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Abstract 

The purpose of this dissertation was to study the effects of exercise training on the plasma 

metabolome and phenotypic changes in men and women with abdominal obesity, using both 

metabolomics and magnetic resonance imaging technologies. Our findings are based on data collected 

from a randomized controlled trial, wherein participants were assigned to a low amount low intensity, 

high amount low intensity, high amount high intensity, or control group. The objective of Study 1 was to 

examine plasma metabolome changes in response to chronic exercise and whether changes in metabolites 

are associated with change in cardiometabolic risk factors. While no significant differences between 

measured metabolites in the control and exercise arms were observed, we identified significant 

associations between changes in metabolite concentrations and improvements in cardiometabolic traits 

following exercise. These findings were based on the average group response; however, recent interest in 

personalized exercise medicine has prompted investigation of individual responses to exercise training. 

Given the epidemic of excess adiposity globally, characterizing the heterogeneity in adipose tissue (AT) 

response to exercise is clinically important. The objective of Study 2 was to characterize the magnitude 

and clinical relevance of individual responses for AT reduction following standardized exercise. We 

demonstrated that the probability of an individuals’ reduction in total and abdominal AT being clinically 

meaningful was greater than controls, independent of amount and/or intensity. The objective of Study 3 

was to integrate our findings by assessing the influence of AT reduction on the plasma metabolome and 

subsequent changes in cardiometabolic risk following exercise. We found that exercise-induced reduction 

in visceral AT was independently associated with increases in pyroglutamic acid (linked to glutamate 

metabolism) and TCA cycle intermediates (succinic and fumaric acid). Taken together, our observations 

suggest that (1) alterations in metabolites are related to changes in cardiometabolic traits; (2) part of the 

relationship between metabolite changes and cardiometabolic traits may be explained by AT reduction 

following exercise; and (3) given that the magnitude of adiposity reduction is associated with identifiable 
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plasma metabolites, it is possible blood-based measures can reflect a given individual’s AT response to 

exercise.  
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Chapter 1 

General Introduction 

1.1 Exercise and metabolomics: implications for cardiometabolic risk 

Exercise training is a potent stimulator for improvements in a range of cardiometabolic risk 

factors, in addition to global cardiovascular disease risk.1-5 Despite the overwhelming epidemiological 

and intervention evidence over the last several decades demonstrating the health benefits associated with 

exercise6, the molecular mechanisms underlying its salutary effects remain unclear. Current approaches to 

understanding mechanisms by which exercise improves health have focused on the activity of pre-

selected biochemical pathways that are largely hypothesis-driven7. Alternatively, advancements in high-

throughput platforms have enabled the systematic, global assessment of large numbers of small-molecule 

metabolites in tissue and plasma samples, known as metabolomics, that may participate in exercise-

induced biochemical pathways. With the exception of one prior study8, little is known about the 

metabolome’s response to prolonged exercise training and whether those responses are associated with 

improvement in cardiometabolic risk. Therefore, the first objective of this dissertation is to examine 

plasma metabolome changes in response to chronic exercise and whether changes in metabolites are 

associated with change in cardiometabolic risk factors.   

1.2 Exercise and adiposity: interindividual variability in responses 

Recent interest in exercise-associated interindividual variability has advanced novel statistical 

techniques that allow practitioners and researchers alike to interpret whether individual responses to 

exercise are clinically meaningful. Our laboratory recently reported that on average, aerobic exercise 

induces substantial reduction in total and abdominal adipose tissue (AT) independent of exercise amount 

or intensity. We are unaware of any report that considers the variability in interindividual response for a 

given AT depot. Given the epidemic of excess adiposity globally and its associated medical costs9, 

characterizing the heterogeneity in AT response to exercise is clinically relevant with important 
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implications for exercise-induced improvements in cardiometabolic risk. The second objective of this 

dissertation is to characterize the magnitude and clinical relevance of individual responses for AT 

reduction following standardized exercise.  

1.3 Exercise, adiposity, and metabolomics: implications for exercise-mediated AT reduction and 

corresponding improvement in cardiometabolic risk 

The final objective of this dissertation is to integrate our findings by assessing the influence of 

AT reduction on the plasma metabolome and subsequent changes in cardiometabolic risk following 

exercise. Total, visceral and abdominal subcutaneous adipose tissue (AT) depots have distinct 

associations with cardiometabolic health10; however, the metabolite profile that characterizes changes in 

each AT depot and potentially mediates risk for disease is not understood. Magnetic resonance imaging 

(MRI), combined with metabolomics technologies, allows for exploitation of biomarkers and/or 

molecular mechanisms that both characterize the cardiometabolic traits associated with specific AT depot 

accumulation and explain the impact of AT reduction on circulating metabolites and corresponding 

improvement in cardiometabolic risk. To our knowledge, no prior observations exist to illustrate 

corresponding changes of metabolites and AT depots following exposure to physiologic perturbations 

including exercise. The final objective of this dissertation will investigate depot-specific AT associations 

with circulating metabolites and will assess whether changes in metabolites reflect the magnitude of 

response for a given AT depot following exercise.  

1.4 Potential significance of our findings 

This dissertation reflects a multifaceted approach to studying the effects of chronic exercise 

training on the plasma metabolome and phenotypic changes. Study 1 will enhance our understanding of 

the changes in metabolism that occur with exercise and the corresponding improvement in 

cardiometabolic risk. One exercise-mediated phenotypic change associated with significant improvement 

in cardiometabolic health is adiposity reduction. Study 2 and 3 of this dissertation will highlight the 

impact of exercise on individual AT responses to exercise training and identify metabolites that reflect the 
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magnitude of total and regional AT changes. Overall, the observations within this dissertation have the 

potential to (1) identify novel biomarkers of phenotypic changes following exercise; and (2) to uncover 

biochemical mechanisms that mediate exercise-associated improvement in risk that warrant further 

interrogation in mechanistic human or animal models.  
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Chapter 2 

Literature Review 

2.1 Objective 1: How does chronic exercise impact the metabolome and corresponding implications 

for cardiometabolic risk 

The following section will provide the foundation for the remainder of this review. Its main objective 

is to introduce metabolomics and discuss how its use has potential to enhance our comprehension of 

exercise-mediated improvement in cardiometabolic risk. The specific aims are to:  

1) Describe metabolomics, associated technologies, and both advantages and limitations to its use. 

2) Review existing observations of the metabolomic response to chronic exercise training. 

3) Introduce cardiometabolic risk and discuss current knowledge related to mechanisms by which 

exercise training improves cardiometabolic health and the potential for metabolomics to advance 

knowledge in this area of exercise science. 

2.1.1 Metabolomics 

2.1.1.1. Definition and application 

The concept that small molecules circulating in biological fluids can be measured and used to 

reflect a given individual’s metabolic and physiological state was first introduced by Pauling et al. in 

197211. In the same year, Horning and Horning coined the term “metabolic profiling”12. Over the last 4 

decades, technological innovation has advanced the study of high-throughput metabolomics, defined as 

the measurement of low molecular weight compounds that participate in metabolic pathways13. These 

compounds make up the “metabolome” and include endogenous amino acids, sugars, lipids, nucleic acids, 

amines, organic acids, fatty acids, as well as exogenous pharmacological agents and toxins13. It is thought 

that due to its downstream nature relative to other “omics” measurements (genomics, transcriptomics, 

proteomics, etc.), changes in metabolic pathways represents the most proximal report of alterations in the 

body induced by disease14. Metabolomics offers an unbiased approach to studying mechanisms for 

disease development and response to perturbations, including exercise. Compared to other “omics” areas 
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of investigation, relatively fewer detectable metabolites exist14, suggesting the metabolome may be more 

tractable than the genome or proteome. 

2.1.1.2. Methods of measurement 

Great diversity in chemical characteristics is reflected by circulating metabolites; thus, no single 

measurement method can capture the full range of metabolites. Indeed, polarity, mass charge and 

concentration are just a few examples of characteristics that are largely heterogeneous across the 

metabolome13. There are two predominant methodologies currently used for metabolomics analysis – 

nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry (MS) combined with 

chromatographic techniques. 

The use of NMR identifies metabolites based on their chemical shift in resonance frequency after 

exposure to a strong magnetic field15. In a strong magnetic field, nuclei (H, C or P) within metabolites 

absorb electromagnetic radiation at a distinct frequency. These signals are used to identify molecular 

structures and corresponding metabolites. Advantages to this technique include the ability to measure 

both in vivo tissues or biological fluids; little sample preparation and preservation of fluids; and cost. 

Limitations include low analytical sensitivity, especially for metabolites low in abundance, which restricts 

the number of identifiable metabolites to fewer than 10015. 

A more sensitive method of measuring the metabolome, depicted in Figure 2.1, is mass 

spectrometry (MS), typically combined with one or more forms of chromatography16. In MS, metabolites 

are differentiated by their mass to charge (m/z) ratio. Most MS platforms use gas (GC) or liquid (LC) 

chromatography as a first level of separation by dissolving the sample into a solvent and pumping the 

solvent (mobile phase) through a stationary phase. Stationary phases are columns whose surface contain 

specific interaction chemistries. How the metabolites interact with the stationary phase reflects its polarity 

and metabolites can be separated based on retention time. After chromatography, the separated solvent 

enters the spectrometer which represents the second level of separation. At this stage, the metabolites are 

ionized and the m/z of the metabolites’ ions are measured and used for identification. The time at which 

the compounds elute and strike the detector reflects its mass15. Triple quadrupole MS is one commonly 
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used technique, wherein four parallel rods exposed to oscillating electrical fields stabilize the flight path 

of ions with a select m/z, serving as a mass-selective filter. The potentials across the rods can be adjusted 

to account for a range of m/z values. In triple quadrupole MS, the first quadrupole acts as a filter for select 

precursor ions; the second introduces a standard compound (e.g. argon gas) which allows for collision-

induced defragmentation of precursor ions, generating daughter ions15. This is important as metabolites 

with the same molecular weight that are not identifiable in the first quadrupole will produce distinct 

daughter ions, allowing for separation. The third allows all fragments to pass to the detector, filtering the 

daughter ions. Compared to NMR, MS is more sensitive and can measure low abundance metabolites, 

increasing its capacity for the complete assessment of the metabolome. Metabolites are identified by their 

detected m/z peaks and quantified using the area under the curve of that peak using established algorithm-

based software15. 
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Figure 2.1. Overview of Liquid Chromatography-Mass Spectrometry. Step 1: Sample Preparation 

(Deproteinization). (a) Organic solvent is added to each plasma sample; (b) Samples and solvent are 

mixed using a vortex; (c) The protein is precipitated from the plasma with a centrifuge. Step 2: Liquid 

Chromatography (1st Stage of Separation). Plasma samples are loaded onto the autosampler plate, which 

automatically samples each vial one at a time and transfers it to the chromatographer. Liquid 

chromatography separates molecules based on their differential interactions between the stationary phase 

and the mobile phase. HPLC, high performance liquid chromatography, allows the application of pressure 

for the mobile phase to pass through the stationary phase allowing for better separation and resolution. 

The mobile phase includes the solvents that are used to elute the molecules bound to the stationary phase. 

The stationary phase (chromatography column) selectively absorbs certain molecules due to chemical 

interactions. Molecules can then be eluted by changing the conditions (polarity) of the mobile phase. Step 

3: Tandem Mass Spectrometry (2nd Stage of Separation). Metabolites are first ionized by electrospray 

ionization. Mass Analyzer #1 separates molecules based on their mass to charge ratio (m/z). It allows only 

ions of a specific m/z value to move ahead. Collision energy: Since some molecules have the same 

molecular weight, they cannot be identified by Mass Analyzer #1; thus, they need to be further broken 

down. Argon gas is introduced to break down molecules (defragmentation) into their daughter ions. Mass 

analyzer #2 separates all fragmented ions based on their m/z. Step 4: Integration of Metabolite Peaks. 

Specialized software normalizes samples and compares to internal standards (Val-08, Phe-08). The peak 

for each metabolite is examined and identified using an established catalogue. Metabolites are quantified 

by measuring the area under the metabolite curve. HPLC, high performance liquid chromatography. 
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2.1.1.3. Data Analysis 

The large quantities of information gained by the use of “omics” technologies represent both 

opportunities for discovery and challenges for interpretation. Traditional statistical approaches that 

involve applying individual significance tests to each metabolite association of interest increases the risk 

of generating false-positive findings due to multiple testing. Methods to reduce this risk include the use of 

Bonferroni correction and control of the false discovery rate; however, criticisms to each approach have 

been duly acknowledged, including an overly-conservative safeguard that may mask important 

relationships that are subtle in nature17. 

 The evolution of bioinformatics has presented solutions for interpreting metabolomics-acquired 

data. Bioinformatics involves the use of data reduction methods to elucidate pathways that may be more 

informative than single biological markers. The observation that multiple metabolites involved in the 

same biological pathway together are associated with a physiological perturbation or disease state gives 

the user more confidence that their finding is biologically relevant. Several data reduction strategies exist, 

including the use of Principal Component Analysis, Partial Least Squares Regression, and Discriminant 

Analysis. 

2.1.1.4. Advantages and Limitations 

Metabolomics offers an alternative to traditional hypothesis-driven methods for measuring 

metabolic pathways indicative of disease progression or experimental perturbations. However, important 

limitations necessitate caution when interpreting findings. External factors including the absorption of 

dietary metabolites or hormonal responses to dietary intake can affect the circulating metabolome 15. 

While metabolomics allows for a systematic and unbiased examination of the activity of important 

metabolic pathways, it is only a snapshot and does not provide information on pathway flux16. Therefore, 

why a metabolite is increased or decreased is unknown. The tissue origin of the circulating metabolite is 

also unknown18. While investigation examining exogenous factors that impact the metabolome in addition 

to variability inherent in metabolite measurement is necessary, findings from metabolomics studies can 
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generate hypotheses that should be further explored using animal models and/or experimental 

perturbations. 

2.1.2 Application of Metabolomics: Is exercise associated with changes in the circulating 

metabolome? 

Work by our group and others have characterized changes in plasma metabolites following a 

single aerobic exercise session using advanced metabolite profiling technologies19-21. Findings from these 

studies demonstrate exercise-induced changes in several key metabolites involved in glycolysis, lipolysis, 

glycogenolysis, the citric acid (TCA) cycle, and amino acid metabolism, and identified differential 

substrate utilization among more and less fit individuals.  By contrast, far less is known about the 

metabolic response to prolonged exercise training.  Huffman et al22 examined the change in 69 plasma 

metabolites after six months of chronic exercise training in a small (n=53) cohort of sedentary, middle-

aged, overweight or mildly obese men and women, and found significant changes in leptin, monocyte 

chemoattractant protein (MCP-1) and arachidoyl carnitine (C20) compared to the inactive control group. 

Notably, this study utilized a limited metabolomics platform that measured free fatty acids, acylcarnitines 

and few amino acids. 

2.1.3 Are changes in circulating metabolite following exercise associated with improvements in 

cardiometabolic risk? 

2.1.3.1. What is cardiometabolic risk? 

Cardiometabolic risk factors are those that extend beyond traditional risk factors for 

cardiovascular disease, and also contribute to the development of type 2 diabetes23. Insulin resistance in 

adipocytes, hepatocytes, and myocytes, along with visceral adiposity and derangements in adipose tissue-

derived inflammatory cytokine release are thought to be the main drivers of an increase in factors that 

make up cardiometabolic risk23. Cardiometabolic risk factors include well-established risk factors related 

to CVD (age, sex, family history, smoking, blood pressure, LDL-C, HDL-C) in addition to emerging risk 

factors including abdominal obesity and corresponding metabolic abnormalities (insulin resistance, 

inflammation, etc.)24. 
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2.1.3.2. What is the effect of physical activity on cardiometabolic risk? 

There is strong and unequivocal evidence that regular physical activity (PA) is associated with 

improvements in cardiometabolic health across a wide range of individual risk factors including 

abdominal obesity, insulin resistance, hypertension and dyslipidemia4. Indeed, improvements in a number 

of risk factors for disease are observed after a single exercise bout and are further enhanced through 

repeated bouts of chronic PA. Current guidelines worldwide recommend that adults accumulate 150 

minutes per week of moderate-to-vigorous intensity PA, a recommendation supported by over 60 years of 

scientific study based on prospective observational cohorts examining the impact of moderate-to-vigorous 

PA on risk for chronic disease end-points25, 26. Despite the overwhelming consensus on the benefits of PA, 

the molecular mechanisms that mediate its salutary effects are unclear. 

2.1.3.3. Current approaches to understanding mechanisms 

Current approaches to studying exercise-induced health benefit are largely hypothesis-driven and 

reductionist in nature, wherein pre-selected and identified metabolic pathways are interrogated for their 

link to health benefit7. Over the last four decades, these traditional approaches have elucidated central 

systems that regulate critical homeostatic functions including respiration, blood flow, fuel supply and 

thermoregulation7 by focusing on transcriptional and translational changes following exercise that 

stimulate production of transport and regulatory proteins, in addition to enzymes involved in oxidative 

metabolism27. However, the means by which these changes improve health outcomes is unknown. 

Further, the understanding of how peripheral endocrine factors facilitate communication between tissues 

and how this mediates improvements in health is less clear. Indeed, important organs that are critically 

affected by PA (including adipose tissue and skeletal muscle) have endocrine properties, releasing 

compounds that modulate physiological responses elsewhere7.  

Omics technologies (genomics, transcriptomics, proteomics, metabolomics) provide an unbiased 

opportunity to systematically map physiological networks that are impacted by PA and mediate the 

salutary effects of exercise, which can promote the development of novel therapeutic approaches for 



11 

 

combatting chronic disease14. They provide an alternative to traditional reductionist approaches and move 

towards integrative solutions for uncovering mechanisms. 

2.1.4 Study 1 objectives and potential significance 

It is clear based on the reviewed evidence that a paucity of data exists concerning the impact of 

exercise on the circulating metabolome and the associations between metabolome changes and 

improvement in cardiometabolic risk. Study 1 will expand our current knowledge in this area by 

employing data from a rigorously controlled exercise intervention including both men and women with 

abdominal obesity.  The inclusion of a control group is a major strength of our data compared to past 

reports, as we are able to assess changes in metabolites that are attributable to exercise. Our findings have 

the potential to uncover novel metabolite associations with exercise and cardiometabolic risk that offer 

opportunities for future interrogation using mechanistic animal or human models. The specific aims of 

Study 1 are to:  

1) Examine cross-sectional associations between circulating plasma metabolites and cardiometabolic 

risk factors and CRF. 

2) Characterize the impact of a prolonged exercise intervention on circulating plasma metabolites 

and investigate whether changes in metabolite levels are related to changes in common 

cardiometabolic risk factors and CRF.   

3) Identify baseline metabolite levels that predict exercise-induced changes in cardiometabolic risk 

factors and CRF.  

2.2 Objective 2: Characterization of individual responses for total and regional adipose tissue 

following standardized exercise 

The previous section focused on the role of metabolomics in the assessment of metabolic and 

corresponding cardiometabolic changes following exercise. The remainder of this review of literature will 

explore exercise-induced adipose tissue (AT) reduction with a focus on interindividual heterogeneity in 

response, corresponding changes in the plasma metabolome and lastly, independent and combined 
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associations between AT reduction, metabolite changes, and improvement in cardiometabolic risk. The 

following section will first provide an overview of the impact of exercise on total and regional adiposity, 

with specific aims to: 

1) Introduce the concept of interindividual variability. 

2) Summarize the importance of obesity, total and regional AT distribution, and corresponding 

health consequences.  

3) Review current observations on AT reduction following exercise training. 

4) Review current observations on interindividual variability in AT responses following 

standardized exercise. 

2.2.1 Interindividual variability: historical context 

It is acknowledged that while much of the current evidence in exercise science reports changes in 

group means for a given variable in response to an exercise intervention, considerable response 

heterogeneity exists between individuals. Recent focus on the application of personalized exercise-based 

medicine has stimulated interest in determining the extent to which a given individual responds to an 

exercise perturbation.  

The concept of interindividual variability in response to a standard dose of exercise first emerged in 

the 1980s. Prud’homme et al. studied 10 pairs of monozygotic twins who participated in a 20-week 

endurance exercise intervention, wherein responses for CRF were measured28. While at the group level, a 

significant increase in CRF was observed compared to baseline, considerable interindividual differences 

were acknowledged. The authors suggested that part of the training response is determined by genotype, 

as members of the same twin-pair saw similar improvements in CRF. 

Subsequent to this, Bouchard et al. completed the seminal HERITAGE Family Study, the primary 

aim of which was to examine the magnitude and determinants of heterogeneity in response to exercise29. 

In a series of reports, the authors examined changes in CRF, HDL-cholesterol, heart rate at submaximal 

exercise, and systolic blood pressure before and after 20 weeks of endurance exercise training. They 
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observed significant interindividual variation in the response to exercise for each of the measured 

variables and determined that familial factors influenced the variability in response. In contrast, age, sex 

and race were not observed to impact response. 

More recently, several groups have continued the investigation of individual responses to exercise. 

Though many have focused on individual differences in changes in CRF after training30-33, the 

heterogeneity in response to exercise for cardiometabolic traits including glucose and insulin has also 

been studied34. Regardless of the trait examined or method used to determine level of response, 

substantial interindividual variability appears to exist. However, many questions remain that have 

implications for personalized exercise medicine, including: 

1) Is interindividual variability attributable to exercise alone or to random variability, which 

includes day-to-day biological fluctuations and measurement error? 

2) How do practitioners and researchers characterize and interpret whether a given individual’s 

response is clinically meaningful, after accounting for random variability? 

2.2.2 Methodological perspectives 

In the last several years, concerns from biostatisticians in the field of exercise science have been 

raised regarding the statistical rigor in which we examine interindividual variability in response to an 

intervention35-39. The aforementioned studies above investigating this topic neglect to either a) include a 

control group or b) include a control group but fail to consider the many sources of observed variability 

that may be unrelated to the intervention. To adequately measure a subject by training interaction, 

consideration of the various sources of error inherent in measurements is needed39. Up until this point, 

variability observed in individual responses to exercise are assumed to be due to the intervention; 

however, several other sources of variability exist that may in fact explain some or all of the observed 

variance. To isolate the subject by treatment interaction, random variability (including measurement error 

and biological variation), between subject variability (accounting for differences in baseline values of 
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measurement) and within-subject variability (whether the response changes if the intervention is repeated) 

needs to be addressed and accounted for38. 

Atkinson and Batterham, emerging leaders in the field of statistical approaches to studying 

interindividual variability, have proposed an analytical approach to studying response that accounts for 

the random error in a measurement, using control group observations38. They suggest that in order to 

separate random variability from the subject by treatment interaction (desired outcome), the variability in 

the control group responses should be subtracted from that of the intervention group. Through the use of 

standard deviations of both the control and exercise groups, Atkinson and Batterham have proposed the 

following equation to quantify interindividual responses due to the exercise intervention, specifically: 

SDR=√(SDI
2 – SDC

2) 

SDR represents the standard deviation of the interindividual variation in response to treatment after 

adjustment for random error. Atkinson and Batterham suggest that if the SDR is above a threshold 

considered as clinically meaningful, then interindividual variability in response to the intervention truly 

exists. 

There are limitations inherent to this approach. The SDR estimate assumes that all sources of 

variance other than inter-individual response variation (i.e. treatment interaction) are identical in the 

intervention and control group. It is possible that the standardized intervention reduces day-to-day 

variability in the measured outcome or reduces non-treatment related variability between subjects. While 

the SDR equation accounts for measurement error and day-to-day biological fluctuations in measurement, 

it does not address within-subject variability that may exist. Indeed, it is usually assumed that an 

individual’s response to an intervention is a permanent feature, whereby, if the intervention was repeated 

the participant would achieve a similar response37. However, whether this is true is unknown. The only 

study design that adequately addresses this issue is a large-scale crossover intervention design, whereby 

participants complete the intervention twice with an appropriate washout period in between37. Of course, 

this approach is likely not practical or feasible after consideration of trial costs and participant burden. 
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While other approaches have been proposed, including completing repeat testing of the outcome measure 

over the course of the intervention33, the study of interindividual response to exercise is limited by 

inadequate determination of within-subject variability. 

