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ABSTRACT 

Obesity treatment requires approaches that target the reduction of body weight and fat mass. 

The improvement of cardiorespiratory fitness (CRF), metabolic flexibility and insulin 

sensitivity also contribute towards reducing obesity-associated risk factors. While energy 

restriction alone results in significant weight loss, exercise-only interventions provide small 

amounts of weight loss and prevent weight gain, while also improving many of the other 

variables targeted in obesity treatment. Once achieved however, successful weight-loss 

maintenance is challenging, with many individuals subsequently experiencing weight regain. 

The main objectives of this thesis were to explore the role of metabolic rate and substrate 

utilization in influencing body weight, body composition and insulin sensitivity. This two-

part thesis hypothesised that: 1) exercise training, without dietary intervention, will improve 

metabolic rate and substrate utilization in a sedentary obese population, and that this would 

be associated with improved body composition, insulin sensitivity and CRF; and 2) metabolic 

rate, substrate utilization and insulin sensitivity are altered through weight loss/regain, 

predisposing these individuals to weight regain and impairing successful weight-loss 

maintenance.   

 

In Part 1 of this thesis a 12 week exercise intervention in sedentary, obese (BMI 30-40kg.m
-2

) 

black South African (SA) women (aged 22, IQR 21-24 years) was completed. Previous 

studies have shown that black SA women present with very low CRF, a key indicator of 

increased risk for non-communicable disease (NCD), and have a high prevalence of obesity 

and insulin resistance (IR). They are thus at increased risk for developing type 2 diabetes 

(T2DM). Furthermore, physiologically black SA women have also been shown to have less 

visceral adipose tissue (VAT) and more peripheral gluteal fat mass (FM) compared to their 

white counterparts, but are paradoxically more IR. Despite this presentation, to date there has 

been no supervised exercise intervention studies undertaken in this very high risk population 

group.  

 

The first study of this thesis (chapter 2) aimed to assess the effects of the exercise 

intervention on changes in CRF, energy expenditure (EE) and substrate utilization, both at 

rest and during steady-state exercise compared to non-exercising controls. It also assessed 

baseline and changes in these measurements in relation to changes in body composition. 

Black SA women (BMI 30-40 kg.m
-2

, 20-35 y) were recruited and randomized into control 
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(CTL, n=15), or exercise (EXE, n=20) groups. The CTL was instructed to maintain usual 

activity while the EXE completed 12 weeks of combined resistance and aerobic exercise 

training (4d.wk
-1

, 40-60min.d
-1

 @ >70% peak heart rate (HRpeak)). At pre-intervention, a 

treadmill-based CRF test, measuring peak volume of oxygen consumption (VO2peak), was 

carried out. Thereafter resting and steady state exercise (50% VO2peak) energy expenditure 

(EE) and respiratory exchange (RER) were measured along with body composition (dual-

energy X-ray absorptiometry (DXA)). A frequently sampled intravenous glucose tolerance 

test (FSIGT) was also carried out to determine changes in insulin sensitivity. These tests were 

repeated at post-intervention testing with steady state testing being carried out both at the 

same relative intensity (50% post-testing VO2peak) and the same workload (treadmill speed 

and gradient) as used for pre-testing. Dietary intake (4d diary) and daily step-count 

(ActivPAL) data was collected at pre-testing, 4, 8 & 12 weeks. Results showed that all 

participants had very low baseline CRF, falling below the 20
th

 percentile previously shown in 

African American women. In response to exercise training, CRF increased by ~11% and rates 

of fat oxidation during steady-state exercise were improved, while in controls these remained 

unchanged. Compared to CTL, EXE also showed small but significant reductions, in weight, 

as well as BMI, waist (WC) and hip (HC) circumferences. In contrast weight, BMI and WC 

increased in non-exercising controls. Gynoid FM (absolute FM and as a proportion of total 

FM), rather than visceral adipose tissue (VAT), was reduced in exercise participants. Within 

the exercise group higher baseline fat oxidation rates during steady state exercise and lower 

resting carbohydrate oxidation rates explained 61.6% (p<0.001) of the variability in changes 

in gynoid FM in response to 12 weeks of exercise training in this group.  In conclusion, 

exercise training improved CRF and fat oxidation rates during submaximal exercise in 

sedentary, obese black SA women. Higher fat oxidation rates during steady state exercise and 

lower resting carbohydrate oxidation rates at baseline were associated with the mobilization 

of gynoid FM in response to exercise training, rather than VAT as is typically shown in 

exercise interventions. This novel finding potentially represents an ethnic/gender specific 

response to exercise training. Further studies are needed to confirm this. Similar exercise 

training programs, that are sustainable over the long term, would therefore be beneficial in 

achieving meaningful increases in CRF while also supporting weight management and body 

composition improvements in this high risk population group.   

 

Using data from the exercise intervention in obese black SA women, the second study of this 

thesis (chapter 3) investigated inter-individual variability in the CRF response (∆VO2peak) to 
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exercise training. The study specifically aimed to compare changes in EE and substrate 

utilization at rest and during steady state exercise, body weight and composition and insulin 

sensitivity between high and low CRF responders to the 12 week intervention. Furthermore it 

aimed to explore associations between baseline metabolic rate, EE and substrate utilization 

and subsequent changes in CRF in response to exercise training, to determine if baseline 

variability in these measures contributed to inter-individual variability in the CRF outcome. 

Within the exercise group, high inter-individual variability in CRF response to exercise 

training was identified. Based on a median split in ∆VO2peak, high responders (HRS, n=10) 

increased CRF by 21.7 ±10.0% (p<0.001) compared to no change in both low responders 

(LRS, n=10; +0.6 ±6.3%, p=0.748) and CTL (-3.2 ±10.8%, p=0.195). This occurred despite 

all groups having similar baseline VO2peak and the exercise group receiving the same exercise 

dose (number of exercise sessions attended and average intensity of the exercise sessions). At 

baseline, HRS derived ~62% of energy expenditure from fat oxidation during steady-state 

exercise compared to just 41% in LRS, who relied to a greater extent on carbohydrate 

oxidation. Furthermore, HRS were ~11 kg lighter than LRS. There was also a positive 

association between BMI and RER such that individuals with higher BMI showed lower fat 

utilization (i.e., higher RER). HRS reduced gynoid FM whereas in LRS this remained 

unchanged. This is in line with the findings of the previous chapter which showed that 

exercise-related reduction in gynoid FM was associated with greater baseline fat oxidation. 

LRS showed improvements in insulin sensitivity compared to CTL and HRS. Using 

regression analysis including the exercising participants, greater baseline carbohydrate 

oxidation rates both at rest and during steady state exercise predicted a poorer CRF to 

exercise training, explaining 37.5% of the variability in ∆VO2peak. To the best of my 

knowledge, this is the first study to show that baseline variability in substrate utilization 

among sedentary obese individuals contributes towards explaining the variability in the CRF 

response to exercise training. However, further studies are required to confirm these results. 

Together, these studies show that higher fat oxidation rates are necessary for FM 

mobilization, while correspondingly reduced reliance on carbohydrate oxidation both at rest 

and during exercise supports improvements in CRF in response to exercise training. These 

findings add to a growing body of research aimed at explaining inter-individual variability in 

exercise intervention outcomes and may contribute to individualizing the exercise 

prescription. 
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Part 2 of this thesis used a cross-sectional approach and investigated firstly whether there was 

evidence for metabolic adaptation to weight loss/regain in response to long term weight 

maintenance, potentially predisposing individuals to future weight gain/regain. Secondly, I 

investigated whether insulin sensitivity is altered as a result of prior weight loss history, or 

whether successful weight loss restores insulin sensitivity to levels that are comparable to 

phenotypically similar controls with no weight loss history. Weight stable, BMI-matched 

South African women aged 20-45 years with or without a history of prior weight loss were 

screened and recruited. Four groups were defined as follows: Weight Reduced (RED, n=15) – 

lost at least 15% of body weight & maintained a reduced weight (BMI ≤ 27kg.m
-2

) for over 

12 months (<5% fluctuations); lean stable-weight (LSW, n=19) controls with a lean 

phenotype (BMI ≤ 27kg.m
-2

) – no weight loss history; weight-loss relapse (REL, n=11) – lost 

weight (>15% of body weight), but relapsed back to overweight or obese (BMI ≤ 27kg.m
-2

); 

and overweight or obese (BMI ≤ 27kg.m
-2

) stable-weight controls (OSW, n=11) – no history 

of significant weight loss. 

 

The first study in Part 2 (Chapter 4) compared metabolic rate and substrate utilization in RED 

and REL to their respective BMI-matched controls with no weight loss history, both at rest 

and in response to a high fat meal challenge. Metabolic rate and substrate utilization were 

measured both at rest, immediately after consumption of the high fat test-meal and every hour 

thereafter for three hours. Dietary intake (3 x 24h recalls) and physical activity (ACTi Graph 

GT3X accelerometer worn for 7 days) data was collected and body composition was 

measured (bioelectrical impedance, BIA). Questionnaires were also completed covering 

weight history, socio-economic status and eating behaviour. Results showed that there was no 

difference in either resting EE or substrate utilization between the RED and REL compared to 

the respective BMI-matched controls, after accounting for fat free mass (FFM). The TEF, 

postprandial EE (absolute and per kg FFM), post-prandial energy balance, RER, fat oxidation 

rate and post-prandial fat balance were similar between RED and REL compared to their 

respective controls, indicating that there was no evidence of metabolic adaption to weight 

loss. However, successful weight-loss maintainers did show behavioural strategies that may 

have counteracted weight-loss associated adaptive thermogenesis and supported weight-loss 

maintenance. These individuals had manipulated macronutrient intake (increasing protein and 

reducing carbohydrate intake), were more physically active, exhibiting less sedentary 

behaviour and increased moderate and vigorous activity, and had greater fat free soft tissue 

mass (FFSTM). While the presence of adaptive thermogenesis is not disputed in these results, 
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the distinct physiological and behavioural differences together observed in the RED may 

have been instrumental in attenuating weight-loss associated declines in EE, shown to persist 

into weight-loss maintenance. Together with these lifestyle strategies, weight reduced 

individuals also reported greater dietary restraint in comparison to controls. This is surprising 

after such a significant period of weight-loss maintenance (median weight-loss maintenance: 

30 months) and highlights the ongoing challenges to maintain reduced weight. These findings 

contribute to the relatively smaller body of research into the longer-term persistence of 

weight-loss associated adaptive responses in comparison to that covering the acute weight 

loss phase. It also highlights strategies that may be effective in counteracting metabolic 

adaption to weight loss. As such, these strategies may warrant inclusion as part of weight-loss 

maintenance programs as they potentially help to reduce the risk for weight regain as a result 

of weight-loss associated adaptive thermogenesis. 

 

The next study in Part 2 of the thesis (Chapter 5) aimed to examine the impact of successfully 

maintained weight loss and weight-loss relapse on insulin sensitivity compared to BMI-

matched controls without a weight loss history. Predictors of variability in insulin sensitivity 

were also explored. Following the measurement of resting metabolic rate and substrate 

utilization a 75g oral glucose tolerance test was used to determine fasting and 2hr plasma 

glucose and insulin. The Homeostatic Model Assessment (HOMA-IR) and insulin sensitivity 

index (ISI(0,120)) were used to assess insulin sensitivity. A novel finding of this study was that 

successfully maintained, weight-reduced individuals displayed enhanced measures of insulin 

sensitivity (lower HOMA-IR and higher ISI(0,120) measurements), compared to all other 

groups, including BMI-matched controls with no weight loss history. Previously studies have 

investigated changes in insulin sensitivity in response to weight loss and in weight-loss 

maintenance, but not necessarily in comparison to individuals without a weight loss history as 

defined by this study protocol. With weight regain however, insulin sensitivity measures for 

REL were not different compared to either LSW or OSW, showing that enhanced insulin 

sensitivity accompanying weight loss is likely reversed with weight regain. Prior weight 

history, fasting substrate utilization, measures of body weight and composition, protein intake 

per kilogram, physical activity and CRF were all associated with measures of insulin 

sensitivity. Using these variables in regression models, ~60% of the variability in insulin 

sensitivity in both HOMA-IR and ISI(0,120). Weight loss and weight regain history followed 

by fasting RER were the most significant independent predictors of insulin sensitivity. In 

conclusion, a novel finding was that successfully weight-reduced individuals are more insulin 
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sensitive than their BMI-matched controls with no weight loss history, independent of dietary 

intake and physical activity. This remains evident even after significant periods of 

maintaining the reduced weight. Weight loss maintenance programs are essential to retaining 

metabolic benefits acquired through weight loss. Remaining physically active by reducing 

sedentary behaviour and in particular including small amounts of vigorous physical activity 

significantly predicts improved insulin sensitivity. 

 

This thesis includes a number of novel findings. In Part 1, we showed that in response to 

exercise training gynoid FM, rather than VAT, was reduced in sedentary obese black SA 

women undergoing a 12 week exercise intervention, which may represent an important 

ethnic/gender specific response. We also showed that substrate utilization plays an important 

role in altering body composition and CRF in response to an exercise intervention. Greater fat 

oxidative capacity at the outset resulted in an enhanced ability to reduce gynoid FM in 

response to exercise training. Furthermore, a greater reliance on carbohydrate rather than fat 

oxidation during baseline testing predicted a poorer CRF response. Identification of 

individuals with a lower capacity for fat oxidation at the outset of an exercise intervention 

may therefore allow for a more targeted exercise prescription, which may in turn improve 

outcomes of exercise interventions. The lack of clinically significant weight loss suggests that 

future exercise interventions should prescribe exercise EE of sufficient magnitude to achieve 

weight loss and emphasize adherence to this prescription or include some dietary restriction. 

Education around the possible adaptive responses to increased EE and the imposed energy 

deficit, highlighting the strategies employed by weight reduced individuals from Part 2 of this 

thesis, may help to attenuate potential metabolic adaption to increased EE and further 

improve the weight loss outcomes of exercise-only interventions. It may also help to inform 

weight-loss maintenance programs to assist individuals to maintain the reduced weight 

following weight loss. The enhanced insulin sensitivity in weight reduced individuals as 

shown in Part 2, may potentially represent an ongoing and persistent adaptive response to 

weight loss that may in itself increase the risk for weight-loss relapse. Education around the 

physiological adaption to significant weight loss and emphasizing strategies that may 

counteract this metabolic adaptation may improve the efficacy of both weight-loss and 

weight-loss maintenance programs.  
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CHAPTER 1 

 

1. Introduction and Literature Review 
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1.1 Introduction 

The prevalence of obesity has increased globally, from 105 million adults in 1974 to 640 

million in 2014
1
.  With increasing body weight there is increased risk of non-communicable 

diseases (NCD) such as type 2 diabetes (T2DM), cardiovascular disease and certain cancers
2–

5
. Likewise, mortality risk is increased almost twofold with body mass index (BMI) greater 

than 35 kg.m
-2

 compared to normal weight (BMI: 18.5-24.9 kg.m
-2

) individuals
5
. 

Furthermore, a history of prior overweight and obesity increases mortality risk in normal 

weight individuals compared to those who had never exceeded normal weight
5
. This link 

between obesity and NCD means that with increasing prevalence of obesity, a growing 

burden is placed on healthcare services
6,7

. Estimates suggest that obesity accounts for 31.8% 

of health care costs and around 68.1% of indirect costs attributed to reduced productivity
8
. 

Computer models combining UK and US populations have predicted that if obesity levels 

continue to rise, by 2030 there will be an additional 6-8.5 million cases of diabetes, 5.7-7.3 

million cases of cardiovascular disease, 492,000-669,000 cancer cases and the loss of 26-55 

million quality-adjusted life years. The additional medical costs associated with treating these 

preventable diseases of lifestyle are estimated at U$48-66 billion for USA and £1.9-2 billion 

for the UK
9
. For the UK alone it is predicted that by 2050, 60% of men and 50% of women 

will be obese and that obesity-related illness will cost the British healthcare service around 

£45.5 billion a year
10

. 

 

While obesity was previously most prevalent among affluent societies, it has shifted to more 

“population-wide obesity”, including poorer segments of society. It is also rapidly increasing 

in developing countries among children and adults, where the rural-to-urban transition has 

increased the availability of cheaper, nutrient poor, calorie rich foods, causing a shift away 

from traditional higher fibre ethnic diets
11

. This is coupled with the built environment which 

is less conducive to physical activity
1,11,12

, including the reduced ‘walkability’ of 

neighbourhoods and safety from traffic and crime
13,14

.  In southern Africa, estimates from 

1980 to 2014 show that the absolute age-standardized BMI, particularly among women, not 

only exceeded global averages but was also increasing at a faster rate
15

. This data also 

continues to show a strong correlation between BMI and diabetes prevalence, particularly 

amongst southern African women
15,16

. Within the southern African region, South Africa (SA) 

has the highest age-standardized mean BMI, having increased substantially from 1980 to 

2014 (men from 22.8 to 24.8 kg.m
2
; women from 26.7 to 29.2 kg.m

2
), and the highest 
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prevalence of T2DM (men 9.7%; women 12.6%)
17

. In accordance with this increase in mean 

BMI, currently 68% of women and 31% of men in SA are classified as overweight or obese 

and this is accompanied by increasing hypertersion
18

. Obesity rates are also increasing 

rapidly among adolescent girls, attributable largely to nutritional deprivation in early 

childhood, higher adult socio-economic status and cultural perceptions of larger body weight 

being considered normal
19

. In SA, age-standardized mortality rates associated with NCD, of 

which cardio-vascular disease is a leading contributor, now exceed that of HIV/AID and 

tuberculosis combined
18

. Furthermore, among urban dwelling black South Africans, age-

standardized T2DM prevalence has increased by ~53% from 1990 to 2008/9 (men 11.3%; 

women 14.7%), exceeding the national average, with greater prevalence of cardio-vascular 

risk factors observed amongst these individuals
20

.  

 

Low physical activity levels (PAL) are directly associated with the development of obesity 

and together with low cardio-respiratory fitness (CRF), are independently associated with 

increased risk for chronic disease and mortality
21–23

. Exercise training is a type of physical 

activity that specifically aims to enhance elements of physical fitness such as CRF, which 

describes the capacity of the cardiovascular system to supply oxygen to the working muscles 

in order to sustain physical activity. PAL is a major determinant of CRF, besides age, gender, 

sex, health status and genetics, and as such CRF is often used as an indicator of recent PAL
24

. 

However, PAL and CRF have different associations with NCD risk. While increasing PAL 

has been shown to result in a linear decrease in NCD risk, CRF at or below the 20
th

 percentile 

is associated with significantly greater health risks, which decline dramatically with 

increasing percentiles of CRF
25,26

. CRF is typically measured as the maximal or peak volume 

of oxygen consumption (VO2peak) during an exercise test to exhaustion
21

 and is a key aspect 

of physical fitness that is strongly associated with the prevention of NCD
24,27

. The inclusion 

of CRF with traditional NCD risk factors (e.g. Smoking, hypertension, hypercholesterolemia 

and T2DM) substantially improves the prediction of NCD risk
27

. Indeed unfit normal-weight 

individuals have been shown to have double the mortality risk of fit counterparts, while obese 

and normal-weight fit individuals had similar mortality risks
28

. Furthermore, increasing CRF 

among obese individuals is associated with a reduction in all-cause mortality in comparison 

to individuals where CRF declined
22

. In contrast, although T2DM risk reduces with increased 

fitness among obese individuals, it remains higher in obese unfit compared to normal-weight 

unfit individuals
29

. Thus while increased CRF is emphasized in the reduction of NCD risk 

even without weight loss
28,30

, it does not completely eliminate obesity-associated health risk 
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and therefore weight loss together with reduced adiposity remain important elements of 

obesity treatment
26,31

. Even so, improving CRF is of significant importance in reducing NCD 

risk, particularly given the disproportionately higher health risks among individuals falling in 

the lowest 20
th

 percentile of CRF. 

 

Strategies are required to address the increased health risks associated with the obesity 

epidemic. This literature review (see Figure 1.1 below) is not intended as a comprehensive 

review of all aspects of obesity development, but rather is focused specifically on 

highlighting gaps in the literature and introducing the aspects of obesity development and 

treatment that will be addressed in my research questions. The review initially focuses on 

understanding the aetiology of obesity, specifically addressing the role of energy expenditure 

(EE) and substrate utilization in maintaining energy and macronutrient balance. Hereafter the 

review focuses on the factors linked to obesity-associated insulin resistance (IR) and 

metabolic inflexibility, together with the involvement of altered fat oxidative capacity. In the 

treatment of obesity, weight loss together with improvement of CRF, fat oxidative capacity, 

body composition and insulin sensitivity are important targets. The following section then 

reviews weight loss results achieved through dietary interventions compared to exercise 

training interventions, and then goes on to review the additional benefits of exercise training 

in targeting other aspects of obesity treatment mentioned above. Once achieved, successful 

weight loss maintenance becomes critical in order to prevent weight regain. The evidence for 

physiological changes accompanying weight loss, that increase the risks for weight-loss 

relapse, both in the acute weight-loss phase as well as in longer term weight-loss 

maintenance, are then considered.  
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 Obesity-associated IR and metabolic inflexibility 

     

     

  OBESITY TREATMENT 

  Weight Loss  Weight Loss Maintenance  

     

     

Challenges 
 

Energy Deficit 

Diet vs Exercise only? 

(Additional benefits of 

exercise in metabolic health) 

 The Energy Gap 

Physiological compensation 

Adaptive thermogenesis 

Altered substrate utilization 

 
 

 
   

Focus of this 

Thesis 

 

PART 1 

Exercise intervention 

 ∆CRF & inter-   

individual variability 

 ∆Fat oxidation  

 ∆Body composition 

 ∆Insulin sensitivity 

 PART 2 

 Physiological and 

behavioural strategies 

attenuating compensatory 

responses 

 Insulin sensitivity after 

weight loss 

Figure 1.1: Structure of the literature review. 

Note: IR: insulin resistance; CRF: cardiorespiratory fitness 

 

1.2 Aetiology of obesity  

Obesity, a condition defined by increased body fat mass, is largely attributed to the 

overconsumption of calorie dense foods coupled with high levels of sedentary behaviour and 

low levels of physical activity
4,32

. However energy balance is complex and influenced by a 

multifaceted interplay between environmental, behavioural, physiological and genetic 

factors
4
. Mood disorders, side effects of medications and food addiction are also increasingly 

recognised in the aetiology of obesity
4
. Among environmental factors, oversupply of 

inexpensive, highly palatable, energy dense but nutrient poor food options, advertising policy 

and cultural and social norms are highlighted as influencing increased energy intake (EI), 

while the built environment, screen time, cost and access to exercise facilities and clubs as 

well as school policy on exercise are implicated in reduced opportunities for voluntary energy 

expenditure (EE) and PAL
33

. Behavioural factors include increased EI and eating patterns, 

sedentary lifestyle, reduced PAL, inadequate sleep and perceived lack of available time
33,34

. 

Physiologically energy homeostasis in itself is highly complex, involving the central nervous 

system integration of both external and internal inputs in order to orchestrate changes to EI 

and EE, restore energy balance and maintain body weight stability. However, malfunctions 
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within this intricate system may predispose individuals to obesity development and this is an 

vast area of ongoing investigation
35

. Environmental influences, coupled with emotional and 

reward aspects of food intake can also result in these homeostatic mechanisms being 

consciously overridden
35–37

. While acknowledging these factors in the aetiology of obesity, 

this review and thesis focuses specifically on alterations in components of EE and substrate 

utilization implicated in obesity development through their influence on body weight, body 

composition and insulin sensitivity. 

 

1.2.1 Energy expenditure and energy balance 

Lower total daily EE (TDEE) is implicated in facilitating a positive energy balance (EI > 

TDEE) that underlies obesity development and can undermine weight loss and weight-loss 

maintenance. TDEE is made up of resting metabolic rate (RMR; ~55-75% of TDEE), the 

thermic effect of feeding (TEF; ~7-15%) and the balance by activity related energy 

expenditure (AEE), including both planned and spontaneous physical activity. These can be 

further divided into AEE intensities, i.e. minutes per day in sedentary, light, moderate and 

vigorous activity
38

. Fat free mass (FFM, which encompasses the organs, skeletal muscle and 

bone) drives RMR, with muscle mass and liver shown to explain 81% of the variance in 

RMR
39

. An inherently lower RMR is suggested to predispose certain individuals towards 

weight gain and obesity and predicts a reduced response to weight loss interventions
40,41

. 

Differences in FFM and its composition may also explain ethnic differences in RMR and its 

contribution to relative obesity prevalence, as shown in African American compared to white 

counterparts
40,42

. In contrast, adipose tissue is the least metabolically active component of 

body composition, contributing just 15-20% of the equivalent amount of FFM to RMR,  

which highlights the importance of maintaining FFM in order to prevent declines in RMR
43

. 

Nonetheless, greater adipose tissue mass in obesity leads to greater FFM
39

, and therefore 

explains the higher absolute RMR observed in obese compared to lean individuals
35,43

. 

Besides body weight and composition, RMR is also influenced by other non-modifiable 

factors such as age and gender, as well as sympathetic nervous system activity and hormone 

action (leptin, thyroid hormones, insulin)
38

. The TEF refers to the increase in RMR associated 

with digestion, absorption and storage of nutrients consumed and can be influenced by the 

macronutrient composition of food intake. Fat intake increases RMR by 2-3%, carbohydrate 

intake by 5-8% while protein has a more pronounced effect on metabolic rate, increasing 

RMR by around 20-30%
44

. As such, dietary macronutrient composition can also influence 
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this component of TDEE. When adjusted for body weight and composition, obese individuals 

are shown to accumulate lower relative AEE, particularly moderate and vigorous activity, 

compared to lean counterparts
45

, and this may be a significant contributor to ongoing weight 

gain in obesity. AEE is also highly variable, ranging between 15% of TDEE in sedentary 

individuals up to 50% in highly active individuals, thus activity patterns can significantly 

impact on TDEE
41

. Therefore, while a lower RMR contributes to reduced TDEE and a 

positive energy balance, low levels of physical activity may play a far more important role on 

the EE side of the equation in obesity development and offers a modifiable component in the 

treatment of obesity.  

 

Obesity pathogenesis has been attributed to a two-fold process of 1) sustained positive energy 

balance and 2) a ‘resetting of the body’s “set-point” at an increased value’
35

. Over the short 

term, overfeeding studies show that both lean and obese individuals will similarly increase 

components of TDEE and reduce EI in order to restore energy balance and resist weight 

gain
46

, and this is attributed to homeostatic neuroendocrine responses to the positive energy 

balance
35,47

. However over the longer term, for obesity to occur, ongoing increases in TDEE 

required to eliminate a persistent positive energy balance and resist weight gain, are 

necessarily weaker and not sustained in comparison to those resisting weight loss
35

. (See 

‘Weight loss maintenance’ below for further discussion of adaptive responses to reduced 

weight). Although the basis for the defence of a higher, rather than lower, body weight set 

point is not fully understood, this is suggested to be the result of evolutionary survival 

advantage, selectively benefitting individuals able to increase body fat stores
48

. However, as 

alluded to in the previous paragraph, in the presence of powerful environmental and 

behavioural influences this would result in relatively unopposed weight gain in preparation 

for a threat that never emerges. Indeed, longitudinal studies show that even small positive 

energy balances, as low as 10 kcal (40 kJ) per day, if consistently applied, can result in 

average weight gain of 0.5 kg per year
49

. Nevertheless, rather than being a passive process 

whereby weight changes in response to changes in energy balance, evidence suggests that 

obesity development involves ‘biological defence’ of a higher body weight (and body-fat 

mass) set-point that more actively resists weight reduction compared to weight gain
35

. The 

development and maintenance of obesity is therefore increasingly shown to be the result of 

dysregulated energy homeostasis, weighted towards the defence of energy stores rather than 

protecting against obesity, and a better understanding of these mechanisms, and how to 

counteract them, is needed in obesity treatment
35

.  
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While studies show average increases in body weight across various age categories over time, 

a large proportion of these individuals are able to maintain stable body weight
50

. This  

suggests a consistent ability to match EI and TDEE in order to achieve energy balance
35

. 

However, with an increasingly sedentary lifestyle, there appears to be increased dysregulation 

in the ability to match EI with TDEE, thus leading to overconsumption, weight gain and 

obesity development over time
35

. A seminal study in West Bengali mill workers 

demonstrated that at moderate to high levels of physical activity, termed the ‘normal-activity 

zone’, EI increased linearly with EE and resulted in stable body weights over a wide range of 

PAL. In contrast, sedentary office workers showed a decoupling of this association whereby 

EI increased, rather than decreased, with progressively lower PAL, and consequently resulted 

in increased body weight
51

. Thus a ‘j-shaped’ curve is described along a PAL continuum. The 

authors argued that sedentary behaviour is a recent phenomenon, considered to be 

“abnormal”, potentially explaining why homeostatic mechanisms failed to respond to low 

PAL and reduced TDEE by appropriately decreasing EI accordingly
51

. The presence of this 

‘j-shaped’ curve of EI against graded PAL is further supported by more recent studies which 

indicated improved ability to match EI with EE as regular exercise was adopted
52,53

. 

Therefore reducing sedentary behaviour and increasing PAL may improve the ability to more 

consistently match EI with EE and is an important consideration in obesity prevention and 

treatment
54

. 

 

1.2.2 Macronutrient Balance 

In addition to energy balance, maintaining stable body weight over time also depends on 

maintaining stable body energy stores (i.e. glycogen and fat). This necessitates macronutrient 

balance; the ability to match carbohydrate and fat intake with their respective oxidation for 

energy production
55

. While the human body has unlimited capacity for fat storage, it is only 

able to store around 500-600g of carbohydrate in the form of glycogen (~500g in muscle and 

~100g in the liver)
56

. As such, carbohydrate has oxidative priority over fat where storage 

capacity is unlimited and this is facilitated through the suppression of lipolysis and fat 

oxidation in response to insulin following acute ingestion of carbohydrates
55,57

. Therefore, 

over the short term, balance between carbohydrate intake and oxidation is generally 

achieved
58

. However if carbohydrate or fat intake appreciably exceeds oxidation, the balance 

must be accumulated in the body as glycogen or fat, respectively. In order to maintain stable 

body stores and body composition, corrective adjustments would then be required to restore 



9 
 

macronutrient balance
55

. Therefore the capacity for fat and carbohydrate oxidation is an 

important consideration for energy storage or utilization and thus for energy partitioning. 

 

Flatt (1987) described a “two compartment model” which considered the relative intake of fat 

and carbohydrate in relation to their oxidation or storage. He proposed that when fat intake is 

increased, fat oxidation must also be increased in order to maintain macronutrient balance 

and prevent fat storage. This might be achieved through decreasing carbohydrate intake and 

thus reducing glycogen saturation of muscle in order to facilitate an increase in fat oxidation, 

as is shown in individuals habitually consuming a low carbohydrate, high fat diet
58,59

. If 

glycogen saturation remains unchanged while fat intake is increased, alterations to the fuel 

mix for energy production would be unlikely and the additional fat will thus be stored. 

Interestingly, in support of this model, negative carbohydrate balance (oxidation > intake, net 

glycogen utilization) and higher reliance on carbohydrate oxidation over 24 hours is shown to 

result in increased food intake over the following 3 days, potentially driven by the need to 

replace glycogen stores
60

. Similarly, lower RER (higher fat oxidation) during exercise (90 

minutes at 60% VO2peak) is also shown to be associated with reduced ad libitum food intake 

and a greater potential to be in negative post-exercise energy balance over the following 48 

hours, compared to individuals with higher exercise RER
61

.  The defence of glycogen stores 

thus suggests a mechanism by which weight gain and body composition changes may be 

influenced by substrate utilization. Another study in overweight and obese individuals on a 

standardized high carbohydrate diet (55% of TDEI) who were in positive carbohydrate 

balance (oxidation < intake, expansion of glycogen stores) over the 15 day test period, 

showed lower gains in body weight, fat mass and body fat percentage over the following 4 

years compared to individuals who were in negative carbohydrate balance (oxidation > 

intake, net glycogen utilization), independent of SI
62

. Several studies have also shown that a 

higher fasting respiratory exchange ratio (RER), indicating a greater preference for 

carbohydrate oxidation, predicts future weight gain
63–65

. Furthermore, a high non-sleeping 

RER predicted subsequent 2 year gain in fat mass and was shown to occur independently of 

energy balance, SI and insulin secretion
66

. Evidence suggests that reduced fat oxidation, and a  

preference for carbohydrate oxidation and glycogen utilization, may increase risk for weight 

and fat mass gains as a result of both greater fat storage as well as increased EI potentially 

driven by the defence of glycogen stores
66

.  
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1.3 Obesity-associated insulin resistance and metabolic inflexibility  

With increasing obesity and adiposity there are concomitant increases in insulin resistance 

(IR) that are associated with the development of T2DM, cardiovascular disease, cancer and 

increased mortality
2–4

. Increasing BMI is associated with greater ectopic fat deposition (liver, 

pancreas, skeletal muscle)
67

 and increased inflammation
68

. This precipitates lipotoxicity and 

impaired glucose metabolism which is associated with the degree of IR and mitochondrial 

dysfunction
69–72

. Related to this, obesity is also associated with increasing ‘metabolic 

inflexibility’, a reduced ability to match fuel oxidation to substrate availability
73

. This section 

reviews the literature to provide an understanding of the relationship between obesity and the 

development of IR and metabolic inflexibility. In the subsequent section, I review in more 

detail how these obesity-associated outcomes might be beneficially modified through 

exercise training. 

 

1.3.1 Insulin resistance 

Obesity and increased fat mass are associated with reduced insulin sensitivity and the 

increased risk for cardiovascular disease, hypertension and T2DM
74,75

. IR describes the 

reduced sensitivity of various tissues; of skeletal muscle to take up and utilize available blood 

glucose, and/or liver to inhibit hepatic glucose production and/or adipose tissue to inhibit  

lipolysis and release of free fatty acids into the circulation
57

. Pancreatic beta-cell insulin 

secretion must therefore be increased in order to normalize blood glucose levels, resulting in 

hyperinsulinemia that is causally associated with the development of obesity-associated 

T2DM
76

. Evidence increasingly suggests that while IR is associated with greater fat mass, 

certain regional body fat depots may play a disproportionate role in IR
74,75

. Earlier studies 

found that IR and its metabolic sequelae were significantly associated with visceral adipose 

tissue (VAT), despite its relatively smaller volume in comparison to abdominal subcutaneous 

adipose tissue (SAT)
77–80

. However, this view has since been challenged by a number of 

studies that have found similar associations between IR and both abdominal SAT and 

VAT
74,75

. Nonetheless, Goodpaster (1999) showed that while insulin sensitivity was 

associated with general and regional adiposity both before and after weight loss, the 

magnitude of improvement in insulin sensitivity was only correlated with percentage change 

in VAT, but not abdominal SAT
81

. Similarly, in a 7 year follow-up study Lemineux (1996) 

showed that a subgroup of women with the greatest increase in VAT showed the greatest 
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decline in glucose homeostasis, even after controlling for increases in body FM
80

. Therefore 

reduction of VAT remains an important target in the treatment of obesity and IR.  

 

Metabolic dysregulation related to IR is argued to be driven by over-nutrition, rather than 

increased adiposity per se
76

, and essentially represents an inability ‘to safely partition a 

chronic fuel surplus’
82

. In line with this argument, the relationship between SAT and IR has 

been postulated to reside in its larger mass compared to VAT, and as such in its ability to 

absorb increased fat accumulation
74,83

. However, with increasing FM, diminished 

adipogenesis leads to subcutaneous adipocyte hypertrophy and together with reduced 

angiogenesis results in adipose tissue hypoxia, promoting an inflammatory profile associated 

with IR
74

. With adipocyte hypertrophy uptake and metabolism of glucose is also reduced, 

leading to increasing adipose tissue dysfunction involving lipid biosynthesis, endocrine and 

secretory functions
83

. Adipocyte hypertrophy ultimately signals that SAT is reaching capacity 

and with further positive energy balance is eventually unable to absorb additional fat 

accumulation
83

. This is hypothesized to bring about a ‘tipping point’ precipitating ectopic fat 

deposition in tissues unaccustomed to deal with excess fat storage (e.g., skeletal muscle, liver, 

pancreas), further increasing IR and hyperinsulinemia, eventually leading to T2DM
74

. The 

hypothesized ‘tipping point’ may differ between individuals based on gender, ethnicity or 

genetics and may potentially explain the metabolically healthy obese paradox
84

. This ‘tipping 

point’ can be indirectly determined from ectopic fat accumulation or SAT cell size relative to 

the ratio of adiposity-to-BMI and can occur in non-obese individuals
83

. Certainly within a SA 

context differences in fat distribution have been shown between black and white women
85

 

with black women presenting with lower VAT and more peripheral gluteal FM previously 

thought to be protective
86

. However, gluteal fat depots in black SA women also show 

differential gene expression compared to white women, pointing to greater risk for adipocyte 

hypertrophy
87,88

, reduced vascularization
88,89

 and increased hypoxia and inflammation
90

, 

which was in turn associated with increased IR compared to white BMI-matched 

counterparts.  

 

Exercise training consistently shows reductions in ectopic fat deposition in the liver, but not 

in muscle and this is not necessarily dependent on clinically significant weight loss
91–94

. 

Aerobic, but not resistance, exercise training was effective in inducing this response
91

 but  

was not influenced by differences in either volume or intensity of the exercise stimulus
92

 and 

may therefore be more dependent on overall EE. In overweight individuals, comparisons of 6 
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months of either calorie restriction (CR, -12.5%), increased exercise EE (CREX +12.5%) and 

low calorie diets (LCD, -15%) showed reductions in body weight (10-14%), adipocyte size 

and ectopic liver fat for all three intervention groups, but significantly improved insulin 

sensitivity only in LCD and CREX groups, but not CR (p=0.08)
94

. These studies suggested 

that exercise-induced increases in fat oxidation, particularly during and after exercise, 

increases plasma lipid clearance, thus accelerating the removal of hepatic lipid content. As 

alluded to above, there exists a small proportion of obese individuals are found to be 

metabolically healthy despite excessive adiposity
84,95

. Increased physical activity
96

, greater 

CRF
31

 as well as improved fat oxidative capacity
97

 differentiate between metabolically 

healthy and unhealthy obese. In summary, IR accompanies obesity and involves 

dysregulation in energy partitioning and storage. Obesity treatment should therefore consider 

interventions that aim to reduce body weight and ectopic fat accumulation including calorie 

restriction, and physical activity. 

 

1.3.2 Metabolic inflexibility 

“Metabolic inflexibility” is described as a reduced capacity for fasting fat oxidation and an 

impaired ability to transition to carbohydrate metabolism under both insulin- and 

sympathetic-stimulated (e.g., during exercise) conditions, and is shown more often in obese 

compared to lean healthy individuals
73,98,99

. Metabolic inflexibility necessarily involves 

impaired insulin sensitivity of tissues, together with defects in fatty acid metabolism
100

. 

Skeletal muscle plays an important role in whole body fat oxidation, and studies in obese 

compared to normal-weight individuals have shown increased fatty acid transporters on 

skeletal muscle cell membranes, but reduced fat oxidative capacity and mitochondrial 

content, as well as lower concentrations of key proteins involved in mitochondrial fatty acid 

oxidation
101,102

. Therefore, in obese individuals, skeletal muscle appears to be primed to take 

up and preferentially store rather than oxidize fat, a feature that may persist even after weight 

loss
73,101

. However, metabolic flexibility is both associated with general, habitual PAL and 

may be modified by changes in PAL
103

. Bergouignan (2013) showed that individuals 

demonstrated a greater capacity to alter the postprandial fuel mix (increased variability in 

RER) in response to a smaller change in plasma insulin following exercise training
104

. This 

effect was reduced with detraining and sedentary behaviour
104

. Exercise training is also 

effective in increasing fat oxidation at rest and during exercise and can improve insulin 

sensitivity, thus promoting improved metabolic flexibility
100

. Hence metabolic inflexibility is 
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prevalent with obesity and more sedentary behaviour and may be beneficially altered through 

exercise training. 

 

1.4 Weight loss strategies 

Prevention of weight gain is a primary goal in reducing obesity prevalence and progression, 

while in obesity treatment, even small amounts of weight loss can have significant health 

benefits
105

. Computer simulations have shown that a 1% reduction in the predicted BMI in 

USA in 2020 could prevent 2.1-2.4 million cases of T2DM, 1.4-1.7 million cardio-vascular 

disease cases and gain ~16 million quality-adjusted life years
9
. Furthermore, following 

weight loss through diet and exercise, there is evidence that even with some weight regain, 

many metabolic benefits remain in place such as reduced systemic inflammation and 

improved insulin sensitivity
106

. In this section the effectiveness of diet compared exercise 

interventions are compared reviewing their effectiveness in achieving weight loss and 

improving metabolic risk factors. Thereafter evidence for the benefits of exercise in relation 

to improvements in CRF, fat oxidative capacity, body composition and insulin sensitivity are 

investigated. 

 

1.4.1 Weight loss through energy deficit: diet versus exercise  

To achieve weight loss a negative energy balance (EI < EE) is required and this can be 

achieved either through increased exercise EE, through dietary calorie restriction or a 

combination of both. Systematic reviews and meta-analyses over the years have generally 

agreed that the magnitude of weight loss from weight-loss interventions employing diet-only 

strategies (~11 kg after 12-16 weeks) is greater compared to interventions using exercise 

alone (~0-3 kg)
3,105,107

. Typically dietary interventions will impose an energy deficit of 

around 500-1000 kcal per day, whereas exercise prescription in many intervention studies is 

more in line with recommendations to improve metabolic health (150-250 minutes of 

moderate intensity exercise per week - equivalent to 1,200 to 2,000 kcal.wk
-1

)
105,108

. More 

recent recommendations suggest that increased physical activity (> 250 minutes per week) is 

required to achieve clinically significant weight loss
105,107,108

. Even at this increased exercise 

training load, the energy deficit imposed through exercise is only ~300 kcal per day, 

significantly below that imposed in dietary approaches. Indeed, where the energy deficit 

imposed through diet- or exercise-only interventions are similar, similar weight loss is 
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shown
94,109,110

. Achieving the required energy deficit for weight loss also requires high levels 

of compliance to the exercise prescription, with better weight loss results shown in exercise 

interventions when adherence rates are very high
111,112

. However, compliance with very high 

workloads, particularly among sedentary obese populations, may prove challenging. Hence a 

combination of moderate calorie restriction together with exercise training is potentially a 

better option for weight loss interventions. Body composition changes should also be 

considered when assessing weight loss in response to exercise versus diet only interventions. 

Exercise training is shown to result in reductions in FM and increases in FFM, which would 

dilute body weight changes in response to the exercise intervention
107

.  

 

Without dietary restriction, compensatory responses to the energy deficit created through 

exercise are shown
113

. This is less evident in interventions of shorter duration and among 

younger individuals with higher initial FM
113

. Weight loss achieved through exercise-only 

strategies is also highly variable, with some individuals being more susceptible to 

compensatory behaviours (reduced EE and increased EI) that offset the exercise-induced 

energy deficit
114

. Compensatory responses to exercise interventions are generally shown to be 

related more to increased EI than reduced non-exercise related PA
111,115,116

. Certainly exercise 

intervention studies report changes in appetite hormones that would induce increased appetite 

(ghrelin), but at the same time show increase satiety (PYY, CCK, GLP-1) following food 

intake, both acutely
117,118

 and over several weeks
119

. This exercise-induced increase in 

satiety-related hormones may also be associated with higher levels of exercise intensity
120

. 

However, it should also be noted that cross-sectional studies have shown ‘constrained total 

energy expenditure’ such that TDEE is more strongly correlated over lower physical activity 

ranges, increasing in a linear fashion with increasing PAL
121

, but this relationship becomes 

weaker and plateaus over higher physical activity ranges. This indicates the adaptation of 

non-exercise related EE to longer term physical activity patterns
121

. Exercise-only 

interventions produce smaller energy deficits and therefore smaller amounts of weight loss in 

comparison to dietary restriction strategies. The following section reviews metabolic benefits 

specifically related to exercise training.   

 

1.4.2 Beneficial effects of exercise training in obesity treatment 

As discussed above, with greater adiposity there is a growing risk for ectopic fat 

accumulation and this is associated with IR. In obesity, increased intramyocellular lipid 
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content (IMCL) is attributed to a pathological imbalances between fatty acid availability and 

skeletal muscle oxidative capacity
122,123

.  While weight loss through diet and/or exercise can 

reduce IMCL, skeletal muscle mitochondrial volume and oxidative capacity is only improved 

with the addition of exercise training
124

. In contrast to obesity-associated IMCL fat 

accumulation, it is worth noting that exercise trained individuals display increased IMCL, 

particularly in oxidative muscle fibres (type 1), but paradoxically have high levels of SI
100

. In 

trained individuals, increased IMCL matches the higher fat oxidative capacity, especially 

during prolonged exercise
125

 Adaptation to exercise training positively impacts on 

mitochondrial biogenesis and expression of enzymes of oxidative metabolism, which allows 

for the complete oxidation of fatty acid metabolites, and is linked to improved insulin 

sensitivity
126

. Greater increases in mitochondrial volume and oxidative capacity are achieved 

through regimes promoting higher exercise EE and are correlated to increased CRF
127

. This 

shows that in the trained state, the increased IMCL content is an adaptive response to exercise 

training rather than a pathological imbalance between fatty acid uptake and oxidation, as is 

found in the obese IR state
122

. In support of this adaptive response to exercise training, 

reduced-obese who exercised regularly were shown to have a metabolic profile similar to 

lean controls, while sedentary reduced-obese had a metabolic profile similar to obese 

controls
128

. Therefore, regular exercise facilitates metabolic improvements through its impact 

on mitochondrial volume, function and oxidative capacity, and over time should contribute 

towards reducing obesity-associated IR related to ectopic fat deposition. The following 

sections will now review evidence for changes in CRF, fat oxidative capacity, body 

composition and insulin sensitivity in response to exercise training interventions as 

summarised n Table 1 below.  

 

Table 1.1: Summary of physiological changes in response to exercise training  

Changes in response to 

exercise 

Impact on whole body 

measurements 

Effect on obesity outcomes 

↑Blood volume  ↓Body weight   

↑Capillary: muscle fibre density ↑VO2peak 

↑Energy expenditure 

↑FFSTM 

↓fat mass 

↑Mitochondrial volume ↑Fat oxidative capacity ↑CRF 

↑Oxidative enzyme activity  ↑Insulin sensitivity 

↑Substrate availability   

Note: VO2peak: peak volume of oxygen consumption; FFSTM: fat free soft tissue mass; CRF: 

cardiorespiratory fitness. 
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1.4.2.1 Impact of exercise training on cardiorespiratory fitness  

The CRF response to exercise training is conventionally determined as the change in VO2peak, 

usually expressed per kg body weight, and is typically used as a marker of the success of 

exercise training interventions. As previously mentioned, it is determined by the capacity of 

the cardiovascular system to deliver oxygen to tissues and mitochondria for energy 

production during maximal exercise intensity
129

. The initial response to exercise training 

involves an increase in blood volume
130

. Subsequent improvements in cardiovascular 

capacity increases blood distribution to active muscles
130

. Capillary-to-fibre density is 

increased according to the muscle fibre mitochondrial volume and in line with the 

requirement for oxygen exchange
131

. These changes, together with increased mitochondrial 

volume and oxidative enzyme activity, improve skeletal muscle oxygen availability, 

extraction and utilization, all of which result in increased whole body VO2peak
127,130–133

.  

 

Systematic reviews show that exercise training interventions, particularly those incorporating 

moderate-to-high intensity exercise, can achieve significant improvements in CRF and reduce 

cardiovascular disease risk and related lipid biomarkers, while also improving glucose control 

and insulin sensitivity
134–137

. While both high intensity exercise and moderate intensity 

endurance training improve CRF, there is an additional benefit from the incorporation of 

higher exercise intensity
138

. In slightly older populations (44.3±8.3 years), an increase of 

~35% in VO2peak was achieved through a 12 week program of track walking at an imposed 

higher intensity (83.2 ±8.0% VO2peak). By comparison there was virtually no change in  

VO2peak when the intensity was self-selected (73.8±9.2% VO2peak), despite the self-selected 

group completing a greater overall walking distance
139

. Similarly, higher exercise intensity, 

rather than increased volumes of low intensity exercise, is necessary to improve CRF in 

sedentary obese populations
140

. Improved CRF was also shown in interventions using training 

intensities either at or above the lactate threshold. Here both groups improved CRF compared 

to controls, with those doing 60% of training above the lactate threshold showing enhanced 

CRF response compared to those working at the lactate threshold
141

. In contrast, in obese 

African American women with similar CRF, 14 weeks of high intensity interval training 

(HIIT: 4 bouts of 30-60 s at 75-90 %HRmax) increased exercise tolerance but did not 

improve CRF, despite high levels of adherence
142

. While moderate to higher intensity 

exercise training is required for CRF improvements, the HIIT format may not be an 

appropriate exercise modality in sedentary, obese populations with low baseline CRF
138,142

, 

and may potentially impact on enjoyment, adherence and sustainability
143

. Exercise 
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interventions therefore need to take into account the optimal exercise dose (intensity and 

volume) required to achieve the desired results while also considering exercise modalities 

that are appropriate for the specific population group. Furthermore, in unsupervised 

conditions, in the absence of incentives, motivation and support, adherence to the exercise 

dose required to achieve improvements in CRF may be sub-optimal.   

 

While many exercise intervention studies show an overall increase in average CRF compared 

to non-exercising controls, there is often high inter-individual response variability
140,144–148

. 

Some individuals may respond well to a period of exercise training, and are referred to as 

‘responders’, while others show no improvement in CRF despite similar exercise training 

stimulus, and are termed ‘non-responders’
149

. Many studies relate CRF non-response to 

inadequate duration, volume and intensity of the exercise training stimulus
140,147,150

. Six 

weeks of endurance training, exercising 4 or 5 times a week for 60 minutes showed an 

absence of CRF non-response compared to 69% non-response in groups exercising just once 

a week
150

. However, in this study, once the non-responders completed a further 6 weeks of 

exercise with 2 additional sessions per week, CRF non-response was eliminated
150

. At similar 

intensities, increasing exercise volume reduced CRF non-response by 50%, while at 

increased volume, increasing exercise intensity completely eliminated CRF non-response
140

. 

In considering VO2peak response variability, most studies have considered exercise dose. 

While this undoubtedly plays a role, no studies have considered baseline variability in 

physiological characteristics, such as substrate utilization and fat oxidative capacity that may 

also contribute to variability in CRF response to exercise training.  

 

Fat oxidative capacity may be a determinant of CRF response variability. Greater VO2peak is 

associated with superior exercise performance
151

 and is shown to correlate with higher fat 

oxidation rates
152

. A recent study also showed that during self-paced high intensity interval 

training at the same rate of perceived exertion, well trained athletes had similar blood lactate 

levels and rates of carbohydrate oxidation to recreational trained athletes, but had fat 

oxidation rates almost three times higher
153

. This study found that fat oxidation rates were 

highly correlated with VO2peak and concluded that the increased capacity for high intensity 

work is largely explained by higher fat oxidation rates
153

. Whole body fat oxidation rates 

provide indirect information regarding mitochondrial capacity. Studies have shown that 

whole body fat oxidative capacity is associated with underlying mitochondrial fat oxidative 

capacity, which is increased in response to exercise training
151

. Similarly changes in whole 
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body fat oxidative capacity in response to exercise training reflect changes in mitochondrial 

volume, enzyme activity and oxidative capacity
151

. Despite the strong link between fat 

oxidative capacity and VO2peak, as well as capacity for high intensity exercise, to the best of 

our knowledge no studies have considered whether baseline variability in substrate utilization 

may impact on the subsequent CRF response variability to exercise training. A better 

understanding of this relationship could help to individualize the exercise dose and modality 

to improve CRF outcomes of exercise interventions. 

 

1.4.2.2  Impact of exercise training on fat oxidation 

Lower fat oxidation, identified in obesity and reduced with increasing BMI categories, has 

been causally associated with both increased IR and prospective weight gain
154,155

. Certainly 

sedentary overweight individuals have lower fat oxidation rates during submaximal exercise 

compared to normal weight controls
156

. However this may be related to levels of CRF and 

training status, and may be beneficially altered through exercise training. A study in 

recreationally-trained lean and overweight individuals, who were matched for CRF, showed 

similar fat oxidation rates over a range of exercise intensities
157

. Substrate oxidation in this 

study was consistently shown to be associated with CRF but not with body fat percentage
157

. 

This highlights that sedentary, overweight individuals demonstrate reduced fat oxidative 

capacity during submaximal exercise compared to lean counterparts, but that this can be 

improved through exercise training and increased CRF.  

 

Exercise intervention studies have shown that moderate-to-high exercise training intensities 

are necessary, not only for improving CRF, but also for improving maximal fat oxidation 

during submaximal exercise
139

. As discussed above, the exercise stimulus essentially induces 

skeletal muscle adaptations including increased substrate availability, mitochondrial volume, 

function and oxidative capacity and this is reflected in whole body fat oxidative capacity
151

. 

