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and myosin filaments are being pulled towards the centre of the sarcomere. 

 
Concurrent Training  
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training programme in order to achieve multiple training goals.  

 

Eccentric Muscle Contraction 

The phase of muscle contraction where the muscle is lengthening under tension. The actin 

and myosin filaments are being pulled away from the centre of the sarcomere. 
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The formation of glucose from non- glucose sources such as amino acids and lactate. 
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or pyruvate and ATP (aerobic). 

 

Insulin Resistance 

Resistance to the action of insulin. The circulating concentrations of insulin that are 

effective in controlling blood glucose in normal glucose tolerant individuals are not as 

effective in insulin resistance individuals. 
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Includes basal metabolic rate (the minimum energy requirements to sustain the bodyõs 

functions in the waking state) plus the added cost of arousal. 

 

 

  



xxiii 
 

 

Abstract 

Title:  The effectiveness of different lifestyle interventions on body composition, insulin 

sensitivity, and novel biomarkers of insulin resistance in obese individuals. 

Author: Diane Cooper. 

 

 Obesity is a serious global health problem (WHO, 2009) and an independent risk 

factor for a number of chronic diseases (Quilliot, Petit et al. 2002). Obesity is caused by a 

mismatch between energy intake and energy expenditure leading to storage of surplus 

energy and expansion of fat stores which causes metabolic disturbances (Speakman, 2004). 

Diet and exercise interventions remain the cornerstone of treatment for obesity but they 

have been largely ineffective (Franz et al. 2007). The purpose of this thesis was to identify 

components of a lifestyle intervention that are most likely to improve body composition, 

insulin sensitivity, and novel biomarkers of insulin resistance in obese individuals. This was 

achieved by investigating 4 different short term interventions. In study 1, isocaloric diet and 

exercise interventions were compared, while in study 2 concurrent training (regular 

resistance training combined with aerobic exercise) and concurrent training incorporating 

an eccentric component were compared.  

 

Briefly, the key findings of this PhD thesis were that isocaloric diet and exercise 

interventions lead to similar reductions in body weight, but exercise training may lead to 

greater improvements in body composition and metabolic health. Importantly, aerobic 

fitness was the single best predictor of improvements in metabolic health in this 

population. Resistance training is important for improving lean tissue mass, fat oxidation 

and resting metabolic rate. The novel biomarkers of insulin resistance are differentially 

regulated by diet, exercise and different modes of exercise training. Improvements in body 

composition and fitness drive improvements in insulin sensitivity and the circulating 

concentration of the biomarkers, and there is a cyclical relationship between the 

biomarkers and metabolic health. It is important to study the biomarkers for better 

understanding of metabolic processes but larger scale studies may be required to determine 

their role. A combination of calorie restriction, aerobic exercise and resistance training will 

optimise improvements in insulin resistance and body composition in obese individuals. 
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1. 1. Introduction  

There has been an exponential rise in the prevalence of overweight and obesity in recent 

years, which has reached epidemic proportions. In fact, the worldwide prevalence of 

obesity has almost doubled in the last 20 years and it is currently the fifth leading risk for 

global death (WHO 2010). Obesity is an independent risk factor for a number of chronic 

diseases including hypertension, cardiovascular disease, and diabetes. Obesity also increases 

the risk of developing certain cancers such as breast and colon cancer, in addition to 

respiratory disorders such as sleep apnea (Quilliot, Petit et al. 2002). An obese individual is 

also more likely to be depressed, suffer from joint problems, and suffer from skin disorders 

(Speakman 2004). The cost of treating obesity and its related complications puts 

considerable stress on the global economy. The direct costs of obesity include hospital 

admissions, medical consultations, and medications. In 2008, this amounted to $113.9 

billion in the USA, which accounted for almost 10% of health care spending (Tsai, 2011). 

In the UK the direct costs were £990-1225 million in 2004 and represented 2.3-2.6% of the 

National Health Service expenditure (HSMO 2004). In 2009, the direct cost of overweight 

and obesity was estimated at ú399 million in the Republic of Ireland and ú127 million in 

Northern Ireland (Safefood, 2012). This represented 2.7% and 2.8% of total health care 

costs in that year (Safefood, 2012). The indirect costs are more difficult to quantify but 

include absenteeism, disability and premature mortality and workers compensation 

(Trogdon, Finkelstein et al. 2008). These were estimated to be û729 million and û383 

million in the Republic of Ireland and Northern Ireland respectively in 2009 (Safefood, 

2012).  

 

The primary cause of obesity is a mismatch between energy intake and energy expenditure 

leading to storage of surplus energy. The industrialisation of food production has resulted 

in greater processing and preservation and a consequence of this is a dramatic increase in 

the availability of cheap foods that are energy dense, high in fat, sugar and salt (Ferder et al, 

2010). A growing number of individuals in Western society are increasing their 

consumption of these foods and this is occurring alongside an epidemic of physical 

inactivity, which is now the fourth leading risk factor for global mortality (WHO 2009). In 

addition to these behavioural factors, evidence is emerging to suggest that genetics also 

plays an important role, and it is the interaction between an individuals environment and 

their genetic composition that determines the extent of their obesity (Speakman and 

O'Rahilly 2012).  
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Over the last number of years a considerable amount of resources have been devoted to 

the development of therapies for the treatment of obesity. The most common include 

lifestyle intervention, consisting of dietary restriction and/or physical activity, weight loss 

promoting drugs such as Orlistat, and surgery in the case of the morbidly obese individual. 

Although these different treatment options are available, long term lifestyle intervention 

has been largely ineffective, surgery is impractical to implement at a population level and 

many of the pharmacological treatments have additional side effects.  There is a need to 

develop more innovative approaches to weight management and, in particular, to develop 

effective lifestyle intervention strategies.  

 

1. 2. Statement of the problem 

It is widely acknowledged that lifestyle interventions that promote healthy eating and daily 

physical activity effectively reduce fat mass in the obese population. However, translating 

research interventions into population based programmes has not been effective. One 

major challenge has been to identify the most effective intervention given the high degree 

of variability in study outcomes related to differences in study design. Interventions that 

have focused on dietary restriction differ with regard to the calorie deficit, the nutrient 

composition, and the quantification of nutrient intake (Franz, VanWormer et al. 2007). 

Similarly, exercise interventions vary in the number and intensity of sessions in addition to 

the mode of exercise (Franz, VanWormer et al. 2007). Both interventions vary in total 

duration and level of supervision and monitoring. The most effective interventions are 

those that are tightly controlled, heavily supervised, and of short duration (~12 weeks) 

(Tessier, Menard et al. 2000) with greater variation for studies lasting 6-24 months  (Franz, 

VanWormer et al. 2007).  

 

A second challenge is the perception that dietary restriction is superior to exercise training 

in treating obesity when weight loss is the primary outcome measure (Franz, VanWormer 

et al. 2007). However, it is difficult to accept this conclusion since the literature contains 

very few diet and exercise interventions that are isoclaoric (energy expended in exercise 

intervention is equal to energy restricted in dietary intervention) making a direct 

comparison impossible. The strategy most commonly prescribed in dietary interventions is 

a caloric restriction of 500kcal per day, which accumulates to an energy deficit of 3,500kcal 

per week (Franz, VanWormer et al. 2007). Assuming physical activity is controlled at pre 
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intervention levels; this calorie deficit would yield a weight loss of 0.39kg per week since 

there is approximately 9000 kcal in 1kg of body fat. On the other hand, many of the 

exercise interventions are based on the ACSMõs recommendations for health which is a 

minimum of 150 minutes per week of moderate intensity physical activity (Donnelly, Blair 

et al. 2009). The energy expenditure derived from this amount of physical activity depends 

on many factors including the perception of moderate intensity activity, their current level 

of fitness and body mass, but it generally yields an energy expenditure in the region of 

1,000kcal per week. This would result in a weight loss of approximately 0.11kg per week 

when energy intake is maintained at pre intervention caloric intake. Clearly there is a 

mismatch between the current design of diet and exercise interventions making it difficult 

to compare them.  

 

A third challenge is to devise physical activity recommendations for obesity and not just for 

health-enhancing benefits. The ACSM have recognised this and now state that a minimum 

of 250-300 minutes of moderate intensity physical activity per week is needed to produce 

clinically significant long term weight loss (Donnelly, Blair et al. 2009). The energy 

expenditure derived from this prescription is more in line with the caloric restriction 

currently used in diet interventions. This is also complicated by the failure to clearly 

differentiate between exercise and physical activity. One reason for suggesting the 

recommendations are unattainable is the perception that the targets must be met in 

structured exercise such as walking, running, cycling, etc. On the contrary, a shift is 

required to focus on total daily energy expenditure irrespective of how this is achieved but 

could include some structured exercise. 

 

1. 3. Significance of the study 

The literature reports that lifestyle interventions are successful in reducing fat mass in the 

obese population. However, translating research findings into successful population based 

programmes has not been effective. A change is required in our current approach and 3 

major challenges must be overcome to bring about this change. Firstly, the literature 

reports wide variation in the effectiveness of lifestyle interventions and this is due to the 

wide variation that exists in study design. There is a need to determine the study design that 

maximises fat loss and improvements in health in the obese population. Secondly, few 

isocaloric diet and exercise interventions exist making direct comparisons between them 

impossible. Isocaloric interventions must be designed and administered so that the 
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effectiveness of diet and exercise can be compared. Finally, the exercise prescription used 

in many training studies is based on the ACSMõs recommendations for health which does 

not lead to any meaningful energy expenditure or weight loss. These recommendations 

must be revised to promote significant fat mass loss for obese individuals. This PhD thesis 

addresses these 3 challenges and uses the findings to develop a revised lifestyle intervention 

that maximises improvements in fat mass and metabolic health in this population. 