The advance of personalized, exercise-based medicine has also stimulated interest in determining 

and classifying the extent to which a given individual responds to an exercise perturbation. Current 

approaches classify individuals as either “responders” or “non-responders” based on whether changes are 

above or below a given threshold, determined by either the technical error measurement (TE) or the 

minimal clinically important difference (MCID). However, this binary approach ignores the degree of 

uncertainty inherent to each individual’s observed response, leading to misclassification of individuals as 

“non-responders”.  

Hopkins et al. advocates for the use of probability density distributions and confidence intervals 

to express the degree of certainty (likelihood) that an individual achieves a change greater than the MCID 

after accounting for the TE, an approach that better captures the graded response to exercise. Using an 

Excel spreadsheet developed by Hopkins (2000), the probability that a subject’s observed change being 

greater than the MCID is calculated, after adjusting for the TE. The TE is derived from control group data 

using the following equation:  

TE = √
∑(𝑚𝑒𝑎𝑠𝑢𝑟𝑒1 −𝑚𝑒𝑎𝑠𝑢𝑟𝑒2)2

2𝑛
 

Since the TE for change variables is greater than that for a single measurement, an adjusted TE is used, 

whereby TEadjusted=√2 ∗ 𝑇𝐸. The probability that a given individual’s response is greater than the MCID is 

derived from a one-tailed t-distribution. An example of how probabilities are calculated using this 

approach is illustrated in Figure 2.2. Swinton et al. recently published a user-friendly, practical guide for 

interpreting individual responses39. Similar to the approach put forth by Hopkins et al., the success of an 

intervention for a given individual can be measured by whether confidence intervals for change lie within 

a pre-defined region, in this case, beyond the selected MCID. 
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Figure 2.2. Probability of clinically meaningful responses. MCID, minimal clinically important 

difference; TE, technical error of measurement; AT, adipose tissue. 

2.2.3 Current controversies: A brief comment on magnitude-based inferences 

The statistical approaches described above concerning the evaluation of clinically meaningful 

individual responses involves aspects of magnitude-based inference (MBI). Recently, proponents of MBI 

for interpreting findings from intervention studies have been heavily criticized, to the extent that the 

editor-in-chief of Medicine and Science in Sports and Exercise, the flagship journal of the American 

College of Sports Medicine, made an informal statement that MBI will no longer be permissible in its 

published manuscripts. However, the extent to which criticisms of MBI are relevant to the study of 

individual responses is unclear. Developed by Batterham and Hopkins in 200640, MBI involves 

interpreting confidence intervals in comparison to a smallest worthwhile change. This method of 
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statistical inference represents an alternative to the null-hypothesis significance testing (NHST) that is 

widely used. NHST has been criticized for its conservative approach that may mask clinically relevant 

changes in a given outcome. 

A recent critique on the use of MBI in sports science research by statistician Kristin Sainani 

asserts that use of MBI is inappropriate due to its high rates of type I error41. However, proponents of 

MBI have vehemently disagreed with these assertions and highlight the potential for MBI to advance 

NHST by including an interpretation of clinical relevance. Thus far, much of the criticism related to MBI 

has focused on conclusions derived from the average responses of a group, so its implications for the 

study of individual responses are unclear. Some suggest that MBI offers sport scientists and practitioners 

alike a meaningful way to interpret the likelihood that a given individual responds favourably to an 

intervention, which uses both the typical error of measurement and a smallest worthwhile change42. The 

debate on the utility of MBI will doubtless continue in the field of sports science research and will 

hopefully offer clarity of its implications for the study of individual responses to exercise. 

2.2.4 Interindividual variability in response to exercise: total and regional adiposity 

2.2.4.1. Obesity as a global health problem 

It is without question that the prevalence of overweight and obesity has seen unprecedented 

increases over the last several decades. Typically defined by body mass index (BMI; weight (kg) over 

height (m2)), the most recent data from 2014 indicates that the overall age-adjusted prevalence of obesity 

was 37.7%43. These rates represent a staggering economic burden. In 2004, the direct and indirect costs 

associated with obesity in Canada was $4.3 billion9 and this figure rose to $6 billion in 200644. The 

obesity endemic is not exclusive to North America. The World Health Organization has pointed out 

similar trends in rates of obesity in both developed and developing nations45.  

 The adverse consequences of obesity are well-documented and ubiquitous across virtually all 

body systems. These include, but are not limited to, increases in insulin resistance, hypertension, 

dyslipidemia, endothelial dysfunction, systemic inflammation, heart failure, coronary heart disease, atrial 
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fibrillation, obstructive sleep apnea, osteoarthritis, and certain cancers46-48, all of which increase risk for 

morbidity and mortality49, 50. The available evidence of the wide-reaching impact of obesity and its related 

comorbidities is indisputable and prompts inter-disciplinary efforts to mitigate its consequences. 

2.2.4.2. Adipose tissue distribution 

2.2.4.2.1. Historical perspectives 

It is readily apparent that obesity is an extremely heterogeneous condition and the distribution of 

AT drastically influences associated risk for disease51, 52. In the late 1940s, Jean Vague was the first to 

identify differential health risk according to the distribution of body fat, wherein he defined two distinct 

phenotypes, gynoid and android obesity. Gynoid obesity is characterized by AT accumulation in the 

lower body, while android obesity consists of excess upper AT accumulation. Vague identified higher 

prevalence of chronic conditions including CVD and type 2 diabetes in those with the android obesity 

phenotype52. 

 In the 1980s, two separate research groups led by Kissebah et al. in the United States and 

Bjorntorp et al. in Sweden extended the seminal work by Vague through identifying excess abdominal 

adiposity relative to lower body AT, in particular, as being associated with metabolic dysfunction, 

including glucose intolerance, hyperinsulinemia and hypertriglyceridemia53, 54. 

2.2.4.2.2. Advances with imaging 

While BMI and other anthropometric measures of obesity (e.g. waist circumference, waist:hip 

ratio) are convenient, cost-effective measures of obesity assessment, they do not distinguish the 

heterogeneity in AT depots for a given measurement, nor are they able to separate fat and lean mass51. 

The advent of imaging techniques to distinguish and quantify regional AT depots across the body has 

revolutionized our understanding of the importance of AT distribution. Imaging methods including CT, 

MRI, and DEXA overcome limitations inherent in simple anthropometric measures and allow researchers 

to assess AT distribution and quantify AT mass55.  

 In 1979, Heymsfield et al. first explored the potential utility of CT in body composition research 

and assessed the cross-sectional area of arm muscle using a single image56. Borkan et al. extended these 
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observations by using CT to measure abdominal AT, specifically57. Subsequently, Sjostrom et al. 

employed CT to quantify whole-body total and regional AT and lean tissue58.  

While CT is a viable means to assess AT distribution, a major limitation to its use is the exposure 

of the subject to possibly toxic levels of ionizing radiation59 which becomes challenging  when having to 

obtain multiple serial measurements for whole body tissue analysis. MRI, on the other hand, can 

determine total and regional adiposity and lean tissue without the use of radiation, Foster et al. first 

demonstrated the use of MRI as a method of body composition measurement in the 1980s60 and Hayes et 

al. quantified subcutaneous AT using a single MR image61. Following this period, several groups 

developed MRI protocols necessary for measuring whole body and regional AT and skeletal muscle 

mass62, 63. These unprecedented advances in AT quantification encouraged an advent of new knowledge 

concerning the health consequences of excess AT accumulation. 

2.2.4.2.3. Impact of exercise on adiposity 

Evidence from randomized controlled trials (RCTs) has firmly established that exercise in the 

absence of alterations in energy intake is associated with reductions in body weight, total adiposity64-71, 

WC 66, 67, 72, 73, visceral AT 66, 67, 73, 74 and abdominal subcutaneous AT 66, 67, 73, 74, independent of age and 

sex. Although these observations are based primarily on studies on White participants, limited evidence 

confirms similar associations between exercise-induced reduction in components of abdominal obesity in 

both Hispanics and Blacks75. While exercise reduces abdominal obesity in both men and women, the 

magnitude of response may differ. The findings from a recent meta-analysis suggest that, when examining 

the overall effect of aerobic exercise on abdominal obesity, the effect size for reductions in visceral AT 

was greater in men compared to women76. This may be due to higher energy expenditure in men for a 

given exercise prescription and/or higher baseline visceral AT in men compared to women 76. However, 

few studies include both men and women simultaneously76, precluding the ability to directly compare sex-

specific responses to exercise interventions. Studies designed to evaluate the impact of sex on WC, 

visceral AT and abdominal subcutaneous AT changes are needed.  
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We recently reported that aerobic exercise induces a substantial reduction of total and abdominal 

AT independent of exercise amount or intensity (Cowan et al. In Press; Appendix D); however, whether 

increasing exercise amount and/or intensity influences the likelihood that a given individual will achieve a 

clinically meaningful AT reduction is unknown. 

2.2.4.2.4. Interindividual variability in AT response to exercise 

Observations in the area of interindividual variability in response to exercise training continue to 

multiply; however, several knowledge gaps exist that have a wide range of clinical implications. To date, 

much of the interindividual literature has focused on cardiorespiratory fitness (CRF). While CRF is 

undoubtedly a major predictor of morbidity and mortality, several other cardiometabolic risk factors also 

predictive of disease have been left unstudied, including adiposity. It is important to identify the range of 

responses to multiple risk factors and determine if patterns of response exist. This will help to clarify 

public health messages, since it is possible (and likely) that individuals who do not have a meaningful 

response in one risk factor, may indeed respond for a different one. 

 While it is clear that on average, exercise-induced energy expenditure is associated with 

significant reduction in weight and adiposity, substantial interindividual variability in anthropometric 

measures of obesity exist following standardized exercise. In response to 5 exercise sessions/week for 12-

weeks with post-menopausal women with overweight/obesity, King et al. observed mean reduction in 

body weight was 3.7 kg, but the range of responses was large (-14.7 kg to 1.7 kg)77. These findings have 

been repeated and confirmed in subsequent trials78-81.  A major criticism of the preceding investigations is 

that exercise conditions were not tightly controlled as participants were free-living; thus, not all exercise 

sessions were supervised, participants were permitted to partake in various modes of aerobic exercise, a 

range of exercise intensities were performed, and dietary intake was not monitored. More importantly, the 

absence of a control group condition precludes estimation of both biological changes that occur over time 

and measurement error, which may inflate the variability in exercise-induced response per se.  

 Our group has recently extended the observations summarized above and examined the 

magnitude of exercise-induced individual variability for waist circumference and body weight change 
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after accounting for biological variability and measurement error (Hammond et al., Under Review). 

Participants included 181 men and women with abdominal obesity who were randomized to a control 

condition or 3 different exercise groups that varied in amount (energy expenditure) and intensity for 24 

weeks. All exercise sessions were supervised and performed on a treadmill. Physical activity performed 

outside of the intervention did not change, as evidenced by accelerometry measurements at four separate 

time points. After subtracting the variability of response not attributable to exercise, we observed 

substantial variability for both change in WC and body weight. 

 To our knowledge, no prior observations exist that assess the interindividual variability in 

responses for AT depot-specific reductions following standardized exercise varying in amount and 

intensity under tightly controlled experimental conditions. 

2.2.4.2.5. Potential determinant of variability 

Elucidating potential mechanisms for why individuals respond or do not respond to exercise for a 

given trait can help to form a more comprehensive and precise treatment strategy that includes discussion 

of modifiable behaviours that mediate the response to exercise treatment. In a series of intervention 

studies in pairs of young adult male identical twins, Bouchard et al. uncovered a potential genetic basis 

for changes in body weight, body composition, fat distribution, and visceral fat following perturbations in 

energy balance (overfeeding or exercise-induced negative energy balance)81. There was greater 

heterogeneity in response between twin pairs compared to within pairs, suggesting that changes in AT 

may partly result from an individual’s genetic make-up; however, specific genetic factors that alter 

response potential are not yet known. 

The research group of King et al. have made several observations to explain the apparent 

compensatory factors that attenuate exercise-induced weight changes to defend body weight loss and 

maintain homeostasis82, 83. They have noted both behavioural and metabolic responses to exercise that 

may compensate for changes in energy balance. Behavioural responses, those that individuals are 

conscious of and can control to some extent, include alterations in food intake (both quantity and 

macronutrient composition of the diet) and decreases in non-exercise activity thermogenesis (NEAT), in 
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other words the energy expended outside of the exercise intervention. Metabolic responses, on the other 

hand, are autonomic in nature, including changes in basal metabolic rate, energy cost of exercise, appetite 

regulation, and substrate oxidation, which have evolved over time to defend loss in body weight. Further, 

both compliance with the prescribed intervention77 and the amount and intensity of exercise prescribed84 

may influence weight or AT responses to exercise differently. 

There exists a formidable gap in knowledge concerning the mechanisms by which exercise alters 

both behavioural and metabolic compensatory responses85. This is likely due to variability in 

compensatory responses between individuals. It is important to recognize that just as individuals differ in 

their response for a given outcome, they also differ in their propensity to compensate for changes in 

energy balance83. King et al. propose that the susceptibility of individuals to the benefits of exercise will 

depend on the direction and magnitude by which an individual’s autonomic and volitional responses 

change83, 86. 

2.2.5 Study 2 objectives and potential significance 

It is clear that on average, exercise is efficacious for reducing total and regional adiposity. 

However, from the available literature, it is likely that substantial heterogeneity in AT reduction due to 

compensatory responses exists across individuals exposed to the same training. Given the well-

established association between adiposity, in particular abdominal adiposity, and risk for morbidity and 

mortality, the assessment and interpretation of individual responses to exercise training has clinical 

relevance for both practitioners and researchers interested in personalized exercise prescription. The 

objective of Study 2 of this dissertation is to: 

1) Examine the separate effects of exercise amount and/or intensity on the likelihood that an 

individual’s observed AT response to treatment is clinically meaningful. 
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2.3 Objective 3: Is the magnitude of AT reduction and corresponding improvement in risk factors 

reflected by changes in plasma metabolites? 

In the previous section, the risk for morbidity and mortality associated with excess adiposity and 

the potency of exercise training to mitigate that risk was discussed. Subsequently, the concept of 

interindividual variability for AT responses to exercise was introduced. In the final section of this review, 

implications for the metabolome and corresponding improvement in cardiometabolic risk under 

conditions of AT reduction following exercise will be introduced. Specifically, the aims of the following 

section are to: 

1) Discuss the current understanding of depot-specific mechanisms by which AT confers risk 

for morbidity. 

2) Consider the potential for metabolomics technologies to uncover biomarkers and/or 

mechanisms of AT depot-related increases in risk for morbidity. 

3) Review current observations related to depot-specific AT reduction and changes in 

circulating plasma metabolites. 

2.3.1 Current understanding of mechanisms underlying AT depot-mediated increases in 

cardiometabolic risk factors 

Excess accumulation of AT in adults is positively associated with morbidity and mortality 

independent of age and sex47. Accumulation within the abdomen region, in particular, excess deposition 

of visceral AT, is the phenotype associated with the greatest health risk87. It is thought that in states of 

positive energy balance, excess free fatty acids are stored in subcutaneous AT depots. However, when the 

capacity of subcutaneous AT is reached (hypertrophy), excess free fatty acids are stored in locations not 

typically associated with fat storage, resulting in increased ectopic fat depot accumulation, including 

visceral AT88. 

It is proposed that the metabolic and secretory characteristics of visceral AT result in 

cardiometabolic derangements including insulin resistance53, 89, 90 and dyslipidemia53, 87, 91. Visceral 

adipocytes are hyperlipolytic and are resistant to the antilipolytic effect of insulin92, 93. The increase in 
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triglyceride breakdown subsequently leads to an influx of non-esterified fatty acids to the liver, acting 

directly to increase the production of apolipoprotein-B and ensuing very low-density lipoprotein levels 

(VLDL)94-96. Overexposure of the liver to fatty acids also results in increased hepatic glucose production 

and systemic hyperinsulinemia88. In addition to its profound effect on metabolism, AT is also an 

endocrine organ and its secretory functions are altered in response to inflammation97. Under conditions of 

hypertrophy, infiltration of visceral adipocytes by macrophages leads to the increased release of 

interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-alpha) and reduction in adiponectin inducing a 

pro-inflammatory state, resulting in increased insulin resistance97. 

While the prevailing thought that visceral adiposity confers the greatest health risk compared to 

other AT depots, the role of abdominal subcutaneous AT is less recognized. Some argue that while the 

release of free fatty acids from visceral fat directly into the portal vein and subsequently the liver, the 

contribution to circulating free fatty acid levels is relatively small compared to subcutaneous AT. Indeed, 

visceral AT contributes only 15% of total circulating free fatty acids due to its smaller absolute mass98. It 

is likely that while epidemiological and biological evidence exists for a stronger link between visceral AT 

and health complications, both abdominal AT depots confer metabolic complications99; however, the 

distinct mechanisms underlying the metabolic influence of each depot requires clarification. Separate and 

combined influences of visceral and abdominal subcutaneous AT on risk factors for disease are depicted 

in Figure 2.3. 
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Figure 2.3. Separate and combined influence of visceral and abdominal subcutaneous AT on 

cardiometabolic risk (Adapted from Jensen et al.98). AT, adipose tissue; FFA, free fatty acids. 

 

2.3.2 Metabolomics and AT distribution 

While numerous observations exist that attempt to explain metabolic alterations associated with 

increased adiposity, they are limited to a small number of measured biomarkers including triglycerides, 

LDL-cholesterol, HDL-cholesterol, VLDL-cholesterol, insulin, glucose and inflammatory markers. 

Metabolomics offers an opportunity to gain a broader understanding of the activity of metabolic pathways 

affected by AT. The substrates and products produced by increased adiposity may serve as additional 

biomarkers for AT dysfunction or directly mediate AT pathology as initiators or regulatory signals of 

disease processes. To effectively treat abdominal obesity, a clear understanding of its pathological 
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mechanisms and consequences is needed and the study of the metabolome can aid in producing a more 

comprehensive overview. 

Several cross-sectional observations exist that characterize the metabolic profile of individuals 

with obesity compared to their lean counterparts100. Increased circulating levels of BCAAs, tryptophan101, 

102, tyrosine101-104 and nucleotide metabolites105  are consistently shown to be increased in those with 

obesity101, 103-108. Observations that evaluate AT depot-specific metabolite profiles after adjusting for total 

adiposity are limited to two studies with conflicting findings. Boulet et al. identified glutamate as the 

strongest independent predictor of visceral AT in women, while valine was independently associated with 

subcutaneous AT after adjustment for total AT109. The authors note that prior literature suggests that AT 

helps to regulate whole-body BCAA metabolism110, 111. Glutamate is a product of BCAA catabolism; 

therefore, increased levels of glutamate in individuals with high levels of visceral AT may reflect altered 

activity of BCAA metabolic pathways109. Schlecht et al., on the other hand, did not identify any 

significant associations between visceral and abdominal subcutaneous AT and serum metabolites; 

however, the metabolomic platform used only accounted for 20 metabolites112. 

2.3.3 Metabolic changes with adiposity reduction 

Several groups have investigated the impact of weight loss by means of dietary or surgical 

interventions on metabolic adaptations using metabolomics technologies and are summarized here113. 

Consistent across both types of interventions is an increase of acylcarnitines and decrease of BCAAs with 

weight loss. The design of the studies included in this review were largely variable and the majority did 

not have a control condition and were characterized by small sample sizes. To our knowledge, there are 

no studies that have assessed metabolite changes with AT reduction, specifically, independent 

associations with specific AT depots following a physiological perturbation (e.g. exercise). Addressing 

this research gap may enhance our understanding of the molecular mechanisms underlying specific AT 

depots and their alterations. Potential biomarkers of depot-specific AT accumulation and reduction may 

play a direct role in mediating cardiometabolic improvements discussed above. 
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2.3.4 Study objectives and potential significance 

Though it is clear that regional AT depots have distinct associations with cardiometabolic health, 

the metabolite profile that characterizes each AT depot and potentially mediates risk for disease is not 

understood. Based on the reviewed literature, there is also a clear gap concerning corresponding changes 

in metabolites and AT depots following exposure to physiologic perturbations including exercise. 

Addressing these gaps in knowledge has potential to reveal novel metabolites measured in plasma whose 

changes are associated with specific AT depots, which may be used to evaluate the magnitude of AT 

response following exercise. Accordingly, the specific objectives of Study 3 are to:  

1) Assess the independent associations between identified metabolites and total, visceral and 

abdominal subcutaneous AT. 

2) Examine whether metabolite concentrations and AT mass change concurrently following chronic 

aerobic exercise. 
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Chapter 3 

Plasma metabolite profiles in response to chronic exercise 

 

 

Chapter 3 is published as:  

Brennan AM, Benson M, Morningstar J, Herzig M, Robbins J, Gerszten RE, and Ross R. Plasma 

metabolite profiles in response to chronic exercise. Med Sci Sports Exerc. 2018;50(7):1480-1486. 
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3.1 Abstract 

Purpose: High throughput profiling of metabolic status (metabolomics) allows for the assessment of 

small-molecule metabolites that may participate in exercise-induced biochemical pathways and 

corresponding cardiometabolic risk modification. We sought to describe the changes in a diverse set of 

plasma metabolite profiles in patients undergoing chronic exercise training and assess the relationship 

between metabolites and cardiometabolic response to exercise. 

Methods: A secondary analysis was performed in 216 middle-aged abdominally obese men and women 

([mean (SD)], 52.4 (8.0) years) randomized into one of four groups varying in exercise amount and 

intensity for 6 months duration: high amount high intensity, high amount low intensity, low amount low 

intensity, and control. 147 metabolites were profiled by liquid chromatography-tandem mass 

spectrometry.  

Results:  No significant differences in metabolite changes between specific exercise groups were 

observed; therefore, subsequent analyses were collapsed across exercise groups. There were no significant 

differences in metabolite changes between the exercise and control groups after 24 weeks at a Bonferroni-

adjusted statistical significance (p < 3.0 x 10-4).  Seven metabolites changed in the exercise group 

compared to the control group at p < 0.05. Changes in several metabolites from distinct metabolic 

pathways were associated with change in cardiometabolic risk traits, and three baseline metabolite levels 

predicted changes in cardiometabolic risk traits. 

Conclusion: Metabolomic profiling revealed no significant plasma metabolite changes between exercise 

compared to control after 24-weeks at Bonferroni significance. However, we identified circulating 

biomarkers that were predictive or reflective of improvements in cardiometabolic traits in the exercise 

group.   
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3.2 Introduction 

Increased physical activity and improved cardiorespiratory fitness (CRF) are associated with 

improvements in individual cardiometabolic risk factors as well as global cardiovascular disease risk 1-5, 

however the molecular mechanisms underlying the salutary effects of exercise remain unclear. Substantial 

heterogeneity exists in the individual response to exercise training 29, 34, 114 thus, insight into the 

biochemical pathways involved in exercise offers promise towards early detection of cardiometabolic 

disease 115 and tailoring exercise “prescriptions” to the individual level 7. ` 

Metabolites are substrates and by-products of metabolism with a diverse set of biochemical 

actions that serve as both biomarkers and effectors of disease states 18, 116. The metabolome’s interface 

between gene-protein functional state and phenotype, and its dynamic response to environmental stimuli 

makes it well suited for the study of physiologic perturbations such as exercise.  Advancements in high-

throughput platforms have enabled the systematic assessment of large numbers of small-molecule 

metabolites in tissue and plasma samples that may participate in exercise-induced biochemical pathways 

19, 116. 

Work by our group and others have characterized changes in plasma metabolites following a 

single aerobic exercise session using advanced metabolite profiling technologies 19-21. Findings from these 

studies demonstrate exercise-induced changes in several key metabolites involved in glycolysis, lipolysis, 

glycogenolysis, the citric acid (TCA) cycle, and amino acid metabolism, and identified differential 

substrate utilization among more and less fit individuals.  By contrast, far less is known about the 

metabolic response to prolonged exercise training.  Huffman et al 22 examined the change in 69 plasma 

metabolites after six months of chronic exercise training in a small (n=53) sample of inactive, middle-

aged, men and women with overweight or obesity, and found significant changes in leptin, monocyte 

chemoattractant protein (MCP-1) and arachidoyl carnitine (C20) compared to the inactive control group. 