Maximal capacity for fat oxidation in untrained populations is diminished with increasing 

body mass, but is generally improved in response to exercise training
151

. Earlier studies in 

normal weight sedentary women showed that moderate intensity exercise training (75% 

VO2peak) reduced reliance on carbohydrate oxidation at the same absolute workload, while fat 

oxidation was increased at both the same absolute workload and relative intensity at post 

testing
158,159

. In sedentary, obese individuals, despite no improvement in CRF, HIIT reduced 

carbohydrate oxidation rates while maintaining fat oxidation rates at the same absolute 
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submaximal workload
142

. Therefore, in order to improve fat oxidation and reduce reliance on 

carbohydrate oxidation during submaximal exercise, it is important to incorporate moderate-

to-higher intensity exercise, particularly among sedentary obese populations. 

 

At rest, changes in substrate utilization in response to exercise training have been shown in 

some, but not all studies. In obese, sedentary populations, exercise intervention studies of 

both shorter (12-14 weeks)
142,160

 and longer duration (16 months)
161

, where no calorie 

restriction was applied, showed no change in resting RER despite reduced RER during 

submaximal exercise. This is surprising as cross-sectional studies show a distinct correlation 

between RER measured at rest and RER measured subsequently during submaximal 

exercise
162

. However, EE and substrate oxidation rates at rest are of significantly lower 

magnitude compared to the exercise state where skeletal muscle is recruited and energy 

production is significantly increased to fuel work. Resting RER is shown to be influenced by 

substrate availability (skeletal muscle and blood)
163,164

 and is therefore highly influenced by 

day-to-day variability in energy and macronutrient composition of the diet and longer term 

dietary adaption, all of which result in altered available fuel stores
165

. In instances of calorie 

restriction, the replacement of glycogen stores is potentially submaximal, and thus fat must 

be mobilized and oxidized to meet the energy deficit, thereby increasing fat oxidation rates. 

Decreases in resting RER have been shown in shorter studies (7 weeks), where energy and 

carbohydrate intake were volitionally reduced
166

, and where calorie restriction and weight 

loss (~8%) were incorporated
167

. While resting substrate utilization is of interest, substrate 

utilization during exercise is likely to be more relevant in assessing fat oxidative capacity of 

working muscle and the relative changes in response to exercise. 

 

1.4.2.3 Impact of exercise training on body composition  

Despite exercise training interventions showing only modest effects on weight reduction, 

body composition is improved through a loss of fat mass and gain in fat free soft tissue mass 

(FFSTM; predominantly skeletal muscle mass but also organ mass)
115

. VAT in particular, 

considered to play an important role in NCD presentation, is beneficially reduced through 

moderate-to-high intensity aerobic exercise training, even without weight loss
168

. Resistance 

training programs, while not associated with weight loss, do offer gains in skeletal muscle 

strength and mass
105

. In contrast, aerobic exercise and combined aerobic and resistance 

training have been shown to be effective at preventing weight gain
105

 and improving body 
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composition
169

. Interestingly, in sedentary overweight women, HIIT was compared to 

continuous aerobic exercise training and found that while both improved work capacity, only 

continuous aerobic exercise showed reduced dual-energy X-ray absorptiometry (DXA) 

derived trunk and android fat measures
170

. Similar to the CRF response, high degrees of intra-

individual variability are also shown in body composition responses to various exercise 

intervention modalities, with some individuals losing fat mass while others gain
115

. 

Highlighting the role of substrate utilization, studies show that higher maximal fat oxidation 

during exercise is associated with higher 24h fat oxidation and reduced or negative 24h fat 

balance, which would support fat mobilization and body composition improvements
171

. 

However, while substrate utilization and macronutrient balance may play an important role in 

body composition changes, there is currently very little research that directly links an 

individual’s baseline capacity for fat oxidation in describing changes in body composition 

observed in response to exercise interventions. 

 

1.4.2.4   Impact of exercise training on insulin sensitivity  

Exercise training, particularly at higher intensities, is effective at improving blood glucose 

control in individuals at risk for T2DM
172

. A recent review on exercise training and its impact 

on insulin sensitivity has summarized findings from a number of exercise intervention 

studies
173

. They highlighted that exercise training increases skeletal muscle capiliarization 

and augments molecular remodelling that impacts on skeletal muscle uptake and utilization of 

glucose
173

. In addition exercise interventions regularly report on reductions in levels of 

systemic inflammation associated with obesity and reduced insulin sensitivity
174,175

. Even in 

the absence of improvements in CRF, aerobic exercise of higher intensity may also improve 

insulin sensitivity through reductions of lipid metabolites within skeletal muscle
173,176

, 

potentially through improved mitochondrial capacity for complete oxidation fat
123

. Cross-

sectional studies have also demonstrated that increased capacity for fat oxidation during 

submaximal exercise promotes negative 24h fat balance (indicating net 24h fat oxidation) and 

is associated with greater insulin sensitivity
171

. Certainly following bariatric surgery, 

individuals randomized to 6 months of moderate intensity exercise showed increased CRF, 

improved mitochondrial function, greater reductions in ceramide species associated with 

impaired insulin signalling and greater improvement in insulin sensitivity compared to non-

exercising controls who underwent health education
177

. Resistance training also improves 

insulin sensitivity, possibly related to increased FFM
178,179

 as well as specific adaptions to 
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different fibre types (glycolytic type 2a versus oxidative type 1 fibres), and suggests that the 

combination of aerobic and resistance exercise training may provide additive benefits for 

improving insulin sensitivity
173

. Evidence therefore supports a possible link between 

improved fat oxidative capacity and increased insulin sensitivity in response to exercise 

training.  

 

1.5 Weight-loss maintenance 

Successful weight-loss maintenance has been described as a 10% reduction of initial body 

weight, that is subsequently maintained for a period of at least 1 year
180

. However, weight 

loss is not only difficult to achieve but also to maintain. An estimated 53% of Americans are 

currently attempting weight loss, with a further 25% struggling to maintain their reduced 

weight
181

. Typically only 20% of overweight and obese individuals with a BMI ≥ 27 kg.m
-2 

 

will achieve successful weight loss, while around 35% of those attempting weight loss 

actually gain additional weight
182

. Further, around 80% of weight loss will be reversed over 

the following 5 years, particularly when weight loss is more moderate (less than 10% of 

initial body weight)
183

. Other studies show that around 17% of individuals successfully 

achieving weight loss will maintain just 10% of this weight reduction for a period longer than 

one year, with around 37% maintaining just 4.4%
184

. In obesity treatment it is therefore 

important to explore the adaptive physiological changes accompanying weight loss, that 

impact on EI, TDEE and macronutrient balance and hence predispose individuals to weight 

regain.  

 

This section starts with an overview of the physiological adaptions to weight loss that act on 

both sides of the energy balance equation and create an ‘Energy Gap’ that effectively defends 

the previously higher body weight set point alluded to above. The following subsections then 

review this adaptive response to weight loss in more detail, specifically investigating changes 

in TDEE and substrate utilization (specifically fat oxidative capacity) that may predispose 

weight-reduced individuals to weight regain. 

 

1.5.1 Physiological compensation affecting energy balance – The Energy Gap 

King et.al. (2007)
185

 described the behavioural and physiological compensatory responses to 

an induced energy deficit. He considered these compensatory responses to be automatic 
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(biologically inevitable) or volitional (intentional). An automatic compensatory response can 

manifest in a behavioural response, for example through increased sedentary behaviour (in 

response to perceptions of fatigue) or increased food intake (in response to increased 

appetite) following exercise. These may be driven by physiological responses including 

changes in appetite related hormones or a biological decrease in resting metabolic rate RMR. 

In contrast, volitional compensatory responses are by their nature behavioural, and are 

therefore entirely self-selected. However, it is likely that the physiological compensatory 

responses, acting to restore energy balance, will have a modulatory effect on the individual’s 

volitional compensatory responses and therefore play a substantial role in weight regain 
186

. 

Combatting these physiological compensatory responses is considered to present one of the 

major challenges to obesity treatment 
187

. 

 

Table 1.2 below summarizes the physiological factors implicated in limiting successful 

weight loss and predisposing individuals to weight regain. The hypothalamus is primarily 

involved in homeostatic regulation of energy balance, receiving signals related to short term 

food intake, as well as changes in long term energy stores
188

. This information is integrated 

and fed forward via neurons to higher areas of the brain and back to the periphery to 

influence both EI and EE
188

. With weight loss, reductions in specific hormones (e.g. leptin 

and insulin) centrally signal reduced energy stores
187

. Reduced food intake as a result of 

calorie restriction and more rapid clearance of nutrients (glucose and fatty acids) from the 

blood stream due to improved insulin sensitivity, further signal reduced nutrient/substrate 

availability
187

. Appetite hormones released from the gut that centrally signal hunger (e.g. 

Ghrelin), are increased during energy deficit and weight loss, while those signalling satiety 

following food ingestion (peptide3-36 YY, glucagon-like-peptide-1 and cholecystokinin) are 

reduced
33,189,190

. Together these afferent signals to the hypothalamus are either fed forward, 

favouring increased energy intake to replenish energy stores, or initiate efferent signals to the 

periphery to increase energy efficiency and reduce EE
187

. Reductions in body mass also 

reduce the energy cost of general activity, while reduced FFSTM leads to declines in 

RMR
187

. Dietary restriction, particularly severe calorie restriction, is associated with 

increased physiological stress which transiently increases hypothalamic-pituitary-adrenal 

(HPA) axis activation
190–192

. This results in elevated circulating cortisol particularly in the 

initial phase of weight loss which in turn increases lipolysis but also appetite
190–192

. Reduced 

sympathetic and increased parasympathetic activation occurs in response to weight loss, 

evidenced by reductions in urinary catecholamines, muscle sympathetic nerve activity and 
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plasma renin activity
193,194

, further contributes to increased appetite and reduced EE and fat 

oxidation, thus facilitating increased fat storage
190,191

. Thyroid hormone levels may also be 

reduced in response to reduced sympathetic activation following weight loss
195

, leading to 

reductions in components of EE as well as increased fat storage
190,191

. Furthermore, there is 

evidence that non-protein RER is raised during weight-loss maintenance and during periods 

of weight regain, suggesting a preference for carbohydrate oxidation and fat storage, which 

may also drive an increase in appetite and food intake
196

. Therefore, with successful weight 

loss, a number of physiological adjustments occur, favouring an increase in energy intake, a 

reduction in components of TDEE, a diminished capacity for fat oxidation and increased 

capacity for fat storage. 

 

Table 1.2: Summary of the changes that accompany weight loss 

Changes accompanying 

weight loss 

Physiological impact Overall impact 

↓Leptin ↑appetite  

↑Insulin sensitivity; ↓insulin ↑energy efficiency, ↓TDEE Energy Balance 

↑Ghrelin ↑hunger      overconsumption  Increased body weight 

↓PYY, CCK ↓satiety (↑EI; ↓TDEE) 

↑Energy efficiency ↓TDEE  

↓FFSTM, ↓FM  Macronutrient Balance 

↑HPA activation (↑Cortisol) ↑appetite & ↑lipolysis Increased FM 

↓sympathetic activation  ↓EE; ↓fat oxidation; ↑fat storage (↓fat oxidation ;↑fat storage) 

↑parasympathetic activation ↑EI; ↑CHO oxidation  

↓Thyroid hormones ↓EE; ↑fat storage  

Note: this table summarizing changes that accompany weight loss has been adapted from previous 

review articles as referenced above
187,190,197,198

. PYY: Peptide YY; CCK: cholecystokinin; FFSTM: fat 

free soft tissue mass; HPA: hypothalamic pituitary adrenal axis; TDEE: total daily energy 

expenditure; EE: energy expenditure; EI: energy intake; CHO carbohydrate; FM: fat mass. 

 

 

1.5.2 Physiological compensation affecting energy expenditure  

The reduction in TDEE that accompanies weight loss is shown to be in excess of that 

described by weight loss-associated changes in body composition, and has been termed 

‘adaptive thermogenesis’
198

. Early studies in obese and never obese groups found that 

maintaining a body weight 10% above or 10% below the normal body weight resulted in a 

compensatory increase of 16% or a decrease of 15% in TDEE (adjusted for body 

composition), respectively
46

. These compensatory changes affected all components of 

relative energy expenditure and suggested a mechanism to return to the usual body weight
46

. 

As discussed above, this mechanism may involve reduced circulating levels of the adipocyte-

derived hormone leptin, as a result of reduced FM, that influence changes in sympathetic 



24 
 

activation and thyroid function
191,199–201

. Declines in leptin may thus need to be managed 

during dynamic weight loss to prevent the energy gap from widening and limiting weight 

loss
202

. TEF is similarly shown to be lower in formerly obese compared to never obese 

subjects, and this may also form part of the adaptive response to weight loss
203

. Furthermore, 

besides a reduction in spontaneous physical activity, a 10% weight reduction has also been 

shown to result in a 20% increase in skeletal muscle efficiency, which further reduces activity 

associated EE
191

. A previously obese, weight reduced individual could thus require a far 

lower daily calorie intake than a never obese individual matched for body weight and 

composition, which has implications for dietary prescription in weight loss maintenance
191

. 

 

1.5.2.1  Adaptive thermogenesis in acute weight loss and weight-loss maintenance 

Calorie restriction, together with the amount of weight lost, negatively impacts on TDEE, 

particularly during the acute weight loss phase. Studies show that during the first 10% of 

weight loss, the reduction in TDEE significantly impacts both RMR and non-resting EE 

(NREE = TDEE – RMR), thereafter further weight loss is predominantly associated with 

additional declines in NREE 
201

. Therefore, exercise in combination with dietary restriction 

may be a preferred approach to creating the required energy deficit without excessive dietary 

restriction, and potentially attenuating declines in NREE. This was elegantly demonstrated in 

a study that created an energy deficit of 25% of energy requirements either entirely through 

calorie restriction (CR) or through 12.5% dietary calorie restriction combined with 12.5% 

increased exercise EE (CR + Ex). The CR and CR + Ex  showed similar weight loss (-

10.4±0.9% versus -10.0±0.8%) and body composition changes and both groups showed 

similar metabolic adaption, as measured by sedentary 24h EE and sleep EE
204

. However, after 

adjusting for sedentary 24h EE, TDEE decreased in the CR group by 316 ±118 kcal/d at 

month 6 (through reduced habitual and voluntary physical activity), whereas the CR + Ex 

showed no changes in these measures
205

. Therefore, while an energy deficit created either 

through diet or a combination of diet with exercise will result in similar metabolic adaptation, 

incorporating exercise into the weight loss strategy helps to maintain and prevent declines in 

NREE. 

 

The degree of energy deficit and the rate and scale of weight loss are important factors in 

determining adaptive thermogenesis in response to acute weight loss, even if metabolically 

active FFSTM is preserved. One study in morbidly obese participants assigned to an energy 
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restricted diet plus vigorous physical activity over a 30 week period, showed that individuals 

achieved reductions of around 38% in body weight, with only 17% of that being a loss of 

FFM
206

. Despite preventing major loss of FFM and a significant increase in energy 

expenditure on physical activity, RMR at week 30 was 504 ±171 kcal/d lower than that 

predicted by changes in body composition
206

. The data from the same group of participants 

was subsequently compared to individuals who achieved similar weight loss following gastric 

bypass surgery. Results showed that compared to the bariatric surgery group, the diet and 

exercise group had maintained a significantly greater proportion of FFM, mainly through the 

incorporation of resistance exercise, but also through increased protein intake, but 

nonetheless showed greater metabolic adaption
207

. This study also found that adaptive 

thermogenesis was associated with the degree of energy imbalance, rate of weight loss and 

change in circulating leptin levels
207

.  These findings thus suggests that with such severe 

calorie restriction ,the body responds as if to starvation, a major threat to survival, with a 

significant reduction in RMR and a widening of the energy gap. 

 

Adaptive thermogenesis in longer term weight loss maintenance is controversial. One study 

compared weight matched individuals at usual weight, after recent weight loss (5-8 weeks) 

and after maintained weight loss of over 10% (>1 year)
208

. This study showed that individuals 

who had both recent and sustained weight loss had lower TDEE, RMR and NREE compared 

to individuals at usual weight, based on predictive equations determined using age and body 

composition
208

. Conversely other studies show that energy restriction results in a 

‘hypothyroid hypo-metabolic state’ during dynamic weight loss that returns to normal once 

energy balance and weight stability has been restored
209

. As shown above, reduced 

circulating levels of leptin following calorie restricted weight loss have been shown to be a 

significant and independent determinant of this metabolic adaption, and levels may remain 

reduced in weight maintenance
210

.  

 

Lifestyle factors such as diet and exercise also have an important impact on TDEE with 

implications for maintaining reduced weight and preventing weight regain. Low fat diets 

result in the greatest reduction in RMR in response to weight loss
211

, while diets higher in 

protein with an emphasis on low glycaemic load have shown less of a decline in RMR
212

. 

Incorporating higher levels of EE on physical activity during a weight loss intervention is 

also shown be associated with more stable body weight and lower weight regain at 6 month 

and 12 month follow-up, emphasizing the importance of incorporating physical activity 
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during weight loss and weight loss maintenance 
213–215

. This would seem to suggest that an 

optimal strategy for weight loss maintenance would involve achieving energy balance at the 

reduced weight, maintaining dietary vigilance, optimizing macronutrient intake, maintaining 

FFSTM and increasing levels of physical activity. While adaptive thermogenesis in weight 

loss maintenance is controversial, small numbers of individuals are able to successfully 

maintain reduced weight. It remains unclear however whether these adaptive responses 

remain present in long term weight loss maintenance and if so, what strategies are these 

individuals employing to underpin their success. Better understanding of these factors will 

help to inform both dietary and lifestyle prescription for the weight maintenance phase to 

prevent weight regain.   

 

1.5.2.2  Physiological compensation affecting substrate utilization 

In terms of substrate utilization, post-obese individuals who have lost weight through dietary 

calorie restriction alone, show suppressed fat oxidative capacity and a preference for 

carbohydrate metabolism during submaximal exercise compared to weight matched 

controls
154

. Studies also show that at long term follow-up (>4 years), women maintaining 

weight reductions greater than 10% of initial body weight exhibited higher maximal fat 

oxidation rates than individuals maintaining more moderate weight loss
216

. Nevertheless, 

post-obese individuals show significantly greater efficiency in the uptake and storage of fat 

compared to matched controls with no weight loss history
217

. Furthermore, weight loss in the 

absence of exercise training, improves insulin sensitivity and metabolic flexibility but does 

not increase mitochondrial content and fatty acid oxidative capacity
218

. However, this might 

equally be countered by maintaining adequate levels of physical activity in weight loss 

maintenance. With dietary relapse, more efficient uptake and storage of fat, rather than 

oxidation, could therefore increase risks for gains in body weight and FM 
187

. Clearly there 

appears to be a lower capacity for fat oxidation that accompanies obesity that may remain 

present in weight loss maintenance, potentially leaving individuals susceptible to weight 

regain.  
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1.6 Conclusion 

In summary to this literature review, strategies are required to address the increased health 

risks associated with the obesity epidemic. The development and maintenance of obesity is 

increasingly shown to be the result of dysregulated energy homeostasis involving persistent 

positive energy balance and defence of a higher body weight set point. In addition to excess 

EI, low levels of TDEE support a positive energy balance and prospective weight gain. 

Reducing sedentary behaviour and increasing PAL may improve the ability to more 

consistently match EI with EE, and is an important consideration in the treatment of obesity 

and the associated risk factors. Energy and macronutrient balance also affects energy stores 

and partitioning, with low fat oxidative capacity favouring fat storage and increasing 

adiposity. High reliance on carbohydrate oxidation and defence of glycogen stores potentially 

drives increased appetite, suggesting a role in weight and fat mass gains over time. As obesity 

becomes established, dysregulated energy partitioning and increased ectopic fat deposition 

increasingly result in IR and metabolic inflexibility, implicating reduced fat oxidative 

capacity in their aetiology. Obesity treatment should therefore consider interventions that 

target these metabolic complications, including calorie restriction and physical activity. 

 

1.7 Aims and Objectives 

Prevention of weight gain is a primary goal in reducing obesity prevalence and progression, 

while in obesity treatment, even small amounts of weight loss can have significant health 

benefits. Weight loss interventions employing dietary calorie restriction alone result in more 

weight loss compared to exercise only interventions. However, exercise training improves 

CRF which is independently associated with reduced risk for T2DM, cardiovascular disease 

and mortality. It is also shown to improve metabolic flexibility, body composition and insulin 

sensitivity and is instrumental in preventing weight gain. Given the beneficial effects of 

exercise training in improving CRF, fat oxidative capacity, body composition and insulin 

sensitivity it is reasonable to expect that exercise training would confer beneficial effects on 

high risk population groups. 

 

Obesity treatment ultimately involves weight reduction. However, the success of weight loss 

and weight loss maintenance is poor. Adaptive physiological changes accompanying weight 

loss, impact on energy and macronutrient balance. These changes limit the success of weight 
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loss and weight loss maintenance, predisposing individuals to weight regain. Combatting 

these physiological compensatory responses is considered to present one of the major 

challenges to obesity treatment. Small numbers of individuals are able to successfully 

maintain reduced weight. However, these adaptive responses in weight loss maintenance are 

controversial and it is unclear whether metabolic rates, EE, substrate utilization and insulin 

sensitivity in long term successfully weight reduced individuals return to levels that are 

indistinguishable from phenotypically similar individuals without a weight loss history. Part 2 

of this thesis then focuses on establishing whether a history of weight loss/weight loss relapse 

alters metabolic rate, substrate utilization and insulin sensitivity such that these individuals 

are predisposed to weight gain/regain.    

 

1.7.1 Part 1 – Exercise Training Intervention 

Evidence presented suggests that exercise training provides a vehicle for preventing weight 

gain and achieving modest weight loss. An exercise intervention, incorporating moderate-to-

high intensity exercise, may also lead to improvements in CRF, fat oxidative capacity, body 

composition and insulin sensitivity. Black SA women show the highest prevalence of obesity 

in sub-Saharan Africa (42%)
15

 and despite studies showing that a large proportion of this 

population group are classified as sufficiently active (although not distinguishing between 

moderate and vigorous activity)
219

, they display very low levels of CRF
220

. The activity 

profile of  black SA women also shows that they predominantly engage in lower intensity, 

ambulatory activity related to transportation, but do little or no leisure related moderate-to-

vigorous activity
219

. They also demonstrate high levels of sedentary behaviour. Consequently 

longitudinal studies in this group have highlighted increases in body weight and measures of 

body fatness over 5 year follow-up, irrespective of habitual activity levels
219

. Compared to 

their white counterparts they also demonstrate physiological differences in terms of body fat 

distribution, with greater gluteal FM and reduced VAT. Furthermore, gluteal fat depots in 

black SA women show differential gene expression compared to white women, pointing to 

greater risk for adipocyte hypertrophy
87

, reduced vascularization
89

 and increased hypoxia and 

inflammation
90

, which was in turn associated with increased IR. Studies also show that black 

SA women have increased peripheral insulin resistance relative to BMI-matched white 

women, placing them at greater risk for T2DM in later life
221,222

. Despite low CRF, high 

prevalence for obesity and increased risk for T2DM
223

, no formal exercise intervention 

studies have previously been carried out specifically in black SA women.  
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In Part 1 of this thesis I hypothesised that metabolic rate and substrate utilization in a 

sedentary obese population will be beneficially altered through exercise training, and that 

these changes would be associated with improvements in CRF, body composition and insulin 

sensitivity. The aims of part 1 were therefore to assess the effects of a 12-week exercise 

intervention on changes in CRF, metabolic rate and substrate utilization, at rest and during 

exercise, along with changes in body weight and body composition in obese black SA 

women. The results of Part 1 are presented in two separate chapters. In chapter 2, I compared 

changes in CRF, metabolic rate and substrate utilization, at rest and during exercise, along 

with changes in body weight and body composition between exercise participants and non-

exercising controls. In chapter 3, I firstly explored the inter-individual variability in CRF 

response to the intervention and then examined the correlates of the inter-individual 

variability in CRF response, comparing differences in metabolic rate and substrate utilization 

at rest and during exercise, along with changes in body composition and insulin sensitivity, 

between low and high CRF responders. The relationships between substrate utilization and 

CRF response, as well as insulin sensitivity and body composition response were also 

explored. These results provide important evidence for the efficacy of exercise training in 

reducing health risks in this high risk population group. 

   

1.7.2 Part 2 – Weight Loss Maintenance 

Obesity is accompanied by substantial metabolic dysregulation, evidenced through reduced 

fat oxidative capacity and increased levels of peripheral insulin resistance. With weight loss, 

despite metabolic improvements, weight reduced individuals may display adaptive 

thermogenesis and reduced fat oxidative capacity, which together may predispose them to 

weight regain. Therefore it is of interest to study individuals who have successfully 

maintained weight loss in order to explore whether these individuals continue to show 

evidence of adaptive thermogenesis and reduced fat oxidative capacity, compared to BMI-

matched controls without a history of weight loss. Furthermore, while weight loss improves 

insulin sensitivity, it is not known whether this returns to levels comparable to individuals 

without a weight loss history when weight loss is maintained over time. Additionally, it is of 

interest to explore the strategies employed by long term successfully maintained weight 

reduced individuals as this may inform future weight maintenance programs, as well as 

lifestyle interventions aimed at preventing weight gain. Among weight loss relapsed 
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individuals it is also important to explore whether the history of weight cycling has an impact 

on measures of metabolic rate, substrate utilization and insulin sensitivity compared to 

individuals who have never attempted weight loss.  

 

In Part 2, I hypothesized that metabolic rate and substrate utilization, along with insulin 

sensitivity will be altered through weight loss/regain, predisposing these individuals to 

prospective weight gain/regain, thereby impairing successful weight loss maintenance.  Part 2 

therefore aimed to examine differences between long term, successfully maintained weight 

reduced and weight loss relapsed individuals compared to BMI-matched controls with no 

weight loss history. Specifically it aimed to explore differences in metabolic rate, substrate 

utilization and insulin sensitivity that may occur as a result of prior weight loss history, 

potentially predisposing these individuals to future weight gain compared to phenotypically 

similar individuals with no weight loss history. I also compared physiological and 

behavioural differences (dietary intake and physical activity) between experimental and 

control groups. By understanding these differences it may be possible to develop strategies to 

counteract these adaptive changes to weight loss to support successful weight loss, as well as 

weight loss maintenance. 
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CHAPTER 2 

 

2. Higher baseline fat oxidation promotes gynoid fat mobilization in 

response to a 12 week exercise intervention in sedentary, obese black 

South African women. 
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2.1 Introduction 

Low levels of physical activity and cardiorespiratory fitness (CRF) are strongly associated 

with increased metabolic risk and obesity
25,224,225

. Obesity contributes to dysregulation of 

endocrine and neural pathways involved in fat deposition and mobilization
226

. Sedentary 

obese individuals exhibit lower maximal rates of fat oxidation during exercise compared to 

lean counterparts
151

. Furthermore, a low ratio of fat-to-carbohydrate oxidation has also been 

associated with subsequent increases in body weight
65,227

 as well as fat mass (FM)
66

. The 

respiratory quotient-food quotient model asserts that energy balance and weight stability is 

achieved when macronutrient balance is also achieved
58

. Carbohydrates have limited storage 

capacity and have oxidative priority over fat; such that over the short term, balance between 

carbohydrate intake and oxidation is generally achieved
58

. However positive energy balance, 

coupled with obesity-related declines in fat oxidative capacity, are likely to promote positive 

fat balance, driving the increased storage of dietary fat
55

.  Investigating potential strategies to 

improve both CRF and fat oxidative capacity is therefore important in the prevention and 

treatment of obesity. 

 

While calorie-restricted weight loss does not necessarily restore fasting fat oxidation, exercise 

training can improve fat oxidation at rest and during submaximal exercise
109,167

. Thus, even 

in the absence of weight loss, combined aerobic and resistance training supports reductions in 

FM, particularly from abdominal and visceral fat depots
228–230

. However fat oxidative 

capacity and its impact on body weight and composition have been shown in 

some
141,166,176,231–233

 but not all studies
169,234

, with exercise intensity playing an important role 

in the desired outcome. From the literature it appears that moderate-high intensity, combined 

resistance and aerobic exercise may be an appropriate vehicle for improving CRF, fat 

oxidative capacity and body composition.  

  

South Africa (SA), and other geographical locations including the United States of America 

(USA) have shown that black African women have a very high prevalence of obesity and 

type 2 diabetes 
20,42,235,236

. While black African women commonly have less central and more 

peripheral (lower-body) FM compared to BMI-matched white counterparts, a feature thought 

to be protective, they are more insulin resistant, hypersecreting insulin in order to maintain 

normoglycaemia 
85,89,221,237–239

. Longitudinal studies from SA also show that this population 

group is at risk for weight gain and increasing obesity over time 
219

. Within SA, the activity 



33 
 

profile of black African women indicates substantial engagement in low intensity, ambulatory 

activity (walking for transport), but little or no moderate-to-vigorous intensity physical 

activity and high rates of sedentary behaviour 
219,240

. Consequently CRF is very low 

15,219,220,240
. Exercise training would therefore offer an attractive vehicle to improve CRF and 

promote improvements in body weight and composition in this high risk population group. 

However, to date no supervised exercise training interventions have been conducted in obese, 

black SA women.  

  

We hypothesized that a structured exercise training intervention in obese black SA women 

would increase CRF, metabolic rate and fat oxidation at rest and during submaximal exercise. 

We further hypothesized that greater fat oxidative capacity at the outset would facilitate 

improvements in body composition in response to exercise, particularly in visceral abdominal 

depots associated with reduced insulin sensitivity. Therefore, this study aims to examine the 

impact of a 12 week exercise intervention on changes in CRF, EE and substrate utilization (at 

rest and during exercise) in obese black SA women and to explore the associations with 

changes in body composition.   

 

2.2 Methods 

The full research protocol for all procedures and baseline characteristics of the cohort have 

been previously described in detail
241

. 

 

Participants 

Forty-five black SA women were recruited from the Western Cape, SA and randomized into 

an exercise (n=23) on control group (n=22). Inclusion criteria were: 20-35 y, obese (BMI 30-

40 kg/m
2
), weight stable for 6 months, black SA (both biological parents isiXhosa), sedentary 

(not >1 exercise session of >20 min/week over previous 12 months), no diagnosed disease, 

not on medication, no surgical procedures in the previous 6 months and on injectable 

contraceptive (depot medroxyprogesterone acetate, 400 mg, >2 months). HIV and pregnancy 

tests were completed to ensure participants were HIV negative and not pregnant. Of the 

individuals recruited, 10 withdrew (3 from the exercise group and 7 from the control group). 

Of these, 9 withdrew due to time constraints and 1 due to pregnancy. The analysis includes 

35 individuals, 20 in the exercise group and 15 in the control group. Given the participant 

burden in terms of time and travel requirements participants were reimbursed at an hourly 
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rate in accordance with recommendations from the Health Sciences Human Research Ethics 

Committee at the University of Cape Town. This study was approved by the Human 

Research Ethics Committee at the University of Cape Town (HREC REF: 054/2015) and 

conducted in accordance with the 1964 Helsinki declaration and later amendments. 

Participants provided written consent prior to testing. The trial was registered retrospectively 

with the Pan African Clinical Trial Registry database (PACTR20171102789113). 

 

Study design 

Thirty-five participants completed the study (CTL, n=15; EXE n=20)
241

. EXE undertook 12 

weeks of aerobic and resistance exercise, while maintaining usual dietary patterns. CTL 

continued habitual activity and dietary patterns. All participants attended three pre- and post- 

testing sessions (See Figure 2.1 below). At the first session, anthropometry was measured and 

body composition was determined by dual energy x-ray absorptiometry (DXA). A treadmill-

based graded exercise test was performed to determine peak oxygen consumption (VO2peak). 

At session two, a treadmill-based submaximal exercise test at 50% VO2peak was completed. 

At least 72 h thereafter, participants were provided a standardized evening meal and fasted 

overnight (10-12 h), remaining at the facility. The following morning (06:00 h), resting 

metabolic rate (RMR) (40 min) was measured. At weeks 0, 4, 8 and 12 dietary data and 

objectively measured physical activity data was collected.  

 

 
Figure 2.1 – Study design and testing   

Note: Anthro: anthropometry; DXA: body composition measurement using dual energy x-ray 

absorptiometry; VO2peak : peak volume of oxygen consumption; RMR: resting metabolic rate; 

RER: respiratory exchange ratio; FSIGT: frequently sampled intravenous glucose tolerance 

test. 
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Exercise intervention 

The 12-week exercise intervention incorporated aerobic and resistance training at moderate-

vigorous intensity (70-85% peak heart rate, HRpeak) progressing from 40 to 60 minutes per 

session, 4 days per week, supervised by a trained human-movement and exercise specialist. 

Aerobic exercise (>75% HRpeak) included dance- and boxing-related exercise, running, 

skipping and stepping. Resistance exercise (60-70%HRpeak) included press-ups, shoulder 

press, bicep curls, squats and lunges using body weight, resistance bands and free weights. 

Heart rate monitors (Polar A300, Kempele, Finland) were worn and monitored during all 

training sessions to ensure adherence to the prescribed exercise intensity. 

 

Body Composition 

Weight (BW-150, NAGATA, Tainan, Taiwan) and height (3PHTROD-WM, Detecto, 

Missouri, USA) were measured in lightweight clothing. Waist (WC, at the umbilicus) and hip 

(HC, at the largest protrusion of the buttocks) circumferences were measured using a metal 

anthropometric tape measure (CESCORF, Brazil). Whole body composition including fat 

mass (FM) and fat-free soft tissue mass (FFSTM) were measured using DXA (Discovery-

W®, version 12.7.3.7, Hologic, Bedford, MA, USA) according to standard procedures. Sub-

total (excluding the head) FM and FFSTM were used for all analyses. DXA-derived regional 

body fat distribution, including android, gynoid, trunk, subcutaneous (SAT) and visceral 

(VAT) adipose tissue, were measured as previously described
242

. Android, gynoid and trunk 

FM are expressed in kilograms and as a percentage of subtotal FM.   

 

Graded exercise test 

A walking, treadmill-based (C, Quasar LE500CE, HP Cosmos, Nussdorf-Traunstein, 

Germany), graded exercise test was performed measuring pulmonary gas exchange (Cosmed 

Quark CPET, Rome, Italy) to determine VO2peak and respiratory exchange ratio (RER). 

Participants were familiarized to the equipment prior to testing and wore a heart rate monitor 

to determine HRpeak. The first 6 min used a modified Bruce protocol as a warm up and to 

obtain three stages of steady state metabolism. Subsequently VO2peak was obtained using an 

adapted ramp protocol
243

 until volitional exhaustion.  
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Steady State Testing 

Following an overnight fast (10-12 h) EE and RER were measured at 50% VO2peak (ml.min
-

1
.kg

-1
)
244,245

 using indirect calorimetry (Cosmed Quark CPET, Rome, Italy). Workload 

(treadmill gradient) was adjusted during the first 5 minutes to achieve the required exercise 

intensity. Thereafter participants walked for 10 min at the selected workload, measuring EE, 

RER and HR and the mean of the 10 min test is reported. Steady state post-testing was 

repeated at an absolute workload (same workload as pre-intervention) and relative intensity 

(50% of post-intervention VO2peak), with 10 min recovery between
246,247

.  

 

Resting Metabolic Rate  

Resting EE and RER were measured following an overnight fast (10-12 h, >72 h after 

VO2peak testing). The evening prior to the test, participants consumed a standardized meal 

(representative of a typical evening meal) at 20:00 h (Energy: 2,456 kJ, Protein: 21 g (14%), 

Carbohydrate: 49 g (33%) and Fat: 32 g (48%)) remaining at the facility and abstaining from 

alcohol or caffeine. The following morning (6:00 h) participants remained awake in the 

supine position in a quiet, temperature controlled (21-24 C) room. Basal EE and RER were 

recorded for 40 min, using the ventilated hood technique (Cosmed Quark CPET, Rome, 

Italy). Measurements were based on the mean of the last 30 min
248

.  

 

The metabolic cart was calibrated before all tests using a 3 L syringe and analysers using 

standard gas mixtures of room (atmospheric) air (20.95% O2, 4% CO2 and the balance 

Nitrogen) and calibration gas (16% O2, 4% CO2 and the balance nitrogen; Air Products, Cape 

Town, South Africa).  Total rates of fat and carbohydrate oxidation were calculated using the 

equations of Weir and Frayn
249,250 

and are reported per kg FFSTM.  

 

Dietary Intake 

At pre-testing and every 4 weeks thereafter a 24 h dietary recall was completed with a 

registered dietitian. Thereafter 3 d food records were completed in the same format, including 

one weekend day. On return, the dietitian checked the records for completeness, clarifying 

incomplete records with participants. Dietary intake was calculated as the average daily 

intake from the 24 h recall and 3 d food record
251,252

. Nutrient intake analysis was calculated 

by the Biostatistics Research Unit of the South African Medical Research Council (Parow, 

Western Cape, South Africa) using the South African Food Composition Database System 
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(SAFOOD, the South African Food Composition Database, Version 2016, Parow, Cape 

Town, South Africa)
253

.   

 

Physical Activity 

Physical activity is reported as a daily step count and measured using accelerometers 

(ActivPAL, activPAL3c, PAL Technologies Ltd, Glasgow, UK) at pre-intervention, 4, 8 and 

12 weeks. The activPAL was attached to the mid anterior right thigh and worn continuously 

for 7 days. Data was analysed using the activPAL software (PAL Technologies, version 

7.2.32, Glasgow, UK).  

 

Statistical Analysis 

Statistical analysis was carried out using Stata (Version 12, Stat Corp, College Station, Texas 

77845, USA). Data was assessed for normality using the Shapiro Wilks test. Mean and 

standard deviations (SD) were reported for normally distributed data and median and inter-

quartile-ranges (IQR) for non-parametric data. Mixed models with repeated measures were 

used to compare differences in the changes in outcome variables between groups over time 

(group, time and group-by-time interaction effects). Post-hoc tests informed differences 

between groups at either baseline or post-testing as well as within group changes over time. 

Pearson and Spearman correlation coefficients were used to examine associations and 

multiple linear regression models were used to model predictors of change in secondary 

outcome variables. The multiple linear regression models were tested for normality of 

residuals, linearity and homoscedasticity. Outliers were checked for influence and leverage 

and multicollinearity of predictors was assessed using the variance inflation factor (VIF > 5). 

For all tests, significance was accepted at p<0.05.   

 

2.3 Results 

There were no differences in age between CTL (23 y; IQR 21-27) and EXE (22 y; IQR 21-

24, p=0.748). EXE completed 38.1±6.3 (range: 25 – 49, 79.4%) of the 48 exercise sessions at 

a mean intensity of 79.7±4.0% HRpeak (range: 71 – 85% HRpeak). 

 

Body composition  

Baseline measures of body weight, anthropometry and body composition were not different 

between EXE and CTL (p>0.05, Table 2.1). There were interaction effects for weight, BMI, 
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WC, HC and WHR (p<0.05). Post hoc tests showed that weight, BMI, WC and HC decreased 

in EXE in response to exercise training (post hoc ∆time: p=0.038, p=0.029, p<0.001 and 

p=0.005, respectively), while in CTL, weight, BMI and WC increased (post hoc ∆time: 

p=0.030, p=0.038 and p=0.016). There were interaction effects for gynoid FM (kg: p=0.017 

and %FM: p=0.002). As a percentage of FM, gynoid FM (%FM) decreased in EXE in 

response to the exercise intervention (post hoc ∆time: p<0.001). In contrast, there were no 

changes in DXA-derived measures of FFSTM, FM, android FM, abdominal SAT or VAT in 

either EXE or in CTL.  However, over the 12 week period, gynoid FM increased in CTL 

(post hoc ∆time: p=0.031), but as a percentage of FM this was unchanged (post hoc ∆time: 

p=0.323).  

 

Table 2.1 –Body composition and body fat distribution  

 CTL (n=15) EXE (n=20) P values 

 Pre Post Pre Post Group 

x 

Time 

Group 

 

Time 

 

Anthropometry        

Weight (kg) 87.8±10.9 88.8±11.0* 84.1±8.7 83.3±9.7*
φ
 0.003 0.267 0.030 

BMI (kg.m
-2

) 33.4±2.7 33.8±2.8* 34.1±2.8 33.8±3.1* 0.003 0.43 0.038 

WC (cm) 103.4±8.1 105.9±9.5* 103.6±7.4 100.4±8.6*
φ
 <0.001 0.927 0.016 

HC (cm) 117.5±1.6 117.9±1.6 114.5±1.4 112.7±1.4*
φ
 0.023 0.153 0.548 

WHR 0.88±0.05 0.90±0.07 0.91±0.07 0.89±0.06 0.016 0.193 0.094 

DXA-derived measures of body composition
(#) 

FFSTM (kg) 38.4 

(35.0-40.7) 

38.2 

(35.4-38.2) 

37.1 

(33.6-39.6) 

37.1 

(33.9-39.9) 

0.353 0.226 0.217 

FFSTM (%) 47.6±4.2 47.5±3.8 47.8±2.7 47.9±3.1 0.548 0.840 0.543 

FM (kg) 40.8±7.0 41.2±6.2 38.6±5.5 38.6±6.7 0.189 0.302 0.076 

FM (%) 50.4±4.3 50.4±3.9 50.2±2.7 50.1±3.1 0.521 0.912 0.518 

Android FM (kg) 3.3±1.0 3.3±1.0 3.2±0.5 3.1±0.6 0.388 0.562 0.818 

Android (%FM) 8.0±1.3 7.9±1.5 8.3±1.0 8.1±1.0 0.860 0.572 0.163 

Gynoid FM (kg) 7.8±1.1 8.0±1.0* 7.1±1.3 7.0±1.4
φ
 0.017 0.085 0.031 

Gynoid (%FM) 19.4±2.3 19.6±2.3 18.5±1.7 18.2±1.6*
φ
 0.002 0.129 0.323 

SAT (cm
2
) 533±100 533±09 529±74 523±81 0.535 0.895 0.937 

VAT (cm
2
) 130±46 128±37 137±28 132±28 0.509 0.505 0.688 

Note: BMI: body mass index; Gr: group; T: time; WC: waist circumference; HC: hip 

circumference; WHR: waist-to-hip ratio; FM: fat mass; FFSTM: fat free soft tissue mass; 

SAT: subcutaneous adipose tissue; VAT: visceral adipose tissue. DXA-derived measures of 

body composition use subtotal (excluding the head) measures of FM and FFSTM. (#) DXA-

derived body composition measures had missing data for one CTL participant at post-testing.  

* - p<0.05 post-hoc within-group change over time; 
φ 

- p<0.05 post hoc difference between 

groups at post-testing. 
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Cardiorespiratory Fitness, Metabolic Rate and Substrate Utilization 

At baseline there were no group differences in VO2peak whether unadjusted or adjusted for 

weight or FFSTM (p=0.774, p=0.291 and p=0.447 respectively)(Table 2.2). Baseline 

measures of EE, RER and rates of fat and carbohydrate oxidation (adjusted for FFSTM) were 

not different between EXE and CTL at rest or during steady state exercise (50% VO2peak) 

(p>0.05). In response to exercise training, mean VO2peak showed interaction effects 

(p<0.001), increasing in EXE (post hoc ∆time: p<0.001) and remaining unchanged in CTL 

(post hoc ∆time: p>0.05), when unadjusted or adjusted for weight or FFSTM. During steady 

state exercise, at post-testing EXE performed the same absolute workload at a lower 

%VO2peak (interaction: 0.037; post hoc ∆time: p<0.001) and %HRpeak (p=0.001; post hoc 

∆time: p<0.001). During steady state exercise at the same relative intensity (50% post-testing 

VO2peak), there were interaction effects for EE (kJ.FFSTM
-1

, p=0.006) which increased in 

EXE (post hoc ∆time: p<0.001) due to the higher workload required to reach this intensity 

(treadmill gradient: interaction: p<0.001; EXE post hoc ∆time, p<0.001). While there were 

no interaction effects for carbohydrate oxidation rates, there were for fat oxidation rates 

(p=0.009) such that the increased EE in EXE was fuelled by higher fat oxidation rates (post 

hoc ∆time: p=0.003). In contrast, rates of fat and carbohydrate oxidation remained unchanged 

in CTL (p>0.05). At rest there were no interaction effects for energy expenditure or substrate 

utilization between EXE and CTL.  

 

  



40 
 

Table 2.2: Cardiorespiratory fitness, energy expenditure and substrate utilization 

during submaximal exercise and at rest  

 CTL (n=15) EXE (n=20) P value 

 

Pre Post Pre Post 

Group x 

Time  

Group 

 

Time 

 

Cardiorespiratory Fitness        

VO2peak (ml.min-1) 2099.4±282 2032.3±196 2077±211 2278±231* 0.001 0.774 0.286 

VO2peak (ml.min-1.kg-1) 23.9±3.0 23.0±2.6 24.9±2.4 27.6±3.4* <0.001 0.291 0.195 

VO2peak(ml.min-1.FFSTM-1)# 55.4±8.5 52.9±7.7 57.1±5.6 62.5±5.3* <0.001 0.447 0.144 

Steady State (Absolute) 
      

VO2 (%VO2peak) 52.3±3.7 51.3±8.1 51.2±3.9 43.9±7.5* 0.037 0.008 0.008 

HR (%HRpeak) 65.4±5.5 64.8±5.5 68.2±4.5 60.0±6.8* 0.001 0.146 0.643 

EE (kJ.h-1 .FFSTM-1)# 34.3±5.0 32.2±4.6 35.6±4.2 32.8±4.6 0.627 0.109 0.475 

RER 0.847±0.042 0.850±0.032 0.848±0.048 0.824±0.044 0.069 0.924 0.759 

Energy derived from Fat 

(%)  

51.8±14.9 51.0±11.0 51.6±16.9 59.9±15.0 0.074 0.957 0.824 

Fat oxidation rate  

(mg.min-1 .FFSTM-1 )# 

7.2±2.0 6.7±2.0 7.5±2.5 8.0±2.2 0.227 0.694 0.460 

CHO oxidation rate 

(mg.min-1 .FFSTM-1 )# 

18.4±6.40 17.5±3.9 18.8±6.3 14.7±6.1 0.067 0.831 0.594 

Steady State (Relative)       

VO2 (%VO2peak) 52.3±3.7 52.7±3.7 51.2±3.9 51.3±3.2 0.892 0.342 0.710 

HR (%HRpeak) 65.4±5.5 65.7±5.5 68.2±4.5 65.5±5.0 0.126 0.107 0.831 

EE (kJ.h-1 .FFSTM-1)# 34.3±5.0 33.5±5.4 35.6±4.2 38.9±4.2* 0.006 0.477 0.607 

RER 0.847±0.042 0.857±0.027 0.848±0.048 0.835±0.041 0.116 0.921 0.353 

Energy derived from Fat 

(%)  

51.8±1.49 48.6±9.4 51.6±16.9 56.0±14.0 0.125 0.956 0.390 

Fat oxidation rate  

(mg.min-1 .FFSTM-1 )# 

7.2±2.0 6.6±1.8 7.5±2.5 9.0±2.7* φ 0.009 0.207 0.344 

CHO oxidation rate 

(mg.min-1 .FFSTM-1 )# 

18.4±6.4 19.0±4.6 18.8±6.3 18.7±5.1 0.683 0.827 0.652 

Speed (km.h-1) 3.0±0.1 3.0±0.0 3.0±0.1 3.0±0.0 0.833 0.766 0.266 

Gradient (%) 4.0±3.1 4.3±2.3 3.8±2.6 9.2±4.3* <0.001 0.851 0.719 

Resting Measurements       

RMR (kJ.d-1 .FFSTM-1)# 
150±19 161±20 145±28 156±28 0.930 0.569 0.093 

RER 0.788±0.037 0.772±0.050 0.800±0.044 0.797±0.040 0.458 0.413 0.247 

Energy derived from Fat 

(%) 

71.8±12.9 77.1±16.4 68.1±15.5 68.7±14.0 0.469 0.453 0.283 

Fat oxidation rate  

(mg.min-1 .FFSTM-1 )# 

1.8±0.4  2.0±0.5*  1.7±0.5 1.8±0.5 0.429 0.523 0.028 

CHO oxidation rate 

(mg.min-1 .FFSTM-1 )# 

1.9±1.0 1.6±0.9 2.1±0.9 2.2±1.3 0.411 0.547 0.377 

HR: heart rate; HRpeak: peak heart rate; VO2peak: peak volume of oxygen consumption; EE: 

energy expenditure; FFSTM: fat free soft tissue mass; RER: non-protein respiratory exchange 

ratio; RMR: resting metabolic rate. (#) DXA measurements of FFSTM were missing for one 

CTL participant at post-testing. For all measures that adjust for FFSTM at post-testing: CTL 

(n=14). * - p<0.05 post-hoc within-group change over time; 
φ 

- p<0.05 post hoc difference 

between groups at post-testing. 

 

 

Dietary intake and Physical Activity 

Table 2.3 details dietary energy and macronutrient intake and daily step count measured 

every 4 weeks over the 12-week intervention period in EXE and CTL. Energy intake 

remained unchanged in the EXE and CTL (kJ) and there were no interaction effects. There 

were interaction effects for carbohydrate (%TDEI: p=0.014) and fat (%TDEI: p=0.040). This 

reflected unchanged macronutrient intake for EXE throughout the intervention (p>0.05), 
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however CTL increased carbohydrate intake in week 12 compared to baseline (post hoc 

∆time: p=0.045) and consequently consumed relatively more carbohydrate (post hoc group 

difference: p=0.019) and less fat (post hoc group difference: p=0.028) compared to EXE at 

week 12. Daily step count showed interaction effects for week 4, 8 and 12 compared to 

baseline (p=0.009, p=0.009, p=0.001 respectively) such that daily step count increased in 

EXE in weeks 4, 8 and 12 (post hoc ∆time: p<0.05), but did not change in CTL (p>0.05). 

 

Table 2.3 – Energy Intake, Macronutrient Distribution and Daily Step Count  

 CTL (n=15) EXE (n=20) Group 

x Time 

Group Time 

EI (kJ)      

Baseline 8,138 (6,493-9,434) 8,369 (7,014-10,565)  0.481  

Week 4 # 7,489 (7,110-9,217) 7,838 (6,934-9,780) 0.759  0.278 

Week 8 7,963 (6,306-8,921) 8,516 (7,363-9,659) 0.658  0.259 

Week 12 8,429 (7,335-9,509) 8,443 (7,595-9,919) 0.519  0.939 

Protein (%EI)      

Baseline 14.3±1.9 13.2±2.5  0.207  

Week 4# 13.2±2.3 13.9±2.9 0.108  0.204 

Week 8 13.8±2.8 13.4±2.0 0.509  0.531 

Week 12 13.5±2.1 13.7±3.0 0.278  0.408 

Carbohydrate (%EI)      

Baseline 54.0±5.7 55.1±5.4  0.626  

Week 4# 56.9±6.0 53.9±5.9 0.098  0.121 

Week 8 56.0±7.6 54.2±5.3 0.257  0.289 

Week 12 57.8±7.2* 52.7±8.3φ 0.014  0.045 

Fat (%EI)      

Baseline 31.0±5.6 30.4±6.1  0.795  

Week 4# 29.2±5.1 31.0±6.0 0.389  0.202 

Week 8 29.5±7.3 31.3±5.5 0.330  00424 

Week 12 27.8±6.4* 32.2±5.9φ 0.040  0.082 

Daily step count      

Baseline 10,082±2,598 9,461±2,295  0.533  

Week 4# 9,055±2,471 11,094±2,337*φ 0.009  0.148 

Week 8 8,784±2,785 10,661±3,517φ 0.009  0.067 

Week 12# 9,242±1,791 11,627±3,505*φ 0.001  0.190 

Note: EI: energy intake. * - p<0.05 post-hoc within-group change over time; 
φ
 - p<0.05 post-

hoc differences between groups at baseline, 4week, 8 week or 12 week. Dietary intake data: 

#: at week 4, CTL (n=14). Daily step count: #: at week 4, EXE (n=19); at week 12, EXE 

(n=19), CTL (n=14). 
 

 

Associations between EE and substrate utilization and body composition  

Associations between baseline and changes in CRF and EE and substrate utilization at rest 

and during steady state exercise were explored in relation to changes in body composition in 

both EXE and CTL and presented in the Appendix (Supplementary Table 2.1). Higher 

baseline steady state exercise EE and fat oxidation rates (Figure 2.2A) were associated with 
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reductions in gynoid FM (kg) in EXE (r=-0.480 and r=-0.542, respectively p<0.05 for both) 

but not CTL (p>0.05). At rest in EXE only, lower baseline RER and carbohydrate oxidation 

rates (Figure 2.2B) were associated with reductions in FM (kg), gynoid FM (kg) and 

abdominal SAT (cm
2
), but not VAT (cm

2
), while higher baseline resting fat oxidation rates 

were associated with reductions in android FM (kg, p=0.037) and SAT (p=0.016). The 

relationship between the changes in gynoid FM with baseline VO2peak (Figure 2.2C) and 

change in VO2peak (Figure 2.2D) differed by group such that higher baseline VO2peak and 

greater increases in VO2peak were associated with a decrease in FM and gynoid FM in EXE 

(p<0.05) but not CTL (p>0.05). 

