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Abstract 

        The ability of the body to manage blood sugar is referred to as insulin sensitivity. Reduced 

insulin sensitivity is both a risk factor and is involved in the pathogenesis of type-2 diabetes. 

Cardiorespiratory fitness (CRF) is an established predictor of insulin sensitivity. Whether this 

association persists following control for exercise is not known. The primary objective of this 

study was to determine the independent associations between changes in exercise, CRF and 

insulin sensitivity. The influence of changes in body weight and waist circumference (WC) on 

these associations was examined in secondary analyses. 

       Participants were 140 middle-aged, inactive, abdominally obese adults that participated in a 

24-week exercise program. Exercise was performed 5 times per week for the duration of the 

program and was measured as Calories of energy expended, herein referred to as exercise energy 

expenditure (exercise EE). CRF was measured using a treadmill test to exhaustion. Body weight 

was measured on a Detecto scale and WC was measured at the level of the hip bone. Physical 

activity performed outside of the exercise sessions was measured using portable activity 

monitors known as accelerometers. Caloric intake was monitored using daily diet records. 

Following oral consumption of a 75-gram glucose drink, 2-hour insulin area under the curve was 

calculated as a measure of insulin sensitivity. 

        Change in insulin sensitivity was associated with exercise EE, change in CRF, change in 

body weight and change in WC. Exercise EE was associated with change in insulin sensitivity 

after we adjusted for change in CRF, whereas change in CRF was not associated with change in 

insulin sensitivity after we adjusted for exercise EE. After further adjustment for changes in body 

weight and WC, neither exercise EE nor change in CRF were associated with change in insulin 
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sensitivity. Changes in body weight and WC were associated with change in insulin sensitivity 

after adjustment for exercise EE and change in CRF. 

      The principle finding of this study was that the link between CRF and insulin sensitivity is 

largely explained by variations in exercise. Further, a reduction in obesity is one of the ways in 

which exercise improves insulin sensitivity. 
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Chapter 1: General Introduction 

       Insulin sensitivity reflects the ability of various tissues in the body to manage blood sugar 

and maintain glucose homeostasis. Impaired insulin sensitivity is both a risk factor and a 

symptom of type-2 diabetes mellitus (T2DM) (58). Moreover, reduced insulin sensitivity, 

measured as increased insulin area under the curve (IAUC) during an oral glucose tolerance test, 

is associated with increased cardiovascular and all-cause mortality (66). 

       Cardiorespiratory fitness (CRF) has been associated with increased insulin sensitivity in 

cross-sectional studies (14, 62, 67) and reduced incident T2DM in prospective studies (28, 81, 

91). However, absent from these investigations was the adjustment for physical activity (PA) 

levels. Both PA (37, 38, 56) and exercise (6) are positively associated with insulin sensitivity by 

established mechanisms of action (35, 39). Exercise-induced improvements in CRF are thought 

to operate largely through changes in cardiac output, particularly increased stroke volume (55). 

Despite strong associations between CRF and insulin sensitivity, a mechanism that would link 

CRF or stroke volume to insulin sensitivity is unclear. Thus, it may be that CRF is associated 

with insulin sensitivity simply because it is an objective marker of exercise, and that CRF per se 

does not result in improvements in insulin sensitivity. This notion is supported by the findings of 

Ekelund et al. who reported that in a 5.6 year prospective study of 393 healthy adults, CRF was 

not associated with insulin sensitivity following control for PA (27). On the other hand, PA 

remained associated with insulin sensitivity after control for CRF. Although insightful and 

strengthened by the use of objectively measured PA, a primary limitation of this study was the 

assumption that PA levels over the duration of the investigation were accurately represented by a 

single follow-up measure of PA. Further, potential confounding from variations in diet 

composition (68, 89) could not be considered. 
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        The primary objective of this thesis was to determine the independent associations between 

exercise, CRF and insulin sensitivity. The secondary objective was to examine the influence of 

obesity on this relationship. 

        Thus, we performed an ancillary study using a 24-week, rigorously controlled exercise trial 

among abdominally obese adults. Specific exercise targets were prescribed and each session was 

supervised to ensure accurate representation of exercise over the course of the trial. Further, we 

controlled for potential confounding factors including variations in daily PA and diet 

composition. 

         We hypothesized that exercise would be associated with improvements in insulin 

sensitivity independent of changes in CRF, whereas change in CRF would not be associated with 

improvements in insulin sensitivity independent of exercise. Further, we hypothesized that the 

association between exercise and insulin sensitivity would be at least partially explained by 

reductions in obesity. 
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Chapter 2: Literature Review 

2.1 Introduction 

        This review will explore the independent associations of physical activity (PA) and 

cardiorespiratory fitness (CRF) with insulin resistance. The first section will provide an overview 

of insulin resistance, various methods for its measurement, proposed mechanisms of its 

pathogenesis and how it is influenced by both PA and CRF. The succeeding section will discuss 

current literature that has compared the independent effects of PA and CRF on insulin resistance. 

A particular distinction will be made between methods of PA assessment. The final section will 

outline the current gaps in knowledge and establish the importance for my research question. 

2.2 Insulin resistance 

         Under normal conditions, glucose ingestion results in the release of insulin from pancreatic 

beta-cells which then stimulates the uptake of glucose by various tissues in the body, most 

notably the skeletal muscle. Insulin resistance refers to a diminished response of these tissues to 

circulating insulin resulting in decreased uptake of plasma glucose by the muscle and liver (19), 

and increased hepatic glucose release into the blood (85). Insulin resistance precedes the 

development of type-2 diabetes mellitus (T2DM) (58) and is a major independent risk factor for 

cardiovascular disease (CVD) and mortality (66, 75). 

      The insulin sensitivity of muscle can be measured most accurately using the 

hyperinsulinemic-euglycemic clamp technique (20). Alternatively, the oral glucose tolerance test 

(OGTT) is a less invasive method that provides a pragmatic assessment of whole body blood 

glucose management in response to oral glucose ingestion. Serum insulin is obtained at various 

time-points throughout the OGTT and these values can be used to estimate the insulin area under 



4 
 

the curve (IAUC). The IAUC provides a reasonable estimate of insulin sensitivity when 

validated against the hyperinsulinemic-euglycemic clamp (1) and is positively associated with 

increased risk of all-cause and cardiovascular mortality (66). 

2.2.1 Ectopic fat: a model for insulin resistance 

         In a state of positive energy balance, subcutaneous adipocytes unable to recruit additional 

adipose tissue cells through hyperplasia will undergo hypertrophy and exceed their storage 

capacity, resulting in lipid overflow and an increase in plasma free fatty acids (FFA). Much of 

this fat is then stored in depots not designed for excess lipid storage such as the liver, heart, 

skeletal muscle and abdominal visceral adipose tissue, illustrated visually in Figure 1. This is 

known as ectopic fat storage and these depots are highly correlated with insulin resistance (45, 

51, 83, 85, 87). 
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Figure 1: Illustration of the lipid overflow hypothesis adapted from Despres and Lemieux (21) 

(Figure permission in Appendix B). 

        In a seminal paper published in 1953, Dr. Jean Vague made the observation that the 

"android" or "apple-shape" type of obesity typically found in men was associated with metabolic 

disturbances and the development of T2DM (88). Krotkiewski et al. extended this observation 

demonstrating that for a given level of relative obesity, those with greater abdominal adiposity, 

particularly fat-cell size, had higher levels of circulating glucose and insulin, triglycerides and 

blood pressure (53). Since then, a multitude of attention has been given to this subject. In a 

recent review examining abdominal obesity, Tchernof and Despres (85) affirm beyond question 
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that increased abdominal obesity, particularly visceral adiposity, is a significant predictor of 

obesity-related morbidities, perhaps to an even greater extent than total body fat. In particular, 

visceral adiposity is regarded as a key component in the development of insulin resistance (19, 

21, 45, 83). 

          It is believed that an excess of visceral adiposity is linked to the augmented release of 

inflammatory cytokines that may induce insulin resistance such as tumor necrosis factor-α (TNF-

α), interleukin-6 and interleukin-1α. These cytokines are released directly from the adipose 

tissue, thus termed adipokines, or from invading macrophages. In addition, visceral adiposity is 

associated with a diminished release of adipokines that promote insulin sensitivity such as 

adiponectin. The validity of this mechanism is reinforced by the finding that individuals with 

increased visceral adiposity and those with elevated 2-hour glucose exhibit higher levels of TNF-

α (87) and reduced levels of adiponectin (85). 

          An alternative mechanism of insulin resistance is that of lipotoxicity resulting from ectopic 

fat accumulation on skeletal muscle. It has been established that increased intramuscular 

triglycerides (IMTG) results in the formation of lipotoxic metabolites such as ceramides and 

diacylglycerides (DAG) (52). Various reviews have linked these metabolites to muscle and liver 

insulin resistance (19, 83). TNF-α, ceramides and DAG are believed to induce insulin resistance 

by disrupting the insulin signalling cascade in the muscle and liver resulting in decreased glucose 

transporter type-4 (GLUT-4) stimulated glucose uptake in skeletal muscle and increased hepatic 

glucose production. 

           It is likely that both of these mechanisms co-exist and contribute to insulin resistance. A 

compensatory response of the pancreas to maintain normal blood glucose levels (4.5mmol/L) is 
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to increase secretion of insulin primarily through an increase in beta-cell mass (93). However, as 

insulin resistance progresses, beta-cells become unable to maintain the elevated secretion of 

insulin, resulting in hyperglycemia. A comprehensive review by Weir and colleagues (93) 

indicated that this stage of insulin resistance marks the onset of beta-cell dysfunction. The 

mechanism for this response is unknown but it has been speculated that an increase in circulating 

FFA or TNF-α may play a role as chronic exposure has been shown to induce beta-cell apoptosis 

(19, 83). However, FFA levels are correlated poorly with diminished beta-cell acute glucose-

stimulated insulin secretion, whereas correlation with increased plasma glucose levels is very 

precise (94), suggesting glucose toxicity may also play a role. As a result, there is a decrease in 

beta-cell mass and function. The progression of insulin resistance and the ensuing beta-cell 

dysfunction are characteristics of T2DM. 

2.2.2 Physical activity and insulin resistance 

         There is convincing evidence that insulin sensitivity is improved following both acute and 

regular exercise (5, 15, 35) and daily PA (37, 42, 56, 57). The precise mechanisms through 

which exercise operates have yet to be fully elucidated, however several have been proposed and 

are generally well accepted. It has been previously demonstrated that an acute bout of exercise 

results in increased glucose uptake by the skeletal muscle (6). Interestingly, acute exercise-

induced glucose uptake is not impaired in individuals with insulin resistance (15) indicating a 

mechanism of operation independent of insulin. Muscle contractions stimulate AMP-activated 

protein kinase which triggers a cascade of events resulting in GLUT-4 translocation to the 

plasma membrane (35) and thus glucose uptake into the cell. This may be compounded by an 

increase in blood flow, and thus glucose, to the skeletal muscle. Glucose uptake resulting from 
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acute exercise remains elevated for only a few hours post exercise (15), however regular exercise 

may provide longer lasting benefits. 

      Exercise training results in increased GLUT-4, insulin receptor, insulin receptor substrate-1 

and mitogen-activated protein kinase expression within the skeletal muscle, all of which increase 

the capacity for GLUT-4 to be translocated to the plasma membrane (6, 15, 35). Increased 

myocellular GLUT-4 expression resulting from exercise training is reported to be associated with 

improved insulin sensitivity (35), however results are ambiguous (43). Interestingly, following 

14 days of detraining in trained individuals, there is a decrease in insulin sensitivity but not in 

GLUT-4 expression (40). This suggests that the relationship between exercise and insulin 

sensitivity is multifactorial. 