Notably, this study focused on free fatty acids, acylcarnitines and a subset of amino acids. More recently, 

the same group employed a larger, targeted metabolomics platform in skeletal muscle biopsies in an 

expanded sample, and found that a high amount of vigorous intensity aerobic exercise significantly 
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increased concentrations of even-, medium-, and long-chain acylcarnitines, while resistance training and a 

low-amount of vigorous intensity aerobic exercise preferentially increased short- and medium-chain 

acylcarnitines 8. 

The purpose of this study was to characterize the impact of a prolonged exercise intervention on a 

diverse set of circulating plasma metabolites. We employed a targeted liquid chromatography tandem 

mass spectrometry (LC-MS/MS) platform in peripheral blood samples before and after participation in a 

six-month randomized controlled exercise trial among 216 middle-aged, abdominally obese men and 

women. We tested whether metabolite changes differed between groups, and if metabolites were 

associated with changes in cardiometabolic traits. 

3.3 Methods 

The study was approved by the Queen’s University Health Sciences Research Ethics Board and 

all participants provided written informed consent. Details of the study design and methods have been 

published previously 117. Briefly, the 24-week exercise intervention randomized 300 inactive, 

abdominally obese (waist circumference (WC) >102 cm for men, 88 cm for women) participants into one 

of four exercise groups: control (no exercise), low amount low intensity (LALI; 180 and 300 kcal/session 

for women and men, respectively, at 50% VO2peak), high amount low intensity (HALI; 360 and 600 

kcal/session, respectively, at 50% VO2peak), and high amount high intensity (HAHI; 360 and 600 

kcal/session, respectively, at 75% VO2peak). Cardiorespiratory fitness was assessed using standard open-

circuit spirometry during a maximal graded exercise test. Waist circumference (WC) and blood pressure 

were measured at baseline, 16 and 24 weeks. Fasting insulin (pmol/L), homeostatic model assessment 

insulin resistance (HOMA-IR), 2-hour glucose (mmol/L) and insulin area under the curve (AUC) were 

derived from a 2-hour, 75-g oral glucose tolerance test (OGTT) at baseline, 16 and 24 weeks.  

In the current analysis, participants from the original trial were excluded if they did not complete 

the 24-week intervention (n=84), which resulted in a study sample of 216 participants (Control, n=53; 

HAHI, n=47; HALI, n=60; LALI, n=56).  
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Plasma Sampling and Metabolite Profiling 

 Fasting plasma samples were acquired via the antecubital vein at baseline prior to the OGTT and 

again 48 hours after the last exercise session at 16 and 24 weeks. The plasma was immediately separated 

by centrifugation (10 minutes at 4250 rpm) and stored at -80o C. 

We used two distinct, LC-MS/MS based methods to profile 147 analytes including amino acids, 

organic acids, bile acids, indoles, nucleotides and sugars. These platforms have been previously used to 

characterize a diverse set of biochemical pathways implicated in metabolic status 102, 118. Briefly, fasting 

plasma samples (EDTA, 10μL and 30μL for positive and negative ion modes, respectively) were 

deproteinized using extraction solvent containing stable isotope labeled internal standards.  Samples were 

vortexed and centrifuged, and aliquots were transferred to 2mL autosampler vials with glass inserts for 

LC-MS analysis. In positive mode, normal phase hydrophilic interaction chromatography (HILIC) using a 

2.1x150mm 3µm Atlantis column (Waters) was coupled to a 4000 QTrap triple quadrupole mass 

spectrometer (Applied Biosystems/Sciex) equipped with an electrospray ionization source for targeted 

detection of 78 metabolites using a dynamic multiple reaction monitoring (dMRM) mechanism.  In 

negative mode, HILIC chromatography using a 2.1x100mm 3.5 μm Xbridge Amide column (Waters) was 

coupled to an Agilent 6490 triple quadrupole mass spectrometer equipped with an electrospray ionization 

source for targeted detection of 69 metabolites using dMRM.  Metabolite peak areas were integrated 

using Sciex MultiQuant software (positive mode) or Agilent Masshunter Quantitative software (negative 

mode).  All metabolite peaks were manually reviewed for peak quality in a blinded manner. In addition, 

pooled plasma samples were interspersed within each analytic run at standardized intervals, enabling the 

monitoring and correction for temporal drift in MS performance. The median coefficient of variation 

(CV) in metabolites was 5.88% in positive mode and 5.23% in negative mode. 

Statistical Analysis 

 All metabolites were log-transformed to approximate a normal distribution and analyses were 

adjusted for age and sex. Repeated measures ANOVA was used to compare metabolite changes within 

and between the control, LALI, HALI, and HAHI groups. In secondary analyses, principal component 
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analysis (PCA) was used to reduce dimensionality of the metabolite dataset at baseline. Thirty-seven main 

principal factors were derived after orthogonal Varimax rotation (Table 3.1). Factors were retained if they 

had an eigenvalue >1 and individual metabolites with a factor load >|0.4| for a given PCA-derived factor 

were included. Scores were calculated for each participant based on standardized scoring coefficients. 

Cross-sectional associations between PCA factor scores and cardiometabolic risk traits (body weight, 

BMI, WC, 2-hour glucose, fasting insulin, insulin AUC, HOMA-IR, systolic blood pressure (SBP), 

diastolic blood pressure (DBP)) were assessed with multiple linear regression adjusted for age and sex.  

Additionally, multiple linear regression was used to determine cross-sectional associations between 

individual metabolites and cardiometabolic risk traits, baseline and change in metabolite concentrations, 

and change in cardiometabolic traits. All analyses were performed using SPSS Statistics (Version 23) and 

statistical significance was determined at the Bonferroni-corrected p-value < 3.0x10-4 (0.05/147). 

Nominal significance was set at p < 0.05.
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Table 3.1.  Principal component analysis factors. 

Factors Metabolites Eigenvalue Variance, % 

1 Glutamine, lysine, arginine, histidine, asparagine, 

NMMA, citrulline, ornithine, methionine, cysteine, 

threonine, serine, aspartate, ADMA/SDMA, proline, 

alanine, tyrosine, glycine 

19.047 13.046 

2 C10-carnitine, C8-carnitine, C12-carnitine, C6-carnitine, 

C14-carnitine, C7-carnitine, C5-glutarylcarnitine, C16-

carnitine, C9-carnitine, C18-carnitine, C18:1-carnitine, 

C2-carnitine 

10.154 6.955 

3 2-aminoadipic acid, 2-hydroxyglutaric acid, 

phosphocreatine, malic acid, malonic acid, D-gluconic 

acid, Quinolinic acid, oxalic acid, citric acid isocitric 

acid 

8.143 5.578 

4 Lactic acid, pyruvic acid, hypoxanthine, alpha-

ketoglutaric acid, alanine, fumaric acid, aconitic acid, 

hydroxybutyric acid, inosine, ketoisocaproic acid, 2-

ketoisovaleric acid 

7.101 4.863 

5 Methionine, tryptophan, xanthurenate, leucine, 

isoleucine, indole-3-lactic acid, valine, tyrosine 

5.756 3.943 

6 C3-carnitine, C4-butyryl-carnitine, carnitine, C5-valeryl 

carnitine, C4-methylmalonyl carnitine, C2-carnitine 

5.108 3.499 

7 Quinolinic acid, kynurenine, anthranilic acid, indole-3-

carboxylic acid 

4.716 3.230 
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8 Glycocholic acid, taurodeoxycholic acid, taurocholic 

acid, glycochenodeoxycholic acid,  

4.210 2.884 

9 C16-carnitine, C26-carnitine, C18-carniitne, C18:1-

carnitine, C18:2-carnitine,  

3.677 2.519 

10 Xanthosine, inosine, xanthine 3.384 2.318 

11 3-hydroxybutyric acid, acetoacetic acid, C3-malonyl-

carnitine, C2-carnitine 

3.115 2.133 

12 ADP, AMP, ATP, UDP-glucose-galactose 2.879 1.972 

13 Uridine, uracil 2.754 1.886 

14 Glucose-fructose-galactose, 2-deoxyuridine, 

ketoisocaproic acid, 2-ketoisovaleric acid, uric acid 

2.639 1.808 

15 Indole-3-lactic acid, xanthurenic acid, kynurenic acid 2.417 1.655 

16 Pantothenic acid, thiamine, cystamine, niacinamide, 

glutathione reduced 

2.157 1.477 

17 Choline, dimethylglycine 2.094 1.434 

18 Betaine, allantoin 2.029 1.390 

19 3-aminoisobutyric acid, aminoisobutyric acid 1.955 1.339 

20 Trimethylamine-N-oxide, cysteamine 1.859 1.273 

21 UDP-GlcNAc, homogentisic acid, UDP-glucose-

galactose 

1.738 1.190 

22 Succinic acid, cyclic AMP 1.642 1.125 

23 Glyceric acid, pyroglutamic acid 1.629 1.116 

24 Glycine, 5-adenosylhomocysteine,serine 1.557 1.066 

25 2-deoxycytidine, cytidine 1.480 1.013 

26 Psuedouridine, S-adenosyl-L-homocysteine 1.375 0.942 
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27 Phosphocholine, phenylalanine, N-acetyl-L-glutamic 

acid 

1.322 0.906 

28 Arachidonoylglycerol 1.278 0.875 

29 Thyroxine, glycerol, creatine 1.254 0.859 

30 Indoxylsulfate, oxaloacetic acid 1.204 0.825 

31 Indole-3-carboxylic acid, hydroxyphenylpyruvic acid 1.173 0.804 

32 N-acetyl-L-glutamic acid, cis/transhydroxproline 1.153 0.790 

33 Thymidine, n-acetyl-L-methionine 1.118 0.766 

34 5-MTHF 1.096 0.751 

35 Homocysteine, indole-3-propanoic acid 1.067 0.731 

36 1,5-AG-1-deoxyglucose 1.042 0.713 

37 Maleic acid 1.039 0.711 

 

PCA, principal component analysis. Metabolites retained within each factor have factor load ≥ |0.4|. 

3.4 Results 

Participant characteristics 

Participant characteristics pre- and post-treatment are summarized in Table 3.2. Briefly, 

participants were abdominally obese, inactive, middle-aged adults with a relatively healthy metabolic 

profile. Significant reductions in body weight, WC, fasting insulin, HOMA-IR and insulin AUC, and 

increases in CRF were observed in exercise groups compared to control (p < 0.05)
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Table 3.2. Participant characteristics at baseline and 24 weeks.  

 All Exercise (n=163) Control (n=53) 

Characteristic Baseline Change Baseline Change 

  Age, y 52.4  7.8  52.3  8.4  

  Sex (% male, % female) 36, 64  34, 66  

  Weight (kg) 94.7  15.9 -5.4  4.7* 93.6  16.9 -0.7  4.4 

  WC (cm) 110.5  11.3 -5.4  4.7* 108.8  10.6 -0.9  4.2 

  Fasting insulin (pmol/L) 65.6  35.7 -14.2  23.3* 70.7  34.9 -6.6  27.1 

  HOMA-IR 2.3  1.4 -0.5  0.9* 2.5  1.3 -0.3  1.0 

  2-hr glucose (mmol/L) 7.2  1.6 -0.2  1.7 7.6  1.7 0.06  1.6 

  Insulin AUC (pmol/L) 2080.6  1281.9 -458.2  817.8* 2042.4  1021.4 -112.4  661.3 

  SBP (mmHg) 121.7  12.9 -3.1  10.2 122.1  13.1 -0.4  13.3 

  DBP (mmHg) 80.2  8.2 -2.9  7.4 79.7  8.1 -0.8  7.8 

  CRF (VO2peak) 

     L/min 

     mL/kg/min 

 

2.7  0.7 

28.4  5.1 

 

0.4  0.3* 

6.3  4.1* 

 

2.7  0.8 

29.2  6.0 

 

-0.02  0.2 

-0.09  3.0 

 

Mean  SD.  WC, waist circumference; AUC, area under the curve; SBP, systolic blood pressure; DBP, diastolic 

blood pressure; CRF, cardiorespiratory fitness.  *Exercise differs from control (p<0.05). 
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Baseline associations between metabolites and cardiometabolic traits 

 PCA was used to reduce the large number of circulating metabolites into fewer factors containing 

highly correlated metabolites that are biologically related (Table 3.1). We detected strong associations 

between several principal factors, cardiometabolic risk factors and CRF prior to the initiation of exercise 

(Table 3.3).  Both PCA factor and individual metabolite associations revealed several well-established 

relationships between metabolic pathways and clinical traits, including body mass (tryptophan 

derivatives, aromatic amino acids, glutamate, uric acid and adenine catabolism products) and glucose and 

insulin homeostasis (branched chain amino acids, aromatic amino acids, tryptophan derivatives, and 

glutamate) 119-121. The hexosamine end-product, UDP-N-acetylglucosamine (UDP-GlcNac), was also 

strongly and positively related to baseline levels of fasting and 2-hour insulin, insulin AUC, and HOMA-

IR.  Additionally, we identified novel inverse relationships between the aromatic amino acid, tyrosine (p 

= 2.9x10-4); tryptophan precursor, anthranilic acid (p = 1.5x10-4); and the adenine nucleotide catabolism 

product, inosine (p = 2.1x10-4); and directly measured cardiorespiratory fitness.  
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Table 3.3. Cross-sectional associations between PCA factors and cardiometabolic risk factors. 

Risk Factor PCA Factors 

 2 3 4 5 7 9 10 11 12 13 14 

CRF — -0.16* — — -0.15* — -0.14* — — 0.12* — 

Weight — — — — 0.23† — — — — — — 

WC — — 0.14* — 0.27† — — — — — — 

Fasting 

Insulin 

— — 0.20* 0.20* 0.30† -0.17* 0.18* — -0.19* — — 

HOMA IR — 0.14* 0.20* 0.19* 0.30† -0.19* 0.16* — -0.21* — — 

Insulin AUC  — 0.21* 0.19* 0.29† -0.18* — — -0.15* — — 

2-hr Glucose 0.15* — 0.16* — — — — 0.14* — — — 

SBP — — — — — — 0.14* — — -0.17* -0.15* 

DBP — 0.15* — — — — 0.18* — -0.14* -0.13* — 

 PCA Factors (cont’d) 

 16 19 21 23 24 26 28 30 32 36  

CRF — — — — — — — — -0.20† -0.13*  

Weight — — — — — — — — 0.15* 0.18†  

WC — — — -0.12* — — — — 0.19* 0.19*  
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Fasting 

Insulin 

— -0.24† 0.27† -0.15* — — — 0.16* 0.15* —  

HOMA IR — -0.24† 0.27† -0.14* — — — 0.16* 0.14* —  

Insulin AUC — -0.25† 0.22* -0.16* -0.16* — — 0.17* — —  

2-hr Glucose — -0.14* 0.20* — — — — 0.23† — —  

SBP -0.13* — 0.19* — — — -0.13* 0.14* — —  

DBP — -0.19* 0.24† — — 0.15* — — — —  

 

Table displays factors for which a significant association as observed with at least one variable. *P≤0.05, †P≤0.001 (Bonferroni-corrected; 0.05/37 PCA. 
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Change in metabolites at 24 weeks  

 There were no significant metabolite changes between exercise and control groups after 24 weeks 

at the Bonferroni-adjusted threshold (p < 3.0 x 10-4). When exercise arms were collapsed to create a 

single exercise group (N = 163), we found 7 metabolites that changed at nominal significance (p < 0.05) 

compared to the control group. These included tryptophan metabolites [(indoxylsulfate (increased) and 

indole-3-lactic acid (increased)]; metabolites derived from energy metabolism pathways [(aconitic acid 

(decreased), pyruvic acid (decreased), ATP (increased), malonic acid (increased)]; and the purine 

degradation product xanthine (decreased). Changes in indole-3-lactic acid, indoxylsulfate, pyruvic acid 

and xanthine appear to be driven by the high amount exercise groups upon examination of within-group 

changes. We further identified several metabolites that changed from baseline levels within exercise 

groups at the Bonferroni-adjusted level of significance.  Products of adenine nucleotide metabolism 

(cyclic AMP, inosine, xanthine, and xanthosine); lipolysis (glycerol); the nucleotide sugar, UDP-GlcNac; 

and non-polar amino acids and intermediates (alanine and homogentisic acid) decreased, whereas serine 

and acetoacetic acid, a fatty-acid intermediate, both increased in HALI.  Xanthine and indole-3-lactic acid 

also decreased and increased in LALI and HAHI, respectively.   

Metabolite changes associated with changes in cardiometabolic traits  

We detected strong associations between analyte changes and changes in cardiometabolic traits (p 

< 3 x 10-4, Table 3.4).  Changes in the branched chain amino acids leucine and isoleucine, and UDP-

GlcNAc were inversely associated with changes in CRF (ml/kg/min), whereas change in the TCA cycle 

intermediate, isocitric acid, was positively correlated. These changes stayed significant even after 

adjustment for known relationships (BMI, fasting glucose). Changes in gluconeogenic amino acids 

(alanine, tyrosine, and proline) and UDP-GlcNAc were positively associated with change in BMI; UDP-

GlcNAc was similarly associated with WC and insulin metabolism (insulin and insulin AUC). 

Xanthurenic acid was also associated with change in insulin AUC. These relationships remained 

significant after further adjusting for change in weight.
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Table 3.4. Associations between change in metabolites and change in cardiometabolic traits (p < 3.0 x 10-

4). 

∆ Risk Factor ∆ Metabolite Beta Coefficient p-Value 

CRF (mL/kg/min) UDP-GlcNAc -0.47 1.94×10-8 

 
Isoleucine -0.34 9.56×10-5 

 
Citric Acid/Isocitric Acid 0.33 1.30×10-4 

 
Leucine -0.33 1.60×10-4 

WC UDP-GlcNAc 0.51 7.55×10-11 

BMI UDP-GlcNAc 0.49 3.99×10-10 

 
Alanine 0.42 9.82×10-8 

 
Tyrosine 0.33 3.99×10-5 

 
Proline 0.30 2.59×10-4 

Fasting Insulin UDP-GlcNAc 0.36 2.02×10-4 

Insulin AUC UDP-GlcNAc 0.37 3.10×10-4 

 
Xanthurenic Acid 0.36 3.56×10-4 

WC, waist circumference; AUC, area under the curve; SBP, systolic blood pressure; DBP, diastolic blood pressure; 

CRF, cardiorespiratory fitness. Multiple regression adjusted for age, sex and baseline risk factor.
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Changes in metabolites that were associated with changes in cardiometabolic traits at nominal 

significance are reported (see Appendix A).  

Baseline metabolites associated with change in cardiometabolic traits 

We detected baseline metabolite levels measured prior to the initiation of exercise that predicted a 

favorable cardiometabolic trait response after 24 weeks of chronic exercise, even after adjusting for the 

baseline clinical trait (Table 3.5).  Baseline taurine and asymmetric dimethylarginine 

(ADMA)/symmetric dimethylarginine (SDMA) concentrations were inversely associated with changes in 

WC and 2-hour glucose, respectively, while glutamate was positively associated with change in DBP (p < 

3 x 10-4). Additional associations between baseline metabolites and change in cardiometabolic risk factors 

and CRF at nominal significance are reported (see Appendix B). 

Table 3.5. Associations between baseline metabolites and change in cardiometabolic traits (p < 3.0 x 10-

4). 

∆ Risk Factor ∆ Metabolite Beta Coefficient p-Value 

WC  Taurine -0.28 3.0x10-4 

2-hour Glucose ADMA/SDMA -0.25 2.5x10-4 

DBP Glutamate 0.29 2.5x10-4 

 

WC, waist circumference; DBP, diastolic blood pressure; ADMA/SDMA, asymmetric 

dimethylarginine/symmetricdimethylarginine. 

3.5 Discussion 

Advancements in metabolomics technologies have enabled efforts to systematically profile blood-

based metabolites in order to characterize changes predictive 19, 122 or reflective 115 of physiologic states.  

Here, we employed a targeted LC-MS/MS platform to describe the changes in a large and varied set of 

plasma metabolites in a cohort of 216 abdominally obese subjects randomized to 24 weeks of inactivity or 

one of three aerobic exercise interventions. We found no significant differences between metabolites in 

the control and exercise arms at our a priori level of statistical significance. Products of lipolysis, adenine 
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nucleotide metabolism, and both polar- and non-polar amino acids changed within individual exercise 

groups, albeit not differently from control. We confirmed cross-sectional relationships between 

metabolites and cardiometabolic risk traits. Additionally, we demonstrated associations between changes 

in metabolite level and changes in these traits.  

Prior metabolomics investigations into the effects of chronic exercise training were either limited 

by a small sample size and less expansive metabolite platform 22, or characterized changes in skeletal 

muscle rather than blood 8. Huffman et al. randomized participants into exercise groups varying in 

amount and intensity and a control group and observed only three nominally significant metabolite 

changes between groups 22. The same group also studied changes in skeletal muscle metabolite 

concentrations after exercise training and found nominally (p < 0.05) significant increases in even-chain 

acylcarnitines and TCA cycle intermediates, whereas skeletal muscle concentrations of amino acids, 

glycolytic metabolites (lactate and pyruvate) and all other TCA cycle intermediates did not change 8. 

Similarly, our group did not find significant differences in metabolites between exercise and 

control groups at the Bonferroni-adjusted level of significance (p < 4 x 10-4) but did detect significant 

metabolite changes within groups.  Several potential explanations exist for these findings.  First, the use 

of a strict statistical threshold may have masked biologically relevant associations, particularly when 

several of the metabolites under scrutiny cluster together and participate in known biologic pathways 18. 

Second, the presence of significant inter-individual variability may have blunted group comparisons. 

Within group analysis using each individual as his/her own biologic control revealed significant changes 

within the exercise intervention arms, an experimental design that has been previously employed in small 

metabolomics 19, 22, 115 and proteomic 123 perturbation studies. While we cannot attribute exercise effects to 

the changes seen within individual exercise arms, our findings underscore the importance of performing 

much larger trials that are better powered to characterize the molecular response to physical activity 124. 

 The cross-sectional associations between baseline metabolites and clinical risk factors 

demonstrated here extend previous findings.  Elevations in aromatic (tyrosine) and branched chain amino 

acids, and tryptophan breakdown products (anthranilic acid, kynurenines) have been strongly correlated 
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with elevated body mass and insulin resistance phenotypes 121, 125, 126. In addition, we observed novel 

inverse associations between tyrosine, anthranilic acid, and inosine, and peak oxygen consumption 

(VO2peak) which is an established predictor of morbidity and mortality. 

We further explored whether improvements in cardiometabolic traits were related to changes in 

circulating metabolite levels.  For instance, decreased uridine diphosphate N-acetylglucosamine (UDP-

GlcNAc) concentrations were associated with improvements in anthropometric and insulin resistance 

traits, whereas increased levels were associated with worse CRF.  UDP-GlcNAc, a nucleotide sugar, is 

the end-product of the hexosamine biosynthetic pathway (HBP) and acts as a substrate for the O-linked 

N-acetylglucosamine transferase enzymes (OGTs). Chronically elevated glucose concentrations are 

associated with increased UDP-GlcNAc concentrations via flux through the HBP, augmenting O-

GlcNAcylation of numerous proteins across the body and altering their function 127. Aberrant OGT 

activity has been implicated in insulin resistance, dyslipidemia, and diabetic cardiomyopathy 128-130, and 

increases in graded fashion with increased UDP-GlcNAc concentrations.  In addition, increased O-

GlcNAc mitochondrial protein expression within myocardium was seen among rats selected for low 

capacity running in comparison to high capacity runners, suggesting a role for OGT activity in aerobic 

capacity 131. Investigation into the effects of chronic exercise on OGT activity has been limited to 

myocardial tissue in different mouse models undergoing heterogeneous exercise interventions, and its role 

is not well understood 127. Our findings validate UDP-GlcNAc’s relationship to metabolic health traits, 

and further suggest its potential role as either a marker or effector of cardiorespiratory status. 