 

Figure 2.2: Associations between baseline substrate oxidation, baseline and change in 

CRF with changes in Gynoid FM in the exercise and control groups. 

Note: FM: fat mass, FFSTM: fat free soft tissue mass, VO2peak: peak volume of oxygen 

consumption, BL: baseline; CHO: carbohydrate. 

 

 

Changes in EE and substrate utilization at rest and during exercise in response to exercise 

training showed that for EXE only, decreases in carbohydrate oxidation rates and RER at the 

same relative exercise intensity and at rest were associated with increases in gynoid FM 

(p<0.05) (Supplementary Table 2.1). Baseline values of carbohydrate oxidation rates and 
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RER were negatively associated with subsequent changes in response to exercise such that 

individuals with higher baseline carbohydrate oxidation rates and RER at rest (r = -0.588 & r 

= -0.750, p<0.001) and during steady state exercise (r = -0.669 & r = -0.704, p<0.001) 

showed the greatest reductions in response to exercise. However, individuals with a greater 

reliance on carbohydrate oxidation from the outset showed a more muted response with some 

showing increases, rather than reductions, in gynoid FM.  

 

Table 2.4 below shows the regression models for predictors of change in gynoid FM in 

response to exercise training, and as such uses data for EXE only. Based on the bivariate 

associations presented in supplementary Table 1, significant independent variables were 

included to generate the most parsimonious model. In the model, baseline rates of resting 

carbohydrate oxidation and steady state fat oxidation explained over 60% of the variance in 

subsequent change in gynoid FM in response to the exercise intervention, with both measures 

being significant independent predictors. Including either baseline VO2peak (R
2
=0.625 (adj  

R
2
=0.550), p=0.002) and ∆VO2peak (R

2
=0.642 (adj  R

2
=0.570), p=0.001) did not significantly 

improve the model and neither of these variables were independent predictors.  

 

Table 2.4 – Predictors of change in gynoid FM (kg) in response to exercise 

∆Gynoid FM Coefficient p-value 95% Confidence Interval Beta 

Coefficient 

Model: R2=0.606 (adj R2 = 0.557) p<0.001     

Baseline resting carbohydrate 

oxidation rate (mg.min-1 .FFSTM-1 ) 

 

Baseline steady state fat oxidation 

rate (mg.min-1 .FFSTM-1 ) 

224,532 

 

 

-59,145 

0.004 

 

 

0.028 

80,786 to 368,277 

 

 

-111,036 to -7,254 

0.549 

 

 

-0.401 

Note: FM: fat mass; FFSTM: fat-free soft tissue mass. 

 

2.4 Discussion 

The main finding of this study was that 12 weeks of combined aerobic and resistance exercise 

training in obese, black SA women resulted in an unanticipated relative reduction in gynoid 

FM rather than VAT, which is typically shown in response to exercise training
168

. Over 60% 

of the variance in change to gynoid FM in response to the exercise intervention was 

explained by baseline measures of fat oxidation during steady state exercise and carbohydrate 

oxidation at rest. These findings demonstrate that an increased ability to oxidize fat and 

reduced reliance on carbohydrate oxidation for energy metabolism at the outset facilitated fat 

mobilization in response to exercise training. As hypothesized, the exercise stimulus also 
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resulted in increased CRF from a very low base and improvements in EE and fat oxidation 

during steady state exercise, compared to no change in non-exercising controls.  

 

This moderate to high-intensity exercise training intervention stimulated improvements in 

CRF and whole body fat oxidation rates during steady state exercise compared to controls 

who continued to engage in daily low intensity ambulatory activity. Improved CRF is not 

shown in all exercise intervention studies. In overweight and obese African American 

women, 14 weeks of high intensity interval training failed to achieve improvements in 

VO2peak, suggesting that combined resistance and moderate-to-high intensity aerobic training 

may be preferable in achieving cardiorespiratory fitness (CRF) improvements
142

. Higher-

intensity exercise training does result in increased maximal fat oxidation rates, as shown with 

higher-intensity track walking compared to lower-intensity, self-paced walking
139

. During 

steady state exercise at the same relative intensity (50% post-testing VO2peak), EXE increased 

fat oxidation rates by ~20%. At the same absolute workload, while fat oxidation rates 

remained unchanged, carbohydrate oxidation rates tended to decline (p=0.067), consequently 

enabling EXE to increase the proportion of energy derived from fat from ~52% to ~60%. 

These results show that the exercise training stimulus was adequate to achieve improvements 

in CRF and fat oxidation rates during steady state exercise in this sedentary, obese population 

group. Reported dietary energy intake and macronutrient distribution remained unchanged in 

EXE so it is unlikely that this would have influenced changes in substrate utilization at rest or 

during steady state exercise.  

 

Low CRF is found to be a determinant of insulin resistance, independent of physical 

activity
220

. The current study showed that baseline CRF levels for all participants was low, 

confirming previous findings
220

. Despite increasing CRF by 10.8% to 27.6±3.4ml.min
-1

.kg
-1

 

in response to the 12-week exercise training intervention, CRF remained slightly below the 

20
th

 percentile for VO2peak previously shown in female African American populations (28.3 

ml.min
-1

. Kg
-1

; 73% overweight or obese)
254

. This is of concern in a population group with a 

high prevalence of obesity (40.9%)
255

 and metabolic syndrome (43%)
256

. These results 

highlight the importance of promoting similar exercise programs that are sustainable over the 

long term, to ensure ongoing improvements in CRF and related health risks within these 

communities
2,71–74

.  
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In contrast to the exercise training response, metabolic rate and substrate utilization at rest 

remained unchanged in EXE following the intervention. Resting and steady state exercise 

testing was carried out in the fasted state, with dietary intake controlled on the night before, 

and activity controlled for 72 hours prior to the resting measurement. The lack of response in 

resting substrate utilization in the EXE, is consistent with results from other exercise training 

interventions in obese, sedentary populations of  similar duration (12-14 weeks)
142,160

 and 

longer (16 months), where no calorie restriction was applied
161

. However, decreases in 

resting RER are shown in shorter studies (7 weeks) where energy and carbohydrate intake 

were volitionally reduced 
166

 and in interventions incorporating calorie restricted weight loss 

of ~8%
167

. Nonetheless, skeletal muscle metabolism, a key target for exercise adaptation, 

contributes a significantly lower proportion of whole body substrate metabolism at rest in 

comparison to exercise. Therefore it is likely that resting substrate utilization is a less 

sensitive measure for assessing metabolic changes in response to exercise training, 

particularly in the absence of weight loss. By comparison, at post-testing, resting fat 

oxidation rates increased in CTL, which was unexpected given the increase in self-reported 

carbohydrate intake over the 12-week intervention period.  

 

While exercising participants only achieved modest reductions in body weight, the control 

group had a small, but significant increase in body weight.  The latter is in line with previous 

findings that showed large increases in body weight and central fat mass in young black SA 

women over a 5.5 year free-living period
219

. Hence, exercise training may be an effective 

intervention to attenuate gains in body weight and centralisation of body fat, and the 

associated reduction in insulin sensitivity in this population.  

 

Notably, fat mobilization in the participants of this study occurred specifically in gynoid 

depots, and not VAT as is typically shown in overweight and obese adults in response to 

exercise training
168

. Although the absolute reduction in gynoid FM was relatively small, it is 

important to note that the gynoid depot as a proportion of total FM was significantly reduced 

in response to exercise training. This is a novel finding, potentially representing an ethnic-

specific response to exercise training and warrants further investigation. Studies in SA and 

abroad have shown ethnic differences in body fat distribution between black African and 

white women. In particular, compared to their white counterparts, black women have less 

central and more peripheral, lower-body FM and have less abdominal VAT and more SAT 

for a given WC
85,237,257

. In comparison to white women,  the gluteal fat depot of black SA 
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women shows differential gene expression characterised by a higher inflammatory profile 

compared to abdominal SAT depots
89

, a reduced adipogenic and lipogenic profile
90

, greater 

adipocyte hypertrophy
87,88

, reduced vascularization
88,89

 and increased hypoxia
90

. All of these 

factors are implicated with ectopic fat deposition and further increases in insulin resistance
74

, 

therefore reductions in gynoid FM in response to exercise training may help to attenuate this 

risk.  

 

Among exercise participants, 60% of the variability in changes to gynoid FM in response to 

exercise training was explained by baseline rates of fat oxidation during steady state exercise 

and carbohydrate oxidation at rest. This suggests that higher fat oxidative capacity is 

important for achieving body composition changes in response to exercise training and 

supports previous findings
166,258,259

. Unfortunately, as recently highlighted
260

, substrate 

utilization during submaximal exercise is not routinely measured in exercise intervention 

studies. Equally the relationship between substrate oxidation rates and subsequent body 

composition changes are not commonly explored, despite high inter-individual variability in 

body composition response to exercise training
142,234

. Accordingly, the current study suggests 

that higher fat oxidation during steady state exercise in this population group may increase fat 

mobilisation particularly in the gluteal depot in response to exercise training.     

 

This is the first study to investigate changes in substrate oxidation at rest and during steady 

state exercise in response to 12 weeks of exercise training in obese black SA women, a 

population group at increased risk for obesity and T2DM. It builds on the body of evidence 

supporting the role of fat oxidation in achieving body composition changes in response to 

exercise training, independent of changes in diet. Notably, the study shows that exercise 

training results in mobilization of gynoid FM in this sample of obese black SA women, which 

is a novel finding that is in contrast to previous exercise interventions. By design this study 

was aimed at evaluating an exercise intervention in black SA women, as such, the study did 

not allow for comparison with other ethnic groups, but it would certainly be of interest to 

explore the differential response of body composition changes to exercise training between 

different ethnic groups and sexes. Although not representing free-living conditions, the 

assessment of submaximal exercise under fasted conditions allowed the underlying changes 

in substrate utilization, independent of the acute influence of dietary intake, to be examined. 

Resting measurements were undertaken at least 72 h after the last exercise session and food 

intake 12 h prior to testing was standardized and monitored. The exercise intervention was 
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supervised and monitored throughout by a trained human-movement and exercise specialist 

and objectively monitored using heart rate monitoring to ensure adherence to the required 

exercise intensity. In free living conditions it is recognised that supervised exercise training 

such as this requires financial support and as such would be intended for individuals who had 

access to similar programs, either privately funded or supported through community-based 

government initiatives. While it is recognised that self-reported dietary data collection is 

inherently problematic, 24 h recalls were completed with a registered dietitian who also 

reviewed the self-reported intake to ensure record completeness. However, it is noted that 

using comparisons of reported EI relative to recorded RMR under reporting, as defined by 

Goldberg et al (1991) cut-off of 1.35 (Supplementary table 3.3), was evident
261

. The sample 

size was also relatively small and findings may have been strengthened by increased 

numbers.  

 

In conclusion, exercise training in sedentary, obese black SA women improved CRF and fat 

oxidation rates during submaximal exercise. Notably, higher fat oxidation rates during steady 

state exercise and lower resting carbohydrate oxidation at baseline, together with 

improvements in CRF, were associated with the mobilization of gynoid FM, rather than VAT 

as hypothesized, in response to exercise training. This relationship may help to explain inter-

individual variability in body composition responses to exercise interventions. Similar 

exercise training programs, that are sustainable over the long term, would therefore be 

beneficial in achieving meaningful improvements in CRF and associated risk factors while 

also supporting weight management and body composition improvements in this high risk 

population group.   
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CHAPTER 3 

 

3. Higher carbohydrate oxidation rates at rest and during exercise 

predict poorer VO2peak response to an exercise intervention in 

sedentary, obese black South African women 

  

 

 

 

 

Louise Clamp 

 

 

For this study I was responsible for: developing the research questions; advertisement and 

recruitment of participants; carrying out the graded exercise test to determine VO2peak; 

carrying out the steady state exercise testing; carrying out the resting measurements; 

collection and analysis of dietary data; statistical analysis and interpretation and write-up of 

the manuscript.   
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3.1 Introduction 

Low levels of physical activity, and in particular low CRF, are strongly associated with 

increased markers of cardiovascular disease and T2DM, with low CRF independently 

predicting mortality in asymptomatic women
25,224,225,262

. VO2peak is widely used to measure 

CRF and to assess the effectiveness of exercise interventions in improving CRF
144

. However, 

high inter-individual variability in CRF response to exercise interventions, beyond that 

observed in non-exercising controls, has been documented and is frequently attributed to 

differences in the exercise dose (volume and intensity)
140,144–148

. While exercise dose 

undoubtedly plays a role in the outcome, underlying variability in metabolic and 

physiological variables at the outset, particularly among sedentary individuals, may also 

contribute to the subsequent variability in CRF response to exercise training.  

 

Exercise interventions can improve CRF, fat oxidative capacity, body composition and 

SI
112,142,167,176,263,264

. CRF, specifically improved through exercise training, is highly 

correlated with higher fat oxidation rates during exercise and differs between well trained and 

untrained individuals
153,265

. Furthermore, low rates of fat oxidation and a preference for 

carbohydrate oxidation has been shown to increase short term ad libitum food intake and 

weight gain
60

 and predict longer term increases in body weight, obesity and FM
63,65,66,154,266

. 

Conversely, exercise training increases fat oxidation at rest and during submaximal exercise, 

potentially supporting fat mobilization and body composition improvements
55,142,166,267,268

. 

Despite this, the relationship between fat oxidative capacity and subsequent body 

composition changes in response to exercise interventions are not commonly explored, 

despite evidence of high inter-individual variability in body composition responses to the 

interventions
142,234

. Exercise training, potentially through increased skeletal muscle oxidative 

capacity 
122

, also improves insulin sensitivity
167,176,269

. It is therefore of importance to explore 

the role of substrate utilization in determining the CRF response to exercise training, as well 

as the impact it may have on secondary outcomes such as improving body composition and 

insulin sensitivity. 

 

Within SA, black women have a very high prevalence of obesity and  T2DM 
85,221,222,270

. We 

and others have shown that black SA women have very low levels of CRF, well below the 

20
th

 percentile previously shown in African American women
271

 and below the 5th percentile 

for age and gender norms
220,241

. However, in the previous chapter I showed that 12 weeks of 
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exercise training in obese black SA women resulted in improved VO2peak and a reduction in 

body weight compared to non-exercising controls. I hypothesized that there would be high 

inter-individual variability in CRF response to the exercise intervention, and that there would 

be underlying differences in substrate utilization at baseline between participants with low 

and high CRF response to the exercise intervention. I further hypothesized that these 

differences would lead to differential changes in body composition and insulin sensitivity in 

response to the exercise intervention.  

 

The aims of this study were therefore to: 1) examine the variability in ∆VO2peak, as a proxy of 

changes in CRF, in response to the 12-week exercise intervention; 2) compare changes in EE 

and substrate utilization at rest and during steady state exercise in response to the 12 week 

exercise intervention between high and low VO2peak responders; and 3) compare changes in 

body composition and insulin sensitivity in response to the 12 week exercise intervention 

between high and low VO2peak responders. Lastly, I aimed to identify whether differences in 

baseline substrate utilization, at rest and during exercise, may explain the variability in CRF 

response to exercise training. 

  

3.2 Methods  

Study design 

All research protocol procedures and baseline characteristics of the participants have been 

described previously
272

. This chapter uses data from the same obese black SA female 

participants (exercise group: EXE; n = 20; control group: CTL; n = 15) of the 12 week 

exercise intervention study, collected as described in the previous chapter. In summary, 

participants underwent 3 pre- and post-intervention testing sessions. At the first session body 

weight, anthropometry and body composition (DXA) measurements were taken; thereafter 

participants completed a graded exercise test to determine VO2peak and HRpeak. At the second 

session a steady state exercise test was carried out to determine EE and substrate utilization at 

50% VO2peak. At post-testing, two steady state exercise tests were carried out with a 10 

minute rest in between. The first was conducted at the same absolute workload (treadmill 

speed and gradient) and the second at the same relative exercise intensity (50% of post-

testing VO2peak). Over 72h thereafter, participants consumed a standardized evening meal and 

fasted overnight (10-12h), remaining at the facility. At 6am the next morning, resting 

metabolic rate (RMR) and substrate utilization was measured and a frequently sampled 
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intravenous glucose tolerance test (FSIGT) was completed to determine insulin sensitivity 

index (SI)(see description below). Following pre-intervention testing, EXE then completed 12 

weeks of supervised aerobic and resistance training at moderate-vigorous intensity (>75% 

peak heart rate, HRpeak), progressing from 40 to 60 min per session, 4 days per week for 12 

weeks. Heart rate monitors (Polar A300, Kempele, Finland) were worn at all exercise 

sessions to ensure adherence to the prescribed exercise intensity. CTL were instructed to 

continue with habitual diet and physical activity patterns. Dietary intake (one 24h recall and 

3-d food records to include one weekend day) and physical activity data over 7 days 

(ActivPAL, activPAL3c, PAL Technologies Ltd, Glasgow, UK) were collected at pre-testing, 

4, 8 and 12 weeks.  

 

Insulin sensitivity 

Fasting blood samples were taken after completion of the RMR measures. Glucose (50% 

dextrose; 11.4 g/m
2
 body surface area) was intravenously infused over 60 s starting at time 0. 

Human insulin (0.02 U/kg; NovoRapid, Novo Nordisk, Bagsvaerd, Denmark) was infused at 

a constant rate over 5 min (starting at t=20min) (HK400 Hawkmed Syringe Pump, Shenzhen 

Hawk Medical Instrument Co., Shenzhen, China). Blood samples were then taken at time 

intervals as stated in the protocol
241

 and were analysed to determine plasma glucose and 

insulin concentrations. Plasma glucose concentrations were determined using a colorimetric 

assay (Randox, Gauteng, South Africa) and serum insulin was measured using 

immunochemiluminometric assays (IMMULITE 1000 immunoassay system, Siemens 

Healthcare, Midrand, South Africa). Bergman’s minimal model of glucose kinetics 
273

 was 

used to calculate the SI from glucose and insulin concentrations obtained during the FSIGT
241

. 

 

Cardiorespiratory fitness response: high and low responders   

CRF response to exercise training was defined as the change in relative VO2peak (per kilogram 

body mass), determined from the graded exercise test, from pre- to post-testing. The true 

inter-individual response was quantified by the following formula proposed by Williamson 

et.al., 2017
274

:  

SDR   =   √(𝑺𝑫𝟐
𝑰   −   𝑺𝑫𝟐

𝑪 )    

 

where SDR is the true inter-individual response and SDI  and SDC is the standard deviation 

(SD) of the change in VO2peak in the EXE (I) and CTL (C) groups respectively. Based on 
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gender and age associated norms (females, 18-30yrs 41-44ml.min
-1

.kg
-1

)
271,275

, true inter-

individual variability of relative VO2peak of 8-8.5% (~1 MET = 3.5ml.min
-1

.kg
-1

) would be 

considered clinically meaningful
274,276

. High responders (HRS) were identified as those 

achieving above median change in VO2peak, and low responders (LRS) were identified as 

those achieving below median changes in VO2peak . HRS and LRS were compared with 

respect to changes in primary and secondary outcome variables. 

 

Statistical Analysis 

Statistical analysis was carried out using Stata (Version 12, StatCorp, College Station, Texas 

77845, USA). Data was assessed for normality using the Shapiro Wilks test. Mean and 

standard deviations were reported for normally distributed data and median and inter-

quartile-ranges for non-parametric data. Comparisons of  single variables (e.g., number of 

classes attended, average exercise intensity) of normally distributed data used two sample t-

tests for independent groups with equal variance, or a Satterthwaite’s independent sample t-

test for unequal variance. Wilcoxon Rank Sum test was used for non-parametric data. Mixed 

models with repeated measures were used to compare differences in the changes in outcome 

variables between groups in response to the intervention. Post-hoc tests determined 

differences between groups at baseline or post-testing as well as within-group changes over 

time. Pearson and Spearman correlation coefficients were used to examine bivariate 

associations and multiple linear regression models were used to model predictors of change 

in VO2peak. The multiple linear regression models were tested for normality of residuals, 

linearity and homoscedasticity. Outliers were checked for influence and leverage and 

multicollinearity of predictors was assessed using the variance inflation factor (VIF > 5). For 

all tests, significance was accepted at p<0.05.   

 

The analysis of CRF response variability excluded the control group not exposed to exercise 

training and focused primarily on the exercise group, comparing high and low responder 

groups with respect to changes in primary and secondary outcome variables. Comparison of 

LRS and HRS to CTL is however also provided with results shown in Supplementary Tables. 
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3.3 Results 

Inter-individual variability in CRF response: exercise versus control groups  

VO2peak was unchanged in the CTL (∆VO2peak: -0.92 ±2.32ml.min
-1

.kg
-1

, p=0.195) and 

increased in the EXE ((∆VO2peak: +2.67 ±3.15ml.min
-1

.kg
-1

, p<0.001; group-by-time 

interaction: p<0.001)(Figure 3.1, below). True inter-individual response variability for the 

EXE was calculated to be ±8.4%, after accounting for the variability observed in the non-

exercising control group. Based on a median split, high responders (HRS, n=10) and low 

responders (LRS, n=10) were identified as those achieving above or below median changes 

in VO2peak. HRS increased VO2peak by 21.7±10.0% (p<0.001) while in LRS this remained 

unchanged (+0.6±6.3%, p=0.748, group-by-time interaction: p<0.001) (Table 3.1).   

 

Figure 3.1: Variability in the change in cardiorespiratory fitness in exercise participants 

compared to non-exercising controls.  

Note: VO2peak: peak volume of oxygen consumption. 

 

 

Baseline characteristics, exercise and resting tests – Low and High Responders 

The characteristics of the LRS and HRS groups are described in Table 3.1, with the 

additional comparison with the control group presented in the Appendix (Supplementary 

Table 3.1). There was no difference in age (p=0.249) between LRS and HRS. At baseline, 

absolute VO2peak was higher in LRS than HRS (p<0.001), but when adjusted for body weight 

or FFSTM, baseline VO2peak was not different between groups (p>0.05). Both groups 

performed the baseline steady state exercise test (50% VO2peak) at a similar workload 

(treadmill speed and gradient), although RER (p<0.001) and carbohydrate oxidation rates 
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were higher (p<0.001), and fat oxidation rates were lower (p=0.005) in LRS compared to 

HRS (Figure 3.2). At rest, there were no group differences in baseline RMR, RER, fat or 

carbohydrate oxidation rates (p>0.05) (Figure 3.2). LRS were however 10.8 kg heavier 

(p=0.001) at baseline and had greater BMI (p<0.001), HC (p=0.005), FM (p=0.027), FFSTM 

(p=0.006) and SAT (p=0.010) compared to HRS. By contrast, VAT, BF%, WHR and 

proportional android and gynoid FM (%FM) were not different between LRS and HRS 

(p>0.05). Baseline fasting plasma glucose, insulin and SI were also similar between LRS and 

HRS (p>0.05).  
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Table 3.1: Age, exercise adherence, CRF, Steady state test work rate and workload, 

body composition and insulin sensitivity for high and low VO2peak responders to a 12 

week exercise intervention 

 LRS (n=10) HRS (n=10) 

Age (yrs)A 22(21-24)  22.5(21-27)  

Exercise Adherence: 
    

Classes attendedB 38.2±6.0  38.0±6.9  

HR (%HRpeak)B 78.6±4.0  80.6±4.0  

 Baseline Post-testing Baseline Post-testing 

Cardiorespiratory Fitness: 
    

VO2peak (ml.min-1) 2,233±100 2,242±199 1,921±173** 2,314±264* 

VO2peak (ml.min-1.kg-1) 25.3±2.2 25.5±2.9 24.5±2.7 29.7±2.5*  ** 

VO2peak (ml.min-1.FFSTM-1) 58.4±3.5 58.7±3.4 55.8±7.2 66.3±4.0* ** 

Steady State (Absolute): 
    

VO2 (%peak) 50.6±3.1 47.9±3.1 51.7±3.1 39.9±3.2* ** 

HR (%HRpeak) 68.7±3.5 62.5±7.0* 67.6±5.5 57.5±6.0* ** 

Speed (km.h-1) 3±0 3±0 3±0 3±0 

Gradient (%) 4.0±2.5 4.0±2.5 3.6±2.8 3.6±2.8 

Steady State (Relative): 
    

VO2 (%peak) 50.6±3.1 51.7±2.1 51.7±3.1 51.3±2.1 

HR (%HRpeak) 68.7±3.5 65.7±6.1 67.6±5.5 65.4±4.0 

Speed (km.h-1) 3±0 3±0 3±0 3±0 

Gradient (%) 4.0±2.5 7.8±4.0* 3.6±2.8 10.6±4.2* 

Body Composition: 
    

Weight (kg) 89.5±6.0 88.4±7.8 78.7±7.7** 78.2±8.9** 

Height (m) 157.7±3.5  156.2±7.7  

BMI (kg.m-2) 36.2 

(35.3-37.1) 

35.9 

(34.8-37.5) 

31.8** 

(30.6-33.9) 

31.0** 

(30.0-34.5) 

WC (cm) 108 

(100-109) 

102* 

(95-109) 

100 

(98-105) 

97*  ** 

(94-103) 

HC (cm) 118 

(114-123) 

117* 

(112-123) 

113 

(105-116) 

110*  ** 

(104-113) 

WHR 0.89 

(0.87-0.93) 

0.87 

(0.86-0.90) 

0.90 

(0.87-0.94) 

0.89 

(0.86-0.91) 

FFSTM (kg) 39.0 

(36.8-40.3) 

39.3 

(35.9-40.1) 

34.3** 

(32.7-37.4) 

35.3** 

(33.0-37.2) 

BF% 49.9 

(48.7-51.7) 

50.2 

(49.3-52.8) 

50.0 

(48.3-51.6) 

48.8 

(48.1-50.4) 

FM (kg) 41.2±5.1 42.0±6.5 36.1±4.9** 35.3±5.3** 

Android FM (%FM) 8.2±.8 8.1±0.9 8.3±1.3 8.2±1.2 

Gynoid FM (%FM) 18.7±1.8 18.6±1.5 18.2±1.7 17.8±1.6* 

SAT (cm2) 566±75 565±81 491±54** 482±60** 

VAT (cm2) 131.1 

(121.9-165.0) 

140.9 

(119.1-152.4) 

125.2 

(121.9-163.8) 

129.1 

(121.6-136.3) 

Insulin Sensitivity#: 

    

Fasting glucose (mmol.L-1) 5.6 ±1.0 5.0 ±.0 5.4 ±0.7 5.2 ±1.0 

Fasting insulin (mU.L-1) 15.5 

(14.2-19.0) 

13.0 

(12.3-16.3) 

12.2 

(6.4-19.9) 

11.2 

(10.5-17.1) 

SI
 2.1 

(1.3-3.1) 

2.3 * 

(1.5-4.7) 

1.7 

(1.2-2.4) 

2.0 

(1.5-3.1) 

Note: HR: heart rate; HRpeak: peak heart rate; VO2peak: peak volume of oxygen consumption; BMI: 

body mass index; WC: waist circumference; HC: hip circumference; WHR: waist-to-hip ratio; 

FFSTM: fat free soft tissue mass; BF%: body fat percentage; FM: fat mass; SAT: subcutaneous 

adipose tissue; VAT: visceral adipose tissue; SI: insulin sensitivity index. * - post-hoc within group 

change over time (p<0.05); ** - post hoc group difference at pre-testing or post-testing (p<0.05). 

Superscript A: Wilcoxon’s rank sum; superscript B: two sample t-test for independent groups 

with equal variance. #: All values for insulin sensitivity for pre- and post-testing, HRS (n=9). 
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When comparing the groups to the CTL (Supplementary Table 3.2), body composition did 

not differ between CTL and LRS at baseline, but CTL were heavier (p=0.013), with greater 

FM (p=0.043), FFM (p=0.032) and hip circumference (p=0.002) than HRS. Baseline VO2peak, 

expressed per kg body weight, was not different to LRS (p=0.182) or HRS (p=0.547, 

Supplementary Table 3.1). During baseline steady-state exercise, RER was lower in CTL 

than LRS (p=0.036), but higher than in HRS (p=0.056). CTL also had lower carbohydrate 

oxidation rates compared to LRS (0.023). There were no differences in either RMR or resting 

substrate utilization measures or in fasting glucose, insulin and SI between CTL, LRS and 

HRS at baseline (p>0.05).  

   

Exercise adherence and change in steady-state exercise intensity and workload in 

response to the 12-week exercise intervention 

Despite marked differences in VO2peak response to exercise training, both HRS and LRS 

showed no difference in exercise class attendance (p=0.946) and exercised at a similar 

average exercise intensity throughout the 12-week intervention (%HRpeak, p=0.287) (Table 

3.1). Due to improved VO2peak, HRS performed the same absolute steady-state workload at a 

lower intensity at post-testing (39.9±3.2% VO2peak, p<0.001), while LRS showed no change 

(p=0.233). At the same relative intensity, both LRS (+3.8 ±2.9%) and HRS (+7.0 ±2.4%) 

increased workload tolerance, indicated by greater treadmill gradient at post-testing (p<0.001 

for both).  

 

Compared to both LRS and HRS, VO2peak remained unchanged in CTL (pre: 23.9±3.0 and 

post: 23.0±2.6ml.min
-1

.kg
-1

, p=0.075) and was lower than both LRS (p=0.017) and HRS 

(p<0.001) at post-testing (Supplementary Table 3.1). CTL performed the same absolute 

steady state workload at the same intensity at post-testing (51.3±8.1% VO2peak p=0.613) 

which was similar to LRS (p=0.135) but higher than HRS (p<0.001). At the same relative 

steady state intensity, CTL did not increase workload tolerance and exercised at a similar 

treadmill gradient which was lower than both LRS (p=0.004) and HRS (p<0.001) at post-

testing.  
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Change in EE and substrate utilization during steady state exercise in response to the 12 

week intervention 

The change in RER, EE and rates of fat and carbohydrate oxidation in response to the 12 

week exercise intervention, during both steady state exercise (absolute and relative) and at 

rest are presented in Figure 3.2. At the same absolute workload, although RER tended to 

decline in LRS (p=0.055) in response to the exercise intervention, it remained higher than 

that of HRS (p=0.001) at post-testing. Accordingly, while carbohydrate oxidation, measured 

at the same absolute exercise workload rates, decreased in both groups (LRS: p=0.008; HRS 

p=0.031) in response to the exercise intervention, post-testing carbohydrate oxidation rates 

remained higher (p<0.001) while fat oxidation rates remained lower (p=0.037) in LRS 

compared to HRS. At the same relative exercise intensity (50% post-test VO2peak), increased 

VO2peak and greater workload tolerance in HRS translated into higher EE (p<0.001), which 

was fuelled by higher fat oxidation rates (p=0.047). By comparison, given the minimal CRF 

response in the LRS group, EE at 50% VO2peak remained unchanged (p=0.568). Nonetheless, 

RER tended to decline in LRS (p=0.059), reflecting tendencies for lower carbohydrate 

oxidation rates (p=0.056) and higher fat oxidation rates (p=0.081). 

 

While substrate utilization in CTL at the same absolute steady state workload was not 

different to LRS (p>0.05) at post–testing, RER (<0.001) and carbohydrate oxidation rates 

(p=0.001) were higher than in HRS, while fat oxidation rates tended to be lower (p=0.055) 

(Supplementary Table 3.1). During relative steady-state exercise, at post-testing RER and 

carbohydrate oxidation rates in LRS were no longer higher than those in CTL. However, 

compared to HRS, RER (p=0.009) remained higher and fat oxidation rates (p<0.001) were 

lower at the same relative intensity in CTL.  

 

Change in RMR and substrate utilization at rest 

While RMR was not different between groups (Figure 3.2D, interaction, p=0.362), resting 

RER declined in LRS (p=0.024) and increased in HRS (p=0.052) in response to the 12-week 

intervention (Figure 3.2B). There were concomitant interaction effects for rates of fat (Figure 

3.2F, p=0.055) and carbohydrate oxidation (Figure 3.2H, p=0.014) such that fat oxidation 

rates increased in LRS (post hoc ∆time: p=0.029), while carbohydrate oxidation rates 

increased in HRS (post hoc ∆time: p=0.058) only. Resting EE and substrate utilization were 

unchanged in CTL, but at post-testing RER (p=0.006) and carbohydrate oxidation rates 
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(p=0.012) were lower, while fat oxidation rates (p=0.019) were higher in CTL compared to 

HRS (Supplementary Table 3.1). 

 

 

Figure 3.2: Changes in substrate utilization and energy expenditure during steady state 

exercise and at rest in response to the 12-week exercise intervention.  

Values shown are mean and standard deviations. Note: Absolute Steady State Testing: 50% baseline 

VO2peak; Relative steady state testing: 50% post-testing VO2peak. BL: baseline; EE: energy expenditure; 

CHO: carbohydrate oxidation rate; RMR: resting metabolic rate; RER: respiratory exchange ratio. # - 

group-by-time effect (p<0.05); * - post-hoc change over time (p<0.05); ** - post hoc group difference 

at pre-testing or post-testing (p<0.05).  
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Change in body weight and composition in response to exercise intervention: 

Body weight and BMI did not change significantly over the 12 week intervention in either 

group (within group change over time, p=0.132 and 0.126 respectively) and consequently the 

weight and BMI differential present at baseline between the two groups remained present at 

post-testing (p=0.002 and p<0.001 respectively)(see Table 3.1). WC decreased in both groups 

in response to the exercise intervention (HRS p<0.001; LRS p=0.013), although at post-

testing WC was lower in HRS than LRS (p=0.039). HC reduced only in HRS (p=0.047), but 

remained unchanged in LRS. FM (kg) showed a tendency for an interaction effect such that 

FM decreased in HRS and increased in LRS (group-by-time, p=0.056), but this interaction 

effect was not observed for percentage body fat (group-by-time, p=0.143). There were no 

differences in the change in android FM (%FM), SAT (cm
2
) or VAT (cm

2
) between the two 

groups in response to the exercise intervention. By contrast gynoid FM was reduced in HRS 

(%FM, p<0.001; kg p=0.005) and remained unchanged in LRS (%FM p=0.272 and kg 

p=0.317), in response to the exercise intervention (group-by-time interaction: %FM p=0.040 

& kg p=0.008 respectively).  

 

Body weight (p=0.030), BMI (p=0.038) and WC (p=0.015) increased in CTL and there were 

group-by-time effects compared to both LRS (p=0.006, p=0.007 and p=0.001 respectively) 

and HRS (p=0.022, p=0.020 and p<0.001 respectively), where body weight and BMI 

remained relatively unchanged while WC decreased (Supplementary Table 3.2). The increase 

in FM in CTL approached significance (p=0.060) with a group-by-time effect for the 

comparison with HRS (p=0.021). There was also an interaction effect for the change in 

gynoid fat mass (% FM) which increased in CTL compared to a decrease in HRS (group-by-

time: p<0.001).  

 

Change in insulin sensitivity 

Median fasting plasma glucose concentrations were within the normal range in both LRS and 

HRS at baseline and post-testing and did not change in response to the exercise intervention 

(Table 3.1). Similarly, fasting insulin concentrations did not differ between groups or in 

response to the exercise intervention (p>0.05). In contrast, the increase in SI in response to 

exercise training was only significant for LRS (p<0.001). By comparison fasting glucose 

(p=0.827), fasting insulin (p=0.968) and SI (p=0.265) were unchanged in CTL over the 12 

weeks (Supplementary Table 3.2) and there was a group-by-time effect for SI between LRS 
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and CTL (p=0.012) such that SI improved in LRS (p=0.018) while remaining unchanged in 

CTL (p=0.265).  

 

Changes in dietary Intake & Physical Activity in the HRS and LRS groups over the 12-

week exercise intervention: 

The dietary energy and macronutrient intake and daily step count at pre-testing, 4, 8 and 12 

weeks are presented in Table 3.2. There were no differences in energy intake or 

macronutrient distribution of dietary intake between exercise groups at baseline or in 

response to the exercise intervention and dietary intake did not change over time for either 

group (p>0.05). By contrast CTL increased their carbohydrate intake (expressed as a % EI) in 

week 12 compared to baseline and consumed a greater proportion of carbohydrate than the 

HRS at week 12 (p=0.037) (Supplementary table 3.3). Supplementary table 3.3 also shows a 

comparison of reported EI:RMR at pre-= and post-testing. The degree of under reporting of 

dietary energy intake as defined by Goldberg et al (1991; EI:RMR < 1.35)
261

 was 40% at pre-

testing (CTL and LRS) and post-testing (all 3 groups). There were no differences in average 

daily step count between HRS and LRS at any time point, although both groups increased 

daily step count from baseline to week 12 (p=0.006). In contrast CTL reduced their daily step 

count over the 12 weeks and there were group-by-time effects with both exercise groups at 

week 4 (LRS: p=0.036, HRS: p=0.023), 8 (LRS: p=0.036, HRS: p=0.023) and 12 (LRS: 

p=0.036, HRS: p=0.023). 
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Table 3.2: Dietary Energy and Macronutrient Intake & Physical Activity at baseline, 4, 

8 and 12 weeks for Low and High responders to a 12 week exercise intervention 

 LRS HRS 

Dietary intake:   

Energy Intake (kJ)   

Baseline 9,633±4,118 8,602±2,075 

Week 4 7,786±2,210 8,479±1,911 

Week 8 9,008±2,827 8,522±1,376 

Week 12 8,572±1,752 8,657±1,673 

   

Protein (%EI)   

Baseline 13.2±2.8 13.3±2.4 

Week 4 14.0±3.0 13.8±3.0 

Week 8 13.4±1.9 13.4±2.2 

Week 12 14.3±3.6 13.2±2.5 

   

Carbohydrate (%EI)   

Baseline 55.5±6.5 54.6±4.5 

Week 4 55.6±5.1 52.2±6.4 

Week 8  55.4±5.0 53.1±5.6 

Week 12 53.0±6.4 52.4±10.2 

   

Fat (%EI)   

Baseline 30.3±7.8 30.6±4.0 

Week 4 29.5±5.5 32.5±6.4 

Week 8 30.2±5.2 32.4±5.8 

Week 12 32.1±3.7 32.3±7.7 

   

Physical activity   

Daily step count   

Baseline 9,118±2,688 9,843±1,846 

Week 4
# 10,436±2,498 11,827±2,031 

Week 8 10,368±3,104 10,955±4,035 

Week 12
# 

11,666±3,052* 11,587±4,077* 

Note: EI: energy intake. *p<0.05 for within-group change over time; **p<0.05 for 

differences between groups at baseline, 4 week, 8 week or 12 week. Daily step count: #: 

week 4: HRS (n=9); week 12: HRS (n=9).  

 

 

Associations between CRF response and exercise adherence, baseline substrate 

metabolism (at rest and during exercise), body composition and insulin sensitivity and 

dietary intake and physical activity during the intervention 

When exploring bivariate associations in response to the exercise intervention, there were no 

associations between ∆VO2peak and either the number of exercise sessions attended or the 

average exercise intensity of the training sessions completed. Furthermore, baseline relative 

VO2peak was not associated with ∆VO2peak in response to the exercise intervention (p>0.05). 

However, greater increase in ∆VO2peak was associated with lower baseline carbohydrate 

oxidation rates during steady state exercise (r=-0.462, p=0.040) with a tendency for an 
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association at rest (r =-0.447, p=0.055). Higher ∆VO2peak was associated with lower baseline 

BMI (r =-0.477, p=0.033) and SAT (r=-0.450, p=0.046), while lower baseline HC (r = -

0.438, p=0.053) approached significance. Dietary variables and daily step count were not 

related to ∆VO2peak. The linear regression model (Table 3.3) showed that baseline 

carbohydrate oxidation rates during steady-state exercise and at rest explained 37.5% 

(p=0.023) of the variability in CRF response to exercise training. When SAT was added to 

the model it explained 42.2% (p=0.037) of the variability in CRF response with only baseline 

carbohydrate oxidation during steady state exercise approaching significance as an 

independent predictor (p=0.065). The change in SI was positively associated with RER (r = 

0.448, p< 0.100) and carbohydrate oxidation rates (r= 0.431, p< 0.100) during steady state 

exercise at baseline, but was not associated with changes in CRF, EE or substrate utilization 

at rest or during exercise. 
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Table 3.3: Association between ∆VO2peak and baseline measures of metabolic rate and 

substrate utilization at rest and during steady state exercise and body composition 

 ∆VO2peak  ∆VO2peak 

 Correlation 

Coefficient 
(r) 

p-value  Correlation 

Coefficient (r) 

p-

value 

Baseline Substrate utilization:   Body Composition:   

Resting:   Weight (kg) -0.385 0.094 

RER -0.212 0.370 BMI (kg.m-2) -0.477 0.033 

Fat oxidation rate (mg.min-1.FFSTM-1) -0.162 0.507 WC (cm) -0.339 0.144 

CHO oxidation rate  
(mg.min-1.FFSTM-1) 

-0.447 0.055 HC (cm) -0.438 0.053 

   BF% -0.304 0.192 

Steady State:   FFSTM (kg) -0.120 0.615 

RER -0.393 0.087 FM (kg) -0.335 0.149 

Fat oxidation rate (mg.min-1.FFSTM-1) 0.243 0.301 Android FM (kg) -0.263 0.263 

CHO oxidation rate  
(mg.min-1.FFSTM-1) 

-0.462 0.040 Gynoid FM (kg) -0.370 0.109 

   SAT (cm2) -0.450 0.046 

   VAT (cm2) 0.068 0.775 

 

Regression Model (∆VO2peak): 

R2=0.375 (Adj R2=0.297) p=0.023 Coefficient p-value 95% Confidence Interval 
Baseline: 

Steady State CHO oxidation rate  

(mg.min-1.FFSTM-1) 

 
-219.4 

 
0.050 

 
-439.1 to 0.2 

Resting CHO oxidation rate  
(mg.min-1.FFSTM-1) 

-1,388 0.059 -2,835 to 60 

     

Regression Model (∆VO2peak): 

R2=0.422 (Adj R2=0.306) p=0.037 Coefficient p-value 95% Confidence Interval 

Baseline: 

Steady State CHO oxidation rate  

(mg.min-1.FFSTM-1) 

 
-206.3 

 
0.065 

 
-427.1 to 14.6 

Resting CHO oxidation rate  

(mg.min-1.FFSTM-1) 

984.0 0.221 -2,627.3 to 659.3 

SAT (area) -10.6 0.288 -31.2 to 9.9 

Note: RER: respiratory exchange ratio; CHO: carbohydrate; FFSTM: fat-free soft tissue 

mass; SAT: subcutaneous adipose tissue. 

 

 

3.4 Discussion 

This study found high inter-individual variability in the CRF response to a 12 week exercise 

intervention among sedentary, obese black SA women (±8.4%) in excess of non-exercising 

CTL, which was considered clinically meaningful. Despite marked differences in CRF 

response between high and low responders (based on a median split in ∆VO2peak among 

exercise participants) there were no differences in either baseline VO2peak or in exercise 

dosage (class attendance and exercise intensity) between groups. However, baseline 

comparisons between the two groups revealed that HRS were ~11kg lighter. Furthermore, 

during baseline steady state exercise at 50% VO2peak, HRS showed a preference for fat 
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oxidation, deriving ~62% of energy expenditure from fat oxidation compared to just 41% in 

LRS. This translated into higher baseline fat oxidation rates and lower carbohydrate oxidation 

rates, adjusted for body size (per kg FFSTM). Notably, gynoid FM decreased in the HRS 

group in response to exercise training, despite no change in dietary intake over the 12 weeks, 

while in LRS gynoid FM remained unchanged. In non-exercising controls weight, FM and 

proportional gynoid FM all increased. This finding supports the role of fat oxidation in 

facilitating body composition improvements in response to exercise training. In contrast, 

despite no improvements in CRF or body composition, during steady state exercise LRS 

improved their ability to oxidize fat and reduced their reliance on carbohydrate oxidation 

over the 12 week exercise intervention and increased SI compared to non-exercising controls. 

Around 37.5% of the variability in CRF response to exercise could be explained by baseline 

variability in carbohydrate oxidation rates both at rest and during steady state exercise with 

the addition of SAT explaining an additional 5%.   

 

By design, the VO2peak response to 12 weeks of exercise training between HRS and LRS 

differed widely; HRS increased VO2peak by around ~21% while in LRS this remained 

unchanged. By comparison non-exercising CTL tended to show a decline in relative CRF 

(p=0.075) and at post-testing VO2peak measures, either adjusted or unadjusted for body size, 

were below both LRS and HRS. Low CRF response to exercise training, as seen in LRS, is 

not unusual and is often attributed to inadequate exercise stimulus, with increased volume, 

intensity or a combination of both, successfully eliminating VO2peak non-response
140,147,150

. 

However, in this study both LRS and HRS had similar baseline VO2peak and were exposed to 

similar volume and intensity of exercise. A recent study with a repeat design showed that 

additional subsequent training load given to non-responders led to improved CRF, which was 

attributed to haemodynamic changes
150

. However, despite evidence supporting the link 

between substrate utilization during exercise and VO2peak
151,153,157,265

, this and many other 

studies investigating CRF response variability do not routinely measure substrate utilization 

during exercise
140,147,148,277

. Given that substrate utilization during exercise indirectly 

represents skeletal muscle oxidative capacity, it provides a more sensitive measure than 

resting substrate utilization for assessing muscle adaptations to exercise training. While 

haemodynamic and other physiological and biochemical changes are not discounted, this 

study clearly showed group differences in baseline substrate utilization, with baseline 

carbohydrate oxidation rates (resting and steady state exercise) adjusted for body size 

explaining 37.5% of the variability in CRF response. HRS demonstrated lower RER, greater 
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fat oxidation rates and a reduced reliance on carbohydrate oxidation during exercise. As such, 

greater baseline fat utilization in HRS may have facilitated a superior CRF response to the 

subsequent 12 weeks of exercise training. Furthermore, the improvements in fat utilization as 

shown in LRS (reduced RER at post-testing) may then have placed them in a better position 

to show improved CRF in a subsequent round of exercise training, in line with the findings of 

the aforementioned study
150

. While we were not in a position to test this, this warrants further 

investigation. 

 

Following exercise training, resting RER and carbohydrate oxidation rates showed a tendency 

to increase in HRS, while in LRS resting RER declined, representing an increase in the rate 

of fat oxidation. The response in LRS is in line with expectations, as higher fat utilization 

during exercise is likely to reflect an increased fat utilization at rest
162

. However, the 

tendency for increased carbohydrate utilization at rest in HRS is somewhat unexpected as 

dietary intake and macronutrient composition remained unchanged throughout the 12 week 

intervention. Fasting plasma glucose levels were also relatively constant and not associated 

with resting RER (p>0.05). Although not measured in this study, it is possible that the higher 

RER consistently shown in HRS might be explained by a combination of reduced plasma free 

fatty acid and increased muscle glycogen content as has been previously shown
163,164,278–280

. 

 

Body weight differed between LRS and HRS at baseline, with HRS being ~11kg lighter, 

putting them in a lower BMI category (Obese class I: 30-34.9kg.m
-2

) than LRS (Obese class 

II: 35-39.9kg.m
-2

). However, in response to the 12-week exercise intervention, while both 

LRS and HRS reduced WC, compared to CTL (in whom WC increased), reductions in hip 

circumferences were more pronounced among HRS than LRS. Commensurate with this 

finding, HRS mobilized FM specifically from gynoid depots rather than VAT depots. This is 

a novel finding given that meta-analyses typically show mobilization of VAT in response to 

exercise training, even after 12 weeks of exercise and in the absence of dietary restriction
168

. 

However, as shown in the previous chapter, baseline substrate oxidation at rest and during 

exercise explained over 60% of the variability in change in gynoid FM (kg) in this group, 

again supporting a role for substrate oxidation in body composition changes in response to 

exercise training. While LRS did improve their ability to utilize fat to fuel during exercise 

energy expenditure compared to non-exercising controls, this remained lower than that for 

HRS. This study shows that among obese, sedentary individuals there is high variability in 

baseline substrate utilization to fuel energy expenditure. Greater capacity to utilize fat may 
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result in more beneficial body composition changes in response to exercise training, while 

individuals with lower fat utilization may take longer to see improvements. Further studies 

are needed to assess this among other age, gender and ethnic groups.   

 

Reductions in gynoid depots specifically in response to exercise training is of interest given 

the ethnic differences in body fat distribution and association with insulin sensitivity 

previously reported. Compared to white women, black women have less VAT for a given 

BMI and waist circumference and carry more FM peripherally in gluteal depots
86

. 

Furthermore, in black premenopausal women, gluteal and abdominal SAT, rather than VAT, 

were more closely associated with reduced insulin sensitivity
86

, possibly related to their 

reduced adipogenic gene expression
88

, larger cell size and a higher inflammatory profile
89

. 

While peripheral depots potentially provide a buffer for excess free fatty acids, these findings 

suggest that peripheral depots may be under increasing stress with cumulative weight gain. In 

comparison to exercising participants, non-exercising controls increased weight and BMI and 

FM compared to HRS. This finding is in line with findings from previous longitudinal studies 

in black SA women
219

 and highlights the importance of structured physical activity in 

preventing weight gain and facilitating weight loss over time in this population group. 

Exercise training may also be an effective tool for mobilizing fat from these depots, which 

may ultimately be beneficial in improving insulin sensitivity over the longer term. In this 

study however, improvements in insulin sensitivity were only significant among LRS and 

were not associated with changes in CRF, metabolic rate and substrate utilization, at rest or 

during exercise, in response to exercise training. This is somewhat surprising given the 

improvements in fat oxidation and body composition shown in HRS. However, it is likely 

that improvements in oxidative capacity in LRS had a greater impact on insulin sensitivity 

among LRS given that they started from a far lower baseline.  

 

This is the first study to investigate substrate utilization in sedentary obese black SA women 

in response to an exercise intervention and it contributes to the growing body of research 

related to the variability in CRF response to exercise training. Adherence to the prescribed 

exercise training intervention was good (79.4% of classes attended) and the testing protocol 

well controlled and standardized. There are however limitations to this study. Outcome 

measures were only undertaken pre- and post-intervention, so it is not possible to plot the 

time course of changes observed. The possibility of identifying threshold levels of substrate 

utilization and oxidation rates that may be required for improvements in CRF or body 
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composition can therefore not be determined. Under-reporting of dietary energy intake which 

is shown in Supplementary Table 3.3 was evident. Dietary intake data shows high day-to-day 

variability and being self-reported is inherently unreliable, however the data was collected by 

a registered dietitian and every effort was made to check records for completeness. The 

sample size was also relatively small which may have underpowered the ability to show 

stronger associations for some variables.  

 

CRF response to 12 weeks of exercise training varied markedly among this group of 

sedentary, obese, untrained black SA women, despite having similar initial VO2peak and being 

exposed to similar exercise training stimulus. Notwithstanding a low CRF response, low 

VO2peak responders were able to improve rates of fat oxidation and reduce reliance on 

carbohydrate oxidation to fuel exercise, as well as to improve insulin sensitivity. By 

comparison these variables remained unchanged in non-exercising controls, who also 

increased body weight and composition and showed reduced daily step count. In contrast, 

preference for fat oxidation at baseline appeared to have improved the ability of high 

responders to not only increase CRF, but also to mobilize fat and improve body composition 

in response to exercise training. Baseline variability in carbohydrate oxidation rates during 

moderate intensity steady state exercise and at rest explained 37.5% of the variability in CRF 

response to exercise training in this group. This indicates that variability of substrate 

utilization to fuel exercise at the outset contributes to the variability in CRF response to 

exercise training. Screening for substrate utilization during exercise, prior to embarking on an 

exercise intervention, may assist in identifying individuals that could potentially have a 

poorer CRF and body composition response to exercise training.  
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4.1 Introduction 

Global obesity rates are estimated to reach 10.8% in men and 14.9% in women, carrying 

increased risk for health outcomes
281–283

. Small degrees of weight loss reduce obesity-

associated chronic disease risk
284

, however weight loss is difficult to achieve and maintain 

188,191,285
. None-the-less successful weight-loss maintenance is possible

286,287
 and evidence 

suggests that if weight loss can be maintained for 2-5 years, the chances of relapse are greatly 

reduced
180,288,289

.  

 

Adaptive thermogenesis describes the reduction in total daily EE (TDEE: resting (RMR) and 

non-resting EE (NREE)) in response to energy deficit, beyond that predicted by changes in 

body composition, and is implicated in a reduced capacity for ongoing weight loss as well as 

weight-loss relapse
290–293

. While slower rates of weight loss allow for greater loss of FM and 

preservation of fat-free mass (FFM), this does not reduce the adaptive decline in RMR 

following 10% weight loss
294

. With an initial 10% weight loss, RMR and NREE show similar 

declines, while with a further 10% subsequent weight loss the adaptive response is lower, 

predominantly affecting NREE
201

. Lower RMR predicts future weight gain independent of 

BMI or baseline body composition
292,294–296

. Metabolically active FFM (organs and skeletal 

muscle) does contribute significantly to RMR
297

. Greater body fat percentage (BF%) loss and 

sparing of FFM during weight loss, lowers body weight regain over the following 2 years
298

. 