  

1. 3. 1. Body composition or body weight change? 

A systematic review and meta-analysis of diet, exercise and combined lifestyle interventions 

shows that the success of most lifestyle interventions is based on body weight loss as the 

primary outcome variable (Franz et al, 2007). This is a crude descriptor of success and is 

not necessarily the best indicator of health enhancement (De Souza et al, 2012). Body 

weight can be compartmentalised into body fat mass and lean tissue but most interventions 

do not differentiate between the changes in each compartment. Lean tissue has high 

metabolic activity and accounts for the majority of resting energy expenditure (Poehlman 

1989). The metabolic activity of most tissues remains relatively stable to sustain life but 

skeletal muscle mass, which accounts for 60-75% of resting metabolic rate, can be 

influenced by physical activity and physical inactivity (Poehlman 1989). Caloric restriction, 

especially very low calorie diets, report significant weight loss but this often includes 

significant reductions in lean tissue. The loss of lean tissue consequently reduces metabolic 

rate and may have longer term implications for further weight loss and metabolic health 

(Martin, Heilbronn et al. 2007). The loss of lean tissue may even contribute to weight 

regain that is also often seen with these types of intervention over a 6 to 24 month period 

(Franz, VanWormer et al. 2007). Lifestyle interventions should ideally aim to reduce fat 

mass and maintain or increase skeletal muscle mass in obese individuals (Capurso and 

Capurso 2012). Exercise training is known to simultaneously reduce fat mass and maintain 

or increase lean tissue mass especially in previously sedentary individuals (Stewart, Bacher 

et al. 2005). The improvements in body composition with exercise training can be quite 

significant and carry a range of health benefits, but the net result is often only a minimal 

change in body weight, thus leading to a poor perception of success when weight loss is the 

primary outcome (Catenacci, 2007). Unrealistic expectations of the energy expenditure 

derived from exercise training, combined with poor weight loss outcomes and a poor 

understanding of the significance of favourable changes in body composition, can 

negatively affect adherence to such interventions (Foster, Wadden et al. 1997). It is 
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important that body composition is a primary outcome measure for diet and physical 

activity interventions and not body weight. 

 

1. 3. 2. Combining biology and physiology for individualised 

interventions. 

Another difficulty encountered is our incomplete understanding of the physiological 

regulation of energy balance. Even within tightly controlled and supervised programmes 

there is still a large variation in individual response to an intervention (Bouchard, Rankinen, 

2001). This is true for changes in body composition and body weight, improvements in 

fitness levels, rate of adaptation to training, and metabolic improvements (Bouchard, 

Rankinen, 2001). It is clear that one size does not fit all when it comes to exercise 

prescription for obese individuals and efforts must be made to consider a more 

individualised approach to intervention. The same is true for dietary interventions where 

nutrient composition may be need to be considered in conjunction with total caloric 

restriction due to the influence of different food types and fat content on metabolism 

(Astrup, Buemann et al. 2002).  

 

Our understanding of the biology of adipose tissue itself is also still incomplete. It is now 

recognised that adipose tissue is an important endocrine organ that produces and secretes a 

number of cytokines involved in glucose and lipid metabolism (Bays, Gonzalez-Campoy et 

al. 2008). Adipose tissue dysfunction is a key characteristic of obesity which results in 

increased production of disease promoting cytokines concomitant with a decreased 

production of health promoting cytokines (Arner, Pettersson et al. 2008). Leptin and 

Adiponectin were two of the first cytokines to be identified and have been studied 

extensively, but little is known about the effects of diet and exercise on novel cytokines that 

have recently been identified. A greater focus on the effects of diet and exercise 

interventions on the novel cytokines may assist in determining success of programmes 

from a metabolic perspective.  

 

In summary, more basic research is warranted to understand the impact of different 

nutrient intakes, and different physical activity interventions on the mechanisms at play in 

different types of body tissue, so that we may be better able to advise overweight and obese 

individuals. It is also important to investigate novel modes of exercise training that increase 

daily energy expenditure since it is difficult for obese, previously sedentary, individuals to 
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achieve and sustain the required amount of physical activity. For example, a single bout of 

eccentric exercise, where the muscle is lengthening under tension, has been shown to 

increase energy expenditure and fat oxidation in obese individuals (Dolezal, Potteiger et al. 

2000) but little is known about the effects of chronic eccentric training. It is also important 

that comparisons between dietary restriction and physical activity are based on isocaloric 

interventions, to assess the relative importance and contribution of both approaches. 

Finally, a re-evaluation of the criteria used to evaluate interventions is required and should 

focus more on the interface between physiological changes in body composition and 

biological regulation to maximise the chance of successful long term health outcomes. 

Therefore, the aims and objectives of this thesis are: 

  

1. 4. Aims 

The primary aim of this thesis is to identify components (calorie restriction or increased 

energy expenditure by exercise) of a lifestyle intervention that is most likely to improve 

weight loss, body composition, insulin sensitivity and biomarkers of insulin resistance in 

obese individuals. 

 

The second aim of this thesis is to identify the components of an exercise regime (aerobic 

versus resistance) that are most likely to improve weight loss, body composition, insulin 

sensitivity and biomarkers of insulin resistance in obese individuals. 

  

1. 5. Objectives 

1. To compare the effects of an isocaloric diet and aerobic exercise intervention on 

body composition, insulin sensitivity, and the circulating concentrations of novel 

biomarkers of insulin resistance. 

 

2. To measure the impact of eccentric exercise, as part of an aerobic and resistance 

training intervention, on body composition and biomarkers of insulin resistance in 

obese individuals.   

 

3. To compute the most effective combination of dietary restriction and physical 

activity based on improvements in body composition and changes in biomarker 

profile in the obese population. 
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1. 6. Hypothesis 

1. Dietary restriction and exercise interventions will result in distinctive physiological 

and biological profiles following a 12-week intervention in obese individuals. 

 

2. Exercise training will confer more favourable changes on body composition than 

dietary restriction with concurrent training being most effective. 

 

3. A combination of dietary restriction, aerobic exercise and resistance training will be 

necessary to maximise the impact on physiological variables and biomarkers of 

insulin resistance. 

 

1. 7. Thesis Overview 

In this thesis, two separate interventions were conducted to test our hypotheses. In both 

studies obese individuals volunteered to participate in a 12-week diet or exercise 

intervention. All interventions were isocaloric and comprised 2500 kcal/week dietary 

restriction or exercise.  

 

1. 7. 1. Intervention 1: Comparison of dietary restriction and aerobic 

exercise 

Subjects were randomised to a dietary restriction or exercise intervention for 12-weeks. 

Dietary restriction was monitored by food diaries completed every 2-weeks and evaluated 

by a dietician. The exercise programme consisted of supervised exercise in DCU Sport of 

60-75 minutes of aerobic exercise 4 times per week working at an intensity of 70% of 

O2max. Baseline measures of glucose tolerance, aerobic capacity and body composition and 

biomarker profiles were repeated at the end of the intervention and all programmes were 

updated at week 4 and week 8 to ensure continued adaptation and progression. 

 

1. 7. 2. Intervention 2: Eccentric exercise as a novel mode of increasing 

energy expenditure and fat oxidation 

All subjects performed aerobic exercise for 10-weeks and were randomised to complete a 

standard resistance training programme or an eccentric resistance training programme. The 

response to both inteventions was measured by changes in body composition, glucose 
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tolerance, resting energy expenditure, fat oxidation, and skeletal muscle cross sectional area 

and biomarker profiles.  

 

1. 7. 3. Study 3: Impact of exercise training on body composition and 

biomarker profile 

Exercise data from the two intervention studies was combined for a comprehensive 

statistical analysis to determine the effects of training on body composition and biomarker 

profile.  

 

1. 7. 4. Study 4: Comparison of 4 isocaloric interventions 

All data from the two intervention studies was combined for a comprehensive statistical 

analysis to determine the intervention or combination of interventions that resulted in the 

most favourable physiological and biological outcomes. 

 

1. 8. Delimitations 

× The subjects in all of the experiments were recruited exclusively from staff and 

students in Dublin City University due to ease of access to testing and training 

facilities. This group is only one sample of an obese population. 

× In the first study, the subjects recruited were delimited to being young (<30 years) 

or older (>50 years) due to original study design. 

 

1. 9. Limitations  

× With regard to intervention 1, the original study was a multi-centre cross-over 

experiment but the complexity of the design, analysis and the interaction effects led 

us to exclude the second phase of the intervention. The complex nature of this 

original design also resulted in a smaller sample size than originally anticipated. The 

data presented in this PhD thesis excluded a lot of the data that was actually 

collected as part of the original project but this allowed for more robust 

comparisons and conclusions. 

× We were not able to measure body composition on all subjects as the DEXA 

scanner was damaged in a flood during the first year of data collection. 

× For intervention 2, the original study design was a 12 week intervention. However, 

due to the time required to conduct the extensive baseline testing, the intervention 
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was reduced to 10 weeks to ensure that the post tests could be completed prior to 

end of semester.  