 Lastly, we explored whether baseline metabolite levels could predict exercise-induced response in 

a given cardiometabolic trait and identified three significant associations. Baseline glutamate levels were 

positively associated with change in DBP. This extends previous cross-sectional findings, wherein 

glutamate was positively associated with a range of cardiometabolic risk factors (insulin, HOMA-IR, 

SBP, and DBP) 121. ADMA/SDMA levels were inversely related to changes in 2-hour glucose, a finding 

previously supported 132. In addition, baseline taurine (a sulfated organic compound) was negatively 

associated with change in WC. These findings are consistent with previous observations investigating the 
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relationship between taurine and obesity. In animal studies, a decrease in blood taurine concentration was 

associated with obesity 133 and taurine treatment reduced inflammatory processes in adipose tissue via 

reduction in macrophage infiltration. Our observations extend prior literature by suggesting that higher 

plasma taurine concentrations may predict a more favourable exercise response for abdominal obesity.  

A limitation of our study is that the sample was relatively homogeneous which may have 

attenuated the strength of observed relationships.  However, given that nearly 40% of US and Canadian 

adults are abdominally obese 134, 135, our findings are relevant to this population. Furthermore, while we 

measured a diverse panel of ~150 metabolites in plasma, our analysis was targeted and not comprehensive 

of the entire plasma metabolome. 

In summary, our study provides additional details on the metabolic changes induced by chronic 

exercise training, in addition to potential predictors of changes in metabolic traits. These data motivate 

additional studies in larger, heterogeneous cohorts.   
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Chapter 4 

Individual responses to standardized exercise: total and abdominal adipose tissue 

 

 

Chapter 4 is prepared for submission to Obesity as: 

Brennan AM, Day A, Cowan T, Lamarche B, Ross R. Individual responses to standardized exercise: 

total and abdominal adipose tissue. 
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4.1 Abstract 

Objective: To determine the separate effects of exercise amount and/or intensity on (1) the mean 

probability that observed responses for total and abdominal adipose tissue (AT) are above the minimal 

clinically important difference (MCID), and (2) the proportion of individuals whose responses are 

‘unlikely’ or ‘very likely’ above the MCID. 

Methods: Men and women (n=103) with abdominal obesity were randomized to one of the following 

groups: control (N=20), low amount low intensity (LALI, N=24), high amount low intensity (HALI, 

N=30), and high amount high intensity (HAHI, N=29) exercise for 24 weeks. Total, visceral (VAT), and 

abdominal subcutaneous (ASAT) AT changes were measured by MRI. The probability that individual 

responses were greater than the MCID after adjusting for the technical error of measurement (TE) was 

calculated for each individual and categorized by the following thresholds: ‘Unlikely’ = < 25% chance; 

‘Possibly’ = 25-74% chance; ‘Likely’ = 75-94% chance; ‘Very Likely’ = 95-100% chance.   

Results: For all AT depots, the mean probability of response above the MCID was greater in all exercise 

groups vs control (p<0.01); however, it did not differ between exercise groups. For all AT depots, the 

proportion of individuals whose change was ‘unlikely’ above the MCID was significantly less within the 

HALI and HAHI groups vs controls (p<0.05). For total AT alone, the HALI group had fewer individuals 

whose response was ‘unlikely’ above the MCID vs LALI. For all AT depots, there were no differences in 

the proportion of individuals whose response was ‘very likely’ above the MCID between exercise groups. 

Conclusions: Increasing exercise amount and intensity does not improve the probability that observed 

changes in total and abdominal AT will be clinically meaningful; however, increasing exercise amount 

may reduce the number of individuals deemed ‘unlikely’ to achieve clinically meaningful reductions in 

total adiposity. 
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4.2 Introduction 

Recent focus on the development of a more precise, personalized approach to exercise-based 

medicine has stimulated interest in determining the extent to which a given individual responds to an 

exercise perturbation38, 39, 136.  Current approaches classify individuals as either “responders” or “non-

responders” based on whether changes are above or below a given threshold, determined by either the 

technical error of measurement (TE) or the minimal clinically important difference (MCID)32, 137, 138.  

However, this binary approach ignores the degree of uncertainty that is inherent to each individual’s 

observed response, leading to misclassification of individuals as “non-responders”. Hopkins et al. 

advocates for the use of probability distributions to express the degree of certainty (likelihood) that an 

individual achieves a change greater than the MCID after accounting for the TE36, an approach that better 

captures the graded response to exercise. 

We recently reported that aerobic exercise induces a substantial reduction in total and abdominal 

adipose tissue (AT) independent of exercise amount or intensity; however, whether increasing exercise 

amount and/or intensity influences the probability that individuals will achieve a clinically meaningful 

AT reduction is unknown.  Given the epidemic of excess adiposity globally and its associated medical 

costs, characterizing the heterogeneity in AT response to exercise is clinically relevant for practitioners 

who counsel clients on appropriate exercise-related treatment strategies for adiposity and cardiometabolic 

risk reduction. Thus, the primary objective of this study is to examine the separate effects of exercise 

amount and/or intensity on the likelihood that an individual’s observed AT response to treatment is above 

the MCID. 

Imaging techniques used to measure visceral and abdominal subcutaneous AT are not readily 

available to most practitioners; thus, examining whether simple anthropometric measures are a suitable 

alternative to monitor abdominal AT responses to treatment has practical relevance. The association 

between waist circumference (WC) and body weight with abdominal AT is well-established, however the 

associated error of the estimate is large. Thus, the extent to which clinically meaningful WC or body 

weight reductions reflect reductions in abdominal AT beyond the MCID is unclear. A secondary objective 
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of this study is to examine whether WC and body weight can be monitored to reflect and interpret 

individual AT responses to exercise above the MCID.  

4.3 Methods 

Participants 

Details of the study design and methods have been published previously139 as are the findings 

from the primary analysis71. Briefly, we conducted a 24-week, single center, randomized controlled trial 

with a parallel group design between September 2009 and May 2013.  300 abdominally obese adults were 

randomized into one of four treatments: control (no exercise), low amount low intensity (LALI; 180 and 

300 kcal/session for women and men, respectively, at 50% VO2peak), high amount low intensity (HALI; 

360 and 600 kcal/session, respectively, at 50% VO2peak), and high amount high intensity (HAHI; 360 

and 600 kcal/session, respectively, at 75% VO2peak) exercise. Participants performed supervised exercise 

sessions five times per week. All participants provided informed consent prior to participation and the 

protocols used in the original investigation and this ancillary analysis were approved by the Queen’s 

University Health Sciences Research Ethics Board.  

Participants from the original trial (n=300) were excluded if they did not have both pre- and post-

MRI data (n=171) and if there were issues with the MRI protocol (image quality and positioning pre- 

and/or post-treatment) (n=26) which resulted in a study sample of 103 participants: Control, n=20; LALI, 

n=24; HALI, n=30; HAHI, n=29.  

The mean change in total and abdominal AT are reported elsewhere (Cowan, Brennan et al., In 

Press; Appendix D). Briefly, there was no sex by group by time interaction; thus, groups were collapsed 

across sex. All AT depots were reduced in all exercise groups compared to control (p<0.008). Reduction 

in AT depots did not differ between exercise groups (p>0.05). Change in SM mass was not different 

between exercise groups and control. 

Accelerometry 

Physical activity performed outside of the supervised exercise sessions (unstructured physical 

activity) was monitored using ActiGraph GT3X accelerometers for 1 week at baseline, 8, 16, and 25 
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weeks. Established accelerometer cut points were used to determine the average duration of time spent 

sedentary and the amount and intensity of incidental physical activity. 

Dietary Intake 

Prior to commencing exercise, participants were instructed to maintain their current intake and 

record daily consumption of self-selected foods for a one-week period. The daily caloric intake derived 

from this period was prescribed for the duration of the intervention. All participants were then instructed 

to consume a balanced diet (~50-55% carbohydrate, 15-20% protein, and 30% fat) and submitted daily 

self-reported dietary intake records throughout the intervention. All dietary procedures were conducted 

and supervised by the study nutritionist. 

 Three-day diet records (two weekdays and one weekend day) were randomly selected from the 

run-in period (baseline), weeks 8, 16, and 25 of the intervention. The selected diet records were entered 

into a web-based automated 24-h recall platform (R24W). Details of the R24W development and 

validation have been published elsewhere140,141, 142. Briefly, the R24W is based on the Automated 

Multiple Pass Method (AMPM) recommended by the US Department of Agriculture (USDA) for dietary 

self-monitoring. The program calculated nutrient intakes and diet quality scores using the 2010 Canadian 

Nutrient File and the USDA Nutrient Database for Standard Reference. Energy, macronutrient intake, and 

diet quality scores (Canadian Health Eating Index-2010 [C-HEI]) from the 3-day diet records were 

averaged. 

Anthropometry 

 Waist circumference (WC) was measured at the superior edge of the iliac crest at baseline, 8, 16, 

and 24 weeks for all participants in an exercise group, and at baseline, 16, and 24 weeks for participants 

in the control group. Body weight was measured using a calibrated scale. 

Assessment of Adiposity by Magnetic Resonance Imaging 

Whole body AT was measured by magnetic resonance imaging (MRI) at baseline and following 

treatment by a 1.5 Tesla magnet at Kingston General Hospital using a protocol previously described143, 144. 

Briefly, participants entered the magnet in a prone position, feet first and the L4-L5 intervertebral space 
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was landmarked using a sagittal scout image. 10mm thick images, 40mm apart were taken from L4-L5 to 

the lower extremities (feet). The participants were then required to exit the magnet and re-enter head first 

with their arms extended. The L4-L5 inter-vertebral space was relocated and 10mm thick images 40mm 

apart were taken from L4-L5 to the upper extremities (hands). Specialized image analysis software 

(SliceOmatic version 5.0, TomoVision, Montreal, QC) was used to quantify the tissue depots. Abdominal 

AT was determined using 5 consecutive images beginning one image below L4-L5, L4-L5 and three 

images above.  

Due to scheduling issues, MRI scans for 22 participants were obtained more than 2 weeks after 

the last exercise session. For these cases, total weight derived from the MRI analysis was compared to the 

anthropometric weight taken at week 24. The average weight difference for these cases was 1.8 kg (±1.8). 

Exclusion of these participants from the analysis revealed no appreciable difference in our overall 

findings, thus, they were included in our final sample.    

Statistical Analysis  

There is no universally accepted MCID for any AT depot. To calculate the MCID for individual 

responses, the effect size threshold of 0.2 (small) for all AT depots was multiplied by the baseline 

between-subject SD, as suggested by others40, 145, 146. The calculated MCIDs for total, abdominal, visceral, 

and abdominal subcutaneous AT represent an approximate 5%, 9%, and 5% reduction from baseline 

mass, which is consistent with current obesity management guidelines for risk reduction147. Additionally, 

subsequent to post-hoc analysis of our data, the MCID for abdominal (0.46 kg), abdominal subcutaneous 

(0.32 kg), and visceral AT (0.28 kg) was associated with an approximate 3 cm reduction in WC and 20% 

reduction in HOMA-IR and fasting insulin using simple regression (data not shown), which are both 

associated with reduction in cardiometabolic risk148.  

To determine the probability that an individual’s observed response for AT depots was greater 

than the MCID, the “Precision of the estimate of a subject’s true value” Excel spreadsheet, developed by 

Hopkins (2000) was used 149. Briefly, the spreadsheet estimates the probability that a subject’s observed 
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change is greater than the MCID, adjusting for TE 114, 150.  The TE was derived from control group data 

using the following equation:  

TE = √
∑(𝑚𝑒𝑎𝑠𝑢𝑟𝑒1−𝑚𝑒𝑎𝑠𝑢𝑟𝑒2)

2

2𝑛
. 

Since the TE for change variables is greater than that for a single measurement, an adjusted TE was used, 

whereby TEadjusted=√2 ∗ 𝑇𝐸.  

The probability that a given individual’s response was greater than the MCID for each AT 

outcome was based on the following thresholds proposed by Hopkins et al.: “Unlikely” = <25% chance; 

“Possibly” = 25-74% chance; “Likely” = 75-94% chance; “Very Likely” = 95-100% chance. For 

example, the MCID for visceral AT is – 0.28 kg and the TEadjusted is 0.45 kg. If an individual reduces 

visceral AT by 0.93 kg, the value of the effect statistic is calculated as x = (-0.28 – (-0.93))/0.45 = 1.58. 

The associated probability derived from a one-tailed t-distribution of an effect statistic equal to 1.58 is 

0.06. Thus, there is a 94% chance (“likely”) that this individual’s observed change is above the MCID, or 

clinically meaningful. For a more detailed and comprehensive understanding of the underlying principles 

summarized here, the reader is referred elsewhere146.  

To determine the effect of amount and intensity on the probability that individuals achieve a 

change in AT above the MCID, a one-way ANOVA was performed. To determine the effect of amount 

and intensity on the proportion of individuals considered “unlikely”, “possibly”, “likely” or “very likely” 

to achieve a change in AT above the MCID, a 4 x 4 contingency table was generated and group 

proportions were compared using the chi-square test.  

Multiple linear regression was used to determine the association between changes in body weight, 

WC, and abdominal AT depots. Regression models were adjusted for baseline AT mass, age, and sex. To 

determine the number of individuals with a similar likelihood of response for WC and body weight 

compared to each AT depot, MCIDs of 2 cm and 2 kg were used for WC and body weight, respectively, 

as previously reported (Hammond et al., Under Review). 
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A linear mixed effect model was applied to assess potential determinants of observed AT 

responses, collapsed across exercise groups. The model included group (exercise vs. control), sex, and 

age. Potential determinants of individual response included: baseline value, sex, in addition to change in 

energy intake, diet quality, and physical activity. A Bonferroni-corrected p-value of 0.007 (0.05/7 

determinants) was used to determine statistical significance.  

All analyses were performed using SAS, version 9.4 (SAS Institute) and SPSS software, version 

24.0 (SPSS Inc.). 

4.4 Results 

Participant characteristics are summarized in Table 4.1.  Participants were middle-aged (52.8 ± 7.6 

years) adults (women, 60%) with abdominal obesity (women, WC = 104.7 ± 9.8 cm; men, WC = 116.4 ± 

8.0 cm). All AT depots changed significantly with exercise compared to controls (p<0.05); however, 

there were no differences between exercise groups (p>0.05). There were no significant group by time 

interactions for change in unstructured PA, sedentary time, energy intake (kcal), or Healthy Eating Index-

Score from baseline to 24 weeks (p>0.05). 
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Table 4.1. Participant characteristics 

Characteristics Control LALI HALI HAHI 

 Baseline 24 wks Baseline 24 wks Baseline 24 wks Baseline 24 wks 

Age, years 55.1 ± 6.6 
 

52.5 ± 8.0 
 

51.8 ± 8.3 
 

52.8 ± 7.4 
 

Sex F:M 10:10 
 

14:10 
 

20:11 
 

19:11 
 

Anthropometric 
       

Weight, kg 89.7±17.6 89.0±17.9 94.6±14.6 90.1±14.2 92.9±14.9 86.7±14.9 95.2±14.3 88.9±12.5 

WC, cm 107.0±11.2 105.8±11.6 111.9±10.7 106.8±10.3 108.8±9.4 102.2±9.9 109.4±11.8 103.2±10.5 

BMI, kg/m2 30.5±3.6 30.4±3.8 33.2±4.3 31.6±4.5 32.6±4.1 30.4±4.3 32.5±3.7 30.4±3.2 

MRI 
        

Total AT, kg 37.0±8.3 37.2±9.2 43.0±8.8 39.7±9.9 41.5±8.1 37.2±9.1 43.0±8.4 37.9±7.6 

Total SAT, kg 28.1±7.2 28.3±7.9 34.0±8.2 31.9±9.4 32.8±8.0 29.6±8.4 33.8±7.5 30.0±6.9 

Total abdominal AT, kg 8.7±2.2 8.6±2.4 9.8±2.0 8.8±2.2 9.3±2.0 8.2±2.1 9.7±2.7 8.3±2.2 

VAT, kg 3.3±1.5 3.2±1.5 3.2±1.3 2.6±1.0 3.0±1.3 2.5±1.2 3.2±1.5 2.6±1.2 

ASAT, kg 5.1±1.5 5.1±1.6 6.3±1.5 5.9±1.8 6.0±1.6 5.4±1.7 6.1±1.7 5.3±1.4 

Lower body AT, kg 12.5±2.8 12.5±2.9 15.2±4.4 14.2.2±4.7 14.8±3.8 13.0±3.8 15.1.0±3.2 13.6±2.9 

Total SM, kg 25.8±7.8 25.5±7.9 24.8±5.2 24.1±4.9 24.8±6.5 24.1±6.3 25.6±6.3 24.6±5.9 

Physical Activity (PA)         

Sedentary time (% wear time) 67.0 ± 8.4 66.4 ± 8.8 67.2 ± 9.1 67.4 ± 6.6 67.0 ± 7.9 64.1 ± 6.3 70.1 ± 6.7 67.2 ± 6.6 

Total PA (% wear time) 33.0 ± 8.4 32.8 ± 8.4 32.8 ± 9.1 30.7 ± 6.6 33.0 ± 7.9 33.8 ± 5.6 29.9 ± 6.7 30.81 ± 6.5 

Total PA (mins/day) 333 ± 93 317 ± 79 273 ± 66 272 ± 82 293 ± 87 298 ± 60 269 ± 65 298 ± 64 

Sedentary time (mins/day) 64.0 ± 8.7 64.4 ± 7.7 70.5 ± 6.0 70.9 ± 7.2 68.8 ± 8.7 67.4 ± 4.7 70.2 ± 6.6 67.4 ± 6.3 

Dietary Intake         
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Energy intake (kcal/d) 1979 ± 462 1863 ± 474 2182 ± 393 1954 ± 481 2250 ± 495 2217 ± 666 2053 ± 602 1897 ± 463 

C-HEI 58.2 ± 13.1 65.4 ± 12.4 55.1 ± 15.4 59.2 ± 12.3 60.2 ± 12.0 65.5 ± 11.6 56.7 ± 13.5 62.4 ± 15.0 

Data is presented as the mean ± standard deviation. LALI, low amount low intensity; HALI, high amount low intensity; HAHI, high amount high intensity; F, 

female; M, male; WC, waist circumference; BMI, body mass index; AT, adipose tissue; SAT, subcutaneous AT; VAT, visceral AT; ASAT, abdominal 

subcutaneous AT; SM, skeletal muscle; PA, physical activity; C-HEI, Canadian-Healthy Eating Index. 
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Table 4.2 shows the distribution of individual responses considered ‘unlikely’, ‘possibly’, ‘likely’, or 

‘very likely’ to be above the MCID in each exercise group for total, abdominal, visceral, and abdominal 

subcutaneous AT. For all AT depots, the proportion of individuals whose change was ‘unlikely’ to be 

above the MCID was greater in the HAHI and HALI groups compared to control. For total AT only, the 

LALI group had a greater proportion of individuals deemed ‘unlikely’ to have a clinically meaningful 

response compared to the HALI group. The proportion of individuals whose AT change was ‘very likely’ 

above the MCID was higher in the HAHI and HALI group compared to control for total AT, HAHI 

compared to control for visceral AT, and HAHI, HALI, and LALI group vs. control for abdominal 

subcutaneous AT.   

Table 4.3. provides the mean probabilities derived across individuals within each group for all AT 

depots. For all AT depots, the mean probability that individuals achieved reductions beyond the MCID 

was greater in all exercise groups compared to control (p<0.01) but did not differ from each other 

(p>0.01).  
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Table 4.2. Individual likelihoods that observed response is greater than the MCID within each exercise group. 

Variable LALI HALI HAHI 

Total AT (kg) Number of Individuals  

(% of n=24) 

Number of Individuals 

(% of n=30) 

Number of Individuals 

(% of n=29) 

     Unlikely 

     Possibly 

     Likely 

     Very Likely 

6 (75%) 

2( 9.5%) 

11 (37.9%) 

5 (2.80%) 

0 (0%) 

13 (61.9%) 

8 (27.6%) 

9 (36%) 

2 (6.9%) 

6 (20.7%) 

10 (34.5%) 

11 (37.9%) 

∆ Total abdominal AT    

     Unlikely 

     Possibly 

     Likely 

     Very Likely 

5 (20.8%) 

6 (25%) 

8 (33.3%) 

5 (20.8%) 

1 (3.3%) 

13 (43.3%) 

8 (26.7%) 

8 (26.7%) 

2 (6.9%) 

7 (24.1%) 

9 (31.0%) 

11 (37.9%) 

∆ Visceral AT (kg)    

     Unlikely 

     Possibly 

     Likely 

     Very Likely 

3 (12.5%) 

11 (45.8%) 

5 (20.8%) 

5 (20.8%) 

1 (3.3%) 

17 (56.7%) 

8 (26.7%) 

4 (13.3%) 

3 (10.3%) 

11 (37.9%) 

5 (17.2%) 

10 (34.5%) 

∆ Abdominal subcutaneous AT (kg)    

     Unlikely 

     Possibly 

     Likely 

     Very Likely 

7 (29.2%) 

5 (20.8%) 

4 (16.7%) 

8 (33.3%) 

4 (13.3%) 

11 (36.7%) 

4 (13.3%) 

11 (36.7%) 

3 (10.3%) 

7 (24.1%) 

6 (20.75%) 

13 (44.8%) 

Table illustrates the number of individuals in each category of response likelihood for abdominal AT changes in each group. 

MCID, minimal clinically important difference. 
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Table 4.3. Mean probability that Individuals achieved change beyond the MCID. 

Variable Control (n=20) LALI (n=24) HALI (n=30) HAHI (n=29) 

Total AT (kg) 29.2 (23.2) 65.3 (35.4)*# 75.7 (22.4)* 81.2 (21.1)* 

     

∆ Total abdominal AT 33.3 (28.6) 62.5 (35.7)* # 73 (24.1)* 79.1 (25.7)* 

          

∆ Visceral AT (kg) 35.7 (28.5) 63.8 (29.5)* 65.8 (24.5)* 69.7 (28.1)* 

          

∆ Abdominal subcutaneous AT (kg) 21.5 (24.7) 59.9 (40.0)* 68.8 (31.0)* 77.3 (28.5)* 

AT, adipose tissue; MCID, minimal clinically important difference. 

*Significantly different from control (p<0.05) 
#HAHI significantly different than LALI (p<0.05)
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Collapsed across exercise groups, changes in weight and WC were associated with changes in 

total abdominal (∆ weight: R2=0.76, SEE=0.53 kg (44%); ∆ WC: R2=0.69, SEE =0.60 kg (51%)), visceral 

(∆ weight: R2=0.65, SEE =0.31 kg (53%); ∆ WC: R2=0.60, SEE =0.34 kg (58%)), and abdominal 

subcutaneous AT (∆ weight: R2=0.62, SEE =0.40 kg (65%); ∆ WC: R2=0.61, SEE =0.41 kg (67%)) (all p 

< 0.001).  

The number of individuals with a similar likelihood of response for WC and body 

weight compared to total abdominal, visceral, and abdominal subcutaneous AT in each group are shown 

in Figure 4.1 and Figure 4.2. With the exception of visceral AT responses in the HALI group, the 

majority of individuals with a “very likely” or “likely” response above the MCID for WC and body 

weight also had a “very likely” or “likely” response above the MCID for abdominal, visceral, and 

abdominal subcutaneous AT (WC, range = 63 to 83%; body weight, range = 60 to 82%). Similarly, with 

few exceptions, individuals whose responses were “unlikely” to be above the MCID for WC and body 

weight also had an “unlikely” change in the AT depots.  
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Figure 4.1. (A) Distribution of the likelihood of individual responses > MCID for WC. (B), (C), and (D) 

Distribution of the likelihood of individual responses > MCID for ABAT, VAT, and ASAT, respectively. 

Note each vertical line represents an individual’s change. Participants in (A), (B), (C), and (D) are ordered 

according to change in WC. WC, waist circumference; ABAT, abdominal adipose tissue; VAT, visceral 

adipose tissue; ASAT, abdominal subcutaneous adipose tissue. 
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Figure 4.2. (A) Distribution of the likelihood of individual responses > MCID for body weight. (B), (C), 

and (D) Distribution of the likelihood of individual responses > MCID for ABAT, VAT, and ASAT, 

respectively. Note each vertical line represents an individual’s change. Participants in (A), (B), (C), and 

(D) are ordered according to change in body weight. ABAT, abdominal adipose tissue; VAT, visceral 

adipose tissue; ASAT, abdominal subcutaneous adipose tissue. 

 

Potential determinants of the observed AT response to exercise are shown in Appendix C. 

