 time 

points from the National Health and Nutrition Examination Survey; which consisted of an 

United States sample of adults aged between 19 and 85 years old (32).  They found that 
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dietary trends across different weight classes were similar; and overall, the percentage of 

carbohydrate utilization increased by 4.7% and fat consumption decreased by 2.9% (32). 

These findings were supported by a similar study performed by Yancy et al. (2014). 

Therefore, these changes in substrate consumption may be associated with changes in 

metabolic flexibility over time (33). 

It is suggested that an increase in chronic RQ during a fasted state has contributed 

to the increase rate of obesity (34). Metabolic inflexibility was first discovered by Kelley 

et al. (1999) as they compared changes in RQ within the leg during a fasted and fed state 

in adults living with obesity and without obesity (4). RQ measurements were first taken 

during a fasted state (4). These measurements revealed that individuals living with obesity 

have an elevated RQ compared to individuals without obesity; therefore, individuals living 

with obesity have lower fatty acid oxidation during a fasted state compared to individuals 

without obesity (4). The fasted RQ measurement was followed by an insulin infusion to 

simulate a fed state which resulted in individuals without obesity experiencing a rise in RQ 

to reflect the change from fatty acid oxidation to carbohydrate oxidation (4). However, this 

increase in carbohydrate oxidation was not as distinct in the group living with obesity; thus, 

suggesting that individuals living with obesity are not able to efficiently adapt to metabolic 

changes when required; suggesting metabolic inflexibility (4). These results were also 

supported by Mittendorfer et al. (2009) who found an inverse relationship between total fat 

mass and free fatty acid availability for oxidation in adults (5). These results were further 

supported by Battaglia et al. (2012) who found no significant increases in lipid oxidation 

following three days of high fat consumption in a sample of individuals living with obesity, 
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whereas individuals without obesity showed the ability to adapt to this high fat diet with 

an increase in fatty acid oxidation (6). 

Although there is an abundance of research that supports the notion of impaired 

chronic metabolic flexibility for individuals living with obesity, the evidence on acute 

metabolic flexibility during submaximal exercise is not as clear. The notion of acute 

metabolic inflexibility for individuals living with obesity was first suggested due to the 

blunted response of catecholamines on the sensitivity to oxidize fatty acids shown in 

individuals living with obesity (35,36). However, it is important to note the complexity of 

fat oxidation as many factors contribute to an individual’s ability to use fat as their primary 

fuel source during exercise including fatty acid availability (dietary habits) and exercise 

intensity (37). For example, it would be expected that there would be a reduction in fatty 

acid oxidation during higher intensity exercise due to the increased utilization of anaerobic 

metabolism at higher intensities. Thus, it is important to consider the exercise intensity 

when analyzing acute metabolic flexibility in individuals living with obesity. 

 In the early 2000’s, studies observed higher fat oxidation patterns for individuals 

living with obesity compared to adults without obesity during sub-maximal exercise. A 

study that compared acute substrate utilization during an acute bout of high intensity 

exercise (70% VO2 peak) found lower RER values (higher fat oxidation) in women living 

with obesity compared to women without obesity (38). These findings have been supported 

at lower intensities as well (39,40). Contrary to these findings, other studies have suggested 

an increase in carbohydrate oxidation in individuals living with obesity during exercise 

compared to individual without obesity. (9). This was observed by Mittendorfer et al. 

(2004) who investigated fatty acid oxidation in individuals who were both overweight and 
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obese during 90 minutes of moderate intensity exercise (50% of VO2 peak) and compared 

them to individuals without obesity (41). The results showed an inverse relationship 

between levels of adipose tissue and lipolysis; therefore, the individuals living with obesity 

had lower levels of plasma fatty acids available to increase fat oxidation at the prescribed 

intensity (41). These result were supported for lower (20%-40% VO2max) and higher 

intensities (60-85%) as well (9,42). 

Chronic and acute metabolic flexibility have been substantially investigated in 

individuals living with obesity. It is widely reported that during a resting state, individuals 

living with obesity are within a state of metabolic inflexibility where they have a reduced 

ability to utilized fats as their primary fuel source. However, inconclusive results have been 

seen when observing acute metabolic flexibility in individuals living with obesity. This is 

primarily due to a lack of literature specifically looking at acute metabolic flexibility and 

lack of consistency between trials (i.e. intensity and duration of exercise). Based on these 

unclear findings, more research is needed in the area of acute metabolic flexibility in 

individuals living with obesity. 

2.4 Metabolic Flexibility and Insulin Resistance 

Over the past decades, the prevalence of diabetes has steadily increased from 4.7% 

in 1980 to 8.5% in 2014 (43). This increased prevalence of diabetes worldwide is likely 

associated with the increase prevalence of obesity during the same time frame (43). The 

increased prevalence of diabetes is of great concern considering the micro and macro-

vascular complications associated that may arise as well as premature mortality from these 

complications (43). Although these numbers include both Type 1 and 2 diabetes, a greater 
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proportion of individuals are affected by Type 2 diabetes (43). The development of Type 

2 diabetes can be a result of multiple factors; however, the main risk factor of diabetes is 

insulin resistance. 

Obesity and insulin resistance are closely associated as multiple studies indicate 

that an increase in adiposity is associated with reduced insulin sensitivity (44,45). The 

association between obesity and insulin resistance has been studied extensively and there 

is an abundance of evidence that suggests that both acute and chronic increases in plasma 

free fatty acid is a major cause for insulin resistance in individuals living with obesity 

(44,45). This was first proposed by Randle et al. (1963) when investigating the glucose‐

fatty acid cycle which refers to an increase in free fatty acids that inhibits glucose oxidation 

(46). Boden et al. (1994) also examined this relationship and found a dose-response 

relationship as increases in plasma free fatty acids resulted in decreases in glucose uptake 

(47). More recently; however, the association between obesity and insulin resistance has 

been linked with metabolic inflexibility in individuals living with obesity (20). 

As noted previously, individuals living with obesity have a decreased ability to 

suppress lipolysis during a fed state due to reduced insulin sensitivity; therefore, leading to 

an increase in fat oxidation (48). This inability leads to a decrease in glucose oxidation 

when carbohydrates are abundant during a fed state (48). It was noted by Kelley and 

Mandarino (2000) that the inability to increase chronic fat oxidation may be a key 

determinant of increase lipid accumulation within skeletal muscle (48). This metabolic 

inflexibility leads to an increase in insulin resistance following a meal as there is an 

abundance of both substrates for the skeletal muscle to utilize; thus, creating a substrate 

usage conflict for skeletal muscle (48). 
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Previous literature has suggested that insulin resistance is associated with metabolic 

inflexibility. As noted previously, Kelley et al. (1999) reported that the inability for 

individuals living with obesity to efficiently control fatty acid oxidation is associated with 

impaired insulin sensitivity (4). These results have been supported within different 

populations including individuals living with Type 1 diabetes with secondary insulin 

resistance, individuals living with insulin resistance, and individuals with family history of 

Type 2 diabetes (49–52). It has also been suggested that insulin resistance may be preceded 

by metabolic inflexibility for individuals living with pre-diabetes; however, this causation 

relationship would need prospective data to further support this claim (53).  