× The time commitment required for the training studies, in addition to the extensive 

pre and post tests that were carried out resulted in a smaller sample size than 

originally recruited. This limited the statistical power to detect change. 
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This chapter will provide a focused review of the obesity related scientific literature. The 

overall body of knowledge is beyond the scope of a single review but the relevant literature 

across three key main sections will be critically appraised.  The first section will look at the 

factors that contribute to obesity, the health consequences associated with obesity, and the 

current modes of intervention used to treat and manage this condition. The second section 

will focus specifically on the physiological and metabolic adaptations that occur in response 

to exercise training and the role of these adaptations in treating obesity. The third and final 

section will begin with an overview of adipose tissue biology, and will subsequently focus 

on 6 novel biomarkers that are reported to play a role in obesity and insulin resistance. The 

known effects of lifestyle intervention on these biomarkers will also be presented.  

 

2. 1. Obesity - Cause, consequence and current modes of treatment. 

 

2. 1. 1. Introduction  

The prevalence of overweight and obesity has reached epidemic proportions in recent 

years. Overweight and obese individuals carry around excessive fat which is generally 

estimated by combining measures of height and weight, a method particularly relevant in 

the sedentary adults (Speakman, J.R, 2004). This is reflected in the Body Mass Index (BMI) 

measurement where weight (kg) is divided by height (m2) (Speakman, J.R, 2004). 

Overweight is defined as a BMI >25kg/m2 but <30kg/m2, obesity is defined as a BMI 

>30kg/m2 (Speakman, J.R, 2004). By the year 2000 obesity had grown to such as extent 

that the World Health Organisation declared it to be the greatest threat facing Western 

Society. In 2000, 300 million adults worldwide were classified as being obese but this figure 

has since increased to >520 million with an additional 1 billion adults classified as being 

overweight. The worldwide prevalence of obesity has almost doubled between the years 

1980 and 2008. In 1980 5% of men and 8% of women were classified as being obese 

compared to 10% of men and 14% of women in 2008. These figures are continuing to rise 

and it is predicted that by the year 2015, 2.3 billion adults worldwide will be overweight and 

700 million will be obese (WHO, 2009).    
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Figure 2.1 World Health Organisation global prevalence of obesity, ages 20+, both 

sexes, 2008 

 

The rise in the level of obesity over the last 20 years is particularly evident in the USA 

(Figure 2.2). Data from the National Health and Nutrition Examination Survey 2009-2010 

revealed that more than 2 in 3 or 68.8% of adults over the age of 20 in the US are 

overweight or obese. Furthermore, 1 in 20 adults or 6% are considered to have extreme 

obesity. This condition is not just confined to adults, alarmingly an estimated 33% of 

children aged 6 to 19 years are classified as being overweight or obese. It is predicted that 

by the year 2025 50% of the US population will be obese if these trends are maintained 

(NHANES, 2009-2010).  
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2000

2010

1990

No Data      <10%      10% - 14%     15% - 19%      20% - 24%     25% - 29%     Ó30%

 

Figure 2.2 Obesity trends in U.S. adults over a 20 year period from 1990 to 2010. 

BRFSS, 1990, 2000, 2010. The percentages refer to individuals with a BMI ²30, or 

about 30 lbs overweight for 5õ4ó person. This figure has been adapted from the 

Center for Disease Control (2010). 

 

The latest available data from the Eurostat Statistics Database in 2012 revealed a similar 

picture in the EU. At least 52% of adults in all 27 member states were classified as 

overweight or obese, but this figure is even greater in 18 of the 27 member states (Eurostat 

Statistics Database, 2012). 
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Figure 2.3 Depicts the increasing obesity rates among adults in European countries over a 

20 year period from 1990 to 2000 to 2010 (or nearest years). Source: OECD Health 

Data 2012; Eurostat Statistics Database; WHO Global Infobase. 

 

Unfortunately, a similar trend is also evident in Ireland. In 1990 11% of the population 

were obese, this increased to 18% in 2000 and 25% in 2010. This was in addition to 39% of 

the population being classified as overweight at both of those time points. The most recent 

representative data for Ireland shows that 37% of the Irish adult population is overweight 

and a further 24% is obese (IUNA, 2010). By the year 2030 it is predicted that the 

prevalence of overweight and obesity in Irish adults will reach 89% and 85% in males and 

females respectively (Keaver et al. 2013). This issue is not exclusive to Irish adults. Recent 

research shows that 19% of 9 years olds are overweight and 7% are obese (Growing up in 

Ireland, 2011). This translates into a total of 30% of girls and 22% of boys being classified 

as either overweight or obese (Growing up in Ireland, 2011). The last prediction of 

childhood obesity in 2005, based in UK values, estimated the prevalence of obesity in Irish 

children is expected to rise by 10,000 per year (National Obesity Task Force, 2005). The 

rate of overweight and obesity in Ireland is greater than the EU average and creates an 

even stronger rationale for developing interventions to prevent and reduce excess fat 

accumulation. 

 

2. 1. 2. Health consequences of obesity 

Obesity, defined as a body mass index of >30kg/m2, is a serious global health issue. It is 

currently the fifth leading risk for global death, and at least 2.8 million adult deaths each 

year are a direct result of being overweight or obese (WHO, 2009). Mortality increases as 
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BMI increases above 25kg/m2. In the 1930õs, US life insurance companies analysed the 

factors that influenced the probability that someone would redeem a life insurance policy. 

Based on the redemption of 5,000,000 policies in that year, they deemed BMI to be the 

most effective predictor of mortality (Engeland et al., 2003). The reason for this was due to 

the direct link between body fatness and many chronic diseases. An individual with a BMI 

of 35kg/m2 is 40-90 times more likely to develop type 2 diabetes than an individual with a 

BMI of 22kg/m2 (Chan et al., 1994). Obesity is an independent risk factor for a number of 

chronic diseases including hypertension and cardiovascular disease. The risk of certain 

cancers such as breast and colon cancer are also increased with obesity (WHO, 2009), as is 

the risk of developing of clinical respiratory disorders such as sleep apnea (Quilliot et al., 

2002). The obese individual is also more likely to on anti-depressant medication, suffer 

from joint problems, and suffer from skin disorders (Speakman, 2004). Based on current 

trends, by the year 2020 non communicable chronic diseases are expected to account for 

70% of global deaths and 60% of the global disease burden (WHO, 2009).      

 

2. 1. 3. Economic cost of obesity 

The health consequences of obesity combined with the large number of people who are 

affected by it imposes significant costs to the economy both directly and indirectly. Firstly, 

the treatment of obesity and related morbidities impose direct medical costs on the health 

care system in terms of hospital admission, hospital days, patient care, medical 

consultations, drugs and other allied health care practitioners. In 2008, the direct cost of 

overweight and obesity per person in the USA was estimated at $266 and $1723 

respectively. This amounted to a total national cost of $113.9 billion in that year, which 

accounted for almost 10% of U.S. health care spending (Tsai, 2011). In 2009, the direct 

cost of overweight and obesity was estimated at ú399 million in the Republic of Ireland 

and ú127 million in Northern Ireland (Safefood, 2012). This represented 2.7% and 2.8% of 

total health care costs in that year (Safefood, 2012). It is estimated that over the next 20 

years non communicable disease will cost the global economy $30 trillion dollars 

representing 48% of the global Gross Domestic Product in 2010 (WHO, 2010b). Secondly, 

the indirect costs associated of obesity are those that are incurred through loss of 

productivity due to absenteeism, disability, and premature mortality. The evidence that is 

currently available suggests that obesity incurs high indirect costs but it is difficult to 

measure this and more research is required to determine the total spectrum of these costs 

(Trogdon et al., 2008). The indirect costs associated with overweight and obesity in the 
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Republic of Ireland and Northern Ireland was estimated at û729 million and û383 million 

respectively in 2009 (Safefood, 2012). It is likely that these costs will continue to rise in the 

absence of effective intervention. 

 

2. 1. 4. Risk factors for obesity 

Obesity has only become an epidemic in the past 50 years and a lot of research has been 

conducted to investigate why this is the case. The most significant contributing factors are 

thought to be changes that have occurred to our eating and physical activity habits, which 

ultimately favour the storage of excess energy. This excess energy is stored in the adipose 

tissue as fat, and chronic exposure to excess energy leads to an expansion of fat stores so 

that the person initially becomes overweight and eventually obese  (Speakman, 2004). 

Evidence has recently emerged to suggest that there may also be a genetic component to 

the development of obesity. The contribution of energy intake, energy expenditure, and 

genetics in the development of obesity is outlined below. 

  

2. 1. 4. 1. Trends in dietary intake and its contribution to obesity 

There is an ongoing debate as to whether chronic intake of excess energy, chronic physical 

inactivity, or a combination of both is the main contributor to energy storage and weight 

gain. Eating patterns have undoubtedly changed over the last 50 years. There has been a 

shift towards eating away from home (Binkley et al., 2000), and a marked increase in the 

consumption of energy dense convenience foods that are high in fat and added sugar. 