Collapsed across exercise groups, there were no significant interactions between potential determinants 

and group (exercise and control) (p>0.007).  

4.5 Discussion 

The probability-based approach applied here represents an alternative lens to study the separate 

effects of exercise amount and intensity on health outcomes that accounts for the magnitude of individual 

responses that may be masked by the conventional use of group means. Using this approach, we 
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demonstrate that the probability of achieving a clinically meaningful reduction in total, visceral, and 

abdominal subcutaneous AT is greater following exercise compared to control but is independent of 

exercise amount and/or intensity. Further, while there were no differences between exercise groups in the 

number of individuals whose response was ‘very likely’ above the MCID, we observed that increasing 

exercise amount reduced the proportion of those considered ‘unlikely’ to experience a clinically 

meaningful reduction in total AT.    Assessing the magnitude and uncertainty of a given individual’s 

change for an outcome of interest provides practitioners with information beyond a binary response 

classification and prompts evaluation of both exercise and non-exercise behaviours that may influence the 

outcome. 

We observed that the mean probability of individual responses above the MCID was not different 

between exercise groups.   This finding is not surprising given our recent observation that mean AT 

reduction occurs independent of exercise amount or intensity (Cowan, Brennan et al.; In Press). Taken 

together, our observations suggest that exercise-induced reductions in total and abdominal AT are likely 

to be clinically meaningful after participating in exercise that is consistent with current physical activity 

guidelines. 

Quantifying the likelihood that each individual’s observed response was clinically meaningful is 

also an alternative to dichotomous “responder” and “non-responder” classification. This approach reduces 

the risk of falsely labelling an individual as a “non-responder” based on AT changes above 2 x TE. For 

example, for abdominal AT, 39% (32/83) of individuals are classified as “non-responders” based on the 2 

x TE threshold. Conversely, determining the likelihood that an individual’s response falls above the 

MCID after accounting for the TE revealed only 8% (7/83) of participants classified as “unlikely” to 

achieve clinically meaningful abdominal AT reductions (Figure 4.3). It is important to note that 

individuals’ observed responses using this approach cannot be attributed to exercise alone and may be 

influenced by both exercise and environmental, behavioural, and physiological factors. However, given 

that a practitioner is not likely to isolate changes in the outcome of interest attributable to exercise alone 

in a clinical setting, the evaluation of observed responses to both exercise and external factors are more 
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generalizable to a clinical context. For a thorough discussion on isolating the exercise-induced response 

variability, the reader is referred elsewhere38. 

 

Figure 4.3. Individual responses for change in abdominal AT. 

 

We confirm that while change in WC and body weight are associated with corresponding changes 

in abdominal subcutaneous and visceral AT, the associated error of estimate is substantial (53-58% for 

visceral AT and 65-67% for abdominal subcutaneous AT).  Thus, the use of either anthropometric tool to 

characterize a given individual’s abdominal AT response lacks precision. However, the majority of 

individuals (60-78%) with a “very likely” or “likely” change in either WC or weight above the MCID 

also achieved a “very likely” or “likely” clinically meaningful change in the abdominal AT depots. 

Accordingly, though anthropometric measures are not direct surrogates of abdominal AT reduction for a 
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given individual, a reduction in WC and weight beyond 4.5 cm and 4.5 kg, respectively, likely reflects 

meaningful reductions in abdominal AT.  

Compensatory responses to exercise including both energy intake (increase) and spontaneous 

energy expenditure (decrease)75, 78, 82, 151, in addition to physiological alterations in resting metabolic 

rate79, are suggested to play a role in the variability in adiposity changes in response to an exercise 

intervention. Here, we did not identify any significant determinants of the observed response to exercise. 

Our inability to identify dietary factors as determinants of exercise-induced variability may be explained 

by the well-established notion of limited validity and reliability in self-reported energy intake derived 

from diet records. Further, due to practical constraints, we measured unstructured PA at four separate time 

points. It is possible that we may have detected PA determinants with more frequent and/or longer 

accelerometry wear times. Finally, it is possible that several behavioural and physiological variables lie in 

the causal pathway between exercise and AT reduction and each contribute relatively small amounts to 

the overall observed response 82. Thus, identifying clinically relevant factors that influence individuals’ 

responses to changes in a given dose of exercise is complex and will require large sample sizes. 

A limitation to our study is that no established MCIDs for changes in abdominal, visceral, and 

subcutaneous AT currently exist. We alternatively used calculations of effect size (Cohen’s D) to derive 

the MCIDs, with a value of 0.2 times the baseline between-participant SD. Thus, the MCID used in this 

study may reflect the magnitude of change rather than its clinical relevance. However, each MCID for AT 

reduction either matches or exceeds recommendations for obesity reduction (5% loss of fat mass) and are 

related to clinically meaningful improvements in other cardiometabolic risk factors147. Also, our limited 

sample size in each exercise group likely influences our ability to assess between-group differences in the 

number of individuals with a given likelihood of response above the MCID. 

In summary, we found that increasing exercise amount and/or intensity does not improve the 

probability that AT reductions following exercise are clinically meaningful. We further observed that 

though the utility of WC and body weight to monitor clinically meaningful reductions in abdominal AT 

following exercise lacks precision, substantial changes in WC and body weight greater than 4.5 cm and 
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4.5 kg, respectively, likely reflects clinically meaningful abdominal subcutaneous and visceral AT 

reduction.  
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Chapter 5 

Corresponding changes in circulating metabolites in response to depot-specific adipose tissue 

reduction 

 

 

Chapter 5 is prepared for submission to International Journal of Obesity as:  

Brennan AM, Tchernof A, Gerszten RE, Cowan TE, Ross R. Corresponding changes in circulating 

plasma metabolites in response to depot-specific adipose tissue reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 

 

5.1 Abstract 

Purpose: Total, visceral and abdominal subcutaneous AT depots have distinct associations with 

cardiometabolic health; however, the metabolite profile that characterizes each AT depot and its reduction 

following exercise is not understood. The objectives of this secondary analysis are to (1) assess the 

independent associations between identified metabolites and total, visceral and abdominal subcutaneous 

AT; and (2) examine whether metabolite concentrations and AT mass change concurrently following 

chronic aerobic exercise. 

Methods: A secondary analysis was performed in 103 middle-aged abdominally obese men and women 

([mean (SD)], 52.4 (8.0) years) randomized into one of four groups varying in exercise amount and 

intensity for 6 months duration: high amount high intensity, high amount low intensity, low amount low 

intensity, and control. 147 metabolites were profiled by liquid chromatography-tandem mass 

spectrometry. AT mass was measured by magnetic resonance imaging. 

Results: Individual metabolite associations with AT depots confirmed several established cross-sectional 

relationships between the obesity phenotype and metabolic pathways. Reduction in visceral AT was 

independently associated with increases in pyroglutamic acid and TCA cycle intermediates (succinic and 

fumaric acid). Changes in UDP-GlcNAc (B=0.43), pyroglutamic acid (B=-0.35), histidine (B=0.20), citric 

acid isocitric acid (B=-0.20), and creatine (B=0.27) were significantly associated with changes in total 

AT. After adjusting for total AT, pyroglutamic acid (B=-0.41), succinic acid (B=-0.41), and fumaric acid 

(B=-0.20), remained significantly associated with visceral AT (p<0.05). UDP-GlcNAc, glutamate, and 

succinic acid were no longer associated with measures of insulin and glucose metabolism after adjusting 

for adiposity (p>0.05).  

Conclusion: Our findings point to potential biomarkers of depot-specific AT accumulation and reduction 

that may play a direct role in mediating cardiometabolic improvements.  
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5.2 Introduction 

Excess accumulation of adiposity, in particular abdominal adipose tissue (AT), is associated with 

morbidity and mortality, independent of age and sex87. To explain underlying metabolic alterations in 

response to AT accumulation that may result in subsequent health decline, current observations focus on a 

small number of measured biomarkers including lipoproteins, insulin, and glucose53. Metabolomics, the 

assessment of large numbers of small-molecule metabolites, affords the opportunity to gain a broader 

understanding of the activity of metabolic pathways affected by excess adiposity18. The substrates and 

products of metabolism under conditions of excess adiposity may serve as biomarkers for AT dysfunction 

or directly mediate AT pathology as initiators or regulatory signals of disease processes.  

Total, visceral and abdominal subcutaneous AT depots have distinct associations with 

cardiometabolic health10; however, the metabolite profile that characterizes each AT depot and mediates 

risk for disease is not understood. Magnetic resonance imaging (MRI), combined with metabolomics 

technologies, allows for exploitation of biomarkers and/or molecular mechanisms that both characterize 

the phenotype associated with specific AT depot accumulation and explain the impact of AT reduction on 

circulating metabolites and corresponding improvement in cardiometabolic risk. Current cross-sectional 

observations relating specific AT depots and the metabolome are limited and inconsistent. Boulet et al. 

observed positive associations between the branched chain amino acids (BCAAs), alanine, tyrosine, and 

glutamate with both subcutaneous and visceral AT109, while Schlecht et al. did not identify any significant 

associations between visceral and abdominal subcutaneous AT and 20 serum metabolites measured112. To 

our knowledge, no prior observations exist to describe corresponding changes of metabolites and AT 

depots following exposure to physiologic perturbations including exercise.  

 The objectives of this secondary analysis are to (1) assess the independent associations between 

identified metabolites and total, visceral and abdominal subcutaneous AT; and (2) examine whether 

metabolite concentrations and AT mass change concurrently following chronic aerobic exercise. Our 

observations may help to identify novel biomarkers of both excess total and regional AT and efficacy of 

treatment.  
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5.3 Methods 

Participants 

Details of the study design and methods have been published previously139 as are the findings 

from the primary analysis71. Briefly, we conducted a 24-week, single center, randomized controlled trial 

with a parallel group design between September 2009 and May 2013.  300 abdominally obese adults were 

randomized into one of four treatments: control (no exercise), low amount low intensity (LALI; 180 and 

300 kcal/session for women and men, respectively, at 50% VO2peak), high amount low intensity (HALI; 

360 and 600 kcal/session, respectively, at 50% VO2peak), and high amount high intensity (HAHI; 360 

and 600 kcal/session, respectively, at 75% VO2peak). Exercise sessions were supervised and performed 5 

days/week for the duration of the trial. All participants provided informed consent prior to participation 

and the protocols used in the original investigation and this secondary analysis were approved by the 

Queen’s University Health Sciences Research Ethics Board.  

 Participants from the original trial were excluded if they did not have both pre- and post- MRI 

data (n=171) and if there were issues with the MRI protocol (image quality and positioning pre- and/or 

post-treatment) (n=23) which resulted in a study sample of 103 participants: Control, n=20; LALI, n=24; 

HALI, n=30; HAHI, n=29.  

Assessment of Body Composition 

Whole body AT was measured by magnetic resonance imaging (MRI) at baseline and following 

treatment by a 1.5 Tesla magnet at Kingston General Hospital using a protocol previously described143, 144. 

Briefly, participants entered the magnet in a prone position, feet first and the L4-L5 intervertebral space 

was landmarked using a sagittal scout image. 10mm thick images, 40mm apart were taken from L4-L5 to 

the lower extremities (feet). The participants were then required to exit the magnet and re-enter head first 

with their arms extended. The L4-L5 inter-vertebral space was relocated and 10mm thick images 40mm 

apart were taken from L4-L5 to the upper extremities (hands). Specialized image analysis software 

(sliceOmatic version 5.0, TomoVision, Montreal, QC) was used to quantify the tissue depots. Total AT 

was derived using all images (~41 images per participant).  Abdominal subcutaneous and visceral AT 
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were determined using 5 consecutive images beginning one image below L4-L5, L4-L5 and three images 

above.  

Due to scheduling issues, MRI scans for 22 participants were obtained more than 2 weeks after 

the last exercise session or the end of the 6-month monitoring period (Control, n=6; LALI, n=4; HALI, 

n=8; HAHI, n=4). For these cases, total weight derived from the MRI analysis was compared to the 

anthropometric weight taken at week 24. The average weight difference for these cases was 1.8 kg (±1.8). 

Exclusion of these participants from the analysis revealed no significant difference in our overall findings, 

thus, they were included in our final sample.    

Plasma Sampling and Metabolite Profiling 

 Fasting plasma samples were acquired via the antecubital vein at baseline prior to an OGTT and 

again 48 hours after the last exercise session at 24 weeks. The plasma was immediately separated by 

centrifugation (10 minutes at 4250 rpm) and stored at -80o C. 

Targeted metabolomic profiling of plasma samples using LC-MS/MS in positive and negative 

electrospray ionization modes was performed and is described elsewhere152. Briefly, in positive mode, 

normal phase hydrophilic interaction chromatography (HILIC) using a 2.1x150mm 3µm Atlantis column 

(Waters) was coupled to a 4000 QTrap triple quadrupole mass spectrometer (Applied Biosystems/Sciex) 

equipped with an electrospray ionization source for targeted detection of 139 metabolites using a dynamic 

multiple reaction monitoring (dMRM) mechanism.  In negative mode, HILIC chromatography using a 

2.1x100mm 3.5 μm Xbridge Amide column (Waters) was coupled to an Agilent 6490 triple quadrupole 

mass spectrometer equipped with an electrospray ionization source for targeted detection of 70 

metabolites using dMRM.  Metabolite peaks were integrated using Sciex MultiQuant software (positive 

mode) or Agilent Masshunter Quantitative software (negative mode).  All metabolite peaks were 

manually reviewed for peak quality in a blinded manner. 

Statistical Analysis 

All metabolites were log-transformed to approximate a normal distribution and to reduce 

heteroscedasticity and analyses were adjusted for age and sex. Principal component analysis (PCA) was 
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used to reduce dimensionality of the metabolite data set at baseline. Nineteen main principal factors were 

derived after orthogonal Varimax rotation (Table 5.1). Factors were retained if they had an eigenvalue 

greater than 1 and individual metabolites with a factor load greater than |0.4| for a given PCA-derived 

factor were included. Scores were calculated for each participant based on standardized scoring 

coefficients. Cross-sectional associations between PCA factor scores and AT depots (total, abdominal, 

abdominal subcutaneous, visceral AT) were assessed with multiple linear regression. In addition, multiple 

linear regression was used to determine cross-sectional associations between individual metabolites and 

AT depots.  

To determine the association between changes in measures of adiposity and change in metabolite 

concentrations, partial least squares regression (PLS) was first used to reduce the number of metabolites 

based on their predictive performance for the outcome (AT depot). The Variable of Importance in the 

Projection Statistic (VIP) was calculated and used to determine the relative contribution of each 

metabolite. Metabolites with VIP scores ≥ 1 were extracted for further interrogation. Multiple linear 

regression was used to determine associations between the changes in metabolites extracted by PLS and 

AT reduction, adjusted for baseline metabolite concentration.  Analyses were then adjusted for total AT. 

In all of the above analyses, p-values were FDR-adjusted for multiple testing using the Benjamini-

Hochberg method.  

Selected metabolites whose change was associated with change in the AT depots at p<0.05 were 

further interrogated through multiple linear regression to determine combined and independent 

associations with measures of glucose and insulin metabolism (HOMA-IR, 2-hour glucose, insulin AUC). 

Statistical significance was evaluated at p<0.05. All analyses were performed using SPSS Statistics 

(Version 24). 

5.4 Results 

Participant characteristics before and after treatment are summarized in Table 5.1. Significant 

reductions in all AT depots, HOMA-IR, and insulin AUC were observed in each exercise group compared 
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to controls; however, there were no differences between exercise groups (p<0.05). Thus, subsequent 

analyses are collapsed across exercise group. 
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Table 5.1. Participant characteristics at baseline and 24 weeks. 

Characteristics Control LALI HALI HAHI 

 Baseline 24 wks Baseline 24 wks Baseline 24 wks Baseline 24 wks 

Age, years 55.1 ± 6.6 
 

52.5 ± 8.0 
 

51.8 ± 8.3 
 

52.8 ± 7.4 
 

Sex F:M 10:10 
 

14:10 
 

20:11 
 

19:11 
 

Anthropometric  
       

Weight, kg 89.7±17.6 89.0±17.9 94.6±14.6 90.1±14.2 92.9±14.9 86.7±14.9 95.2±14.3 88.9±12.5 

WC, cm 107.0±11.2 105.8±11.6 111.9±10.7 106.8±10.3 108.8±9.4 102.2±9.9 109.4±11.8 103.2±10.5 

BMI, kg/m2 30.5±3.6 30.4±3.8 33.2±4.3 31.6±4.5 32.6±4.1 30.4±4.3 32.5±3.7 30.4±3.2 

MRI 
        

Total AT, kg 37.0±8.3 37.2±9.2 43.0±8.8 39.7±9.9 41.5±8.1 37.2±9.1 43.0±8.4 37.9±7.6 

Total SAT, kg 28.1±7.2 28.3±7.9 34.0±8.2 31.9±9.4 32.8±8.0 29.6±8.4 33.8±7.5 30.0±6.9 

Total abdominal AT, kg 8.7±2.2 8.6±2.4 9.8±2.0 8.8±2.2 9.3±2.0 8.2±2.1 9.7±2.7 8.3±2.2 

VAT, kg 3.3±1.5 3.2±1.5 3.2±1.3 2.6±1.0 3.0±1.3 2.5±1.2 3.2±1.5 2.6±1.2 

ASAT, kg 5.1±1.5 5.1±1.6 6.3±1.5 5.9±1.8 6.0±1.6 5.4±1.7 6.1±1.7 5.3±1.4 

Metabolic         

HOMA-IR 2.7±1.5 2.5±1.2 2.4±1.9 1.9±1.2 2.0±1.3 1.6±1.2 2.3±1.3 1.6±0.9 
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PCA was used to group highly correlated metabolites into fewer factors (Table 5.2). Total, 

abdominal, and abdominal subcutaneous AT were positively associated with Factor 3 (purine and BCAA 

metabolites), Factor 5 (tryptophan metabolites), and Factor 15 (allantoin) (p<0.05). Visceral AT was 

positively associated with Factor 5 (p<0.05). Individual metabolite associations with AT depots 

confirmed several established cross-sectional relationships between the obesity phenotype and metabolic 

pathways as illustrated in Table 5.3 (all FDR < 0.10). After adjusting for total AT, kynurenic acid (B = 

0.18, p=2.9 x 10-5), tyrosine (B=0.09, p=0.049), valine (B=0.10, p=0.033), and homogentisic acid 

(B=0.10, p=0.018) were significantly associated with abdominal AT. Similarly, visceral AT was 

significantly associated with phenylalanine (B=0.20, p=0.003), kynurenic acid (B=0.19, 0.003), 

homogentisic acid (B=0.14, p=0.015), and the BCAAs (B=0.13-0.20, p=0.003-0.041) after adjusting for 

total AT. 

 

Table 5.2. PCA Factors 

Factors Metabolites Eigenvalue Variance, % 

1 lysine, glutamine, histidine, methionine, ornithine, 

arginine, NMMA, asparagine, tyrosine, proline, 

xanthurenate, alanine, aspartate cysteine, threonine, 

valine, citrulline, leucine, tryptophan, isoleucine, 

ADMASDMA 

21.002 14.385 

2 C10-carnitine, C8-carnitine, C12-carnitine, C6-carnitine, 

C14-carnitine, C7-carnitine, C5-glutarycarnitine, C9-

carnitine, C16-carnitine 

10.258 7.026 

3 lactic acid, hypoxanthine, pyruvic acid, inosine, alpha-

ketoglutaric acid, 2-ketoisovaleric acid, keto-isocaproic 

acid, xanthosine,  

9.276 6.354 

4 2-aminoadipic acid, 2-hydroxyglutaric acid, malic acid, 

phosphocreatine, quinolinic acid, D-Gluconic acid, 

oxalic acid, citric acid isocitric acid, malonic acid 

7.653 5.242 

5 kynurenine, anthranilic acid, indole-3-carboxylic acid,  6.477 4.436 
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6 C18:2-carnitine, C18:1 carnieitne, C18-carnitine, C16-

carnitine 

5.672 3.885 

7 Uridine, uracil, xanthine 4.942 3.385 

8 C4-butyryl carnitine, C3-carnitine, C5-valerylcarnitine, 

carnitine 

4.838 3.313 

9 Glycocholic acid, taurodeoxycholic acid, taurocholic 

acid, glycochenodeoxycholic acid 

4.098 3.824 

10 Xanthurenic acid, indole-3-lactic acid, kynurenic acid 3.824 2.620 

11 Glucose-fructose galactose, 2-deoxyuridine, uric acid 3.318 2.272 

12 ADP, AMP, ATP 3.126 2.141 

13 3-aminoisobutyric acid 2.937 2.012 

14 Taurine 2.862 1.960 

15 Allantoin 2.649 1.814 

16 thiamine, pantothenic acid 2.443 1.674 

17 UDP-GlcNAc, UDP-glucose-galactose 2.315 1.585 

18 tri-methylamine-N-oxide, cysteamine 2.066 1.415 

19 5-adenosyl-homocysteine, glycine 1.924 1.318 

Factos were retained if they had an eigenvalue greater than 1. Only those metabolites with a factor load greater than 

|0.4| for a given PCA-derived factor are shown. 

 

Table 5.3. Cross-sectional associations between metabolites and AT depots  

Risk Factor Metabolite Std. ß P-Value Adjusted for Total AT 

    Std. ß P-value 

Total AT Anthranilic acid 

Kynurenine 

Proline 

Uric acid 

Tyrosine 

Allantoin 

Quinolinic acid 

Phenylalanine 

1,5-AG-1-deoxyglucose 

Hydroxyphenylpyruvic acid 

0.39 

0.39 

0.35 

0.35 

0.31 

0.31 

0.29 

0.31 

0.27 

0.27 

4.0 x 10-5 

4.4 x 10-5 

4.0 x 10-4 

0.002 

0.002 

0.003 

0.004 

0.005 

0.006 

0.007 
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N-Acetyl-L Methionine 

Kynurenic acid 

Pseudouridine 

0.27 

0.26 

0.26 

0.007 

0.009 

0.010 

 

 

 

Abdominal AT Anthranilic acid 

Kynurenine 

Proline 

Kynurenic acid 

Uric acid 

Tyrosine 

Phenylalanine 

Isoleucine 

Allantoin 

cis-trans-hydroxyproline 

Valine 

2-ketoisovaleric acid 

Xanthine 

Quinolinic acid 

Carnitine 

Homogentisic acid 

N-Acetyl-L-Methionine 

Oxaloacetic acid 

Alanine 

1,5-AG-1-deoxyglucose 

0.39 

0.38 

0.35 

0.36 

0.39 

0.35 

0.37 

0.35 

0.29 

0.27 

0.28 

0.26 

0.25 

0.25 

0.26 

0.24 

0.24 

0.24 

0.23 

0.23 

2.1 x 10-5 

3.7 x 10-5 

1.7 x 10-4 

2.0 x 10-4 

2.6 x 10-4 

3.0 x 10-4 

3.6 x 10-4 

0.002 

0.004 

0.005 

0.007 

0.007 

0.008 

0.009 

0.009 

0.011 

0.011 

0.012 

0.014 

0.014 

 

 

 

0.18 

 

0.09 

 

 

 

 

0.10 

 

 

 

 

0.10 

NS 

NS 

NS 

2.9 x 10-5 

NS 

0.049 

NS 

NS 

NS 

NS 

0.033 

NS 

NS 

NS 

NS 

0.018 

NS 

NS 

NS 

NS 

Abdominal 

Subcutaneous AT 

Anthranilic acid 

Kynurenine 

Proline 

Uric acid 

Kynurenic acid 

Allantoin 

Tyrosine 

Cis-trans-hydroxyproline 

Hydroxyphenylpyruvic acid 

Carnitine 

0.39 

0.37 

0.33 

0.37 

0.31 

0.31 

0.30 

0.29 

0.28 

0.28 

3.0 x 10-5
 

9.3 x 10-5 

0.001 

0.001 

0.002 

0.002 

0.002 

0.004 

0.004 

0.005 

 NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 
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Visceral AT Phenylalanine 

Kynurenic acid 

Isoleucine 

Tyrosine 

Homogentisic acid 

Leucine 

Valine 

0.30 

0.26 

0.29 

0.22 

0.21 

0.23 

0.21 

6.0 x 10-5 

2.4 x 10-4 

3.7 x 10-4 

0.002 

0.003 

0.005 

0.005 

0.20 

0.19 

0.20 

 

0.14 

0.18 

0.13 

0.003 

0.003 

0.003 

NS 

0.015 

0.009 

0.041 

Only significant metabolites using FDR-adjusted p-value are listed. NS, not significant; AT, adipose tissue. 