Acute metabolic flexibility for individuals living with insulin resistance have 

suggested inconsistent findings. Colberg et al. (1996) investigated acute substrate 

utilization while cycling at an intensity of 40% of VO2 peak and suggested that individuals 

living with Type 2 diabetes showed a lower level of glycogen oxidation compared to the 

individuals without Type 2 diabetes (54). These findings have been observed in other 

groups such as older adults living with obesity and women living with insulin resistance 

(55,56). Blaak et al. (2000) investigated acute substrate utilization in a group of male 

individuals living with Type 2 diabetes and compared them to a control group matched for 

age, body composition, and fitness level (57). The findings showed a reduction in fatty acid 

oxidation in the individuals living with Type 2 diabetes (57) which is supported by 

Fernández-Verdejo et al. (2018) (58).   

Glucose disposal rate has been suggested as the link between metabolic inflexibility 

and insulin resistance (59). Glucose disposal rate refers to the peripheral tissues (more 

specifically skeletal muscles) ability to uptake glucose from the blood (59). The 
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relationship between insulin resistance and glucose disposal rate has been extensively 

researched. Golay et al. (1988) were interested in this relationship as they perform a 

hyperinsulinemic clamp on four groups including individuals without obesity, individuals 

living with obesity, individuals living with Type 2 diabetes, and individuals living with 

both Type 2 diabetes and obesity (60).  They found a reduced glucose disposal rate (which 

refers to the synthesis of glycogen) (61) in both groups living with Type 2 diabetes when 

compared to individuals without obesity. These results have been supported across other 

studies (59,62,63). As a result, they suggested that glucose disposal rate may be a key 

contributor to metabolic flexibility for individuals living with insulin resistance. 

Overall, the majority of the findings suggest an impaired chronic and acute 

metabolic flexibility for individuals living with insulin resistance. Although the strength 

and timeline of this relationship is still unknown, it is evident that there is an association 

between insulin resistance and metabolic flexibility. Thus, improvements in metabolic 

flexibility may result in improved insulin sensitivity or vice versa; however, more research 

is needed to clarify the findings of the previous literature within this area and to help 

strengthen the relationship between insulin resistance and metabolic flexibility. 

2.5 Exercise Interventions and Metabolic Flexibility 

The benefits of regular physical activity on chronic conditions such as obesity and 

Type 2 diabetes are well established (64). Currently, the Canadian Physical Activity 

Guidelines recommend that individuals perform a minimum of 150 minutes of moderate-

to-vigorous physical activity per week in bouts of at least 10 minutes to reduce their risk 

of certain chronic conditions including Type 2 diabetes, and premature mortality (64). In 
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addition, increases in physical activity levels have been associated with improvements in 

metabolic flexibility (65). However, less than 15% of the population reach the minimum 

requirement for the aerobic component of the physical activity guidelines based off 

objectively measured data (66), while no exercise recommendation exists for improving 

metabolic flexibility.  

The effects of different exercise intensities on health and metabolic outcomes have 

been previously reported. The main comparison of interest is between interval training and 

continuous exercise; suggesting that High Intensity Interval Training (HIIT) shows similar 

rates of enjoyment and adherence compared to moderate intensity exercise of the same 

duration and frequency (67). A meta-analysis suggests that short term (10 weeks) HIIT and 

moderate intensity exercise training show similar reductions in body fat percentage (6%) 

as well as reductions in waist circumference by approximately three centimeters in a 

population of individuals living with overweight and obesity (68). An alternative 

systematic review performed by Batacan et al. (2017) investigated the impact of HIIT on 

cardiometabolic risk factors and suggested that both short and long term interventions 

elicits improvement in cardiometabolic risk factors within a sample of individuals living 

with overweight or obesity (69). Although HIIT and continuous exercise elicit 

improvements in health and cardiometabolic health outcomes, it is not yet known which 

intensity is optimal for improvements in metabolic flexibility (69). For the purpose of the 

literature review, the focus will be on interval training, not continuous intensity, and are 

defined in Table 1. Briefly, continuous exercise at low (11,70–75), moderate (8,76,77), and 

high intensity (6,38,78,79) all suggest positive association with metabolic flexibility; 

however, there are some inconsistency with low intensity exercise. 
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Table 1. Quantified Exercise Intensity (80). 

Intensity Definition 

High Intensity Interval 

Training 

≥70% bouts of VO2max separated by recovery periods 

Sprint Interval Training Bouts of maximal exertion separated by recovery periods 

2.5.1 High Intensity Interval and Sprint Interval Training and Metabolic Flexibility 

HIIT is a specific type of training in which the intensity is set for a short duration 

in conjunction with a specific amount of passive or active recovery (81). The active 

recovery is to allow the body to recover and return toward a rested state. Thus, this recovery 

phase will allow for continued work in subsequent intervals at intensities higher than what 

could be sustained during continuous based exercise training (82). SIT is a subset of HIIT; 

SIT entails performing exercise in a work:rest fashion where the working period is an all-

out effort of exercise.  

HIIT has shown to have many physiological health benefits including a reduction 

in body fat level as well as improvements in cardiometabolic health and insulin sensitivity 

(83–85). Also, mitochondrial content and activity have been suggested to increase 

following HIIT and SIT. For example, Jacobs et al. (2013) observed a 20% increase in 

skeletal muscle respiration capacity [difference between resting and maximal ATP 

production] (86) due to increases in mitochondrial protein expression and enzyme activity; 

specifically cytochrome c oxidase and citrate synthase which are enzymes involved with 

oxidative phosphorylation (16,87). This association has been further confirmed (88–91). 

In addition, it is established that HIIT and SIT are associated with improvements in insulin 

sensitivity and glycemic control in individuals living with insulin resistance and Type 2 
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diabetes (92). This is associated with improvements in pancreatic β-cell function following 

HIIT (92). Finally, increases in GLUT-4 (protein involved in glucose transportation), 

monocarboxylate transporter 4 (protein involved in lactate transportation), glycogen 

synthase (enzyme involved in glycogenesis), and hexokinase II (enzyme involved in 

converting glucose to glucose-6-phosphate) have been observed following both HIIT and 

SIT (16,91,93,94).  Since insulin resistance as well as mitochondrial deficiencies are 

associated with metabolic inflexibility, increases in these key enzymes may mediate 

improvements in metabolic flexibility as well (17,20,63).   

For the purpose of the current review, HIIT will be considered interval training 

performed at greater than 70% of VO2max separated by a period of passive or active 

recovery. Alkahtani et al. (2013) compared the impact of interval training protocols on fat 

oxidation in men living with overweight and obesity (10). The duration of the protocol was 

four weeks and the length of each session progressed from 30 to 45 minutes and consisted 

of the following: moderate intensity interval training and HIIT (10). The moderate intensity 

interval training consisted of five-minute bouts of exercise alternating between 65%VO2max 

and 25% below VO2max (10). The HIIT consisted of 30 seconds at 90% of VO2max followed 

by 30 seconds of passive recovery (10). The results suggested a significant improvement 

in acute fat oxidation following the intervention during exercise at 45% of VO2max; 

however, they did not observe significant differences between training groups in substrate 

utilization during the acute bout of exercise (10). The findings were further supported 

within a sample of inactive women (95). These finding suggest that interval training at both 

moderate and high intensity may be beneficial to chronic and acute metabolic flexibility. 
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More recently, de Matos et al. (2018) examined insulin sensitivity in a sample of 

individuals living with both obesity and insulin resistance following HIIT (96). The HIIT 

consisted of 24 sessions split up into an eight-week period; ratio of 60 seconds of cycling 

at a range of 80% to 110% of peak power followed by 60 seconds of active recovery 

repeated 8 to 12 times (96). The main finding following the intervention was an 

improvement in insulin sensitivity within both the individuals living with obesity and 

individuals living with insulin resistance (96). The changes in insulin sensitivity could be 

due to enhanced metabolic flexibility; although further studies are needed to ensure a 

proper association between HIIT and metabolic flexibility before this conclusion can be 

drawn. 