Fructose is a sugar that is added in the processing of convenience foods and is 

enzymatically produced from corn starch (Ferder et al, 2010). Unlike glucose, fructose is 

almost completely metabolised in the liver, does not stimulate insulin secretion or satiety, is 

more lipogenic than glucose and is associated with an adverse lipid profile and an 

accumulation of lipid in tissues of metabolic importance (Ferder et al, 2010). A positive 

relationship has been found between fructose ingestion, excess energy intake, body weight, 

T2DM and CVD (Tappy et al., 2010). This is coupled with a greater intake of saturated fat, 

predominantly from animal products, a reduced intake of complex carbohydrates and fiber, 

and a reduced intake of fruit and vegetables (Drewnowski and Popkin, 1997). The global 

availability of cheap vegetable oils and fats means that a high fat intake is particularly 

evident among low income nations (Drewnowski and Popkin, 1997). While it is widely 

accepted that patterns of dietary intake have changed over the past 30-50 years there is still 

debate about total energy intake as some report an increase (Nielsen et al., 2002), no 
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change (Alexy et al., 2002, Arnett et al., 2000) or a decrease (Popkin et al., 1989). However, 

this information must be interpreted with caution since the tools used to quantify food 

intake, such as dietary questionnaires and subject recall, are prone to misreporting (Black et 

al., 1993). There is more consensus with regard to the change that has occurred in 

macronutrient intake over the last 20 years with both the USA (Willett and Leibel, 2002) 

and Europe (Alexy et al., 2002) reporting a decrease in fat intake and an increase in the 

consumption of carbohydrate, particularly simple sugars (Alexy et al., 2002, Arnett et al., 

2000), which when not used for energy are stored as fat. 

 

The composition of food consumed in Ireland over the last number of years has also 

changed. The 2007 National Survey on Lifestyle, Attitudes and Nutrition reported that 

86% of respondents consumed greater than 3 servings per day of energy dense foods that 

are high in fat, salt and sugar, similar to reports in the years 1998 and 2002. There has been 

a reduction in the intake of complex carbohydrates over the past number of years with 

26% of respondents consuming the recommended 6 or more daily servings of cereals, 

breads and potatoes compared to 40% in 1998 and 36% in 2002.  Fruit and vegetable 

consumption has also changed as 65% of respondents met the recommended servings of 

fruit compared to 56% in 1998 and 68% in 2002. Half (48%) of the individuals snacked 

between meals mostly on carbohydrate based convenience snacks such as biscuits and 

cakes but there was no information available on total calorie intake or how this has 

changed since the previous survey in 2002 (SLAN, 2007).  

 

Dietary intake has changed over time in line with the rise in the prevalence of obesity. The 

literature suggests that total caloric intake may not have changed considerably but this 

finding must be interpreted with caution since it is based on self reported questionnaires 

that may be subject to underreporting. There is more consensus in the literature regarding 

the change in the composition of dietary intake over time which identifies a definite shift 

towards increased snacking between meals and increased consumption of energy dense, 

high fat, high processed food, all of which are linked to obesity and related health 

consequences (Tappy et al., 2010). 

 

2. 1. 4. 2. Trends in physical inactivity and its contribution to obesity 

On a global scale the literature suggests that calorie intake hasnõt increased significantly 

over the last 20 years (Willett and Leibel, 2002, Alexy et al., 2002), which implies that the 
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contribution of physical inactivity to obesity may be quite significant. Our environment has 

changed dramatically over the last 50 years to make daily tasks more efficient in terms of 

time required to complete them, but also in terms of the energy required to complete them. 

Advances in technology have significantly affected physical activity patterns. In the 1950õs 

the dominant mode of transport was walking. Most people in western society had no other 

option and walked to various small shops to do their weekly shopping and other tasks of 

daily life. In modern society the dominant mode of transport is by car and the numerous 

smaller shops have been replaced with larger hypermarket or convenience stores making 

weekly food shopping and general daily activities more energy conserved (Speakman, 

2004).  

 

Advances in household appliances have also had a significant impact on energy 

expenditure. The introduction of washing machines, dishwashers, vacuum cleaners and 

other appliances have made traditional domestic chores more time efficient but also more 

energy efficient since they were traditionally manual tasks. The appliance market has 

changed so dramatically over time that there are now electrical appliances for even the 

smallest of tasks such as cutting food with carving knives. All of these advances mean that 

daily energy expenditure is decreasing and daily sedentary time is increasing, contributing to 

positive energy balance (Speakman, 2004). 

 

One of the most significant factors linked to positive energy balance is an increase in the 

number of hours per day spent watching television (Dennison et al., 2002, Armstrong et al., 

1998, Salmon et al., 2000). In 1970, almost all households in the USA and in Europe 

possessed a television but the prevalence of obesity was much lower then. In the late 

1990õs it was estimated that 20% of children in the USA watched more than 6 hours of 

television per day and this was positively associated with BMI (Armstrong et al., 1998). 

Having a television in a childõs room significantly increases the risk of the child becoming 

obese (Dennison et al., 2002). A similar picture is also true for adults (Salmon et al., 2000). 

The increase in time spent watching television has brought about changes in behaviour. 

These individuals are less likely to be active (Eisenmann et al., 2002), and more likely to 

increase their consumption of snack foods. 

 

Finally, the time required for earning a living and domestic work has also declined over the 

last few decades in Western societies and this trend is associated with a marked decline in 
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energy spent on these activities. The reduction in work time means that more leisure time is 

available, but the majority of this time is spent on passive activities. Thus daily energy 

expenditure has fallen and lifestyles have become increasingly sedentary (Ferro-Luzzi and 

Martino, 1996).     

 

The epidemiological data that is available regarding the change in physical activity patterns 

over time shows that in the year 2000 only 26.2% of US adults engaged in enough physical 

activity to meet the basic ACSM guidelines for health, which is 30 minutes of moderate 

physical activity at least 5 times per week, or vigorous activity for 20 minutes at least 3 

times per week. The likelihood of reaching these recommendations was related to years 

spent in education where 14.5% of individuals with less than 12 years of education met the 

guidelines compared to 34.2% of  individuals with a college education (CDC, 1996). In the 

Irish context, the SLAN survey 2007 revealed that only 41% of Irish adults took part in 

moderate or vigorous activity for at least 20 minutes on 3 or more days per week (SLAN, 

2007). The 2008 report by the Health Behaviours in School Aged Children established that 

53% of Irish children were active for 60 minutes or more on 5 or more days of the week. 

The reported frequency of physical activity is 25% lower in children aged 15-17 years 

compared to children aged 10-11 years, indicating that children become less active in their 

teenage years, and girls consistently reported less activity than aged matched boys (HSBC, 

2008).  

 

Over the last number of decades our environment and our lifestyles have been engineered 

to favour increased sedentary time. Worldwide more than 60% of adults do not engage in 

sufficient levels of physical activity. Physical inactivity decreases with age and is more 

prevalent in women than men across all age groups. The rise in the prevalence of obesity is 

attributed to physical inactivity in leisure time combined with increased sedentary 

behaviour throughout the day. The health consequences of physical inactivity are 

significant (WHO, 2003). 

 

2. 1. 4. 3. The contribution of genetics to obesity 

It is clear that the changes in energy intake and energy expenditure over the last 50 have 

favoured positive energy balance which contributes to obesity. However, within all 

environments there is a mixture of lean and obese individuals indicating that the 

environment is not the only factor responsible for obesity. The possible genetic 



45 
 

contribution to obesity has received growing attention in recent years. Some rare cases have 

been reported where children were found to have defects in their Leptin genes (Farooqi et 

al., 1999). This meant that they did not produce Leptin, a hormone that would normally act 

to regulate appetite, and its absence meant that these children had ravenous, insatiable 

appetites resulting in extreme obesity at a very early age. Treatment with daily Leptin 

injections reversed their compulsive eating behaviour and dramatically reduced their weight 

(Farooqi et al., 1999). This is a rare genetic disorder but an example of the role of the 

interaction between genetics and the environment in the development of obesity. It is 

important to note that no direct causal link has been established between genes and 

obesity. Rather, some people develop obesity because their genetic makeup makes them 

more likely to adopt behaviours, such as over eating, or have physiological characteristics, 

such as low resting metabolic rates, that put them in positive energy balance. An individual 

does not develop excessive fat stores without consuming too much energy, expending too 

little energy, or a mixture of both, but genetic variation may explain the inter individual 

variation in the extent of obesity (Speakman, 2004). This is particularly evident in twin 

studies. Bouchard et al 1990 conducted a study to investigate the response of twins to long 

term overfeeding. The investigators took 12 pairs of young adult male identical twins and 

housed them in a closed section of a dormitory for 120 days with 24 hour supervision. The 

subjects were monitored over the first 14 days to establish baseline calorie intake. For the 

next 100 days, all individuals were fed 1,000kcal above their baseline intake for 6 days per 

week, and only their baseline intake on the last day of each week. Physical activity levels 

were tightly controlled. At the end of the study the weight gained within twin pairs was 

similar, but the weight gain between twin pairs varied greatly from 4.3kgs to 13.3kgs despite 

all of them being exposed to the same overfeeding conditions and the tight control of the 

study. Similar results were found for gains in fat mass. The authors concluded that the 

twins genetics may govern their tendency to store excess energy as fat mass or lean tissue, 

and may also influence various determinants of resting energy expenditure(Bouchard et al., 

1990). It is proposed that genetics may account for up to 65% of the variance in obesity 

(Speakman, 2004). 

 

The literature that is currently available regarding the genetics of obesity surmises that 

individuals do not become obese without consuming too many calories, being physically 

inactive, or a combination of both. Dietary intake patterns have changed over the last 

number of decades to favour increased snacking between meals and increased 



46 
 

consumption of energy dense foods. This has occurred alongside an epidemic of inactivity 

in leisure time and increased sedentary time throughout the day. Over a prolonged period 

of time this lifestyle favours energy storage which can accumulate to obesity. Only in very 

rare cases is genetics directly responsible for the development of obesity; however genetics 

may be responsible for individual variation in weight gain. The obesity epidemic is 

continuing to rise at an alarming rate and efforts must be made to treat and manage this 

condition. 