All analyses adjusted for age and sex. 

 

 Associations between changes in AT depots and changes in metabolites are illustrated in Figure 

5.1. PLS analyses reduced the number of examined metabolites to 49, 47, 48, and 45 for total, abdominal, 

abdominal subcutaneous, and visceral AT, respectively based on VIP scores ≥ 1. After FDR-adjustment, 

changes in UDP-GlcNAc (B=0.43), pyroglutamic acid (B=-0.35), histidine (B=0.20), citric acid/isocitric 

acid (B=-0.20), and creatine (B=0.27) were significantly associated with changes in total AT. Changes in 

UDP-GlcNAc (B=0.38) and pyroglutamic acid (B=-0.39) were significantly associated with change in 

abdominal AT. Only change in UDP-GlcNAc (B=0.35) was significantly associated with change in 

abdominal subcutaneous AT. Change in pyroglutamic acid (B=-0.44), succinic acid (B=-0.42), fumaric 

acid (B=-0.29), and UDP-GlcNAc (B=0.28) were significantly associated with visceral AT changes. 

Pyroglutamic acid (B=-0.39) remained significantly associated with change in abdominal AT after 

adjusting for change in total AT (p<0.05). Pyroglutamic acid (B=-0.41), succinic acid (B=-0.41), and 

fumaric acid (B=-0.20), remained significantly associated with visceral AT after adjusting for total AT 

(p<0.05). 
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Figure 5.1. Independent and combined associations between changes in metabolites and changes in AT depots. All 

metabolites listed are significant at p<0.05. 

 

Metabolites whose changes were significantly associated with changes in AT depots were 

interrogated further to determine combined and independent associations with changes in glucose and 

insulin metabolism (HOMA-IR, 2-hour glucose and insulin AUC). Univariate associations revealed that 

change in C5-glutarylcarnitine (B=0.22) and inosine (B=-0.32) were significantly associated with change 

in 2-hour glucose; change in creatine (B=0.24) and UDP-GlcNAc (B=0.25) were significantly associated 

with change in insulin AUC; and change in C8-carnitine, UDP-GlcNAc (B=0.26), glutamate (B=0.20), 

and succinic acid (B=-0.25) were significantly associated with change in HOMA-IR (B=-0.30) (all 

p<0.05). After adjusting for its related AT depot change, C5-glutarylcarnitine and inosine remained 

significantly associated with change in 2-hour glucose (p<0.05); change in creatine remained significantly 
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associated with change in insulin AUC; and change in C8-carnitine, remained significantly associated 

with change in HOMA-IR. UDP-GlcNAc, glutamate, and succinic acid were no longer associated with 

measures of insulin and glucose metabolism after adjusting for adiposity (p>0.05).  

5.5 Discussion 

To our knowledge, this is the first study to systematically explore the impact of depot-specific AT 

reduction following aerobic exercise on the plasma metabolome. Our primary finding was that exercise-

induced reduction in visceral AT were independently associated with increases in pyroglutamic acid and 

TCA cycle intermediates (succinic and fumaric acid). Though preliminary, our observations point to 

novel biomarkers of total and regional AT reduction following exercise that may also mediate changes in 

cardiometabolic health. 

The combination of metabolomics and magnetic resonance imaging affords the opportunity to 

extend the work of others to examine subtle variations in the metabolite network that are influenced by 

fluctuation in total and regional adiposity. We observed that visceral AT reduction was associated with 

increases in the TCA cycle intermediates, succinic acid and fumaric acid, independent of changes in total 

adiposity. We also observed increases in pyroglutamic acid corresponding to reduced visceral AT. While 

its role is poorly understood, pyroglutamic acid is partly produced enzymatically from glutamate and may 

act as a glutamate reservoir153. Boulet et al. previously observed increased glutamate concentrations with 

excess visceral AT109. Thus, combined with our findings, it is possible that increased production of 

pyroglutamic acid via reductions in visceral adiposity attenuates circulating glutamate levels. We did not 

observe any significant metabolite changes that were independently associated with abdominal 

subcutaneous AT reduction, rather metabolite associations with this depot instead reflected changes in 

total adiposity.  

 Several cross-sectional observations exist that characterize the metabolic profile of individuals 

with obesity compared to their lean counterparts100. Increased circulating levels of BCAAs, tryptophan101, 

102, tyrosine101-104 and nucleotide metabolites105  are consistently shown to be increased in those with 
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obesity101, 103-108. Few observations exist that evaluate AT depot-specific metabolite profiles, especially 

after adjusting for total adiposity. Boulet et al. identified glutamate as the strongest independent predictor 

of visceral AT, while valine was independently associated with subcutaneous AT after adjustment for 

total AT109. Here, we confirm prior metabolite associations with total adiposity and extend those 

observations by uncovering significant relations between higher visceral AT mass and corresponding 

circulating concentrations of BCAAs, independent of total AT.  

It is well-established that excess adiposity, in particular visceral AT, is associated with 

cardiometabolic derangements87; however, the underlying molecular mechanisms that explain the distinct 

contribution of each AT depot to risk are unclear. We observed that changes in UDP-GlcNAc (decrease), 

glutamate (decrease), and succinic acid (increase) predicted improvement in measures of glucose and 

insulin homeostasis, but not after adjusting for AT reduction. This suggests that part of the association 

between metabolic changes and cardiometabolic risk can be explained by changes in adiposity. In 

particular, we previously reported significant associations between UDP-GlcNAc and HOMA-IR 152.  

UDP-GlcNAc is a nucleotide sugar that is sensitive to changes in energy balance127. It acts as a product of 

the hexosamine biosynthetic pathway (HBP) and a substrate for the O-linked N-acetylglucosamine 

transferase enzyme (OGT) that catalyzes protein modification through the addition of O-GlcNAc. Under 

conditions of chronic positive energy balance, the activity of the HBP and corresponding production of 

UDP-GlcNAc increases, along with OGT-catalyzed O-GlcNAcylation. Excessive O-GlcNAcylation 

directly interferes with insulin signalling pathways, resulting in reduced insulin sensitivity127 . Thus, 

combined with our present observations, part of the associated improvement in insulin resistance with 

UDP-GlcNAc reduction may be explained by changes in total AT.   

 A limitation of our study is that on average, few metabolites significantly changed with exercise 

compared to controls152 ; thus, we cannot attribute the AT-metabolite associations to exercise-induced AT 

reduction, per se. Our findings are still relevant for addressing important gaps in the current literature 

regarding metabolic consequences of total and regional adiposity changes, regardless of the source of AT 
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change. Additionally, our sample was relatively homogeneous which may have attenuated the strength of 

the observed relationships. However, we recently observed substantial interindividual variability in AT 

changes with exercise (Brennan et al, In Preparation), therefore the range of AT loss varies across 

individuals. 

 In summary, our findings point to potential biomarkers of depot-specific AT accumulation and 

reduction that may play a direct role in mediating cardiometabolic improvements. These observations 

prompt future work for mechanistic studies to elucidate cause-and-effect relationships. 
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Chapter 6 

General Discussion 

6.1 Summary of Key Findings and Implications 

The overall objectives of this dissertation were to use a multifaceted approach including 

metabolomics and magnetic resonance imaging to study metabolic and phenotypic responses to chronic 

exercise training in men and women with a high-risk phenotype. In Study 1 we found no significant 

differences between measured metabolites in the control and exercise arms at our a priori level of 

statistical significance. However, within individual exercise groups we observed changes in products of 

lipolysis (acylcarnitines), nucleotide metabolism, and amino acids. We also found significant associations 

between changes in metabolite concentrations and improvements in cardiometabolic traits.  

Our findings from Study 1 are based on the average response of a group to exercise. A recent 

focus on personalized exercise medicine prompted evaluation and interpretation of individual responses to 

exercise training. Given the epidemic of excess adiposity globally and its associated medical costs9, 

characterizing the heterogeneity in AT response to exercise is clinically relevant with important 

implications for exercise-induced improvements in cardiometabolic risk. In Study 2, we characterized the 

probability that an individual’s reduction in total and abdominal AT was above the minimal clinically 

important difference (MCID), which we observed was independent of exercise amount or intensity. 

Lastly, in Study 3 we aimed to integrate the findings described above and explore the impact of 

depot-specific AT reduction following aerobic exercise on the plasma metabolome, as it is possible that 

identified biomarkers may have the potential to track the magnitude of response for adiposity. Our 

primary finding was that exercise-induced reduction in visceral AT was independently associated with 

increases in pyroglutamic acid (linked to glutamate metabolism) and TCA cycle intermediates (succinic 

and fumaric acid). Thus, it is possible that these metabolites may be either biomarkers or directly involved 

in a given individual’s AT response to exercise. Related to Study 1, we also found that UDP-GlcNAc 

(decrease), glutamate (decrease), and succinic acid (increase), which were all associated with 
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improvement in glucose and insulin measures, were no longer related after adjusting for AT reduction. 

This suggests that part of the association between metabolic changes and cardiometabolic risk can be 

explained by changes in adiposity. 

6.2 Strengths and Limitations 

6.2.1 Strengths 

The primary strength of our trial is the randomized controlled study design on which the analysis 

is based. We improve upon many of the limitations in prior studies by including a control group. For 

example, for metabolite measurements, if we did not have a control group we would likely overestimate 

the metabolome response attributable to exercise alone. Similarly, for Study 2, inclusion of a control 

group allowed for the assessment of time-matched biological fluctuations and measurement error on the 

variability assumed to be attributable to exercise. Related to the rigorous design of the primary 

intervention, we also strictly controlled for factors external to the intervention that influence energy 

balance including dietary consumption and unstructured PA measured by accelerometry. Finally, we used 

sophisticated measures of both whole-body MRI and metabolomics, which allowed for robust 

measurement of both phenotypic and metabolic changes in this high-risk sample of men and women. 

6.2.2 Limitations 

Given that the data used for each study was opportunistic, the primary trial was not designed or 

powered to evaluate the objectives of this dissertation. However, due to the high cost of completing RCTs 

of this magnitude and the quality of the measurements taken, secondary analyses are warranted and can 

offer novel insights that probe further work. Our sample was relatively homogeneous by design, which 

may have attenuated relationships that would have been apparent with a wider range of outcome response. 

However, as we note, given that nearly 40% of U.S. and Canadian adults are abdominally obese43, our 

findings are relevant to this population. Lastly, applicable to all studies, our limited sample size (though 
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large relative to existing trials) likely influenced our ability to assess between-group differences in both 

metabolites and the number of individuals with a given likelihood of AT response above the MCID.  

 For Study 1 and Study 3, though we measured a diverse panel of ~140 metabolites in plasma, our 

metabolomics analysis was targeted and thus, not comprehensive of the entire plasma metabolome. 

Additionally, since few metabolites significantly changed with exercise compared to controls, we cannot 

attribute the AT- or cardiometabolic trait-metabolite associations to exercise-induced improvement, per 

se. Our findings are still relevant for addressing important gaps in the current literature regarding 

metabolic consequences of adiposity and cardiometabolic changes, regardless of the cause. In Study 2, an 

important limitation was that no established MCIDs for changes in abdominal, visceral, and subcutaneous 

AT currently exist so we used calculations of effect size (Cohen’s D) to derive the MCIDs. Therefore, the 

MCID used for AT may reflect the magnitude of change rather than its clinical relevance. However, each 

MCID for AT reduction either matches or exceeds recommendations for obesity reduction (5% loss of fat 

mass) and are related to clinically meaningful improvements in other cardiometabolic risk factors147.  

6.3 Contributions to the Field of Exercise Physiology 

6.3.1 For Health Practitioners 

The findings derived from this dissertation have potential implications for health practitioners 

with an interest in personalized exercise medicine. In Study 2, we demonstrate an alternative to 

dichotomously classifying an individual as a “responder” or “non-responder” to exercise, which may be 

interpreted by the client as discouraging. Instead, the approach to characterizing response based on the 

likelihood that an individual achieves a change that is clinically relevant better captures the graded 

response to exercise. We also note potential determinants of variability in AT response. Recognizing 

factors external to exercise that influence a given individual’s response is imperative for practitioners who 

counsel clients and encourages discussion of a range of factors that are concurrently influencing the 

client. 
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 A second application of our findings for clinicians is related to its potential for development of 

blood-based biomarkers that reflect improvements in adiposity or cardiometabolic risk. Imaging 

techniques used to measure visceral and abdominal subcutaneous AT are not readily available to most 

practitioners; thus, examining whether more accessible measures exist to monitor AT responses to 

treatment has practical relevance. In Study 2, a secondary finding was that individuals who reduced WC 

and body weight by at least 4.5 cm and 4.5 kg reflect, respectively, likely achieved abdominal AT 

reductions above the MCID. Accordingly, though changes in simple anthropometric measures are not 

direct surrogates of abdominal AT reduction for a given individual, they may have utility for interpreting 

clinically meaningful abdominal AT responses to exercise. Similarly, though our findings with 

metabolomics and changes in adiposity or cardiometabolic traits are preliminary, they have the potential 

to stimulate the development of blood-based biomarkers for phenotypic changes. 

6.3.2 For Researchers 

 The observations within this dissertation make important contributions to the field of clinical 

exercise physiology research, especially related to current “hot topics” including the use of “omics” 

technologies and interindividual response variability. That our observations are based off a relatively 

large sample randomized controlled trial allows for better control of confounding factors that have 

influenced prior findings, including changes attributable to factors outside of the intervention.  

The findings from Study 1 and 3 specifically have implications for the emerging field of exercise 

“omics” that have not yet been considered. These issues include inter and intra-variability in plasma 

metabolite concentrations, the need for large sample sizes, the inability to distinguish the source of 

plasma metabolites, and the challenges conferring cause-and-effect relationships that confuse 

interpretation. In Study 2, we demonstrate the use of an approach for interpreting individual responses 

that is more informative than traditional “responder” or “non-responder” dichotomous classifications. We 

also note the importance for researchers to consider variability in individual responses that is not 

attributable to the exercise intervention, but rather due to biological variability and/or measurement error. 
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6.4 Directions for Future Research 

The observations in this dissertation offer many exciting opportunities for future research by both 

clinical and molecular physiologists. There are a number of issues that became increasingly apparent with 

the use of metabolomics in typically smaller-sample exercise trials. While “omics” technologies have 

been proven useful for epidemiological projects with very large sample sizes, the variability in metabolite 

levels we observed makes it difficult to uncover meaningful relationships when compared to a control 

group. It would be valuable for future research to define the typical biological or measurement variability 

in metabolite measurements by metabolomics that may inform future study design. As exercise-associated 

observations derived from “omics” technologies continue to rise, it will become essential to integrate 

these findings. Doing so will enhance the ability to interpret the meaning and pathways involved from 

changes at the genome all the way to visible changes in phenotype. 

 Given the growing interest in the study of individual responses and its implications for 

personalized exercise prescription, it is important to keep in mind the clinical relevance of our findings 

and how they impact the eventual end-user. This notion is complicated by the range of important health 

outcomes under interrogation that do not necessarily change in concert. In situations in which beneficial 

changes in one outcome but not another is observed, the clinical interpretation of the relative importance 

of each outcome to overall health is both unclear and complex.  As the number of observations identifying 

interindividual variability for a range of outcomes multiplies, it will become important to integrate these 

findings to guide clinicians in their decision-making. Another fertile area of research related to response 

heterogeneity concerns the determinants of response. Just as individuals vary in the response of a given 

outcome, the compensatory behavioural and metabolic responses that influence the outcome also differ. 

This interindividual variability in individuals’ adaptive processes that occur in response to a negative 

energy balance induced by exercise determines whether an individual is likely or not likely to respond to 

a given intervention82. Thus, while it is important to consider individual variability in health outcome 

response, it is imperative to recognize the range of compensatory processes (both measured and not 

measured) that may influence the outcome. Identifying clinically relevant common factors that influence 
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individuals’ responses to changes in a given dose of exercise is complex, requiring the discernment of 

multiple sources of variability (genetics, health status, lifestyle, environment, etc.) and necessitating the 

use of large sample sizes154. 

6.5 Summary and Conclusions 

Taken together, our observations suggest that (1) alterations in metabolites are related to changes 

in cardiometabolic traits; (2) part of the relationship between metabolite changes and cardiometabolic 

traits may be explained by AT reduction following exercise; and (3) given that the magnitude of adiposity 

reduction is associated with identifiable plasma metabolites, it is possible blood-based measures can 

reflect a given individual’s AT response to exercise, though this is preliminary and requires confirmation.  
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Appendix A 

Study 1: Supplementary Table 1 

Supplementary Table 1. Associations between change in metabolites and change in cardiometabolic risk 

factors. 

 

∆ Risk Factor ∆ Metabolite Beta Coefficient p-Value 

CRF N-Acetyl-L-Glutamic Acid -0.30 5.20×10-4 

(mL/kg/min) Homogentisic Acid -0.29 7.14×10-4 

 Kynurenic Acid -0.29 7.68×10-4 

 Proline -0.28 1.54×10-3 

 
Bilirubin 0.24 3.63×10-3 

 
Tyrosine -0.25 3.75×10-3 

 
Malic Acid 0.24 4.02×10-3 

 
Pyroglutamic Acid 0.23 4.41×10-3 

 
Kynurenic Acid -0.24 4.65×10-3 

 
1,5-Anhydroglucitol -0.24 5.88×10-3 

 
2-Hydroxyglutaric Acid 0.22 6.95×10-3 

 
Glutamate -0.24 7.20×10-3 

 
Ornithine -0.22 9.78×10-3 

 
NMMA -0.22 1.08×10-2 

 
Histidine -0.22 1.11×10-2 

 
Alanine -0.22 1.13×10-2 

 
ADMA/SDMA -0.22 1.23×10-2 

 
Thyroxine -0.21 1.26×10-2 

 
Methionine -0.21 1.39×10-2 
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Citrulline -0.21 1.53×10-2 

 
Valine -0.21 1.93×10-2 

 
C3-Carnitine -0.20 2.09×10-2 

 
Lysine -0.19 2.10×10-2 

 
Kynurenine -0.19 2.76×10-2 

 
Carnitine -0.19 2.86×10-2 

 
Creatine -0.19 3.01×10-2 

 
Oxaloacetic Acid -0.18 3.14×10-2 

 
Pyruvic Acid -0.18 3.34×10-2 

 
Xanthurenic Acid -0.18 3.41×10-2 

 
Glutathione Reduced 0.18 3.49×10-2 

 
Niacinamide -0.18 3.62×10-2 

 
Cyclic AMP -0.16 4.64×10-2 

 
cis/trans-Hydroxyproline -0.17 4.68×10-2 

 
Glutamine -0.17 4.78×10-2 

 
C4-Methylmalonyl Carnitine -0.17 4.83×10-2 

Weight Proline 0.27 1.06×10-3 

 
Kynurenic Acid 0.26 2.00×10-3 

 
Pyroglutamic Acid -0.26 2.08×10-3 

 
Methionine 0.25 2.30×10-3 

 
Uridine 0.24 4.44×10-3 

 
3-Hydroxybutyric Acid -0.23 7.10×10-3 

 
Niacinamide 0.22 7.32×10-3 

 
Creatinine 0.22 9.25×10-3 
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Leucine 0.22 9.35×10-3 

 
1,5-Anhydroglucitol 0.22 9.66×10-3 

 
Citric Acid/Isocitric Acid -0.21 1.11×10-2 

 
C7-Carnitine 0.21 1.11×10-2 

 
Isoleucine 0.21 1.13×10-2 

 
Kynurenine 0.21 1.15×10-2 

 
Histidine 0.21 1.20×10-2 

 
Taurine -0.20 1.65×10-2 

 
Acetoacetic Acid -0.20 1.89×10-2 

 
Glycerol 0.19 1.98×10-2 

 
Arginine 0.19 2.22×10-2 

 
Thyroxine 0.19 2.23×10-2 

 
Glycerol-3-Phosphate 0.18 3.45×10-2 

 
Pyruvic Acid 0.18 3.61×10-2 

 
Glutathione Reduced -0.17 3.92×10-2 

 
Cyclic AMP 0.17 4.02×10-2 

 
Kynurenic Acid 0.17 4.07×10-2 

 
Oxaloacetic Acid 0.17 4.09×10-2 

 
C14-Carnitine 0.17 4.18×10-2 

 
Bilirubin -0.17 4.35×10-2 

 
N-Acetyl-L-Glutamic Acid 0.17 4.37×10-2 

 
Choline 0.17 4.44×10-2 

 
Serine -0.17 4.49×10-2 

 
Valine 0.17 4.80×10-2 
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WC Alanine 0.28 6.26×10-4 

 
Kynurenic Acid 0.28 7.18×10-4 

 
Citric Acid/Isocitric Acid -0.27 9.69×10-4 

 
Glutamate 0.25 2.57×10-3 

 
Proline 0.24 3.22×10-3 

 
Pyroglutamic Acid -0.24 3.68×10-3 

 
Glutathione Reduced -0.24 3.72×10-3 

 
Methionine 0.23 4.30×10-3 

 
Carnitine 0.24 4.49×10-3 

 
Leucine 0.24 4.59×10-3 

 
Kynurenine 0.23 4.79×10-3 

 
Arachidonoylglycerol 0.23 4.89×10-3 

 
3-Hydroxybutyric Acid -0.22 8.36×10-3 

 
Creatinine 0.22 8.72×10-3 

 
Thyroxine 0.21 9.42×10-3 

 
Uridine 0.21 1.19×10-2 

 
Arginine 0.21 1.31×10-2 

 
Histidine 0.21 1.37×10-2 

 
Homogentisic Acid 0.20 1.54×10-2 

 
Kynurenic Acid 0.19 2.16×10-2 

 
Isoleucine 0.19 2.33×10-2 

 
C3-Carnitine 0.19 2.36×10-2 

 
NMMA 0.18 2.70×10-2 

 
Anthranilic-Acid -0.18 3.16×10-2 
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C7-Carnitine 0.18 3.23×10-2 

 
C4-Methylmalonyl Carnitine 0.17 3.73×10-2 

 
Oxaloacetic Acid 0.17 3.93×10-2 

 
Glycerol-3-Phosphate 0.17 4.08×10-2 

 
Pyruvic Acid 0.17 4.24×10-2 

 
Serine -0.17 4.41×10-2 

 
Alpha-Glycerophosphocholine 0.23 4.41×10-2 

 
Maleic Acid -0.17 4.74×10-2 

 
Bilirubin -0.16 4.88×10-2 

BMI Pyroglutamic Acid -0.28 4.94×10-4 

 
Methionine 0.26 1.05×10-3 

 
Uridine 0.23 4.62×10-3 

 
3-Hydroxybutyric Acid -0.23 5.03×10-3 

 
Kynurenic Acid 0.22 5.90×10-3 

 
Niacinamide 0.22 5.95×10-3 

 
Leucine 0.22 6.60×10-3 

 
Isoleucine 0.22 6.73×10-3 

 
Histidine 0.21 9.87×10-3 

 
Pyruvic Acid 0.21 1.01×10-2 

 
Glycerol 0.21 1.06×10-2 

 
Acetoacetic Acid -0.20 1.23×10-2 

 
Kynurenine 0.20 1.46×10-2 

 
Lactic Acid 0.20 1.48×10-2 

 
Taurine -0.19 2.09×10-2 
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Oxaloacetic Acid 0.18 2.11×10-2 