However, in weight-loss maintenance at one year follow-up, decreases in TDEE, NREE and 

to a lesser extent RMR are shown and correlate with weight loss
208,299

. Given that decreases 

in all components of EE can be expected in individuals with a history of weight loss, it would 

be of importance to establish whether this would distinguish them from phenotypically 

similar individuals with no weight-loss history, increasing their risk for future weight gain.  

 

Metabolic flexibility is the ability to transition between fat and carbohydrate oxidation 

depending on availability
73

. Metabolic inflexibility increases with obesity and insulin 

resistance, reducing both fasting fat oxidation and carbohydrate oxidation under insulin 

stimulated conditions
73

. Formerly obese individuals have shown lower fasting and post-

prandial fat oxidation responses compared to matched controls
300,301

. Low fasting fat 

oxidation increases relative carbohydrate utilization, thus favouring fat storage over oxidation 

and increasing the risk for greater fat deposition, particularly at times of positive energy 

balance on dietary relapse
66,188,227,302–306

. Suppressed fat oxidation accompanying prior weight 
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loss would therefore be likely to increase the risk for future weight gain and fat deposition 

relative to individuals who had never engaged in periods of weight loss.  

    

Weight-loss associated declines in components of metabolism combined with suppressed fat 

oxidation at rest and postprandially, predisposes weight-reduced individuals to increased fat 

storage and subsequent weight regain. We hypothesized that, in light of metabolic changes 

accompanying weight loss, weight reduced and weight-loss relapsed individuals would 

exhibit reduced energy expenditure and fat oxidative capacity compared to phenotypic 

controls with no weight loss history, potentially predisposing them to subsequent weight gain. 

The primary aim of this study is to compare fasting and postprandial metabolic rate and 

substrate utilization, both absolute and per kilogram FFM, along with subjective appetite 

ratings between 1) successfully maintained, weight-reduced individuals; 2) weight-loss 

relapsed individuals; and their respective BMI-matched controls with no weight-loss history, 

to establish whether weight-loss history increases their risk for future weight gain.  The 

secondary aim is to compare behavioural factors (dietary intake, eating behaviour and 

physical activity) and body composition (secondary outcomes) between these groups and to 

explore their association with RMR, to assess whether these contribute to, or counteract 

metabolic adaptions to weight-loss.  

  

4.2 Methods 

Subject selection and screening 

Advertisements were placed at local institutions and on the Sport Science Institute of South 

Africa (SSISA) website, stipulating that previous weight loss had to be intentional/deliberate, 

without the use of unregulated products, through lifestyle related approaches (diet and/or 

exercise), unrelated to stress and/or anxiety and free of eating pathology. Participants were 

screened and placed into 4 groups. Successful weight reduction is defined as weight loss of 

≥10%, maintained for over 12 months with weight fluctuations of 3% considered 

acceptable
214,307

. Successfully reduced (RED) individuals recruited had lost ≥15% of body 

weight from a BMI ≥27kg.m
-2

, maintained weight for over 12 months with 12 month 

fluctuations of ≤5%. Weight relapsed (REL) individuals (BMI ≥27kg.m
-2

) had previously lost 

≥15% of body weight and regained most/all of this weight. Age and BMI-matched, low-

weight stable weight (LSW) controls (BMI ≤27kg.m
-2

) and overweight/obese stable weight 

controls (OSW) (BMI ≥27kg.m
-2

) had no prior weight loss history. Exclusion criteria 
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included being pregnant or lactating, irregular menstrual cycles (<7 cycles per year/cycle 

intervals >35days), medical condition and/or condition requiring chronic medication that 

affected metabolic rate (B2-agonists, beta-blockers, corticosteroids, etc.), weight-loss 

medication/supplements, diagnosis of thyroid dysfunction or an eating disorder.  

 

The study protocol was approved by the University of Cape Town Faculty of Health Science 

and Human Research Ethics Committee (HREC 214/2012). Prior to testing, all participants 

were given full information of test procedures, signed informed consent forms and were at 

liberty to withdraw at any time. 

 

Study design 

Participants attended 2 laboratory visits (see Figure 1 below). During the first visit 

participants reported in the morning fasted, following an overnight fast (10-12 hours). RMR 

and substrate utilization, body composition, heart rate and blood pressure were measured. An 

oral glucose tolerance test (OGTT) was conducted during which time participants completed 

questionnaires covering socio-economic status, education, psychological status, stress and 

eating behaviour including the three factor eating questionnaire (TFEQ: Factor I representing 

dietary restraint; Factor II representing disinhibition of control and Factor III representing 

hunger)
308

. They were then fitted with accelerometers (ACTi Graph, Shalimar, Florida, USA) 

to record physical activity over a seven day period.  

 

At the second visit, participants reported to the laboratory in the morning, fasted following an 

overnight fast (10-12 hours).  Fasting RMR (MR1-Figure 4.1 below), RER, and subjective 

appetite ratings were measured. Participants then ingested a standardized high-fat test meal 

over ten minutes. Immediately thereafter, RMR, RER, and appetite ratings were measured 

(MR2) and repeated every hour for three hours (MR3-5). After four hours, appetite ratings 

were measured and participants consumed a self-selected portion of a standardized lunch and 

completed the final appetite rating. Amount consumed was covertly measured by weighing 

before and after portion selection. Participants remained resting, but awake for the duration of 

the trial, were permitted to watch videos and could drink 250ml of water. With a registered 

dietitian, participants completed one automated, online, self-administered 24-hour dietary 

recall (ASA24™, Applied Research Programme, National Cancer Institute, Maryland, 

USA)
309

 and recorded food intake on two additional days.  
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Figure 4.1: Experimental Trial.  

NOTE: RMR: resting metabolic rate; PA: physical activity; TFEQ: Three Factor Eating 

Questionnaire; ASA24: automated online self-administered 24-hour dietary recall; CHO: 

carbohydrate; Prot: protein. 

 

Anthropometry 

Fasted and prior to testing, weight (BW-150, NAGATA, Tainan, Taiwan), height 

(3PHTROD-WM, Detecto, Missouri, USA), waist and hip circumference were measured. 

Body composition was measured using Bioelectrical Impedance Analysis (BIA) (Quantum II, 

RJL Systems, Michigan, USA). The sex-specific prediction equation used was determined by 

Sun et al (2003) and is recommended for use in epidemiological studies
310

. Participants 

refrained from drinking water 4 hours prior to the BIA measurement and were requested to 

void their bladder.  

 

Metabolic rate measurements and calculations:  

For both laboratory visits fasting RMR and RER were measured in the morning following a 

10-12 hour overnight fast. Reported fasting measures used are those recorded on the second 

test visit. Participants rested in supine position, in a temperature controlled (21-24C) room. 

RMR and RER were measured for 20 min, using the ventilated hood technique (Cosmed 

Quark CPET, Rome, Italy)
248

. During the second visit this was repeated immediately after 

consumption of the test meal and repeated every hour thereafter for three hours (i.e. 20min 

measurement followed by a 40 min rest).  Prior to testing the metabolic cart was calibrated 
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with a Hans Rudolph 3L syringe and analysers calibrated using normal room air (21 % O2, 

4% CO2, balance nitrogen) and standard gas mixtures (5% CO2, 16% O2, balance nitrogen) 

(BOC Special Gas, Afrox Cape Town, South Africa). RMR, total fat and carbohydrate 

oxidation were calculated using the equations of Weir 
249

 and Frayn
250

, respectively. Thermic 

effect of feeding (TEF) was calculated as area under the curve (AUC) for EE after the test 

meal, expressed as the percentage increase in RMR in response to the test meal (i.e., increase 

in RMR resulting from processes of digestion, absorption, metabolism, storage and/or 

elimination of ingested nutrients and/or substrates)
311

. This increase in RMR has also been 

expressed in absolute terms (Post-prandial EE) over the test period as well as relative to FFM. 

Post-prandial energy balance (EB) was calculated as the difference between energy ingested 

in the test meal and post-prandial EE. Post-prandial fat balance was calculated as the 

difference between fat ingested in the test meal and fat oxidized in the post-prandial period. 

 

75g Oral Glucose Tolerance Test-Blood sampling and analysis: 

At visit one following fasting RMR measurements, a cannula attached to a 3-way stopcock 

was inserted into the antecubital vein. Fasting blood samples (~5 ml) were drawn to 

determine fasting plasma glucose and insulin. A 75g glucose solution was consumed and 

blood samples collected at 2 hours. Samples were kept on ice until centrifuged at 3000rpm at 

4º C for 10 minutes and subsequently stored at -80º C for later analysis.  Plasma glucose 

concentrations were determined using the glucose oxidase method (YSI 2300 STAT PLUS; 

YSI Life Sciences, Yellow Springs, Ohio, USA) and serum insulin by direct 

chemiluminescence immunoassay using the Centaur CPImmunoassay System  (Siemenss 

Medical Solutions Diagnostics, Tarrytown, NJ). Insulin sensitivity was estimated using the 

homeostasis model assessment for insulin resistance (HOMA-IR)
312

.  

  

Test Meal 

At visit two following fasting measurements, a liquid test-meal was consumed (milkshake: 

5,743kJ (1,372kcal), 200ml cream, 200g full-fat ice-cream, 100ml full-cream milk; 79% fat 

(120g), 17% carbohydrate (59g), 4% protein (14g)), reflecting an energy dense food available 

to free-living individuals. Liquid test meals have also been shown to have high 

reproducibility for postprandial EE
313

. The high-fat content of the test-meal was chosen to 

optimize detection of metabolic and appetite differences between groups in response to 

dietary fat. Obese individuals have been shown to be prone to passive overconsumption 

following energy dense, high fat meals while lean individuals are resistant to this
314

. All 



74 
 

participants consumed a fixed volume of the standardized test-meal, replicating the approach 

of earlier studies 
315,316

 and to examine differences in physiological response to the same 

energy dense meal.  

 

Post-test-meal:  

Four hours after the test-meal, participants consumed a self-selected quantity of a 

standardized lunch (ready-made macaroni cheese 577kJ (138kcal) per 100g, 35% fat, 48% 

carbohydrate and 17% protein; Woolworth’s, South Africa). The container was weighed 

before and after portion selection and plate wastage measured to determine amount 

consumed. Time taken to complete the post-test-meal was recorded.  

 

Subjective appetite measurement: 

Subjective ratings of appetite (hunger, fullness, desire to eat, prospective food consumption 

(PFC) and satiety) were recorded before, immediately after the test-meal, every hour 

thereafter for 4 hours and again following the post-test-meal. A validated visual analogue 

scale (VAS) was used
317

. Participants placed a mark along a 100mm line representing their 

subjective rating for each appetite variable, anchored with the opposing extremes of the 

sensation (e.g. ‘Not at all full’ (0mm) to ‘Extremely full’ (100mm)). 

  

Dietary intake – Automated Online Self-Administered 24 hour recall (ASA24) 

Dietary intake data was recorded and analysed using the validated, automated online self-

administered 24-hour dietary recall (ASA24™, Applied Research Programme, National 

Cancer Institute, MD, USA) based on the automated multiple pass method
309

. A registered 

dietitian guided participants through the first 24 hour recall and completed 2 further days. 

Two week days and one weekend day were recorded to control for variation in intake. The 

online ASA24 software performs well against interviewer administrated 24-h recall and in 

comparisons with actual energy and macronutrient intake
318

. 

 

Objectively measured Physical Activity 

ACTi Graph GT3X (ACTi Graph, Shalimar, Florida, USA) tri-axial accelerometers, fitted at 

the first laboratory visit recorded habitual physical activity.  The device was worn on the right 

hip for seven consecutive days and removed only during night-time sleep, bathing, showering 

and swimming. Accelerometer data was processed using ACTi Life Software Version 5 

(ACTi Life 5, Pensacola, Florida, USA) whereby wear time was divided from non-wear time. 
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Non-wear time was recognised as more than 90 minutes or more of consecutive zero counts. 

Only valid days, defined as at least 10h of wear time, were used in the analyses. A minimum 

of 4 days and 600 minutes per day was required for data analysis as this is shown to provide 

80% reliability
319

. Accelerometer data was then downloaded and exported to Excel data 

tables using ACTi Life Software Version 5 and analysed for light, moderate and vigorous 

activity occurring in one minute count intervals
320

. Light, moderate and vigorous intensity 

physical activity levels were estimated based on accelerometer counts using cut-points 

according to Matthews
321

.  The Matthews equation stipulates counts between 101 and 759 

(equivalent to 2-2.9 METs) represent light intensity PA, counts between 760 and 5998 

(equivalent to 3-6 METs) represent moderate intensity PA, and counts above 5999 indicate 

vigorous activity
321

. Energy expenditure was calculated using the PAL method
322

.   

 

Statistical Analysis 

Sample size determination was based on previous studies in which mean differences (and 

SD) between lean controls and weight reduced individuals in RER of 0.05(±0.04) and RMR 

213(±197)kcal were observed
128,301

. Using a power of 80% and an alfa level of 0.05 an 

estimated sample size was 8-18 women per group.  Data was assessed for normality using 

histogram plots and the Shapiro Wilk’s test, where p<0.05 indicated that data was not 

normally distributed. Mean and standard deviations were reported for normally distributed 

data and median and inter-quartile-ranges for non-parametric data. This analysis compares 

RED and REL against their respective phenotypic controls to identify whether, following 

either weight loss or subsequent weight regain, these individuals return to being 

indistinguishable from phenotypically similar counterparts with no weight-loss history. 

Therefore, two group comparisons of normally distributed data was carried out, using two 

sample t-tests for independent groups with equal variance or a Satterthwaite’s independent 

sample t-tests for unequal variance. Non-parametric data used Wilcoxon Rank Sum tests. 

Mixed models with repeated measures were used to compare differences in the changes in 

subjective ratings of appetite between groups. In line with the primary aim of the present 

study (i.e. to compare BMI-matched individuals), differences between RED versus LSW 

controls, and REL versus OSW control participants were explored. Pearson’s correlation 

coefficient was used to test for associations between RMR and FFM, both being normally 

distributed. For all tests significance was accepted at p<0.05. 
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4.3 Results 

Participant characteristics, body composition and weight history 

There were no differences in body fat percentage (BF%), fat mass (FM) and waist 

circumference, however RED had greater fat free mass (FFM, p=0.018) and lower waist-to-

hip ratio (WHR, p=0.052) compared to LSW (Table 4.1). RED had lost 16.1% (14.4-22.0%) 

of body weight (BW), maintained for 30 months (12-60 months). REL had lost 19.1% (17.3 – 

29.5%) of BW and subsequently regained 21.0% (15.4-26.7%) of BW.  

 

Table 4.1: Participant characteristics and weight loss and regain history 

 
LSW 

(n=19) 

RED 

(n=15) 

OSW 

(n=11) 

REL 

(n=11) 

Participant Characteristics        

Age (yrs) 28
 

25-37 32
 

26-40 32 29 – 40 34 22 – 41 

BW (kg) 59.9 56.8-68.3 67.1
 

61.5-74.0 87.6 83.4 – 96.0 92.5 79.1-103.3 

BMI (kg.m
-2

) 22.7 2.3 24.1
 

2.3 35.0  4.1 34.1  6.2 

BF (%) 29.1 5.2 29.6
 

4.3 45.4  4.1 43.4  6.6 

FM (kg) 18.4 5.2 20.4
 

5.3 41.6  10.0 42.0  13.5 

FFM (kg) 44.0 3.8 47.6* 4.8 49.1  5.3 52.8  5.7 

Waist (cm) 68.4 4.8 69.4
 

5.4 91.8  9.0 90.7  9.6 

WHR 0.69 0.68-0.71 0.66
 

0.64-0.69 0.78 0.74 – 0.83 0.75 0.73-0.81 

Weight History         

Weight loss 

(%BW lost) 

-2.8 

 

0.0 - -4.5 -16.1
 

 

14.4-22.0 -1.6 

 

0.0 - -3.4 -19.1
 

17.3-  -29.5 

Weight regain 

(%BW regain) 

0.0 

 

0.0 – 1.5 0.0 

 

0.0 - 2.8 0.0 1.1 – 2.7 21.0 15.4–26.7 

Months at 

Current Weight 

(mths) 

24
 

 

12 – 6 30
 

 

12 – 60 9.0 6.0 – 12 6.0 

 

3-30 

Note: BW: body weight; BMI: body mass index; BF: body fat; FM: fat mass; FFM: fat-free 

mass; WHR: waist-to-hip ratio. * indicates p<0.05 for two group comparisons of RED or 

REL to respective BMI matched controls. Results show mean & SD or median & IQR. 

Weight loss (%BW Lost) = (heaviest adult weight–lightest subsequent weight)/(heaviest 

adult weight) X 100. %. In the case of RED & REL this would be heaviest weight prior to 

intended weight loss. Weight regain (%BW Regain) = (Lightest subsequent weight  – current 

weight)/(lightest subsequent weight) X 100. 

 

 

Metabolic measurements: Fasting & post prandial response 

Although fasting and 2 hour plasma glucose levels were similar, the RED had lower fasting 

insulin concentrations and were less insulin resistant than LSW (Table 4.2). LSW had lower 

fasting RMR compared to RED, but adjusted for FFM there were no differences between 

LSW and RED or between OSW and REL. The standard test meal represented a higher 

energy (131.4 ±10.9 vs. 121.8 ±12.6 kJ/kg FFM, p=0.021) and fat (2.8 ±0.2 vs. 2.6 ±0.3 g/kg 

FFM, p=0.021) intake per kilogram FFM and energy intake as a percentage of measured 
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TDEE (94.8% (94.4-95.1%) vs. 94.4% (93.9-94.7%), p=0.015) in LSW compared to the 

RED, but was not different in comparisons of OSW versus REL ((p=0.137) for both energy 

and fat intake per kg FFM  and p=0.248 for energy intake %TDEE). However TEF, 

postprandial EE (absolute and per kg FFM), post-prandial energy balance, RER, fat oxidation 

rate and post-prandial fat balance were similar between LSW and RED and between OSW 

and REL (p>0.05).  
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Table 4.2: Metabolic Measurements 

 
LSW 

(n=19) 

RED 

(n=15) 

OSW 

(n=11) 

REL 

(n=11) 

Insulin Sensitivity: 

Fasting 

plasma insulin 

(ml U.L-1) 

7.6 

 

4.8-10.5 4.5* 

 

2.9-5.2 12.4 

 

9.1-16.2 10.8 

 

5.6-14.9 

Fasting PG 

(mmol.L-1) 

4.8 

 

4.6-5.1 4.9 

 

4.5-5.2 5.4 

 

4.8-6.2 5.2 

 

4.7-7.5 

2hr PG 

(mmol.L-1) 

6.1 

 

5.3 – 7.3 6.2 

 

5.3–6.7 7.9 

 

6.7–8.9) 7.7 

 

6.1–9.8 

HOMA-IR 1.86 1.01-2.43 0.85* 0.64-1.25 3.10 2.34-4.45 2.36 1.91-3.73 

Fasting energy and substrate metabolism: 

RMR (kJ.d-1) 5,954 619 6,427* 732 6,352 1,071 6,619 1,289 

RMR.kg-1 

FFM 

(kJ.FFM-1.d-1) 

135.6 13.0 135.1 10.0 134.3 19.2 130.5 10.9 

RER 0.76 0.04 0.78 0.04 0.78 0.03 0.79 0.04 

Post-prandial energy and substrate metabolism: 

TEF (%) 16.4 6.3 13.4 6.9 13.7 9.6 13.4 8.9 

Post-prandial 

EE (kJ) 

1,008 100 1,063 146 1,054 197 1,121 176 

Post-prandial 

EE (kJ.FFM-1) 

23.0 2.1 22.2 2.5 21.8 4.2 21.3 2.5 

Post-Prandial 

EB (kJ) 

4,732 100 4,678 146 4,686 197 4,619 176 

Post-prandial 

RER 

0.74 0.05 0.75 0.04 0.75 0.04 0.76 0.04 

Fat oxidation 

(mg.min-1) 

112.1 

 

78.0-129.0 108.6 84.8-124.5 96.4 78.0-154.2 103 

 

86.6-126.5 

Post-prandial 

fat balance (g) 

97.0 

 

93.4-104.1 98.4 94.3-102.7 100.3 88.1-104.1 98.9 

 

93.9-103.6 

Post-test meal: 

Amount eaten 

(kJ) 

1,481 1,038-2,159 1,435 992-1,887 1,925 1,293-2,222 1,460 

 

1,042-2,397 

Amount eaten 

(%TDEE) 

24.6 17.2-35.5 24.1 16.1-31.2 32.7 24.2-36.7 26.3 18.9-36.9 

Time taken 

(min) 

10.9 4.8 10.4 3.4 11.4 4.4 7.06* 2.2 

Note: PG: plasma glucose; HOMA: homeostatic model assessment; RMR: resting metabolic 

rate; RER: respiratory exchange ratio; EE: energy expenditure; EB: energy balance; TEF: 

thermic effect of feeding.* indicates p<0.05 for two group comparisons of RED or REL to 

respective BMI matched controls. †: LSW vs. RED, p=0.068. Numbers with impaired fasting 

glucose (IFG, fasting glucose ≥ 5.6mmol/l): LSW 2/19, RED 3/15, OSW 5/11 and REL 5/11. 

Numbers with impaired glucose tolerance (IGT 2h glucose ≥ 7.8mmol/l): RED 1/15, LSW 

4/19, OSW 5/11 and REL 6/11. Postprandial EE and RER were calculated as the area under 

the curve of hourly metabolic measurements following ingestion of the test meal. Post-

prandial EB was calculated as the energy intake at the test meal minus post-prandial EE; fat 

balance was calculated as the fat intake at the test meal minus post-prandial fat oxidation. 

 

 

Subjective Appetite Response 

Subjective appetite measures are shown in Figure 4.2 below, with the LSW and RED 

compared in graphs in column A and the OSW and REL compared in column B. There were 

no group differences between LSW and RED (Figure 4.2, column A), however in the 
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overweight/obese groups (Figure 4.2 column B) the change in ‘Desire to Eat’ from the fasted 

state to 60min post ingestion showed a greater decline in the RED (group-by-time, p=0.033). 

For the overweight/obese groups, ‘Desire to Eat’ (Figure 4.2, B3) and ‘PFC’ (Figure 4.2, B4) 

REL show higher subjective ratings in the fasted state (group differences p=0.003 & p=0.023 

respectively), which subsequently decline and remain below fasted levels for the remainder 

of the trial. OSW however show lower ratings in the fasted state, but the suppression of these 

ratings, post ingestion of the test meal, is less pronounced than for REL (group by time, 

p<0.05) and at 180min these ratings return to baseline or above fasting levels. 
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Figure 4.2: Subjective Appetite Measurements for LSW vs RED (column A) & OSW vs 

REL (column B). NOTE: The time points are as follows: t= -30min (fasting measurement); 

t=0 was the measurement immediately after consumption of the test meal; t=60, t=120, t=180 

& t=240 were the measures recorded every hour after consumption of the test meal; Post TM 

was the subjective ratings recorded after ad libitum consumption of the post-test meal. PFC: 

prospective food consumption. Values shown are median and inter-quartile ranges (mm). 

Group by Time effect:  * =  p<0.05.  Group difference:  ‡ = p<0.05. LSW: lean stable weight; 

RED: reduced; OSW: overweight/obese stable weight; REL: relapsed. 
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Post-test meal 

LSW and RED consumed similar amounts of the post-test-meal, taking comparable times to 

complete the meal. While OSW and REL groups consumed similar quantities of food, REL 

consumed the post-test-meal faster than OSW (p=0.015).  

 

Dietary intake, eating behaviour and physical activity 

Total daily energy intake (TDEI) for RED and REL did not differ from respective controls 

(Table 4.3 below). REL tended to report lower TDEI compared to OSW (p=0.076) and this 

became significant when adjusted for FFM (p=0.017). RED consumed less carbohydrate and 

more protein compared to LSW (p<0.05), had a tendency for higher fat intake (p=0.053). 

They also reported higher scores for dietary restraint (p=0.002) with a tendency for periods of 

disinhibited eating (p=0.076). REL and OSW had similar macronutrient composition and 

eating behaviour scores.  

 

Although statistically significant, TDEE in RED was only marginally higher than in LSW, 

however they were less sedentary, did more light (p=0.024) and moderate activity (0.032) and 

a tendency for greater vigorous activity (0.061). REL and OSE had similar levels of TDEE. 

None of the groups were in energy deficit (TDEI to TDEE ratios), although this ratio higher 

in OSW compared to REL (p=0.005).  
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Table 4.3: Energy intake and energy expenditure 

 LSW 

(n=19) 

RED 

(n=15) 

OSW 

(n=11) 

REL 

(n=11) 

Dietary Intake & 

Eating Habits: 

        

TDEI (kJ.d-1) 6,945 5,427-7,912 6,473 5,791-8,619 9104 8,180-11,673 6,577 6,284-9,615 

TDEI per kg FFM 

(kJ.FFM-1) 

149.4 125.5-170.3 149.0 121.8-179.1 188.7 167.8-236.4 136.0* 114.6-174.9 

Fat (% TDEI) 32.1 6.9 36.9 6.8 40.3 7.0 35.4 8.8 

Protein (% TDEI) 15.6 4.2 19.2* 6.0 17.4 4.0 19.7 4.2 

Protein (g.kg-1) 0.96 0.26 1.15* 0.23 1.11 0.33 1.01 0.34 

CHO (% TDEI) 53.4 10.0 44.8* 10.3 42.8 8.4 44.8 9.4 

TFEQ-Factor I 

(Restraint) 

7.7 4.1 12.1* 3.6 7.0 3.8 9.6 4.8 

TFEQ-Factor II 

(Disinhibition) 

5.8 3.9 8.3 3.9 9.5  3.7 11.1 4.2 

TFEQ-Factor III 

(Hunger) 

4.8 3.2 5.7 3.7 8.5  3.5 7.4 3.6 

Physical Activity:         

Sedentary/Light  

(kJ.d-1) 

5,874 5,791-5,975 5,786* 5,586-5,866 5,895 5,849-5,920 5,812 5,619-5,933 

Moderate (kJ.d-1) 142 59-251 251* 146-402 159 126-205 255 109-402 

Vigorous (kJ.d-1) 0 0-21 42 0-105 0 0-4 0 0-0 

TDEE# (kJ.d-1) 6,054 6,033-6,084 6,079* 6,058-6,113 6,050 6,046-6,058 6,067 6,046-6,088 

Energy Balance:         

TDEI:TDEE# 1.08 0.23 1.18  1.53  1.10* 0.10 

Note: TDEI: total daily energy intake; FFM: fat free mass; CHO: carbohydrate; TFEQ: Three 

Factor Eating Questionnaire; TDEE
#
: total daily energy expenditure determined from ACTi 

graph measurements. * indicates p<0.05 for two group comparisons of RED versus LSW or 

REL versus OSW. Results show mean & SD or median & IQR. 

 

 

Associations with RMR 

FFM was positively correlated with RMR for the overall group (r
2
 = 0.572, p<0.001) as well 

as for the RED (r
2
 = 0.765, p<0.001) and REL (r

2
 = 0.634, p=0.036) and approached 

significance for the LSW (r
2 

= 0.425, p=0.070), but showed no association in OSW. Both 

TDEE and TDEI were positively associated with RMR (r
2
 = 0.304, p=0.030 & r

2
 = 0.289, 

p=0.031 respectively). None of the macronutrient intakes (%TDEI) were associated with 

RMR, however the association between RMR and protein intake in grams per day in RED 

approached significance (r
2
 = 0.498, p=0.058).  

   

 

4.4 Discussion 

The main findings of this study were that, weight-reduced women had similar RMR (adjusted 

for FFM) and substrate utilization compared to controls with no weight-loss history. 

Nevertheless, successful weight-loss maintainers showed behavioural differences that 
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together, might have counteracted metabolic adaptations to weight loss. These included 

subjectively indicating greater discipline around dietary intake, reporting increased protein 

intake and reduced carbohydrate intake, being more physically active and having greater 

FFM. However, maintaining reduced weight remains challenging over the longer term. 

Disciplined behaviour, as well as the employment of strategies that bolster both resting and 

non-resting energy expenditure, is undoubtedly important in reducing metabolic risk for 

weight regain and supporting successful weight-loss maintenance. Weight-loss relapsed 

individuals showed no differences in metabolic measurements, but subjectively reported 

increased appetite in the fasted state. However, following ingestion of a high fat test meal 

these individuals reported greater reductions in these measures compared to obese/overweight 

individuals who had never attempted weight loss, suggesting greater drive to consume food in 

the fasted state but also increased sensitivity to moderating this drive postprandially.   

  

Previously studies have examined energy balance components in order to identify the energy 

gap that might both explain causes of obesity and help to identify potential remedial 

action
2,323,324

. Total daily energy expenditure is comprised of RMR (~50-70%), TEF (~5-

15%) and NREE (planned and spontaneous physical activity)
110

. Moderate calorie restriction, 

exercise and maintenance of FFM helps to attenuate the decline in RMR accompanying 

weight loss, however extreme calorie restriction, even when combined with exercise and 

maintenance of FFM, results in significant declines in RMR that persist for prolonged periods 

110,206,208,325
. Other studies have found that this adaptive response associated with energy 

restriction, reflects a “transient hypothyroid hypo-metabolic state” that normalizes once 

energy balance is re-established
209

. In this study weight-reduced individuals successfully 

maintained goal weight for a median of 30 months. Furthermore, none of the groups studied 

were in energy deficit and were weight stable at the time of testing. Weight reduced 

individuals in this study reported consuming more dietary protein compared to controls and 

this was found to be positively associated with both FFM and RMR, specifically in RED, 

confirming findings of previous studies
326,327

. RED also report consuming less carbohydrate 

compared to LSW and similar higher fat, lower glycaemic load weight-maintenance diets are 

shown to result in smaller declines in EE
211

. Taken together with the fact that RED had 

greater FFM and were generally more physically active, these factors may explain the lack of 

relative metabolic disadvantage as a result of prior weight loss. This highlights the 

importance of incorporating similar strategies within weight maintenance programs to reduce 

the impact of adaptive thermogenesis and assist in successfully maintaining reduced-weight. 
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TEF, measured as the percentage increase in RMR following ingestion of a meal, was similar 

between RED and REL compared to their respective controls. While some studies have 

reported reductions in TEF following weight loss and stabilization over shorter time periods 

of 10 days
302

, these results show no indication of this in RED or REL groups. It has also been 

suggested that the TEF is associated with appetite or satiety, although a recent meta-analysis 

found no evidence to support this
311

. Appetite ratings both fasted and post prandial, are 

shown to increase immediately after weight loss, remaining at almost identical levels  one 

year later in the weight maintenance phase, despite steady and sustained partial weight 

regain
328

. Our results however showed no difference in subjective appetite ratings, in the 

fasted state and postprandially, between RED and LSW, showing that the RED are not at 

increased risk for weight regain as a result of greater appetite sensations. REL however 

reported greater appetite drive in the fasted state compared to controls potentially increasing 

their risk for greater subsequent food intake. However, postprandially they report greater 

reductions in appetite drive while in controls this rose to levels at or above those reported in 

the fasted state, which may increase the risk for regular snacking in always overweight/obese, 

despite prior intake of high fat, energy dense foods.  

 

Objectively measured physical activity showed that RED engaged in more moderate activity, 

had a tendency for increased vigorous activity and spent less time in sedentary behaviour. 

NREE, both planned and spontaneous physical activity, declines during weight loss as well as 

weight-loss maintenance over the following 6 and 12 months, and is associated with 

subsequent weight regain
213

. However, other studies have demonstrated that while NREE is 

reduced during weight loss, it recovers during weight maintenance and high levels of physical 

activity are characteristic of successful weight-loss maintainers, which is in line with these 

results
208,329

. Consistently maintaining higher levels of moderate and vigorous activity and 

reducing sedentary behaviour may be key strategies that have assisted the RED group to 

successfully maintain previous weight loss. 

 

There was no evidence of metabolic inflexibility in RED or REL compared to respective 

controls, both fasted and in response to the high fat test-meal. RED were significantly less 

insulin resistant than LSW, characterised by considerably lower fasting insulin levels (see 

chapter 5 for further commentary
330

). Previous studies show that insulin resistance reduces 

fasting fat oxidation capacity and increases postprandial fat oxidation under insulin 
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stimulated conditions
331

. With weight loss, improvements in insulin sensitivity result in lower 

24 hour and postprandial fat oxidation, despite enhanced clearance of dietary fat
217,304,332,333

, 

suggesting a preference for fat storage over oxidation in the fasted state. Despite being less 

insulin resistant, these results show that long term weight reduced individuals display similar 

levels of fasting and postprandial fat oxidative capacity compared to controls with no weight-

loss history. Enhanced insulin sensitivity may also promote weight regain through more 

efficient uptake and utilization of carbohydrates and storage of dietary fat, with rapid nutrient 

clearance potentially driving appetite and weight regain on dietary lapse
306,334

. Protein in 

particular has long lasting suppressive effects on appetite hormones, while carbohydrates tend 

to act more acutely with subsequent rebounds in appetite
335,336

. Compared to LSW, RED 

reported greater protein and fat intake and reduced carbohydrate intake, suggesting 

behavioural adaption that may support appetite control and weight-loss maintenance.  

 

This study was able to identify individuals who had lost a significant amount of weight and 

either successfully maintained this weight loss for a median of 30 months or regained all of 

the weight previously lost. This enabled investigation into the longer term effects of weight-

loss and regain compared to individuals without a history of weight-loss and regain. 

Objective measurements of physical activity also avoided issues around over or under 

reporting. However, there were limitations to the study. Firstly the study was cross sectional 

and therefore, in line with aims, can only point to associations and make metabolic and 

behavioural comparisons against matched controls. Secondly, it may be argued that the 

choice of a liquid test meal may have led to lesser effects on both appetite and thermogenesis. 

However, our study sought to identify evidence of appetite dysfunction in obesity that might 

remain present in post obese individuals. This has been identified in other studies where a 

high fat pre-load led to subsequent passive overconsumption relative to always lean 

individuals, and could potentially contribute to weight loss relapse
314

. This study relied on 

self-reported weight history rather than documented weight changes from formal 

interventions. It also made use of BIA for measurement of body composition, which has 

limitations. Lastly, we had relatively fewer participants in the REL and OSW groups which 

may have underpowered the effects shown for these comparisons.  

 

In conclusion, the current study found no differences between reduced weight individuals and 

always lean controls in terms of resting metabolic rate and substrate oxidation, implying that 

the reduced weight individuals are not in a metabolic state that will promote weight regain. 
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This finding contributes to the small body of evidence that not all reduced obese individuals 

are at a metabolic disadvantage that will promote weight regain
209,302,333

. In weight-loss 

relapsed individuals metabolic parameters and behavioural strategies were indistinguishable 

from matched controls, showing that weight-loss associated metabolic disadvantage is likely 

reversed with weight regain. However weight reduced individuals were less insulin resistant 

than BMI-matched counterparts, potentially increasing the risk for weight regain with dietary 

relapse and physical inactivity. They exerted significant conscious behavioural efforts to 

maintain previous weight loss, reporting greater dietary restraint, manipulating macronutrient 

components of the diet that supported maintenance of FFM as well as improving satiety and 

were more physically active compared to controls. Adaptive thermogenesis is shown to 

accompany weight loss and can be sustained in weight-loss maintenance, reducing all 

components of TDEE. However, similar metabolic rates shown for components of TDEE in 

successful weight-loss maintainers compared to controls is likely the result of conscious 

behavioural strategies that act together to counteract weight-loss associated declines in 

energy expenditure. This highlights the importance of these strategies as key components in 

weight maintenance programs following substantial weight loss.  
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CHAPTER 5 

 

5. Enhanced insulin sensitivity/reduced insulin resistance in successful, 

long term weight loss maintainers compared to matched controls 

with no weight loss history 
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5.1 Introduction 

The prevalence of overweight and obesity continues to rise globally, along with associated 

comorbidities such as T2DM, cardiovascular disease and certain cancers, consequently 

placing a heavy burden on health care provision
9,284

. This is evident in developed as well as 

developing countries where obesity is associated with the transition from rural to urban 

settings
337

. Merely being overweight carries a three-fold increased risk of T2DM
338–340

. 

Insulin influences energy metabolism and storage through its effect on substrate uptake and 

utilization along with mobilization of stored energy reserves, operating in a way that 

preferentially favours carbohydrate metabolism, lipid and glycogen synthesis and storage, 

and protein synthesis
341

. In certain populations, long-term weight/BMI gain from early 

adulthood onwards carries an increased risk for development of T2DM even after adjusting 

for final BMI, suggesting that weight gain itself is associated with impaired metabolic 

function
340

.   

 

Lifestyle factors play a mechanistic role in obesity and disease presentation. Obesity, 

combined with low levels of physical activity, is associated with intracellular lipid 

accumulation in skeletal muscle and liver that impairs insulin signalling, reducing skeletal 

muscle glucose uptake and utilization and  weakening insulin-mediated inhibition of hepatic 

glucose production
123,126,342–344

. Skeletal muscle alterations in response to exercise improve 

uptake, utilization and storage of glucose, increasing overall capacity for oxidative 

metabolism and reducing intramuscular lipid content, thus improving overall skeletal muscle 

metabolic flexibility
176,177,345

. Both resistance and aerobic exercise have also repeatedly been 

shown to reduce intrahepatic lipid content independent of weight loss
93,346–349

. Regular 

physical activity is therefore independently associated with reduced insulin resistance and 

improved insulin sensitivity both in the liver and skeletal muscle.   

 

Weight loss interventions using calorie restriction and/or increased physical activity have 

shown improvements in insulin sensitivity, with further gains achievable through a 

combination of both
176,194,350–354

. While some studies show sustained improvements in insulin 

sensitivity with successful weight maintenance at 12 and 18 month follow-up, other studies 

have shown either continued improvement or a reversal with weight regain
106,355,356

. It is 

however unclear whether weight reduced or weight loss relapsed individuals eventually 

return to a level of insulin sensitivity that is in line with phenotypically similar individuals 
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with no history of weight gain and loss or whether over the long term they are metabolically 

worse off as a result of this weight history. The aim of this study is therefore firstly to 

compare insulin sensitivity of 1) weight reduced individuals, 2) overweight/obese, weight 

relapsed individuals and 3) BMI-matched controls with no history of weight loss or regain 

and secondly to identify any factors that might explain variations in insulin sensitivity within 

this sample.  

 

5.2 Methods 

This study used the same female participants (aged 20 – 45 years) recruited, screened and 

allocated to the same study groups as previously described in Chapter 4 above. Successfully 

weight reduced (RED) individuals had previously lost ≥15% of their BW from a BMI 

≥27kg.m
-2

 and  maintained this for over 12 months with ≤5% fluctuation from goal BW over 

the previous 12 months. Age matched, stable low-weight (LSW) controls had a BMI 

≤27kg.m
-2

, but with no prior weight loss history. Weight relapsed (REL) individuals had a 

BMI ≥27kg.m
-2

, having previously lost ≥15% of their BW, but subsequently regained all of 

this weight. Age matched, overweight/obese stable weight controls (OSW) had a BMI 

≥27kg.m
-2 

but no weight loss history. The study protocol was approved by the University of 

Cape Town Faculty of Health Science and Human Research Ethics Committee (HREC 

214/2012). Prior to testing, all participants were given full information of test procedures, 

signed informed consent forms and were at liberty to withdraw at any time.  

 

Study design 

Participants attended the laboratory in a fasted state (10-12 h overnight fast) between 6am to 

9am. Height, weight, waist and hip circumferences were measured and body composition was 

determined using BIA. RMR and substrate utilization were then measured for 20 minutes 

using the ventilated hood technique (Cosmed Quark CPET, Rome, Italy). RMR and total 

rates of fat and carbohydrate oxidation were calculated using the equations of Weir
249

 and 

Frayn
250

, respectively. Thereafter a 75g oral glucose tolerance test was performed (OGTT) to 

determine insulin sensitivity/resistance, as described below. Participants then performed an 8-

10 minute, single-stage submaximal fitness test to predict VO2peak and completed a number of 

questionnaires covering medical history, general health, reproductive history, basic socio-

demographic as well as weight history, as previously described. Accelerometers (ActiLife 5, 

Pensacola, Florida, USA) were fitted and instructions given on how to wear these and were 
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subsequently collected 7 days later to objectively measure habitual physical activity. This 

data was then analysed for light, moderate and vigorous activity taking place in one minute 

count intervals (unbouted) using cut-off points according to Matthews
320,357,358

, as previously 

described. A Registered Dietitian guided participants through an online 24 hour food recall 

(ASA24™, Applied Research Programme, National Cancer Institute, MD, USA) and 

requested that 2 further 24 hour food recalls were completed (covering one weekend day and 

2 weekdays).  

 

Oral Glucose Tolerance Test-Blood sampling and analysis: 

Following fasting RMR measurements, a cannula attached to a 3-way stopcock was inserted 

into the antecubital vein for blood sampling.  A fasting blood sample (~18 ml) was drawn for 

the determination of fasting plasma glucose and insulin. Thereafter the participants consumed 

a 75g glucose solution and blood samples were collected at 2 hours. Samples were kept on 

ice until centrifuged at 3000prm at 4º C for 10 minutes and subsequently stored at -80º C for 

later analysis.  Plasma glucose concentrations were determined using the glucose oxidase 

method (Glucose Analyzer 2, Beckman Instruments, Fullerton, CA, USA). Commercial radio 

immunoassays were used to measure plasma insulin (Axsym Insulin Assay, Abbott 

Laboratories, Illinois, USA). Insulin resistance (IR)/sensitivity was estimated using the 

Homeostasis Model Assessment (HOMA-IR, using fasting glucose and insulin measures) and 

the insulin sensitivity index (ISI(0,120), using fasting and 120 minute glucose and insulin 

values) reflecting hepatic IR and peripheral insulin sensitivity respectively
312

. HOMA-IR and 

ISI(0,120) were determined using the following formulae:  

 HOMA-IR = (fasting glucose (mmol.L
-1

) x fasting insulin (mU.L
-1

))/22.5;   

 ISI(0, 120) = mean clearance rate/log mean serum insulin; where mean clearance rate = 

(75000mg + (0min glucose-120min glucose) x 0.19 x BW (kg)/120min)/mean plasma 

glucose) as validated by Gutt et al (2000)
359

.  

 

Statistical Analysis 

Data was assessed for normality using histogram plots and the Shapiro Wilks test, where 

p<0.05 indicated that data was not normally distributed. For normally distributed data mean 

and standard deviation were reported and a one-way ANOVA was used for comparisons 

across all four groups with a Bonferroni post-hoc test to identify significant differences 

between individual groups. For non-parametric data median and inter-quartile-ranges were 
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reported, a Kruskal-Wallis (nonparametric) ANOVA was used for multiple comparisons and 

differences between groups were assessed using a Wilcoxon rank-sum test using a Bonferroni 

adjustment of p-value for multiple comparisons (significance at 0.008, α = 0.05/6 tests). Both 

HOMA-IR and ISI0,120 were log transformed to give a normal distribution. Pearson’s 

correlation coefficient and simple linear regression models were used to test for associations 

between variables and log HOMA-IR and log ISI0,120 respectively. Multiple linear regression 

was used to model predictors of variability in HOMA-IR and ISI(0,120). The multiple linear 

regression models were tested for normality of residuals, linearity and homoscedasticity. 

Outliers were checked for influence and leverage and multicollinearity of predictors was 

assessed using the variance inflation factor (VIF > 5). For all tests a p-value < 0.05 was 

considered statistically significant.  

 

5.3 Results 

Participant characteristics 

Participant characteristics and weight history are presented in Table 5.1. RED and REL were 

not different to LSW and OSW respectively. By design LSW and RED had lower body 

weight and BMI and consequently showed reduced FM, FFM, BF% and waist circumference 

compared to the OSW and REL.  
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Table 5.1: Participant characteristics and weight history 

 
LSW 

(n=19) 

RED 

(n=15) 

OSW 

(n=11) 

REL 

(n=11) 

Participant characteristics     

Age (years) 28 
 

(25-37) 

32 
 

(26-40) 

32  

(29-40) 

34 

(22-41) 

Body Weight (kg) 59.9
 D,E

 

(56.8-68.3) 

67.1
 B,C 

(61.5-74.0) 

87.6 

(83.4-96.0) 

92.5 

(79.1-103.3) 

Body Mass Index (kg.m
-2

) 22.7±2.3
 D,E

 24.1±2.3
 B,C 

35.0 ±4.1 34.1 ±6.2 

Body fat (%) 29.1±5.2
 D,E

 29.6±4.3
 B,C 

45.4 ±4.1 43.4 ±6.6 

Fat mass (kg) 18.4±5.2
 D,E

 20.4±5.3
 B,C 

41.6 ±10.0 42.0 ±13.5 

Fat-free mass (kg) 44.0±3.8
 D,E

 47.6±4.8 49.1 ±5.3 52.8 ±5.7 

Waist (cm) 68.4±4.8
 D,E

 69.4±5.4
 B,C 

91.8 ±9.0 90.7 ±9.6 

Waist-to-hip ratio 0.69
 D,E

 

(0.68-0.71) 

0.66
 B,C 

(0.64-0.69) 

0.78 

0.74-0.83) 

0.75 

(0.73-0.81) 

Weight History     

Weight loss (%BW lost) -2.8 

(0.0 – 4.5) 

-16.1
A B 

(14.4 – 22.0) 

-1.6 

(0.0 – 3.4) 

-19.1
E F 

(17.3 - 29.5) 

Weight regain (%BW regain) 0.0 

(0.0-1.5) 

0.0 

(0.0-2.8) 

0.0 

(0.0 – 2.7) 

21.0
C E F 

(15.4 – 26.7) 

Months at Current Weight (months) 24.0
D E 

12.0 – 60.0 

30.0
B C  

12.0 – 60.0 

9.0 

6.0 – 12.0 

6.0 

3.0 – 30.0 

Note: Significant differences (p<0.05): A: LSW & RED; B: RED & OSW; C: RED & REL; 

D: LSW & OSW; E: LSW & REL; F: OSW & REL  

 

 

Dietary intake, physical activity and metabolic measurements  

Table 5.2 shows that OSW consumed significantly more energy than LSW (p<0.001) and 

RED (p=0.003), but when adjusted for BW this was not significantly different. The LSW 

consumed more carbohydrates and less fat than the other three groups, although only 

significant between the LSW and OSW. There were no significant differences in sedentary, 

light and moderate activity. The RED engaged in more vigorous activity compared to the 

other three groups (p=0.050), but this was only significant between the RED and OSW. In 

terms of overall fitness, the LSW had higher peak oxygen consumption (VO2peak) compared 

to OSW (p<0.05) and the RED was higher than both OSW and REL (p<0.05) while RED and 

LSW were not different (p>0.05). There were no differences in RMR or substrate utilization 

between the groups. 

 

  



93 
 

Table 5.2: Dietary intake, physical activity and metabolic measurements 

 
LSW 

(n=19) 

RED 

(n=15) 

OSW 

(n=11) 

REL 

(n=11) 

Dietary Intake     

Energy (kJ.d
-1

) 6,947 
D 

5428-7914 

6,474 
B 

5792-8621 

9,107 

8182-11676 

 6579  

6286-9617 

Energy (kJ.kg
-1

) 106.7 ±18.8 106.7±29.7  107.1 ±23.4 87.9 ±35.2 

Fat (% Total Energy) 32.1 ±6.9 
D 

36.9 ±6.8 40.3 ±7.0 35.4 ±8.8 

CHO (% Total Energy) 53.4 ±10.0
D 

44.8 ±10.3 42.8 ±8.4 44.8 ±9.4 

Protein (% Total Energy) 14.0 

12.5-18.2 

20.2 

12.9-23.7 

17.2 

14.4-20.6 

18.8 

15.9-23.3 

Protein (g.kg
-1

) 0.96 ±0.26 1.15 ±0.23 1.11 ±0.33 1.01 ±0.34 

Physical Activity     

VO2 peak (ml.min
-1.

kg
-1

) 37.4 ±6.3 39.9 ±4.9 30.2 ±3.8 33.1 ±5.9 

Sedentary Time (min.d
-1

) 1186  

1098-1208 

1118 

1038-1192 

1155 

1104-1179  

1172 

1104-1216 

Light Activity (min.d
-1

) 177  

158-247 

209 

172-275 

210 

173-249  

167 

162-205 

Moderate Activity (min.d
-1

) 79  

58-107 

111 

73-127 

86 

79-110  

93 

67-131 

Vigorous Activity (min.d
-1

) 0  

0-0 

4.1
B 

0-11.3 

0 

0-5  

0 

0-0.125 

Metabolic Measurements     

RMR (kJ.d
-1

) 5,954 ±619 6,427 ±732 6,352 ±1071 6,616 ±1289 

RMR.kg FFM
-1

 (kJ.FFM
-1

.d
-1

) 135.6 ±13.0 135.2±10.0 134.3±19.2 130.5 ±10.9 

RER 0.76 ±0.06 0.76 ±0.06 0.78 ±0.04 0.79 ±0.05 

Note: Significant differences (p<0.05): A: LSW & RED; B: RED & OSW; C: RED & REL; 

D: LSW & OSW; E: LSW & REL; F: OSW & REL. FFM – fat free mass. CHO: 

carbohydrate; VO2peak: peak volume of oxygen consumption; RMR: resting metabolic rate; 

RER: respiratory exchange ratio; FFM: fat free mass.  

 

 

Fasting and 2h plasma glucose and insulin, HOMA-IR and ISI(0,120)  

Results of the 75g OGTT (Table 5.3) shows that while blood glucose levels are largely 

comparable across all groups, the RED have significantly lower fasting and 2 hour insulin 

levels compared to all other groups (p<0.005). Across all participants, eight individuals 

recorded fasting PG ≥7.0mmol/l, a diagnostic criteria for T2DM, despite having previously 

had fasting blood glucose levels ˂7.0mmol/l at screening. Of these, two subsequently 

recorded 2hr PG levels ≥11.1mmol/l, which is a diagnostic criterion for T2DM. Removing 

these individuals from the analysis did not alter the results significantly.  
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Table 5.3: Fasting and 2 hour plasma glucose and insulin measurements 

 
LSW 

(n=19) 

RED 

(n=15) 

OSW 

(n=10) 

REL 

(n=11) 

Fasting Plasma Glucose (mmol.L
-1

) 4.8 

4.6-5.1 

4.9 

4.5-5.2 

5.4 

4.8-6.2 

5.2 

4.7-7.5 

2h Plasma Glucose (mmol.L
-1

) 6.1
D 

(5.3 – 7.3) 

6.2
B C 

(5.3 – 6.7) 

7.9 

(6.7 – 8.9) 

7.7 

(6.1 – 9.8) 

Fasting plasma insulin(ml U.L
-1

) 7.6 

(4.8-10.5) 

4.5
A B C 

(2.9-5.2) 

12.4 

(9.1-16.2) 

9.3 

(5.6-14.9) 

2h plasma insulin (ml U.L
-1

) 41.1
D 

(25.0-64.3)
 

19.7
A B C 

(10.9-31.1) 

91.5 

(52.1-140.2) 

49.9 

(31.2-115.7) 

Impaired Fasting Glucose: Fasting 

Plasma Glucose ≥ 5.6 <7.8mmol.L
-1

  

(n (% of category)) 

2 (10.5)  3 (20) 5 (50) 5 (45) 

Impaired Glucose Tolerance:  

2h Plasma Glucose ≥ 7.8mmol.L
-1

  

(n (% of category)) 

4 (21) 1 (7) 5 (50) 6 (55) 

Note: PG: plasma glucose. Significant differences (p<0.05): A: LSW & RED; B: RED & 

OSW; C: RED & REL; D: LSW & OSW; E: LSW & REL; F: OSW & REL.  

 

RED were significantly more insulin sensitive than all other groups (Figure 5.1). This was 

shown (Figure 5.1A) using fasting values and determining IR as measured by HOMA-IR 

(RED 0.85 (0.64-1.25), LSW 1.86 (1.01-2.43), REL 2.36 (1.91-3.73), OSW 3.10 (2.34-4.45); 

p<0.001 for all comparisons with RED).  REL were not different to either the LSW (p=0.138) 

or OSW (p=0.324). LSW had lower HOMA-IR values compared to OSW (p=0.015) while 

both the OSW and REL were not different (p>0.05). The same result was shown in Figure 

5.1B using both fasting and two hour values as determined by ISI(0,120) (RED 115.1 (89.8-

134.7), LSW 80.0 (66.1-96.4), REL 58.7 (56.2-69.7), OSW 55.7 (43.7-59.9); p<0.001 for all 

comparisons with RED). LSW were more insulin sensitive compared to both OSW and REL 

(p<0.05), while the REL and OSW were not different on either measure (p>0.05).  

 

Figure 5.1: HOMA-IR and Insulin Sensitivity Index for RED, LSW, REL and OSW 

Note: * indicates RED significantly different compared to all other groups (p<0.001).  
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Associations and regression models for predictors of log HOMA-IR and ISI(0,120) 

The total sample was analysed to identify significant associations of variables against both 

log HOMA-IR and ISI(0,120) (see  Table 5.4 below).  