        There is equivocal evidence regarding the role of obesity in the relationship between 

exercise and insulin sensitivity. Epidemiological evidence indicates that although the association 

is attenuated, daily PA is inversely associated with insulin resistance (37, 56) and T2DM 

incidence (42, 57) independent of obesity. Additionally, there are exercise intervention trials that 

have demonstrated an improvement in insulin sensitivity due to exercise training in the absence 

of a change in weight or body composition (24, 43, 64). These studies support the existence of 

previously described adaptations at the skeletal muscle as mechanisms for exercise-induced 

improvements in insulin sensitivity. However, there are exercise interventions (78) and 

randomized controlled trials (70, 74) that have demonstrated that when there was no change in 

body weight, exercise training did not improve insulin sensitivity. Of note, in the study by Ross 

et al. (70), participants who exercised without incurring weight loss did improve glucose uptake 

by 30%, however after adjustment for changes in visceral adipose tissue the improvement from 

baseline did not remain significant. It is generally accepted that visceral adiposity is not only 
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associated with insulin resistance, but is causally linked to its development (19, 21, 45, 83). 

Visceral adipose tissue can be reduced by diet-induced weight loss (70), exercise-induced weight 

loss (63, 70, 74) and interestingly, exercise without weight loss (70, 73). Randomized controlled 

trials have found that an exercise-induced reduction in visceral adiposity is significantly 

correlated with improvements in insulin sensitivity (70, 74), and that this occurs independent of 

total and abdominal subcutaneous fat (69). This observation is confirmed in exercise intervention 

trials (63). Thus, it would appear that exercise preferentially reduces visceral adipose tissue and 

hereby improves insulin sensitivity. A possible mechanism of action for this pathway is through 

a concurrent reduction in previously described inflammatory adipokines typically associated with 

visceral adiposity that are known to induce insulin resistance. Tsigos et al. (87) found that TNF-α 

levels were higher in those with increased abdominal adiposity, estimated using waist-to-hip 

ratio, and were significantly associated with 2-hour glucose and insulin. However, it is not firmly 

established whether exercise-induced reductions in visceral adiposity concurrently reduce these 

adipokines (63). 

        Alternatively, it has been suggested that exercise may improve insulin sensitivity through 

the mobilization of IMTG and ensuing reduction in previously described harmful lipid 

intermediates DAG and ceramide. This occurs in response to both acute and chronic exercise. 

For instance, Schenk and Horowitz observed that a single bout of exercise prior to lipid infusion 

in humans resulted in decreased lipid storage in the form of DAG and ceramide (77). Whereas 

other studies have shown that moderate exercise training, regardless of IMTG levels, reduces 

ceramide content in obese men and women (11, 23). Goodpaster et al. suggest that this may 

occur through an improvement in skeletal muscle oxidative capacity. They reported that exercise 

training in obese, insulin resistant individuals resulted in improved insulin-stimulated glucose 
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uptake (34). The authors observed that the improvement in insulin sensitivity was strongly 

related to a concomitant increase in resting fat oxidation. Goodpaster and colleagues have 

previously determined that impaired fasting fat oxidation significantly predicts reduced insulin-

stimulated glucose uptake (48), and fasting rates of fat oxidation are decreased in the skeletal 

muscle of those who are obese or have insulin resistance (49). Thus, it may be that exercise-

induced improvements in fatty acid metabolism results in decreased DAG and ceramide-induced 

inhibition of the insulin signalling cascade. 

          In conclusion, current evidence suggests that exercise improves insulin sensitivity through 

myocellular adaptations and reductions in abdominal obesity. However, given the complexity of 

this relationship, there may be other factors involved. 

2.2.3 Cardiorespiratory fitness and insulin resistance 

       There is a well-documented positive association between CRF and insulin sensitivity in 

cross-sectional studies (14, 62, 67) and an inverse association between CRF and incident T2DM 

in prospective studies (28, 81, 91). However, absent from these studies is the adjustment for PA 

levels. Given that CRF can be modified by exercise (36), it is possible that CRF is associated 

with insulin sensitivity simply because it reflects variations in exercise and PA. This has not yet 

been determined and studies examining this relationship in particular are explored later in the 

review. However, this notion is supported by the observation that there are no apparent 

mechanisms linking CRF to insulin sensitivity. 

       It has been proposed that CRF is connected to improved insulin sensitivity through 

peripheral adaptations that are thought to be components of CRF, such as skeletal muscle 

oxidative capacity (30). However, improved CRF is dictated primarily by cardiac function, 
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particularly stroke volume, instead of the ability of the muscle to consume oxygen and oxidize 

fat (2). Thus, these mechanisms are not likely a representation of CRF per se. A mechanism that 

would explain the association between stroke volume and insulin sensitivity is not apparent. 

           It is clear that PA and CRF are negatively associated with insulin resistance and incident 

T2DM. This claim is supported by a multitude of cross-sectional (14, 37, 56, 62, 67), prospective 

(28, 42, 81, 91, 92), and randomized controlled trials (70, 74). However, the independent 

associations of PA and CRF with insulin resistance are unclear. It has yet to be elucidated 

whether CRF is a conduit through which exercise improves insulin sensitivity, or whether the 

association between CRF and insulin sensitivity has been established simply because CRF is a 

reflection of variations in PA. The following section will examine this relationship and outline 

areas in the literature requiring further examination.  

2.3 Cardiorespiratory fitness and physical activity: independent associations with insulin 

resistance 

2.3.1 Cardiorespiratory fitness and physical activity relationship 

       Numerous studies have reported that CRF can be modified through routine exercise (36, 47) 

or increased daily PA (25) and has thus been regarded as a reliable measure of habitual PA (84). 

However, on an individual basis, improvements in CRF resulting from exercise training can 

range from very modest or even nonexistent to very large (7). The relationship between PA and 

CRF is complex and governed by a number of important factors. CRF is influenced by age, sex, 

obesity (54) and the amount and intensity of PA (9, 72) and involves substantial interindividual 

variation in response to exercise training as a result of genetic factors (8). 
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          The complexity of the PA/CRF relationship is reflected in their relative associations with 

insulin resistance. A review by Gill and Malkova revealed that some individuals experience a 

more pronounced improvement in insulin sensitivity in response to higher PA levels and 

increased CRF than others (33). In fact, in the HERITAGE Family Study there was a 10% 

improvement in insulin sensitivity in response to 20 weeks of exercise training, however 42% of 

participants did not improve at all (10). Bye et al. observed a similar phenomenon in rats bred for 

either high or low CRF. When completing similar exercise programs, genes associated with lipid 

metabolism and storage were up-regulated in high CRF rats compared to their low CRF 

counterparts (12). This demonstrates that rats with genetically different CRF levels may respond 

differently to similar amounts of exercise. 

       Despite the many distinctions between PA and CRF and the abundance of literature relating 

these variables to insulin resistance, their independent associations are unknown. It remains 

unclear whether those who undergo greater improvements in CRF in response to PA also incur 

greater benefits in insulin sensitivity. 

2.3.2 Objective assessment of physical activity: benefits and limitations 

        PA is a multifaceted behaviour and is therefore difficult to measure and quantify. Subjective 

measures are simple and inexpensive to administer, however are prone to misclassification of 

actual PA levels. Recently, Prince et al. (65) conducted a comprehensive systematic review 

examining 187 observational and experimental studies that compared subjectively (i.e. self-

report) and objectively (i.e. accelerometry, doubly labeled water) assessed PA. The results 

revealed considerable difference in activity between subjective and objective measurements and 

furthermore, indicated no clear trend of over or underrepresentation of subjective measures, 

making correction for these differences very difficult. These limitations have prompted the 
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development of direct measurements to more accurately and precisely capture PA. A common 

method of objective assessment is portable monitors such as accelerometers, pedometers and 

heart rate (HR) monitors. 

        Accelerometers measure the acceleration of body movements in three dimensions 

(anteroposterior, mediolateral, vertical) using a piezoelectric sensor (13). These accelerations are 

converted to a digitized signal (termed 'counts') and summed over a specified time interval 

(known as an 'epoch'). At the end of each epoch, the total counts are stored and the sensor is 

reset. Accelerometer counts can be interpreted as an intensity of PA. Epochs are typically set at 

60 seconds and can be summed and interpreted as the duration of activity at a given intensity. 

There are threshold values available to classify accelerometer counts into varying intensities of 

PA: sedentary (<100 counts per min (cpm)), light PA (100-1951 cpm), moderate PA (1952-5724 

cpm) and hard/vigorous (>5725 cpm) (32). Accelerometers are typically worn by participants for 

4-7 consecutive days because intraclass reliability coefficients have been reported between 0.80 

and 0.88 for this amount of wear-time (56, 86). There are a number of ways accelerometer data 

can be expressed. Reporting activity counts per minute provides a representation of the average 

intensity of PA over the course of accelerometer-wear. Alternatively, it is possible to report the 

total time spent at a certain intensity (for example, time spent partaking in moderate or vigorous 

activity). 

       There are instances in which it may be beneficial to express PA as a physiologically relevant 

term such as energy expenditure (EE). Freedson et al. have developed an equation that converts 

accelerometer-derived counts per minute and body mass to EE (kilocalories per minute 

(kcals/min)) (32). However, this method is limited in that the equation was acquired from a 
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sample of only 35 individuals. Moreover, it was developed while the participants were 

performing exercise and is thus not as accurate in inactive populations. 

        Although accelerometers are advantageous in that they provide an objective assessment of 

PA, they do have limitations. First and foremost, accelerometers are expensive and the data 

collection, cleaning and analysis are time consuming (29). Secondly, accelerometers cannot 

accurately detect certain activities that do not produce significant movement at the hip such as 

cycling, upper body resistance training, carrying additional weight (e.g. groceries) or 

environmental effects such as varying temperature (29). Thirdly, accelerometers cannot be worn 

during certain activities such as water-based or contact sports. Lastly, it is possible that data 

could be lost or changed due to instrument failure or tampering (29). 

       Another way of assessing PA is the flex heart rate (HRFlex) method using a HR monitor. 

This method was developed by Spurr et al. (80) based on the observation that there is a linear 

relationship between HR and oxygen consumption (and thus EE) during PA (4). First, resting 

oxygen consumption is assessed by indirect calorimetry after approximately 10 minutes of 

supine rest. Next, a HR to oxygen uptake association is established during a submaximal exercise 

test measured using indirect calorimetry and a HR monitor. Oxygen consumption is converted to 

EE using the standard convention that 1L of oxygen consumed is equivalent to approximately 

5kcals of energy expended. A value known as the HRFlex is then calculated as the mean of the 

highest resting HR and the lowest HR during exercise. This is used during PA collection in order 

to differentiate between activity and rest because the HR to EE relationship measured above was 

determined during exercise and is not as accurate below the flex HR (79). Participants are 

required to wear a HR monitor for 4 days during waking hours. Time spent above the HRFlex 

point is considered activity and is converted to EE using the HR to EE association obtained 
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during the exercise test. Time spent below the HRFlex point is classified as sedentary and is 

assigned the EE value obtained during supine rest. EE is typically collected as a rate (i.e. 

kcals/min) and is averaged over the 4 days of accelerometer wear. A limitation to this method is 

that during light activity that is close to the flex HR the relationship between HR and EE is less 

precise (29). 

2.3.3 Cardiorespiratory fitness and subjectively measured physical activity 

       As described above, subjective measures are simple and inexpensive. Thus, larger-scale 

population-based studies tend to utilize self-report questionnaires to assess PA due to their 

feasibility with large sample sizes. There are numerous high quality, comprehensive, systematic 

reviews and meta-analyses demonstrating that CRF can predict health outcomes such as T2DM, 

CVD and mortality to a greater magnitude (3, 18, 30, 59, 96) and independently of PA (3, 18). 

However, most of this data utilizes subjective measures for obtaining PA. The focus of this 

review is objectively measured PA, CRF and insulin resistance; therefore, the following section 

will explore smaller-scale studies that have looked at this relationship specifically. 

2.3.4 Cardiorespiratory fitness and objectively measured physical activity 

       Dr. Nicholas Wareham of the University of Cambridge's Medical Research Council was the 

first to compare objectively determined PA, quantified as physical activity energy expenditure 

(PAEE) using the HRFlex method (described above), and CRF in predicting insulin resistance. 

In 1990, the Medical Research Council conducted a 5.6 year prospective cohort study (n=1122) 

in healthy middle-aged adults from the U.K., the purpose of which was to determine the etiology 

and pathogenesis of T2DM (95). In order to identify the variables associated with the 

development of T2DM, 2-hour glucose was measured following a 75g OGTT. In 1994, Dr. 