 
C7-Carnitine 0.19 2.26×10-2 

 
Creatinine 0.18 2.37×10-2 

 
Glycerol-3-Phosphate 0.18 2.52×10-2 

 
Creatine 0.18 2.63×10-2 

 
Citric Acid/Isocitric Acid -0.18 2.73×10-2 

 
1,5-Anhydroglucitol 0.18 2.80×10-2 

 
Serine -0.18 2.85×10-2 

 
Arginine 0.18 2.87×10-2 

 
Orotic Acid -0.18 3.13×10-2 

 
Thyroxine 0.18 3.15×10-2 

 
Bilirubin -0.17 3.17×10-2 

 
Valine 0.18 3.20×10-2 

 
Glutathione Reduced -0.18 3.20×10-2 

 
Homogentisic Acid 0.17 4.16×10-2 

 
N-Acetyl-L-Glutamic Acid 0.17 4.36×10-2 

 
Choline 0.16 4.81×10-2 

Fasting Insulin C8-Carnitine -0.33 6.09×10-4 

 
Xanthurenic Acid 0.30 1.91×10-3 

 
Creatine 0.30 1.94×10-3 

 
Valine 0.30 2.17×10-3 

 
C10-Carnitine -0.29 2.58×10-3 

 
C12-Carnitine -0.29 2.92×10-3 

 
ADP -0.28 3.63×10-3 
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Serine -0.27 5.19×10-3 

 
Kynurenic Acid 0.26 6.73×10-3 

 
Taurocholic Acid 0.26 8.87×10-3 

 
C16-Carnitine -0.25 9.21×10-3 

 
C6-Carnitine -0.25 1.11×10-2 

 
Glutamate 0.25 1.21×10-2 

 
Glycine -0.24 1.39×10-2 

 
Tryptophan 0.22 2.25×10-2 

 
Succinic Acid/Methylmalonic Acid -0.22 2.42×10-2 

 
Thyroxine 0.22 2.44×10-2 

 
C3-Carnitine 0.21 3.03×10-2 

 
Tyrosine 0.21 3.14×10-2 

 
C18:1-Carnitine -0.20 3.72×10-2 

 
Kynurenic Acid 0.20 3.89×10-2 

 
Indole-3-Propanoic Acid -0.20 4.63×10-2 

 
Cystamine 0.20 4.71×10-2 

 
Leucine 0.19 4.76×10-2 

HOMA IR UDP-GlcNAc 0.33 6.01×10-4 

 
C8-Carnitine -0.32 7.89×10-4 

 
Creatine 0.30 1.98×10-3 

 
ADP -0.29 2.86×10-3 

 
C10-Carnitine -0.28 3.20×10-3 

 
C12-Carnitine -0.28 3.32×10-3 

 
Xanthurenic Acid 0.28 3.49×10-3 
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Glucose Fructose Galactose 0.27 5.21×10-3 

 
C16-Carnitine -0.26 6.00×10-3 

 
Serine -0.26 7.18×10-3 

 
Glycine -0.26 7.41×10-3 

 
Kynurenic Acid 0.26 7.56×10-3 

 
Valine 0.26 8.23×10-3 

 
Glutamate 0.25 1.09×10-2 

 
Taurocholic Acid 0.24 1.42×10-2 

 
C6-Carnitine -0.23 1.70×10-2 

 
C18:1-Carnitine -0.22 2.18×10-2 

 
Succinic Acid/Methylmalonic Acid -0.22 2.40×10-2 

 
Kynurenic Acid 0.21 3.00×10-2 

 
Indole-3-Propanoic Acid -0.21 3.05×10-2 

 
C18:2-Carnitine -0.20 3.28×10-2 

 
Thyroxine 0.20 3.77×10-2 

 
2-Hydroxybutyric Acid 0.20 4.06×10-2 

 
Hydroxyphenylpyruvic Acid 0.20 4.34×10-2 

Insulin AUC Kynurenic Acid 0.34 9.36×10-4 

 
ADP -0.33 1.31×10-3 

 
Kynurenic Acid 0.31 2.42×10-3 

 
Creatine 0.30 3.16×10-3 

 
Alanine 0.28 6.53×10-3 

 
Thyroxine 0.27 8.34×10-3 

 
Glycine -0.27 1.06×10-2 
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Serine -0.26 1.20×10-2 

 
Citric Acid/Isocitric Acid -0.26 1.26×10-2 

 
2-Hydroxybutyric Acid 0.26 1.29×10-2 

 
Aspartate 0.24 1.79×10-2 

 
Indole-3-Propanoic Acid -0.24 1.80×10-2 

 
Valine 0.24 2.08×10-2 

 
Glutathione Reduced -0.23 2.38×10-2 

 
Methionine 0.22 3.66×10-2 

 
Indoxyl Sulfate 0.21 3.80×10-2 

 
Leucine 0.21 4.06×10-2 

 
Choline 0.21 4.30×10-2 

2-Hour Glucose Glycerol 0.25 5.25×10-3 

 
C7-Carnitine 0.23 1.10×10-2 

 
Inosine -0.22 1.35×10-2 

 
Kynurenine -0.22 1.60×10-2 

 
Thyroxine 0.22 1.62×10-2 

 
C14-Carnitine 0.22 1.64×10-2 

 
Indole-3-Propanoic Acid -0.21 1.95×10-2 

 
C2-Carnitine 0.21 2.04×10-2 

 
Anandamide 0.21 2.30×10-2 

 
Xanthosine -0.20 2.33×10-2 

 
2-Hydroxybutyric Acid 0.20 2.84×10-2 

 
C6-Carnitine 0.19 3.34×10-2 

 
Malic Acid -0.19 3.51×10-2 
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3-Hydroxybutyric Acid 0.19 3.69×10-2 

 
2-Aminoadipic Acid 0.19 3.86×10-2 

 
Leucine 0.19 3.96×10-2 

 
Phosphocholine 0.18 4.26×10-2 

 
Quinolinic Acid -0.18 4.97×10-2 

SBP Thymidine 0.22 9.30×10-3 

 
Cysteamine 0.21 1.26×10-2 

 
Taurine -0.21 1.37×10-2 

 
Trimethylamine-N-Oxide 0.20 1.52×10-2 

 
Citric Acid/Isocitric Acid -0.20 1.96×10-2 

 
Anthranilic Acid -0.19 2.36×10-2 

 
1,5-Anhydroglucitol 0.17 4.80×10-2 

DBP Taurine -0.20 2.03×10-2 

 
Aminoisobutyric Acid -0.17 4.81×10-2 

AUC, area under the curve; SBP, systolic blood pressure; DBP, diastolic blood pressure; WC, waist circumference; 

CRF, cardiorespiratory fitness. Multiple regression adjusted for age, sex and baseline risk factor. 
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Appendix B 

Study 1: Supplementary Table 2 

Supplementary Table 2. Associations between baseline metabolites and change in cardiometabolic risk 

factors. 

∆ Risk Factor 
Metabolite Beta Coefficient p-Value 

CRF 
Cyclic AMP 0.26 6.77×10-4 

(mL/kg/min) ADMA/SDMA 0.26 9.93×10-4 

 
Glycerol-3-Phosphate 0.25 2.37×10-3 

 
Cytidine -0.21 1.05×10-2 

 
Taurine 0.21 1.15×10-2 

 
Citric Acid/Isocitric Acid -0.18 2.18×10-2 

 
Taurine 0.19 2.46×10-2 

 
Alpha-

Glycerophosphocholine 

0.24 2.93×10-2 

 
C26-Carnitine 0.18 3.47×10-2 

 
AMP 0.16 3.75×10-2 

 
NMMA 0.16 3.97×10-2 

WC Taurine -0.25 1.15×10-3 

 
Cyclic AMP -0.20 7.09×10-3 

 Citric Acid/Isocitric Acid 0.202 8.04×10-3 

 ADMA/SDMA -0.16 3.46×10-2 

 
ADP -0.15 4.90×10-2 

BMI Uridine -0.19 1.25×10-2 

 
Taurine -0.19 1.52×10-2 
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Cyclic AMP -0.18 2.28×10-2 

 
D-Gluconic Acid -0.18 3.82×10-2 

 
Alanine -0.16 3.83×10-2 

Fasting Insulin Deoxycholic Acid 0.17 6.79×10-3 

 
UDP-Glucose/Galactose 0.15 2.00×10-2 

 
Malonic Acid -0.14 2.85×10-2 

 
2-Aminoadipic Acid 0.14 2.89×10-2 

 
Taurine -0.14 3.37×10-2 

 
Allantoin -0.14 3.46×10-2 

 
Oxaloacetic Acid -0.14 3.70×10-2 

 
C5-Valeryl Carnitines 0.15 4.09×10-2 

 
Phosphocreatine 0.13 4.32×10-2 

 
C26-Carnitine -0.13 4.49×10-2 

 
Taurine -0.13 4.84×10-2 

HOMA IR 
Deoxycholic Acid 0.17 8.43×10-3 

 
Allantoin -0.17 1.32×10-2 

 
C26-Carnitine -0.17 1.41×10-2 

 
UDP-Glucose/Galactose 0.14 3.51×10-2 

 
Taurine -0.14 3.54×10-2 

 
Malonic Acid -0.14 3.71×10-2 

 
Phosphocreatine 0.13 3.75×10-2 

 
Oxaloacetic Acid -0.14 3.87×10-2 

 
C5-Valeryl Carnitines 0.14 4.72×10-2 
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2-Aminoadipic Acid 0.13 4.76×10-2 

Insulin AUC Taurine -0.20 1.72×10-3 

 
Allantoin -0.19 2.97×10-3 

 
Pseudouridine -0.18 4.23×10-3 

 
Arginine -0.15 1.36×10-2 

 
ADMA/SDMA -0.15 1.42×10-2 

 
Dimethylglycine -0.15 1.53×10-2 

 
Choline -0.14 2.45×10-2 

 
Creatinine -0.15 2.91×10-2 

 
Kynurenic Acid -0.14 2.93×10-2 

 
Glyceric Acid -0.13 3.01×10-2 

 
NMMA -0.13 3.56×10-2 

 
cis/trans-Hydroxyproline -0.13 4.45×10-2 

 
Homocysteine -0.13 4.47×10-2 

 
Citrulline -0.13 4.64×10-2 

 
Phosphocholine -0.12 4.72×10-2 

2-Hour Glucose cis/trans-Hydroxyproline -0.22 1.17×10-3 

 
Hippuric Acid -0.22 1.88×10-3 

 
C10-Carnitine -0.21 1.96×10-3 

 
C7-Carnitine -0.22 2.09×10-3 

 
Creatinine -0.24 2.16×10-3 

 
C8-Carnitine -0.20 3.12×10-3 

 Uric Acid 0.23 3.68×10-3 

 C14-Carnitine -0.20 4.53×10-3 
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 Citrulline -0.19 5.65×10-3 

 C18-Carnitine -0.21 5.68×10-3 

 Taurine -0.19 6.73×10-3 

 C12-Carnitine -0.19 7.33×10-3 

 Glucose/Fructose/Galactose 0.18 9.98×10-3 

 C6-Carnitine -0.18 1.15×10-2 

 C5-Glutaryl Carnitine -0.16 1.86×10-2 

 Histidine -0.16 1.95×10-2 

 Hypoxanthine 0.16 2.31×10-2 

 C26-Carnitine -0.16 2.38×10-2 

 Inosine 0.16 2.56×10-2 

 C16-Carnitine -0.17 2.59×10-2 

 Choline -0.16 2.74×10-2 

 Phosphocholine -0.15 3.25×10-2 

 Keto Isocaproic Acid/Keto 

Methylvalerate 

0.16 3.44×10-2 

 Allantoin -0.15 3.68×10-2 

 2-Ketoisovaleric Acid 0.15 3.91×10-2 

 Dimethylglycine -0.14 4.41×10-2 

 Glyceric Acid -0.14 4.69×10-2 

 Xanthosine 0.14 4.77×10-2 

 Glycine -0.15 4.82×10-2 

SBP Quinolinic Acid 0.21 6.34×10-3 

 
2-Hydroxyglutaric Acid 0.21 6.83×10-3 
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Anthranilic Acid 0.20 8.66×10-3 

 
Thiamine 0.18 1.54×10-2 

 
2-Aminoadipic Acid -0.19 1.68×10-2 

 
Malonic Acid 0.18 2.01×10-2 

 
C9-Carnitine -0.17 2.69×10-2 

 
C4-Butyryl Carnitines 0.17 2.77×10-2 

 
Oxalic Acid -0.17 3.20×10-2 

 
Kynurenine 0.17 3.31×10-2 

 
Homocysteine -0.16 3.47×10-2 

 
Glutamate 0.17 4.26×10-2 

 
Kynurenine 0.16 4.47×10-2 

DBP Glutamate 0.29 2.49×10-4 

 
Thiamine 0.22 2.82×10-3 

 
Uracil 0.22 3.10×10-3 

 
Homogentisic Acid 0.21 4.70×10-3 

 
Pyruvic Acid 0.19 7.54×10-3 

 
Alpha-Ketoglutaric Acid 0.19 9.83×10-3 

 
Quinolinic Acid 0.19 1.08×10-2 

 
C9-Carnitine -0.18 1.42×10-2 

 
C10-Carnitine -0.17 1.79×10-2 

 
Homocysteine -0.17 1.98×10-2 

 
Tyrosine 0.17 2.46×10-2 

 
Phosphocreatine -0.16 2.84×10-2 

 
2-Aminoadipic Acid -0.16 3.89×10-2 
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Oxalic Acid -0.15 4.42×10-2 

 
Niacinamide 0.14 4.79×10-2 

 
Glycochenodeoxycholic Acid 0.15 4.79×10-2 

AUC, area under the curve; SBP, systolic blood pressure; DBP, diastolic blood pressure; WC, waist circumference; 

CRF, cardiorespiratory fitness. Multiple regression adjusted for age, sex and baseline risk factor. 
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Appendix C 

Study 2. Supplementary Table 1 

Supplementary Table 1. Analysis of determinants. 

∆ AT Depot NControl NExercise Group x 

Determinant (p-

value) 

SDIR with 

Determinant 

Reference 

SDIR 

AT (kg)      

     Sex 20 83 0.89 2.06 2.25 

     Baseline AT 20 83 0.15 2.96 2.25 

     HEI-Score, 

average 

19 74 0.65 2.16 2.13 

     ∆ EI 15 52 0.04 1.43 2.53 

     ∆ PA 19 70 0.07 1.70 2.14 

     ∆ Sedentary 

Time 

19 70 0.50 0 2.14 

     ∆ HEI-Score 15 52 0.63 2.25 2.53 

      

Abdominal AT 

(kg) 

     

     Sex 20 83 0.60 0.70 0.83 

     Baseline 

AbdAT 

20 83 0.02 0.64 0.83 

     HEI-Score 

,average 

19 74 0.26 0.75 0.74 

     ∆ EI 15 52 0.07 0.64 0.81 

     ∆ TPA 19 70 0.20 0.63 0.75 

     ∆ Sedentary 

Time 

19 70 0.80 0.74 0.75 

     ∆ HEI-Score 15 52 0.99 0.84 0.81 

      

Visceral AT 

(kg) 
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     Sex 20 83 0.50 0.21 0.32 

     Baseline 

VAT 

20 83 0.04 0 0.32 

     HEI-Score, 

average 

19 74 0.09 0.26 0.28 

     ∆ EI 15 52 0.22 0.15 0.29 

     ∆ TPA 19 70 0.85 0.20 0.29 

     ∆ Sedentary 

Time 

19 70 0.99 0.29 0.29 

     ∆ HEI-Score 15 52 0.80 0.20 0.29 

      

ASAT (kg)      

     Sex 20 83 0.70 0.53 0.56 

     Baseline 

ASAT 

20 83 0.05 0.52 0.56 

     HEI-Score, 

average 

19 74 0.46 0.55 0.52 

     ∆ EI 15 52 0.04 0.47 0.58 

     ∆ PA 19 70 0.04 0.49 0.52 

     ∆ Sedentary 

Time 

19 70 0.71 0.47 0.52 

     ∆ HEI-Score 15 52 0.91 0.55 0.58 

Reference SDIR represents variability attributable to exercise. SDIR with determinant represents variability 

attributable to exercise after inclusion of the determinant in the model. HEI-Score, Health Eating Index-Score; EI, 

energy intake; PA, physical activity. 
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Appendix D 

Supplementary Manuscript (Co-First Author) 

This manuscript provides the foundation for Study 2 and Study 3. It is published in Obesity as: 

Cowan TE*, Brennan AM*, Stotz PJ, Clark JG, Lamarche B, Ross R. Separate effects of exercise 

amount and intensity on adipose tissue and skeletal muscle mass in adults with abdominal obesity. 

*TEC and AMB contributed equally to this work and share first authorship. 

Study Importance Questions 

What is already known about this subject? 

• That habitual exercise combined with a healthful diet is associated with marked reduction in both 

total and abdominal adipose tissue (AT). 

• That evidence from randomized controlled trials designed to specifically examine the separate 

effects of exercise amount and intensity on AT and skeletal muscle mass are inconsistent. 

• That prior randomized controlled trials failed to control for important factors that consequently do 

not permit isolation of the negative energy balance induced by exercise alone.  

 

What does your study add? 

• After closely monitoring energy intake and activities of daily living, exercise induces a 

substantial reduction in total and regional adipose tissue (AT) independent of amount and 

intensity 

• The reduction of abdominal subcutaneous and visceral AT is uniform across the entire abdomen 

independent of exercise amount or intensity as demonstrated using a multi-image MRI protocol. 

• Total skeletal muscle (SM) mass did not change within any exercise group compared to control; 

however, there may be regional differences in SM mass changes in response to aerobic exercise.  
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Abstract   

Objective: To determine the effects of exercise amount (kcal/session) and intensity (% VO2peak) on 

adipose tissue (AT) and skeletal muscle (SM) in adults with abdominal obesity.  

Methods: Participants (n=103; 52.7±7.6 years) were randomized to: Control; low amount low intensity 

(LALI; 180 kcal (W) and 300 kcal (M)/session at 50% VO2max); high amount low intensity (HALI; 360 

kcal (W) and 600 kcal (M)/session at 50% VO2max); or high amount high intensity exercise (HAHI; 360 

kcal (W) and 600 kcal (M)/session at 75% VO2max) for 24 weeks. Activities of daily living were 

measured by accelerometry. MRI was used to measure tissue mass.  

Results: Reduction in all AT depots was greater in the exercise groups compared to control (p<0.002); 

however, there were no differences between exercise groups (p>0.05). Visceral and abdominal 

subcutaneous AT reduction was uniform across the abdomen. Total SM mass did not change with 

exercise compared to control (p=0.32). However, while lower body SM mass was maintained (p=0.32), 

upper body SM in HAHI and HALI was reduced compared to controls (p<0.008).  

Conclusions: In adults with abdominal obesity, substantial reduction in total, abdominal subcutaneous, 

and visceral AT with a preservation of total SM mass was observed independent of exercise amount or 

intensity. 
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Introduction 

While it is established that habitual exercise combined with a healthful diet is associated with 

marked reduction in both total and abdominal adipose tissue (AT) independent of age, sex and ethnicity64, 

155, 156, the separate effects of exercise amount and intensity on AT and skeletal muscle (SM) mass are 

unclear. The findings from systematic reviews suggest that exercise amount, energy expenditure defined 

by MET-hrs/week156 or kcal64) is positively associated with reductions in both total64 and visceral AT156.  

Interestingly, the findings from the few randomized trials specifically designed to examine the 

independent contributions of exercise-induced energy expenditure on AT report findings to the contrary; 

that an increase in exercise amount is not associated with AT reduction.  Keating et al. and Rosenkilde et 

al. conclude that exercise conditions varying in total time (minutes) resulted in weight157 and total AT 

reductions157, 158 of a similar magnitude. Similarly, Slentz et al. report that there is no difference in 

visceral AT reduction between groups that vary in exercise amount159.  However, in that study the 

reductions in abdominal subcutaneous AT were positively related to exercise amount159.   

Whether exercise intensity has an effect on AT reduction independent of amount is also unclear. 

Whereas the primary finding from a review that compared exercise groups that varied in exercise 

intensity across studies suggests that intensity is positively associated with reductions in abdominal AT76, 

preliminary findings from randomized trials are inconclusive. While some suggest that for a given 

exercise amount, there is no effect of increasing exercise intensity on AT reduction158, 159, Irving et al. 

observed a significantly greater reduction in total and abdominal subcutaneous AT with higher intensity 

exercise matched for energy expenditure; however, a small sample size and the use of rating of perceived 

exertion (RPE) to determine intensity confound interpretations160. The authors also observed a 

maintenance of mid-thigh muscle mass in both exercise groups, though the effect of increasing exercise 

amount or intensity on total and regional skeletal muscle mass is unknown. 

The findings from prior RCTs did not measure important factors that, consequently, preclude the 

isolation of the negative energy balance induced by the exercise prescribed.  These factors include a 

comparison of groups based on minutes of exercise instead of energy expenditure158, failure to account for 
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the unstructured physical activity (PA) performed outside of the exercise prescribed, unmonitored 

exercise sessions158, and the consumption of additional kilocalories to compensate for those expended 

during exercise159.  

In this secondary analysis, we sought to determine the separate effects of increasing exercise 

amount (energy expenditure; kcal/session) and intensity (% VO2peak) on total and abdominal AT and SM 

mass in sedentary adults with abdominal obesity by employing a rigorous study design that permits 

isolation of the exercise-induced energy expenditure. We hypothesized that AT reduction will be 

positively related to exercise amount (kcal), but not intensity.  Given the frequency, intensity, and amount 

of prescribed exercise combined with the relatively small exercise-induced negative energy balance, we 

hypothesized that we would see no change in SM mass, independent of exercise amount or intensity. 

Determination of the separate effects of exercise amount and intensity is clinically relevant and will help 

to refine current treatment strategies for obesity, in particular, abdominal obesity, given its well-

established associations with health risk87. 

Methods 

Participants 

Details of the study design and methods, including a CONSORT diagram, have been published 

previously139 as are the findings from the primary analysis71. Briefly, we conducted a 24-week, single 

center, randomized controlled trial with a parallel group design between September 2009 and May 2013.  

300 men and women with abdominal obesity were randomized into one of four treatments: control (no 

exercise), low amount low intensity (LALI; 180 and 300 kcal/session for women and men, respectively, at 

50% VO2peak), high amount low intensity (HALI; 360 and 600 kcal/session, respectively, at 50% 

VO2peak), and high amount high intensity (HAHI; 360 and 600 kcal/session, respectively, at 75% 

VO2peak). Exercise sessions were supervised and performed 5 days/week for the duration of the trial. 

Participants were asked to walk and/or jog on a treadmill until they reached the time required to achieve 

the desired energy expenditure (kcal/session). Heart rate and VO2peak data obtained from a graded 
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maximal exercise test using open-circuit spirometry was used to calculate the target heart rate associated 

with the prescribed exercise intensity. Participants exercised under supervision and heart rate was taken 

every 5 minutes for all exercise sessions to ensure adherence to the exercise prescription. Maximal 

exercise tests were repeated at weeks 4, 8, and 16 to adjust the target heart rate for changes in 

cardiorespiratory fitness. All participants provided informed consent prior to participation and the 

protocols used in the original investigation and this secondary analysis were approved by the Queen’s 

University Health Sciences Research Ethics Board.  

Due to limited availability of the MRI unit due to clinical demand, it was not possible to obtain 

complete MRI data on all participants. Participants from the original trial were excluded if they did not 

have both pre- and post- MRI data (n=171) and if there were issues with the MRI protocol (image quality 

and positioning pre and/or post-treatment) (n=23) which resulted in a study sample of 103 participants 

who had both pre- and post-MRI data: Control, n=20; LALI, n=24; HALI, n=30; HAHI, n=29. 55 of 63 

women included in our sample (87%) reported post-menopausal or peri-menopausal status. 

Assessment of Body Composition  

Whole body adipose SM tissue were measured by magnetic resonance imaging (MRI) at baseline 

and following treatment by a 1.5 Tesla magnet at Kingston General Hospital using a protocol previously 

described143, 144. Briefly, participants entered the magnet in a prone position, feet first and the L4-L5 

intervertebral space was landmarked using a sagittal scout image. 10mm thick images, 40mm apart were 

taken from L4-L5 to the lower extremities (feet). The participants were then required to exit the magnet 

and re-enter head first with their arms extended. The L4-L5 inter-vertebral space was relocated and 10mm 

thick images 40mm apart were taken from L4-L5 to the upper extremities (hands).  

Specialized image analysis software (sliceOmatic version 5.0, TomoVision, Montreal, QC) was 

used to quantify the tissue depots. Body tissues have unique proton densities and relaxation rates; thus, 

they emit varying signal intensities in response to the radio pulse applied in MR imaging. Signals were 

used to create a gray level MR image, wherein different tissues were identified based on signal intensity. 