  

2. 1. 5. Treatment and management of obesity 

A considerable amount of resources have been devoted to the development of therapies 

for the treatment and management of obesity. The first mode of treatment is usually diet 

and exercise intervention, which is complimented with weight loss enhancing drugs such as 

Orlistat for some individuals. Bariatric surgery occurs in the morbidly obese after all other 

treatments have been administered (Franz et al, 2007). A review of the effectiveness of 

these therapies is presented below (Franz et al, 2007). 

 

 

Figure 2.4 Therapies currently used in the treatment and management of obesity.  
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2. 1. 5. 1. Bariatric Surgery 

Bariatric surgery includes a number of different procedures for obese individuals. The 

procedures include gastric banding, which involves reducing the size of the stomach with a 

gastric band, gastric bypass surgery which involves resecting and re-routing the small 

intestines to a small stomach pouch, and surgery to remove a portion of the stomach. 

These procedures were designed to cause weight loss by food restriction and nutrient 

malabsorption but there is evidence to suggest that they work by decreasing hunger, 

increasing satiation during a meal, changing food preferences and energy expenditure 

(Miras and le Roux, 2013). Bariatric surgery is recommended for individuals with a BMI of 

at least 40kg/m2, but if serious co-morbidities such as diabetes exist, the BMI criteria is 

>35kg/m2 (Robinson, 2009). Many studies report significant long term reductions in 

weight and mortality (Robinson, 2009). This treatment option is only considered when the 

patient has at least undergone a lifestyle intervention, in addition to pharmacological 

therapy in some cases (Maggard et al., 2005) but studies show that bariatric surgery is 

associated with substantial weight loss at 12-months. Schauer et al (2012) reported a weight 

loss of 29.4kgs+9kgs 12 months post Roux-en-Y gastric bypass (n=50) or sleeve 

gastrectomy (n=49), which was accompanied by significant metabolic and cardiovascular 

improvements. The drugs that were being used to control glucose, blood pressure and 

lipids in these subjects decreased significantly after both surgical procedures. Insulin 

resistance also improved significantly (Schauer et al., 2012) and these findings are 

supported by other studies (Guo et al., 2013). There were no deaths or life threatening 

complications in the Schauer (2012) study but other research shows that adverse events 

occur in approximately 20% of cases (Maggard et al., 2005). Bariatric surgery is 

undoubtedly very effective in producing weight loss in the obese population and studies 

show that this weight loss is highly correlated with improved quality of life as assessed by 

the Health Related Quality of Life Questionnaire (HRQOL) (Billy et al. 2014, Hansen et al. 

2014, Efthymiou et al. 2014) and the Obesity and Weight Loss Quality of Life 

questionnaire (OWLQOL) (Billy et al, 2014). Billy et al, 2014 reported a significant 

(p<0.0001 for both) improvement in OWLQOL scores in 174 patients within 6 months 

post implantation of the laparoscopic adjustable gastric band which continued to improve 

over a 3 year period. The mean improvement in quality of life from baseline scores was 

52%. Percent weight loss was maintained through the 3 years and the improvement in 

OWLQOL scores was associated with the percent weight loss at 3 years. The authors 

conclude there are meaningful improvements in quality of life following this type of surgery 
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(Billy et al, 2014). Many of the surgical interventions report weight loss at 12 to 36 months 

and so it is difficult to obtain results after only 12 weeks for comparison to common 

lifestyle interventions.  

 

2. 1. 5. 2. Weight loss promoting drugs 

In the USA in 2011, approximately 2.74 million patients were using some form of 

antiobesity drug (Hampp et al., 2013). These drugs are commonly used in conjunction with 

lifestyle intervention and have consistently shown a weight loss of 2-3kgs additional to that 

obtained by lifestyle intervention alone over a one year period (Rucker et al., 2007). A 

number of anti-obesity drugs have been developed. Some such as sibutramine and 

rimonabant work by acting centrally on the brain to suppress appetite, thereby reducing 

food intake and promoting weight loss (Akbas et al., 2009). However, their potentially 

severe side effects including psychiatric disorders with rimonabant and elevated blood 

pressure and insomnia with sibutramine, limit their clinical use (Akbas et al., 2009). 

Sibutramine has since been removed from the market due to these harmful side effects 

(FDA, 2010). Exenatide is a GLP-1 agonist prescribed to treat diabetes. It works by 

augmenting the insulin response to a glucose load, suppressing the glucagon response to a 

glucose load, delaying gastric emptying and thus the rate at which glucose appears in the 

blood stream, in addition to reducing appetite and promoting satiety (Bawa et al., 2013). 

When prescribed in addition to regular diabetic medications (insulin, metformin and 

sulphonylureas) the literature shows a significant improvement in glucose control in 

addition to a significant weight loss of 1.7+1.3kgs at one month, 3.8+2.5kgs at 3 months, 

6.3+3.4kgs at 6months and 8.3+4.3kgs at 12 months (Bawa et al., 2013). Currently, orlistat 

is the only registered drug for the pharmacotherapy of obesity in Europe (Avenell et al., 

2004). The drug works by inhibiting an enzyme in the intestine known as lipase, which 

would normally act to break down triglycerides into absorbable free fatty acids. Blocking 

this enzyme reduces the absorption of dietary fat, which is excreted undigested instead 

(Cahill and Lean, 1999). Orlistat therapy has been shown to reduce serum concentrations 

of lipid and glucose, as well as reducing blood pressure (Avenell et al., 2004, Cahill and 

Lean, 1999) but this may be due to weight lost. Franz et al 2007 carried out a systematic 

review on the effectiveness of orlistat combined with lifestyle intervention to assist weight 

loss and maintain it in the long term. Following a review of 13 studies, weight loss at 6 

months was 8.3kgs or 8%, and this was maintained at 8.2kgs or 8% at 12 months, 7.7kgs or 

7% at 24 months, 7.8kgs or 7% at 36 months, and 5.8kgs or 5% at 48 months (Franz et al., 
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2007). Weight loss achieved by orlistat combined with lifestyle intervention is reported to 

be significantly greater than lifestyle intervention alone (Olszanecka-Glinianowicz et al., 

2013) and may be beneficial in long term weight loss maintenance (Cahill and Lean, 1999).   

 

2. 1. 5. 3. Dietary interventions 

The general consensus in the literature is that caloric restriction is successful in the 

treatment of obesity and there appears to be a dose response relationship between the 

amount of calories restricted and the amount of weight lost (Franz et al., 2007). However a 

closer inspection of this body of work reveals that it is true in the short term but weight 

regain in common in the longer term, particularly following very low calorie diets (Franz et 

al., 2007). There is large variation in the reported success of dietary interventions, which is 

related to the wide variation in study design in terms of the number of calories restricted, 

the composition of the diets, and also the duration of the interventions and the level of 

supervision. Franz et al 2007 carried out a systematic review of 51 dietary interventions. 

The aim of this review was to evaluate the short term and long term success of the 

interventions, as measured by the amount of weight lost. The interventions reviewed 

included diet alone, meal replacements, and very low calorie diets (VLCD). All 51 studies 

were randomised clinical trials of different duration ranging from 6 weeks to 36 weeks with 

> 1 year follow up and contained > 50 subjects. Weight loss was measured at 6 months 

and again at 12, 18, 24, 36 and 48 months (Franz et al., 2007).  

 

The majority of the 51 interventions used a caloric deficit of 500kcal per day below that 

required by the individual as determined by a Resting Metabolic Rate (RMR) test. The 

mean weight loss at 6 months was 4.9kg (5%), which was maintained at 4.6kg (4.6%) at 12 

months, 4.4kg (4.4%) at 24 months, and 3.0kg (3%) at 48 months. The meal replacement 

studies (n=7) achieved a weight loss of 8.6kg (9.6%) at 6 months which was maintained at 

6.7kg (7.5%) at 12 months. Studies adopting a very low calorie diet (calorie intake 

<800kcal/day) achieved substantial weight loss at 6 months (17.9kg (16%)) that was not 

sustained at 12months (10.9 kg (10%)) or 36 months (5.6 kg (5%), even though the results 

are comparable or better than other dietary approaches. The authors concluded that caloric 

restriction was successful in initiating and maintaining weight loss (Franz et al., 2007).  

 

To limit the review, the primary outcome measure used to determine success was weight 

loss. No information was provided on the overall change in body composition of the 
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subjects and so it is unclear whether this weight loss was derived from body fat mass, lean 

tissue mass, or a mixture of both. Secondary outcome measures such as blood pressure, 

lipids, glucose, quality of life, and treatment satisfaction were not described. However there 

are a number of studies in the literature to support the observation that caloric restriction 

improves lipid profile, insulin sensitivity and cardiovascular risk in obese individuals 

(Brinkworth et al., 2004, Clifton et al., 2009, Lee et al., 2013b)Lee et al., 2009, Oberhauser 

et al., 2012).   

 

A number of short duration, carefully supervised studies have been conducted that report 

varying degrees of weight loss due to differences in study design. To follow is a discussion 

of the effectiveness of three typical study designs, a 30% reduction in calorie intake below 

daily requirements, a comparison of high protein to standard diets, and very low calorie 

diets. 