As mentioned previously, SIT is a subset of HIIT; sprint interval training entails 

performing exercise in a work:rest fashion where the working period is maximal exertion 

exercise (i.e. a Wingate Test). Recent reviews on the topic suggest a reduction in adipose 

tissue and cardiometabolic risk factors have been associated with SIT interventions (83,84).  

Whyte et al. (2010) investigated the effects of a two-week SIT intervention (using 

a 30-sec Wingate work period) on a small sample of men living with obesity (12). The 

findings of the research showed promising results for metabolic flexibility as there was a 

significant increase in chronic fat oxidation following the intervention as well an increase 

in insulin sensitivity (12). The findings were recently supported by a randomised control 

trial in which participants were allocated into an exercise intervention group or a control 

group (13). The exercise group perform 18 training sessions over the span of six weeks 

which included six seconds of supramaximal cycling interspersed between two minutes of 

passive recovery; the training sessions were 15 minutes in duration (13). The results of the 
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trial show an increase in lipid contribution to substrate oxidation following the intervention 

and that these changes are related to metabolic changes as opposed to changes in aerobic 

fitness levels (13). 

The limited research on SIT report promising results in the field of metabolic 

flexibility. Both short-term and long-term SIT intervention have shown improvements in 

metabolic flexibility. However, the results are limited within the population of adults living 

with obesity and changes in metabolic flexibility following SIT intervention, thus, limiting 

the conclusions we can draw from the current literature. 

2.6 Knowledge Gap 

Based on the review of the literature, it is suggested that exercise interventions 

performed at different intensities enhance metabolic flexibility in individuals living with 

obesity. Nevertheless, many unanswered questions remain. For example, there has been 

limited research on interval training; more specifically SIT intervention in adults living 

with obesity. Furthermore, none of the studies within the literature review relate the 

changes in metabolic flexibility to any clinical health outcomes. For example, it is well 

documented that individuals living with impaired insulin sensitivity have an impaired 

metabolic flexibility; however, it has not been reported whether or not improvements in 

metabolic flexibility yield improvements in insulin sensitivity. Finally, many of the 

previous studies did not have an adequate design and did not compared the change in 

metabolic flexibility to a non-obese control group, which limit the conclusions that can be 

drawn from these findings. Thus, more thorough research is required within the field of 

metabolic flexibility to help fully understand the relationship between SIT and metabolic 
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flexibility in adults living with obesity and its relation to clinically meaningful outcome 

such as insulin sensitivity. 

2.7 Objectives and Hypotheses 

Based on the presented knowledge gap, the primary objective of the research 

project was to investigate changes in chronic and acute metabolic flexibility in individuals 

living with obesity compared to individuals without obesity following four weeks of SIT. 

The secondary objective of the study was to investigate whether changes in metabolic 

flexibility are associated with changes in insulin sensitivity following SIT. It is 

hypothesised that individuals living with obesity will have a greater improvement in 

metabolic flexibility following four weeks of SIT compared to the individuals without 

obesity. This hypothesis will be supported by a significant Group x Time interaction effect 

for the metabolic flexibility measures. Furthermore, it is hypothesised that the individuals 

living with obesity will have a greater improvement in insulin sensitivity following the 

intervention.  This hypothesis will be supported by a significant Group x Time interaction 

effect for the insulin sensitivity measurements. 
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3.1 Abstract 

BACKGROUND: Exercise training has been shown to improve impaired metabolic 

flexibility in individuals living with obesity. However, there is limited research on sprint 

interval training (SIT) and metabolic flexibility, and its association with clinical health 

outcomes such as insulin sensitivity. 

OBJECTIVES: The primary objective was to compare chronic and acute changes in 

metabolic flexibility for individuals living with or without obesity following a four-week 

SIT intervention. The secondary objective was to investigate if change in metabolic 

flexibility was associated with changes in insulin sensitivity. 

METHODS: A total of 34 adults living with obesity (BMI ≥ 30 kg/m2; n=16) or without 

obesity (BMI < 25 kg/m2; n=18) were recruited and took part in a 4-week SIT intervention 

performed three times per week. Each exercise session was composed of intervals of a 30 

seconds Wingate using 7.5% of the participant’s body weight as the load and was separated 

by four minutes of active recovery performed at 59 watts. Chronic and acute metabolic 

flexibility were measured using VCO2/VO2 pre and post session and intervention. Change 

in insulin sensitivity was measured using the Matsuda index estimated from an oral glucose 

tolerance test. 

RESULTS: A significant interaction effect (group x time) was observed for acute 

metabolic flexibility [F(1,31)=14.55, p=0.001] and insulin sensitivity [F(1,31)=5.010, 

p=0.033]; however, no significant interaction was observed for chronic metabolic 

flexibility (p>0.05). No significant correlations were observed between changes in 

metabolic flexibility (chronic and acute) and changes in insulin sensitivity (p>0.05). 
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CONCLUSION: Individuals living with obesity improved acute metabolic flexibility and 

insulin sensitivity over time with only four weeks of SIT. More mechanistic studies are 

needed to better understand how changes in metabolic flexibility and insulin sensitivity are 

modified in short-term SIT. 

3.2 Introduction 

The World Health Organization (WHO) estimated that the number of individuals 

living with obesity has almost tripled worldwide over the last 40 years as current 

estimations are 13% (1). The increased prevalence of obesity worldwide is concerning 

since obesity has been associated with Type 2 diabetes, cardiovascular disease, 

musculoskeletal disease, and certain forms of cancer (1). Therefore, it is important to 

explore strategies to identify effective interventions to manage obesity and obesity-related 

comorbidities. 

Individuals living with obesity have shown inefficiencies at alternating fuel 

sources; and therefore, present an impaired metabolic flexibility (2–4). Significant 

reductions in fat oxidation have been observed in a fasted state in individuals living with 

obesity compared to individuals without obesity (2). This has also been observed during 

acute bouts of exercise as individuals living with obesity were inefficient at transitioning 

between fat and carbohydrate oxidation with exercise compared to individuals without 

obesity (5,6). This is concerning as studies suggested that individuals living with obesity 

have an impaired metabolic inflexibility and have lower insulin sensitivity (2,7).  

Increased in exercise levels has been suggested as an appropriate method for 

improving metabolic flexibility in individuals living with obesity. In addition to moderate-
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to-vigorous exercise training (4,6,8–10), significant improvements have been observed in 

chronic (at rest) and acute (during exercise) metabolic flexibility following sprint interval 

training (SIT) within this population (11,12). In fact, a randomized controlled trial reported 

significant improvements in chronic lipolysis at rest (11% increase) and while cycling at 

25 watts (26% improvement), 50 watts (21% improvement), and 75 watts (14% 

improvement) following six weeks of SIT in individuals living with obesity (12). Likewise, 

SIT has been suggested to be an appropriate method for improving insulin sensitivity as 

meta-analysis suggests an improvement in insulin sensitivity as well as HbA1c levels 

following high intensity interval training (13). However, it is important to note that limited 

studies have investigated the association between changes in metabolic flexibility and 

insulin sensitivity. Positive association between insulin sensitivity and lipid oxidation 

following six weeks of SIT have been observed, suggesting that insulin sensitivity is 

associated with substrate utilization (12); however, metabolic flexibility was not directly 

investigating suggesting more studies are required to help further understand this 

relationship.  