 

Table 5.4: Associations with log HOMA-IR and log ISI(0,120)  

 Correlation coeff.  Correlation coeff. 

 

 

Log 

HOMA-

IR 

Log 

ISI(0,120)  

Log 

HOMA-

IR 

Log 

ISI(0,120) 

Weight Loss History:   Dietary:   

Body Weight Lost (%) -0.291† 0.253 Protein (g.kg
-1

) -0.276† 0.158 

Body Weight regained (%) 0.245 -0.319† Physical Activity:   

Body Composition:   Sedentary time (min.d
-1

) 0.285† -0.109 

BMI (kg/m
2
) 0.477* -0.436* Light activity(min.d

-1
) -0.302† 0.124 

WC (cm) 0.481* -0.479* Vigorous activity(min.d
-1

) -0.349† 0.263 

HC (cm) 0.407† -0.457‡ VO2peak (ml.
-
1.kg.min

-1
) -0.429‡ 0.431‡ 

WHR 0.362‡ -0.341* Substrate Utilization:   

Fat mass (kg) 0.468* -0.417† Fasting RER 0.338† -0.311† 

Body Fat (%) 0.523* -0.508*    

FFM (kg) 0.165 0.044    

Note: † : p <0.05;  ‡: p<0.005; *: p<0.001. Log HOMA-IR: Body Weight regained: p= 0.071. 

Log ISI(0,120): Body Weight lost: p=0.063; Vigorous activity: p=0.065. Coeff: coefficient, 

BW: body weight; BMI: body mass index; WC: waist circumference; HC: hip circumference; 

WHR: waist-to-hip ratio. VO2peak: peak volume of oxygen consumption. 

 

 

The regression models (Table 5.5 below) were able to predict 61.4% (p<0.001) and 59.7% 

(p<0.001) of the variability in log HOMA-IR (Model 1) and log ISI(0,120) (Model 2) 

respectively in this sample. Using beta coefficients, the strongest predictors in Model 1 were 

% BW lost (beta -0.508) followed by %BW regained (beta 0.314) and RER ratio (beta 

0.298), while for Model 2 %BW lost (beta 0.612), %BW regained (beta -0.600) and RER 

ratio (-0.231) respectively. Light activity contributed to Model 1 but was not a strong 

predictor in Model 2, while for Model 2 WHR was a stronger predictor than BF%. Removing 

the two individuals who exceeded diagnostic criteria for T2DM from the analysis did not 

significantly alter these results.    
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Table 5.5: Regression Models to explain variability in log HOMA-IR and log ISI(0,120) 

 Model 1: Predicting log HOMA-IR Model 2: Predicting log ISI(0,120) 

Predictors: Coeff 95% CI 

Lower   Upper 

p-val Coeff 95% CI 

Lower  Upper 

p-val 

% Body Weight lost -0.038 -0.058   -0.018 <0.001 0.025 0.015     0.036 <0.001 

% Body Weight 

regained 

0.029 0.002    0.056 0.037 -0.031 -0.045   -0.016 <0.001 

Light activity(min.d
-1

)  -0.003 -0.006   -0.001 0.048    

Vigorous activity  

(min.d
-1

) 

-0.033 -0.061   -0.005 0.023 0.015 0.001    0.029 0.043 

% Body Fat 0.019 -0.002    0.040 0.073    

RER  4.223 1.326    7.120 0.005 -1.823 -3.372   -0.275 0.022 

Waist-to-hip ratio    -1.273 -2.814   0.268 0.103 

Constant -2.406 -4.589   -0.222 0.032 6.499 4.914    8.084 <0.001 

       

Observations:  50     50   

R
2
 (Adjusted R

2
) 

p-value 

      0.614 (0.560) 

      <0.001   

       0.597 (0.551)  

      <0.001 

 

Note: Coeff: coefficient; CI: confidence interval; RER: respiratory exchange ratio.   

 

 

5.4 Discussion 

This study compared metabolic, physiological and lifestyle variables across 4 groups of 

women classified exclusively according to weight status and weight loss history. The main 

finding from this study showed that successfully maintained, weight-reduced individuals 

were significantly more insulin sensitive compared to all other groups investigated. What is 

remarkable is that women in the RED had maintained substantial weight loss of around 15% 

for a lengthy period (median 30 months (12-60 months)), and yet were found to be less IR, 

based on HOMA-IR measures, and more insulin sensitive, based on ISI(0,120) measures, 

relative to phenotypically similar, age and BMI-matched controls with no weight loss history. 

There were no significant differences in metabolic rate, substrate utilization or dietary intake 

that might explain the enhanced insulin sensitivity in this group, besides a modest 

engagement in vigorous activity. Multiple linear regression models were able to explain 

61.4% of the variability in log HOMA-IR (p<0.001) and 59.7% in log ISI(0,120) (p<0.001) in 

the total sample. In these models, percentage BW lost and percentage BW regained were 

significant predictors of insulin sensitivity along with the ability to metabolise more fat in the 

fasted state. Physical activity, particularly vigorous activity, was also associated with greater 

insulin sensitivity (light activity was a significant predictor only in Model 1 predicting 

variability in log HOMA) while none of the dietary intake variables were found to be 

significant predictors.  
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Weight loss intervention studies have shown sustained improvements in glucose regulation at 

6 month follow-up, but longer term, with weight regain these improvements were reversed
356

. 

However, other groups have demonstrated that improved insulin sensitivity following weight 

loss was retained and even enhanced despite weight regain, and here the continued increase 

in adiponectin and insulin-like growth factor 1, along with no change in visceral fat, were 

highlighted as possible explanations for this
106

. Our results show that individuals, who have 

undergone meaningful weight loss in excess of 15% of BW and subsequently maintained this 

well beyond one year and up to 5 years, are less IR/more insulin sensitive than age and BMI-

matched controls. However, compared to RED, the REL group demonstrated increased 

IR/lower insulin sensitivity, as well as greater 2 hour insulin levels in the 75g OGTT, 

supporting existing evidence that metabolic benefits that accompany weight loss are not 

present in subjects who have regained weight. It is interesting to note that individuals who 

had always been lean, and had not gone through the process of weight loss, were not 

significantly less IR/more insulin sensitive than the REL, despite having significantly lower 

BMI. Undoubtedly physiological and metabolic parameters, along with lifestyle choices play 

an important role in improving metabolic health
351,360

. However, it is also important to 

recognise that individuals who have a history of substantial weight loss are evidently more 

insulin sensitive than those who have no weight loss history. 

 

In addition to much higher ISI(0,120), the RED displayed very low HOMA-IR values, with a 

tight clustering of individuals falling in the bottom half and even below suggested 95% 

reference cut points
361

. It is therefore pertinent to consider the implications of this, 

particularly whether very high levels of insulin sensitivity could potentially predispose 

individuals to subsequent weight regain. In obese, insulin resistant populations higher relative 

insulin sensitivity is associated with increased prospective weight gain
362,363

. Greater weight 

regain following weight loss has also been shown in individuals who subsequently consumed 

a high glycaemic load diet
364

. Changes in adipose tissue histology may also play a role as 

weight regain after sustained weight loss is accompanied by adipocyte hyperplasia
306

. The 

greater number of smaller, newly reduced adipocytes  are potentially more insulin sensitive, 

with lower rates of lipolysis and increased rates of fat storage following weight loss
190

. This 

would suggest that weight cycling increases the number of adipocytes, thereby reducing the 

inflammatory profile of adipose tissue and improving insulin sensitivity, but also increases 

the efficiency and capacity for fat storage, thus raising the risk for future weight regain
190

. 

This emphasizes the importance of dietary recommendations and support in the weight 
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maintenance phase following substantial weight loss in order to retain metabolic 

improvements.  

 

Exercise has beneficial effects on body composition and improves insulin sensitivity through 

enhanced oxidative capacity and reduced intramuscular triglycerides that impair insulin 

signalling within the cell
176,342,344

. Weight loss incorporating diet and aerobic exercise confers 

further beneficial effects on insulin sensitivity at one year follow-up that is independently 

associated with improved cardiovascular fitness
365

. Both light- and vigorous activity were 

significant predictors of IR as measured by HOMA-IR. There was also a strong negative 

correlation between sedentary time and light activity and together this demonstrates that 

increasing light activity at the expense of sedentary time was associated with greater levels of 

fasting insulin sensitivity as measured by HOMA-IR, which is indicative of lower hepatic IR. 

It is possible that with sedentary behaviour the reduced number of muscle contractions 

reduces skeletal muscle glucose clearance as well as lipoprotein lipase (LPL) activity, 

resulting in reduced triglyceride clearance, thus potentially increasing ectopic fat deposition 

which would include the liver
366

. Small amounts of vigorous activity predicted improved 

insulin sensitivity which is supported by interventions showing improvements in insulin 

sensitivity after just 2 weeks of short duration sprint interval training
367

. Exercise improves 

fasting fat oxidation which in turn improves insulin sensitivity and is confirmed in our model 

whereby lower fasting RER significantly predicted greater insulin sensitivity
267

. All groups 

met the American College of Sports Medicine (ACSM) Guidelines of 150 minutes per week 

of moderate to vigorous activity and this remains an important component of daily physical 

activity. However, explicitly incorporating small amounts of vigorous activity may further 

improve the effect of exercise on insulin sensitivity. All participants undertook large amounts 

of moderate activity per day, but this did not contribute to insulin sensitivity, possibly 

indicating that it was lower intensity, intermittent activity rather than more structured higher 

intensity activity over a continuous period of time.  

 

Dietary intake variables were not found to be predictors of insulin sensitivity. Other studies, 

considering dietary glycaemic load and macronutrient composition, have also found no 

association with insulin sensitivity
368–371

. Other components of food intake and diet quality 

may be more predictive of insulin sensitivity than macronutrient composition per se
372

. 

Obtaining accurate dietary intake information is inherently problematic, with day-to-day 

variability making it difficult to determine habitual dietary intake from three 24-hour 
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recalls
373

. There is also some evidence of inter- and intra-individual variability in glycaemic 

response to the same food thereby potentially eliciting a variable insulin response
374,375

.   

 

One of the strengths of this study was the ability to identify individuals who had undergone 

substantial weight loss and either successfully maintained this weight loss for periods in 

excess of a year or regained all of the weight previously lost. This enabled an investigation 

into the longer term effects of weight loss and regain in comparison to individuals with no 

weight loss history. Actual measurements of physical activity also avoided issues around over 

or under reporting. However, limitations of the study included it being cross sectional and 

therefore only able to point to associations rather than cause and effect. There were also 

relatively fewer participants in the REL and OSW groups due to difficulty of recruitment of 

individuals matching the study criteria and this may have underpowered the effects shown.  

Future studies should analyse the dietary data in more detail, perhaps using indices and their 

components to assess associations with dietary intake and insulin sensitivity. It would also be 

of interest to consider mechanisms that might explain the improved insulin sensitivity that 

accompanies weight loss over the longer term. 

 

In conclusion, successfully weight-reduced individuals, maintaining reduced weight for 

extended periods of time, are more insulin sensitive than their BMI-matched controls with no 

weight loss history, independent of dietary intake and physical activity. With weight loss 

relapse these metabolic benefits are no longer evidenced. Being physically active, engaging 

in light activity rather than being sedentary and in particular including small amounts of 

vigorous physical activity predicted greater insulin sensitivity/reduced IR. Weight loss 

maintenance programs should therefore be emphasized in the period following substantial 

weight loss in order to retain these benefits. Research is needed to consider dietary strategies 

that can facilitate weight loss maintenance in light of the enhanced insulin sensitivity, not just 

in the immediate period following weight loss, but over the long term. 
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CHAPTER 6 

 

6. Summary and Conclusions 
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6.1 Summary of Findings & Conclusions 

Obesity treatment requires approaches that target the reduction of body weight and fat mass 

as well as the improvement of CRF, metabolic flexibility and insulin sensitivity. Energy 

deficit created through exercise represents an approach that could improve many of these 

variables. Once achieved however, weight loss maintenance becomes increasingly important, 

but overcoming the metabolic adaptation to weight loss remains a key challenge in obesity 

treatment. The aims of this thesis were therefore to explore the role of metabolic rate and 

substrate utilization in influencing changes in body weight, body composition, CRF and 

insulin sensitivity (see Figure 6.1 below). In Part 1 of the thesis I hypothesised that metabolic 

rate and substrate utilization in a sedentary obese population will be beneficially altered 

through exercise training, and that these changes would be associated with improvements in 

CRF, body composition and insulin sensitivity. In Part 2, I hypothesized that metabolic rate 

and substrate utilization will be altered through a history of weight loss/regain, predisposing 

these individuals to weight regain and impairing successful weight loss maintenance. It was 

also hypothesized that in successful and unsuccessful weight loss maintainers insulin 

sensitivity would return to levels observed in BMI matched controls without a weight loss 

history.  

 

  Part 1  Part 2 

Behaviour 

Change 

 Exercise-induced weight loss  

 

(Exercise Intervention) 

OR 

Diet & Exercise-induced 

weight loss 

(Weight-loss Maintenance) 

         

Physiological 

Changes 

 Metabolic Rate 

Substrate Utilization 

         

Health 

Benefits 

 Body 

Weight 

 Body 

Composition 

 Insulin 

Sensitivity 

 CRF 

Figure 6.1: Study of the role metabolic rate and substrate utilization in changes in body 

weight, body composition and insulin sensitivity 
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PART 1 

Summary of findings 

Part 1 presented results from the first supervised 12 week exercise intervention in obese black 

SA women. This study was also the first to measure resting and steady state metabolic rate 

and substrate utilization at baseline and post-intervention in this population group (See Figure 

6.2 below). Black SA women are shown to spend a significant amount of time in sedentary 

behaviour, while engaging in little or no vigorous activity
220

. They consequently display very 

low cardio-respiratory fitness (CRF) and are at high risk for obesity, insulin resistance and 

T2DM
220

. In chapter 2, I showed that 12 weeks of exercise training significantly increased 

CRF, albeit from a low base (below 20
th

 percentile shown in African American women
282

). 

Increased CRF enabled an increase in energy expenditure during moderate intensity steady-

state exercise (50% of VO2peak at post-intervention) which was fuelled by higher fat oxidation 

rates, while carbohydrate oxidation rates remained the same. In contrast, the control group 

showed no change in any of these measures. Resting metabolic rate (RMR) was unchanged in 

response to exercise training and likely reflected unchanged FFSTM, a major driver of resting 

EE
39

. Exercise participants reduced body weight, BMI, waist and hip circumference in 

response to exercise training, whereas in non-exercising controls weight, BMI and waist 

circumference increased. It is noteworthy that in contrast to findings from other exercise 

interventions
168

, visceral adipose tissue remained unchanged in response to the exercise 

intervention. Rather, gynoid FM decreased in the exercise group in response to exercise 

training and increased in controls. Using regression models, we showed that higher baseline 

fat oxidation rates during exercise and lower baseline resting carbohydrate oxidation rates 

explained over 60% of the variability in change in gynoid fat mass in response to 12 weeks of 

exercise training. These results support a role for substrate utilization in achieving body 

composition improvements in response to exercise training.  
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EXERCISE INTERVENTION STUDY 

Recruited & Randomized 

 

Control (n=15) 
Age: 23y (21-27) 

BMI: 33.4 ±2.7 kg.m
-2 

 Exercise (n=20) 
Age: 22y (21-24) 

BMI: 34.1 ±2.8 kg.m
-2 

           

Control BASELINE Exercise 
 

23.9 ± 3.0  

VO2peak (ml.min
-1

.kg
-1

) 

 (Age associated norm: 

35-40 ml.min
-1

.kg
-1

) 

 
24.9 ± 2.4  

 

 
Continued habitual  

activity & dietary  

patterns 

 12 Week Exercise  

Intervention (4d.wk
-1

) 

Attendance: 79.4% 

Exercise intensity: 

79.7±4.0% HRpeak 

                          

Control POST TESTING Exercise 

No change VO2peak (ml.min
-1

.kg
-1

) ↑ (+10.8%) 

 

No change 

No change 

No change 

No change 

Steady State exercise: Same absolute workload  

-% VO2peak 

-% HRpeak 

-Fat oxidation rate (mg.min
-1

 .FFSTM
-1 

) 

-CHO oxidation rate (mg.min
-1

 .FFSTM
-1 

) 

 

↓ 

↓ 

No change 

No change 

 

No change 

No change 

No change 

No change 

Steady State exercise: Same relative intensity 

-Energy expenditure 

-Workload (treadmill gradient) 

-Fat oxidation rate (mg.min
-1

 .FFSTM
-1 

) 

-CHO oxidation rate (mg.min
-1

 .FFSTM
-1 

) 

 

↑ 

↑ 

↑ 

No change 

 

No change 

No change 

No change  

Resting: 

-Energy expenditure 

-Fat oxidation rate (mg.min
-1

 .FFSTM
-1 

) 

-CHO oxidation rate (mg.min
-1

 .FFSTM
-1 

) 

 

No change 

No change 

No change 

 

↑ 

↑ 

↑ 

No change 

↑ 

Anthropometry 

Body weight (kg) 

BMI (kg.m
-2

) 

Waist circumference (cm) 

Hip circumference (cm) 

Waist-to-hip ratio 

 

↓ 

↓ 

↓ 

↓ 

↓ 

 

No change 

No change 

No change 

↑ 

No change 

No change 

No change 

DXA-derived Measurements 

Fat Mass (kg & %total fat mass) 

Fat Free Soft Tissue Mass (kg & %total fat mass) 

Android Fat Mass (kg & %total fat mass) 

Gynoid Fat Mass (kg) 

Gynoid Fat Mass (%) 

Subcutaneous Adipose Tissue (cm
2
) 

Visceral Adipose Tissue (cm
2
) 

 

No change 

No change 

No change 

↓ 

↓ 

No change 

No change 

 

No change 

No change 

No change 

Fasting glucose, insulin & Insulin Sensitivity 

Fasting blood glucose 

Fasting Insulin 

SI 

 

No change 

No change 

↑ 

Figure 6.2: Summary of findings for Chapter 2 

Note: BMI: body mass index; VO2peak: peak volume of oxygen consumption; HRpeak: peak 

heart rate; CHO: carbohydrate; FFSTM: fat free soft tissue mass; SI: insulin sensitivity index 
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In Chapter 3, I explored the high inter-individual variability in CRF response to exercise 

training in greater depth. In order to achieve this, a median split in ∆VO2peak among the 

exercise group facilitated a comparison between low and high CRF responders. Accordingly, 

in this chapter I aimed to compare metabolic rate and substrate utilization at rest and during 

exercise between low and high CRF responders, as well as differences in body composition, 

CRF and insulin sensitivity responses to exercise training. I also investigated whether 

differences in metabolic rate and substrate utilization at baseline might account for a 

significant proportion of the variability in CRF response to exercise training. High inter-

individual variability in CRF response is frequently shown in exercise interventions and is 

typically attributed to the exercise ‘dose’ (frequency, intensity and duration of the exercise 

stimulus)
140,147,150

. In contrast to these studies, low and high responders displayed similar 

baseline CRF (VO2peak: low responders 25.3 ±2.2 ml.min
-1

.kg
-1

 versus high responders: 24.5 

±2.7 ml.min
-1

.kg
-1

) and were exposed to the same exercise dose (average exercise intensity: 

78.6 ±4.0 versus 80.6 ±4.0 %HRpeak & and class attendance 38.2 ±6.0 versus 38.6 ±6.9) and 

yet, by design, CRF in low responders remained largely unchanged while in high responders 

VO2peak increased by ~21%. High responders showed distinct baseline phenotypic differences 

to low responders. Compared to low responders, high responders were ~11kg lighter, placing 

them in a lower BMI category (obese class 1 vs. class 2). During steady state exercise they 

also derived a greater proportion of energy expenditure from fat oxidation (fat utilization: 

62% compared to 41% in low responders), thus exhibiting higher fat oxidation rates and 

lower carbohydrate oxidation rates compared to low responders. In response to exercise 

training, high responders lost greater amounts of gynoid fat mass, while in low responders 

this remained unchanged. These findings further support the results of the previous chapter 

that highlighted the significance of baseline fat utilization in achieving beneficial changes in 

body composition in response to exercise training. Using regression models, I further showed 

that lower baseline rates of carbohydrate oxidation at rest and during steady-state exercise 

explained 37.5% of the variability in the CRF response to exercise training. Including SAT 

into the model explained an additional 4.7% of the variability (p=0.023), but none of the 

variables were independent predictors. This is likely because of correlations between baseline 

SAT along with BMI and steady state RER and fat oxidation rates, such that with increasing 

SAT, fat utilization and fat oxidation rates declined, a feature that has previously been 

demonstrated in obese populations with increasing measures of adiposity
154,155

. To the best of 

my knowledge this is the first study to provide evidence that baseline substrate utilization 
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influences the subsequent CRF and body composition responses to an exercise intervention. 

Furthermore, these findings contrast those that have suggested that the exercise dose alone is 

important in mediating these effects
140,147,150

. Indeed, differences in baseline substrate 

utilization, particularly among sedentary obese individuals, may in part account for the high 

inter-individual variability that is increasingly highlighted in outcomes of exercise 

interventions.  

 

By comparison, despite limited CRF improvements, at post-testing the low responder group 

improved their ability to oxidize fat and reduced their reliance on carbohydrate oxidation 

during steady-state exercise. They also increased insulin sensitivity in response to the 12 

week exercise intervention. In contrast, insulin sensitivity did not change in high responders 

despite improvements in CRF and fat oxidation rates at post-testing. Furthermore, for the 

exercise group as a whole, changes in insulin sensitivity were not associated with changes in 

CRF, metabolic rate or substrate utilization, at rest or during exercise. At baseline, low 

responders had lower fat utilization compared to high responders and the subsequent 

improvements in fat oxidative capacity from this low baseline may have indirectly supported 

the improvement in insulin sensitivity. In support of these findings, while improvements in 

insulin sensitivity are frequently shown in exercise intervention studies that induce weight 

loss
167,176,231,376,377

, improved insulin sensitivity in the absence of weight loss tends to be 

shown only in exercise intervention studies where participants may be starting from a lower 

baseline fat oxidative capacity such as postmenopausal, overweight and sedentary 

women
378,379

. By comparison, while calorie restriction has no impact on mitochondrial 

function, presence of lipid metabolites in skeletal muscle (e.g.., ceramides and diacylglycerol) 

and plasma inflammatory markers, changes have been observed in the expression of certain 

proteins involved in insulin-stimulated glucose uptake and utilization in skeletal muscle
380

. 

This suggests that particular mechanisms may be involved in improved insulin sensitivity 

through dietary restriction and weight loss specifically.  Individuals with higher baseline fat 

utilization may thus require a more pronounced negative energy balance
381

 (achieved through 

increased exercise EE or the addition of dietary restriction) and in particular significant 

weight loss
167

 in order to show improvements in insulin sensitivity.  

 

Conclusions & Future Directions 

In conclusion, in line with my hypothesis, Part 1 showed that exercise training increased CRF 

and beneficially altered exercise energy expenditure and substrate utilization in sedentary 
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obese black SA women, a population group within SA shown to be at high risk for increasing 

obesity, low CRF, insulin resistance and T2DM
86,221,222,382–385

. The very low CRF, typically 

associated with increased cardio-metabolic risk, was again evidenced in this relatively young 

group of women, highlighting their increased risk for chronic disease and the need for 

ongoing exercise interventions to improve CRF
21,224,386

. Baseline substrate utilization was 

associated with improvements in CRF and body composition. However, neither baseline or 

change in substrate utilization in response to exercise training were associated with changes 

in insulin sensitivity. In contrast to non-exercising controls, exercise training prevented 

weight gain, allowed for small amounts of weight loss and improved anthropometric 

measures associated with metabolic risk (reduced WC and WHR). Importantly, longitudinal 

studies in this population group have shown significant gains in body fat measures over time, 

particularly among younger women, irrespective of habitual activity level
219

. These findings 

provide further support for the implementation of similar exercise training programs to 

prevent both weight gain and increasing obesity in this population group shown to be 

vulnerable to weight gain. However, the exercise intervention failed to achieve clinically 

significant reductions in body weight required in obesity treatment and did not result in 

increases in FFSTM which in turn may have impacted on the potential to achieve 

improvements in SI
178,179,387

.  

 

Weight loss requires the creation of an adequate energy deficit either through dietary 

restriction or increased EE. Using data collected (RMR, exercise sessions attended, average 

heart rate of the sessions and results from the VO2peak test) individual regression equations 

allowed the exercise EE over the duration of the exercise intervention to be estimated for 

each participant. The mean imposed energy deficit achieved through the exercise intervention 

was estimated to be ~1,100 calories per week (data not shown), which is more in line with 

recommendations for improving metabolic health than those required for weight loss
388

. This 

also compares to ~3,500 calorie per week deficit typically imposed through dietary 

interventions and more consistently associated with significant weight loss
105,107,108

. 

Furthermore clinically significant reductions in body weight and improved body composition 

have been shown in response to exercise-only interventions of similar
111

 and longer 

duration
112

 where adherence to exercise prescription (i.e., class attendance) was high (90-

100%) and closely controlled. Although I showed no change in dietary intake or physical 

activity over the duration of the intervention, compensatory responses are also shown to 

occur in response to an energy deficit even before weight loss occurs
111,116,389

. In order to 
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improve body weight reductions through exercise interventions an adequate energy deficit is 

required. This would involve both a progressive increase in the training load as well as 

greater adherence to exercise prescription. Educating participants around compensatory 

responses that are shown to occur when an energy deficit is imposed may also help to reduce 

the widening of an energy gap that could undermine weight loss efforts. 

 

In terms of body composition, it was surprising that VAT, typically improved by exercise 

training
168

, remained unchanged while gynoid FM was preferentially reduced. This response 

has previously been shown in diet-induced weight loss where African American women lost 

more abdominal SAT and less VAT compared to white counterparts
390

. Similarly, differences 

in body fat distribution have been shown in black SA women in comparison to their white 

counterparts, displaying less central and more peripheral (lower-body) FM as well as less 

abdominal VAT and more SAT for a given WC 
85,237,257

. As such, this novel finding of 

gynoid FM reduction among exercise participants may describe an ethnic specific, and 

potentially also a gender specific, body composition response to exercise training. 

 

Interest in understanding inter-individual variability in CRF response to exercise 

interventions has increased in recent years, but to date these studies have focused 

predominantly on the exercise dose
140,147,150,277,391

. This thesis presented novel evidence of 

differences in baseline substrate utilization among sedentary, obese women that explained 

over a third of the variability in CRF response to exercise training. To date this has not 

previously been described and potentially contributes to our understanding of inter-individual 

CRF response variability. Indeed, improvements shown in fat oxidation among low CRF 

responders may have enhanced their capacity for CRF improvements with ongoing exercise 

training. This is in line with other studies prescribing a subsequent round of exercise training 

to eliminate CRF non-response
150

. Similarly, baseline substrate utilization predicted over 

60% of the variability in gynoid fat mass reductions, underscoring the role of substrate 

utilization in body composition improvements in response to exercise training. Inter-

individual variability in body composition responses to exercise training have been 

highlighted in many studies, but without an explanation
142,234

. These findings therefore build 

on the body of evidence supporting a role for fat oxidation in achieving body composition 

changes in response to exercise training and highlighting that variability in baseline substrate 

utilization may predict variability in body composition response. Consequently, individuals 

with lower capacity for fat oxidation at the start of an exercise program may require a longer 
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time period before improvements in CRF and body composition are achieved. Identifying 

individuals that have lower fat oxidative capacity at baseline could allow for a more 

individualized exercise prescription in order to improve fat oxidation. This may in turn 

improve the outcomes from exercise interventions such as increased CRF and improvements 

in body composition.  

 

There were a number of strengths and weaknesses in this study. The pre- and post-testing 

protocol was well controlled and standardized. Fasting steady state exercise testing allowed 

for the investigation of energy expenditure and substrate utilization, independent of the acute 

effects of dietary intake. Each exercise training session was supervised by a trained human 

movement exercise specialist and objectively monitored using heart rate monitors to ensure 

adherence to required exercise intensity. The exercise intervention was targeted at black SA 

women who show the highest risk for obesity and associated risk factors within a SA context. 

It therefore did not allow for comparisons across other ethic/gender groups. ActivPal data 

was used as an objective measure of activity during the intervention as the Actigraph data 

formed part of another PhD student’s thesis. This is somewhat unfortunate as it does not 

allow for a comparable measure to be considered across the two parts of the thesis. Sample 

size, particularly for the comparison of low and high responders, was relatively small and 

findings may have been strengthened with increased numbers.  

 

To improve the success of exercise interventions in achieving weight loss, future exercise 

interventions should aim to increase the exercise training load and adherence to exercise 

prescription to achieve energy deficits that are more consistent with weight loss. The exercise 

training modality may also require some refining to improve the potential for gains in 

FFSTM. A number of findings from the exercise intervention have not previously been 

shown and more studies are needed to confirm these results. In sedentary obese black SA 

women, body composition changes in response to exercise training predominantly involved 

reductions in gynoid FM. This may represent an ethnic/gender specific response and future 

exercise intervention studies should include additional ethnic/gender comparator groups to 

investigate this response further. Exercise intervention studies should also be conducted to 

confirm the relationship between variability in baseline substrate utilization and subsequent 

changes in both CRF and body composition particularly among sedentary obese populations. 

This may help to identify responders and non-responders at the outset. Lastly, testing was 

only carried out at baseline and post-intervention. It was therefore not possible to plot the 
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time course of changes observed or to identify possible thresholds of substrate utilization that 

may be associated with improvements in CRF or body composition. Future investigations 

should therefore include interim testing to allow this to be identified. 

 

PART 2 

Summary of findings 

In Part 2 of this thesis, I hypothesized that metabolic rate, substrate utilization and insulin 

sensitivity will be altered through weight loss/regain and may predispose individuals to future 

weight gain/regain thus impairing successful weight loss maintenance. Figure 6.3 below 

outlines the compensatory changes shown to accompany weight loss, which may also persist 

into weight loss maintenance (as detailed in the literature review), together with a summary 

of the findings from the two studies making up Part 2 of this thesis. In the first study I 

compared metabolic rate and substrate utilization in the fasted state and in response to a high 

fat meal challenge, between successfully weight-reduced (lost ≥ 15% body weight, BMI ≤ 27 

kg.m
2
) and weight-loss relapsed (lost ≥ 15% body weight, regained all weight lost, BMI ≥ 27 

kg.m
2
) individuals and their BMI-matched counterparts with no weight loss history. In 

opposition to my hypothesis, I found no evidence of metabolic compensation. Successfully 

weight-reduced and weight-loss relapsed individuals showed similar metabolic rate and 

substrate utilization, in both fasted and post-prandial states, compared to respective controls. 

However, this does not necessarily dispute previous evidence for metabolic compensation in 

long-term weight-reduced individuals. Instead, I showed that successfully weight-reduced 

individuals employed lifestyle strategies (diet and physical activity) that were distinct from 

those of BMI-matched controls which may have counteracted metabolic compensation. 

Successfully weight-reduced individuals consumed more protein per kilogram, were more 

physically active and displayed greater FFSTM compared to matched controls. Increased 

protein intake and physical activity may also have supported higher FFSTM which in turn 

would support a higher RMR
392,393

. Increased protein intake may also assist with control of 

appetite and energy intake
394

. Furthermore, weight-reduced individuals showed lower 

sedentary behaviour and greater moderate and vigorous activity compared to controls, which 

would counteract compensatory declines in AEE. Nonetheless, subjective reporting of greater 

dietary restraint, along with the employment of these distinct lifestyle strategies, suggests that 

maintaining reduced weight remains challenging even after prolonged weight loss 

maintenance and points to the continued presence of adaptive responses.  
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Weight Stable Weight loss 

compensation 

Weight-loss maintenance 

Strategies to counteract metabolic 

adaptation 

Weight Stable 

Energy 

Intake 

 [1]                [3]  

      

Energy 

expenditure 

  

 

[2] 

  

 

[4] 

 

Compensatory changes 

accompanying loss (*): 

 Strategies to counteract metabolic 

adaptation (**): 

Increasing Energy Intake [1]:  Maintaining reduced Energy 

Intake [3]: 

↓Leptin &↓Insulin &  

↑insulin sensitivity 

 ↓Insulin &  

↑Insulin sensitivity   

↑Ghrelin (hunger)  ↑Protein (g.kg
-1

) 

↓PYY & CCK  (satiety)  ↓Carbohydrate (%TE) - ↑fat 

oxidation 

↑Cortisol  ↑Conscious dietary restraint 

↓Sympathetic activation   

↑Reliance on carbohydrate oxidation 

(↑appetite) 

  

   

Reducing Energy expenditure [2]:  Increasing Energy Expenditure 

[4]: 

↓Leptin       ↑Body Weight  ↑Fat free soft tissue mass (↑RMR) 

↑Energy efficiency          & Fat Mass ↓Sedentary behaviour 

↓fat free soft tissue mass & fat mass     ↑Moderate & vigorous activity 

↓Thyroid hormones   

↓Sympathetic activation   

   

Changes in substrate oxidation:  Changes in substrate oxidation: 

↑Cortisol, (↑lipolysis)   

↓Sympathetic activation (↓fat 

oxidation; ↑carbohydrate oxidation) 

 Physical activity strategies enhance 

fat oxidation during exercise 

↓Thyroid hormones (↑fat storage)   

Figure 6.3: Physiological adaption to weight loss and strategies employed in successful weight 

loss maintenance to counteract the drive to regain body weight. (*) The left hand column details 

the changes that have been shown to accompany weight loss as highlighted in the literature review 

and are adapted from several review articles
187,190,197

. (**) The right hand column presents the findings 

from our studies, highlighting the strategies employed to counteract metabolic adaptation to weight 

loss and increased SI among successfully weight reduced compared to all other groups including 

BMI-matched controls with no weight loss history. Lower plasma insulin levels and greater SI 

(highlighted in red) represents an adaptive response to weight loss that has remained present in long-

term weight loss maintenance in our study group. Lower insulin levels signal reduced energy stores 

while greater SI results in more efficient post prandial nutrient clearance signalling reduced nutrient 

availability. Together these could lead to increased appetite and may be partly responsible for the 

need for greater conscious dietary restraint among successfully weight-reduced individuals. 
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In the final chapter (Chapter 5), I hypothesized that weight-loss would be accompanied by 

greater insulin sensitivity that would be reversed with weight loss relapse; and that 

successfully weight-reduced and weight-loss relapsed individuals would display comparable 

levels of insulin sensitivity relative to phenotypically similar controls with no weight loss 

history. Insulin sensitivity was assessed using two indices; HOMA-IR (Homeostasis Model 

Assessment
312

) which uses fasting insulin and glucose measures and is thus indicative of  

hepatic IR, and the insulin sensitivity index (ISI(0,120), as validated by Gutt et. al., 2000)
359

 

which uses fasting and 2 hour measures of insulin and glucose, thus representing peripheral 

insulin sensitivity. In contrast to my hypothesis, my findings showed that successfully 

weight-reduced individuals were significantly less IR/more insulin sensitive (based on both 

HOMA-IR and ISI(0,120) measurements respectively) than all other groups, including BMI-

matched individuals with no weight loss history. While greater insulin sensitivity is 

undoubtedly a target objective in obesity treatment, the enhanced insulin sensitivity 

evidenced in significantly weight-reduced individuals may be one of the mechanisms of 

adaptive response to weight loss that acts to increase risks for weight regain
187

. My results 

clearly showed that this remains present even after long term maintenance of reduced weight 

rather than returning to comparable insulin sensitivity levels shown in BMI-matched controls. 

By contrast, with weight regain these beneficial effects were not observed. In order to explore 

the variables that were associated with enhanced insulin sensitivity I used 2 regression 

models (Model 1: predicting log HOMA-IR and Model 2: predicting log ISI(0,120)), with both 

explaining ~60% of the variability in insulin resistance/sensitivity measures. In these models, 

percentage BW lost and percentage BW regained were the most significant predictors of 

insulin resistance/sensitivity followed by fat utilization in the fasted state. Previous studies 

have also found that insulin sensitivity improves following diet-induced weight loss and this 

was not attributable to changes in specific fat depots, but rather to the effect of weight loss 

itself
390

. Physical activity, and in particular vigorous activity, was also associated with greater 

insulin sensitivity (light activity was a significant predictor only in Model 1, thus suggesting 

an impact on hepatic IR). Measures of body fatness improved the prediction of the models 

but were not independent predictors. Therefore enhanced insulin sensitivity is evidenced in 

longer term weight loss maintenance, following significant weight loss, in comparison to 

phenotypically similar individuals without a history of weight loss and may constitute an 

ongoing risk for weight loss relapse.   
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These studies identified individuals who had lost a significant amount of weight and either 

successfully maintained this weight loss for a median of 30 months or regained all of the 

weight previously lost. This approach enabled investigation into the longer term effects of 

weight-loss and regain compared to individuals with no weight loss history. Certainly with 

comparisons of insulin resistance/sensitivity measures, this was a novel approach to assess 

the effects of long term weight-loss maintenance. Objective measurements of physical 

activity also avoided issues of over or under reporting. However, there were limitations. 

Firstly the studies were cross sectional and therefore, in line with my aims, can only point to 

associations and make metabolic and behavioural comparisons against matched controls. The 

studies also relied on self-reported weight history rather than documented weight changes 

from formal interventions and made use of BIA for measurement of body composition which 

has limitations. Recruitment of participants for the weight-loss relapsed group and their 

controls proved to be very difficult and therefore numbers in these groups were relatively 

lower. Findings, particularly for these groups may have been strengthened had we been able 

to recruit more participants. As shown in Figure 6.3 above, mechanisms that increase risk for 

weight loss relapse involve many other hormones besides insulin, including the adipokines 

such as leptin, appetite hormones released from the gut (e.g. ghrelin, PYY, CCK), thyroid 

hormones, etc. Unfortunately the current study did not have funding to measure these and this 

data would have provided a more comprehensive picture of the main physiological drivers 

that continue to feature in longer term weight loss maintenance. It is imperative to understand 

these drivers in order to develop effective strategies to counter their effects. 

 

Conclusion 

In conclusion to Part 2, although there was no evidence for weight loss associated differences 

in metabolic rate or substrate utilization among successful weight loss maintainers, they 

employed distinct strategies from BMI-matched controls that may have counteracted 

metabolic compensation for weight loss. Together with these lifestyle strategies, they 

continued to report higher levels of dietary restraint for months and even years (median 

weight loss maintenance period for weight reduced group was 30 months) following 

significant weight loss, compared to controls with no weight loss history. This suggests the 

ongoing presence of adaptive responses to significant weight loss and the need for conscious 

effort to maintain dietary vigilance and increased physical activity. While these adaptive 

responses are frequently shown in acute weight loss
181,206

, there is less evidence for its 

presence in long term weight-loss maintenance
208,299,328

. Therefore these findings build on the 
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body of evidence in support of longer term persistence of physiological adaption to weight 

loss and the continued risk for weight loss relapse. It also highlights strategies that may be 

effective in counteracting these effects. This continuing challenge to maintaining reduced 

weight, as highlighted in numerous publications
181–184

, underscores the need to understand 

mechanisms of weight loss associated adaptation in obesity treatment. Certainly, both weight 

loss and weight loss maintenance programs might be improved by incorporating education 

around physiological adaptation to weight loss, how this might manifest itself behaviourally 

(increased appetite and EI and reduced EE) while also  highlighting the strategies employed 

by successful weight loss maintainers to counteract this.  

 

Long term, successfully weight reduced individuals demonstrated enhanced SI. While many 

studies show improved insulin sensitivity following weight loss, the novelty of this finding 

lies in the fact that cross-sectional comparison of weight loss associated improvements in 

insulin sensitivity show that weight reduced individuals are more insulin sensitive than BMI-

matched controls with no weight loss history. To the best of our knowledge this has not 

previously been shown. Indeed greater insulin sensitivity is hypothesized to be a contributing 

mechanism that increases risk for weight loss relapse
187

 and may contribute towards the 

ongoing need for dietary restraint subjectively reported in our successfully weight reduced 

group. Lower fasting insulin concentrations centrally signal reduced long term body energy 

stores, while increased insulin sensitivity increases efficiency of postprandial nutrient 

clearance (i.e. glucose and free fatty acids) thus signalling reduced nutrient availability. 

Together these tonic and intermittent signals result in an increased appetite and drive for food 

intake
187

. With a lapse in dietary restraint and reduced physical activity, it is likely that the 

increased insulin sensitivity, which would affect skeletal muscle, adipose tissue and liver 

uptake and storage of nutrients
57

, could result in rapid weight gain and fat storage. Certainly 

higher levels of insulin sensitivity are shown to predict increased weight gain
362

 and regain 

following weight loss
395

. Studies have shown the success of dietary macronutrient adjustment 

to accompany increased, compared to reduced, SI including a higher carbohydrate component 

during weight loss
396

 and a reduced glycaemic load in weight loss maintenance
364

. When 

compared to BMI-matched controls, the successfully maintained weight-reduced individuals 

had indeed made dietary macronutrient adjustments in line with these suggestions, including 

increased protein (appetite control)
335,397

 and reduced carbohydrate intake (reduce dietary 

glycaemic load). Therefore dietary adjustment, particularly in respect of the insulin-

stimulating carbohydrate component, is required not just in the acute period following weight 



114 
 

loss, but also among individuals who have a history of significant weight loss. The ongoing 

presence of physiological adaption to weight loss, persisting in long term weight loss 

maintenance, also underscores the need for ongoing cognitive support in maintaining 

vigilance around dietary intake and physical activity to improve the success of long term 

maintenance of reduced body weight.  

 

6.2 Overall thesis findings & practical implications 

Weight loss is a primary objective in the treatment of obesity and even small amounts of 

weight loss can reduce associated health risks. The exercise intervention (see Figure 6.4A 

below), aimed to bring about behavioural change in the form of exercise and to assess 

physiological adaptions to exercise training that might influence reductions in body weight 

and improvements in body composition, insulin sensitivity and CRF. Part 2 (see Figure 6.4B) 

aimed to assess physiological adaptation to long term weight loss maintenance and to explore 

behavioural strategies adopted by successful weight loss maintainers that may attenuate 

adaptive physiological responses to weight loss and support weight maintenance. It also 

compared the beneficial improvement in insulin sensitivity that accompanies weight 

loss/regain to BMI-matched controls to understand if this returns to similar levels. 

 

A 
 Part 1 – Exercise induced weight loss 

Behaviour 

Change 

 
12 week Exercise Intervention 

 

 

  

Physiological 

Changes 

 
Metabolic Rate & Substrate Utilization 

  Steady state (relative) 

- ↑EE (HRS) 

- ↑fat utilization (LRS) 

- ↑fat oxidation rates (LRS & HRS) 

         

Health 

Benefits 

 
Body Weight  Body Composition  

Insulin 

Sensitivity 
 CRF 

  - Small reduction  

–Not clinically  

  significant 

-Adequacy of 

energy deficit? 

-Adherence to 

exercise  

prescription? 

 -↓Gynoid FM  

-dependent on 

higher    

  baseline ability to    

  oxidize fat 

-Ethnic/ gender 

specific  

 response? 

 -No change 

-Not related to 

baseline or 

change in EE or 

substrate 

utilization 

 -↑HRS, 

unchanged 

LRS 

-dependent on 

higher baseline 

ability  

 to oxidize fat 
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B  Part 2 – Long term weight-loss maintenance 

Behaviour 

Change 

 

Diet and Exercise-induced weight loss  

Strategies employed to counter metabolic adaption to weight loss: 

-↑Protein  

-↑PAL (light & vigorous activity) 

 

 
 

 

Physiological 

Changes 
 

Metabolic rate & substrate utilization 

  

No evidence for metabolic compensation (LSW & RED) 

-No difference in RMR or TEF 

-No difference in substrate utilization (resting or post prandial) 

  
 

 
 

 
 

 

Health Benefits  Body Weight  Body Composition  Insulin Sensitivity 

  

-RED maintained  

 reduced body weight   

 for > 1 year 

-Weight maintenance 

  Strategies? 

 -↑FFSTM vs LSW 

(result of weight 

maintenance 

strategies?) 

 -↑SI  in RED  

 compared to all   

 other groups. 

-Benefit/risk for 

weight loss   relapse? 

 

Figure 6.4: The role of metabolic rate and substrate utilization in determining changes 

in body weight, body composition and insulin sensitivity  

 

 

Although the exercise intervention prevented weight gain, increased CRF, EE and fat 

oxidation particularly during submaximal exercise and improved body composition, it did not 

result in clinically significant weight loss in response to exercise training. Therefore it is 

likely that the energy deficit, created through increased exercise EE, was of inadequate 

magnitude to achieve weight loss. Compensatory responses are also likely to have occurred 

that would act to reduce this energy deficit. If we consider findings from Part 2 of the thesis, 

several strategies had been employed among successful weight loss maintainers that may 

have helped to counteract metabolic adaption to weight loss and may in future be used to 

improve the success of exercise interventions in achieving weight loss. These included 

maintaining and increasing light activity at the expense of sedentary behaviour, incorporating 

vigorous activity, maintaining FFSTM (potentially through increased protein intake and 

physical activity) and maintaining dietary restraint. Educating participants of obesity 

treatment interventions on the compensatory responses to energy deficit and weight loss 

(increased EI and reduced spontaneous and planned PAL), together with information on 

strategies employed by individuals who have achieved and maintained successful weight loss, 

may provide valuable support and improve outcomes including weight loss.  
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Nevertheless improvements in body composition and CRF were achieved and therefore the 

exercise intervention did begin to address aspects of obesity related metabolic risk. These 

improvements were shown to be related to an individual’s baseline capacity to utilize fat to 

fuel EE both at rest and during exercise. This is important to note as, within this group of 

phenotypically indistinguishable individuals, despite having similar baseline CRF, 

participants displayed high variability in baseline substrate utilization that in turn influenced 

the attainment of outcome measures of the exercise intervention. As whole body fat oxidation 

is related to underlying mitochondrial volume and oxidative capacity, these differences in 

baseline characteristics meant that certain individuals were metabolically better placed to 

achieve improvements in outcome measures in response to exercise training than others. 

Variability in changes in CRF and body composition are frequently shown in exercise 

interventions and therefore the ability to identify potential responders and non-responders at 

baseline would enable individualisation of the exercise stimulus to improve outcomes. 

 

The lack of improvement in insulin sensitivity in response to the exercise intervention is 

surprising. However, considering findings from Part 2 of this thesis, several factors were 

shown to predict higher insulin sensitivity, the strongest of which was weight loss. This 

underscores the importance of achieving a calorie deficit that will facilitate weight loss, 

particularly in exercise only interventions. Other factors that predicted greater insulin 

sensitivity in Part 2, included body composition (especially lower measures of body fatness), 

anthropometric variables (e.g. lower WC and WHR), greater resting fat utilization, higher 

CRF and increased vigorous physical activity. In the absence of weight loss however, while 

the exercise intervention did show improvements in some of these measures, this did not 

translate into improved insulin sensitivity, suggesting that the magnitude of change in 

response to the exercise training may not have been large enough to impact on insulin 

sensitivity. Given that the participants were highly sedentary, longer duration exercise 

interventions may be needed to allow for progressive increases in exercise training load in 

order to achieve greater improvements in outcome measures including insulin sensitivity. 

Certainly a dose-response relationship has been observed between exercise undertaken and 

improvements in outcome variables
377

. It should also be noted that under free living 

conditions, without incentives, motivation and support the sustainability and ongoing 

adherence of such exercise interventions may prove challenging. Follow-up focus group 

discussions may therefore help to highlight potential barriers to exercise adherence and 

possibly indicate other exercise modalities (e.g. soccer, netball, etc.) that could improve the 
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ongoing sustainability of such interventions and should be considered in the planning of 

future studies. With significant weight loss however insulin sensitivity may be improved 

beyond that shown in BMI-matched controls and is potentially an adaptive response to 

weight loss. My findings also show that this enhanced insulin sensitivity remains present 

even after long periods of weight loss maintenance. Weight loss and weight loss maintenance 

programs should therefore take this into account when considering dietary macronutrient 

prescription in weight loss and weight loss maintenance to resist the drive to increase EI and 

regain weight. 

  



118 
 

7 REFERENCES 

 

1.  Chan M. Obesity and diabetes: the slow-motion disaster Keynote address at the 47th meeting 

of the National Academy of Medicine. World Health Organization [Internet]. 2016 [cited 2017 

Jun 20]; Available from: http://www.who.int/dg/speeches/2016/obesity-diabetes-disaster/en/ 

2.  Swinburn BA, Sacks G, Hall KD, McPherson K, Finegood DT, Moodie ML, et al. The global 

obesity pandemic: shaped by global drivers and local environments. Lancet [Internet]. 2011 

Aug 27 [cited 2014 Jul 15];378(9793):804–14. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/21872749 

3.  Franz MJ, VanWormer JJ, Crain  a L, Boucher JL, Histon T, Caplan W, et al. Weight-loss 

outcomes: a systematic review and meta-analysis of weight-loss clinical trials with a minimum 

1-year follow-up. J Am Diet Assoc [Internet]. 2007 Oct [cited 2013 Sep 20];107(10):1755–67. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/17904936 

4.  Zhang Y, Liu J, Yao J, Ji G, Qian L, Wang J, et al. Obesity: pathophysiology and intervention. 

Nutrients [Internet]. 2014 Nov 1 [cited 2015 Feb 2];6(11):5153–83. Available from: 

/pmc/articles/PMC4245585/?report=abstract 

5.  Xu H, Cupples LA, Stokes A, Liu C-T. Association of Obesity With Mortality Over 24 Years 

of Weight History. JAMA Netw Open [Internet]. 2018 Nov 16 [cited 2019 Jun 

3];1(7):e184587. Available from: 

http://jamanetworkopen.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2018.4

587 

6.  Tremmel M, Gerdtham UG, Nilsson PM, Saha S. Economic burden of obesity: A systematic 

literature review [Internet]. Vol. 14, International Journal of Environmental Research and 

Public Health. Multidisciplinary Digital Publishing Institute (MDPI); 2017 [cited 2019 Oct 

28]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28422077 

7.  Kjellberg J, Tange Larsen A, Ibsen R, Højgaard B. The socioeconomic burden of obesity. 

Obes Facts [Internet]. 2017 [cited 2019 Oct 28];10(5):493–502. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/29020681 

8.  Lin C-Y. Ethical issues of monitoring children’s weight status in school settings. Soc Heal 

Behav [Internet]. 2019 [cited 2019 Oct 28];2(1):1. Available from: 

http://www.shbonweb.com/text.asp?2019/2/1/1/250997 

9.  Wang YC, McPherson K, Marsh T, Gortmaker SL, Brown M. Health and economic burden of 

the projected obesity trends in the USA and the UK. Lancet [Internet]. 2011 Aug 27 [cited 

2014 Jul 20];378(9793):815–25. Available from: 

http://www.sciencedirect.com/science/article/pii/S0140673611608143 

10.  King D. The future challenge of obesity. Lancet [Internet]. 2011 Aug [cited 2015 Jun 

12];378(9793):743–4. Available from: 

http://www.sciencedirect.com/science/article/pii/S0140673611612610 

11.  BA S, I C, JC S, WPT J. Diet, nutrition and the prevention of excess weight gain and obesity. 

Public Health Nutr [Internet]. 2004 [cited 2019 Jun 3];7(1a):123–46. Available from: 

https://www.who.int/nutrition/publications/public_health_nut3.pdf 

12.  Steyn NP, Parker W, Nel JH, Ayah R, Mbithe D. Urbanisation and the nutrition transition: A 



119 
 

comparison of diet and weight status of South African and Kenyan women. Scand J Public 

Health [Internet]. 2012 May 25 [cited 2019 Jun 3];40(3):229–38. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/22637361 

13.  Smit W, de Lannoy A, Dover RVH, Lambert E V., Levitt N, Watson V. Making unhealthy 

places: The built environment and non-communicable diseases in Khayelitsha, Cape Town. 

Heal Place [Internet]. 2016 May [cited 2019 Jun 3];39:196–203. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S1353829216300247 

14.  Kolbe-Alexander TL, Pacheco K, Tomaz SA, Karpul D, Lambert E V. The relationship 

between the built environment and habitual levels of physical activity in South African older 

adults: A pilot study Health behavior, health promotion and society. BMC Public Health 

[Internet]. 2015 Dec 30 [cited 2019 Jun 3];15(1):518. Available from: 

http://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-015-1853-8 

15.  Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, regional, and 

national prevalence of overweight and obesity in children and adults during 1980-2013: A 

systematic analysis for the Global Burden of Disease Study 2013. Lancet. 

2014;384(9945):766–81.  