Wareham and colleagues measured PAEE in this cohort to evaluate the feasibility of assessing 
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PA objectively in a medium-sized, population-based study (90). Emanating from this dataset 

(n=605) was a series of studies that would publish cross sectional (31) and prospective (26, 27) 

results outlining a significant inverse association between PAEE and metabolic syndrome risk, 

independent of CRF. Further, Ekelund and associates evaluated the associations of a change in 

PAEE and change in CRF with individual components of the metabolic syndrome (27). It was 

determined that a change in PAEE was significantly inversely associated with change in 2-hour 

glucose and fasting insulin, independent of change in CRF and change in WC. Conversely, 

change in CRF was not significantly associated with 2-hour glucose or fasting insulin after 

controlling for change in PAEE and change in WC. In addition, change in WC was significantly 

positively associated with change in 2-hour glucose and fasting insulin, independent of change in 

PAEE and change in CRF. Moreover, the magnitude of these associations were two to three 

times stronger than those for PAEE. 

        Indeed, these results provide an insightful look into the associations of PA, when 

determined objectively, and CRF with insulin resistance. However, the inherent limitation of a 

prospective study is the assumption that PA levels over the duration of the investigation were 

accurately represented by a single follow-up measure of PA. In addition, the study design 

precluded the assessment of diet composition, which may confound insulin sensitivity (68, 89). 

Therefore, Simmons et al. performed a secondary analysis using data from a randomized 

controlled trial designed to increase PA over the course of one year in inactive adults at familial 

risk of T2DM (79). In the original trial (50), participants were assigned to one of two 

intervention groups, or a control group. One intervention group received a behavioural-change 

programme over the telephone, while the other received a behavioural-change programme in 

person. All participants (including control) received a leaflet containing brief advice on 
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increasing daily PA. PA was assessed objectively as both PAEE, using the HRFlex method, and 

as total body movement, using accelerometers, at baseline and follow-up. CRF was measured as 

VO2max estimated from a submaximal treadmill test. Results from the original trial indicated 

that the behavioural intervention was no more successful at increasing PA than the advice leaflet 

as PAEE, total body movement and CRF did not differ between the 3 groups. 

       The authors also measured fasting insulin and glucose. Thus, Simmons and colleagues 

collapsed across conditions and used this cohort to examine the associations between change in 

PAEE, total body movement, CRF and insulin resistance (79). Total body movement and change 

in CRF both showed simple associations with fasting insulin and glucose. However, the 

independent associations between change in PAEE, CRF and total body movement with fasting 

insulin or glucose were not determined. This may have been because total body movement, CRF 

and fasting insulin and glucose showed no significant difference from baseline to follow-up, thus 

preventing detection of an association in a multiple regression model. The authors state that 

further research is required to clarify the relationship between PA, CRF and insulin resistance. 

2.4 Summary 

       There is a large body of evidence to suggest that CRF is strongly negatively correlated with 

insulin resistance in cross-sectional studies (14, 62, 67) and incident T2DM in prospective 

studies (28, 81, 91). However, none of these investigations adjusted for PA levels. Both PA (37, 

38, 56) and exercise (6) are negatively associated with insulin resistance by established 

mechanisms of action (35, 39), however a mechanism that would link CRF to reduced insulin 

resistance in unclear. It may be that CRF acts as an objective marker of PA, in which case CRF 

would be a surrogate measure reflecting an exercise-induced change in insulin resistance. This 

notion is supported by the findings of Ekelund et al. who reported that in a 5.6 year prospective 
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study in 393 healthy adults, CRF was not associated with insulin resistance after controlling for 

PA (27). On the other hand, PA remained associated with insulin resistance independent of CRF. 

Although insightful, a primary limitation of this study was the assumption that PA levels over the 

duration of the investigation were accurately represented by a single follow-up measure of PA. 

       To further our understanding of the independent associations of  PA, CRF and insulin 

sensitivity we performed an ancillary study using data from a rigorously controlled randomized 

trial involving a 24-week exercise intervention. Strengths of the trial design include supervised 

exercise measured objectively as EE, objective measures of unsupervised PA using 

accelerometry, monitored dietary intake and maximal CRF assessment using open-circuit 

spirometry. This will be the first study to determine the independent associations of rigorously 

controlled supervised exercise and change in CRF with change in insulin resistance in a sample 

of inactive, abdominally obese individuals. Finally, because obesity is a strong marker of insulin 

resistance (46, 85), we examined whether the associations between exercise, CRF and insulin 

resistance were altered by changes in body weight or waist circumference (WC).  
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Chapter 3: Manuscript 

Association between exercise, cardiorespiratory fitness and change in insulin sensitivity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

3.1 Abstract 

Background: Cardiorespiratory fitness (CRF) is an established predictor of insulin sensitivity. 

Whether this association persists following control for exercise is not known. The primary 

objective of this study was to investigate the associations between changes in exercise, CRF and 

insulin sensitivity. 

Methods: Participants were 140 middle aged [mean (standard deviation), 52.6 (7.7) yrs], 

abdominally obese (waist circumference (WC): 110.2 (11.5) cm), inactive adults that participated 

in a 24-week exercise trial. Exercise was performed 5 times per week for the duration of the trial. 

Exercise-induced energy expenditure (exercise EE) was determined using an individually 

adjusted heart rate to energy expenditure relationship for each exercise session. CRF was 

measured using a maximal treadmill test. Body weight was measured on a Detecto scale in 

standard clothing with shoes removed and WC was measured at the level of the iliac crest. Daily 

physical activity performed outside of the exercise sessions was measured by accelerometry. 

Caloric intake and diet composition was monitored using daily diet records. A 75-gram, 2-hour 

oral glucose tolerance test was used to determine insulin area under the curve (IAUC). 

Results: Change in IAUC was associated with exercise EE (β = -0.25), change in CRF (β = -

0.24), change in body weight (β = 0.42) and change in WC (β = 0.38) (p < 0.005 for all). 

Exercise EE was associated with change in IAUC (β = -0.18, p = 0.05) independent of change in 

CRF, whereas change in CRF was not associated with change in IAUC independent of exercise 

EE (β = -0.16, p > 0.05). After further adjustment for changes in body weight and WC, neither 

exercise EE nor change in CRF were associated with change in IAUC (p > 0.05). Change in 

body weight (β = 0.39, p < 0.001) and WC (β = 0.35, p < 0.001) were associated with change in 

IAUC independent of exercise EE and change in CRF. 
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Conclusions: Exercise was associated with improvement in insulin sensitivity independent of 

change in CRF, whereas the opposite was not true. The link between CRF and insulin sensitivity 

is at least partially explained by variations in exercise. 
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3.2 Introduction 

         Deteriorating insulin sensitivity precedes the development of type-2 diabetes (T2DM) (58) 

and is a major independent risk factor for cardiovascular disease (CVD) and mortality (66, 75). 

There is a well documented positive association between cardiorespiratory fitness (CRF) and 

insulin sensitivity in cross-sectional studies (14, 62, 67) and an inverse association between CRF 

and incident T2DM in prospective studies (28, 81, 91). However, absent from these 

investigations was the adjustment for physical activity (PA) levels. Both PA (37, 38, 56) and 

exercise (6) are positively associated with insulin sensitivity by established mechanisms of action 

(35, 39). Despite strong associations between CRF and insulin sensitivity established in previous 

trials, a putative mechanism that would explain the association is unclear. It may be that CRF 

acts as an objective marker of PA, in which case CRF would be a surrogate measure reflecting an 

exercise-induced change in insulin sensitivity. This notion is supported by the findings of 

Ekelund et al. who reported that in a 5.6 year prospective study in 393 healthy adults CRF was 

not associated with insulin sensitivity following control for PA (27). On the other hand, PA 

remained associated with insulin sensitivity independent of CRF. Although insightful, a primary 

limitation of this study was the assumption that PA levels over the duration of the investigation 

were accurately represented by a single follow-up measure of PA. 

       In this ancillary study, we sought to determine the independent associations between 

exercise, CRF and insulin sensitivity during a 24-week, rigorously controlled exercise trial 

among abdominally obese adults. We hypothesized that exercise would be associated with 

improvements in insulin sensitivity independent of changes in CRF, whereas change in CRF 

would not be associated with improvements in insulin sensitivity independent of exercise. 

Finally, because obesity is a strong marker of insulin sensitivity (46, 85), we examined whether 
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the associations between exercise, CRF and insulin sensitivity were altered by changes in body 

weight and changes in WC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

3.3 Methods 

3.3.1 Setting and participants 

          Details of the trial design and methods are published (71) as are the findings from the 

primary analysis (72). Briefly, a 24-week, single-center, randomized controlled trial was 

conducted between September 2009 and May 2013. The primary objective of the original 

investigation was to determine the separate effects of exercise amount and intensity on waist 

circumference and glucose tolerance among 300 inactive, abdominally obese adults. Potential 

participants were excluded if they reported any physical impairment that would prevent them 

from engaging in exercise, if they were already engaging in two or more planned exercise 

sessions per week and if they were diabetic. We performed a secondary analysis using a 

subsample of this dataset. Of the 300 participants originally randomized, participants were 

excluded from the final dataset if they were in the non-exercise control group (n = 75), did not 

complete the study and/or did not have follow-up exercise, CRF or insulin sensitivity data at 24 

weeks (n = 81), or had an exercise adherence (number of exercise sessions attended over 24 

weeks) less than 60% (n = 4). This resulted in a study sample of 140 participants. All participants 

provided informed consent prior to participation and the study was approved by the Queen's 

University Health Sciences Research Ethics Board. 

3.3.2 Exercise intervention 

         All participants performed primarily walking exercise on a treadmill for the time required 

to achieve a pre-determined energy expenditure (EE; kcals/session) target, 5 times per week at 

the required intensity (relative to CRF (VO2peak)) for 24 weeks. Participants were randomly 

assigned to 1 of the following conditions: control (no exercise) or low-amount, low-intensity 

exercise (LALI) (180 and 300 kcal/session for women and men, respectively, at 50% of 
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VO2peak); high-amount, low-intensity exercise (HALI) (360 and 600 kcal/session for women 

and men, respectively, at 50% of VO2peak); or high-amount, high-intensity exercise (HAHI) 

(360 and 600 kcal/session for women and men, respectively, at 75% of VO2peak). 

3.3.3 Cardiorespiratory fitness 

        CRF, measured as VO2peak, was determined in all subjects by using standard open-circuit 

spirometry techniques with a mass flow sensor (SensorMedics, Yorba Linda, California) during a 

graded maximal exercise test in which participants walked on a treadmill at a self-selected speed 

at 0 elevation for 3 minutes, after which the incline was increased by 5% for 2 minutes, then by 

2% every subsequent 2 minutes until volitional fatigue. VO2peak was assessed at weeks 0 

(baseline), 4, 8, 16 and 24 (follow-up). 

3.3.4 Exercise 

        Exercise was quantified as exercise-induced EE (herein referred to as exercise EE) in 

kilocalories obtained from the supervised exercise described above. Exercise EE was expressed 

as the sum of EE from all exercise sessions for each participant. 

        Using the heart rate and VO2 data obtained from the baseline VO2peak test, a target heart 

rate associated with a VO2peak of approximately 50% (LALI and HALI) and 75% (HAHI) was 

assigned for each participant. Participants exercised at these intensities to achieve their energy 

expenditure targets (exercise amount), which were 180 and 300 kcal for the LAHI group and 360 

and 600 kcal for the HALI and HAHI groups for women and men, respectively. Exercise EE was 

determined using an individually adjusted heart rate to EE relationship using the heart rate and 

VO2 data obtained from the baseline VO2peak test, and the convention that 1L of oxygen 

consumed is equivalent to approximately 5 kcals expended. Heart rate was monitored 
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continuously for all exercise participants at every session and was used to calculate exercise EE 

subsequent to each session. All sessions across the 24 week trial were combined to attain 

exercise EE. Follow-up exercise tests to measure VO2peak were performed at weeks 4, 8 and 16 

to verify the relationship between heart rate and VO2 to account for improvement in CRF, which 

alters the time required to achieve the target EE during exercise. 

         Participants were asked not to engage in any structured exercise outside of the supervised 

sessions. Non-exercise, unsupervised PA was monitored using ActiGraph GT3X accelerometers 

for 1-week periods at baseline and follow-up. This took place the week before commencing 

exercise and the week following the last exercise session. Participants were required to wear the 

accelerometer for at least 4 days each period, with at least one of those days being on the 

weekend. Established accelerometer cut points were used to estimate total time active (32). 