Although some studies have looked at improvement in metabolic flexibility 

following exercise, many of these studies are focused on investigating continuous exercise, 

not SIT. Few studies investigating SIT and metabolic flexibility (11,12); which are limited 

based on sample characteristics (strictly men), having an increased focused on specifically 

substrate oxidation (i.e. lipids) rather than metabolic flexibility, and by using absolute 

workloads (i.e. 25 watts) compared to a relative workload (i.e. percentage of maximum 

heart rate). Finally, to our knowledge, no study has investigated the association between 

changes in metabolic flexibility and insulin sensitivity following SIT. Therefore, the 
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primary objective was to investigate chronic and acute changes in metabolic flexibility and 

insulin sensitivity following four weeks of SIT for individuals living with obesity 

compared to individuals without obesity. The secondary objective was to determine 

whether changes in metabolic flexibility are associated with changes in insulin sensitivity 

measured by the Matsuda index.  

3.3 Methodology 

3.3.1 Study Design  

 The Acute and Chronic Metabolic Flexibility in Individuals Living with Obesity: 

The i-FLEX Study is a single arm quasi-experimental study comparing individuals living 

with obesity to individuals without obesity. The i-FLEX Study was registered with the ClinicalTrials.gov (Clinical 

Trial number: NCT03527446). An overview of the protocol is presented in Figure 1. Briefly, 

participants came in the Cardiometabolic Exercise & Lifestyle Laboratory (CELLAB) for 

baseline testing separated into three visits within the span of one week (Figure 1). The 

participants began the four-week SIT intervention within one week of the final baseline 

visit. Following the intervention, participants were brought in for follow-up testing. These 

visits were scheduled within a week of their last intervention visit. The project was 

reviewed and approved by the University of New Brunswick Research Ethics Board (REB 

2018-058). 

3.3.2 Participants Recruitment 

 Between June 2018 and December 2019, participant recruitment was performed 

using general community advertisement, Facebook and other social media platforms. A 
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total of 98 participants were screened over the phone in which 45 were excluded because 

they did not meet our inclusion criteria. From this number, 53 participants came to the lab 

for baseline testing from which five were excluded because they demonstrated impaired 

glucose tolerance based on their oral glucose tolerance test (glucose ≥ 7.8 mmol/L at 120 

minutes) (14). An additional ten participants declined to participate due to personal issues 

(i.e. scheduling concerns, travel, medical reasons etc.) and one participant was excluded 

because they exceeded 150 minutes of moderate-to-vigorous physical activity per week. 

Therefore, a total of 37 participants were included in the study, from which three dropped 

out for the following reasons: injury or illness (unrelated to intervention), and personal 

reasons. An overview of participant recruitment can be seen in Figure 2. 

3.3.3 Inclusion Criteria 

Participants were eligible if they were between the ages of 19 to 60 and they had a 

body mass index (BMI) greater or equal to 18.5 kg/m2 and below 25kg/m2 (without obesity) 

or had a BMI greater or equal to 30kg/m2 (living with obesity). These thresholds were 

chosen to ensure we were: 1) investigating an adult sample 2) and to ensure that the two 

groups were extensively separated based on BMI. Individuals living with obesity had to be 

physically inactive (less than 150 minute of moderate-to-vigorous physical activity per 

week) to participate. Physical activity levels were estimated using Piezo Rx Pedometers 

using pre-determined thresholds (100 steps/min) for moderate intensity (15,16). 

3.3.4 Exclusion Criteria 

Exclusion criteria included: 1) BMI outside the predetermined threshold as 

mentioned previously, 2) individuals living with a condition that would impact their ability 
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to perform the exercise intervention were excluded from the study, 3) individuals living 

with diabetes or impaired glucose tolerance, 4) individuals that were taking medications 

that are known to impact insulin sensitivity and carbohydrate metabolism (i.e. 

corticosteroids or atypical antipsychotics),  5) individuals that experienced more than 10% 

weight loss or enrolled in a weight loss program over the past six months, and 6)  

individuals that take medication that are known to cause weight gain or weight loss were 

excluded.  

3.3.5 Exposure Variable – Sprint Interval Training Intervention 

Participants were required to take part in a four-week SIT intervention on a Monark 

874E Weight cycle ergometer. Participants attended supervised training sessions three 

times per week to performed SIT, with the number of intervals performed progressing from 

two to four over the duration of the four-week intervention (Table 3). All training sessions 

were supervised by a research staff member. Participants started with a four-minute light 

intensity warmup before the start of their first sprint interval. The work/rest ratio was 

30seconds:4minutes; four minutes of active recovery (at 59 Watts; the minimum amount 

of wattage attainable on cycle ergometer at 60 revolutions per minute) followed by a 30-

second Wingate. Research staff provided simple and standardized encouragement 

throughout the 30-second Wingate. The Borg Scale was used to measure rate of perceived 

exertion following each Wingate. The drop load for the 30-second Wingate was 7.5% of 

the participants total body weight to keep consistent with previous Wingate protocols 

(17,18). After exercise, a five-minute cool down was performed; then, heart rate and blood 
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pressure were taken to ensure participants were properly recovered before exiting the 

laboratory.  

3.3.6 Outcome Measure – Metabolic Flexibility 

 Metabolic flexibility was estimated in two states: resting state and during an acute 

bout of moderate intensity exercise. At rest, metabolic flexibility was estimated using 

respiratory quotient (RQ) from a resting metabolic rate (RMR) test using the TrueMax 

2400 Metabolic Measurement Cart (ParvoMedics, Utah, USA). Participants entered the lab 

following a 12-hour fast and were asked to refrain from exercise for a 48-hour period prior 

to testing. Participants were instructed to lie supine on a therapeutic bench and remain still 

throughout the entirety of the RMR test. The participants were tested in a private room 

with the lights dimmed. Breath by breath measurements were recorded every 30 seconds 

for a 30-minute span. The final 15 minutes of RQ measurements were used to estimate 

chronic metabolic flexibility.  

 Acute metabolic flexibility was estimated using respiratory exchange ratio (RER) 

from the TrueMax 2400 Metabolic Measurement Cart (ParvoMedics, Utah, USA) during 

an acute bout of exercise. Participants came into the laboratory following a specified 

dietary protocol and refraining from exercise for a 48-hour period prior to the assessment. 

In short, the dietary protocol required participants to record all food and beverages 

consumed the day prior to their visit at baseline. In addition, all participants ate a specified 

breakfast two hours before their visit times which consisted of cheerios, milk, and orange 

juice. Participants were instructed to consume the same food recorded the day prior to 

baseline testing on the day prior to their post testing visit as well. The dietary protocol was 
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performed to ensure participants metabolic flexibility values were not altered based on their 

dietary consumption at baseline and post testing. 

The participants were then asked to cycle at a cadence of 80-90 revolutions per 

minute until steady state was reached at 50% of their VO2 and heart rate reserve. Steady 

state was defined as the following: heart rate = ± five beats per minute and relative VO2 = 

± 1.2 ml/kg/min over 30 seconds averages over a minute period which is based on previous 

literature (19) and pilot data obtained in the CELLAB. Heart rate measurements were 

recorded using ZephyrTM BioHarness and OmniSense system (Medtronic, California, 

USA). The average of RER values during the steady state minute of the test were used to 

estimate acute metabolic flexibility. 