16.  Zhou B, Lu Y, Hajifathalian K, Bentham J, Di Cesare M, Danaei G, et al. Worldwide trends in 

diabetes since 1980: A pooled analysis of 751 population-based studies with 4.4 million 

participants. Lancet [Internet]. 2016 Apr [cited 2017 Jun 20];387(10027):1513–30. Available 

from: http://linkinghub.elsevier.com/retrieve/pii/S0140673616006188 

17.  Maimela E, Alberts M, Modjadji SEP, Choma SSR, Dikotope SA, Ntuli TS, et al. The 

Prevalence and Determinants of Chronic Non-Communicable Disease Risk Factors amongst 

Adults in the Dikgale Health Demographic and Surveillance System (HDSS) Site, Limpopo 

Province of South Africa. Oni T, editor. PLoS One [Internet]. 2016 Feb 16 [cited 2017 Jun 

20];11(2):e0147926. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26882033 

18.  Schutte AE. Urgency for South Africa to prioritise cardiovascular disease management 

[Internet]. Vol. 7, The Lancet Global Health. Elsevier; 2019 [cited 2019 Jun 12]. p. e177–8. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/30528532 

19.  Case A, Menendez A. Sex differences in obesity rates in poor countries: evidence from South 

Africa. Econ Hum Biol [Internet]. 2009 Dec [cited 2015 Feb 19];7(3):271–82. Available from: 

http://www.sciencedirect.com/science/article/pii/S1570677X09000525 

20.  Peer N, Steyn K, Lombard C, Lambert E V., Vythilingum B, Levitt NS. Rising Diabetes 

Prevalence among Urban-Dwelling Black South Africans. Herder C, editor. PLoS One 

[Internet]. 2012 Sep 4 [cited 2019 Jun 12];7(9):e43336. Available from: 

https://dx.plos.org/10.1371/journal.pone.0043336 

21.  Lavie CJ, Johannsen N, Swift D, Sénéchal M, Earnest C, Church T, et al. Exercise is medicine 

- the importance of physical activity, exercise training, cardiorespiratory fitness and obesity in 

the prevention and treatment of type 2 diabetes. Eur Endocrinol [Internet]. 2014 [cited 2018 

Oct 15];10(1):18–22. Available from: http://www.touchendocrinology.com/articles/exercise-

medicine-importance-physical-activity-exercise-training-cardiorespiratory-fitness 

22.  de Lannoy L, Sui X, Lavie CJ, Blair SN, Ross R. Change in Submaximal Cardiorespiratory 

Fitness and All-Cause Mortality. Mayo Clin Proc [Internet]. 2018 Feb 1 [cited 2019 Jun 

13];93(2):184–90. Available from: 

https://www.sciencedirect.com/science/article/abs/pii/S0025619617308467 



120 
 

23.  de Lannoy L, Sui X, Blair SN, Ross R. All-cause mortality risk among active and inactive 

adults matched for cardiorespiratory fitness. Eur J Prev Cardiol [Internet]. 2019 Mar 24 [cited 

2019 Jun 13];26(5):554–6. Available from: 

http://journals.sagepub.com/doi/10.1177/2047487318809186 

24.  LaMonte MJ, Blair SN, Church TS. Physical activity and diabetes prevention. J Appl Physiol 

[Internet]. 2005 Sep [cited 2019 Jan 22];99(3):1205–13. Available from: 

http://www.physiology.org/doi/10.1152/japplphysiol.00193.2005 

25.  Williams PT. Physical fitness and activity as separate heart disease risk factors: a meta-

analysis. [Internet]. Vol. 33, Medicine and science in sports and exercise. 2001 [cited 2017 

Aug 3]. p. 754–61. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11323544 

26.  Stevens J, Cai J, Evenson KR, Thomas R. Fitness and fatness as predictors of mortality from 

all causes and from cardiovascular disease in men and women in the lipid research clinics 

study. Am J Epidemiol [Internet]. 2002 Nov 1 [cited 2019 Jun 13];156(9):832–41. Available 

from: https://academic.oup.com/aje/article-lookup/doi/10.1093/aje/kwf114 

27.  Ross R, Blair SN, Arena R, Church TS, Després J-P, Franklin BA, et al. Importance of 

Assessing Cardiorespiratory Fitness in Clinical Practice: A Case for Fitness as a Clinical Vital 

Sign: A Scientific Statement From the American Heart Association. Circulation [Internet]. 

2016 Dec 13 [cited 2019 Jun 13];134(24). Available from: 

https://www.ahajournals.org/doi/10.1161/CIR.0000000000000461 

28.  Barry VW, Baruth M, Beets MW, Durstine JL, Liu J, Blair SN. Fitness vs. fatness on all-cause 

mortality: A meta-analysis. Prog Cardiovasc Dis [Internet]. 2014 Jan [cited 2017 Sep 

1];56(4):382–90. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0033062013001552 

29.  Sui X, Hooker SP, Lee IM, Church TS, Colabianchi N, Lee C Do, et al. A prospective study of 

cardiorespiratory fitness and risk of type 2 diabetes in women. Diabetes Care [Internet]. 2008 

Mar 1 [cited 2019 Jun 13];31(3):550–5. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18070999 

30.  Ross R, Bradshaw AJ. The future of obesity reduction: Beyond weight loss [Internet]. Vol. 5, 

Nature Reviews Endocrinology. Nature Publishing Group; 2009 [cited 2019 Jun 13]. p. 319–

26. Available from: http://www.nature.com/articles/nrendo.2009.78 

31.  Ortega FB, Cadenas-Sánchez C, Sui X, Blair SN, Lavie CJ. Role of Fitness in the 

Metabolically Healthy but Obese Phenotype: A Review and Update. Prog Cardiovasc Dis 

[Internet]. 2015 Jul [cited 2017 Sep 1];58(1):76–86. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0033062015000304 

32.  Oussaada SM, van Galen KA, Cooiman MI, Kleinendorst L, Hazebroek EJ, van Haelst MM, et 

al. The pathogenesis of obesity. Metabolism [Internet]. 2019 Mar 1 [cited 2019 Jun 13];92:26–

36. Available from: http://www.ncbi.nlm.nih.gov/pubmed/30639246 

33.  Kadouh HC, Acosta A. Current paradigms in the etiology of obesity [Internet]. Vol. 19, 

Techniques in Gastrointestinal Endoscopy. W.B. Saunders; 2017 [cited 2019 Feb 21]. p. 2–11. 

Available from: https://www.sciencedirect.com/science/article/pii/S1096288316300833 

34.  McGlashan J, Hayward J, Brown A, Owen B, Millar L, Johnstone M, et al. Comparing 

complex perspectives on obesity drivers: action-driven communities and evidence-oriented 

experts. Obes Sci Pract [Internet]. 2018 Dec 1 [cited 2019 Feb 21];4(6):575–81. Available 

from: http://doi.wiley.com/10.1002/osp4.306 



121 
 

35.  Schwartz MW, Seeley RJ, Zeltser LM, Drewnowski A, Ravussin E, Redman LM, et al. 

Obesity Pathogenesis: An Endocrine Society Scientific Statement. Endocr Rev [Internet]. 2017 

Aug 1 [cited 2017 Aug 16];38(4):267–96. Available from: 

http://academic.oup.com/edrv/article/38/4/267/3892397/Obesity-Pathogenesis-An-Endocrine-

Society 

36.  Blundell JE, Finlayson G. Is susceptibility to weight gain characterized by homeostatic or 

hedonic risk factors for overconsumption? Physiol Behav [Internet]. 2004 Aug [cited 2014 Jun 

27];82(1):21–5. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15234585 

37.  Blundell J. Behaviour, energy balance, obesity and capitalism. Eur J Clin Nutr [Internet]. 2018 

Sep 5 [cited 2018 Sep 6];72(9):1305–9. Available from: 

http://www.nature.com/articles/s41430-018-0231-x 

38.  Soares MJ, Müller MJ. Resting energy expenditure and body composition: critical aspects for 

clinical nutrition. Eur J Clin Nutr [Internet]. 2018 Sep 5 [cited 2018 Sep 6];72(9):1208–14. 

Available from: http://www.nature.com/articles/s41430-018-0220-0 

39.  Bosy-Westphal A, Reinecke U, Schlörke T, Illner K, Kutzner D, Heller M, et al. Effect of 

organ and tissue masses on resting energy expenditure in underweight, normal weight and 

obese adults. Int J Obes Relat Metab Disord [Internet]. 2004 Jan 25 [cited 2017 Aug 

2];28(1):72–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/14647174 

40.  Jakicic JM, Wing RR. Differences in resting energy expenditure in African-American vs 

Caucasian overweight females. Int J Obes Relat Metab Disord [Internet]. 1998 [cited 2017 

Aug 24];22(3):236–42. Available from: 

https://www.researchgate.net/profile/John_Jakicic/publication/51331362_Differences_in_resti

ng_energy_expenditure_in_African-

American_vs/links/5509fd0e0cf20ed529e23859/Differences-in-resting-energy-expenditure-in-

African-American-vs.pdf 

41.  Lam YY, Ravussin E. Indirect calorimetry: An indispensable tool to understand and predict 

obesity. Vol. 71, European Journal of Clinical Nutrition. 2017. p. 318–22.  

42.  Gallagher D, Albu J, He Q, Heshka S, Boxt L, Krasnow N, et al. Small organs with a high 

metabolic rate explain lower resting energy expenditure in African American than in white 

adults. Am J Clin Nutr [Internet]. 2006 May 1 [cited 2019 Jun 6];83(5):1062–7. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/16685047 

43.  Bosy-Westphal A, Braun W, Schautz B, Müller MJ. Issues in characterizing resting energy 

expenditure in obesity and after weight loss. Front Physiol [Internet]. 2013 Jan [cited 2015 Jan 

19];4:47. Available from: /pmc/articles/PMC3607079/?report=abstract 

44.  Acheson KJ. Influence of autonomic nervous system on nutrient-induced thermogenesis in 

humans. Nutr Rev [Internet]. 1993 [cited 2018 Sep 10];9(4):373–80. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/8400596 

45.  DeLany JP, Kelley DE, Hames KC, Jakicic JM, Goodpaster BH. High energy expenditure 

masks low physical activity in obesity. Int J Obes (Lond) [Internet]. 2013 Jul 23 [cited 2015 

Feb 3];37(7):1006–11. Available from: 

http://www.nature.com.ezproxy.uct.ac.za/ijo/journal/v37/n7/abs/ijo2012172a.html 

46.  Leibel RL, Rosenbaum M, Hirsch J. Changes in energy expenditure resulting from altered 

body weight. N Engl J Med [Internet]. 1995 Mar 9;332(10):621–8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/7632212 



122 
 

47.  Arone LJ, Mackintosh R, Rosenbaum M, Leibel RL, Hirsch J. Autonomic nervous system 

activity in weight gain and weight loss. Am J Physiol [Internet]. 1995;269(1 Pt 2):R222-225. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/7631897 

48.  Speakman JR. The evolution of body fatness: trading off disease and predation risk. J Exp Biol 

[Internet]. 2018 Mar 7 [cited 2019 Jun 5];221(Suppl 1):jeb167254. Available from: 

http://jeb.biologists.org/content/221/Suppl_1/jeb167254.long 

49.  Brown WJ, Williams L, Ford JH, Ball K, Dobson AJ. Identifying the energy gap: magnitude 

and determinants of 5-year weight gain in midage women. Obes Res [Internet]. 2005 Aug 

[cited 2016 Nov 30];13(8):1431–41. Available from: 

http://doi.wiley.com/10.1038/oby.2005.173 

50.  Norberg M, Lindvall K, Jenkins PL, Emmelin M, Lönnberg G, Nafziger AN. Self-rated health 

does not predict 10-year weight change among middle-aged adults in a longitudinal population 

study. BMC Public Health [Internet]. 2011 Dec 30 [cited 2019 Jun 5];11(1):748. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/21958199 

51.  MAYER J, ROY P, MITRA KP. Relation between Caloric Intake, Body Weight, and Physical 

Work: STUDIES IN AN INDUSTRIAL MALE POPULATION IN WEST BENGAL. Am J 

Clin Nutr [Internet]. 1956 Mar 1 [cited 2015 Mar 16];4(2):169–75. Available from: 

http://ajcn.nutrition.org/content/4/2/169.short 

52.  Martins C, Kulseng B, Rehfeld JF, King NA, Blundell JE. Effect of chronic exercise on 

appetite control in overweight and obese individuals. Med Sci Sports Exerc. 2013;45(5):805–

12.  

53.  Beaulieu K, Hopkins M, Blundell J, Finlayson G. Does Habitual Physical Activity Increase the 

Sensitivity of the Appetite Control System? A Systematic Review. Vol. 46, Sports Medicine. 

2016. p. 1897–919.  

54.  Mayer J, Thomas DW. Regulation of food intake and obesity. Science [Internet]. 1967 Apr 21 

[cited 2019 Jun 4];156(3773):328–37. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/4886532 

55.  Cronise RJ, Sinclair DA, Bremer AA. Oxidative Priority, Meal Frequency, and the Energy 

Economy of Food and Activity: Implications for Longevity, Obesity, and Cardiometabolic 

Disease. Metab Syndr Relat Disord [Internet]. 2016 Feb 1 [cited 2017 Sep 

6];15(1):met.2016.0108. Available from: 

http://online.liebertpub.com/doi/10.1089/met.2016.0108 

56.  Murray B, Rosenbloom C. Fundamentals of glycogen metabolism for coaches and athletes. 

Nutr Rev. 2018;76(4).  

57.  Magkos F, Wang X, Mittendorfer B. Metabolic actions of insulin in men and women 

[Internet]. Vol. 26, Nutrition. NIH Public Access; 2010 [cited 2019 May 29]. p. 686–93. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/20392600 

58.  Flatt JP. Dietary fat, carbohydrate balance, and weight maintenance: effects of exercise. Am J 

Clin Nutr [Internet]. 1987 Jan 1 [cited 2018 May 31];45(1 Suppl):296–306. Available from: 

https://academic.oup.com/ajcn/article/45/1/296-306/4694959 

59.  Clamp L, Hehir APJ, Lambert E V., Beglinger C, Goedecke JH. Lean and obese dietary 

phenotypes: Differences in energy and substrate metabolism and appetite. Br J Nutr. 

2015;114(10):1724–33.  



123 
 

60.  Pannacciulli N, Salbe AD, Ortega E, Venti CA, Bogardus C, Krakoff J. The 24-h carbohydrate 

oxidation rate in a human respiratory chamber predicts ad libitum food intake. Am J Clin Nutr 

[Internet]. 2007 Sep 1 [cited 2018 Oct 25];86(3):625–32. Available from: 

https://academic.oup.com/ajcn/article/86/3/625/4649419 

61.  Alméras N, Lavallée N, Després JP, Bouchard C, Tremblay A. Exercise and energy intake: 

Effect of substrate oxidation. Physiol Behav [Internet]. 1995 May 1 [cited 2019 Jun 

13];57(5):995–1000. Available from: 

https://www.sciencedirect.com/science/article/abs/pii/003193849400360H 

62.  Eckel RH, Hernandez TL, Bell ML, Weil KM, Shepard TY, Grunwald GK, et al. 

Carbohydrate balance predicts weight and fat gain in adults. Am J Clin Nutr [Internet]. 2006 

Jun 1 [cited 2018 Oct 24];83(4):803–8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16600931 

63.  Zurlo F, Lillioja S, Esposito-Del Puente A, Nyomba BL, Raz I, Saad MF, et al. Low ratio of 

fat to carbohydrate oxidation as predictor of weight gain: study of 24-h RQ. Am J Physiol 

Endocrinol Metab [Internet]. 1990 Nov 1 [cited 2014 May 27];259(5):E650-657. Available 

from: http://ajpendo.physiology.org/content/259/5/E650 

64.  Marra M, Scalfi L, Covino A, Esposito-Del Puente A, Contaldo F. Fasting respiratory quotient 

as a predictor of weight changes in non-obese women. Int J Obes Relat Metab Disord 

[Internet]. 1998 Jun [cited 2015 Jun 23];22(6):601–3. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/9665683 

65.  Marra M, Scalfi L, Contaldo F, Pasanisi F. Fasting respiratory quotient as a predictor of long-

term weight changes in non-obese women. Ann Nutr Metab [Internet]. 2004 Jan [cited 2015 

Jun 23];48(3):189–92. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15249759 

66.  Ellis AC, Hyatt TC, Hunter GR, Gower BA. Respiratory quotient predicts fat mass gain in 

premenopausal women. Obesity (Silver Spring) [Internet]. 2010 Dec [cited 2015 Jun 

23];18(12):2255–9. Available from: https://www.ncbi.nlm.nih.gov/pubmed/20448540 

67.  Thomas EL, Parkinson JR, Frost GS, Goldstone AP, Doré CJ, McCarthy JP, et al. The missing 

risk: MRI and MRS phenotyping of abdominal adiposity and ectopic fat. Obesity [Internet]. 

2012 Jan 9 [cited 2019 Jun 5];20(1):76–87. Available from: 

http://doi.wiley.com/10.1038/oby.2011.142 

68.  Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and metabolic disease 

[Internet]. Vol. 127, Journal of Clinical Investigation. American Society for Clinical 

Investigation; 2017 [cited 2019 Jun 13]. p. 1–4. Available from: 

https://www.jci.org/articles/view/92035 

69.  Perseghin G, Scifo P, De Cobelli F, Pagliato E, Battezzati A, Arcelloni C, et al. 

Intramyocellular triglyceride content is a determinant of in vivo insulin resistance in humans: 

A 1H-13C nuclear magnetic resonance spectroscopy assessment in offspring of type 2 diabetic 

parents. Diabetes [Internet]. 1999 Aug 1 [cited 2019 Jun 5];48(8):1600–6. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10426379 

70.  Szendroedi J, Roden M. Mitochondrial fitness and insulin sensitivity in humans. Diabetologia 

[Internet]. 2008 Dec 19 [cited 2019 Jun 5];51(12):2155–67. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18802678 

71.  Moro C, Bajpeyi S, Smith SR. Determinants of intramyocellular triglyceride turnover: 

implications for insulin sensitivity. Am J Physiol Metab [Internet]. 2008 Feb [cited 2019 Jun 



124 
 

5];294(2):E203–13. Available from: http://www.ncbi.nlm.nih.gov/pubmed/18003718 

72.  Yazıcı D, Sezer H. Insulin resistance, obesity and lipotoxicity. In: Advances in Experimental 

Medicine and Biology [Internet]. 2017 [cited 2019 Jun 13]. p. 277–304. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/28585204 

73.  Galgani JE, Moro C, Ravussin E. Metabolic flexibility and insulin resistance. Am J Physiol 

Endocrinol Metab [Internet]. 2008 Nov [cited 2013 Sep 20];295(5):E1009-17. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/18765680 

74.  Patel P, Abate N. Body Fat Distribution and Insulin Resistance. Nutrients [Internet]. 2013 Jun 

5 [cited 2016 Jan 19];5(6):2019–27. Available from: http://www.mdpi.com/2072-

6643/5/6/2019/htm 

75.  Garg A. Regional adiposity and insulin resistance [Internet]. Vol. 89, Journal of Clinical 

Endocrinology and Metabolism. Narnia; 2004 [cited 2019 Jun 5]. p. 4206–10. Available from: 

https://academic.oup.com/jcem/article-lookup/doi/10.1210/jc.2004-0631 

76.  Williams KJ, Wu X. Imbalanced insulin action in chronic over nutrition: Clinical harm, 

molecular mechanisms, and a way forward. Atherosclerosis [Internet]. 2016 Feb 13 [cited 

2016 Mar 12];247:225–82. Available from: 

http://www.sciencedirect.com/science/article/pii/S002191501630048X 

77.  Pouliot MC, Després JP, Nadeau A, Moorjani S, Prud’Homme D, Lupien PJ, et al. Visceral 

obesity in men: Associations with glucose tolerance, plasma insulin, and lipoprotein levels. 

Diabetes [Internet]. 1992 Jul 1 [cited 2019 Jun 5];41(7):826–34. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/1612197 

78.  Banerji MA, Faridi N, Atluri R, Chaiken RL, Lebovitz HE. Body composition, visceral fat, 

leptin, and insulin resistance in Asian Indian men. J Clin Endocrinol Metab [Internet]. 1999 

Jan 1 [cited 2019 Jun 5];84(1):137–44. Available from: https://academic.oup.com/jcem/article-

lookup/doi/10.1210/jcem.84.1.5371 

79.  Fujimoto WY, Bergstrom RW, Boyko EJ, Chen KW, Leonetti DL, Newell-Morris L, et al. 

Visceral adiposity and incident coronary heart disease in Japanese- American men: The 10-

year follow-up results of the Seattle Japanese-American community diabetes study. Diabetes 

Care [Internet]. 1999 Nov 1 [cited 2019 Jun 5];22(11):1808–12. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10546012 

80.  Lemieux S, Prud’homme D, Nadeau A, Tremblay A, Bouchard C, Després JP. Seven-year 

changes in body fat and visceral adipose tissue in women: Associations with indexes of plasma 

glucose-insulin homeostasis. Diabetes Care [Internet]. 1996 Sep 1 [cited 2019 Jun 

5];19(9):983–91. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8875093 

81.  Goodpaster BH, Kelley DE, Wing RR, Meier A, Thaete FL. Effects of weight loss on regional 

fat distribution and insulin sensitivity in obesity. Diabetes [Internet]. 1999 Apr 1 [cited 2019 

Jun 5];48(4):839–47. Available from: http://www.ncbi.nlm.nih.gov/pubmed/10102702 

82.  Lanza IR, Shulman GI, Konopka AR, Distelmaier K, Nair KS, Robinson MM, et al. 

Mechanism by which caloric restriction improves insulin sensitivity in sedentary obese adults. 

Diabetes [Internet]. 2015 Jan 1 [cited 2019 Feb 27];65(1):db150675. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/26324180 

83.  Gustafson B, Hedjazifar S, Gogg S, Hammarstedt A, Smith U. Insulin resistance and impaired 

adipogenesis. Vol. 26, Trends in Endocrinology and Metabolism. 2015. p. 193–200.  



125 
 

84.  Roberson LL, Aneni EC, Maziak W, Agatston A, Feldman T, Rouseff M, et al. Beyond BMI: 

The “Metabolically healthy obese” phenotype & its association with clinical/subclinical 

cardiovascular disease and all-cause mortality -- a systematic review. BMC Public Health 

[Internet]. 2014 Jan 8 [cited 2016 Apr 11];14(1):14. Available from: 

http://bmcpublichealth.biomedcentral.com/articles/10.1186/1471-2458-14-14 

85.  Sumner AE, Micklesfield LK, Ricks M, Tambay A V, Avila NA, Thomas F, et al. Waist 

circumference, BMI, and visceral adipose tissue in white women and women of African 

descent. Obesity (Silver Spring) [Internet]. 2011 Mar [cited 2015 Sep 10];19(3):671–4. 

Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3474331&tool=pmcentrez&render

type=abstract 

86.  Goedecke JH, Levitt NS, Evans J, Ellman N, Hume DJ, Kotze L, et al. The role of adipose 

tissue in insulin resistance in women of African ancestry. Vol. 2013, Journal of Obesity. 2013.  

87.  Goedecke JH, Evans J, Keswell D, Stimson RH, Livingstone DEW, Hayes P, et al. Reduced 

gluteal expression of adipogenic and lipogenic genes in black South African women is 

associated with obesity-related insulin resistance. J Clin Endocrinol Metab [Internet]. 2011 

Dec [cited 2017 Sep 15];96(12):E2029-33. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/21956425 

88.  Goedecke JH, Evans J, Keswell D, Stimson RH, Livingstone DEW, Hayes P, et al. Reduced 

gluteal expression of adipogenic and lipogenic genes in Black South African women is 

associated with obesity-related insulin resistance. J Clin Endocrinol Metab [Internet]. 2011 

Dec 28 [cited 2015 Jun 26];96(12):E2029-33. Available from: 

http://press.endocrine.org/doi/abs/10.1210/jc.2011-1576 

89.  Evans J, Goedecke JH, Söderström I, Burén J, Alvehus M, Blomquist C, et al. Depot- and 

ethnic-specific differences in the relationship between adipose tissue inflammation and insulin 

sensitivity. Clin Endocrinol (Oxf) [Internet]. 2011 Jan [cited 2015 Sep 11];74(1):51–9. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/20874774 

90.  Kotzé-Hörstmann LM, Keswell D, Adams K, Dlamini T, Goedecke JH. Hypoxia and extra-

cellular matrix gene expression in adipose tissue associates with reduced insulin sensitivity in 

black South African women. Endocrine [Internet]. 2017 Jan 14 [cited 2019 Jun 18];55(1):144–

52. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27628582 

91.  Lee SJ, Libman I, Hughan K, Kuk JL, Jeong JH, Zhang D, et al. Effects of Exercise Modality 

on Insulin Resistance and Ectopic Fat in Adolescents with Overweight and Obesity: A 

Randomized Clinical Trial. J Pediatr [Internet]. 2019 Mar 1 [cited 2019 Jun 14];206:91-98.e1. 

Available from: https://www.sciencedirect.com/science/article/pii/S002234761831566X 

92.  Keating SE, Hackett DA, Parker HM, O’Connor HT, Gerofi JA, Sainsbury A, et al. Effect of 

aerobic exercise training dose on liver fat and visceral adiposity. J Hepatol [Internet]. 2015 Jul 

1 [cited 2019 Jun 14];63(1):174–82. Available from: 

https://www.sciencedirect.com/science/article/abs/pii/S0168827815001300 

93.  Johnson NA, Sachinwalla T, Walton DW, Smith K, Armstrong A, Thompson MW, et al. 

Aerobic exercise training reduces hepatic and visceral lipids in obese individuals without 

weight loss. Hepatology [Internet]. 2009 Oct [cited 2016 Sep 19];50(4):1105–12. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/19637289 

94.  Larson-Meyer DE, Heilbronn LK, Redman LM, Newcomer BR, Frisard MI, Anton S, et al. 

Effect of calorie restriction with or without exercise on insulin sensitivity, β-cell function, fat 



126 
 

cell size, and ectopic lipid in overweight subjects. Diabetes Care [Internet]. 2006 [cited 2019 

Jun 14];29(6):1337–44. Available from: 

http://care.diabetesjournals.org/content/29/6/1337.full-text.pdf 

95.  Blüher M. Mechanisms in endocrinology: Are metabolically healthy obese individuals really 

healthy? [Internet]. Vol. 171, European Journal of Endocrinology. 2014 [cited 2017 Jun 12]. p. 

R209–19. Available from: http://www.eje-online.org/content/171/6/R209.full.pdf 

96.  Bell JA, Hamer M, Van Hees VT, Singh-Manoux A, Kivimäki M, Sabia S. Healthy obesity 

and objective physical activity. Am J Clin Nutr. 2015;102(2):268–75.  

97.  Pujia A, Gazzaruso C, Ferro Y, Mazza E, Maurotti S, Russo C, et al. Individuals with 

metabolically healthy overweight/obesity have higher fat utilization than metabolically 

unhealthy individuals. Nutrients. 2016;8(1).  

98.  Fernández-Verdejo R, Bajpeyi S, Ravussin E, Galgani JE. Metabolic flexibility to lipid 

availability during exercise is enhanced in individuals with high insulin sensitivity. Am J 

Physiol Metab. 2018;315(4):E715–22.  

99.  Kelley DE, Mandarino LJ. Fuel Selection in Human Skeletal Muscle in Insulin Resistance: A 

Reexamination. Diabetes. 2000;49:677–83.  

100.  Goodpaster BH, Sparks LM. Metabolic Flexibility in Health and Disease. Vol. 25, Cell 

Metabolism. 2017. p. 1027–36.  

101.  Simoneau J-A, Veerkamp JH, Turcotte LP, Kelley DE. Markers of capacity to utilize fatty 

acids in human skeletal muscle: relation to insulin resistance and obesity and effects of weight 

lossT. FASEB J. 1999;13:2051–60.  

102.  Kim JY, Hickner RC, Cortright RL, Dohm GL, Houmard JA. Lipid oxidation is reduced in 

obese human skeletal muscle. Am J Physiol Endocrinol Metab [Internet]. 2000 Nov [cited 

2018 May 15];279(5):E1039–44. Available from: 

http://www.physiology.org/doi/10.1152/ajpendo.2000.279.5.E1039 

103.  Bergouignan A, Antoun E, Momken I, Schoeller DA, Gauquelin-Koch G, Simon C, et al. 

Effect of contrasted levels of habitual physical activity on metabolic flexibility. J Appl Physiol 

[Internet]. 2013 [cited 2018 Jan 30];114(3):371–9. Available from: 

http://www.physiology.org.ezproxy.uct.ac.za/doi/pdf/10.1152/japplphysiol.00458.2012 

104.  Bergouignan A, Antoun E, Momken I, Schoeller DA, Gauquelin-Koch G, Simon C, et al. 

Effect of contrasted levels of habitual physical activity on metabolic flexibility. J Appl Physiol 

[Internet]. 2013 Feb [cited 2018 Jan 30];114(3):371–9. Available from: 

http://www.physiology.org/doi/10.1152/japplphysiol.00458.2012 

105.  Swift DL, Johannsen NM, Lavie CJ, Earnest CP, Church TS. The role of exercise and physical 

activity in weight loss and maintenance. Prog Cardiovasc Dis [Internet]. 2014 [cited 2017 Apr 

18];56(4):441–7. Available from: 

http://www.sciencedirect.com.ezproxy.uct.ac.za/science/article/pii/S0033062013001655 

106.  Lien LF, Haqq AM, Arlotto M, Slentz C a, Muehlbauer MJ, McMahon RL, et al. The 

STEDMAN project: biophysical, biochemical and metabolic effects of a behavioral weight 

loss intervention during weight loss, maintenance, and regain. OMICS [Internet]. 2009 Feb 

[cited 2014 May 27];13(1):21–35. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/19290809 



127 
 

107.  Catenacci VA, Wyatt HR. The role of physical activity in producing and maintaining weight 

loss. Nat Clin Pract Endocrinol Metab [Internet]. 2007 Jul [cited 2017 Apr 7];3(7):518–29. 

Available from: http://www.nature.com/doifinder/10.1038/ncpendmet0554 

108.  Donnelly JE, Blair SN, Jakicic JM, Manore MM, Rankin JW, Smith BK. Appropriate physical 

activity intervention strategies for weight loss and prevention of weight regain for adults 

[Internet]. Vol. 41, Medicine and Science in Sports and Exercise. 2009 [cited 2018 Jan 31]. p. 

459–71. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19127177 

109.  Nordby P, Rosenkilde M, Ploug T, Westh K, Feigh M, Nielsen NB, et al. Independent effects 

of endurance training and weight loss on peak fat oxidation in moderately overweight men: a 

randomized controlled trial. J Appl Physiol [Internet]. 2015;118(7):803–10. Available from: 

http://jap.physiology.org/lookup/doi/10.1152/japplphysiol.00715.2014 

110.  Redman LM, Heilbronn LK, Martin CK, de Jonge L, Williamson DA, Delany JP, et al. 

Metabolic and behavioral compensations in response to caloric restriction: Implications for the 

maintenance of weight loss. PLoS One [Internet]. 2009 [cited 2017 Aug 2];4(2):e4377. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/19198647 

111.  Myers A, Dalton M, Gibbons C, Finlayson G, Blundell J. Structured, aerobic exercise reduces 

fat mass and is partially compensated through energy intake but not energy expenditure in 

women. Physiol Behav [Internet]. 2019 Feb 1 [cited 2019 Feb 8];199:56–65. Available from: 

https://www.sciencedirect.com/science/article/abs/pii/S0031938418305110 

112.  Donnelly JE, Honas JJ, Smith BK, Mayo MS, Gibson CA, Sullivan DK, et al. Aerobic exercise 

alone results in clinically significant weight loss for men and women: Midwest exercise trial 2. 

Obesity. 2013;21(3).  

113.  Riou M ??ve, Jomphe-Tremblay S, Lamothe G, Stacey D, Szczotka A, Doucet ??ric. 

Predictors of energy compensation during exercise interventions: A systematic review 

[Internet]. Vol. 7, Nutrients. Multidisciplinary Digital Publishing Institute; 2015 [cited 2017 

Aug 22]. p. 3677–704. Available from: http://www.mdpi.com/2072-6643/7/5/3677/ 

114.  Melanson EL, Keadle SK, Donnelly JE, Braun B, King NA. Resistance to exercise-induced 

weight loss: Compensatory behavioral adaptations. Med Sci Sports Exerc [Internet]. 2013 Aug 

[cited 2016 Jun 30];45(8):1600–9. Available from: 

http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00005768-

201308000-00022 

115.  Westerterp KR. Exercise, energy balance and body composition. Eur J Clin Nutr [Internet]. 

2018 Sep 5 [cited 2018 Sep 6];72(9):1246–50. Available from: 

http://www.nature.com/articles/s41430-018-0180-4 

116.  Drenowatz C. Reciprocal Compensation to Changes in Dietary Intake and Energy Expenditure 

within the Concept of Energy Balance. Adv Nutr [Internet]. 2015 Sep 1 [cited 2017 Aug 

17];6(5):592–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26374181 

117.  Hazell TJ, Islam H, Townsend LK, Schmale MS, Copeland JL. Effects of exercise intensity on 

plasma concentrations of appetite-regulating hormones: Potential mechanisms. Vol. 98, 

Appetite. 2016. p. 80–8.  

118.  Schubert MM, Sabapathy S, Leveritt M, Desbrow B. Acute exercise and hormones related to 

appetite regulation: A meta-analysis [Internet]. Vol. 44, Sports Medicine. Springer 

International Publishing; 2014 [cited 2016 Aug 4]. p. 387–403. Available from: 

http://link.springer.com/10.1007/s40279-013-0120-3 



128 
 

119.  King NA, Caudwell PP, Hopkins M, Stubbs JR, Naslund E, Blundell JE. Dual-process action 

of exercise on appetite control: Increase in orexigenic drive but improvement in meal-induced 

satiety. Am J Clin Nutr. 2009;90(4):921–7.  

120.  Martins C, Morgan LM, Bloom SR, Robertson MD. Effects of exercise on gut peptides, 

energy intake and appetite. J Endocrinol [Internet]. 2007 May 1 [cited 2015 Mar 

15];193(2):251–8. Available from: http://joe.endocrinology-

journals.org.ezproxy.uct.ac.za/content/193/2/251.short 

121.  Pontzer H, Durazo-Arvizu R, Dugas LR, Plange-Rhule J, Bovet P, Forrester TE, et al. 

Constrained total energy expenditure and metabolic adaptation to physical activity in adult 

humans. Curr Biol. 2016;26(3):410–7.  

122.  Van Loon LJC, Goodpaster BH. Increased intramuscular lipid storage in the insulin-resistant 

and endurance-trained state [Internet]. Vol. 451, Pflugers Archiv European Journal of 

Physiology. 2006 [cited 2019 Jan 24]. p. 606–16. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16155759 

123.  Koves TR, Ussher JR, Noland RC, Slentz D, Mosedale M, Ilkayeva O, et al. Mitochondrial 

overload and incomplete fatty acid oxidation contribute to skeletal muscle insulin resistance. 

Cell Metab [Internet]. 2008 Jan [cited 2013 Sep 20];7(1):45–56. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18177724 

124.  Toledo FGS, Menshikova E V, Azuma K, Radiková Z, Kelley CA, Ritov VB, et al. 

Mitochondrial capacity in skeletal muscle is not stimulated by weight loss despite increases in 

insulin action and decreases in intramyocellular lipid content. Diabetes [Internet]. 2008 Apr 1 

[cited 2019 May 17];57(4):987–94. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18252894 

125.  Schrauwen-Hinderling VB, Hesselink MKC, Schrauwen P, Kooi ME. Intramyocellular lipid 

content in human skeletal muscle. Obesity [Internet]. 2006 Mar [cited 2019 Jan 24];14(3):357–

67. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16648604 

126.  Koves TR, Li P, An J, Akimoto T, Slentz D, Ilkayeva O, et al. Peroxisome proliferator-

activated receptor-gamma co-activator 1alpha-mediated metabolic remodeling of skeletal 

myocytes mimics exercise training and reverses lipid-induced mitochondrial inefficiency. J 

Biol Chem [Internet]. 2005 Sep 30 [cited 2015 Jun 9];280(39):33588–98. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16079133 

127.  Huffman KM, Koves TR, Hubal MJ, Abouassi H, Beri N, Bateman LA, et al. Metabolite 

signatures of exercise training in human skeletal muscle relate to mitochondrial remodelling 

and cardiometabolic fitness. Diabetologia [Internet]. 2014 Nov 5 [cited 2018 Jan 

24];57(11):2282–95. Available from: http://link.springer.com/10.1007/s00125-014-3343-4 

128.  Bergouignan A, Kealey EH, Schmidt SL, Jackman MR, Bessesen DH. Twenty-four hour total 

and dietary fat oxidation in lean, obese and reduced-obese adults with and without a bout of 

exercise. PLoS One [Internet]. 2014 Jan [cited 2015 Feb 2];9(4):e94181. Available from: 

/pmc/articles/PMC3979741/?report=abstract 

129.  Burtscher M. Exercise limitations by the oxygen delivery and utilization systems in aging and 

disease: Coordinated adaptation and deadaptation of the lung-heart muscle axis-a mini-review 

[Internet]. Vol. 59, Gerontology. 2013 [cited 2017 Sep 1]. p. 289–96. Available from: 

www.karger.com/ger 

130.  Lundby C, Montero D, Joyner M. Biology of VO2max: looking under the physiology lamp 



129 
 

[Internet]. Vol. 220, Acta Physiologica. 2017 [cited 2017 Aug 30]. p. 218–28. Available from: 

http://doi.wiley.com/10.1111/apha.12827 

131.  Poole DC, Mathieu-Costello O. Relationship between fiber capillarization and mitochondrial 

volume density in control and trained rat soleus and plantaris muscles. Microcirculation 

[Internet]. 1996 Jun [cited 2017 Aug 30];3(2):175–86. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/8839439 

132.  Boushel R, Gnaiger E, Calbet JAL, Gonzalez-Alonso J, Wright-Paradis C, Sondergaard H, et 

al. Muscle mitochondrial capacity exceeds maximal oxygen delivery in humans. 

Mitochondrion [Internet]. 2011 Mar [cited 2017 Aug 30];11(2):303–7. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/21147270 

133.  Jacobs RA, Fluck D, Bonne TC, Burgi S, Christensen PM, Toigo M, et al. Improvements in 

exercise performance with high-intensity interval training coincide with an increase in skeletal 

muscle mitochondrial content and function. J Appl Physiol [Internet]. 2013 Oct 15 [cited 2017 

Aug 30];115(6):785–93. Available from: http://doi.wiley.com/10.1113/JP270250 

134.  Lin X, Zhang X, Guo J, Roberts CK, McKenzie S, Wu WC, et al. Effects of exercise training 

on cardiorespiratory fitness and biomarkers of cardiometabolic health: A systematic review 

and meta-analysis of randomized controlled trials. J Am Heart Assoc [Internet]. 2015 Jun 26 

[cited 2018 Apr 10];4(7). Available from: http://www.ncbi.nlm.nih.gov/pubmed/26116691 

135.  Swift DL, Lavie CJ, Johannsen NM, Arena R, Earnest CP, O’Keefe JH, et al. Physical activity, 

cardiorespiratory fitness, and exercise training in primary and secondary coronary prevention. 

Circ J [Internet]. 2013 [cited 2019 Jun 14];77(2):281–92. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/23328449 

136.  Swift DL, Johannsen NM, Earnest CP, Newton RL, McGee JE, Church TS. Cardiorespiratory 

Fitness and Exercise Training in African Americans. Prog Cardiovasc Dis [Internet]. 2017 Jul 

[cited 2019 Jun 14];60(1):96–102. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0033062017300865 

137.  Boulé NG, Kenny GP, Haddad E, Wells GA, Sigal RJ. Meta-analysis of the effect of 

structured exercise training on cardiorespiratory fitness in Type 2 diabetes mellitus. 

Diabetologia [Internet]. 2003 Aug 1 [cited 2019 Jun 14];46(8):1071–81. Available from: 

http://link.springer.com/10.1007/s00125-003-1160-2 

138.  Milanović Z, Sporiš G, Weston M. Effectiveness of High-Intensity Interval Training (HIT) and 

Continuous Endurance Training for VO2max Improvements: A Systematic Review and Meta-

Analysis of Controlled Trials [Internet]. Vol. 45, Sports Medicine. Springer International 

Publishing; 2015 [cited 2018 Jan 31]. p. 1469–81. Available from: 

http://link.springer.com/10.1007/s40279-015-0365-0 

139.  Freitas, L A G; Ferreira, S S; Freitas, R Q; Januário, R S B; Alves, R C; Silva, A C; Follador, 

L; Garcia, E D S A; Silva SG. Effect of Self-Selected and Imposed-Intensity Walking 

Programs on Fat Oxidation in Obese Women. J Exerc Physiol [Internet]. 2015 Feb 1 [cited 

2018 Jan 31];18(1):62–9. Available from: 

http://go.galegroup.com/ps/anonymous?id=GALE%7CA403449371&sid=googleScholar&v=2

.1&it=r&linkaccess=fulltext&issn=10979751&p=AONE&sw=w&authCount=1&isAnonymou

sEntry=true 

140.  Ross R, De Lannoy L, Stotz PJ. Separate effects of intensity and amount of exercise on 

interindividual cardiorespiratory fitness response. Mayo Clin Proc. 2015;90(11):1506–14.  



130 
 

141.  Irving BA, Davis CK, Brock DW, Weltman JY, Swift D, Barrett EJ, et al. Effect of exercise 

training intensity on abdominal visceral fat and body composition. Med Sci Sports Exerc 

[Internet]. 2008 Nov [cited 2018 Jan 31];40(11):1863–72. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18845966 

142.  Arad AD, DiMenna FJ, Thomas N, Tamis-Holland J, Weil R, Geliebter A, et al. High-intensity 

interval training without weight loss improves exercise but not basal or insulin-induced 

metabolism in overweight/obese African American women. J Appl Physiol [Internet]. 2015 

Aug 15 [cited 2016 May 5];119(4):352–62. Available from: 

http://jap.physiology.org/content/119/4/352.abstract 

143.  Decker ES, Ekkekakis P. More efficient, perhaps, but at what price? Pleasure and enjoyment 

responses to high-intensity interval exercise in low-active women with obesity. Psychol Sport 

Exerc [Internet]. 2017 Jan [cited 2016 Oct 7];28:1–10. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S1469029216301285 

144.  B??hm A, Weigert C, Staiger H, H??ring HU. Exercise and diabetes: relevance and causes for 

response variability [Internet]. Vol. 51, Endocrine. Springer US; 2016 [cited 2017 Jun 12]. p. 

390–401. Available from: http://link.springer.com/10.1007/s12020-015-0792-6 

145.  Bouchard C, Rankinen T. Individual differences in response to regular physical activity. Med 

Sci Sports Exerc [Internet]. 2001 Jun [cited 2017 Jun 12];33(6):S446–51. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11427769 

146.  Mann TN, Lamberts RP, Lambert MI. High responders and low responders: Factors associated 

with individual variation in response to standardized training [Internet]. Vol. 44, Sports 

Medicine. 2014 [cited 2017 Jun 12]. p. 1113–24. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/24807838 

147.  Sisson SB, Katzmarzyk PT, Earnest CP, Bouchard C, Blair SN, Church TS. Volume of 

exercise and fitness nonresponse in sedentary, postmenopausal women. Med Sci Sports Exerc 

[Internet]. 2009 Mar [cited 2017 Jun 12];41(3):539–45. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19204597 

148.  Montero D, Lundby C. Refuting the myth of non-response to exercise training: ‘non-

responders’ do respond to higher dose of training. J Physiol [Internet]. 2017 Jan 30 [cited 2017 

Feb 6]; Available from: http://www.ncbi.nlm.nih.gov/pubmed/28133739 

149.  Sparks LM. Exercise training response heterogeneity: physiological and molecular insights 

[Internet]. Vol. 60, Diabetologia. Springer Berlin Heidelberg; 2017 [cited 2018 Jan 24]. p. 

2329–36. Available from: http://link.springer.com/10.1007/s00125-017-4461-6 

150.  Montero D, Lundby C. Refuting the myth of non-response to exercise training: ‘non-

responders’ do respond to higher dose of training. J Physiol [Internet]. 2017 Jun 1 [cited 2017 

Jun 12];11(11):3377–87. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28133739 

151.  Maunder E, Plews DJ, Kilding AE. Contextualising maximal fat oxidation during exercise: 

Determinants and normative values [Internet]. Vol. 9, Frontiers in Physiology. Frontiers Media 

SA; 2018 [cited 2018 Jun 22]. p. 599. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/29875697 

152.  Lima-Silva AE, Bertuzzi RCM, Pires FO, Gagliardi JFL, Barros R V, Hammond J, et al. 

Relationship between training status and maximal fat oxidation rate. J Sport Sci Med 

[Internet]. 2010 [cited 2017 Aug 30];9(1):31–5. Available from: http://www.jssm.org 



131 
 

153.  Hetlelid KJ, Plews DJ, Herold E, Laursen PB, Seiler S. Rethinking the role of fat oxidation: 

substrate utilisation during high-intensity interval training in well-trained and recreationally 

trained runners. BMJ Open Sport Exerc Med [Internet]. 2015 [cited 2017 Sep 6];1(1):e000047. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/27900134 

154.  Houmard JA. Intramuscular lipid oxidation and obesity. Am J Physiol Regul Integr Comp 

Physiol [Internet]. 2008;27858(25):00396.2007. Available from: 

http://ajpregu.physiology.org/cgi/content/abstract/00396.2007v1 

155.  Blaak EE, Saris WHM. Substrate oxidation, obesity and exercise training [Internet]. Vol. 16, 

Best Practice and Research: Clinical Endocrinology and Metabolism. 2002 [cited 2017 May 

29]. p. 667–78. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12468414 

156.  Pérez-Martin A, Dumortier M, Raynaud E, Brun JF, Fédou C, Bringer J, et al. Balance of 

substrate oxidation during submaximal exercise in lean and obese people. Diabetes Metab 

[Internet]. 2001 Sep [cited 2018 Jun 19];27(4 Pt 1):466–74. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11547220 

157.  Croci I, Hickman IJ, Wood RE, Borrani F, Macdonald GA, Byrne NM. Fat oxidation over a 

range of exercise intensities: fitness versus fatness. Appl Physiol Nutr Metab [Internet]. 2014 

Dec [cited 2018 Jun 25];39(12):1352–9. Available from: 

http://www.nrcresearchpress.com/doi/10.1139/apnm-2014-0144 

158.  Friedlander AL, Casazza GA, Horning MA, Huie MJ, Piacentini MF, Trimmer JK, et al. 

Training-induced alterations of carbohydrate metabolism in women: women respond 

differently from men. J Appl Physiol [Internet]. 1998 [cited 2017 Jun 1];85(3):1175–86. 

Available from: http://jap.physiology.org.ezproxy.uct.ac.za/content/85/3/1175.short 

159.  Friedlander AL, Casazza GA, Horning MA, Thomas F, Brooks GA. Effects of exercise 

intensity and training on lipid metabolism in young women. Am J Physiol - Endocrinol Metab 

[Internet]. 1998 [cited 2017 Jun 1];275(5):E853–63. Available from: 

http://ajpendo.physiology/content/275/5/E853.short 

160.  Martins C, Kazakova I, Ludviksen M, Mehus I, Wisloff U, Kulseng B, et al. Highintensity 

interval training and isocaloric moderate-intensity continuous training result in similar 

improvements in body composition and fitness in obese individuals. Int J Sport Nutr Exerc 

Metab [Internet]. 2016 Jun [cited 2018 Jul 10];26(3):197–204. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/26479856 

161.  Potteiger JA, Kirk EP, Jacobsen DJ, Donnelly JE. Changes in resting metabolic rate and 

substrate oxidation after 16 months of exercise training in overweight adults. Int J Sport Nutr 

Exerc Metab [Internet]. 2008 Feb 1 [cited 2017 Sep 18];18(1):79–95. Available from: 

http://journals.humankinetics.com.ezproxy.uct.ac.za/doi/abs/10.1123/ijsnem.18.1.79 

162.  Rosenkilde M, Nordby P, Nielsen LB, Stallknecht BM, Helge JW. Fat oxidation at rest 

predicts peak fat oxidation during exercise and metabolic phenotype in overweight men. Int J 

Obes [Internet]. 2010 May 16 [cited 2017 Sep 6];34(5):871–7. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/20157319 

163.  Goedecke JH, St Clair Gibson A, Grobler L, Collins M, Noakes TD, Lambert E V. 

Determinants of the variability in respiratory exchange ratio at rest and during exercise in 

trained athletes. Am J Physiol Endocrinol Metab [Internet]. 2000 [cited 2017 Jun 

20];279(6):E1325–34. Available from: 

http://ajpendo.physiology.org.ezproxy.uct.ac.za/content/279/6/E1325.short 



132 
 

164.  Jensen MD, Bajnárek J, Lee SY, Nielsen S, Koutsari C. Relationship between postabsorptive 

respiratory exchange ratio and plasma free fatty acid concentrations. J Lipid Res [Internet]. 

2009 Sep [cited 2017 Sep 15];50(9):1863–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19383980 

165.  Achten J, Jeukendrup AE. Optimizing fat oxidation through exercise and diet [Internet]. Vol. 

20, Nutrition. 2004 [cited 2018 Mar 20]. p. 716–27. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/15212756 

166.  Barwell ND, Malkova D, Leggate M, Gill JMR. Individual responsiveness to exercise-induced 

fat loss is associated with change in resting substrate utilization. Metabolism [Internet]. 2009 

Sep [cited 2017 May 29];58(9):1320–8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19501861 

167.  Goodpaster BH. Enhanced fat oxidation throgh physical activity is associated with 

improvements in insulin sensitivityin obesity. Diabetes [Internet]. 2003 [cited 2017 Aug 

22];52(9):2191–7. Available from: http://diabetes.diabetesjournals.org/content/52/9/2191.short 

168.  Poortmans J, Baeyens J-P, Van Gaal L, Hens W, Vissers D, Taeymans J. The Effect of 

Exercise on Visceral Adipose Tissue in Overweight Adults: A Systematic Review and Meta-

Analysis. Votruba SB, editor. PLoS One [Internet]. 2013 Feb 8 [cited 2019 Feb 

5];8(2):e56415. Available from: https://dx.plos.org/10.1371/journal.pone.0056415 

169.  Ho SS, Dhaliwal SS, Hills AP, Pal S. The effect of 12 weeks of aerobic, resistance or 

combination exercise training on cardiovascular risk factors in the overweight and obese in a 

randomized trial. BMC Public Health [Internet]. 2012 Jan [cited 2016 Feb 5];12:704. 

Available from: /pmc/articles/PMC3487794/?report=abstract 

170.  Keating SE, Machan EA, O’Connor HT, Gerofi JA, Sainsbury A, Caterson ID, et al. 

Continuous exercise but not high intensity interval training improves fat distribution in 

overweight adults. J Obes [Internet]. 2014 Jan [cited 2016 Feb 10];2014:834865. Available 

from: /pmc/articles/PMC3942093/?report=abstract 

171.  Robinson SL, Hattersley J, Frost GS, Chambers ES, Wallis GA. Maximal fat oxidation during 

exercise is positively associated with 24-hour fat oxidation and insulin sensitivity in young, 

healthy men. J Appl Physiol [Internet]. 2015 Jun 1 [cited 2018 Jun 4];118(11):1415–22. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/25814634 

172.  Jelleyman C, Yates T, O’Donovan G, Gray LJ, King JA, Khunti K, et al. The effects of high-

intensity interval training on glucose regulation and insulin resistance: A meta-analysis. Obes 

Rev [Internet]. 2015 [cited 2018 Apr 17];16(11):942–61. Available from: 

https://lra.le.ac.uk/bitstream/2381/32924/6/15-08-06 Jelleyman HIT MA plain text.pdf 

173.  Bird SR, Hawley JA. Update on the effects of physical activity on insulin sensitivity in 

humans [Internet]. Vol. 2, BMJ Open Sport and Exercise Medicine. BMJ Publishing Group; 

2017 [cited 2019 Jun 6]. p. e000143. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/28879026 

174.  Ryan AS, Ge S, Blumenthal JB, Serra MC, Prior SJ, Goldberg AP. Aerobic exercise and 

weight loss reduce vascular markers of inflammation and improve insulin sensitivity in obese 

women. J Am Geriatr Soc [Internet]. 2014 Apr 1 [cited 2016 Mar 18];62(4):607–14. Available 

from: /pmc/articles/PMC3989409/?report=abstract 

175.  Khoo J, Dhamodaran S, Chen DD, Yap SY, Chen RYT, Tian RHH. Exercise-Induced weight 

loss is more effective than dieting for improving adipokine lle, Insulin resistance, And 



133 
 

inflammation in obese men. Int J Sport Nutr Exerc Metab. 2015;25(6):566–75.  