3.3.5 Dietary regimen 

        During a one week baseline period, participants were instructed to maintain baseline body 

weight through maintenance of caloric intake while recording their daily consumption of self-

selected foods. During the intervention participants were instructed to maintain the calorie intake 

targets determined during baseline. In addition, participants were instructed to maintain a diet 

composition of 50% carbohydrate, 30% fat and 20% protein. All participants were asked to 

submit daily diet intake records for the duration of the intervention. 

3.3.6 Insulin sensitivity 

        The primary measure of insulin sensitivity was insulin area under the curve (IAUC) and was 

determined using a 2-hour oral glucose tolerance test (OGTT) pre- and post-intervention. Blood 

was drawn to determine insulin levels at time points 0 (fasting) and 30, 60, 90 and 120 minutes 
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following consumption of 75 grams of Glucodex. IAUC was calculated as: (fasting insulin/2) + 

30 min insulin + 60 min insulin + 90 min insulin + (120 min insulin/2). 

3.3.7 Waist circumference 

         Weight was measured on a Detecto scale in standard clothing with shoes removed and WC 

was measured at the superior edge of the iliac crest at baseline and week 24 (71). 

3.3.8 Statistical analyses 

       Descriptive statistics were calculated using means and standard deviations at baseline and 

follow-up. To test for an interaction between intervention group and change in IAUC, a repeated 

measures ANOVA over time was applied. The final model included intervention group, time and 

their 2-factor interactions. The exercise EE targets in the original trial were higher for men than 

women, thus differences between sex within our variables are a result of differing exercise 

amounts, not necessarily a genuine effect of sex. Because the objective of this study was to 

compare exercise EE to change in CRF in predicting change in IAUC, we collapsed across sex. 

        Simple linear regression analyses were conducted to examine whether exercise EE, change 

in CRF, change in body weight and change in WC were associated with change in IAUC. 

Because age and changes in total, light and moderate-to-vigorous daily PA (min/day) were not 

associated with change in IAUC, they were not included in the regression models as covariates. 

Multiple linear regression analyses were performed to establish the independent associations 

between exercise EE and change in CRF with change in IAUC. Analyses were then rerun to 

include change in body weight in the model, and again replacing change in body weight with 

change in WC. 
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        To ensure our regression models were linear, we regressed the linear and quadratic terms of 

our independent variables with our primary outcome, change in IAUC. A linear relationship was 

confirmed if the linear term was associated with the outcome, independent of the quadratic term. 

Multicollinearity was screened for in all regression models using the variance inflation factor 

(VIF) and the tolerance statistic. A VIF < 10 and a tolerance statistic > 0.2 indicated that 

multicollinearity was not present. To ensure the assumption of homoscedasticity was met, a 

scatterplot was visually inspected for each outcome variable. The regression standardized 

predictor variable was plotted on the x-axis and the regression standardized residual was plotted 

on the y-axis. An even distribution of points confirmed that the assumption of homoscedasticity 

was met. 

       Post-hoc power calculations were based on our primary outcome variable, change in IAUC. 

In our sample of 140, for change in IAUC, we estimate that we have 99% power to detect a 

correlation of 0.3 with an alpha of p < 0.05. Power analysis was performed using G-Power 

3.1.9.2 (University of Dusseldorf, Autenzell, Bavaria). All statistical analyses were performed 

using the SPSS version 22.0 software (SPSS, Chicago, IL, USA). 
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3.4 Results 

         Participant characteristics are shown in Table 1. Participants were inactive, middle-aged 

(52.6 ± 7.7 yrs), abdominally obese (waist circumference: 110.2 ± 11.5 cm) adults. The repeated 

measures ANOVA revealed that there was a main effect of time on baseline and follow-up IAUC 

(p < 0.05), however there was no evidence of interaction (p > 0.05) between intervention groups 

for change in IAUC and thus we collapsed across groups for all analyses. 

        As shown in Table 1, CRF and IAUC improved and body weight and WC was reduced 

significantly at 24 weeks (p < 0.05). Prescribed exercise EE targets were achieved and mean 

exercise session attendance among participants was approximately 92% (65% - 100%) and was 

consistent between groups (Appendix C). Total and light daily PA (min/day) performed outside 

of the structured exercise sessions did not change from baseline to week 24. Moderate-to-

vigorous daily PA (min/day) increased from baseline to follow-up (p < 0.05), however this was 

not associated with change in IAUC (p > 0.05). Adherence to prescribed daily caloric intake was 

94% and participants adhered to their prescribed dietary fat intake (30.2% of diet composition). 

Exercise EE was positively associated with change in CRF (r
2
 = 0.24, p < 0.001). 

        Figures 1-4 show the univariate associations between exercise EE, change in CRF, change 

in body weight and change in WC with change in IAUC. Exercise EE (β = -0.25), change in CRF 

(β = -0.24), change in body weight (β = 0.42) and change in WC (β = 0.38) were significantly 

associated with change in IAUC (p < 0.01). 

        Table 2 shows the independent associations between exercise EE and change in CRF with 

change in IAUC, before and after adjustment for changes in body weight and WC. Exercise EE 

was significantly associated with change in IAUC after controlling for change in CRF (β = -0.18, 
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p = 0.05), whereas change in CRF was not significantly associated with change in IAUC after 

controlling for exercise EE (p > 0.05). After adjustment for change in body weight, exercise EE 

(β = -0.13, p = 0.14) and change in CRF (β = 0.02, p = 0.86) were no longer associated with 

change in IAUC. However, change in body weight remained significantly associated with change 

in IAUC after adjustment for both exercise EE and CRF (β = 0.39, p < 0.001). After adjustment 

for change in WC, exercise EE (β = -0.16, p = 0.07) and change in CRF (β = 0.03, p = 0.77) were 

no longer associated with change in IAUC. However, change in WC remained significantly 

associated with change in IAUC after adjustment for both exercise EE and CRF (β = 0.35, p < 

0.001). Further, change in body weight was associated with change in IAUC independent of 

change in WC, whereas the reverse was not true. 
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Table 1: Descriptive statistics 

 Baseline Week 24 

N 140 (87 female, 53 male)  

Age (years)                52.6 ± 7.7                         - 

Exercise EE (Mcals)                        -                  42.5 ± 17.3 

Daily PA (min/day) 

 

                              

Total PA              311.4 ± 95.3                323.3 ± 81.6 

Light PA              288.5 ± 77.0                289.9 ± 73.5 

Moderate-to-vigorous PA                22.9 ± 16.5                  33.4 ± 23.7* 

CRF (ml/kg/min)                28.6 ± 5.0                  35.1 ± 6.7* 

Body weight (kg)              94.1 ± 15.9                88.0 ± 14.8* 

WC (cm)             110.2 ± 11.5              104.2 ± 11.2* 

IAUC (pmol/L)           2055.1 ± 1278.2            1527.4 ± 978.6* 

Values are mean ± standard deviation. Exercise EE presented as total value accumulated across 

the trial in Mcals (mega calories; kcals/1000). *Follow-up value significantly different from 

baseline (p < 0.05). 
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Figure 1: Univariate association between exercise EE and change in IAUC, separated by sex. 
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Figure 2: Univariate association between change in CRF and change in IAUC. 
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Figure 3: Univariate association between change in body weight and change in IAUC. 
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Figure 4: Univariate association between change in WC and change in IAUC. 
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Table 2: Multivariate regression analyses for exercise EE, change in CRF and changes in body 

weight and WC with change in IAUC. 

IAUC 

(n = 140) 

 Β p-value R
2
 

Primary    

Exercise EE (kcals) -0.18  0.05* 0.08 

Change in CRF (ml/kg/min) 

 

-0.16 0.09 

Secondary
a    

Exercise EE (kcals) -0.13 0.14 0.19 

Change in CRF (ml/kg/min) 0.02 0.86  

Change in body weight (kg) 0.39 < 0.001*  

    

Secondary
b    

Exercise EE (kcals) -0.16 0.07 0.17 

Change in CRF (ml/kg/min) 0.03 0.77  

Change in WC (cm) 0.35 < 0.001*  

a
 Multiple regression analyses for exercise EE, change in CRF and change in body weight with 

change in IAUC. 
b
 Multiple regression analyses for exercise EE, change in CRF and change in 

WC with change in IAUC. R
2
 value of whole model. *Significant association (p < 0.05). 
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3.5 Discussion 

         The primary finding of this study was that among inactive, abdominally obese adults, 

exercise was associated with an improvement in insulin sensitivity independent of change in 

CRF, whereas change in CRF was not associated with insulin sensitivity independent of exercise. 

This finding reinforces the importance of exercise as a strategy for maintaining insulin sensitivity 

and suggests that prior observations indicating an association between CRF with insulin 

sensitivity and incident T2DM are likely explained by differences in PA levels. 

         Our finding that improvements in CRF are not associated with a corresponding 

improvement in insulin sensitivity after control for exercise counters a number of prospective 

studies wherein CRF is associated with incident T2DM (28, 81, 91) and impaired fasting glucose 

(91). It is important to note that in those investigations, without exception, the associations 

between CRF and T2DM were not considered after control for PA levels. Because exercise is an 

established marker of insulin sensitivity (6, 37), we reasoned that the associations observed 

between CRF and T2DM likely reflected PA- or exercise-induced improvement in insulin 

sensitivity, in which case CRF would not be an independent marker of insulin sensitivity or 

T2DM. Indeed, Ekelund et al. determined in a 5.6 year prospective study in 393 healthy adults 

that following control for PA, CRF was no longer associated with insulin sensitivity (27). 

Further, PA remained associated with insulin sensitivity after control for CRF. Although 

insightful and strengthened by the use of objectively measured PA, this study was limited by the 

assumption that PA levels over the duration of the investigation were accurately represented by a 

single measure of PA at follow-up. Further, potential confounding from variations in diet 

composition (68, 89) could not be considered. Our study addressed these limitations as we 

carefully monitored each exercise session and controlled for potential confounders. Activities of 
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daily living remained largely unchanged over the course of the trial and although daily moderate-

to-vigorous activity increased by approximately 10 minutes, it was not associated with exercise 

EE, change in CRF or change in IAUC. Further, given that our participants self-reported that 

they did not change the prescribed caloric intake or diet composition during the intervention, the 

likelihood that insulin sensitivity was influenced by variations in diet composition was reduced. 

Our findings extend the observations of Ekelund and colleagues and provide strong evidence in 

support of the notion that CRF is not associated with insulin sensitivity independent of PA or 

exercise. 

          That CRF was not related to changes in insulin sensitivity may not be surprising given that 

improvement in CRF in response to exercise is thought to be explained primarily by changes in 

cardiac output, specifically stroke volume (2). The mechanism by which change in CRF or stroke 

volume might explain a corresponding change in insulin sensitivity is unclear. This observation 

is reinforced by our finding that changes in CRF expressed in relative terms (ml/kg/min) were 

associated with insulin sensitivity, whereas changes in CRF expressed absolutely (L/min) were 

not. Taken together, our findings suggest that CRF is merely an objective marker of exercise and 

associated weight loss. 

        Our finding that changes in body weight and abdominal obesity attenuate the association 

between exercise and change in insulin sensitivity is consistent with other exercise intervention 

trials that demonstrate an association between exercise, reductions in abdominal obesity and 

insulin sensitivity (63, 70, 74) and others that have demonstrated that when there is no change in 

body weight, exercise training does not improve insulin sensitivity (78). This suggests that 

reductions in obesity are in the causal pathway between exercise and improvement in insulin 

sensitivity. Although obesity attenuated the association between exercise and insulin sensitivity, 
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the variance explained was relatively small. This reinforces the observation that exercise-induced 

adaptations in the skeletal muscle may also contribute to the association between exercise and 

improvements in insulin sensitivity independent of reduction in obesity (35, 39).  

        Strengths of our study include rigorous, supervised control of exercise sessions with 

accurate assessment of EE using heart rate monitoring and a very high attendance and adherence 

to EE targets at exercise sessions. Additionally, monitoring of daily dietary intake and 

unsupervised activity levels using accelerometers helped to isolate the effects of exercise. 