3.3.7 Outcome Measure – Insulin Sensitivity 

An oral glucose tolerance test (OGTT) was used to estimate insulin sensitivity at 

baseline and post-testing. The OGTT was performed during the first visit following a 12-

hour fast. Participants were instructed to consume a 75g TrutolTM Glucose Tolerance Test 

Beverage. Participant had one minute to drink the whole bottle. A two-hour timer was 

started following the complete consumption of the beverage and blood was taken at the 

following timepoints: 0 minute (before drinking the 75g TrutolTM), 30 minutes, 60 minutes, 

and 120 minutes. Blood was collected in a vacutainer via intravenous blood draws which 

was performed by a registered nurse or a phlebotomist. Blood samples were then 

centrifuged for 15 minutes at a spin rate of 2,000g at 4°C to separate the plasma from the 

blood sample. Plasma was then collected and stored at -80°C until further analysis was 

performed.  
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Measurements of insulin and glucose for each timepoint was analysed using an 

Insulin ELISA Kit (Catalog # 90095) and Glucose Assay Kit (Catalog # 81696) 

respectively from Crystal Chem (Illinois, USA) in accordance to the manufacturer 

protocol. Intra-assay coefficient of variation was 4.6% for glucose and 4.3% for insulin. 

Ocular density of the plates was measured using an EPOCH 2 Microplate Spectrophometer 

(Biotek, Vermont, USA). Gen5 software was used to analyze the ocular density of the 

plates with the specified wavelength in accordance to the manufacturer protocol. Insulin 

sensitivity was estimated using the Matsuda index with the derived insulin and glucose 

measurements from the OGTT (20). The formula for the Matsuda index is as followed: 

Insulin Sensitivity Index = 10,000/√(fasting plasma glucose concentration*fasting plasma 

insulin concentration*mean plasma glucose concentration*mean plasma insulin 

concentration) (21).  

3.3.8 Exploratory Variables 

Anthropometric measurements, body composition, lipid profile, cardiorespiratory 

fitness, and habitual physical activity levels (measured via Piezo RX Pedometers, described 

previously) were measured for exploratory purposes and description of the sample. BMI 

and waist circumference were measured using the CSEP protocol (22). Briefly, participants 

height and weight were measured to the nearest 0.5cm and 0.1kg respectively using a 

calibrated column scale (SECA model #213, Hamburg, Germany). Height was measured 

using a standardized stadiometer. Briefly, participants stood straight up with their feet 

together, arms to their side, and with no shoes and measurement were taken following an 

inhalation (22). Participants weight was measured with minimal clothing (shorts and t-
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shirt). For waist circumference, the measurement was taken after a normal expiration at the 

upper lateral border of the iliac crest (22). Participants stood with their feet shoulder width 

apart and their arms crossed on their chest (22). Research staff used an anthropometric tape 

measure and recorded waist circumference to the nearest 0.5cm according to the CSEP 

protocol  (22). 

Body composition was estimated using the BodPod version 1.69 (COSMED, 

California, USA). Participants wore tight shorts and a bathing cap while sitting still and 

breathing normally during the BodPod test. Based on participants’ body density value, fat-

free mass and fat mass was estimated using the Siri formula [% Body Fat = (495 / Body 

Density) – 450]. BodPod has shown to be a highly valid and reliable tool to estimate body 

composition as body fat error scores typically range from 1% to 2.7% (23).  

Lipid profile was measured using CardioChek PA Analyzer which has been 

validated by the National Cholesterol Education Program (NCEP) of the National Institutes 

of Health (NIH) (24). Research staff cleaned the participant’s left ring finger using an 

alcohol swab. Two collection tubes were filled and transferred to the testing strip for 

analysis. Measurements included total cholesterol, high density lipoprotein (HDL), 

triglyceride levels, low density lipoprotein (LDL), and glucose levels. Reliability for 

Cardiochek PA Analyzer has been researched previously (25,26). 

Cardiorespiratory fitness was measured by performing a graded cycle ergometer 

exercise test using the TrueMax 2400 Metabolic Measurement Cart (ParvoMedics, Utah, 

USA). The protocol was as follows: five minutes of cycling at 50 Watts followed by a 25 

Watts increase each minute until exhaustion at 80-90 revolutions per minute. The VO2peak 

values were used to estimate the participants VO2max score by averaging the final 30 
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seconds over five second measurements; heart rate, RER, and RPE was also recorded 

throughout the test.  

3.3.9 Statistical Analysis 

A power calculation was performed to determine the appropriate sample size. The 

sample size was calculated using G-power software (Version 3.1.9.2, Germany) with an 

effect size of 0.4, α= 0.05, and a power of 0.8. The total sample size per group was 8. It 

has been reported that HIIT interventions have an 18% drop out rate (27); therefore, we 

aimed to recruit an additional 2 participants per group. To account for drop out rate and to 

ensure that we could adjust for confounding variables, our final sample size was 34 (Figure 

2).  

 General characteristics are presented as mean ± SD for continuous variable and N 

(%) for categorical variables unless otherwise stated. Due to the small sample size, Shapiro 

Wilks test were performed to test for normality within the sample and a visual exploration 

of the data to confirm normality or abnormality was performed. Differences in baseline 

and delta change values across groups were analyzed using independent sample t-test. 

Then, a mixed model ANOVA was performed to see whether there was a significant 

interaction effect between time and BMI classification with changes in chronic and acute 

metabolic flexibility and insulin sensitivity. Bi-variate Spearman’s correlations were 

performed to investigate if changes in chronic or acute metabolic flexibility was associated 

with changes in insulin sensitivity. Data management and statistical analyses were 

performed using SPSS version 26 and STATA 16.1 software (StataCorp, College Station, 

TX, USA). A p≤0.05 was considered significant.  
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3.4 Results 

3.4.1 Descriptive Characteristics 

Thirty-four participants completed the study. Table 2 outlines the descriptive 

characteristics of the sample separated by BMI groups. Briefly, the average age of 

individuals without obesity was 41.7 ± 13.3, while individual living with obesity was 39.3 

± 11.8 respectively (p=0.582). The proportion of men was 50% vs. 37.5%; (p>0.05) in 

individual without obesity and individuals living with obesity. No significant difference 

was observed for lipid profile (p>0.05), while most baseline measurements of insulin and 

glucose measurement from the OGTT were significantly different between groups 

(p<0.05). Significant differences in physical activity levels (p=0.001) and RMR (p<0.001) 

were observed at baseline between groups.  Significant group differences were observed at 

baseline for cardiorespiratory fitness (p<0.001). The number of participants that reached a 

true (based of RER and % of maximum heart rate) VO2max was 14 (77.8%) and 11 (68.8%) 

at baseline, and 17 (94.4%) and 10 (62.5%) at post testing for individuals without obesity 

and living with obesity respectively. Chronic (p=0.954) and acute (p=0.278) metabolic 

flexibility were not significantly different between groups at baseline, while a significant 

difference was observed for insulin sensitivity at baseline between individuals living 

without obesity and individuals living with obesity (29.2 ± 18.4 vs. 5.9 ± 3.4; p<0.001). 