 

Klempel et al. (2012) conducted a 10 week intervention where subjects were randomly 

assigned to one of two groups, intermittent fasting (severe restriction one day per week) 

with calorie restriction using liquid meal replacements (IFCR-L), or intermittent fasting 

with calorie restriction based on food (IFCR-F). Each group was restricted by 

approximately 30% of their baseline caloric needs. They both consumed 240kcal for 

breakfast, 240kcal for lunch, and 400-600kcal for dinner 6 days per week, and on the last 

day of each week they fasted, which consisted of water consumption with 120kcal of juice 

powder only. The difference between groups was that the IFCR-L group consumed the 

calories in the form of liquid meal replacement supplements, but the IFCL-F consumed 

their calories in the form of food which was provided by the study. The first 2 weeks 

consisted of a weight maintenance period and the final 8 weeks involved calorie restriction. 

The post tests revealed that there was a significant decrease in weight in both groups, 

which was significantly greater in the IFCR-L group (3.9kgs or 4.1%) (p=0.04) compared 

to the IFCR-F group (2.5kgs or 2.6%). There was a significant decrease in fat mass post 

intervention in the IFCR-L group (2.8kgs) and in the IFCR-F group (1.9kgs) but there was 

no difference between groups in the amount of fat mass lost. Fat free mass decreased by an 

average of approximately 1.2kg in the IFCR-L group and 0.5kg in the IFCR-F group but 

this did not reach statistical significance and there was no difference between groups. The 

lipid profile of the subjects and risk factors for cardiovascular disease also improved post 

intervention (Klempel et al., 2012). The results of this study suggest that when calorie 
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restriction is similar, weight loss is augmented in those consuming a liquid diet compared to 

a solid food diet. However, Aslam et al 2009 conducted a 12 week solid food intervention 

also with a caloric restriction of 30% below actual daily requirements. The weight loss (-

7.86kgs) and fat mass loss (-5.22kgs) outcomes were approximately double that of the 

aforementioned study, but this was concomitant with a reduction of fat free mass in the 

region of 2.6kgs (Aslam et al., 2009).   

The use of high protein diets in weight loss interventions has become prominent in recent 

years. There is evidence in short term studies to suggest that a higher protein intake during 

feeding alters total energy intake via the feeling of satiety, and increases total energy 

expenditure by increasing thermogenesis. Additionally, higher protein intake has proven to 

lead to a reduction in subsequent energy intake compared lower protein diets. Thus high 

protein diets have reported greater weight and fat mass loss than lower protein 

conventional diets, but findings have not been consistent and further long term research is 

required (Eisenstein et al., 2002).  

Clifton et al. (2009) administered a 12 week intervention where subjects were randomised 

into one of two groups, a high protein (HP) diet, or a standard protein (SP) diet, with the 

energy allowance being 1300-1550kcal per day. Weight loss after 12 weeks was significant 

and comparable in both groups (-7.82kg in HP, -7.65kg in SP) as was total fat loss (-6.8kg 

in HP, -6.4kg in SP), with slight reductions in fat free mass (Clifton et al., 2009). Lee et al. 

(2009) also carried out a 12 week weight loss intervention comparing the effectiveness of a 

high protein diet to a conventional diet. Subjects were randomly assigned to one of two 

different groups, a low calorie diet with partial meal replacement and high protein content 

(HP), and a low calorie nutritionally balanced conventional plan (C). Weight loss was also 

comparable in both groups (-5kg in HP, -4.9kg in C) as was the total reduction in fat mass 

(-2.5kg in HP, -2.3kg in C). Both groups also experienced at least a 2kg reduction in fat free 

mass. When adherence to dietary intervention was greater then 70%, the HP group 

experienced greater success in total body fat reductions (Lee et al., 2009). The results of 

these studies indicate that both types of intervention yield similar weight loss and fat mass 

loss results. However, the high protein diets report other health outcomes including an 

improvement in lipid profile in obese subjects at risk for cardiovascular disease (Clifton et 

al., 2009)  
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Very low calorie diets have also received attention in the literature in recent years. The 

strategy often used in these types of interventions is a caloric intake of <800kcal per day 

and so the weight loss results, at least in the short term, have proven to be quite significant. 

Papadaki et al 2013 investigated the effects of an 8 week VLCD on obesity measures in 773 

overweight and obese subjects from eight European cities. The subjects were restricted to 

800kcal per day and all meals were replaced with supplements. The average weight loss was 

11.1 + 3.3kgs, which consisted of an average fat mass loss of 8.3 + 4.4kgs and an average 

lean tissue loss of 2.8 + 4.0kgs (Papadaki et al., 2013).  Foster et al. (1992) compared the 

effects of 3 different VLCDõs on body weight and body composition in obese subjects. 

The total calorie allowance for each of the 3 groups was 420kcal per day, 660kcal per day 

and 800kcal per day. After 12 weeks of intervention, subjects had an average weight loss of 

18.2kgs, 18.5kgs and 16.6kgs respectively. Fat mass accounted for 85.4% of the weight loss 

in the 420kcal/day group, 86.1% of the weight loss in the 660kcal/day group, and 88.2% of 

the weight loss in the 800kcal/day group, with the remainder derived from fat free mass. 

Weight loss was the single best predictor of changes in fat free mass, accounting for 42% 

of the variance, thus the subjects who lost the most weight also lost the most fat free mass 

(Foster et al., 1992). It is clear from these studies that VLCDõs lead to substantial weight 

loss and fat mass loss at least in the short term but this also occurs alongside a reduction in 

lean tissue mass.  

 

Novel types of diet intervention continue to emerge in the literature. The earliest work 

carried by Dr. Michelle Harvie shows intermittent fasting is as effective as continuous 

energy restriction with regard to weight loss and improvements in metabolic health, and 

may be offered as an alternative equivalent to continuous energy restriction for the 

overweight and obese population (Harvie, 2011). Intermittent fasting involves 2 days of 

restricted intake per week i.e. low calorie (~600kcal), high protein, low carbohydrate and 

limited dairy, and 5 days of normal eating per week based on a Mediterranean diet i.e. 

moderate calorie consumption, moderate protein, unprocessed carbohydrates, low fat, and 

limited dairy (Harvie, 2013). More recently, when intermittent energy and carbohydrate 

restriction (IECR) was compared to continuous daily energy restriction (DER) 

(1,500kcal/day) for a 3 month weight loss period in overweight women, the results showed 

that insulin resistance and body fat decreased in both groups but the improvement in 

insulin resistance was significantly greater in the IECR than the DER group despite both 

groups having an overall energy deficit of 25% per week. IECR may lead to greater positive 
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adaptations in metabolic characteristics of overweight and obese individuals but long term 

studies into the safety and effectiveness of IECR diets are warranted (Harvie et al, 2013).   

  

It is clear from the above research that calorie restriction is effective in reducing body 

weight in overweight and obese individuals. However, diet induced weight loss 

simultaneously reduces body fat and lean tissue mass in this population and few studies 

have investigated whether these changes are influenced by macronutrient composition of 

the diet intervention (de Souza et al, 2012). The POUNDS LOST trial was a 2 year study 

involving 811 overweight and obese adults, which investigated the effects of 4 diets with 

different macronutrient composition on fat mass, lean tissue mass, visceral adipose tissue, 

and hepatic fat in overweight and obese adults (de Souza et al, 2012). The subjects were 

randomly assigned to 1 of 4 diets (i) low-fat average-protein (20% fat, 15% protein, and 

65% carbohydrate), (ii) low-fat, high-protein (30% fat, 25% protein, and 55% 

carbohydrate), (iii) high-fat, average-protein (40% fat, 15% protein, and 45% carbohydrate), 

and (iv) high-fat, high-protein (40% fat, 25% protein, and 35% carbohydrate. For all diets, 

participants had caloric deficit of 750kcal/day below their energy requirements as 

determined by a resting metabolic rate test. At 6 months participants showed a significant 

reduction in fat (4.2±0.3kg or 12.4%) and lean tissue mass (2.1±0.3kg or 3.5%), there was 

no difference between diets. Abdominal fat (2.3 0.2kg or 13.8%), subcutaneous fat (1.5 

0.2kg or 13.6%) and visceral fat (0.9 0.1kg or 16.1%) also decreased significantly in all 

groups but there was no difference between diets. Participants regained 40% of these losses 

by the end of the 2 year period with no difference between groups. The key findings of this 

trial was that participants lost more fat mass than lean tissue mass in all groups and there 

was no difference between diets with regard to improvements in body composition, 

abdominal fat or hepatic fat. The authors concluded that total calorie restriction as opposed 

to macronutrient composition of the diet is the most important determinant of fat loss in 

this population (de Souza et al, 2012).      

 

An overview of the literature suggests that calorie restriction is effective in reducing body 

weight of obese individuals and this relationship is dose dependent. This is particularly true 

in the case of short term, structured and supervised interventions. Very low calorie diets 

(<800kcal per day) are associated with greater weight loss than diets using moderate calorie 

restriction (~500kcal per day), but the additional weight loss that occurs when calorie 

intake is less than 800kcal per day is minimal. Also, weight regain following very low calorie 
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interventions is common. This may be due to the fact that an individual cannot sustain an 

800kcal indefinitely and so calorie intake eventually increases resulting in an increase in 

body weight. It may also be related to the fact that caloric restriction, particularly severe 

caloric restriction, results in a loss of lean tissue mass concurrent with reductions in fat 

mass, which may reduce resting metabolic rate and thus daily energy expenditure, making it 

increasingly difficult to lose weight, or even maintain weight loss, in the longer term. The 

literature has reported reductions in fat free mass in the region of 17-25% after a low 

calorie diet intervention (Foster et al., 1990, Wadden et al., 1990, Barrows and Snook, 1987, 

Donnelly et al., 1991). 