Limitations include the use of a homogenous sample of middle-aged white adults. Due to the 

study design of the original trial, the high end of exercise in our sample was mostly men and the 

low end was mostly women. However, among those who performed similar amounts of exercise, 

there was no apparent difference in improvements in insulin sensitivity between men and women 

(Figure 1). Further, it has previously been shown that improvements in insulin sensitivity in men 

and women do not differ in response to exercise (17). 

       In conclusion, our results suggest that the well-established association between CRF and 

insulin sensitivity may be explained by variations in exercise, suggesting CRF is not causally 

involved in the pathway between exercise and improved insulin sensitivity, but is merely a 

surrogate measure of exercise. The association between exercise and insulin sensitivity is 

however explained in large part through reductions in obesity. 
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Chapter 4: General Discussion 

4.1 Key findings 

          The primary finding of my research was that following an exercise intervention, exercise 

improved insulin sensitivity independent of CRF, whereas CRF was not associated with 

improvements in insulin sensitivity after control for exercise. This reinforces exercise as an 

effective strategy to improve insulin sensitivity and suggests that a corresponding change in CRF 

does not necessarily have to occur. Further, the association between CRF and insulin sensitivity 

and T2DM established in previous studies may be more appropriately described as an association 

between PA and insulin sensitivity. My findings also demonstrate that reductions in obesity are 

associated with insulin sensitivity and may be a conduit through which exercise operates to 

improve insulin sensitivity. 

4.2 Contributions of thesis work to the field of study 

           Although many studies have reported an association between CRF and insulin sensitivity 

(14, 62, 67), ours was among the first to examine this relationship following control for exercise. 

Prior to our study, Ekelund and colleagues determined in a 5.6 year prospective study that 

following control for PA, CRF was no longer associated with insulin sensitivity, whereas PA was 

associated with insulin sensitivity independent of CRF (27). This is consistent with our finding, 

however differences in study design allowed us to examine this question in a manner that was 

different from that of Ekelund et al. The primary differences in our study were the use of 

exercise as our independent variable instead of daily PA, the use of a structured intervention 

instead of an observational design, and a sample of adults who were abdominally obese and 

inactive at baseline. At the expense of a smaller sample size, the primary advantage of our study 

design was the ability to carefully monitor each exercise session and control for potential 
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confounding variables such as variations in diet composition. This allowed us to extend the 

observations of Ekelund et al. and collectively provide strong support for the notion that CRF is 

not associated with insulin sensitivity independent of PA or exercise. 

          Our finding that changes in abdominal obesity attenuate the association between exercise 

and change in insulin sensitivity is consistent with other exercise intervention trials that 

demonstrate that when there is no change in body weight, exercise training did not improve 

insulin sensitivity (70, 74, 78). This suggests that reductions in obesity are in the causal pathway 

between exercise and improvement in insulin sensitivity. Although obesity attenuated the 

association between exercise and insulin sensitivity, the variance explained was relatively small. 

This reinforces the observation that exercise-induced adaptations in the skeletal muscle may also 

contribute to the association between exercise and improvements in insulin sensitivity 

independent of reduction in obesity (35, 39). Taken together, these observations suggest that 

there are likely multiple pathways through which exercise operates to improve insulin sensitivity, 

and that changes in CRF are not one of them. 

4.4 Strengths and limitations 

        Strengths of our study include rigorous, supervised control of exercise sessions with 

accurate assessment of EE using heart rate monitoring and a very high attendance and adherence 

to EE targets at exercise sessions. Additionally, monitoring of daily dietary intake and 

unsupervised activity levels using accelerometers helped to isolate the effects of exercise. 

       Limitations include the use of a homogenous sample of middle-aged white adults. Due to the 

study design of the original trial, the high end of exercise in our sample was mostly men and the 

low end was mostly women. However, among those who performed similar amounts of exercise, 
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there was no apparent difference in improvements in insulin sensitivity between men and women 

(Figure 1). Further, it has previously been shown that improvements in insulin sensitivity in men 

and women do not differ in response to exercise (17). 

4.5 Directions for future research 

       Despite the plethora of health benefits associated with regular exercise, only 15% of 

Canadian adults meet the recommended PA guidelines (16) and neither PA nor CRF are 

routinely or regularly assessed in clinical settings (47). A necessary next step in the field of 

exercise physiology is determining feasible approaches to integrate exercise prescription and 

measurement into the clinic. 

        The first step towards achieving this goal is the establishment of threshold values that 

clinicians can use to identify a patients risk of T2DM, CVD and mortality. At present there is no 

consensus regarding these values. The Aerobics Center Longitudinal Study is a large cohort from 

which there are CRF classifications by age and sex that predict CVD in adults (82). However, 

these cut-points have not been validated against other samples. Indeed, in an unpublished study 

conducted in 2014, we suggest that these cut-points may not be appropriate in inactive, obese 

adults given the homogenous sample of healthy adults from which the sample is based and the 

use of submaximal measures of CRF. The American Heart Association has proposed a detailed 

plan to develop a CRF registry with values obtained from multiple research centers that can be 

used in clinic to assess CVD and mortality risk (47). This is a promising endeavor, however the 

next step requires the establishment of pragmatic measures of assessing CRF in clinic. 

Determination of CRF using a maximal or even submaximal exercise test may not be practical 

for many practitioners. The use of non-exercise models for determination of CRF may be a 

useful alternative (44, 60). Non-exercise estimates of CRF are correlated with direct 
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measurement of VO2peak (60) and more importantly are capable of predicting CVD and 

mortality (61). 

       Direct measurement of PA in clinic may provide an alternative to that of CRF. Our results 

suggest PA would provide a more accurate assessment of risk for insulin resistance and perhaps 

incident T2DM than CRF. On the contrary, various population-based studies have determined 

that CRF predicts incident CVD and mortality independent of PA (3, 18), suggesting 

measurement of CRF in clinic may be ideal. However, these studies are limited by the use of 

self-reported PA, which is not only an inaccurate measure of actual PA levels (65), but may 

result in false interpretations and conclusions of PA data (22). There is clearly a need for future 

prospective studies to examine the independent associations of PA and CRF with outcomes such 

as T2DM, CVD and mortality using objective measures of PA. Multiple research centers have 

commenced collection of objective measures of PA using accelerometers from large population-

based cohorts (37, 41, 56) indicating that studies of this nature are on the way. 

       Similar to CRF, the feasibility of measuring PA in clinic must be brought to attention. Given 

the inaccuracy of self-report (65) and the expense and time commitment involved with 

accelerometers (29), the use of more pragmatic tools to assess PA such as pedometers or Fitbits 

may be a necessary alternative. Future research is required to assess the validity of these methods 

and to establish risk classification categories as mentioned above. 

      Equally as important as the measurement of PA in clinic is it's prescription as a strategy to 

manage health. Great strides have been made by Exercise is Medicine® to provide clinicians 

with the resources to prescribe exercise and/or refer patients to exercise professionals (76). 
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4.6 Summary and conclusions 

         In conclusion, my research indicates that the well-established association between CRF and 

insulin sensitivity is explained by variations in exercise, suggesting CRF is not causally involved 

in the pathway between exercise and improved insulin sensitivity, but is merely a surrogate 

measure of exercise. Given CRF is influenced by both modifiable factors, such as exercise (36), 

and non modifiable factors, such as genetics (7), our finding that exercise is associated with 

insulin sensitivity independent of CRF is encouraging because it places the individual in more 

control of their own health. The association between exercise and insulin sensitivity is however 

explained in large part through reductions in obesity. Exercise should be both prescribed and 

monitored as a strategy to manage insulin sensitivity. 

4.7 Suitability of research for a Master's thesis 

        Over the two years of my Master's work in the School of Kinesiology and Health Studies I 

have performed statistical analyses for, written and edited two manuscripts under the supervision 

of Dr. Robert Ross. The first manuscript was written for the graduate course 'KHS 898 - 

Individual Project' and was titled "Cardiovascular disease risk assessed using established values 

for cardiorespiratory fitness." This manuscript was submitted for publication, providing me 

experience with the submission and peer-review process. The second manuscript was written for 

my thesis and is provided in this document. 

        Research skills I have obtained while completing my Master's Degree at Queen's University 

include learning to conduct a critical review of literature and identify gaps in current knowledge, 

performing and interpreting various statistical analyses using SPSS and Microsoft Excel, and 

most notably learning to communicate science both verbally and through formal writing. In 

addition, I have had the opportunity to assist with other studies within our laboratory which has 
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provided me with the skills to conduct various exercise and anthropometric tests in accordance 

with our laboratory standards. These include direct and indirect VO2peak tests, exercise tolerance 

tests, anthropometric measurements and supervised exercise sessions. I have developed strong 

presentation skills having presented posters at two conferences: The American College of Sports 

Medicine Annual Meeting 2014 and the International Chair on Cardiometabolic Risk Congress 

2015. Finally, I have developed experience with data input and management in our laboratory 

through participation in the Queen's workstudy program. 
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Appendix A: Consent form 

 

TITLE: Dose-response effects of exercise on abdominal obesity and risk factors for 

cardiovascular disease in women and men  
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You are invited to participate in a research study on the influence of different doses (amounts) of 

exercise on abdominal fat and related health risk. The following brief is intended to provide you 

with the details you should be aware of prior to your consent as a participant in this study. Please 

read the following information carefully and feel free to ask any question that you may have. 

 

Background information 

Obesity is a major risk factor for disease and a public health problem. Recent information 

suggests that body fat located in the upper body region (abdominal fat) conveys a very strong 

health risk. Exercise is thought to be a good treatment option for reducing both abdominal fat 

and cardiovascular risk factors (e.g., blood fats (cholesterol), blood sugar and blood pressure). 

However, the specific exercise strategy or program required to achieve optimal benefit continues 

to be the source of considerable debate. At present, health professionals are unsure of the specific 

type, amount, pattern, and intensity of exercise that provides optimal health benefits. Therefore, 

you are invited to participate in a study to assess the relationships between exercise dose (how 

much) and intensity (how hard) on abdominal fat, and cardiovascular risk factors (e.g., blood 

sugar and fats). The results of the study may have important implications for development of 

public health messages and clinical guidelines for prevention and treatment of obesity and 

associated health risks through exercise.  

 

Pre-participation screening  

You will be required to complete a medical questionnaire and make an appointment with your 

family physician prior to participation in this study. Your physician will also complete a medical 

questionnaire and may perform a medical examination on you. If your family physician charges 



61 
 

you for completion of this exam, an invoice can be faxed to the Project Coordinator 613-533-

2580 for payment or, the study investigators will reimburse you fully. In addition to the medical 

exam, you will have a fasting blood test (done by a finger prick) to measure your blood fat and 

sugar levels. We will also measure your waist circumference and take height and weight.  

 

Study protocol  

The exercise study will be approximately 7 months in duration. The 6-month exercise period will 

begin and end with a 1 to 2 week weight maintenance period. By volunteering to participate in 

this study, your name will be selected by chance and placed into one of the following four 

groups: (1) Control - no exercise, (2) Low volume-Low intensity exercise, (3) High volume- 

Low intensity exercise, (4) Low volume-High intensity exercise. You will have a 1 in 4 chance 

of being placed in one of the four study groups. You will not be able to choose which group you 

will be in. 

The follow-up study will take place during months 7-13. During this part of the study, you will 

be asked to continue the same exercise routine that you followed for the first six months. The 

reason for the 6-month follow-up is to find out whether you have been able to maintain the 

exercise level prescribed at the start of the study. 

 

Expectations  

You will be expected to:  

Accept your group assignment  

Participate fully in your assigned groups for the duration of the study  

Keep all testing appointments  
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Provide accurate answers on all questionnaires. 

 

You can expect:  

Full disclosure of all procedures required for participation in this study  

To be treated fairly and with respect  

Any information that is disclosed will be private and confidential  

No one will be coerced or forced to do anything they wish not to do  

To have all your questions answered fully and as promptly as possible  

To not be penalized for choosing to withdraw from the study for any reason. 

 

Control group 

For the entire study the men and women in this group will consume a healthful diet. Thus there 

will be no weight loss or exercise.  