176.  Dubé JJ, Amati F, Toledo FGS, Stefanovic-Racic M, Rossi A, Coen P, et al. Effects of weight 

loss and exercise on insulin resistance, and intramyocellular triacylglycerol, diacylglycerol and 

ceramide. Diabetologia [Internet]. 2011 May 1 [cited 2016 Mar 18];54(5):1147–56. Available 

from: https://www.ncbi.nlm.nih.gov/pubmed/21327867 

177.  Coen PM, Menshikova E V, Distefano G, Zheng D, Tanner CJ, Standley RA, et al. Exercise 

and Weight Loss Improve Muscle Mitochondrial Respiration, Lipid Partitioning, and Insulin 

Sensitivity After Gastric Bypass Surgery. Diabetes [Internet]. 2015 Nov 1 [cited 2016 Feb 

29];64(11):3737–50. Available from: 

http://diabetes.diabetesjournals.org/content/64/11/3737.short 

178.  Fukushima Y, Kurose S, Shinno H, Thu HC, Takao N, Tsutsumi H, et al. Importance of lean 

muscle maintenance to improve insulin resistance by body weight reduction in female patients 

with obesity. Diabetes Metab J [Internet]. 2016 Apr [cited 2019 May 29];40(2):147–53. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/27126885 

179.  Kim K, Park SM. Association of muscle mass and fat mass with insulin resistance and the 

prevalence of metabolic syndrome in Korean adults: a cross-sectional study. Sci Rep 

[Internet]. 2018 Dec 9 [cited 2019 May 29];8(1):2703. Available from: 

http://www.nature.com/articles/s41598-018-21168-5 

180.  Wing RR, Phelan S. Long-term weight loss maintenance. Am J Clin Nutr [Internet]. 2005 Jul 1 

[cited 2015 Feb 17];82(1):222S – 225. Available from: 

http://ajcn.nutrition.org/content/82/1/222S.long 

181.  Grattan BJ, Connolly-Schoonen J. Addressing Weight Loss Recidivism: A Clinical Focus on 

Metabolic Rate and the Psychological Aspects of Obesity. ISRN Obes [Internet]. 2012 [cited 

2013 Sep 20];2012:1–5. Available from: http://www.hindawi.com/isrn/obesity/2012/567530/ 

182.  Wing RR, Phelan S. Long-term weight loss maintenance. Am J Clin Nutr [Internet]. 2005 

Jul;82(1 Suppl):222S-225S. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16002825 

183.  Anderson JW, Konz EC, Frederich RC, Wood CL. Long-term weight-loss maintenance: A 

meta-analysis of US studies. Am J Clin Nutr [Internet]. 2001 Nov 1 [cited 2019 Jan 

15];74(5):579–84. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11684524 

184.  Kraschnewski JL, Boan J, Esposito J, Sherwood NE, Lehman EB, Kephart DK, et al. Long-

term weight loss maintenance in the United States. Int J Obes (Lond) [Internet]. 2010 Nov 

[cited 2019 Jan 15];34(11):1644–54. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/20479763 

185.  King NA, Caudwell P, Hopkins M, Byrne NM, Colley R, Hills AP, et al. Metabolic and 

Behavioral Compensatory Responses to Exercise Interventions: Barriers to Weight Loss*. 

Obesity [Internet]. 2007 Jun 1 [cited 2017 Sep 18];15(6):1373–83. Available from: 

http://onlinelibrary.wiley.com.ezproxy.uct.ac.za/doi/10.1038/oby.2007.164/full 

186.  King NA, Caudwell P, Hopkins M, Byrne NM, Colley R, Hills AP, et al. Metabolic and 

behavioral compensatory responses to exercise interventions: barriers to weight loss. Obesity 

(Silver Spring) [Internet]. 2007 Jun;15(6):1373–83. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17557973 

187.  Maclean PS, Bergouignan A, Cornier M, Jackman MR. Biology ’ s response to dieting : the 

impetus for weight regain. 2011;80045.  



134 
 

188.  Sumithran P, Proietto J. The defence of body weight: a physiological basis for weight regain 

after weight loss. Clin Sci (Lond) [Internet]. 2013 Feb 1 [cited 2015 Feb 12];124(4):231–41. 

Available from: http://www.clinsci.org/cs/124/cs1240231.htm 

189.  Racinais S, Alonso JM, Coutts AJ, Flouris AD, Girard O, González-Alonso J, et al. Consensus 

recommendations on training and competing in the heat. Br J Sports Med [Internet]. 2015 

[cited 2019 Feb 21];49(18):1164–73. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/29867590 

190.  Ochner CN, Barrios DM, Lee CD, Pi-Sunyer FX. Biological mechanisms that promote weight 

regain following weight loss in obese humans. Physiol Behav [Internet]. 2013 Aug 15 [cited 

2015 Jan 27];120:106–13. Available from: https://www.ncbi.nlm.nih.gov/pubmed/23911805 

191.  Rosenbaum M, Leibel RL. Adaptive thermogenesis in humans. Int J Obes (Lond) [Internet]. 

2010 Oct 1 [cited 2015 Jan 18];34 Suppl 1:S47-55. Available from: 

http://www.nature.com.ezproxy.uct.ac.za/ijo/journal/v34/n1s/full/ijo2010184a.html 

192.  Nakamura Y, Walker BR, Ikuta T. Systematic review and meta-analysis reveals acutely 

elevated plasma cortisol following fasting but not less severe calorie restriction [Internet]. Vol. 

19, Stress. 2016 [cited 2019 Jun 18]. p. 151–7. Available from: 

https://www.tandfonline.com/doi/full/10.3109/10253890.2015.1121984 

193.  Straznicky NE, Grima MT, Eikelis N, Nestel PJ, Dawood T, Schlaich MP, et al. The effects of 

weight loss versus weight loss maintenance on sympathetic nervous system activity and 

metabolic syndrome components. J Clin Endocrinol Metab [Internet]. 2011 Mar 22 [cited 2015 

Feb 17];96(3):E503-8. Available from: http://press.endocrine.org/doi/abs/10.1210/jc.2010-

2204 

194.  Straznicky NE, Lambert EA, Grima MT, Eikelis N, Richards K, Nestel PJ, et al. The effects of 

dietary weight loss on indices of norepinephrine turnover: modulatory influence of 

hyperinsulinemia. Obesity (Silver Spring) [Internet]. 2014 Mar [cited 2015 Feb 17];22(3):652–

62. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23997009 

195.  Rosenbaum M, Hirsch J, Murphy E, Leibel RL. Effects of changes in body weight on 

carbohydrate metabolism, catecholamine excretion, and thyroid function. Am J Clin Nutr 

[Internet]. 2000 Jun 1 [cited 2019 Jun 18];71(6):1421–32. Available from: 

https://academic.oup.com/ajcn/article/71/6/1421/4729380 

196.  MacLean PS, Higgins JA, Johnson GC, Fleming-Elder BK, Peters JC, Hill JO. Metabolic 

adjustments with the development, treatment, and recurrence of obesity in obesity-prone rats. 

Am J Physiol Regul Integr Comp Physiol [Internet]. 2004 Aug [cited 2019 Jan 

15];287(2):R288-297. Available from: 

http://www.physiology.org/doi/10.1152/ajpregu.00010.2004 

197.  Rosenbaum M, Kissileff HR, Mayer LES, Hirsch J, Rudolph L. Energy Intake in Weight-

Reduced Humans. Brain Res [Internet]. 2010;(1350):95–102. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2926239/ 

198.  Müller MJ, Bosy-Westphal A. Adaptive thermogenesis with weight loss in humans [Internet]. 

Vol. 21, Obesity. 2013. p. 218–28. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/23404923 

199.  Rosenbaum M, Goldsmith R, Bloomfield D, Magnano A, Weimer L, Heymsfield S, et al. 

Low-dose leptin reverses skeletal muscle, autonomic, and neuroendocrine adaptations to 

maintenance of reduced weight. J Clin Invest [Internet]. 2005 Dec 1 [cited 2015 Feb 



135 
 

17];115(12):3579–86. Available from: /pmc/articles/PMC1297250/?report=abstract 

200.  Rosenbaum M, Sy M, Pavlovich K, Leibel RL, Hirsch J. Leptin reverses weight loss-induced 

changes in regional neural activity responses to visual food stimuli. J Clin Invest [Internet]. 

2008 Jul 1 [cited 2015 Feb 17];118(7):2583–91. Available from: 

/pmc/articles/PMC2430499/?report=abstract 

201.  Rosenbaum M, Leibel RL. Models of energy homeostasis in response to maintenance of 

reduced body weight. Obesity [Internet]. 2016 Aug 1 [cited 2017 Jul 31];24(8):1620–9. 

Available from: http://doi.wiley.com/10.1002/oby.21559 

202.  Kissileff HR, Thornton JC, Torres MI, Pavlovich K, Mayer LS, Kalari V, et al. Leptin reverses 

declines in satiation in weight-reduced obese humans. Am J Clin Nutr. 2012;95(2):309–17.  

203.  Dulloo  a G, Jacquet J, Montani J-P, Schutz Y. Adaptive thermogenesis in human body weight 

regulation: more of a concept than a measurable entity? Obes Rev [Internet]. 2012 Dec [cited 

2013 Sep 20];13 Suppl 2(December):105–21. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/23107264 

204.  Heilbronn LK, de Jonge L, Frisard MI, DeLany JP, Larson-Meyer DE, Rood J, et al. Effect of 

6-month calorie restriction on biomarkers of longevity, metabolic adaptation, and oxidative 

stress in overweight individuals: a randomized controlled trial. JAMA [Internet]. 2006 Apr 5 

[cited 2017 Aug 7];295(13):1539–48. Available from: 

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.295.13.1539 

205.  Redman LM, Heilbronn LK, Martin CK, de Jonge L, Williamson D a, Delany JP, et al. 

Metabolic and behavioral compensations in response to caloric restriction: implications for the 

maintenance of weight loss. PLoS One [Internet]. 2009 Jan [cited 2013 Sep 20];4(2):e4377. 

Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2634841/ 

206.  Johannsen DL, Knuth ND, Huizenga R, Rood JC, Ravussin E, Hall KD. Metabolic slowing 

with massive weight loss despite preservation of fat-free mass. J Clin Endocrinol Metab 

[Internet]. 2012 Jul [cited 2013 Sep 20];97(7):2489–96. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3387402/ 

207.  Knuth ND, Johannsen, Darcy L.Huizenga R, Tamboli RA, Marks-Shulman PA, Huizenga R, 

Chen KY, et al. Metabolic adaptation following massive weight loss is related to the degree of 

energy imbalance and changes in circulating leptin. Obesity [Internet]. 2014 Sep [cited 2016 

Jun 30];22(12):2,563-2,569. Available from: http://doi.wiley.com/10.1002/oby.20900 

208.  Rosenbaum M, Hirsch J, Gallagher D a, Leibel RL. Long-term persistence of adaptive 

thermogenesis in subjects who have maintained a reduced body weight. Am J Clin Nutr 

[Internet]. 2008 Oct;88(4):906–12. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18842775 

209.  Weinsier RL, Nagy TR, Hunter GR, Darnell BE, Hensrud DD, Weiss HL. Do adaptive 

changes in metabolic rate favor weight regain in weight-reduced individuals? An examination 

of the set-point theory. Am J Clin Nutr [Internet]. 2000 Nov;72(5):1088–94. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11063433 

210.  Lecoultre V, Ravussin E, Redman LM. The fall in leptin concentration is a major determinant 

of the metabolic adaptation induced by caloric restriction independently of the changes in 

leptin circadian rhythms. J Clin Endocrinol Metab [Internet]. 2011 Sep [cited 2013 Sep 

20];96(9):E1512-6. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3167663&tool=pmcentrez&render



136 
 

type=abstract 

211.  Ebbeling CB, Swain JF, Feldman H a, Wong WW, Hachey DL, Garcia-Lago E, et al. Effects 

of dietary composition on energy expenditure during weight-loss maintenance. JAMA 

[Internet]. 2012 Jun 27;307(24):2627–34. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/22735432 

212.  Larsen TM, Dalskov S-M, van Baak M, Jebb SA, Papadaki A, Pfeiffer AFH, et al. Diets with 

high or low protein content and glycemic index for weight-loss maintenance. N Engl J Med 

[Internet]. 2010 Nov 25 [cited 2015 Mar 11];363(22):2102–13. Available from: 

/pmc/articles/PMC3359496/?report=abstract 

213.  Wang X, Lyles MF, You T, Berry MJ, Rejeski WJ, Nicklas BJ. Weight regain is related to 

decreases in physical activity during weight loss. Med Sci Sports Exerc [Internet]. 2008 Oct 

[cited 2014 Dec 22];40(10):1781–8. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/18799988 

214.  Weinsier RL, Hunter GR, Desmond R a, Byrne NM, Zuckerman P a, Darnell BE. Free-living 

activity energy expenditure in women successful and unsuccessful at maintaining a normal 

body weight. Am J Clin Nutr [Internet]. 2002 Mar;75(3):499–504. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11864855 

215.  Weinsier RL, Hunter GR, Zuckerman PA, Redden DT, Darnell BE, Larson DE, et al. Energy 

expenditure and free-living physical activity in black and white women: Comparison before 

and after weight loss. Am J Clin Nutr [Internet]. 2000 May 1 [cited 2019 Jan 15];71(5):1138–

46. Available from: http://www.ncbi.nlm.nih.gov/pubmed/10799376 

216.  Dandanell S, Husted K, Amdisen S, Vigelsø A, Dela F, Larsen S, et al. Influence of maximal 

fat oxidation on long-term weight loss maintenance in humans. J Appl Physiol [Internet]. 2017 

Jul 1 [cited 2018 Jun 25];123(1):267–74. Available from: 

http://www.physiology.org/doi/10.1152/japplphysiol.00270.2017 

217.  Faraj M, Jones P, Sniderman AD, Cianflone K. Enhanced dietary fat clearance in postobese 

women. J Lipid Res [Internet]. 2001 Apr [cited 2017 Jan 30];42(4):571–80. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11290829 

218.  Toledo FGS, Goodpaster BH. The role of weight loss and exercise in correcting skeletal 

muscle mitochondrial abnormalities in obesity, diabetes and aging. Mol Cell Endocrinol 

[Internet]. 2013 Oct 15 [cited 2015 Jun 3];379(1–2):30–4. Available from: 

http://www.sciencedirect.com/science/article/pii/S0303720713002566 

219.  Dickie K, Micklesfield LK, Chantler S, Lambert E V, Goedecke JH. Meeting physical activity 

guidelines is associated with reduced risk for cardiovascular disease in black South African 

women; a 5.5-year follow-up study. BMC Public Health [Internet]. 2014 Jan [cited 2016 Mar 

18];14:498. Available from: /pmc/articles/PMC4051116/?report=abstract 

220.  Dickie K, Micklesfield LK, Chantler S, Lambert E V., Goedecke JH. Cardiorespiratory Fitness 

and Light-Intensity Physical Activity Are Independently Associated with Reduced 

Cardiovascular Disease Risk in Urban Black South African Women: A Cross-Sectional Study. 

Metab Syndr Relat Disord [Internet]. 2016 Feb 15 [cited 2018 Jan 26];14(1):23–32. Available 

from: http://online.liebertpub.com/doi/10.1089/met.2015.0064 

221.  Goedecke JH, Dave JA, Faulenbach M V, Utzschneider KM, Lambert E V, West S, et al. 

Insulin response in relation to insulin sensitivity: an appropriate beta-cell response in black 

South African women. Diabetes Care [Internet]. 2009 May 1 [cited 2015 Sep 10];32(5):860–5. 



137 
 

Available from: http://care.diabetesjournals.org/content/32/5/860.short 

222.  van der Merwe M-T, Crowther NJ, Schlaphoff GP, Gray IP, Joffe BI, Lönnroth PN. Evidence 

for insulin resistance in black women from South Africa. Int J Obes [Internet]. 2000 Oct 1 

[cited 2015 Sep 10];24(10):1340–6. Available from: 

http://www.researchgate.net/publication/12235180_Evidence_for_insulin_resistance_in_Black

_women_from_South_Africa 

223.  Peer N, Steyn K, Lombard C, Lambert E V, Vythilingum B, Levitt NS. Rising diabetes 

prevalence among urban-dwelling black South Africans. PLoS One [Internet]. 2012 Jan 4 

[cited 2015 Jun 26];7(9):e43336. Available from: 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0043336 

224.  Myers J, McAuley P, Lavie CJ, Despres JP, Arena R, Kokkinos P. Physical Activity and 

Cardiorespiratory Fitness as Major Markers of Cardiovascular Risk: Their Independent and 

Interwoven Importance to Health Status. Prog Cardiovasc Dis [Internet]. 2015 Jan [cited 2017 

Aug 3];57(4):306–14. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25269064 

225.  Gray BJ, Stephens JW, Williams SP, Davies CA, Turner D, Bracken RM. Cardiorespiratory 

fitness is a stronger indicator of cardiometabolic risk factors and risk prediction than self-

reported physical activity levels. Diabetes Vasc Dis Res [Internet]. 2015 Nov 11 [cited 2017 

Aug 3];12(6):428–35. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26361778 

226.  Lafontan M, Langin D. Lipolysis and lipid mobilization in human adipose tissue [Internet]. 

Vol. 48, Progress in Lipid Research. 2009 [cited 2018 Jun 1]. p. 275–97. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19464318 

227.  Zurlo F, Lillioja S, Esposito-Del Puente A, Nyomba BL, Raz I, Saad MF, et al. Low ratio of 

fat to carbohydrate oxidation as predictor of weight gain: study of 24-h RQ. Am J Physiol 

[Internet]. 1990 [cited 2017 Sep 5];259(5 Pt 1):650–7. Available from: 

http://ajpendo.physiology.org.ezproxy.uct.ac.za/content/259/5/E650.short 

228.  Horowitz JF, Leone TC, Feng W, Kelly DP, Klein S. Effect of endurance training on lipid 

metabolism in women: a potential role for PPARα in the metabolic response to training. Am J 

Physiol Metab [Internet]. 2000 Aug [cited 2018 Sep 14];279(2):E348–55. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10913035 

229.  Ross R, Janssen I, Dawson J, Kungl AM, Kuk JL, Wong SL, et al. Exercise-induced reduction 

in obesity and insulin resistance in women: A randomized controlled trial. Obes Res [Internet]. 

2004 May [cited 2018 Jun 4];12(5):789–98. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/15166299 

230.  Fox CS, Massaro JM, Hoffmann U, Pou KM, Maurovich-Horvat P, Liu C-Y, et al. Abdominal 

visceral and subcutaneous adipose tissue compartments: association with metabolic risk factors 

in the Framingham Heart Study. Circulation [Internet]. 2007 Jul 3 [cited 2016 Feb 

29];116(1):39–48. Available from: http://circ.ahajournals.org/content/116/1/39.abstract 

231.  Trapp E, Heydari M, Freund J, Boutcher SH. The effects of high-intensity intermittent exercise 

training on fat loss and fasting insulin levels of young women. Int J Obes [Internet]. 2008 Apr 

15 [cited 2018 Mar 19];32(4):684–91. Available from: 

http://www.nature.com/articles/0803781 

232.  Tremblay A, Simoneau J-A, Bouchard C. Impact of exercise intensity on body fatness and 

skeletal muscle metabolism. Metabolism [Internet]. 1994 Jul [cited 2017 Aug 30];43(7):814–8. 

Available from: http://linkinghub.elsevier.com/retrieve/pii/0026049594902593 



138 
 

233.  Prior SJ, Ryan AS, Stevenson TG, Goldberg AP. Metabolic inflexibility during submaximal 

aerobic exercise is associated with glucose intolerance in obese older adults. Obesity (Silver 

Spring) [Internet]. 2014 Feb 1 [cited 2016 Mar 18];22(2):451–7. Available from: 

/pmc/articles/PMC3875833/?report=abstract 

234.  Astorino TA, Schubert MM, Palumbo E, Stirling D, McMillan DW. Effect of two doses of 

interval training on maximal fat oxidation in sedentary women. Med Sci Sports Exerc. 

2013;45(10):1878–86.  

235.  Haffner SM, D’Agostino R, Saad MF, Rewers M, Mykkänen L, Selby J, et al. Increased 

insulin resistance and insulin secretion in nondiabetic African-Americans and Hispanics 

compared with non-Hispanic whites: The Insulin Resistance Atherosclerosis Study [Internet]. 

Vol. 45, Diabetes. 1996 [cited 2017 Jun 21]. p. 742–8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/8635647 

236.  Berk ES, Kovera AJ, Boozer CN, Pi-Sunyer FX, Albu JB. Metabolic inflexibility in substrate 

use is present in African-American but not Caucasian healthy, premenopausal, nondiabetic 

women. J Clin Endocrinol Metab [Internet]. 2006 Oct [cited 2018 Mar 20];91(10):4099–106. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/16868062 

237.  Goedecke JH, Levitt NS, Lambert E V, Utzschneider KM, Faulenbach M V, Dave JA, et al. 

Differential effects of abdominal adipose tissue distribution on insulin sensitivity in black and 

white South African women. Obesity (Silver Spring) [Internet]. 2009 Aug [cited 2015 Sep 

10];17(8):1506–12. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19300428 

238.  Carroll JF, Fulda KG, Chiapa AL, Rodriquez M, Phelps DR, Cardarelli KM, et al. Impact of 

race/ethnicity on the relationship between visceral fat and inflammatory biomarkers. Obesity 

[Internet]. 2009 Feb 5 [cited 2018 Jun 27];17(7):1420–7. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19197255 

239.  Tulloch-Reid MK, Hanson RL, Sebring NG, Reynolds JC, Premkumar A, Genovese DJ, et al. 

Both subcutaneous and visceral adipose tissue correlate highly with insulin resistance in 

african americans. Obes Res [Internet]. 2004 Aug 1 [cited 2019 Jul 30];12(8):1352–9. 

Available from: http://doi.wiley.com/10.1038/oby.2004.170 

240.  Goedecke JH. Addressing the problem of obesity and associated cardiometabolic risk in black 

South African women - Time for action! Glob Health Action [Internet]. 2017 Jan 10 [cited 

2018 Sep 6];10(1):1366165. Available from: 

https://www.tandfonline.com/doi/full/10.1080/16549716.2017.1366165 

241.  Goedecke JH, Mendham AE, Clamp L, Nono Nankam PA, Fortuin-de Smidt MC, Phiri L, et 

al. An Exercise Intervention to Unravel the Mechanisms Underlying Insulin Resistance in a 

Cohort of Black South African Women: Protocol for a Randomized Controlled Trial and 

Baseline Characteristics of Participants. JMIR Res Protoc [Internet]. 2018 Apr 18 [cited 2018 

May 2];7(4):e75. Available from: http://www.researchprotocols.org/2018/4/e75/ 

242.  Goedecke JH, Micklesfield LK, Levitt NS, Lambert E V, West S, Maartens G, et al. Effect of 

different antiretroviral drug regimens on body fat distribution of HIV-infected South African 

women. AIDS Res Hum Retroviruses [Internet]. 2013 Mar 25 [cited 2015 Sep 11];29(3):557–

63. Available from: 

http://online.liebertpub.com.ezproxy.uct.ac.za/doi/abs/10.1089/aid.2012.0252 

243.  Takagi S, Sakamoto S, Midorikawa T, Konishi M, Katsumura T. Determination of the exercise 

intensity that elicits maximal fat oxidation in short-time testing. J Sports Sci [Internet]. 2014 

Jan 20 [cited 2018 Mar 6];32(2):175–82. Available from: 



139 
 

http://www.ncbi.nlm.nih.gov/pubmed/24015928 

244.  Venables MCM, Achten J, Jeukendrup AE. Determinants of fat oxidation during exercise in 

healthy men and women: a cross-sectional study. J Appl Physiol [Internet]. 2005 Sep 17 [cited 

2017 Aug 10];98(1):160–7. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15333616 

245.  Steffan HG, Elliott W, Miller WC, Fernhall B. Substrate utilization during submaximal 

exercise in obese and normal-weight women. Eur J Appl Physiol Occup Physiol [Internet]. 

1999 Aug [cited 2018 Jun 19];80(3):233–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10453926 

246.  Holloszy JO, Schultz J, Kusnierkiewicz J, Hagberg JM, Ehsani AA. Effects of exercise on 

glucose tolerance and insulin resistance. Brief review and some preliminary results. Acta Med 

Scand Suppl [Internet]. 1986 [cited 2017 Jun 12];711:55–65. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/3535414 

247.  Hagberg JM, Hickson RC, Ehsani AA, Holloszy JO. Faster adjustment to and recovery from 

submaximal exercise in the trained state. J Appl Physiol [Internet]. 1980 [cited 2017 Aug 

10];48(2):218–24. Available from: http://jap.physiology.org./content/48/2/218.short 

248.  Compher C, Frankenfield D, Keim N, Roth-Yousey L. Best Practice Methods to Apply to 

Measurement of Resting Metabolic Rate in Adults: A Systematic Review. J Am Diet Assoc 

[Internet]. 2006 Jun [cited 2017 Aug 10];106(6):881–903. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0002822306001465 

249.  De Weir JB. New methods for calculating metabolic rate with special reference to protein 

metabolism. J Physiol. 1949;109:1–9.  

250.  Frayn KN. Calculation of substrate oxidation rates in vivo from gaseous exchange rates. J 

Appl Physiol. 1983;55.2:628–34.  

251.  Johnson RK. Dietary intake--how do we measure what people are really eating? Obes Res 

[Internet]. 2002 Nov 1 [cited 2017 Aug 10];10 Suppl 1(S11):63S-68S. Available from: 

http://doi.wiley.com/10.1038/oby.2002.192 

252.  Subar AF, Freedman LS, Tooze JA, Kirkpatrick SI, Boushey C, Neuhouser ML, et al. 

Addressing Current Criticism Regarding the Value of Self-Report Dietary Data. J Nutr 

[Internet]. 2015 Dec 1 [cited 2017 Aug 10];145(12):2639–45. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/26468491 

253.  Wolmarans P, Kunneke E, Laubscher R. Use of the South African Food Composition Database 

System (SAFOODS) and its products in assessing dietary intake data: Part II. South African J 

Clin Nutr [Internet]. 2009 Jan 31 [cited 2017 Aug 10];22(2):59–67. Available from: 

http://www.tandfonline.com/doi/full/10.1080/16070658.2009.11734220 

254.  Wang CY, Haskell WL, Farrell SW, Lamonte MJ, Blair SN, Curtin LR, et al. 

Cardiorespiratory fitness levels among us adults 20-49 years of age: Findings from the 1999-

2004 national health and nutrition examination survey. Am J Epidemiol [Internet]. 2010 Feb 

15 [cited 2017 May 15];171(4):426–35. Available from: https://academic.oup.com/aje/article-

lookup/doi/10.1093/aje/kwp412 

255.  Department of Health, Medical Research Council, OrcMacro. South Africa Demographic and 

Health Survey 2016. [Internet]. Climate Change 2013 - The Physical Science Basis. 2016 

[cited 2018 Nov 27]. 1–30 p. Available from: www.statssa.gov.za 



140 
 

256.  Gradidge PJ-L, Crowther NJ. Review: Metabolic Syndrome in Black South African Women. 

Ethn Dis [Internet]. 2017 [cited 2018 Sep 6];27(2):189. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/28439190 

257.  Keswell D, Tootla M, Goedecke J. Associations between body fat distribution, insulin 

resistance and dyslipidaemia in black and white South African women. Cardiovasc J Afr 

[Internet]. 2016 Jul 6 [cited 2018 Nov 13];27(3):177–83. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/27224872 

258.  Besnier F, Lenclume V, Gérardin P, Fianu A, Martinez J, Naty N, et al. Individualized 

Exercise Training at Maximal Fat Oxidation Combined with Fruit and Vegetable-Rich Diet in 

Overweight or Obese Women: The LIPOXmax-Réunion Randomized Controlled Trial. PLoS 

One [Internet]. 2015 Jan 10 [cited 2016 Mar 17];10(11):e0139246. Available from: 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0139246 

259.  Amati F, Dube JJ, Shay C, Goodpaster BH. Separate and combined effects of exercise training 

and weight loss on exercise efficiency and substrate oxidation. J Appl Physiol [Internet]. 2008 

Sep [cited 2018 Jan 29];105(3):825–31. Available from: 

http://www.physiology.org/doi/10.1152/japplphysiol.90384.2008 

260.  Astorino TA, Schubert MM. Changes in fat oxidation in response to various regimes of high 

intensity interval training (HIIT) [Internet]. Vol. 118, European Journal of Applied 

Physiology. 2018 [cited 2018 Jun 7]. p. 51–63. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/29124325 

261.  Goldberg GR, Black AE, Jebb SA, Cole TJ, Murgatroyd PR, Coward WA, et al. Critical 

evaluation of energy intake data using fundamental principles of energy physiology: 1. 

Derivation of cut-off limits to identify under-recording. Eur J Clin Nutr [Internet]. 1991 Dec 

[cited 2019 Oct 29];45(12):569–81. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/1810719 

262.  Gulati M, Pandey DK, Arnsdorf MF, Lauderdale DS, Thisted RA, Wicklund RH, et al. 

Exercise capacity and the risk of death in women. Circulation [Internet]. 2003 [cited 2017 May 

15];108(13):1554–9. Available from: 

http://circ.ahajournals.org.ezproxy.uct.ac.za/content/108/13/1554.short 

263.  Malin SK, Haus JM, Solomon TPJ, Blaszczak A, Kashyap SR, Kirwan JP. Insulin sensitivity 

and metabolic flexibility following exercise training among different obese insulin-resistant 

phenotypes. AJP Endocrinol Metab [Internet]. 2013 Nov 15 [cited 2017 Jun 

21];305(10):E1292–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24064339 

264.  Schwingshackl L, Dias S, Strasser B, Hoffmann G. Impact of different training modalities on 

anthropometric and metabolic characteristics in overweight/obese subjects: a systematic 

review and network meta-analysis. PLoS One [Internet]. 2013 Jan [cited 2016 Feb 

18];8(12):e82853. Available from: /pmc/articles/PMC3866267/?report=abstract 

265.  Ramos-Jiménez A, Hernández-Torres RP, Torres-Durán P V, Romero-Gonzalez J, Mascher D, 

Posadas-Romero C, et al. The Respiratory Exchange Ratio is Associated with Fitness 

Indicators Both in Trained and Untrained Men: A Possible Application for People with 

Reduced Exercise Tolerance. Clin Med Circ Respirat Pulm Med [Internet]. 2008 Feb 1 [cited 

2018 May 30];2:1–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21157516 

266.  RH E, TL H, ML B, KM W, TY S, GK G, et al. Carbohydrate balance predicts weight and fat 

gain in adults. Am J Clin Nutr [Internet]. 2006 Jun 1 [cited 2018 Aug 14];83(4):803–8. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/16600931 



141 
 

267.  Goodpaster BH, Katsiaras A, Kelley DE. Enhanced Fat Oxidation Through Physical Activity 

Is Associated With Improvements in Insulin Sensitivity in Obesity. Diabetes [Internet]. 2003 

Aug 26 [cited 2016 May 5];52(9):2191–7. Available from: 

http://diabetes.diabetesjournals.org/content/52/9/2191.short 

268.  Brun JF, Malatesta D, Sartorio A. Maximal lipid oxidation during exercise: A target for 

individualizing endurance training in obesity and diabetes? [Internet]. Vol. 35, Journal of 

Endocrinological Investigation. Editrice Kurtis srl; 2012 [cited 2017 Sep 13]. p. 686–91. 

Available from: https://link.springer.com/article/10.3275/8466 

269.  Solomon TPJ, Sistrun SN, Krishnan RK, Del Aguila LF, Marchetti CM, O’Carroll SM, et al. 

Exercise and diet enhance fat oxidation and reduce insulin resistance in older obese adults. J 

Appl Physiol [Internet]. 2008 May [cited 2018 Jul 10];104(5):1313–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/18323464 

270.  Rush EC, Goedecke JH, Jennings C, Micklesfield L, Dugas L, Lambert E V, et al. BMI, fat 

and muscle differences in urban women of five ethnicities from two countries. Int J Obes 

[Internet]. 2007 Aug 6 [cited 2017 Mar 31];31(8):1232–9. Available from: 

http://www.nature.com/doifinder/10.1038/sj.ijo.0803576 

271.  Sanders LF, Duncan GE. Population-based reference standards for cardiovascular fitness 

among U.S. adults: NHANES 1999-2000 and 2001-2002. Med Sci Sports Exerc [Internet]. 

2006 Apr [cited 2018 Jul 30];38(4):701–7. Available from: 

https://insights.ovid.com/crossref?an=00005768-200604000-00014 

272.  Goedecke JH, Mendham AE, Clamp L, Nono Nankam PA, Fortuin-de Smidt MC, Phiri L, et 

al. An Exercise Intervention to Unravel the Mechanisms Underlying Insulin Resistance in a 

Cohort of Black South African Women: Protocol for a Randomized Controlled Trial and 

Baseline Characteristics of Participants. JMIR Res Protoc [Internet]. 2018;7(4):e75. Available 

from: 

http://www.researchprotocols.org/2018/4/e75/%0Ahttp://www.ncbi.nlm.nih.gov/pubmed/2966

9711%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC5932332 

273.  Bergman RN, Ider YZ, Bowden CR, Cobelli C. Quantitative estimation of insulin sensitivity. 

Am J Physiol Metab [Internet]. 1979 Jun [cited 2018 Apr 10];236(6):E667. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/443421 

274.  Williamson PJ, Atkinson G, Batterham AM. Inter-Individual Responses of Maximal Oxygen 

Uptake to Exercise Training: A Critical Review. Sport Med [Internet]. 2017 Aug 17 [cited 

2018 Jan 15];47(8):1501–13. Available from: http://link.springer.com/10.1007/s40279-017-

0680-8 

275.  Shvartz E, Reibold RC. Aerobic fitness norms for males and females aged 6 to 75 years: a 

review. Aviat Space Environ Med [Internet]. 1990 Jan [cited 2019 Feb 11];61(1):3–11. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/2405832 

276.  Ann M Swank, Horton J, Fleg JL, Fonarow GC, Keteyian S, Goldberg L, et al. Modest 

increase in Peak VO2 is Related to Better Clinical Outcomes in Chronic Heart Failure Patients: 

Results from Heart Failure and a Controlled Trial to Investigate Outcomes of Exercise 

Training (HF-ACTION). Circ Fail [Internet]. 2012 Sep 1 [cited 2018 Oct 15];5(5):579–85. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/22773109 

277.  Pandey A, Swift DL, McGuire DK, Ayers CR, Neeland IJ, Blair SN, et al. Metabolic Effects 

of Exercise Training Among Fitness-Nonresponsive Patients With Type 2 Diabetes: The 

HART-D Study. Diabetes Care [Internet]. 2015 Aug [cited 2017 Jun 12];38(8):1494–501. 



142 
 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/26084342 

278.  Shadid S, KANALEY JA, Sheehan MT, JENSEN MD. Basal and insulin-regulated free fatty 

acid and glucose metabolism in humans 51. AmJPhysiol EndocrinolMetab [Internet]. 2007 

[cited 2017 Sep 15];292(0193-1849 (Print)):E1770–4. Available from: 

http://ajpendo.physiology.org/content/292/6/E1770.long 

279.  Borel AL, Boulet G, Nazare JA, Smith J, Alm??ras N, Tremblay A, et al. Improved plasma 

FFA/insulin homeostasis is independently associated with improved glucose tolerance after a 

1-year lifestyle intervention in viscerally obese men. Diabetes Care [Internet]. 2013 Oct [cited 

2017 Sep 15];36(10):3254–61. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/23695818 

280.  Manabe Y, Gollisch KSC, Holton L, Kim YB, Brandauer J, Fujii NL, et al. Exercise training-

induced adaptations associated with increases in skeletal muscle glycogen content. FEBS J 

[Internet]. 2013 Feb [cited 2017 Sep 15];280(3):916–26. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/23206309 

281.  Smith GD. A fatter, healthier but more unequal world [Internet]. Vol. 387, The Lancet. 2016 

[cited 2017 Jun 20]. p. 1349–50. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0140673616005882 

282.  Di Cesare M, Bentham J, Stevens GA, Zhou B, Danaei G, Lu Y, et al. Trends in adult body-

mass index in 200 countries from 1975 to 2014: A pooled analysis of 1698 population-based 

measurement studies with 19.2 million participants [Internet]. Vol. 387, The Lancet. 2016 

[cited 2017 Jun 20]. p. 1377–96. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S014067361630054X 

283.  NCD Risk Factor Collaboration (NCD-RisC) – Africa Working Group. Trends in obesity and 

diabetes across Africa from 1980 to 2014: an analysis of pooled population-based studies. Int J 

Epidemiol [Internet]. 2017 Jun 4 [cited 2017 Jun 20];28(8):415. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/28582528 

284.  Dietz WH. Reversing the tide of obesity. Lancet [Internet]. 2011 Aug 27 [cited 2015 Apr 

23];378(9793):744–6. Available from: https://www.ncbi.nlm.nih.gov/pubmed/21872735 

285.  Mariman ECM. Human biology of weight maintenance after weight loss. J Nutrigenet 

Nutrigenomics [Internet]. 2012 Jan 1 [cited 2015 Mar 3];5(1):13–25. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/22472972 

286.  Turk MW, Yang K, Hravnak M, Sereika SM, Ewing LJ, Burke LE. Randomized clinical trials 

of weight loss maintenance: a review. J Cardiovasc Nurs [Internet]. 2009 Jan [cited 2015 Feb 

2];24(1):58–80. Available from: https://www.ncbi.nlm.nih.gov/pubmed/19114803 

287.  Dombrowski SU, Knittle K, Avenell A, Araújo-Soares V, Sniehotta FF. Long term 

maintenance of weight loss with non-surgical interventions in obese adults: systematic review 

and meta-analyses of randomised controlled trials. BMJ [Internet]. 2014 Jan 14 [cited 2015 Jan 

14];348(may14_6):g2646. Available from: http://www.bmj.com/content/348/bmj.g2646 

288.  Klem ML, Wing RR, Lang W, McGuire MT, Hill JO. Does weight loss maintenance become 

easier over time? Obes Res [Internet]. 2000 Sep;8(6):438–44. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/11011910 

289.  Wing RR, Hill JO. Successful weight loss maintenance. Annu Rev Nutr [Internet]. 2001 Jan 28 

[cited 2015 Jan 13];21:323–41. Available from: 



143 
 

https://www.ncbi.nlm.nih.gov/pubmed/11375440 

290.  Müller MJ, Enderle J, Pourhassan M, Braun W, Eggeling B, Lagerpusch M, et al. Metabolic 

adaptation to caloric restriction and subsequent refeeding: The Minnesota Starvation 

Experiment revisited. Am J Clin Nutr [Internet]. 2015 Oct 1 [cited 2017 Aug 1];102(4):807–

19. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26399868 

291.  Müller MJ, Enderle J, Bosy-Westphal A. Changes in Energy Expenditure with Weight Gain 

and Weight Loss in Humans. Curr Obes Rep [Internet]. 2016 Dec 13 [cited 2017 Aug 

2];5(4):413–23. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27739007 

292.  Tremblay A, Royer MM, Chaput JP, Doucet É. Adaptive thermogenesis can make a difference 

in the ability of obese individuals to lose body weight. Int J Obes. 2012;37(10):759–64.  

293.  Carpentier AC. Acute adaptation of energy expenditure predicts diet-induced weight loss: 

Revisiting the thrifty phenotype [Internet]. Vol. 64, Diabetes. 2015 [cited 2017 Aug 1]. p. 

2714–6. Available from: http://diabetes.diabetesjournals.org/content/64/8/2714.short 

294.  Siervo M, Faber P, Lara J, Gibney ER, Milne E, Ritz P, et al. Imposed rate and extent of 

weight loss in obese men and adaptive changes in resting and total energy expenditure. 

Metabolism [Internet]. 2015 Aug [cited 2017 Jul 31];64(8):896–904. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0026049515001043 

295.  Buscemi S, Verga S, Caimi G, Cerasola G. Low relative resting metabolic rate and body 

weight gain in adult Caucasian Italians. Int J Obes (Lond) [Internet]. 2005 Mar [cited 2013 Sep 

20];29(3):287–91. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15672106 

296.  Major GC, Doucet E, Trayhurn P, Astrup A, Tremblay A. Clinical significance of adaptive 

thermogenesis. Int J Obes [Internet]. 2007 Feb [cited 2017 Aug 2];31(2):204–12. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/17260010 

297.  Cunningham J. Body composition as a determinant of energy expenditure: a synthetic review 

and a proposed general prediction equation. Am J Clin Nutr [Internet]. 1991 Dec 1 [cited 2015 

May 28];54(6):963–9. Available from: http://ajcn.nutrition.org/content/54/6/963.short 

298.  Vogels N, Westerterp-Plantenga MS. Successful long-term weight maintenance: a 2-year 

follow-up. Obesity (Silver Spring) [Internet]. 2007 May [cited 2015 May 26];15(5):1258–66. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/17495202 

299.  Camps SGJA, Verhoef SPM, Westerterp KR. Weight loss, weight maintenance, and adaptive 

thermogenesis. Am J Clin Nutr [Internet]. 2013 May 1 [cited 2017 Jul 31];97(5):990–4. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/23535105 

300.  Raben A, Andersen HB, Christensen NJ, Madsen J, Holst JJ, Astrup A. Evidence for an 

abnormal postprandial response to a high-fat meal in women predisposed to obesity. Am J 

Physiol [Internet]. 1994 [cited 2017 Jan 30];267(4 Pt 1):E549-59. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/7943304 

301.  Filozof CM, Murúa C, Sanchez MP, Brailovsky C, Perman M, Gonzalez CD, et al. Low 

plasma leptin concentration and low rates of fat oxidation in weight-stable post-obese subjects. 

Obes Res [Internet]. 2000 May [cited 2015 Feb 17];8(3):205–10. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10832762 

302.  Nelson KM, Weinsier RL, James LD, Darnell B, Hunter G, Long CL. Effect of weight 

reduction on resting energy expenditure, substrate utilization, and the thermic effect of food in 



144 
 

moderately obese women. Am J Clin Nutr [Internet]. 1992 May [cited 2015 May 

29];55(5):924–33. Available from: http://www.ncbi.nlm.nih.gov/pubmed/1570799 

303.  Thyfault JP, Kraus RM, Hickner RC, Howell AW, Wolfe RR, Dohm GL. Impaired plasma 

fatty acid oxidation in extremely obese women. Am J Physiol Endocrinol Metab. 

2004;287(6):E1076-81.  

304.  Ballor DL, Harvey-Berino JR, Ades PA, Cryan J, Calles-Escandon J. Decrease in fat oxidation 

following a meal in weight-reduced individuals: A possible mechanism for weight recidivism. 

Metabolism [Internet]. 1996 Feb [cited 2015 Feb 17];45(2):174–8. Available from: 

http://www.sciencedirect.com/science/article/pii/S0026049596900499 

305.  Seidell JC, Muller DC, Sorkin JD, Andres R. Fasting respiratory exchange ratio and resting 

metabolic rate as predictors of weight gain: the Baltimore Longitudinal Study on Aging. Int J 

Obes Relat Metab Disord [Internet]. 1992 Sep 1 [cited 2015 Jun 26];16(9):667–74. Available 

from: https://www.ncbi.nlm.nih.gov/pubmed/1328091 

306.  Jackman MR, Steig A, Higgins J a, Johnson GC, Fleming-Elder BK, Bessesen DH, et al. 

Weight regain after sustained weight reduction is accompanied by suppressed oxidation of 

dietary fat and adipocyte hyperplasia. Am J Physiol Regul Integr Comp Physiol [Internet]. 

2008 Apr [cited 2013 Sep 20];294(4):R1117-29. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/18287221 

307.  Raynor H a, Jeffery RW, Phelan S, Hill JO, Wing RR. Amount of food group variety 

consumed in the diet and long-term weight loss maintenance. Obes Res [Internet]. 2005 

May;13(5):883–90. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15919842 

308.  Stunkard AJ, Messick S. The three-factor eating questionnaire to measure dietary restraint, 

disinhibition and hunger. J Psychosom Res. 1985;29(1):71–83.  

309.  Subar AF, Kirkpatrick SI, Mittl B, Zimmerman TP, Thompson FE, Bingley C, et al. The 

Automated Self-Administered 24-hour dietary recall (ASA24): a resource for researchers, 

clinicians, and educators from the National Cancer Institute. J Acad Nutr Diet [Internet]. 2012 

Aug 1 [cited 2016 Jan 25];112(8):1134–7. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/22704899 

310.  Sun SS, Chumlea WC, Heymsfield SB, Lukaski HC, Schoeller D, Friedl K, et al. Development 

of bioelectrical impedance analysis prediction equations for body composition with the use of 

a multicomponent model for use in epidemiologic surveys. Am J Clin Nutr [Internet]. 2003 

Feb 1 [cited 2019 Oct 30];77(2):331–40. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12540391 

311.  Ravn A-M, Gregersen NT, Christensen R, Rasmussen LG, Hels O, Belza A, et al. Thermic 

effect of a meal and appetite in adults: an individual participant data meta-analysis of meal-test 

trials. Food Nutr Res [Internet]. 2013 Jan [cited 2015 Feb 2];57. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3873760/ 

312.  Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis 

model assessment: insulin resistance and beta-cell function from fasting plasma glucose and 

insulin concentrations in man. Diabetologia [Internet]. 1985 Jul [cited 2014 Jun 

12];28(7):412–9. Available from: http://link.springer.com/10.1007/BF00280883 

313.  Segal KR, Chun A, Coronel P, Cruz-Noori A, Santos R. Reliability of the measurement of 

postprandial thermogenesis in men of three levels of body fatness. Metabolism [Internet]. 1992 

Jul 1 [cited 2018 Feb 5];41(7):754–62. Available from: 



145 
 

https://www.sciencedirect.com/science/article/pii/0026049592903163 

314.  Speechly DP, Buffenstein R. Appetite dysfunction in obese males: evidence for role of 

hyperinsulinaemia in passive overconsumption with a high fat diet. Eur J Clin Nutr [Internet]. 

2000 Mar;54(3):225–33. Available from: http://www.ncbi.nlm.nih.gov/pubmed/10713745 

315.  Cooling J, Blundell J. Are high-fat and low-fat consumers distinct phenotypes? Differences in 

the subjective and behavioural response to energy and nutrient challenges. Eur J Clin Nutr 

[Internet]. 1998 Mar;52(3):193–201. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/9537305 

316.  Clamp L, Hehir APJ, Lambert E V., Beglinger C, Goedecke JH. Lean and obese dietary 

phenotypes: differences in energy and substrate metabolism and appetite. Br J Nutr [Internet]. 

2015 Nov 18 [cited 2016 Sep 30];114(17):1–10. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/26382929 

317.  Flint  a, Raben A, Blundell JE, Astrup A. Reproducibility, power and validity of visual 

analogue scales in assessment of appetite sensations in single test meal studies. Int J Obes 

[Internet]. 2000 Jan;24:38–48. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10702749 

318.  Kirkpatrick SI, Subar AF, Douglass D, Zimmerman TP, Thompson FE, Kahle LL, et al. 

Performance of the Automated Self-Administered 24-hour Recall relative to a measure of true 

intakes and to an interviewer-administered 24-h recall. Am J Clin Nutr [Internet]. 2014 Jul 1 

[cited 2016 Jul 26];100(1):233–40. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/24787491 

319.  MATTHEWS CE, AINSWORTH BE, THOMPSON RW, BASSETT DR. Sources of variance 

in daily physical activity levels as measured by an accelerometer. Med Sci Sport Exerc 

[Internet]. 2002 Aug [cited 2016 Apr 8];34(8):1376–81. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/12165695 

320.  MASSE LC, FUEMMELER BF, ANDERSON CB, MATTHEWS CE, TROST SG, 

CATELLIER DJ, et al. Accelerometer Data Reduction: A Comparison of Four Reduction 

Algorithms on Select Outcome Variables. Med Sci Sport Exerc [Internet]. 2005 Nov 1 [cited 

2016 Apr 13];37(Supplement):S544–54. Available from: 

https://www.researchgate.net/publication/7474753 

321.  Matthews C. Calibration for Accelerometer Output for Adults. Med Sci Sport Exerc [Internet]. 

2005 Nov [cited 2017 Mar 27];S512(Supplement):S512–22. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16294114 

322.  Black AE, Coward WA, Cole TJ, Prentice AM. Human energy expenditure in affluent 

societies: an analysis of 574 doubly-labelled water measurements. Eur J Clin Nutr [Internet]. 

1996 Feb [cited 2017 Apr 18];50(2):72–92. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/8641250 

323.  Hill JO, Peters JC, Wyatt HR. Using the Energy Gap to Address Obesity: A Commentary. J 

Am Diet Assoc [Internet]. 2009 Nov [cited 2016 Nov 30];109(11):1848–53. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19857625 

324.  Stroebele N, Hill JO, Willich SN. Identifying the energy gap in the German population using 

results from representative national health surveys (1985-2002). Public Health Nutr [Internet]. 

2011 Jan 21 [cited 2016 Nov 30];14(1):44–8. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/20409361 



146 
 

325.  Fothergill E, Guo J, Howard L, Kerns JC, Knuth ND, Brychta R, et al. Persistent metabolic 

adaptation 6 years after “The Biggest Loser” competition. Obesity. 2016;24(8):1612–9.  

326.  Soenen S, Martens EAP, Hochstenbach-Waelen A, Lemmens SGT, Westerterp-Plantenga MS. 

Normal protein intake is required for body weight loss and weight maintenance, and elevated 

protein intake for additional preservation of resting energy expenditure and fat free mass. J 

Nutr [Internet]. 2013 May 1 [cited 2014 Dec 10];143(5):591–6. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/23446962 

327.  Lejeune MPGM, Kovacs EMR, Westerterp-Plantenga MS. Additional protein intake limits 

weight regain after weight loss in humans. Br J Nutr [Internet]. 2005 Feb 8 [cited 2017 Aug 

24];93(02):281. Available from: 

http://www.journals.cambridge.org/abstract_S000711450500036X 

328.  Sumithran P, Prendergast L a, Delbridge E, Purcell K, Shulkes A, Kriketos A, et al. Long-term 

persistence of hormonal adaptations to weight loss. N Engl J Med [Internet]. 2011 Oct 

27;365(17):1597–604. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22029981 

329.  Camps SG, Verhoef SP, Westerterp KR. Weight loss-induced reduction in physical activity 

recovers during weight maintenance. Am J Clin Nutr [Internet]. 2013 Oct [cited 2014 Oct 

31];98(4):917–23. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23985804 

330.  Clamp LD, Hume DJ, Lambert E V, Kroff J. Enhanced insulin sensitivity in successful, long-

term weight loss maintainers compared with matched controls with no weight loss history. 

Nutr Diabetes [Internet]. 2017 Jun 19 [cited 2017 Jun 29];7(6):e282. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/28628125 

331.  Blaak EE, Hul G, Verdich C, Stich V, Martinez A, Petersen M, et al. Fat oxidation before and 

after a high fat load in the obese insulin-resistant state. J Clin Endocrinol Metab [Internet]. 

2006 Apr [cited 2014 May 27];91(4):1462–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16449343 

332.  Astrup A, Buemann B, Christensen NJ, Madsen J. 24-Hour Energy Expenditure and 

Sympathetic Activity in Postobese Women Consuming a High-Carbohydrate Diet. Am J 

Physiol [Internet]. 1992 [cited 2017 Jan 30];262(3 Pt 1):E282-8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/1550221%5Cnhttp://ajpendo.physiology.org/content/ajp

endo/262/3/E282.full.pdf 

333.  Larson DE, Ferraro RT, Robertson DS, Ravussin E. Energy metabolism in weight-stable 

postobese individuals. Am J Clin Nutr [Internet]. 1995 Oct [cited 2017 Jan 30];62(4):735–9. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/7572701 

334.  A. B-W, M.J. M. Impact of carbohydrates on weight regain. Curr Opin Clin Nutr Metab Care 

[Internet]. 2015;18(4):389–94. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/26049636 

335.  Foster-Schubert KE, Overduin J, Prudom CE, Liu J, Callahan HS, Gaylinn BD, et al. Acyl and 

total ghrelin are suppressed strongly by ingested proteins, weakly by lipids, and biphasically 

by carbohydrates. J Clin Endocrinol Metab [Internet]. 2008 May [cited 2014 May 

15];93(5):1971–9. Available from: https://www.ncbi.nlm.nih.gov/pubmed/18198223 

336.  Brennan IM, Luscombe-Marsh ND, Seimon R V, Otto B, Horowitz M, Wishart JM, et al. 

Effects of fat, protein, and carbohydrate and protein load on appetite, plasma cholecystokinin, 

peptide YY, and ghrelin, and energy intake in lean and obese men. Am J Physiol - Gastrointest 

liver Physiol [Internet]. 2012 Jul [cited 2014 May 10];303(1):G129-40. Available from: 



147 
 

http://www.ncbi.nlm.nih.gov/pubmed/22556143 

337.  Kruger HS, Puoane T, Senekal M, van der Merwe M-T. Obesity in South Africa: challenges 

for government and health professionals. Public Health Nutr [Internet]. 2007 Jan 2 [cited 2013 

Sep 20];8(05):491–500. Available from: https://www.ncbi.nlm.nih.gov/pubmed/16153330 

338.  Despres JP, Moorjani S, Lupien PJ, Tremblay A, Nadeau A, Bouchard C. Regional 

distribution of body fat, plasma lipoproteins, and cardiovascular disease. Arterioscler Thromb 

Vasc Biol [Internet]. 1990 Jul 1 [cited 2016 Feb 8];10(4):497–511. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/2196040 

339.  Brancati FL, Wang N-Y, Mead LA, Liang K-Y, Klag MJ, H-O M, et al. Body Weight Patterns 

From 20 to 49 Years of Age and Subsequent Risk for Diabetes Mellitus. Arch Intern Med 

[Internet]. 1999 May 10 [cited 2016 Jun 23];159(9):957. Available from: 

http://archinte.jamanetwork.com/article.aspx?doi=10.1001/archinte.159.9.957 

340.  Kaneto C, Toyokawa S, Miyoshi Y, Suyama Y, Kobayashi Y. Long-term weight change in 

adulthood and incident diabetes mellitus: MY Health Up Study. Diabetes Res Clin Pract. 