 

In summary, caloric restriction is effect in reducing body weight in obese individuals and 

there appears to be a dose response relationship between the amount of calories restricted 

and the amount of weight lost, particularly in the short term (Franz et al., 2007). Numerous 

study designs are evident in the literature which explains the large variation in success of 

these interventions. More basic research is warranted to understand the impact of different 

nutrient intakes and caloric restriction on weight loss but also on the mechanisms at play in 

different types of body tissue so that we can determine the optimal intervention for this 

population. 

  

2. 1. 5. 4. Exercise Interventions 

Exercise training interventions are routinely used to treat obesity and improve metabolic 

health but controversy exists in the literature with regard to the effectiveness of these 

interventions particularly when weight loss is the primary outcome measure. Catenacci et al. 

(2007) investigated the effect of exercise on weight loss in obese individuals using 16 

randomized controlled trials ranging from 4 to 16 months in duration. The average BMI of 

the subjects was 25-30kg/m2. Eleven of the 16 studies reported significant reductions in 

body weight ranging from 0.1kg to 5.2kg with the average being 1-3kg. This is a modest 

weight loss and the results may be perceived to be unsuccessful. However, with closer 

investigation numerous limitations of the various studies were identified which greatly 

affect the interpretation of the results. In the majority of studies, exercise induced energy 

expenditure was not closely controlled or accurately measured. Also, the energy 

expenditure prescribed in the interventions was modest and not enough to result in 

substantial weight loss. Most of the interventions were designed based on the ACSMõs 

physical activity recommendations for health, which is 30 minutes of moderate physical 
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activity on 5 or more days of the week, and averaged 60-180 minutes per week (Catenacci 

and Wyatt, 2007). Energy expended per week based on this recommendation could be as 

little as 1000kcal which equates to a modest 0.11kg weight loss per week when energy 

intake is maintained at pre intervention caloric intake. Given the fact that there are 

9000kcal in 1kg of body fat, an energy expenditure of 1,000kcal per week is not sufficient 

to cause substantial weight loss. 

 

Franz et al. (2007) also carried out a review to establish the effectiveness of exercise 

training in treating obesity using weight loss as their primary outcome measure. The 

subjects in these studies were given recommendations for exercise and minimal or no 

advice on food or meal planning. Only 6 studies were included in this analysis. The mean 

weight loss at 6 months was 2.4kg (2.7%) maintained at 1.0kg (1%) at 24 months. The 

authors of the review concluded that exercise interventions are not successful in achieving 

weight loss in the obese population. However, there are also a number of limitations to this 

conclusion. Firstly, the review consisted of only 6 exercise interventions, the total treatment 

duration was 52 and 78 weeks , and the time spent exercising was as little as 90 minutes per 

week (Donnelly et al., 2000). This volume of exercise is less than the ACSMõs physical 

activity recommendations for health and so it is no surprise that weight loss was minimal 

(Irwin et al., 2003). Shorter term exercise training interventions based on more structured 

and supervised training have consistently reported significant changes in weight and 

physical characteristics in obese subjects (Donnelly et al., 2003, Tessier et al., 2000, Stewart 

et al., 2005). Secondly, weight loss as a primary measure of success does not reflect the 

changes that occur to body composition as a result of exercise training. Physical training 

over a number of weeks reduces body fat mass and concurrently increases lean tissue mass 

especially in previously sedentary individuals (Stewart et al., 2005). The change that occurs 

to body composition, especially over the first 10 weeks of training, means that the total net 

weight loss is often minimal over that time period because the weight gain in lean tissue 

negates the weight lost in fat mass. Therefore, it is more appropriate to use body 

composition as a primary measure of success following exercise training interventions. Also 

it is important to quantify changes in body composition since the literature consistently 

shows that fat accumulation in obese individuals is significantly inversely correlated with 

metabolic health (Capurso and Capurso, 2012) and so reductions in fat mass should be a 

primary outcome measure. Skeletal muscle mass in trained athletes is positively correlated 
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with metabolic health (Ebeling et al., 1993) and so it is important to quantify gains in lean 

tissue mass with exercise training in the obese population. 

  

Other reviews have demonstrated that exercise training is successful in the treatment of 

obesity. They report that the amount of weight loss is directly related to the amount of 

energy expended per week. Ross et al 2001 conducted a systematic review and meta 

analysis of the effects of physical activity on reducing obesity, with a particular focus on the 

influence of exercise induced weight loss on fat mass loss. Short term studies (<16 weeks) 

were tightly controlled and supervised, and used an energy expenditure target of 2,200kcal 

per week with an average weight loss and total fat loss of 0.18kg and 0.21kg respectively 

per week. Long term studies (<16 weeks) used an energy expenditure target of 1,100kcal 

per week, and yielded an average weight loss and total fat loss of 0.06kg and 0.06kg per 

week. The review of the short term training studies provide evidence that exercise induced 

weight loss correlates with fat loss in a dose response manner and that lean tissue mass is at 

least maintained with exercise training. This review also provides evidence that the amount 

of weight loss and fat loss achieved with exercise training is directly related to the energy 

expended throughout the intervention. Greater amounts of energy expenditure per week 

are associated with greater amounts of body weight and body fat mass loss (Ross and 

Janssen, 2001). 

 

Two uncontrolled short term randomised studies investigated the effects of higher 

amounts of exercise induced energy expenditure and reported much larger weight loss post 

intervention (Lee et al., 1994, Hadjiolova et al., 1982). Lee et al 1994 studied the impact of 

5 months of military training on 175 obese male recruits. The recruits exercised 5 days per 

week for 20 weeks and averaged 29 hours of training per week, 57% of which was deemed 

to be high intensity activity. No dietary restriction was imposed on the recruits. The 

average weight loss was 12.5kgs in 5 months or 0.63kg per week. The weight loss was 

attributed to loss of body fat determined by skin fold measurements (Lee et al., 1994). This 

study shows that even with substantial weight loss over a short period of time lean tissue 

mass is at least maintained with exercise training and the reduction in body weight 

completely accounted for by reductions in body fat mass. Hadjiolova et al 1982 studied the 

effects of 45 days of training 10 hours per day with an energy expenditure of 3,600-

3,700kcal per day. These subjects lost an average of 12.5kgs. Although these interventions 
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were relatively uncontrolled the findings demonstrate that substantial weight loss can be 

achieved with substantial energy expenditure (Hadjiolova et al., 1982).           

 

When assessing the effectiveness of exercise training with regard to improvements in body 

weight and body composition there is an additional difficulty to be considered in the 

interpretation of the results. In general the standard deviation is quite large indicating a 

high level of inter-individual variability even when energy expenditure and energy intake are 

tightly controlled. Thus, the mean result reported for weight loss or change in body 

composition can often mask the extent of the results achieved by some participants. King 

et al. (2008) attempted to identify and characterise the individual variability in response to 

an exercise intervention. The subjects performed supervised, aerobic exercise at 70% heart 

rate max until 500kcal were expended for 5 days per week. After 12 weeks of training there 

was a significant reduction in body weight (3.7 + 3.6kg), and fat mass (3.7 + 2.6kg), 

indicating again that lean tissue mass was maintained and all weight loss was derived from 

fat mass loss. However, the investigators reported that there was large individual variability 

in weight change (-14.7kg to +1.7kg) and the change to fat mass (-9.5kg to +2.6kg) despite 

the fact that the study was tightly controlled and supervised, and the subjects were deemed 

to be fully compliant. Due to the tight control and the large individual variation in results, 

the investigators further subdivided the participants into two groups, compensators and 

non compensators. Compensators were those whose weight loss was lower than predicted 

(-1.5+2.5kgs and -2.1+2.3kgs for body weight and body fat, respectively) and non 

compensators were those individuals who achieved or exceeded the predicted weight loss 

(6.3+3.2kg and 5.3+2.2kg for body weight and fat mass, respectively). Both groups had 

modest reductions in lean tissue mass (0.47±1.5 kg vs 0.89±2.1 kg for compensators and 

non-compensators, respectively) and so weight loss was mainly attributes to fat mass loss 

(King et al., 2008). This study highlights a number of important issues.  

 

Firstly, a mean outcome measure should be interpreted with caution since one size does 

not fit all and individuals respond differently to the same intervention with regard to 

changes in body weight and body composition. Secondly, it seems that either consciously 

or subconsciously some individuals compensate for energy expenditure even within tightly 

controlled interventions. This observation has been reported in other studies and possible 

explanations include variability in exercise compliance, compensation for energy 

expenditure with energy intake, and reduced energy expenditure in the non exercising 
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portion of the day (Bouchard and Rankinen, 2001, Hautala et al., 2006, Levine et al., 2005). 

Variability in exercise compliance was not an issue in the King et al. (2008) study since all 

of the sessions were individually designed and supervised and subjects were deemed to be 

compliant. It is possible that the subjects compensated for energy expenditure with an 

increase in energy intake or a reduction in total daily energy expenditure. This study 

highlights the need to educate subjects and make them aware of the effects of 

compensation either through increasing energy intake or reducing energy expenditure in 

non exercising time. It also highlights the need to treat obese individuals as individuals 

within a group in order to prescribe the most effective treatment for them. It is important 

to note that even the lowest responders exhibited significant improvements in health, 

characterised by decreased blood pressure, increased fitness and decreased waist 

circumference. These additional health benefits should be considered important outcome 

measures and participants should be educated in this regard so that success is not merely 

based on changes to physical characteristics  (King et al., 2008).     