3.4.2 Change in Main Outcomes  

Figures 3A, 3B and 4A, 4B show the impact of the four-week SIT on chronic and 

acute metabolic flexibility defined as changes in RQ and RER. No significant changes nor 

difference was observed between groups for chronic metabolic flexibility (p>0.05). 
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However, acute metabolic flexibility improved significantly (reduction in RER) following 

four weeks of SIT (p=0.046) in the individuals living with obesity and this change was 

significantly different from individuals living without obesity (Figure 4A, 4B; p<0.020).  

Figure 5A and 5B describe the absolute and percent changes in insulin sensitivity 

(estimated via Matsuda index) following four weeks of SIT for both groups.  Individuals 

without obesity had a significant reduction in insulin sensitivity of 25.3% (p=0.039) after 

only four weeks of SIT, while the group living with obesity had an increase of 30.1% in 

insulin sensitivity, although it did not reach statistical significance (p=0.287). Significant 

differences were observed for absolute and percent changes in insulin sensitivity between 

groups (p<0.026).  

3.4.3 Mixed Model ANOVA   

When adjusted for cardiorespiratory fitness, no significant BMI group effect 

[F(1,30)=0.564, p=0.458], time effect [F(1,30)=0.362, p=0.552], or interaction effect 

[F(1,30)=0.851, p=0.364] was observed for chronic metabolic flexibility. There was no 

significant BMI group effect [F(1,31)=0.087, p=0.773] observed for acute metabolic 

flexibility when adjusted for cardiorespiratory fitness; however, there was a significant 

time effect [F(1,31)=6.340, p=0.017] and interaction effect [F(1,31)=14.55, p=0.001] 

observed within the model. Finally, there was no significant time effect [F(1,31)=0.008, 

p=0.927] observed for insulin sensitivity when adjusted for fat-free mass; however, there 

was a significant BMI group effect [F(1,31)=27.740, p<0.001] and interaction effect 

[F(1,31)=5.010, p=0.033] observed. 
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3.4.4 Correlations between Chronic and Acute Metabolic Flexibility and Insulin 

Sensitivity 

 Figures 6A, B to 7A, B examine correlations between absolute and percent changes 

in chronic (RQ) and acute (RER) metabolic flexibility, and absolute and percent changes 

in insulin sensitivity. Overall, no significant correlations were observed between changes 

in chronic metabolic flexibility and changes in insulin sensitivity (Figure 6A r=0.097; 

p=0.592) and between percent change in chronic metabolic flexibility and percent change 

in insulin sensitivity (Figure 6B r=0.097; p=0.590). Similar results were observed for 

absolute and percent changes in acute metabolic flexibility and insulin sensitivity (Figure 

7A, B: p> 0.05). 

 Furthermore, correlations between chronic and acute changes in metabolic 

flexibility, and changes in insulin sensitivity were also investigated stratified by group 

(Figure 8A, B; 9A, B and 10A, B). No correlations were observed between changes in 

chronic metabolic flexibility and changes in insulin sensitivity in individuals living without 

(Figure 8A: r=0.021; p=0.935) or with obesity (Figure 8B: r=0.368; p=0.177). Similar 

results were observed for percent change in chronic metabolic flexibility and percent 

changes in insulin sensitivity (Figure 9A, B: p> 0.05). 

Figure 10A, B showed a lack of significant correlations between absolute change 

in acute metabolic flexibility and change in insulin sensitivity in individuals living without 

(Figure 10A: r=0.236; p=0.345) and with (Figure 10B: r=0.038; p=0.888) obesity. Similar 

results were observed for percent change in acute metabolic flexibility and percent change 

in insulin sensitivity (Figure 11A, B: p> 0.05). 
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3.5 Discussion 

 The main objectives of this study were 1) to investigate whether four weeks of SIT 

would elicit changes in chronic and acute metabolic flexibility, and in insulin sensitivity in 

individuals living with obesity compared to individuals without obesity, and 2) to 

investigate if changes in chronic and acute metabolic flexibility were associated with 

change in insulin sensitivity. The main findings of our study suggest that individuals living 

with obesity that performed SIT improved acute metabolic flexibility and insulin sensitivity 

compared to individuals living without obesity. However, changes in chronic and acute 

metabolic flexibility were not associated with changes in insulin sensitivity. These results 

are important for the management of obesity and obesity-related cardiometabolic health as 

they suggest that a short intervention of only four weeks may improve metabolic flexibility 

and insulin sensitivity in individuals living with obesity compared to individuals without 

obesity. 

 In the present study, no change was observed for chronic metabolic flexibility 

following four weeks of SIT. This observation is surprising since previous research 

observed an improvement in chronic metabolic flexibility following exercise training in 

individuals living with obesity (6,9–11); however, most of these studies investigated 

continuous aerobic exercise (6,9,10), which might partially explain the differences 

observed with our results. Strong evidence have shown that exercise training enhance 

metabolic flexibility with limited strong evidence on SIT (11). For example, Whyte et al. 

(2010) concluded that there was a significant improvement in chronic metabolic flexibility 

(decrease in RQ from 0.78 ± 0.01 to 0.73 ± 0.01; p<0.05) following SIT in men living with 

obesity (11).  However, this study did not have a control condition (11); and therefore, we 
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do not know if this observation is a time effect or simply an error of measurement. In 

addition, sex differences substrate oxidation have been reported in the literature (28) and 

our sample was composed of men and women while Whyte et al. (2010) studied a small 

sample of men exclusively (n=10) (11), which could potentially explain the difference 

observed. It is also important to note that individuals living with obesity did not present a 

significant difference in chronic metabolic flexibility at baseline compared individuals 

without obesity (0.80 ± 0.04 vs. 0.80 ± 0.05). This finding suggest that the current sample 

did not have metabolic inflexibility, which may explain the lack of changes in chronic 

metabolic flexibility in individuals living with obesity. 

 A significant improvement in acute metabolic flexibility in individuals living with 

obesity compared to individuals without obesity was observed following SIT. This result 

aligns with findings from previous research showing improved acute metabolic flexibility 

following exercise training (8,12,29–31). However, these studies have investigated the 

impact of exercise on acute metabolic flexibility using a design with major flaws. For 

example, one study that investigated the impact of SIT on acute metabolic flexibility was 

Jabbour & Iancu (2017). They reported an increase in lipid oxidation in individuals living 

with obesity during exercise at multiple absolute intensities (25, 50, and 75 watts) 

following six weeks of SIT (12). However, in this study, acute metabolic flexibility was 

quantified at an absolute intensity (12). Using absolute intensities rather than relative 

intensities (i.e. % of maximum heart rate or VO2 max) is potentially major limitation as 

participants were likely working at a lower relative intensity at post testing. Therefore, the 

observed increase in lipid oxidation may solely be the result of a reduction in intensity and 

not a result of the intervention itself. Therefore, our study adds to the current literature by 



 

56 

 

providing novel information using a stronger design than previous studies and by showing 

improvement in acute metabolic flexibility through a shorter period of time.   