 

Low volume-low intensity group 

As a participant in this exercise group you will be asked to perform walking type exercise on a 

motorized treadmill for around 30 minutes, 5 times per week, at about 50% of your maximum 

fitness level (e.g., low-to-moderate paced walking) for the duration of the 6 month treatment 

period. During each exercise session we will measure your heart rate every 5 minutes using an 

automated heart rate monitor. All of your exercise sessions will be by appointment and 

performed under supervision of a trained professional within our laboratory at Queen’s. 

 

High volume-low intensity group 
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As a participant in the aerobic exercise group you will be asked to perform walking type exercise 

on a motorized treadmill for around 60 minutes, 5 times per week, at about 50% of your 

cardiovascular fitness level (e.g., low-to-moderate paced walking) for the duration of the 6 

month treatment period. During each exercise session we will measure your heart rate every 5 

minutes using an automated heart rate monitor. All of your exercise sessions will be by 

appointment and performed under supervision within our laboratory at Queen’s. 

 

Low volume-high intensity group 

As a participant in the aerobic exercise group you will be asked to perform walking and/or 

jogging type exercise on a motorized treadmill for around 30 minutes, 5 times per week, at about 

75% of your cardiovascular fitness level (e.g., brisk walking) for the duration of the 6 month 

treatment period. During each exercise session we will measure your heart rate every 5 minutes 

using an automated heart rate monitor. All of your exercise sessions will be by appointment and 

performed under supervision within our laboratory at Queen’s.  

 

Diet program 

All participants in each group will eat the same type of foods. The diet will consist of regular 

foods that you will buy and prepare yourself. All aspects of the diet plan will be explained to you 

by a nutritionist. The session will take place at the beginning of the study, with several additional 

sessions planned throughout to help you follow the diet plan. If someone else shops for your 

food or prepares your meals, or if you share those tasks with someone else, that person is invited 

to meet with the nutritionist as well. You will be required to record the food you eat each day for 
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the duration of the study. All of your meetings with the nutritionist will be in Dr. Ross’s 

laboratory within the School of Kinesiology & Health Studies at Queen’s.  

At the beginning of the study, using the diet records that you complete, the number of calories 

required to maintain your body weight will be determined. During the study the nutritionist will 

work with you to help you to maintain this caloric (number of calories) intake. In other words, 

the nutritionist will help you eat an amount of food that would normally maintain your body 

weight. Thus any weight loss you experience will be the result of an increase in exercise.  

 

Magnetic resonance imaging  

Magnetic resonance imaging (MRI) is a method for creating pictures of body structures or 

organs. MRI gives pictures (images) in slices comparable to those produced by x-ray 

tomography (e.g., CT scan). One of the primary advantages of MRI is that it does not use x-rays 

or other forms of radiation. Instead, a large magnet, a radio transmitter/receiver and a computer 

are used to gather information from the body, and to produce pictures of internal anatomy. No 

harmful effects have been associated with MRI under existing conditions of use. However, if you 

feel claustrophobic during the scan you can end the test immediately.  

As mentioned, the MRI procedure is very similar to a scanner examination. You will be placed 

on a table and moved smoothly into the scanner. A loud-speaker within the magnet makes it 

possible for you to keep in constant contact with the staff. At all times the operator can see and 

hear you and if need help or have questions, you can be removed from the machine if necessary. 

The whole procedure takes about 30 minutes and will be performed by appointment at Kingston 

General Hospital once at the beginning of the study and once at the end of the exercise study 

(week 24). 
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Anthropometry (skinfolds and circumferences)  

Many circumference measurements will be taken at numerous places on your body. These 

measurements can be used to derive estimates of body composition. Skinfold callipers (skinfold 

thickness) will be measured at 4 different places on your body. Circumferences measurements 

using a measuring tape will also be obtained at different places on the body. These measurements 

require about 45 minutes to complete and will be obtained at Dr. Ross’s laboratory within the 

School of Kinesiology & Health Studies at Queen’s.  

We will collect these measurements five times throughout the study: at the beginning (week 0), 

then after two months (week 8), four months (week 16), at the end of the exercise training period 

(week 24), and at follow-up (week 48, six months after the end of the exercise training period).  

 

Assessment of cardiovascular fitness  

We will measure your cardiovascular fitness (endurance) using a treadmill (VO2) test. The test 

will begin at a level you can easily accomplish and will be advanced in stages, depending on 

your capacity to do so. We may stop the test at any time because of signs of fatigue or you may 

stop the test because of personal feelings of fatigue or discomfort.  

The treadmill test involves risks comparable to any strenuous exercise situation. They include 

very rare instances of abnormal blood pressure, fainting, disorders of the heartbeat, and heart 

attack. Every effort will be made to minimize your risk by preliminary medical examination and 

observation during the test. A Research Assistant at Hotel Dieu Hospital, with a trained 

paramedic or medical doctor on-site, will conduct your fitness test. You will perform the exercise 

test 6 times: at the beginning (Week 0), after one month (week 4), after two months (week 8), 
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after four months (week 16), at the end of the exercise training period (week 24), and at follow-

up (week 48, six months after the end of the exercise training period).  

 

Assessment of daily physical activity  

How physically active you are throughout the day will be measured by two small devices known 

as accelerometers: one is worn on your arm (armband) and one is worn on your hip (Actigraph). 

The armband involves wearing a monitor that is worn on your upper right arm that will track the 

amount of energy you burn and the amount of physical activity that you perform. The Actigraph 

is a small unit that you wear on your belt at the level of your hip and this device also measures 

the amount of physical activity that you perform. You will wear these monitors during all of your 

waking hours and will remove the monitor when you sleep or participate in water activities such 

as showering, bathing or swimming. You will wear this device for 7 consecutive days at 0, 8, 16 

and 24 weeks. 

 

Laboratory measurements (blood glucose (sugar) and lipid (fat) tests)  

The measurement of how much sugar and fat are in your blood will be done at Dr. Ross’s 

laboratory within the School of Kinesiology & Health Studies at Queen’s. To determine your 

ability to manage blood sugar you will be asked to perform an Oral Glucose Tolerance Test. You 

will be asked to arrive at the lab in the morning after an overnight fast (no eating after 7pm the 

night before). The first step of this test will be the insertion of a saline lock into a vein in your 

arm. This allows the nurse to take blood at different times without having to re-puncture each 

time. She will then remove about 30 ml (3 tablespoons) of blood. The only risk from this 

procedure is possible local pain and bruising at the time of the blood test. In addition, you will be 
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asked to drink a fluid that contains 75 grams of sugar (like an orange drink). At 30-minute 

intervals for 2 hours after drinking the sugar solution, a small amount of blood will be taken 

(through the saline lock) for the purpose of measuring the amount of sugar in the blood. This test 

will be performed four times during the study: at week 0, after four months (week 16), at the end 

of the exercise period (week 24) and at the end of the follow-up (week 48).  

 

Summary of appointments and time requirements  

All appointments will be scheduled at a time that is convenient for you. For the testing you will 

be required to make six 45-minute appointments at the Hotel Dieu Hospital to complete the 

cardiovascular fitness (VO2max). We will also arrange two 30-minute appointments to complete 

the MRI (Kingston General Hospital). The other testing will be done at Dr. Ross’s laboratory in 

the School of Kinesiology & Health Studies at Queen’s. This includes: four 2.5-hour 

appointments for the oral glucose tolerance test and blood lipid/cholesterol tests (fasting blood 

draw); and five 45-minute anthropometric measurement appointments. In addition, we will ask 

you to make appointments for dietary counselling and for exercise (if you are randomized into 

one of the exercise groups). The total time commitment for all testing appointments and exercise 

sessions over the total 13-month study will be between 86 and 149 hours. 75  

 

Time 

commitment per 

participant 

Measure/Task  

Time per session  Number of 

sessions  

Total time  

Anthropometrics  1 hr  5  5 hr  
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Fitness (VO2) test  1 hr  6  6 hr  

OGTT  2.5 hr  4  10 hr  

MRI  0.75 hr  2  1.5 hr  

Dietary Counsel  0.5-1 hr  6-12  3-6 hr  

Exercise  0.5-1 hr  120  60-120 hr  

TOTAL  86-149 hours  

 

Benefits of participation  

You will gain no direct benefit through participation in this study.  

 

Risks of participation  

Participation may involve some risks. The known risks are:  

Insertion of a catheter in your arm or hand vein may cause bruising, bleeding, soreness or 

infection.  

For MRI, there are certain conditions that would exclude you from participating in this study. 

These include cardiac pacer, aneurysm clip, cochlear implant, intra-uterine device (IUD), 

shrapnel, neurostimulators or other metal devices. Metal objects present in the body could be 

moved by the large magnet involved in the MRI, and such movement could cause serious injury. 

Fear of closed spaces (claustrophobia) is also a reason you would be excluded from the study. 

No serious biological effects have been reported from being in a magnet. If you experience a fear 

of the confined space while in the magnet, you can terminate the study. Trained personnel are 

always in attendance during these studies.  



69 
 

The exercise test may cause muscle soreness or fatigue. In any individual, there is a minute risk 

of a heart attack or death from the exercise test. A trained paramedic or medical doctor will be 

on-site. If you develop chest pain, the test will be stopped immediately. 

Risk of wearing the activity monitor: some people may experience mild skin irritation at the site 

where the activity monitor is worn. One cause of skin irritation has already been identified in 

people who wear the armband for extensive periods of time (i.e. more than 24 hours). 

Specifically, the build-up of sweat that can be trapped between the skin and the armband can 

cause pink pustules or pimples to appear. This condition is named miliaria, or prickly heat. This 

condition occurs in 10% to 25% of people that wear the armband. To help to prevent this 

condition you should clean your arm using rubbing alcohol before putting on the activity 

monitor. Also, you should use soap and water to clean the elastic strap that attaches the monitor 

to your arm before each use. You should also wipe off the monitor using rubbing alcohol and 

allow this to dry before putting it on your arm. 

You should inform the investigators if you have participated in any other research study during 

the previous year. This will help to ensure that you have not been exposed to a procedure in 

another study that may influence your ability or eligibility to participate in this one. You should 

understand that this study is a research study and may not be of direct benefit to you. If 

requested, a report will be generated for your medical record, which will include any information 

important for your medical care.  

 

Confidentiality 

All information obtained during the course of this study is strictly confidential and your 

anonymity will be protected at all times. Your information will be kept in locked files and will be 
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available only to Dr. Robert Ross and those working within his laboratory. Your identity will not 

be revealed in any description or publication.  

In the event you that you are injured as a result of the study procedures, medical care will be 

provided to you until resolution of the medical problem. By signing this consent form, you do 

not waive your legal rights nor release the investigator(s) and sponsors from their legal and 

professional responsibilities.  

Financial remuneration ($100) for parking, gas, and other costs associated with participation in 

the study will be provided to you.  

 

Voluntary consent 

I have been given an opportunity to ask any questions concerning the procedures. All of my 

questions regarding the research project have been satisfactorily answered. I understand that my 

test results are considered confidential and will never be released in a form that is traceable to 

me, with the exception of my family physician or myself. I understand that all my lab results will 

be sent to my family physician. I do understand that I am free to deny consent if I so desire, and 

may withdraw from the study at any time without prejudicing current or future medical care. 

Should I have any questions about the study, I know that I can contact any of the following: Dr. 

Robert Ross (613 533-6583), Dr. Jean Coté, Head, School of Kinesiology and Health Studies 

(613 533-6601), or Dr. Albert Clark, Chair, Queen’s Health Sciences & Affiliated Teaching 

Hospitals Research Ethics Board (613 533-6081). A copy of this consent form will be provided 

me for my records. My signature below means that I freely agreed to participate in this study. 

__________________________________                  ________________  

Volunteer’s Signature                                                           Date 
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Statement of investigator 

I, or one of my colleagues, have carefully explained to the subject the nature of the above 

research study. I certify that, to the best of my knowledge, the subject understands clearly the 

nature of the study and demands, benefits, and risks involved to participants in this study.  