2013;102(2):138–46.  

341.  Tremblay  a, Boulé N, Doucet E, Woods SC. Is the insulin resistance syndrome the price to be 

paid to achieve body weight stability? Int J Obes (Lond) [Internet]. 2005 Oct [cited 2013 Sep 

20];29(10):1295–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15997249 

342.  Muoio DM, Neufer PD. Lipid-induced mitochondrial stress and insulin action in muscle. Cell 

Metab [Internet]. 2012 May 2 [cited 2016 Jan 25];15(5):595–605. Available from: 

http://www.sciencedirect.com/science/article/pii/S1550413112001507 

343.  Yu C, Chen Y, Cline GW, Zhang D, Zong H, Wang Y, et al. Mechanism by which fatty acids 

inhibit insulin activation of insulin receptor substrate-1 (IRS-1)-associated 

phosphatidylinositol 3-kinase activity in muscle. J Biol Chem [Internet]. 2002 Dec 27 [cited 

2015 Feb 24];277(52):50230–6. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12006582 

344.  Samuel VT, Petersen KF, Shulman GI. Lipid-induced insulin resistance: unravelling the 

mechanism. Lancet (London, England) [Internet]. 2010 Jun 26 [cited 2015 Sep 

10];375(9733):2267–77. Available from: 

http://www.sciencedirect.com/science/article/pii/S0140673610604084 

345.  Nordby P, Auerbach PL, Rosenkilde M, Kristiansen L, Thomasen JR, Rygaard L, et al. 

Endurance training per se increases metabolic health in young, moderately overweight men. 

Obesity (Silver Spring) [Internet]. 2012 Nov [cited 2015 Sep 10];20(11):2202–12. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/22436841 

346.  van der Heijden G-J, Wang ZJ, Chu ZD, Sauer PJJ, Haymond MW, Rodriguez LM, et al. A 

12-Week Aerobic Exercise Program Reduces Hepatic Fat Accumulation and Insulin 

Resistance in Obese, Hispanic Adolescents. Obesity [Internet]. 2010 Feb [cited 2016 Sep 

19];18(2):384–90. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19696755 

347.  Sullivan S, Kirk EP, Mittendorfer B, Patterson BW, Klein S. Randomized trial of exercise 

effect on intrahepatic triglyceride content and lipid kinetics in nonalcoholic fatty liver disease. 

Hepatology [Internet]. 2012 Jun [cited 2016 Sep 15];55(6):1738–45. Available from: 

http://doi.wiley.com/10.1002/hep.25548 

348.  Hallsworth K, Fattakhova G, Hollingsworth KG, Thoma C, Moore S, Taylor R, et al. 



148 
 

Resistance exercise reduces liver fat and its mediators in non-alcoholic fatty liver disease 

independent of weight loss. Gut [Internet]. 2011 Sep [cited 2016 Sep 19];60(9):1278–83. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/21708823 

349.  Brouwers B, Hesselink MKC, Schrauwen P, Schrauwen-Hinderling VB. Effects of exercise 

training on intrahepatic lipid content in humans [Internet]. Vol. 59, Diabetologia. 2016 [cited 

2016 Sep 19]. p. 2068–79. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27393135 

350.  Weickert MO. Nutritional modulation of insulin resistance. Scientifica (Cairo) [Internet]. 2012 

Jan [cited 2015 Feb 2];2012:424780. Available from: 

https://www.hindawi.com/journals/scientifica/2012/424780/ 

351.  Petersen KF, Dufour S, Morino K, Yoo PS, Cline GW, Shulman GI. Reversal of muscle 

insulin resistance by weight reduction in young, lean, insulin-resistant offspring of parents 

with type 2 diabetes. Proc Natl Acad Sci U S A [Internet]. 2012 May 22 [cited 2015 Jun 

3];109(21):8236–40. Available from: https://www.ncbi.nlm.nih.gov/pubmed/22547801 

352.  Leufkens AM, Van Duijnhoven FJB, Siersema PD, Boshuizen HC, Vrieling A, Agudo A, et al. 

Cigarette smoking and colorectal cancer risk in the European Prospective Investigation into 

Cancer and Nutrition study. Clin Gastroenterol Hepatol [Internet]. 2011 Feb [cited 2014 Aug 

18];9(2):137–44. Available from: https://www.ncbi.nlm.nih.gov/pubmed/21029790 

353.  Franz MJ, Boucher JL, Rutten-Ramos S, VanWormer JJ. Lifestyle weight-loss intervention 

outcomes in overweight and obese adults with type 2 diabetes: a systematic review and meta-

analysis of randomized clinical trials. J Acad Nutr Diet [Internet]. 2015 Sep [cited 2016 Jan 

7];115(9):1447–63. Available from: 

http://www.sciencedirect.com/science/article/pii/S2212267215002592 

354.  Weiss EP, Albert SG, Reeds DN, Kress KS, Ezekiel UR, McDaniel JL, et al. Calorie 

Restriction and Matched Weight Loss From Exercise: Independent and Additive Effects on 

Glucoregulation and the Incretin System in Overweight Women and Men. Diabetes Care 

[Internet]. 2015 Jul 1 [cited 2016 Feb 15];38(7):1253–62. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/25877812 

355.  Beavers DP, Beavers KM, Lyles MF, Nicklas BJ. Cardiometabolic risk after weight loss and 

subsequent weight regain in overweight and obese postmenopausal women. J Gerontol A Biol 

Sci Med Sci [Internet]. 2013 Jun [cited 2015 Feb 2];68(6):691–8. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/23183902 

356.  Beavers KM, Case LD, Blackwell CS, Katula JA, Goff DC, Vitolins MZ. Effects of weight 

regain following intentional weight loss on glucoregulatory function in overweight and obese 

adults with pre-diabetes. Obes Res Clin Pract [Internet]. 2014 Oct 4 [cited 2015 Feb 16]; 

Available from: http://www.sciencedirect.com/science/article/pii/S1871403X1400533X 

357.  Matthews CE, Ainsworth BE, Hanby C, Pate RR, Addy C, Freedson PS, et al. Development 

and testing of a short physical activity recall questionnaire. Med Sci Sports Exerc [Internet]. 

2005 Jun [cited 2016 Jun 27];37(6):986–94. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/15947724 

358.  WARD DS, EVENSON KR, VAUGHN A, RODGERS AB, TROIANO RP. Accelerometer 

Use in Physical Activity: Best Practices and Research Recommendations. Med Sci Sport Exerc 

[Internet]. 2005 Nov [cited 2016 Apr 13];37(Supplement):S582–8. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/16294121 

359.  Gutt M, Davis CL, Spitzer SB, Llabre MM, Kumar M, Czarnecki EM, et al. Validation of the 



149 
 

insulin sensitivity index (ISI0,120): Comparison with other measures. Diabetes Res Clin Pract. 

2000;47(3):177–84.  

360.  Moscavitch SD, Kang HC, Filho RAC, Mesquita ET, Neto HCCF, Rosa MLG. Comparison of 

adipokines in a cross-sectional study with healthy overweight, insulin-sensitive and healthy 

lean, insulin-resistant subjects, assisted by a family doctor primary care program. Diabetol 

Metab Syndr [Internet]. 2016 Jan 9 [cited 2016 Apr 11];8(1):9. Available from: 

http://dmsjournal.biomedcentral.com/articles/10.1186/s13098-016-0125-9 

361.  Tohidi M, Ghasemi A, Hadaegh F, Derakhshan A, Chary A, Azizi F. Age- and sex-specific 

reference values for fasting serum insulin levels and insulin resistance/sensitivity indices in 

healthy Iranian adults: Tehran Lipid and Glucose Study. Clin Biochem. 2014;47(6):432–8.  

362.  Swinburn BA, Nyomba BL, Saad MF, Zurlo F, Raz I, Knowler WC, et al. Insulin resistance 

associated with lower rates of weight gain in Pima Indians. J Clin Invest [Internet]. 1991 Jul 1 

[cited 2015 Jul 23];88(1):168–73. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC296017/ 

363.  Wong MHT, Holst C, Astrup A, Handjieva-Darlenska T, Jebb SA, Kafatos A, et al. Caloric 

restriction induces changes in insulin and body weight measurements that are inversely 

associated with subsequent weight regain. PLoS One [Internet]. 2012 Jan [cited 2016 Mar 

18];7(8):e42858. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3414506/ 

364.  Gower BA, Hunter GR, Chandler-Laney PC, Alvarez JA, Bush NC. Glucose metabolism and 

diet predict changes in adiposity and fat distribution in weight-reduced women. Obesity (Silver 

Spring) [Internet]. 2010 Aug [cited 2015 Jul 23];18(8):1532–7. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3070365/ 

365.  Fisher G, Hunter GR, Gower BA. Aerobic exercise training conserves insulin sensitivity for 1 

yr following weight loss in overweight women. J Appl Physiol [Internet]. 2012 Feb 15 [cited 

2016 Mar 18];112(4):688–93. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/22174391 

366.  Strasser B. Physical activity in obesity and metabolic syndrome. Ann N Y Acad Sci [Internet]. 

2013 Apr 21 [cited 2016 Jan 12];1281(1):141–59. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/23167451 

367.  Richards JC, Johnson TK, Kuzma JN, Lonac MC, Schweder MM, Voyles WF, et al. Short-

term sprint interval training increases insulin sensitivity in healthy adults but does not affect 

the thermogenic response to beta-adrenergic stimulation. J Physiol [Internet]. 2010 Aug 1 

[cited 2016 Mar 7];588(Pt 15):2961–72. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/20547683 

368.  Joslowski G, Halim J, Goletzke J, Gow M, Ho M, Louie JC-Y, et al. Dietary glycemic load, 

insulin load, and weight loss in obese, insulin resistant adolescents: RESIST study. Clin Nutr 

[Internet]. 2015 Feb [cited 2016 Feb 5];34(1):89–94. Available from: 

http://www.sciencedirect.com/science/article/pii/S0261561414000405 

369.  Sjaarda LA, Schisterman EF, Schliep KC, Plowden T, Zarek SM, Yeung E, et al. Dietary 

carbohydrate intake does not impact insulin resistance or androgens in healthy, eumenorrheic 

women. J Clin Endocrinol Metab [Internet]. 2015 Jun 12 [cited 2015 Jun 23];jc20151957. 

Available from: https://www.ncbi.nlm.nih.gov/pubmed/26066675 

370.  McCullough ML, Feskanich D, Rimm EB, Giovannucci EL, Ascherio A, Variyam JN, et al. 

Adherence to the Dietary Guidelines for Americans and risk of major chronic disease in men. 



150 
 

Am J Clin Nutr [Internet]. 2000;72(5):1223–31. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/11063452 

371.  Willett W, Stampfer MJ. Total energy intake: implications for epidemiologic analyses. Am J 

Epidemiol [Internet]. 1986 Jul [cited 2016 Jul 15];124(1):17–27. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/3521261 

372.  Akbaraly TN, Ferrie JE, Berr C, Brunner EJ, Head J, Marmot MG, et al. Alternative Healthy 

Eating Index and mortality over 18 y of follow-up: results from the Whitehall II cohort. Am J 

Clin Nutr [Internet]. 2011 Jul [cited 2014 Aug 18];94(1):247–53. Available from: 

https://www.ncbi.nlm.nih.gov/pubmed/21613557 

373.  S.A. B. Limitations of the Various Methods for Collecting Dietary Intake Data. Ann Nutr 

Metab [Internet]. 1991 [cited 2016 Jul 15];35(3):117–27. Available from: 

http://www.karger.com/doi/10.1159/000177635 

374.  Vega-López S, Ausman LM, Griffith JL, Lichtenstein AH. Interindividual variability and 

intra-individual reproducibility of glycemic index values for commercial white bread. Diabetes 

Care [Internet]. 2007 Jun [cited 2016 Jul 15];30(6):1412–7. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17384339 

375.  Vrolix R, Mensink RP. Variability of the glycemic response to single food products in healthy 

subjects. Contemp Clin Trials. 2010;31(1):5–11.  

376.  Nicklas BJ, Wang X, You T, Lyles MF, Demons J, Easter L, et al. Effect of exercise intensity 

on abdominal fat loss during calorie restriction in overweight and obese postmenopausal 

women: a randomized, controlled trial. Am J Clin Nutr [Internet]. 2009 Apr 1 [cited 2016 Mar 

18];89(4):1043–52. Available from: /pmc/articles/PMC2667455/?report=abstract 

377.  Dubé JJ, Allison KF, Rousson V, Goodpaster BH, Amati F. Exercise dose and insulin 

sensitivity: relevance for diabetes prevention. Med Sci Sports Exerc [Internet]. 2012 May 1 

[cited 2016 Mar 18];44(5):793–9. Available from: 

/pmc/articles/PMC3328621/?report=abstract 

378.  Pilch WB, Mucha DM, Pałka TA, Suder AE, Piotrowska AM, Tyka AK, et al. The influence 

of a 12-week program of physical activity on changes in body composition and lipid and 

carbohydrate status in postmenopausal women. Przegla̜d menopauzalny = Menopause Rev 

[Internet]. 2015 Dec 1 [cited 2016 Mar 17];14(4):231–7. Available from: 

/pmc/articles/PMC4733896/?report=abstract 

379.  Abildgaard J, Pedersen AT, Green CJ, Harder-Lauridsen NM, Solomon TP, Thomsen C, et al. 

Menopause is associated with decreased whole body fat oxidation during exercise. Am J 

Physiol Metab [Internet]. 2013 Jun 1 [cited 2019 May 9];304(11):E1227–36. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/23548615 

380.  Johnson ML, K D, R. LI, A. IB, M. RM, R. KA, et al. Mechanism by which caloric restriction 

improves insulin sensitivity in sedentary obese adults. Diabetes [Internet]. 2016 [cited 2019 

Feb 27];65:74–84. Available from: 

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0675/-/DC1. 

381.  Fisher G, Gower BA, Ovalle F, Behrens CE, Hunter GR. Acute Effects of Exercise Intensity 

on Insulin Sensitivity under Energy Balance. Med Sci Sport Exerc [Internet]. 2018 May [cited 

2019 May 7];51(5):1. Available from: http://www.ncbi.nlm.nih.gov/pubmed/30550514 

382.  Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, regional, and 



151 
 

national prevalence of overweight and obesity in children and adults during 1980-2013: A 

systematic analysis for the Global Burden of Disease Study 2013. Lancet [Internet]. 2014 Aug 

30 [cited 2018 Jul 7];384(9945):766–81. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/24880830 

383.  Alberts M, Urdal P, Steyn K, Stensvold I, Tverdal A, Nel JH, et al. Prevalence of 

cardiovascular diseases and associated risk factors in a rural black population of South Africa. 

Eur J Cardiovasc Prev Rehabil [Internet]. 2005 Aug [cited 2017 Jun 20];12(4):347–54. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/16079642 

384.  Goedecke JH. Addressing the problem of obesity and associated cardiometabolic risk in black 

South African women - Time for action! Glob Health Action [Internet]. 2017 Jan 10 [cited 

2018 Apr 10];10(1):1366165. Available from: 

https://www.tandfonline.com/doi/full/10.1080/16549716.2017.1366165 

385.  Goedecke JH, Keswell D, Weinreich C, Fan J, Hauksson J, Victor H, et al. Ethnic differences 

in hepatic and systemic insulin sensitivity and their associated determinants in obese black and 

white South African women. Diabetologia [Internet]. 2015 Aug 1 [cited 2015 Sep 10]; 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/26232099 

386.  Lavie CJ, McAuley PA, Church TS, Milani R V., Blair SN. Obesity and cardiovascular 

diseases: Implications regarding fitness, fatness, and severity in the obesity paradox [Internet]. 

Vol. 63, Journal of the American College of Cardiology. 2014 [cited 2017 Sep 1]. p. 1345–54. 

Available from: http://linkinghub.elsevier.com/retrieve/pii/S0735109714003349 

387.  Lear SA, Kohli S, Bondy GP, Tchernof A, Sniderman AD. Ethnic variation in fat and lean 

body mass and the association with insulin resistance. J Clin Endocrinol Metab [Internet]. 

2009 Dec 1 [cited 2019 May 29];94(12):4696–702. Available from: 

https://academic.oup.com/jcem/article-lookup/doi/10.1210/jc.2009-1030 

388.  Donnelly JE, Blair SN, Jakicic JM, Manore MM, Rankin JW, Smith BK. Appropriate physical 

activity intervention strategies for weight loss and prevention of weight regain for adults 

[Internet]. Vol. 41, Medicine and Science in Sports and Exercise. 2009 [cited 2019 Jun 6]. p. 

459–71. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19127177 

389.  Thomas DM, Bouchard C, Church T, Slentz C, Kraus WE, Redman LM, et al. Why do 

individuals not lose more weight from an exercise intervention at a defined dose? an energy 

balance analysis. Obes Rev [Internet]. 2012 Oct 1 [cited 2017 Aug 22];13(10):835–47. 

Available from: http://doi.wiley.com/10.1111/j.1467-789X.2012.01012.x 

390.  Gower BA, Weinsier RL, Jordan JM, Hunter GR, Desmond R. Effects of weight loss on 

changes in insulin sensitivity and lipid concentrations in premenopausal African American and 

white women. Am J Clin Nutr [Internet]. 2002 Nov 1 [cited 2015 Jul 23];76(5):923–7. 

Available from: http://ajcn.nutrition.org/content/76/5/923.short 

391.  Álvarez C, Ramírez-Campillo R, Ramírez-Vélez R, Izquierdo M. Effects and prevalence of 

nonresponders after 12 weeks of high-intensity interval or resistance training in women with 

insulin resistance: a randomized trial. J Appl Physiol [Internet]. 2017 Apr 1 [cited 2017 Aug 

17];122(4):985–96. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28153946 

392.  Aragon AA, Schoenfeld BJ, Wildman R, Kleiner S, VanDusseldorp T, Taylor L, et al. 

International society of sports nutrition position stand: Diets and body composition [Internet]. 

Vol. 14, Journal of the International Society of Sports Nutrition. BioMed Central; 2017 [cited 

2019 May 8]. p. 16. Available from: http://jissn.biomedcentral.com/articles/10.1186/s12970-

017-0174-y 



152 
 

393.  Martens EAP, Westerterp-Plantenga MS. Protein diets, body weight loss and weight 

maintenance [Internet]. Vol. 17, Current Opinion in Clinical Nutrition and Metabolic Care. 

2014. p. 75–9. Available from: 

http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00075197-

900000000-99564 

394.  Leidy HJ, Clifton PM, Astrup A, Wycherley TP, Westerterp-Plantenga MS, Luscombe-Marsh 

ND, et al. The role of protein in weight loss and maintenance [Internet]. Vol. 101, American 

Journal of Clinical Nutrition. American Society for Nutrition; 2015 [cited 2017 May 3]. p. 

1320S-1329S. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25926512 

395.  Yost TJ, Jensen DR, Eckel RH. Weight Regain Following Sustained Weight Reduction is 

Predicted by Relative Insulin Sensitivity. Obes Res [Internet]. 1995 Nov 6 [cited 2015 Jul 

23];3(6):583–7. Available from: http://doi.wiley.com/10.1002/j.1550-8528.1995.tb00193.x 

396.  Cornier MA, Donahoo WT, Pereira R, Gurevich I, Westergren R, Enerback S, et al. Insulin 

sensitivity determines the effectiveness of dietary macronutrient composition on weight loss in 

obese women. Obes Res [Internet]. 2005 Apr [cited 2019 May 29];13(4):703–9. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/15897479 

397.  Pesta DH, Samuel VT. A high-protein diet for reducing body fat: mechanisms and possible 

caveats. Nutr Metab (Lond) [Internet]. 2014 Jan [cited 2014 Nov 27];11(1):53. Available 

from: /pmc/articles/PMC4258944/?report=abstract 

 

 

  



153 
 

8 Appendix 

Supplementary Table 2.1: Associations between CRF, energy expenditure and substrate 

utilization (resting and steady state exercise) and changes in body composition 

 ∆FM ∆AFM ∆GFM ∆SAT ∆VAT 

 CTL EXE CTL EXE CTL EXE CTL EXE CTL EXE 

Cardiorespiratory Fitness           

Baseline VO2peak  (ml.kg-1.min-1) 0.176 -0.415† 0.302 -0.369 0.140 -0.441† 0.129 -0.547‡ 0.446 -0.022 

∆VO2peak  (ml.kg-1.min-1) 0.395 -0.466‡ -0.175 -0.270 0.374 -0.480‡ -0.129 -0.172 -0.317 -0.215 

Steady State (Baseline) 
          

EE (kJ.h-1. FFM-1) -0.009 -0.371 0.307 -0.258 -0.075 -0.480‡ 0.345 -0.437† 0.194 0.098 

RER -0.249 0.202 0.298 0.051 -0.357 0.413 -0.388 0.055 -0.149 -0.105 

Energy derived from Fat (%)  0.213 -0.205 -0.315 -0.053 0.323 -0.411† 0.373 -0.061 0.140 0.109 

Fat oxidation (mg.min-1 .FFM-1 ) -0.261 -0.309 -0.144 -0.145 -0.406 -0.542‡ -0.194 -0.220 -0.051 0.137 

CHO oxidation (mg.min-1 .FFM-1 ) 0.206 0.052 0.371 -0.035 0.271 0.214 0.443 -0.087 0.201 -0.071 

Steady State (∆Absolute) 
          

∆EE (kJ.h-1 . FFM-1) 0.357 0.344 0.073 0.255 0.311 0.418† -0.142 0.373 0.272 -0.083 

∆RER -0.304 -0.263 -0.251 -0.266 -0.334 -0.322 -0.321 -0.194 -0.038 -0.114 

∆Energy derived from Fat (%)  0.346 0.261 0.274 0.257 0.374 0.319 0.342 0.186 0.050 0.100 

∆ Fat oxidation (mg.min-1. FFM-1 ) 0.405 0.396† 0.219 0.357 0.414 0.481‡ 0.194 0.335 0.136 0.074 

∆ CHO oxidation (mg.min-1.FFM-1 ) -0.202 -0.131 -0.205 -0.171 -0.250 -0.158 -0.346 -0.036 0.054 -0.161 

Steady State (∆Relative) 
          

∆EE (kJ.h-1 .FFM-1) 0.512† -0.111 -0.041 0.015 0.444 -0.106 -0.258 0.097 0.092 -0.063 

∆RER -0.167 -0.363 -0.257 -0.273 -0.193 -0.450‡ -0.281 -0.212 -0.161 -0.078 

∆Energy derived from Fat (%)  0.188 0.361 0.266 0.266 0.214 0.446‡ 0.295 0.210 0.157 0.066 

∆ Fat oxidation (mg.min-1 .FFM-1 ) 0.441 0.277 0.201 0.273 0.441 0.352 0.111 0.261 0.194 0.057 

∆ CHO oxidation (mg.min-1 .FFM-1 ) 0.061 -0.383† -0.177 -0.288 0.014 -0.460‡ -0.271 -0.212 -0.073 -0.111 

Resting (Baseline) 

          

RMR (kJ.d-1 .FFM-1) -0.337 0.284 0.340 0.158 -0.178 0.288 0.451 -0.123 0.105 -0.020 

RER 0.009 0.638‡ 0.419 0.647‡ -0.073 0.562‡ 0.327 0.662‡ 0.288 0.294 

Energy derived from Fat (%) -0.026 -0.627‡ -0.441 -0.640‡ 0.051 -0.553‡ -0.354 -0.653‡ -0.290 0.291 

Fat oxidation (mg.min-1.FFM-1 ) -0.276 -0.388 -0.174 -0.482‡ -0.092 -0.318 0.000 -0.542‡ -0.227 -0.296 

CHO oxidation (mg.min-1.FFM-1 ) -0.099 0.755‡ 0.447 0.660‡ -0.139 0.680‡ 0.388 0.650‡ 0.296 0.354 

Resting (∆) 

          

∆RMR (kJ.d-1 .FFM-1) 0.394 -0.067 -0.295 0.070 0.325 -0.078 -0.201 0.020 -0.349 0.195 

∆RER -0.334 -0.601‡ -0.631‡ -0.550‡ -0.352 -0.582‡ -0.510† -0.572‡ -0.504† -0.206 

∆Energy derived from Fat (%) 0.332 0.590‡ 0.642‡ 0.539‡ 0.350 0.570‡ 0.526† 0.559‡ 0.498† 0.200 

∆ Fat oxidation (mg.min-1 .FFM-1 ) 0.562‡ 0.174 0.423 0.131 0.478† 0.131 0.432 0.126 0.062 0.158 

∆ CHO oxidation (mg.min-1 .FFM-1 ) 0.052 -0.562‡ -0.529† -0.444† -0.009 -0.545‡ -0.466† -0.491‡ -0.366 -0.201 

BMI: body mass index, WC: waist circumference, FM: fat mass, GFM: gynoid FM, AFM: 

Android FM, SAT: abdominal subcutaneous adipose tissue, VAT: visceral adipose tissue, 

FFM: fat free soft tissue mass, VO2peak: peak volume of oxygen consumption, EE: energy 

expenditure, RER: respiratory exchange ratio, CHO: carbohydrate, RMR: resting metabolic 

rate . ‡: p<0.05, †: p<0.100. Note: one participant did not have FFM data and is therefore 

excluded from analysis involving FFM. 
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Supplementary Table 3.1 – Comparison of CRF, MR and substrate utilization during 

Steady State exercise and at rest in low responders and high responders versus the 

control group  

 CTL LRS HRS 

 Pre Post Pre Post Pre Post 

Cardiorespiratory Fitness:      

VO2peak (ml.min
-1

) 2099.4±282
B 

2032.3±196
AB 

2,233±100 2,242±199 1,921±173
 

2,314±264* 

VO2peak  

(ml.min
-1

.kg
-1

) 

23.9±3.0 23.0±2.6
A B 25.3±2.2 25.5±2.9 24.5±2.7 29.7±2.5*

 

VO2peak  

(ml.min
-1

.FFM
-1

) 

55.4±8.5 53.1±7.7
A B 

58.4±3.5 58.7±3.4 55.8±7.2 66.3±4.0*
 

Steady State (Absolute):      

VO2 (%peak) 52.3±3.7 51.3±8.1
B 50.6±3.1 47.9±3.1 51.7±3.1 39.9±3.2*

 

HR (%HRpeak) 65.4±5.5 64.8±5.5
B 

68.7±3.5 62.5±7.0* 67.6±5.5 57.5±6.0*
 

EE 

(kJ.h
-1 

.FFM
-1

) 

34.3±5.0 32.2±4.6 36.1±3.6 34.0±4.3 34.6±4.7 31.7±4.5 

RER 0.85±0.04
A  

0.85±0.03
B 0.88±0.05 0.85±0.05 0.82±0.03

 
0.80±0.02

 

Energy derived 

from fat (%) 

51.8±14.9
A B 

51.0±11.0
B 

41.3±16.1 50.9±15.4* 61.9±10.4 69.0 ±7.5 

Fat oxidation rate 

(mg.min
-1

 .FFM
-1 

) 

7.2±2.0 6.7±2.0 6.2±2.6 7.0±2.4 8.7±1.8
 

8.9±1
 

CHO oxidation 

rate  

(mg.min
-1

 .FFM
-1 

) 

18.4±6.4
A 

17.5±3.9
B 

22.9±5.2 18.4±6.2* 14.7±4.4
 

11.1±3.1*
 

Steady State (Relative):      

VO2 (%peak) 52.3±3.7 52.7±3.7 50.6±3.1 51.7±2.1 51.7±3.1 51.3±2.1 

HR (%HRpeak) 65.4±5.5 65.7±5.5 68.7±3.5 65.7±6.1 67.6±5.5 65.4±4.0 

EE 

(kJ.h
-1

.FFM
-1

) 

34.3±5.0
 

33.5±5.4
B 36.1±3.6 36.7±3.8 34.6±4.7 41.0±3.0*

 

RER 0.85±0.04
A 

0.86±0.03
B 

0.88±0.5 0.85±0.05
* 0.82±0.03

 
0.82±0.03

 

Energy derived 

from Fat (%) 

51.8±1.5
A B 

48.6±9.4
B 

41.3±16.1 50.3±16.2
* 

61.9±10.4
 

61.8±9.1
 

Fat oxidation rate 

(mg.min
-1 

.FFM
-1 

) 

7.2±2.0 6.6±1.8
B 6.2±2.6 7.6±2.7

* 
8.7±1.8

 
10.3±1.9*

 

CHO oxidation 

rate 

(mg.min
-1 

.FFM
-1 

) 

18.4±.4
A 

19.0±4.6 22.9±5.2 19.8±6.1 14.7±4.4
 

17.5±4.0 

Speed (km.h
-1

) 3.0±0.1 3.0±0.0 3±0 3±0 3±0 3±0 

Gradient (%) 4.0±3.1 4.3±2.3
A B 

4.0±2.5 7.8±4.0* 3.6±.8 10.6±.2* 

Resting Measurements:      

RMR  

(kJ .FFM
-1

) 

150±19 161±20 156±23 159±26 135±31 153±30 

RER 0.79±0.04 0.77±0.05
B 0.81±0.03 0.78±0.04*

 
0.79±0.05 0.82±0.04

* 

Energy derived 

from fat (%) 

71.8±12.9 77.1±16.4
B 

63.1±10.8 75.4±12.8* 73.1±18.2 62.0±12.3*
 

Fat oxidation rate 

(mg.min
-1 

.FFM
-1 

) 

1.8±0.4 2.0±0.5
B 

1.62±0.45 2.07±0.56
* 1.67±0.60

 
1.52±0.35

 

CHO oxidation 

rate  

(mg.min
-1 

.FFM
-1 

) 

1.9±1.0 1.6±0.9
B 

2.6±0.9 1.8±1.0 1.8±0.8 2.6±1.4
* 

NOTE: VO2peak: peak volume of oxygen consumption; VO2: volume of oxygen consumption; HR: heart rate; 

HR%peak: heart rate as a percentage of peak HR;EE: energy expenditure; RER: respiratory exchange ratio; CHO: 

carbohydrate; RMR: resting metabolic rate. *: indicates within group change over time (p<0.05). Superscript 
 A

: 

Group difference CTL versus LRS at pre or post testing (p<0.05); superscript
B
: Group difference CTL versus 

HRS at pre post testing (p<0.05). 
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Supplementary Table 3.2 – Comparison of body composition and insulin sensitivity in 

low and high responders versus the control group 

 CTL LRS HRS 

 Pre Post Pre Post Pre Post 

Body Composition:      

Weight (kg) 87.8±10.9
B 

88.8±11.0
B 

* 89.5±6.0 88.4±7.8 78.7±7.7
 

78.2±8.9
 

BMI (kg.m
-2

) 33.4±2.7
A 

33.8±2.8* 36.2 

(35.3-37.1) 

35.9 

(34.8-37.5) 

31.8
 

(30.6-33.9) 

31.0
 

(30.0-34.5)
 

WC (cm) 103.4±8.1 105.9±9.5
B * 

108 

(100-109) 

102* 

(95-109) 

100 

(98-105) 

97*
 

(94-103) 

HC (cm) 117.5±1.6
B 

117.9±1.6
B 118 

(114-123) 

117 

(112-123) 
113 

(105-116) 

110*
 

(104-113) 

WHR 0.88±0.05 0.90±0.07 0.89 

(0.87-0.93) 

0.87 

(0.86-0.90) 

0.90 

(0.87-0.94) 

0.89 

(0.86-0.91) 

FFSTM (kg) 38.4
B 

(35.0-40.7) 

38.2
B 

(35.4-38.2) 

39.0 

(36.8-40.3) 

39.3 

(35.9-40.1) 
34.3

 

(32.7-37.4) 

35.3
 

(33.0-37.2) 

BF% 50.4±4.3 50.4±3.9 49.9 

(48.7-51.7) 

50.2 

(49.3-52.8) 

50.0 

(48.3-51.6) 

48.8 

(48.1-50.4) 

FM (kg) 40.8±7.0
B 

41.2±6.2
B 41.2±5.1 42.0±6.5 36.1±4.9

 
35.3±5.3

 

Trunk 

(%FM) 

45.8±4.7 45.6±4.7 49.6±3.4 50.8±4.5 47.8±3.2 46.8±3.0
 

Android 

(%FM) 

3.3±1.0 3.3±1.0 8.2±.8 8.1±0.9 8.3±1.3 8.2±1.2 

Gynoid 

(%FM) 

19.4±2.3 19.6±2.3
B 18.7±1.8 18.6±1.5 18.2±1.7 17.8±1.6* 

SAT (cm
2
) 533±100 533±09 566±75 565±81 491±54

 
482±60

 

VAT (cm
2
) 128.2 

(87.4-168.0) 

136.7 

(92.8-157.8) 

131.1 

(121.9-

165.0) 

140.9 

(119.1-

152.4) 

125.2 

(121.9-

163.8) 

129.1 

(121.6-

136.3) 

Insulin Sensitivity: 
     

FPG 

(mmol.L
-1

) 

5.02±0.66 5.08±0.79 5.6 ±1.0 5.0 ±.0 5.4 ±0.7 5.2 ±1.0 

F-Ins  

(mU.L
-1

) 

13.0  

(9.6-14.2) 

12.9 

(7.7-19.6) 

15.5 

 (14.2-19.0) 

13.0  

(12.3-16.3) 

12.2 

(6.4-19.9) 

11.2 

(10.5-17.1) 

HOMA2%IR 1.8  

(1.4-2.2) 

2.0  

(1.1-2.9) 

2.4  

(2.1-2.7) 

2.0  

(1.6-2.3) 

1.7  

(1.0-2.9) 

1.7  

(1.4-2.6) 

SI 2.5  

(1.3-4.1) 

2.0  

(1.7-3.0) 
2.1  

(1.3-3.1) 

2.3 * 

(1.5-4.7) 

1.7  

(1.2-2.4) 

2.0  

(1.5-3.1) 

*: indicates within group change over time (p<0.05). Superscript 
 A

: Group difference CTL versus 

LRS at pre or post testing (p<0.05); superscript
B
: Group difference CTL versus HRS at pre post 

testing (p<0.05). 
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Supplementary Table 3.3 – Energy Intake, Macronutrient Distribution and Daily Step 

Count in controls, low responders and high responders 

 CTL LRS HRS 

EI (kJ)    

Baseline 8,138 (6,493-9,434) 9,633±4,118 8,602±2,075 

Week 4 7,489 (7,110-9,217) 7,786±2,210 8,479±1,911 

Week 8 7,963 (6,306-8,921) 9,008±2,827 8,522±1,376 

Week 12 8,429 (7,335-9,509) 8,572±1,752 8,657±1,673 

    

EI:RMR (ratio)    

Baseline 1.458 (1.250-1.865) 1.426 (1.222-1.973) 1.821 (1.568-2.265) 

Post-testing 1.499 (1.104-1.693) 1.521 (0.968-1.902) 1.859 (1.292-2.191) 

    

Protein (%EI)    

Baseline 14.3±1.9 13.2±2.8 13.3±2.4 

Week 4 13.2±2.3 14.0±3.0 13.8±3.0 

Week 8 13.8±2.8 13.4±1.9 13.4±2.2 

Week 12 13.5±2.1 14.3±3.6 13.2±2.5 

    

Carbohydrate (%EI)    

Baseline 54.0±5.7 55.5±6.5 54.6±4.5 

Week 4 56.9±6.0 55.6±5.1 52.2±6.4 

Week 8 56.0±7.6  55.4±5.0 53.1±5.6 

Week 12 57.8±7.2* 
B 

53.0±6.4 52.4±10.2 

    

Fat (%EI)    

Baseline 31.0±5.6 30.3±7.8 30.6±4.0 

Week 4 29.2±5.1 29.5±5.5 32.5±6.4 

Week 8 29.5±7.3 30.2±5.2 32.4±5.8 

Week 12 27.8±6.4* 32.1±3.7 32.3±7.7 

    

Daily step count    

Baseline 10,082±2,598 9,118±2,688 9,843±1,846 

Week 4 9,055±2,471
B 10,436±2,498 11,827±2,031 

Week 8 8,784±2,785
B 10,368±3,104 10,955±4,035 

Week 12 9,242±1,791
A B 

11,666±3,052* 11,587±4,077* 

*: indicates within group change over time (p<0.05). Superscript 
 A

: Group difference CTL versus 

LRS at pre or post testing (p<0.05); superscript
B
: Group difference CTL versus HRS at pre post 

testing (p<0.05). The EI:RMR ratio was used to determine the degree of under reporting of dietary 

energy intake using a cut-off of <1.35 as defined by Goldberg et al (1991)
261

. Using this cut-off, under 

reporting of EI at pre-testing: 6/15 of CTL, 4/10 of LRS and 0/10 of HRS and at post-testing: 6/15 of 

CTL, 4/10 of LRS and 4/10 of HRS were identified.  
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MAXIMAL GRADED EXERISE TEST  
 

Name: _________________________ Code:___________     Date/ Time:  ____________________           

  Age:___________________  Weight: ____________________   Height: _________________________    

Last menstrual period:___________________________________________________________________ 

Last exercise session:___________________  Type and intensity:________________________________ 

Time of last meal/drink:  ____________________________   Hours fasted:_________________________ 

Meal:________________________________________________________________________________ 

How would you describe your health TODAY? (How are you feeling?):  

Good                        Fair                         Poor       

If POOR, explain why:____________________________________________________________________ 

Age-predicted max heart rate_____________bpm  

Check List before starting (tick each box once done): 

RPE explanation Familiarization Gradient test Side straddle Emergency stop 
 
HRM ON    
Time Speed Gradient Heart Rate RPE RER VO2/kg 

1 min 3.0km/h 2%     

2 min 3.0km/h 2%     

3 min 3.0km/h 4%     

4 min 3.0km/h 4%     

5 min 3.0 km/h 6%     

6 min 3.0 km/h 6%     

7 min 3.0 km/h 10%     

8 min 3.0 km/h 14%     

9 min 3.0 km/h 16%     

10 min 3.5 km/h 16%     

11 min 3.5 km/h 17%     

12 min 4.0 km/h 18%     

13 min 4.5 km/h 18%     

14 min 5.0km/h 18%     

15 min 5.0km/h 19%     

16 min 5.0km/h 20%     

17 min 5.0km/h 21%     

18 min 5.0km/h 22%     

19 min 5.km/h 23%     

 

TEST Terminated: _________________ HRM STOP       HRM BELT OFF:   
 
VO2max __________________________   50% VO2max ______________________ 
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RESTING METABOLIC TEST  
 

Name: _________________________    Code:______________________ 

Weight: ________________      Height:_____________________       Time:__________________ 

Last menstrual period:_____________________________________________________________ 

Last exercise session:_______________  Type and intensity:______________________________ 

Time of last meal/drink:  ______________________      Hours fasted:  ______________________ 

Meal:__________________________________________________________________________ 

How would you describe your health TODAY? (How are you feeling?):  

 

  Good                      Fair                          Poor   

If POOR, explain why:  

_________________________________________________________________________________ 

 
 

RESTING 
 

 
Time Heart Rate RER Comments  

0 min    
5 min    
10 min    
15 min    
20 min    
25 min    
30 min    
35 min    
40 min    
45 min    
 
 
Resting heart rate (lowest heart rate recorded):__________________________ 
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STEADY STATE EXERCISE 

 
Name: _________________________  Code:__________ Time:_______________ 

VO2max __________________________  HR @ VO2max         ________________________ 

50% VO2max ______________________  HR @ 50% VO2max ________________________ 

Speed:__________________________    

Gradient:________________________ 

Check List before starting (tick each box once done): 
RPE explanation Familiarization Gradient test Side straddle Emergency stop 
 

Speed Gradient Time HR RPE RER VO2 

  1 min     

  2 min     

  3 min     

  4 min     

  5 min     

  6 min     

  7 min     

  8 min     

  9 min     

  10 min     

  11 min     

  12 min     

  13 min     

  14 min     

  15 min     

  16 min     

  17 min     

  18 min     

  19 min     

  20 min     

 

Comments:______________________________________________________________________________ 
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Questionnaires: Chapters 4 & 5 – Mind the Gap Study 

 

MEDICAL HISTORY: FAMILY 

Where applicable, underline which of your FIRST DEGREE RELATIVES 
(mother/father/sister/brother) have presented with the following: 

1. Stroke (mother/father/sister/brother) Year   

2. Diabetes (mother/father/sister/brother) Year   

3. Obesity (mother/father/sister/brother) Year   

4. High cholesterol (mother/father/sister/brother) Year   

5. High blood pressure (mother/father/sister/brother) Year   

6. Cancer (mother/father/sister/brother) Year   

7. Heart attack (mother/father/sister/brother) Year   

8. Other heart conditions (mother/father/sister/brother) Year   

9. Angina (heart pains) (mother/father/sister/brother) Year   

10. Bypass surgery (mother/father/sister/brother) Year   

11. Peripheral cardiovascular disease (of the veins in the arms and legs) 
(mother/father/sister/brother) Year   

12. Coronary artery disease (mother/father/sister/brother) Year   

13. Sudden death under the age of 60 (due to natural causes)  
(mother/father/sister/brother) Year   

14. Other conditions not mentioned (mother/father/sister/brother) Year   

 

 

MEDICAL HISTORY: SELF 

Please circle yes or no to indicate whether YOU have suffered from the following: 

1. Stroke: No Yes Year   

2. Diabetes: No Yes Year   
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3. Obesity: No Yes Year   

4. High cholesterol: No Yes Year   

5. High blood pressure: No Yes Year   

6. Cancer: No Yes Year   

7. Heart attack: No Yes Year   

8. Other heart conditions: No Yes Year   

9. Angina (heart pains): No Yes Year   

10. Bypass surgery: No Yes Year   

11. Peripheral cardiovascular disease (of the veins in the arms and legs): No Yes
 Year   

12. Coronary artery disease:  No Yes Year   

13. Other conditions not mentioned:  No Yes Year   

 

REPRODUCTIVE HISTORY: 

What was your age when you had your first period:  years old 

Please select the average time interval between your cycles: 

1. 25-30 days 2. 30-35 days 3. 36 days or more 

Please circle (+/-) the day of your cycle you will be on [on 1st DAY OF TESTING]:  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

15 16 17 18 19 20 21 22 23 24 25 26 27 28 

[Day 1 = day of bleeding] 

Have you ever had a hysterectomy? 

0. No 1. Yes 

Have you reached menopause? 

0. No 1. Yes 

Number of pregnancies: 

0. None 1. One 2. Two 3. Three   4. Four  5. Five  6. Six or more 
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Number of children breastfed: 

0. None 1. One  2. Two   3. Three  4. Four  5. Five  6. Six or more 

Are you lactating (i.e. are your breast producing milk)? 

0. No 1. Yes 

Are you using contraception? 

0. None 1. Oral   2. Injectable 3. Condoms    4. Intrauterine Device 5. Other  

For how long have you been using these contraceptives? years 

Have you used other forms of contraception in the past? 

0. None 1. Oral  2. Injectable  3. Condoms  4. Intrauterine Device   5. Other  

For how long did you use these other forms of contraception?  years 

 

GENERAL HEALTH HABITS: 

Do you smoke? 

0. No, I don’t smoke and have never smoked before 

1. I quit smoking less than 6 months ago 

2. I quit smoking more than 6 months ago 

3. I smoke 1-5 cigarettes per day 

4. I smoke 6-10 cigarettes per day 

5. I smoke 11-15 cigarettes per day 

6. I smoke one pack (20 cigarettes) per day or more 
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On average, how many units of alcohol do you drink on a WEEK DAY? 0. 0 

1.   1 

2.   2 

3.   3 

4.   4 

5. 5 or more 

 

On average, how many units of alcohol do you drink on a WEEKEND DAY? 0. 0 

1.   1 

2.   2 

3.   3 

4.   4 

5. 5 or more 

 

On average, how many times per week do you drink more than 6 drinks in 1 sitting? 0. 0 

1.   1 

2.   2 

3.   3 

4.   4 

5. 5 or more 
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On average, how many times per week do you eat double as much as you think you 

should in 1 sitting, or eat when you are not hungry? 

0.   0 

1.   1 

2.   2 

3.   3 

4.   4 

5. 5 or more 

 

How would you rate your stress level at HOME? 

0. Little/no stress 

1. Below average stress level 

2. Average stress level 

3. Above average stress level 

4. Highly stressful 

 

How would you rate your stress level at WORK? 

0. Little/no stress 

1. Below average stress level 

2. Average stress level 

3. Above average stress level 

4. Highly stressful 
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Are you currently taking anti-depressant medications? 

0. No 

1. Yes 

 

  BASIC DEMOGRAPHIC INFORMATION: 

Please identify your marital status: 

1. Single 

2. Married 

3. Divorced 

4. Widowed 

 

Please indicate your highest level of education achieved: 

1. High school 

2. Matriculation 

3. College/tech. 

4. Undergraduate degree 

5. Postgraduate degree 

 

Please identify your occupation: 

 

What is the nature of your work? 

1. Unemployed 

2. Agriculture 

3. Mining/quarrying 
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4. Manufacturing 

5. Construction 

6. Transport 

7. Trade 

8. Services 

9. Education 

10. Health 

11. Administration 

12. Management 

13. Student 

 

Please select your monthly income bracket: 

1. No income 

2.   R0001-R2499 

3.   R2500-R4999 

4.   R5000-R7499 

5.   R7500-R9999 

6. R10 000 or more 

 

Do you receive supplementary financial support or funding? 

0. No additional income 

1. Government 

2. Spouse 

3. Friend 
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4. Family 

 

Which of these best describes your living arrangements? 

1. Studio apartment 

2. 1 bedroom dwelling 

3. 2 bedroom dwelling 

4. 3 bedroom dwelling 

5. 4 bedroom dwelling 

6. 5 or more bedroom dwelling 

 

How many housemates or flatmates do you have? 0. 0 

1. 1 

2. 2 

3. 3 

4. 4 

5. 5 or more 

 

Do you own a car? 

0. No car 

1. 1 car 

2. 2 cars 

3. 3 or more cars 
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Do you own a cell phone? 

0. No 

1. Yes  



169 
 

THREE FACTOR EATING QUESTIONNAIRE 

Question 1: When I smell a sizzling steak or see a juicy piece of meat, I find it difficult to keep from 

eating, even if I’ve just finished a meal. 

0) False 

1) True 

 

Question 2: I usually eat too much at social occasions, e.g. parties. 

0) False 

1) True 

 

Question 3: I am usually so hungry that I eat more than 3 times a day. 

0) False 

1) True 

 

Question 4: When I have eaten my quota of calories, I am usually good about not eating any 

more. 

0) False 

1) True 

 

Question 5: Dieting is so hard for me because I just get too hungry. 

0) False 

1) True 

 

Question 6: I deliberately take small helpings so as to control my weight. 

0) False 

1) True 

 

Question 7: Sometimes things just taste so good that I keep on eating, even when I am no longer 

hungry. 

0) False 

1) True 
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Question 8: Since I am often hungry, I sometimes wish that an expert would tell me when I have 

had enough or when I can still have something more to eat. 

0) False 

1) True 

Question 9: When I feel anxious, I find myself eating. 

0) False 

1) True 

 

Question 10: Life is too short to worry about dieting. 

0) False 

1) True 

 

Question 11: Since my weight goes up and down, I have gone on reducing diets more than once. 

0) False 

1) True 

 

Question 12: I often feel so hungry that I just have to eat something. 

0) False 

1) True 

 

Question 13: When I am with someone who overeats, I usually overeat too. 

0) False 

1) True 

 

Question 14: I have a pretty good idea of the number of calories in foods. 

0) False 

1) True 

 

Question 15: Sometimes when I start eating, I just can’t seem to stop. 

0) False 

1) True 
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Question 16: It is not difficult for me to leave something on my plate. 

0) False 

1) True 
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Question 17: At certain times of the day, I get hungry because I have gotten used to eating at these 

times. 

0) False 

1) True 

 

Question 18: While on a diet, if I eat a food that is not allowed, I consciously eat less for a period of 

time to make up for it. 

0) False 

1) True 

 

Question 19: Being with someone who is eating often makes me hungry enough to eat too. 

0) False 

1) True 

 

Question 20: When I feel blue/down, I often overeat. 

0) False 

1) True 

 

Question 21: I enjoy eating too much to spoil it by counting calories or watching my weight. 

0) False 

1) True 

  

Question 22: When I see a real delicacy, I often get so hungry that I have to eat it right away. 

0) False 

1) True 

 

Question 23: I often stop eating when I am not really full as a conscious means of limiting the 

amount that I eat. 

0) False 

1) True 

 

Question 24: I get so hungry that my stomach often seems like a bottomless pit that cannot be 
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filled. 

0) False 

1) True 

 

Question 25: My weight has hardly changed at all over the last 10 years. 

0) False 

1) True 

 

Question 26: I am always hungry, so it is hard for me to stop eating before I finish the food on my 

plate. 

0) False 

1) True 

 

Question 27: When I feel lonely, I console myself with food. 

0) False 

1) True 

 

Question 28: I consciously hold back at meals in order to avoid weight gain. 

0) False 

1) True 

 

Question 29: I sometimes get very hungry late in the evening or at night. 

0) False 

1) True 

 

Question 30: I eat anything I want, any time I want. 

0) False 

1) True 

 

Question 31: Without even thinking about it, I take a long time to eat. 

0) False 

1) True 
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Question 32: I count calories as a conscious means of weight control. 

0) False 

1) True 

  

 

 

Question 33: I do not eat certain foods because they make me fat. 

0) False 

1) True 

 

Question 34: I am always hungry enough to eat at any time. 

0) False 

1) True 

 

Question 35: I pay a great deal of attention to changes in my figure. 

0) False 

1) True 

 

Question 36: While on a diet, if I eat a food that is not allowed, I often splurge and over eat high 

calorie foods. 

0) False 

1) True 

 

Question 37: How often do you diet as a conscious weight control method? 

1) Rarely 

2) Sometimes 

3) Usually 

4) Always 

 

Question 38: Would a weight fluctuation of 2.5kg affect the way you live your life? 

1) Not at all 
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2) Slightly 

3) Moderately 

4) Very much 

 

Question 39: How often do you feel hungry? 

1) Only at meal times 

2) Sometimes between meals 

3) Often between meals 

4) Almost always 
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Question 40: Do your feelings of guilt about overeating help you to control your food intake? 

1) Never 

2) Rarely 

3) Often 

4) Always 

 

Question 41: How difficult would it be for you to stop eating halfway through dinner and not eat 

for the next 4 hours? 

1) Easy 

2) Slightly difficult 

3) Moderately difficult 

4) Very difficult 

  

Question 42: How conscious are you of what you eat? 

1) Not at all 

2) Slightly 

3) Moderately 

4) Extremely 

 

Question 43: How often do you avoid “stocking up” on tempting foods? 

1) Almost never 

2) Seldom 

3) Usually 

4) Almost always 

 

Question 44: How likely are you to shop for low calorie foods? 

1) Unlikely 

2) Slightly likely 

3) Moderately likely 

4) Very likely 
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Question 45: Do you eat sensibly in front of others and splurge alone? 

1) Never 

2) Rarely 

3) Often 

4) Always 

 

Question 46: How likely are you to consciously eat slowly in order to cut down on how much you 

eat? 

1) Unlikely 

2) Slightly likely 

3) Moderately likely 

4) Very likely 

 

Question 47: How frequently do you skip dessert because you are no longer hungry? 

1) Almost never 

2) Seldom 

3) At least once a week 

4) Almost every day 

 

Question 48: How likely are you to consciously eat less than you want? 

1) Unlikely 

2) Slightly likely 

3) Moderately likely 

4) Very likely 

 

Question 49: Do you go on eating binges even though you are not hungry? 

1) Never 

2) Rarely 

3) Sometimes 

4) At least once a week 
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Question 50: How well does this statement describe you: “I start dieting in the morning, but 

because of any number of things that happen during the day, by evening I have given up and eat 

what I want, promising myself to start dieting again tomorrow.” 

1) Not like me 

2) A little like me 

3) Pretty good description of me 

4) Describes me perfectly 

 

Question 51: Where would you place yourself on the following scale? You: 

1) Eat whatever you want, whenever you want it 

2) Usually eat whatever you want, whenever you want it 

3) Often eat whatever you want, whenever you want it 

4) Often limit food intake, but often “give in” 

5) Often limit food intake, rarely “give in” 

6) Constantly limit food intake, never “giving in” 

 

 