In T1-weighted images, AT appears brighter, while lean tissue appears darker. These gray level images 
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were segmented by a trained individual and the amount of AT and SM was calculated within a given 

image. Tissue area was determined by multiplying the number of voxels by the individual voxel surface 

area. Tissue volume derived from multiple images was determined using a truncated cone formula that 

includes the image thickness, tissue area, contiguous tissue area, the distance between the images, and the 

total number of images. Tissue volume was then converted to a mass value by multiplying the volume of 

AT by 0.92g/cm3 and SM by 1.04g/cm3, the assumed constant density for AT and SM, respectively62.. 

Total adipose and SM tissue was derived using all images (~41 images per participant).  Abdominal AT 

was determined using 5 consecutive images beginning one image below L4-L5, L4-L5 and three images 

above. Lower body AT was measured from the head of the femur to the end of the foot.  

Due to scheduling issues, MRI scans for 22 participants were obtained more than 2 weeks after 

the last exercise session or the end of the 6-month monitoring period (Control, n=6; LALI, n=4; HALI, 

n=8; HAHI, n=4). For these cases, total weight derived from the MRI analysis was compared to the 

anthropometric weight taken at week 24. The average weight difference for these cases was 1.8 kg (±1.8). 

Exclusion of these participants from the analysis revealed no significant difference in our overall findings, 

thus, they were included in our final sample.    

Unstructured Physical Activity  

Control group participants were asked not to change their PA levels from baseline during the trial. 

Physical activity performed outside of the prescribed exercise regimen was monitored using ActiGraph 

GT3X accelerometers for 7-day periods at approximately weeks 0, 8, 16 and 25.  To be included in the 

analysis, participants had to have worn the accelerometer for a minimum of 10 h/day for at least 4 days 

each period with one weekend day. Established accelerometer cut points of <100 cpm, 100 to <1951 cpm, 

and more than 1951 cpm were used to classify and estimate average duration of activity spent sedentary, 

light PA, and moderate to vigorous PA, respectively161. In order to determine unstructured PA at 8 and 16 

weeks, structured exercise that was performed under supervision within the laboratory was removed from 

the total PA calculation. 
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Diet Regimen 

During a 1-week run-in period, all participants were instructed to maintain their body weight and 

record daily consumption of self-selected foods. During the intervention, participants were instructed to 

maintain the target daily energy intake estimated during the run-in period and were prescribed a balanced 

diet that is consistent with the general recommendations found in Canada’s Food Guide and which aimed 

to provide approximately 50 to 55% carbohydrate, 15–20% protein and 30% fat.   

All participants were asked to complete daily self-report diet records for the duration of the 

intervention.  When necessary, the prescribed target energy intake was revisited and adjusted if change in 

body weight deviated from the predicted exercise-induced weight loss (3500 kcal/lb) by greater than 1 kg. 

All dietary procedures were conducted and supervised by the intervention nutritionist.  

Three-day diet records (two weekdays and one weekend day) were randomly selected from the 

run-in period (baseline) and at weeks 8, 16, and 25 of the intervention, which corresponded to the weeks 

wherein accelerometry data was obtained. The selected diet records for each participant were entered into 

a web-based automated 24-h recall platform (R24W).  Details of the R24W development162 and 

validation142 have been published elsewhere. Briefly, the R24W incorporates aspects of the Automated-

Multiple Pass Method (AMPM) recommended by the US Department of Agriculture for dietary self-

monitoring 163. The R24W automatically calculates nutrient intakes using the 2010 Canadian Nutrient File 

164 or the US Department of Agriculture Nutrient Database for Standard Reference 165.  

Statistical Analysis 

Participant characteristics are presented as means ± standard deviations (SD). To determine the 

effects of treatment on total and regional AT distribution and skeletal muscle, a mixed model was 

performed using SAS version 9.2 (SAS Institute). The model included terms for group (control, LALI, 

HALI, and HAHI), test (baseline and 24wks), and sex (male and female) as well as group by test and sex 

by test interaction terms. The same model was used to determine between-group differences in dietary 

intake and unstructured physical activity changes from pre- to post-intervention. An extended mixed 
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model, which included sex by group and sex by group by test interaction terms, was also performed to 

verify that the effect of treatment did not vary by sex.  An unstructured covariance matrix was used on the 

models and statistical significance was determined using a Bonferroni-corrected p<0.008 to account for 

multiple (6) group comparisons (LALI, HALI, HAHI vs. control; LALI vs. HALI; LALI vs. HAHI; 

HAHI vs. HALI). Multiple regression was used to assess associations between change in AT depots and 

change in cardiometabolic risk factors and statistical significance was adjusted for multiple testing 

(p<0.005). Descriptive statistics and univariate analysis to determine baseline differences in participant 

characteristics between groups were performed using SPSS (IBM SPSS Version 24).  

Results 

Participant characteristics are summarized in Table 1.  Participants were middle-aged (52.8 ± 7.6 

years) adults (females, 60%) with abdominal obesity (women, WC = 104.7  ± 9.8 cm; men, WC = 116.4 ± 

8.0 cm). Participant adherence and compliance to the exercise intervention is illustrated in Table 2. 

Total unstructured physical activity, sedentary time, energy intake, and macronutrient intake 

distribution was not different between groups at baseline (p>0.05; Table 1). Similarly, there were no 

between group differences in the change in physical activity, sedentary time, or self-reported diet intake 

between baseline and the end of the intervention (p>0.05).  

 The change in total and abdominal AT and skeletal muscle mass are summarized in Table 3 and 

Figure 1. There was no sex by group by test interaction thus, all treatment-induced changes are shown 

collapsed across sex. There was a significant group by test interaction for all AT depots (p<0.008). Post 

hoc analysis revealed that total, whole body subcutaneous, abdominal, abdominal subcutaneous, visceral 

and lower body AT were reduced in all exercise groups compared to control (p<0.008). With the 

exception of abdominal subcutaneous AT, reduction in AT depots did not differ between exercise groups 

(p>0.008). Abdominal subcutaneous AT was reduced in HAHI compared to LALI (p<0.008).  Similarly, 

body weight and waist circumference were reduced in all exercise groups compared to control (p<0.008), 

but did not differ between exercise groups (p>0.008). With the exception of abdominal subcutaneous and 
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visceral AT in the HAHI group (p=0.01), the relative reduction in visceral AT was greater than all other 

AT depots within each group (all p<0.01). 

The effects of exercise amount and intensity on the regional distribution of abdominal AT were 

determined by analyzing the change in abdominal subcutaneous AT and visceral AT for five images 

extending from one below to 3 above L4-L5 (Figure 2 and Figure 3). Analysis revealed that the reduction 

in both depots was not different across the location of measurement (all p>0.05).  

There was no significant group by test interaction for total skeletal muscle mass (p>0.05). 

However, after differentiating lower (LBSM) and upper body skeletal muscle (UBSM), expressed as both 

absolute (kg) and relative (%) change, LBSM did not change in any exercise group compared to control, 

while UBSM was significantly reduced in HAHI and HALI compared to control (Figure 4). 

In the LALI group, change in total AT was associated with change in HOMA-IR (B=0.62), fasting 

insulin (B=0.63), and total cholesterol (B=0.57); change in abdominal and abdominal subcutaneous AT 

were associated with changes in HOMA-IR (abdominal AT; B=0.69; abdominal subcutaneous, 0.61), 

fasting insulin (abdominal AT, B=0.68; abdominal subcutaneous, B=0.62), triglycerides (abdominal AT, 

B=0.56; abdominal subcutaneous, B=0.54), and total cholesterol (abdominal AT, B=0.63; abdominal 

subcutaneous, B=0.53); and change in visceral AT was associated with change in HOMA-IR (B=0.69) 

and total cholesterol (0.67) (all p<0.005). In the HALI group, change in abdominal subcutaneous AT was 

associated with change in LDL-cholesterol (B=0.47) (p<0.005). In the HAHI group, change in total 

(B=0.49) and abdominal subcutaneous AT (B=0.47) were associated with change in insulin AUC 

(p<0.005). 

Discussion 

The primary observation of this randomized controlled trial is that six months of aerobic exercise 

combined with a balanced isocaloric diet relative to baseline induces a substantial reduction of total and 

abdominal AT combined with a preservation of total SM mass independent of exercise amount or 

intensity. These are encouraging findings that not only counter the notion that exercise is not a useful 
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strategy for reducing obesity166, but  provide practitioners with a variety of exercise-based treatment 

options for the management of obesity in higher-risk adults.       

 Our observation that increasing exercise-induced energy expenditure per se does not result in 

greater AT reduction while intensity is held constant counters our hypothesis that an increase in caloric 

expenditure would lead to a greater reduction in AT regardless of depot. To isolate the influence of the 

negative energy balance induced by exercise alone, we confirmed that participants closely adhered to the 

prescribed exercise-induced energy expenditure (Table 2). Further, both self-reported energy intake and 

objective (accelerometry) measures of daily physical activity performed outside of that prescribed did not 

change from baseline. Despite this attempt to regulate energy balance, while those in the high amount 

groups achieved the expected weight loss, participants in the LALI group lost more weight than expected 

given the negative energy balance prescribed, a finding that is surprising but consistent with others84, 151. 

Despite that all groups reported an isocaloric diet relative to baseline, two plausible explanations for this 

discrepancy exist: (1) Participants under-reported their baseline energy intake and the influence of recall 

bias was attenuated over the course of the intervention; thus, a change in intake was not observed when in 

fact, it was reduced; or (2) Variability in the accuracy of self-reported energy intake between groups, 

wherein individuals in the LALI group may have over-reported their caloric intake. Though this notion 

counters the well-established observation that individuals who are obese tend to under-report their energy 

intake167, due to the nature of the study wherein groups exercised simultaneously, participants in the LALI 

group may have been dissatisfied with their weight loss relative to those in the high amount groups. As a 

result, it is possible those individuals inadvertently altered their dietary intake and over-reported caloric 

consumption168. 

That the magnitude of AT reduction in women and men did not differ appreciably despite women 

expending approximately 50% less energy compared to men in each group is unexpected but may be 

explained by less than predicted weight loss in men who were randomized to the HALI and HAHI groups. 

Based on a crude estimate that a 3500 kcal reduction is required for 1 lb of weight loss, we predicted a 9.4 
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kg (HALI and HAHI) weight reduction; however, observed weight loss was 6.6 kg and 7.3 kg in the 

HALI and HAHI groups, respectively. Conversely, in women, those in the high amount exercise groups 

achieved the expected weight loss while those in the LALI group lost more weight (4 kg) than expected 

(2.8 kg). This finding suggests that men may have compensated for the high amount of energy expended, 

attenuating the differences in fat loss between men and women. Factors that may explain this 

compensation are unknown. 

 Current obesity management guidelines do not address the effect of increasing exercise intensity 

on AT reduction. That manipulating exercise intensity for a fixed amount does not influence the reduction 

in total or abdominal AT over 6 months is consistent with the findings of Slentz et al. who also observed 

no difference in AT reduction with increasing intensity when amount was held constant. Further, 

observations derived from trials comparing high-intensity interval training and continuous moderate-

intensity endurance exercise that illustrate similar changes in body composition between groups when 

energy expenditure is matched. Our findings are also consistent with acute exercise trials varying in 

intensity, wherein increasing exercise intensity does not result in greater catecholamine-induced 

mobilization of AT fatty acids. Further, there is evidence to suggest that more vigorous intensity exercise 

induces vasoconstriction and a subsequent decrease in AT blood flow, potentially resulting in decreased 

fatty acid mobilization169, 170. Although increasing exercise intensity may not be associated with greater 

reductions in AT, it is noteworthy that for a given amount of exercise, increasing exercise intensity is 

associated with greater improvement in cardiorespiratory fitness and glucose tolerance71 and thus, may be 

an important consideration when developing strategies designed to manage obesity-related health risk.  

It is well established that visceral AT is the depot that conveys the greatest health risk87. It has been 

suggested that visceral AT is preferentially mobilized in response to diet- or exercise-induced weight 

loss171.  We have previously argued that this observation depends on whether reductions are presented as 

relative to baseline AT amount or as absolute reduction. Consistent with prior findings144, while there 

were no differences between visceral and abdominal subcutaneous AT reduction on an absolute basis 
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(kg), we observed a greater relative (% of baseline) reduction in visceral AT compared to abdominal 

subcutaneous AT in each exercise group due to its smaller baseline mass. Therefore, whether exercise 

preferentially reduces visceral AT is largely dependent on the metric used to interpret the exercise-

induced response. 

Both absolute and relative reduction in AT volume derived using multiple images was not different 

from any single MR image in the abdomen in all groups. Thus, our observations imply that the change in 

both visceral and abdominal subcutaneous AT is uniform across the abdominal region. While this is 

consistent with prior findings from our laboratory144, Kanaley et al. observed regional differences in 

abdominal AT reduction in response to weight loss, reporting greater relative visceral AT loss in the L4-L5 

region compared to the L2-L3 region172. Explanation of the discrepent findings are unclear, but may be due 

to differences in study design and participant demographics.  

To our knowledge, this is the first randomized controlled trial to determine the separate effects of 

exercise amount and intensity on SM distribution. Here we demonstrate regional differences in SM 

changes with aerobic exercise. Consistent with the engagement and activation of leg muscles when 

walking, we observed that high amounts of treadmill-type exercise preserves lower body muscle mass to a 

greater extent than upper body SM mass  (Figure 2). However, whether the exercise-induced reduction in 

upper body SM mass is associated with functional impairments is unknown and it is possible that muscle 

quality improved while absolute quantity decreased; thus, its clinical implications are unclear.  

Strengths of our trial include a rigorous design comprising strict control of exercise dose. 

Accelerometers were used to obtain objective measures of unstructured PA to help ensure that changes in 

AT were not due to energy expended outside of that prescribed. Limitations include a relatively low 

sample size which may increase the chances of observing a type II error. Further, well-established 

limitations with self-reported energy intake presents a challenge for the accurate measurement of dietary 

intake. 
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In summary, we observed substantial reductions in total and abdominal AT independent of exercise 

amount and intensity. We also observed maintenance of total SM mass; though, regional differences in 

SM mass distribution in response to aerobic exercise may be present. While the development of 

behavioural models that are effective for sustaining exercise (or any lifestyle behavior change) remains a 

challenge, when performed as prescribed, exercise is a viable strategy for obesity reduction
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Table 1. Participant characteristics. 

Characteristics Control LALI HALI HAHI 

 Baseline 24 wks Baseline 24 wks Baseline 24 wks Baseline 24 wks 

Age, years 55.1 ± 6.6 
 

52.5 ± 8.0 
 

51.8 ± 8.3 
 

52.8 ± 7.4 
 

Sex F:M 10:10 
 

14:10 
 

20:11 
 

19:11 
 

Anthropometric 
       

Weight, kg 89.7±17.6 89.0±17.9 94.6±14.6 90.1±14.2 92.9±14.9 86.7±14.9 95.2±14.3 88.9±12.5 

WC, cm 107.0±11.2 105.8±11.6 111.9±10.7 106.8±10.3 108.8±9.4 102.2±9.9 109.4±11.8 103.2±10.5 

BMI, kg/m2 30.5±3.6 30.4±3.8 33.2±4.3 31.6±4.5 32.6±4.1 30.4±4.3 32.5±3.7 30.4±3.2 

MRI 
        

Total AT, kg 37.0±8.3 37.2±9.2 43.0±8.8 39.7±9.9 41.5±8.1 37.2±9.1 43.0±8.4 37.9±7.6 

Total SAT, kg 28.1±7.2 28.3±7.9 34.0±8.2 31.9±9.4 32.8±8.0 29.6±8.4 33.8±7.5 30.0±6.9 

Total abdominal AT, kg 8.7±2.2 8.6±2.4 9.8±2.0 8.8±2.2 9.3±2.0 8.2±2.1 9.7±2.7 8.3±2.2 

VAT, kg 3.3±1.5 3.2±1.5 3.2±1.3 2.6±1.0 3.0±1.3 2.5±1.2 3.2±1.5 2.6±1.2 

ASAT, kg 5.1±1.5 5.1±1.6 6.3±1.5 5.9±1.8 6.0±1.6 5.4±1.7 6.1±1.7 5.3±1.4 

Lower body AT, kg 12.5±2.8 12.5±2.9 15.2±4.4 14.2.2±4.7 14.8±3.8 13.0±3.8 15.1.0±3.2 13.6±2.9 

Total SM, kg 25.8±7.8 25.5±7.9 24.8±5.2 24.1±4.9 24.8±6.5 24.1±6.3 25.6±6.3 24.6±5.9 

Physical Activity (PA)         

Sedentary time (% wear time) 67.0 ± 8.4 66.4 ± 8.8 67.2 ± 9.1 67.4 ± 6.6 67.0 ± 7.9 64.1 ± 6.3 70.1 ± 6.7 67.2 ± 6.6 

Total PA (% wear time) 33.0 ± 8.4 32.8 ± 8.4 32.8 ± 9.1 30.7 ± 6.6 33.0 ± 7.9 33.8 ± 5.6 29.9 ± 6.7 30.81 ± 6.5 

MVPA (% wear time) 2.4 ± 1.7 2.3 ± 2.2 2.0 ± 1.5 3.3 ± 1.9 2.5 ± 1.8 4.1 ± 2.7 1.8 ± 1.4 3.3 ± 2.3 

LPA (% wear time) 30.6 ± 7.8 31.3 ± 8.3 30.9 ± 8.7 28.8 ± 7.1 30.1 ± 7.1 31.8 ± 5.0 28.2 ± 6.6 30.0 ± 5.9 

Energy intake (kcal/d) 2085 ± 559 2084 ± 566 2182 ± 393 1954 ± 481 1972 ± 430 2009 ± 503 2097 ± 636 2046 ± 714 
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Data is presented as the mean ± standard deviation. LALI = low amount, low intensity; HALI = high amount, low intensity; HAHI = high amount, high intensity; 

WC = waist circumference; BMI = body mass index; MRI = magnetic resonance imaging; AT = adipose tissue; SAT = subcutaneous adipose tissue; VAT = 

visceral adipose tissue; ASAT = abdominal subcutaneous adipose tissue; TPA = total physical activity; MVPA = moderate-vigorous physical activity; LPA = 

light physical activity.
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Table 2. Exercise intervention descriptive data for study completers 

 

 

LALI 

(n=24) 

HALI 

(n=30) 

HAHI 

(n=29) 

Adherence    

    Sessions prescribed 120 120 120 

    Sessions attended 105.7 ± 21.3 114.1 ± 6.1 110.7 ± 8.9 

    Attendance (%)  88.1 ± 17.8 95.1 ± 5.1 92.3 ± 7.4 

Compliance    

    Kcal prescribed (per session) ♀ = 180 ♀ = 360 ♀ = 360 

 ♂ = 300 ♂ = 600 ♂ = 600 

    Kcal expended (per session) ♀ = 183.2 ± 3.9 ♀ = 364.9 ± 6.0 ♀ = 364.0 ± 16.6 

 ♂ = 303.0 ± 6.5 ♂ = 610.1 ± 8.4 ♂ = 601.8 ± 29.9 

    Intensity prescribed (% VO2 

peak) 

50 50 75 

    Intensity performed (% VO2 

peak) 

50.7 ± 0.7 52.0 ± 2.3 74.7 ± 2.0 

Exercise Time (per session) 32.1 ± 4.9 57.7 ± 6.7 40.2 ± 6.7 

__________ Data is presented as mean ± standard deviation.
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Table 3. Change in anthropometric and MRI variables at 24 weeks.  

 LALI vs. Control HALI vs. Control HAHI vs. Control HALI vs LALI HAHI vs LALI HAHI vs HALI 

Variable Value P 

Value 

Value P 

Value 

Value P 

Value 

Value P 

Value 

Value P 

Value 

Value P    

Value 

Anthropometric             

Weight, kg  -3.9 ± 

1.2 

0.001 -5.6 ± 

1.1 

<0.001 -5.8 ± 1.1 <0.001 -1.7 ± 

1.1 

0.116 -1.9 ± 

1.1 

0.078 -0.2 ± 

1.0 

0.832 

WC, cm -4.0 ± 

1.2 

0.001 -5.3 ± 

1.2 

<0.001 -5.2 ± 1.2 <0.001 -1.3 ± 

1.1 

0.246 -1.2 ± 

1.1 

0.290 0.1 ± 1.1 0.918 

MRI             

Total AT, kg -3.5 ± 

0.9 

<0.001 -4.5 ± 

0.9 

<0.001 -5.4 ± 0.9 <0.001 -0.9 ± 

0.9 

0.279 -1.2 ± 

0.9 

0.032 -0.9 ± 

0.8 

0.258 

Total SAT, kg -2.3 ± 

0.7 

0.002 -3.3 ± 

0.7 

<0.001 -4.0 ± 0.7 <0.001 -0.9 ± 

0.7 

0.167 -1.6 ± 

0.7 

0.017 -0.7 ± 

0.6 

0.270 

Total Abdominal 

AT, kg 

-0.9 ± 

0.3 

0.002 -1.1 ± 

0.3 

<0.001 -1.4 ± 0.3 <0.001 -0.2 ± 

0.3 

0.432 -0.5 ± 

0.3 

0.043 -0.3 ± 

0.2 

0.186 

VAT, kg -0.5 ± 

0.1 

<0.001 -0.5 ± 

0.1 

<0.001 -0.6 ± 0.1 <0.001 0.0 ± 

0.1 

0.940 -0.1 ± 

0.1 

0.552 -0.1 ± 

0.1 

0.481 

Abdominal 

SAT, kg 

-0.4 ± 

0.2 

0.020 -0.6 ± 

0.2 

<0.001 -0.9 ± 0.2 <0.001 -0.2 ± 

0.2 

0.242 -0.5 ± 

0.2 

0.003 -0.3 ± 

0.1 

0.055 

Lower body 

AT,kg 

-1.0 ± 

0.3 

0.003 -1.7 ± 

0.3 

<0.001 -1.5 ± 0.3 <0.001 -0.7 ± 

0.3 

0.037 -0.5 ± 0.3 0.118 0.2 ± 0.3 0.573 
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Data presented as mean ± standard error. LALI = Low amount, low intensity; HALI = high amount, low intensity; HAHI = high amount, high intensity; WC = 

waist circumference; MRI = magnetic resonance imaging; AT = adipose tissue; SAT = subcutaneous adipose tissue; VAT = visceral adipose tissue; ASAT = 

abdominal subcutaneous adipose tissue; SM = skeletal muscle.
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Figure 1. Absolute (left) and relative (right) changes in adipose tissue and skeletal muscle depots. With the 

exception of skeletal muscle, all adipose tissue depot changes (absolute and relative) were significantly 

different from control (p<0.008; Panel A and Panel B). Relative change in visceral adipose tissue was 

greater than all other adipose tissue and skeletal muscle depots (p<0.01; Panel B). AT, adipose tissue; 

LALI, low amount low intensity; HALI, high amount low intensity; HAHI, high amount high intensity. 
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Figure 2. Absolute and relative changes in abdominal subcutaneous AT at the L4L5 slice; 5 cm below the 

L4L5 slice; 5, 10, and 15 cm above the L4L5 slice. There were no significant differences in AT change 

between slice location within groups (p>0.05). SAT, abdominal subcutaneous adipose tissue; LALI, low 

amount low intensity; HALI, high amount low intensity; HAHI, high amount high intensity.  
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Figure 3. Absolute and relative changes in visceral AT at the L4L5 slice; 5 cm below the L4L5 

slice; 5, 10, and 15 cm above the L4L5 slice. There were no significant differences in AT change 

between slice location within groups (p>0.05). VAT, visceral adipose tissue; LALI, low amount 

low intensity; HALI, high amount low intensity; HAHI, high amount high intensity.  
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Figure 4. Relative changes in total, upper body, and lower body skeletal muscle mass (% of baseline). 

*significantly different from controls at p<0.05. SM, skeletal muscle; UBSM, upper body skeletal muscle; 

LBSM, lower body skeletal muscle; LALI, low amount low intensity; HALI, high amount low intensity; 

HAHI, high amount high intensity.  
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Appendix E 

Ethics Approval for Primary Investigation 
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Appendix F 

Ethics Approval for Secondary Analysis 
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