__________________________________                   ________________  

Principal Investigator’s Signature                                        Date 
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Appendix C: Participant adherence to exercise 

  Energy expended during 

exercise (% of target) 

Exercise sessions attended (% of 

total) 

LVLI Women 90.8 89.1 

Men 90.5 

HVLI Women 92.8 92.8 

Men 95.4 

HVHI Women 91.7 91.9 

Men 93.6 
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Appendix D: Insulin sensitivity protocol 

 

List of measured mariables  

• Fasting glucose  

• Fasting insulin  

• 2-hour glucose  

• 2-hour insulin  

• Serum total cholesterol  

• High density lipoprotein cholesterol  

• Total triglycerides 

 

Measurement equipment  

• 2 X 6 mL mauve, 3 X 6ml red, 1 X 3ml gold/yellow and 1 X 3ml grey top tubes: labelled 0  

• 1 red and grey top 3 mL tubes labelled 30, 60, 90 and 120. These are the times you need to take 

the blood.  

• 20-gauge angio  

• 1 interlink cap used to put on the end of the angio  

• 1 X 4.4cm X 4.4cm Tegaderm  

• 1 X10 mL normal saline flush  

• Alcohol swab  

• 4 x 4 gauze  

• 7 blunt cannulas  

 

• 1 Vacutainer  



77 
 

• 1 x 5 mL syringe with blunt plastic cannula attached to end for discarded blood  

• 1 op-site to apply over angio  

• Tape  

• COLD Glucodex (75 g 300 mL) with glass  

• Timer  

• Paper and pen to keep record of times for blood draw  

 

Measurement procedures  

The 2-hour oral glucose tolerance test (OGTT) was acquired at our laboratory facilities in the 

Kinesiology and Health Studies Building on Queen’s campus. At the time of the OGTT, blood 

lipids were also measured.  

Preparing the participant: Participants were instructed to eat a normal meal the evening before, 

followed by a 12-hour fast prior to testing. Upon arrival to the laboratory, participants were 

introduced to the study nurse, who would seat them and briefly explain the test.  

OGTT procedure: The participant was asked when they last had something to eat or drink. If 

they had not fasted for at least 12 hours the test was not completed. The procedure for taking 

blood was then explained to the participant.  

1. Start IV with 20 angio with Interlink (cap) in the antecubital vein.  

2. Have a 10mL syringe of flush ready.  

3. The order of blood draws were as follows: Gold/yellow, red, mauve and grey  

4. Take your first blood sample (time 0) with the multiple adapter and blunt cannula attached to 

the vacationer. Gently invert the tubes 5 to 10 times to enhance the clotting or anticoagulation.  

5. Inject 2.5mL of flush in the angio to keep the line patent.  
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6. Give the participant Glucodex 75g 300mL in a cup. They have only 5 minutes to drink it. 

They must drink ALL of it within the 5 minutes.  

7. As soon as they are finished start the timer for 30 minutes. This will start the OGTT. From this 

point onwards, blood samples will be taken every 30 minutes.  

8. Allow the yellow/gold and red top tubes to sit at room temperature for 30 minutes to clot.  

9. Prepare centrifuge to spin mauve, grey and red top tubes. These tubes should be put in the 

centrifuge immediately after blood is taken.  

10. After each blood draw follow #8’s instructions.  

11. When you have taken your last sample (at 120 minutes), offer juice, crackers and cheese or 

peanut butter.  

12. Explain to the participant the importance of having some food after the OGTT.  

13. Explain hypoglycaemia and the symptoms to the participant. Explain there might be a small 

chance of feeling weak after the OGTT.  

14. Each mauve 6 mL top tube requires two aliquots (4 in total) and the 3 mL requires one 

aliquot for each time taken.  

15. 15 Make sure blood tubes are labeled with code number and times (0 30 60 90 120).  

16. 16 Store blood in -80°C freezer. 

 

Storage and handling of blood samples  

Preparing the blood for the lab and centrifuge:  

1. All blood tubes should be kept in a vertical position in a blood tray. This position promotes 

complete clot formation and reduces agitation of the tube contents, which in turn reduces the 

potential for hemolysis.  
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2. The yellow and red top tubes should remain at room temperature for 30 - 60 minutes to allow 

for clotting. The mauve top tubes should be put in the centrifuge at 16°C immediately.  

3. Once the yellow top has clotted, prepare to send to the lab by making sure the tube has been 

labeled and there is a requisition. The tube must be transported in a Biohazard bag. The tube 

should reach the final lab within 2 hours sitting at room temperature.  

4. The mauve top tubes should be spun and separated within 2 hours. (The sooner the better). 

The tubes should be stored in a –80°C freezer labeled with the code and study.  

Operating the centrifuge:  

1. Keep the centrifuge temperature at 20°C.  

2. The speed (rpm) should be at 4000 - 4250.  

3. The blood should be spun for 10 minutes.  

4. When putting the tubes in the centrifuge the tubes must be balanced for size and volume. If the 

volume is not equal you must fill an empty tube of the same size with water to match the volume. 

BALANCE IS A MUST.  

5. Close the lid and hit the start button.  

6. When the centrifuge is done a green light will come on.  

Separating the Blood:  

1. Remove the tubes from the centrifuge VERY carefully to a test tube rack.  

2. Fill out the required aliquots with the proper study and code number.  

3. Very carefully separate the serum from the whole blood making sure no blood cells enter the 

pipette. Distribute the serum evenly amongst the aliquots.  

4. If some red blood cells enter the pipette the tubes must be spun again.  

5. Put the proper coloured caps on the aliquots that match the study.  
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6. Dispose the blood tubes in the proper biohazard bucket or container.  

7. Store aliquots immediately in the -80°C.  

 

Analysis of blood  

After separating out the plasma by centrifugation, blood samples from the OGTT were sent to 

the Kingston General Hospital CORE Lab for analysis. Plasma glucose was determined using 

enzymatic methods on the Synchron LX® Systems (Bechkman Coulter, Inc., Brea, CA, USA). 

Serum total cholesterol, triglyceride, and high density lipoprotein levels were determined using 

standard enzymatic methods on the Synchron LX® Systems (Bechkman Coulter, Inc., Brea, CA, 

USA). Insulin was determined with a chemiluminescent immunoassay using the Bechkman 

Coulter UniCel Dxl 800 Access® Immunoassay System (Bechkman Coulter, Inc., Brea, CA, 

USA).  

The two most important samples for diagnosing Type 2 diabetes are the fasting or “0-time” 

sample and the sample taken 120 minutes after ingestion of the glucose drink. Fasting samples 

which are greater than 7.0 mmol/L or a 2-hour glucose level greater than 11.1 mmol/L are 

diagnostic of diabetes, according to the 1999 World Health Organization diabetes criteria. The 

blood lipids were also measured with the fasting blood samples. 
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Appendix E: Exercise protocol 

Calculating exercise prescription: 

1. Determine quality of VO2 results 

To calculate exercise prescription, the exercise monitors must receive a baseline VO2 result for a 

participant. The results should be reviewed to ensure that the test is a valid indicator of aerobic 

fitness for the individual. To determine this, first 3 of the 4 criteria to indicate a “good” test need 

to be met and indicated by the RA who completed the test. Second, the exercise monitor should 

look at the values (absolute VO2, Relative VO2, HR, VE, RQ) and determine that they are 

reasonable based on expected values for the target demographic.  If they are not reasonable an 

explanation should be determine (physiological or mechanical) and a repeated test should be 

considered after a consultation with the principal investigator and the RAs.  

Based on the VO2 results and randomization to determine group assignment, which determines 

individual daily caloric expenditure, an individualized exercise prescription of duration and 

target heart rate are determined for each participant.  

1. Calculating exercise prescription 

1) With the file still open, select the “Time Calculator” worksheet at the bottom of the 

page. 

2) Enter the caloric target based on the gender and group of the participant into cell “B2” 

under Baseline in the Expected Kcal row. It should automatically fill in across all future 

test as well. If not you may have to do this manually. 
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3) From the participants VO2 results, take the heart rate corresponding to the proper 

intensity (50 or 75%) and enter it into the “Ave HR” row under the correct visit.  

4) Next, from the VO2 Data, copy the slope and intercept from under the Kcal/HR 

heading (L24/L25) and paste this into the “Time Calculator” in rows 3 & 4. You must 

also remove the negative sign from the intercept value as it is already built into the 

calculation.  

5) This will provide you with the exercise prescription of a target heart rate (bpm) and 

duration of exercise (minutes) to achieve the caloric target for the participant. These 

values should be copied and pasted into the proper cells of the PA Sheet within the file 

(duration should be rounded to the nearest minute that will achieve the caloric target).  

The formula that is used to calculate the time is the same formula used to calculate daily caloric 

expenditure but re-arranged to isolate the variable we seek, which is in this case time. The 

formula for time is as follows: 

Time= Caloric Expenditure/(Slope x Ave HR) – Intercept 

6)  Now, you must enter the participant’s correct values into the formula for calculating 

daily caloric expenditure on the PA sheet. Copy the slope and intercept from the Time 

calculator worksheet and paste them into the Kcal column on the PA sheet (cell “Y6 

&Y7”).  

7) These values need to be entered into the caloric expenditure formula in the Kcal 

column, which is as follows:  

Caloric Expenditure = [(Slope x Ave HR) – Intercept] x Time 
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For each aerobic exercise session, we obtain a starting heart rate and then obtain the exercise 

heart rate every 5 minutes thereafter. Participants will be instructed to wear a Polar heart rate 

monitor each time they arrive for an exercise session. These monitors consist of a T31 coded 

transmitter, which is strapped to their chests, and a wrist unit, which is strapped to their wrists 

like a watch or attached to the machine directly in front of the participant. The participants will 

weigh in (without their shoes) and their weight will be recorded prior to the start of each session 

in order to track progress with both diet and exercise components.   

After telling the exercise monitor the starting heart rate, participants will step onto one of seven 

treadmills and begin their 5 minutes warm up. The five-minute walking warm up is designed to 

elevate heart rate from a non-exercise rate to the target exercise range. It is not included as part 

of the prescribed daily exercise, therefore not counting towards the daily number of calories 

expended. Target exercise heart rate ranges are specific to each participant, calculated from the 

most recent VO2max test, and written on the weekly exercise session record. Participants are 

encouraged to choose a speed and grade after the 5 minute warm up that will elevate their heart 

rates into the exercise range. Once within the range ( +/- 3bpm), participants can maintain or 

adjust walking/jogging speed and treadmill grade as desired every five minutes after telling the 

monitor the “steady state” heart rate for that exercise interval. All exercise heart rates, treadmill 

speed and grade associated with those heart rates are recorded by the Exercise Monitor(s) onto 

the weekly Exercise Record as well as into the electronic file. 

There may be some variance in perceived difficulty of the moderate exercise. Some exercisers 

will need more encouragement than others to “pick up the pace” to elevate their heart rates 

sufficiently. Others need to be reminded to not get too intense as their competitive natures may 
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drive them on to “improve” the calories burned each day or move on to a greater treadmill speed 

or grade.  

A five minute walking cool down at the end of each session is also performed, designed to return 

the exercise heart rate back to near-starting levels. Participants are encouraged, but not required 

to stretch upon completion of exercise. Participants wash and rinse the transmitter and chest 

straps at the sink in the exercise room and hang them to dry in preparation for the next group of 

participants.  
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Appendix F: Cardiorespiratory fitness test (VO2max) protocol 

 

List of measured variables 

Maximal oxygen consumption (L/min) 

Maximal oxygen consumption per kg body weight (L/kg/min) 

 

Measurement devices 

 Sensor Medics Vmax29 Metabolic Cart 

 Laptop computer 

 Treadmill 

 Calibration gas tanks (with sufficient gas) 

 Polar HR monitor 

 USB stick 

 

Measurement procedures 

Cardiorespiratory fitness tests will be performed at Hotel Dieu Hospital. The VMax system must 

be turned on 30 minutes in advance of attempting system calibration. Calibration will take 30 

minutes on average. Thus, the first scheduled test for that day should be at least 1 hour after the 

Research Assistant arrives. We will schedule 45 minutes per participant. The participants will 

change into an athletic shirt and shorts, and wear a pair of comfortable shoes suitable for brisk 

walking or jogging (they should be reminded to bring all items on the day of the test). We give 
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them a Polar heart rate monitor to wear so we can record heart rates every 20 seconds throughout 

the test. Ideally the test should last between 8-12 minutes, beginning with a relatively brisk pace 

at level grade, increasing grade to 5% at the 3rd
 

minute, and then further increasing the grade by 

2% every 2 minutes thereafter.  If after 2 minutes at the maximal incline of 15% the subject has 

not reached exhaustion, the speed must increase (generally by 0.2 mph). Heart rates are observed 

and recorded on the VO2 Data Collection Sheet by a Research Assistant, who will hold a receiver 

watch while standing close to the participant. Breath-by-breath analysis of respiratory gases is 

also recorded throughout the test.  