 The findings of the present study suggested a significant change in insulin 

sensitivity in individuals living with obesity following SIT compared to individuals living 

without obesity. These findings align with results from others that observed improvement 

insulin sensitivity with exercise training (10–13,32,33). A meta-analysis performed by 

Jelleyman et al. (2015) suggested a larger significant reduction in insulin resistance in the 

HIIT groups (standardized mean difference of −0.49 95%CI [−0.87 - −0.12]) compared to 

the control groups (standardized mean difference of −0.35 95%CI [−0.68 - −0.02]), 

although these data are not exclusively from studies which investigated individuals living 

with obesity and SIT (13). Additionally, it has been suggested that eight weeks of HIIT 

resulted in a significant 20.5% reduction in HOMA-IR score in individuals living with both 

obesity and insulin resistance (32). However, this study also reported that no significant 

reduction is present for individuals living with obesity without pre-existing insulin 

resistance (32); which contradicts the findings of the present study. It is important to note 

the difference in intervention design between the two studies; the previous study had 

participants perform 8 to 12 intervals with a work:rest of 60 seconds at 80-110% of peak 

power followed by 60 seconds of active recovery at 30 watts (32), which is drastically 

different from the current study. However, together these findings suggest that different 

forms of HIIT and SIT are impactful at altering insulin sensitivity in populations with 

elevated levels of insulin resistance, as well as individuals living with obesity. 

 It is important to note that the present study observed a 25.3% reduction in insulin 

sensitivity in individuals living without obesity following SIT. These results are surprising 
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as evidence suggest that exercise training, especially performed at higher intensities, has 

been has been shown to improve insulin sensitivity (33,34). The observed reduction in 

insulin sensitivity in the present study could potentially due to reductions in moderate-to-

vigorous physical activity levels observed in this group (30% reduction).  

 The present study did not observe significant correlations between changes in 

insulin sensitivity and changes in chronic and acute metabolic flexibility. These findings 

were surprising and are not consistent with previous literature. Originally, Kelley et al. 

(1999) reported a relationship between increased insulin resistance and metabolic 

inflexibility in individuals who lost 14 kg body weight (2). In our study, no significant 

weight loss was observed following four weeks of SIT, which might partially explain the 

difference between studies. Malin et al. (2013) reported a significant correlation between 

improvements in metabolic flexibility and insulin sensitivity following 12 weeks of high 

intensity exercise training in individuals living with obesity and insulin resistance (10).  In 

our study, all participants were normoglycemic with a healthy metabolic profile. Therefore, 

it is possible that participant’s healthy metabolic profile impacted the associations observed 

in our study. Furthermore, the present study was a four-week intervention, which is one 

third of the intervention performed by Malin et al. (2013) (10). Consequently, it is possible 

to hypothesize that an association between metabolic flexibility and insulin sensitivity 

would be observed with a longer protocol of SIT.  However, this can be rule out since 

short-term study (two weeks) have observed this association in individuals slightly 

overweight individuals (33). 

The implications of the findings are of value as they suggest that a weekly 

performance three session of SIT may be enough to have an impact on both metabolic 
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flexibility and insulin sensitivity in individuals living with obesity. According to a 

systematic review performed in 2009, individuals living with obesity face many barriers 

regarding beginning exercise, the main barriers being lack of time (35). Therefore, 

performing SIT may be a viable option to help reduce the impact that time commitment 

has on an individual’s likelihood to begin regular exercise. However, Lunt et al. (2014) 

suggested that the implementation of SIT outside of a research environment is extremely 

challenging (36). Therefore, SIT may not have as strong as an impact on cardiometabolic 

outcomes as previously suggested. Alternatively, it has been suggested that HIIT shows 

similar rates of enjoyment and adherence compared to moderate intensity exercise of the 

same duration and frequency (37); suggesting that interval training may be just as viable 

of an option as continuous based exercise.  

3.5.1 Strengths and Limitations 

 Although the results of the current study provide important insight for the 

management of obesity and obesity-related risk factors, some limitations need to be 

acknowledged. First, there was no non-experimental control group for the current study. 

Therefore, limiting the conclusions that could be drawn from present study. Second, having 

a small sample size may have impacted the findings observed and the level of significance 

observed in the main statistical analysis of the study. Also, the reduced sample size limited 

the amount of confounder we could control for in the models. Third, participants may have 

only reached a VO2peak rather than a true VO2max measurement during the cardiorespiratory 

test, which would have impacted the relative exercise intensity for the acute metabolic 

flexibility measurement. Finally, baseline chronic metabolic flexibility was similar 
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between groups which may have impacted the findings observed in our study. 

Nevertheless, our study is strengthened by its design allowing for the comparison of 

individuals without obesity and individuals living with obesity regarding both chronic and 

acute metabolic flexibility. In addition, an objective quantification of insulin sensitivity 

was used to ensure exclusion of individuals with impaired glucose metabolism. Finally, 

SIT was supervised in a one on one environment by the same researchers over the four-

week period, allowing the study to have a tightly controlled environment for the exposure 

variable. 

3.5.2 Conclusion 

 In summary, four weeks of SIT elicited significant changes in acute metabolic 

flexibility and insulin sensitivity in individuals living with obesity compared to individuals 

without obesity. However, no significant change was observed for chronic metabolic 

flexibility. In addition, changes in metabolic flexibility was not correlated with changes in 

insulin sensitivity. Future research should focus more mechanistic studies that are required 

to better understand how changes in metabolic flexibility and insulin sensitivity are 

modified in short-term SIT. In addition, more research is needed on the impact that changes 

in metabolic flexibility has on other important clinical health outcomes. 
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Table 1. Progression of four-week intervention. 

 Week 1 Week 2 Week 3 Week 4 

Number of 

Intervals 
2 3 4 4 

Total Duration 

(min:sec) 
9:00 13:30 18:00 18:00 

Total Work 

Duration (min:sec) 
1:00 1:30 2:00 2:00 
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Table 2. General Characteristics of Individuals without and Living with Obesity. 

 Without Obesity (n=18) Living with Obesity (n=16) 

 Pre Δ Change Pre Δ Change 

Age (years) 41.7 ± 13.3  39.3 ± 11.8  

Sex (males) 9 (50%)  6 (37.5%)  