Criteria for a successful VO2max test 

There are a number of popular criteria in the literature which are to be used to assess whether the 

participant being tested has actually achieved VO2max. 

 Plateau in VO2 (oxygen uptake) with increasing work rate (increasing treadmill incline, 

speed or both). For our purposes we will define plateau in VO2 as ∆VO2 <0.05 L/min at 

VO2peak and the data point 40 seconds above or below, with increases in external work  

o Note: This criteria is often criticized as it has been shown that approximately 50% 

of individuals undergoing VO2max testing never reach a true plateau. 

 RQ > 1.10: This suggests non-metabolic production of CO2 and reliance on anaerobic 

metabolism. 

 Heart rate (beats per minute or bpm) exceeding age predicted max HR (220-age) minus 

12bpm. For example, for a 20 year old, the HR to be exceeded = 188 bpm (220-20 -12) 

 Borg scale=10. This gives the perception of effort by the participant during the test. 

A successful test should meet at least 3 of the above criteria. 
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Familiarization 

Measuring changes in aerobic capacity requires a comparison of maximal performance on a 

graded exercise test. For people who have never been on a treadmill and are unaccustomed to 

pushing themselves physically, obtaining meaningful results can prove difficult. The warm-up 

for these individuals should be long enough for them to feel comfortable. The more they 

comprehend the test and what is required of them, the better the participants will respond when 

encouraged to exercise “to fatigue” during the test. 

The following is the step-by-step process of operating the Vmax machine and other computers 

used in our laboratory for data collection and analysis of this test: 

 

Flow volume calibration 

 Select “1 Flow Sensor Calibration” on the Main Vmax Menu. 

 The Mass Flow Sensor Zero Box will be displayed. 

 Attach the calibration syringe to the Mass Flow Sensor with all 3 connecting cables attached. 

 Press “F1” to start calibration. 

 Stroke the syringe 2 times to purge the Mass Flow Sensor with room air. 

 Select “Space Continue” 

 Excessive movement of the Mass Flow Sensor or the Sensor Cable during calibration can 

affect your accuracy and success at calibration: Ensure that airflow is minimal around Vmax. 

 A ten-second timer will count down to zero before continuing to the Zero routine. 
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 The Mass Flow Sensor will be automatically calibrated to zero gas flow. 

 When the Zero routine is complete, the Flow Volume Calib Screen will be re-displayed. 

Calibration strokes 

With the syringe piston initially in, move the piston in and out for 15 full strokes. 

 The display will not show the first full stroke 

 A screen with flow ranges will show whether you have averaged a certain stroke speed 

 Be sure to turn all ranges from yellow to green with the allotted strokes 

 Strokes should be done smoothly and consistently: don’t bang the syringe! 

 Hint: for slow strokes, twist the syringe head slightly as you go – keeps it from sticking 

 Keep each stroke within 3-6 LPS (0.5-1.0 second stroke duration) 

Verification strokes 

Perform 5 more strokes. 

 At least one of the last 4 should have an average flow rate of < 0.5 LPS 

 At least one of the last 4 should have an average flow rate of > 3.0 LPS 

 The red dotted lines should help you achieve these requirements. 

If you failed the Verification Criteria (±3% of known piston volume) then start again: Press “F1” 

Note: Sometimes this can take multiple tries, which is why you should allow at least 30 minutes 

for calibration. 

 Press “F3” to accept calibration values. 

 Remove the syringe. 
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 This calibration is good for 2 subsequent VO2 tests. After the second one, change the 

flow sensor and redo calibration from beginning. 

 

Gas analyzer calibration 

 Use the tool to turn the Span 1 and Span 2 valves on completely (2 full turns 

counterclockwise) 

 Connect sample line (braided) to the Calibration Fitting on the front of the Pneumatics 

Module. 

 Select “4 Exercise/Metabolic Test” from the Main Menu 

 Select “Exercise Protocol”, then Press “F1” 

 Select “F1” to initiate the O2 and CO2 analyzer calibration sequence 

 Both analyzers will initially sample 3 gas concentrations and calculate correction factors 

(step 1): 

  16% O2, 5% CO2 (Cal 1 gas) 

  26% O2, 0% CO2 (Cal 2 gas) 

  20.94% O2, 0.05% CO2 (room air) 

 The correction factors are then verified by sampling the same three gas concentrations 

(step 2) 

 The Verification sequence (step 2) is displayed graphically in the O2% vs. Time Window 

and the CO2% vs. Time Window. 

 The values are updated at the end of the verification sequence. 
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 If you get a warning, follow directions.  Do not test someone until this calibration is 

successful. 

 Reconnect the sample line to the sample fitting on the Mass Flow Sensor. 

 Press “F3” to accept calibration values and begin test. 

 Test screen will pause until you have the participant hooked up and start the VO2max 

test. 

 

Equipment check 

You’ll need a clean facemask connected to the Mass Flow Sensor which you attach to the head 

strap and then place on the participant. Inform the participant that they can maintain breathing 

freely through the mask, to reduce any potential anxiety. Have a heart rate monitor ready to give 

to the participant.  Secure the flow sensor lines to the treadmill display panel with a piece of tape. 

 

Participant preparation 

 Thoroughly explain the entire procedure to the participant, including:  

a. stop mechanisms for treadmill (all stop buttons as well as grabbing onto handles with 

both hands) 

b. participant should not try to talk – use hand signals instead (thumbs up/thumbs down) 

c. participant should terminate test if feels pain in chest or dizziness 

d. Explain Perceived Exertion Chart  

 Fit the heart rate monitor snugly around the participant’s ribcage (about at braline) 
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 Ensure that the receiver (watch) reads a normal heart rate (50-90 bpm) 

 Have the participant familiarize him/herself with the treadmill and warm up for at least 5 

minutes 

 Treadmill should be at 0% grade and a speed that induces a brisk walk. Use your 

judgement to assess an individual’s gait. 

o Use the speed you determined for the treadmill test speed 

 Stretch the major leg muscles with the participant in preparation for the test 

 Fit the headgear snugly and adjust the wires so that the mouthpiece is supported 

 Tape the tubes (with some slack toward the participant) to the display panel on the 

treadmill 

 

Maximal graded exercise test 

 Immediately adjust the treadmill to the desired speed. 

 Manually record HR every 20 seconds throughout the test  

 Provide encouragement to the participant, reassurance, and step-by-step explanations 

 Instruct the participant to press the stop button or grab hold of railings with both hands as 

a signal to stop the test. 

 Be watching for signs of fatigue and be ready to offer a steadying hand at the 

participant’s back 

Disconnect participant from breathing circuit and keep them walking on the treadmill for 5 

minutes to cool down. DO NOT allow the participant to sit down directly after the test. 
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Appendix G: Accelerometry protocol 

List of measured variables 

 Minutes per day of sedentary behaviour (<100 cpm), light physical activity (100-1951 cpm) 

moderate physical activity (1952-5724 cpm), vigorous physical activity (≥5725 cpm), and 

total or incidental physical activity (>100 cpm). 

 Counts per minute over the entire wear day, of sedentary behaviour, light physical activity, 

moderate physical activity, vigorous physical activity, and total or incidental physical 

activity.  

 Sleep duration. 

 Minutes per day of bouted (≥10 consecutive minutes) and unbouted (<10 consecutive 

minutes) activity. 

 

Measurement device 

GT3X Actigraph Activity Monitor (Pensacola, FL). 

 

Measurement procedures 

Preparing the accelerometer for data collection 

1. The accelerometer has a rechargeable battery that should be fully charged before being 

given to a participant. The accelerometer can be recharged via a standard 2.0 USB 

connection plugged into a computer or a 7-terminal charging hub which is plugged into a 

regular electrical outlet.  



93 
 

2. When the accelerometer is charged it is initialized using the Actilife program to collect 

data in 60 second epochs on midnight of the day data collection begins and end exactly 7 

days later at midnight. 

3. Once initialized, Attach the accelerometer to an appropriately sized elastic band. 

4. Record the serial number of the accelerometer on the SERENA accelerometer wear 

spreadsheet so we can track who was wearing which accelerometer (on repeat 

measurements the participant should receive the same accelerometer every time to reduce 

variation).  

 

Preparing the participant 

1. There are no guidelines the participant needs to follow prior to getting the accelerometer. 

2. The accelerometer will be attached to an elastic band to be worn around the waist next to 

the skin (or over a light, tight-fitting shirt if it is too itchy) to minimize extra motion and 

will be situated directly over the right hip. 

3. The participant will be asked to wear the accelerometer for a 7 day period and to remove 

it only for water activities (eg, swimming, showering, or bathing).  

4. The participant will also be given a log where they will record when and why the 

accelerometer was removed and provide comments. 

 

Data management  

1. Retrieve accelerometer and log from the participant.   
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2. Open the Actilife program, connect the accelerometer to the computer via USB 

connection and click the ‘download’ button on the left side of the screen. The box below 

should pop up on the screen. 

3. Once the data has been successfully downloaded, the box below will pop up. Select 

‘Subject Name’ then click “Download All Devices”. Note: The data will be stored in the 

accelerometer until it has been initialized again and at this point it is deleted.  So, be sure 

data has been downloaded before initializing any device. 

4. When saving the file use the following format: IDVisit_startday, where Monday = 1, 

Tuesday = 2, and so on. For example: S001V00_2. 

5. Next, in “Actilife Version 4” under ‘Analyze Data’ (left side of screen at the top) select 

‘create graph (Microsoft Excel)‘. A popup will appear – click ‘ok’. Microsoft Excel will 

load. Click ‘Enable Macros’. The security settings must be set to medium to enable this 

program to work (Go to the ‘Tools’ menu, select ‘Macro’, then select ‘Security’ then 

select ‘Medium’. You will likely then have to close the program and try to re-open). 

Click on the blue graphic displayed in the middle of the screen (shown below) and select 

the raw .dat file you want to graph. 

6. After the .dat file has been selected the box below will appear.  Ensure you have checked 

the boxes that are checked below and then click ‘Continue’.  Excel will create the graphs 

and display the data requested. You will see a graph for each of the 3 axes and the 

inclinometer selected above for each day the accelerometer was worn (each graph is on a 

separate sheet). You will also have a ‘Numeric Data’ tab and ‘Daily Totals’ tab.  In the 

Numeric Data tab, there should be a column of data for each day which includes: date 
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and time every 60 seconds, activity counts, horizontal activity counts, 3
rd

 axis activity 

counts, step count, and inclinometer (figure a below shows a snapshot of the numeric data 

and figure b is a snapshot of the activity counts graph). This file will be used to do an 

initial data quality assessment.  Note: for the graphs to work properly, the computer needs 

to be set to ‘English (United States)’ under the regional language and time settings (in 

Control Panel). 

7. Name and save using the convention ID_time in folder SERENA PA data.   

8. The waist bands will need to be washed between participants. They should be hand-

washed in hypo-allergenic formula and hung to dry.  
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Appendix H: Anthropometry protocol 

List of measured variables (intra- and inter-measure error) 

Weight and height 

Weight (0.2 kg; 0.2kg) 

Standing height (0.2 cm; 0.2 cm) 

Waist circumference (1.0 cm; 1.0 cm) 

 

Measurement devices  

 Detecto Weight Scale 

 Stadiometer 

 Anthropometric tape - contains a tension indicator device 

 

Measurement Procedures: 

Weight (kg): measured on the Detecto scale with shoes removed, wearing the ‘Greys’ clothing 

provided 

Standing height (cm): measured with shoes removed, standing with heels close to wall, feet 

together, eyes looking straight ahead, back and buttocks touching the back rest of the 

stadiometer. 
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Waist circumference (cm): the upper right hipbone is located and a line is drawn on the 

uppermost lateral border of the iliac crest. Circumference is measured twice at this point and the 

average of the two values is recorded. If the two values are outside of intra-measure error, 

circumference is measured again. 