Anthropometrics     

Weight (kg) 68.3 ± 10.5 0.43 ± 0.9 104.0 ± 18.7* -0.21 ± 1.8 

Body Mass Index (kg/m2) 22.9 ± 1.6 0.12 ± 0.3 34.1 ± 3.8* -0.05 ±0.6 

Waist Circumference (cm) 85.0 ± 7.1 -0.08 ± 2.1 113.2 ± 12.4* -1.0 ± 2.8 

Body Fat (%) 24.7 ± 9.5 -0.43 ± 1.4 42.6 ± 6.5* -0.83 ± 1.6 

Fat Mass (kg) 16.7 ± 6.7 -0.30 ± 1.1 44.4 ± 11.8* -0.85 ± 2.0 

Fat-free Mass (kg) 51.4 ± 10.9 0.46 ± 1.0 59.3 ± 10.7* 1.3 ± 2.7 

Metabolic Profile     

Resting SBP (mmHg) 107.4 ± 7.1 -3.0 ± 9.8  124.9 ± 14.2* -8.3 ± 9.5 

Resting DBP (mmHg) 68.0 ± 9.3 0.03 ± 7.0 83.8 ± 7.5* -3.5 ± 7.6 

Total Chol (mmol/L) 4.8 ± 1.6 -0.13 ± 0.8 5.5 ± 1.4 -0.29 ± 0.8 

HDL Chol (mmol/L) 1.6 ± 0.4 0.02 ± 0.3 1.4 ± 0.3 -0.04 ± 0.3 

Triglycerides (mmol/L) 1.2 ± 0.8 -0.20 ± 0.5 1.7 ± 0.9 -0.19 ± 0.5 

LDL Chol (mmol/L) 2.8 ± 1.2 -0.11 ± 0.6 3.4 ± 1.3 -0.17 ± 0.7 

Fasting Glucose (mmol/L) 4.8 ± 0.6 0.07 ± 0.9 5.2 ± 0.7 0.02 ± 0.6 

OGTT Results     

Insulin T0 (pmol/L) 12.0 ± 11.6 12.2 ± 16.0 52.5 ± 29.3* 13.3 ± 27.0 

Insulin T30 (pmol/L) 144.7 ± 65.2 97.4 ± 159.0 442.5 ± 169.4* 1.8 ± 239.9 

Insulin T60 (pmol/L) 207.3 ± 74.3 52.1 ± 160.7 618.1 ± 217.3* -141.2 ± 252.3* 

Insulin T120 (pmol/L) 126.1 ± 74.3 38.4 ± 66.1 413.5 ± 207.4* -21.7 ± 249.2 

Glucose T0 (mmol/L) 4.5 ± 1.0 -0.03 ± 1.4 5.0 ± 1.0 -0.25 ± 1.3 

Glucose T30 (mmol/L) 6.2 ± 1.5 -0.54 ± 1.9 7.2 ± 1.4 -1.4 ± 1.9 

Glucose T60 (mmol/L) 5.2 ± 1.6 -0.2 ± 1.3 7.6 ± 2.5* -1.7 ± 2.4* 

Glucose T120 (mmol/L) 4.4 ± 1.5 -0.26 ± 1.4  5.5 ± 1.6* -0.09 ± 1.8 

Activity Level and CRF     

MVPA Level (min/week) 127.2 ± 121.0 -38.2 ± 157.0 14.0 ± 20.0* 0.13 ± 27.9 

CRF (ml/kg/min) 36.4 ± 8.6 2.8 ± 3.6 25.8 ± 5.4* 0.77 ± 3.2 

Met VO2max Criteria 14 (77.8%) 17 (94.4%)† 11 (68.8%) 10 (62.5%)† 

RMR (kcal/day) 1539.2 ± 294.9 29.4 ± 209.0 2062.2 ± 327.7* 40.9 ± 159.2 

Main Outcomes 

RQ (VCO2/VO2) 0.80 ± 0.05 0.01 ± 0.07 0.80 ± 0.04 -0.02 ± 0.04 

RER (VCO2/VO2) 0.93 ± 0.04 0.02 ± 0.05 0.95 ± 0.08 -0.03 ± 0.06* 

Insulin Sensitivity 29.2 ± 18.4 -10.5 ± 19.9 5.9 ± 3.4* 1.7 ± 6.0* 

Continuous variables are presented as means ± standard deviation. Categorical variables are presented 

as n (%). SBP: systolic blood pressure; DBP: diastolic blood pressure; Chol: cholesterol; HDL: high 

density lipoprotein; LDL: low density lipoprotein; RMR: resting metabolic rate; OGTT: oral glucose 
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tolerance test; MVPA: moderate-to-vigorous physical activity; CRF: cardiorespiratory fitness; RQ: 

respiratory quotient; RER: respiratory exchange ratio. * represents significant difference between 

groups; alpha level at 0.05. † represents post testing data. 
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Table 3. Main Effect from Mixed Model ANOVA.  

  RQ RER Si 

Time Effect 
F 0.362 6.340 0.008 

p-value 0.552 0.017 0.927 

Group Effect 
F 0.564 0.087 27.740 

p-value 0.458 0.773 <0.001 

Interaction Effect 
F 0.851 14.55 5.010 

p-value 0.364 0.001 0.033 

RQ: respiratory quotient; RER: respiratory exchange ratio; Si: Insulin Sensitivity. RQ and RER 

models are adjusted for baseline cardiorespiratory fitness. Insulin Sensitivity model is adjusted for 

baseline fat-free mass. P<0.05 was considered significant. 
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Figure 1. Experimental Timeline. 
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Figure 2. Participant Flowchart 
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Figure 3A, 3B. Absolute change and percentage change in chronic metabolic flexibility. 

Data are presented as mean and 95% confidence intervals. * represent significant different 

from baseline p≤ 0.05.   
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Figure 4A, 4B. Absolute change and percentage change in acute metabolic flexibility. 

Data are presented as mean and 95% confidence intervals. * represent significant different 

from baseline p≤ 0.05.   
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Figure 5A, 5B. Absolute change and percentage change in insulin sensitivity from the 

Matsuda Index. Data are presented as mean and 95% confidence intervals. * represent 

significant different from baseline p≤ 0.05.   
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Figure 6A, 6B. Association between absolute changes and percentage changes in chronic 

metabolic flexibility and insulin sensitivity for the whole cohort.  
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Figure 7A, 7B. Association between absolute changes and percentage changes in acute 

metabolic flexibility and insulin sensitivity for the whole cohort.  
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Figure 8A (without obesity), 8B (with obesity). Association between changes in 

chronic metabolic flexibility and changes in insulin sensitivity in individuals living 

without and with obesity. 
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Figure 9A (without obesity), 9B (with obesity). Association between percent changes in 

chronic metabolic flexibility and percent changes in insulin sensitivity in individuals 

living without and with obesity. 
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Figure 10A (without obesity), 10B (with obesity). Association between changes in 

acute metabolic flexibility and changes in insulin sensitivity in individuals living without 

and with obesity. 
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Figure 11A (without obesity), 11B (with obesity). Association between percent changes 

in acute metabolic flexibility and percent changes in insulin sensitivity in individuals 

living without and with obesity. 
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Appendices 

Appendix A – iFLEX Advertisement 
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Appendix B - Pedometer Instruction Sheet 

What to do with your pedometer? 

For the next week, you will be wearing a pedometer. A pedometer records 

the following measurements: step count per day and activity level per day. 

While you are physically active, it will tell us the intensity you are working 

at as well as the amount of time in each intensity. 

It is very important that you wear the pedometer during all waking hours 

during the day. Only remove your pedometer when participating in water 

activities (i.e. swimming, showering etc.) and while you’re sleeping 

The pedometer should be worn on the right hip. Typically, the individual 

would use the clip to attach it to their belt or waist band of their pants.  

The back side of this form can be used to track when you wear it throughout 

the day. An example can be found below: 

Day Hours worn Hours not worn 
Total time 

worn 

1 

7:00am to 

2:00pm 2:00pm to 

3:00pm 
14:00 hours 

3:00pm to 

10:00pm 

  

If you have any questions or concerns while wearing the pedometer, feel free 

to call or send an email and we will answer you as soon as possible. 
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Participant ID#: 

Day Hours worn Hours not worn Total time worn 

1 

 

 am/pm to 

 am/pm 

 

 am/pm to 

 am/pm 

 hours 

2 

 

 am/pm to 

 am/pm 

 

 am/pm to 

 am/pm 

 hours 

3 

 

 am/pm to 

 am/pm 

 

 am/pm to 

 am/pm 

 hours 

4 

 

 am/pm to 

 am/pm 

 

 am/pm to 

 am/pm 

 hours 

5 

 

 am/pm to 

 am/pm 

 

 am/pm to 

 am/pm 

 hours 

6 

 

 am/pm to 

 am/pm 

 

 am/pm to 

 am/pm 

 hours 

7 

 

 am/pm to 

 am/pm 

 

 am/pm to 

 am/pm 

 hours 
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