 

A review of the current literature suggests that there is a dose dependent relationship 

between the amount of energy expended per week and the amount of weight loss achieved. 

Many exercise training interventions are based on the ACSMõs physical activity guidelines 

for health. These guidelines represent the minimal amount of physical activity required to 

obtain health benefits and are not sufficient for weight loss. Greater amounts of weekly 

energy expenditure are required to achieve more substantial weight loss. The dominant 

mode of exercise reported in the literature is aerobic exercise and / or resistance exercise. It 

is possible that other modes of training would augment the weight loss results and so more 

work needs to be carried out to investigate other possible modes or combinations of 

training. It must be highlighted that significant changes occur to body composition as a 

result of exercise training, particularly in previously sedentary individuals. Importantly, 

exercise induced weight loss is derived predominantly from fat mass, and lean tissue mass 

is at least maintained, if aerobic exercise is the only mode of training, or increased if 

resistance training is incorporated. Exercise induced changes in body composition have 

significant favourable implications for the health of this population. For these reasons it is 

more appropriate to focus on changes in body composition as a primary outcome measure 

of success in these types of intervention rather than weight loss.  
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In summary, exercise training is routinely used to treat obesity and improve metabolic 

health but controversy exists in the literature with regard to the effectiveness of these 

interventions. The majority of training studies are based on the ACSMõs physical activity 

recommendations for health (Catenacci and Wyatt, 2007) which are completely inadequate 

for meaningful weight loss. Weight loss is not the most appropriate measure of success of 

these interventions because exercise training results in reductions in fat mass concomitant 

with increases in lean tissue mass and the net effect is often minimal weight lost. More 

basic research is warranted to determine the energy expenditure required for significant 

improvements in body composition and body weight in this population, but also to 

investigate the effects of different types of physical activity on the mechanism at play in 

different types of body tissue so we can determine the optimal intervention for this 

population. 

 

2. 1. 5. 5. Comparison of diet and exercise interventions 

Diet and exercise interventions have been compared in the literature and the general 

consensus appears to lean towards diet being more effective when weight loss is the 

primary outcome measure (Franz et al., 2007). However, few isocaloric diet and exercise 

interventions exist making a direct comparison impossible. Both interventions have already 

been discussed in detail but a summary of the key differences between them is presented 

below. 

 

Firstly, the caloric restriction most commonly prescribed in dietary interventions is a 

minimum of 500kcal per day, which accumulates to an energy deficit of 3,500kcal per week, 

and a weight loss of ~0.39kgs per week when energy expenditure is controlled for (Franz et 

al., 2007). In contrast, the energy expenditure prescribed in many exercise interventions is 

approximately 1,000kcal per week (Donnelly et al., 2009), which yields a weight loss of 

~0.11kgs per week controlling for energy intake. Clearly there is a mismatch between the 

designs underpinning both interventions which is why weight loss is generally greater post 

diet intervention.  

 

Secondly, using weight loss as a primary measure of success poses an additional problem 

when comparing the effectiveness of diet and exercise interventions because it does not 

take into account the different changes that occur to body composition in response to both 

types of intervention. Exercise training simultaneously reduces fat mass and maintains or 
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increases lean tissue mass especially in previously sedentary individuals (Stewart et al., 

2005). The gains in lean tissue are associated with an increase in RMR which may facilitate 

weight loss in the longer term (Kirk et al., 2009, Byrne and Wilmore, 2001). The changes 

that occur to body composition with exercise training can be quite substantial but the net 

weight loss may be minimal. In contrast, the weight loss achieved by caloric restriction is 

directly proportional to the amount of calories restricted, but it is derived from reductions 

in fat mass combined with reductions in lean tissue mass. The loss of lean tissue is reported 

to be quite significant with very low calorie diets and it has been proposed that this may 

contribute to the weight regain that is often seen in these interventions over a 6 to 24 

month period (Franz et al., 2007).  

  

2. 1. 6. Obesity and poor fitness, an additional problem 

Extensive evidence exists to show that inactivity and poor fitness have serious implications 

for health. There is a strong, independent, inverse relationship between physical fitness and 

all cause mortality (Kampert et al., 1996, Blair et al., 1989,  Bronnum-Hansen et al., 2007, 

Mokdad et al., 2004) accounting for 3.2 millions deaths each year (WHO, 2010a). The 

World Health Organisation has declared physical inactivity to be the fourth leading risk 

factor for global mortality, to an even greater extent than obesity itself, which is currently 

the fifth leading risk factor (WHO, 2009). Physical inactivity is estimated to account for 21-

25% of breast and colon cancers, 27% of diabetes, and 30% of ischemic heart disease 

globally. When obesity and inactivity are combined the health consequences may be even 

more drastic than obesity alone.  

 

Individuals with a low fitness level and a diagnosed chronic disease have a higher rate of all 

cause mortality across all BMI categories after adjustment for age and baseline risk factors 

(McAuley et al., 2012). Individuals with higher levels of fitness are protected against 

mortality regardless of their BMI, waist circumference and percent body fat (Blair et al, 

1989). Therefore, when fitness is taken into account, the mortality risk associated with 

obesity is offset (McAuley and Blair, 2011) and, for this reason, obesity should not be used 

in isolation (McAuley et al., 2012). 

 

In a comparison of risk factors for all-cause mortality, Wei et al. (1999) examined the 

impact of BMI, aerobic fitness and established factors including baseline CVD, diabetes, 

cholesterol, hypertension and smoking status in 25,714 men. The key finding of this study 
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was that low fitness is a strong and independent predictor of all cause mortality but when 

coupled with obesity was much better than established risk factors and equivalent to having 

had a cardiovascular event (Wei et al., 1999). On average, physically active people live 5 

years longer than physically inactive people, and their expected lifetime without long-

standing illness is increased by approximately 8 years compared to inactive individuals 

(Bronnum-Hansen et al., 2007). The enormity of the health consequences of physical 

inactivity is such that Pedersen (2010) proposed the concept of the ôdiseasome of physical 

inactivityõ. The theory behind this concept is that physical inactivity, which is associated 

with chronic systemic inflammation independent of obesity, leads to the accumulation of 

visceral fat and consequently the activation of inflammatory pathways, which promote the 

development of insulin resistance and type 2 diabetes, atherosclerosis and a cluster of 

diseases belonging to the ôdiseasome of physical inactivityõ (Pedersen, 2009).  

 

It is clear that physical activity and physical fitness may play a more important role in the 

health of the general population and the obese population than previously thought and for 

this reason the primary focus of this literature review and PhD thesis is the role of exercise 

training in the comprehensive treatment and management of obesity. To understand this 

role it is first necessary to understand metabolism in the normal weight healthy individual 

compared to the obese individual, and subsequently the physiological and metabolic 

adaptations that occur with acute and chronic exercise training.  

 

2. 1. 7. Metabolism ð Normal vs Obese 

Blood glucose concentration is regulated by a number of organs and tissues in the body 

including the liver, skeletal muscle, brain, kidney, adipose tissue, pancreas and intestine 

(Groop et al., 1989). Of these tissues, skeletal muscle is the most important because it is 

responsible for almost 80% of insulin-mediated glucose uptake and disposal (Bonen et al., 

2004, Coort et al., 2004). The hormones released from the endocrine system play a major 

role in glucose homeostasis particularly insulin and glucagon, which are both released from 

the pancreas (Kang, 2008, Jones et al., 2012). 
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Figure 2.5 Glucose homeostasis requires coordinated interaction between various 

organs and tissues in the body. Glucose levels rise when absorbed from the 

intestine and also when released from the liver. The liver plays a key role in 

elevating glucose levels via glycogenolysis and gluconeogenesis, both of which are 

inhibited by insulin. Blood glucose levels are reduced by uptake by all cells in the 

body but predominantly skeletal muscle and adipose tissue. It has recently emerged 

that the CNS can also sense glucose and may affect glycemia by playing a role in 

the regulation of gluconeogenesis. Source: Nature 2006 December 14; 444(7121):847-

853.  

 

Insulin is produced by the ɓ-cells of the pancreas and is secreted in response to elevated 

blood glucose levels. It acts on peripheral tissues to regulate both carbohydrate and lipid 

metabolism by oxidation to produce energy or stored as glycogen or intracellular lipid. In 

the adipose tissue, insulin suppresses lipolysis and insulin-mediated glucose uptake is used 

to re-esterify free fatty acids (FFAõs) as Triglycerides (TGõs). The liver does not require 

insulin to facilitate glucose uptake but insulin regulates hepatic glucose production by 

inhibiting gluconeogenesis and glycogenolysis. The kidney also plays an important role in 

glucose regulation. When blood glucose levels become excessively high, the kidney 

facilitates the excretion of glucose from the body in the urine. The combined actions of 

insulin on the muscle, liver and adipose tissue result in the appropriate control of blood 

glucose concentration (Ferrannini and Mari, 1998, Kang, 2008). Glucagon is produced in 

the Ŭ-cells of the pancreas and functions to oppose the action of insulin. It stimulates 

glycogenolysis and gluconeogenesis when blood glucose levels fall below the normal range 
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thus elevating blood glucose concentrations and returning them to normal circulating 

values (Jones et al., 2012). 

 

Obesity is characterised by an expansion of adipose tissue mass and ectopic fat storage in 

most tissues, including, the liver, heart and skeletal muscle (Capurso and Capurso, 2012). 

There is substantial evidence to suggest that the elevated concentrations of FFAõs and 

intracellular lipid in obese individuals induces insulin resistance by disrupting the normal 

insulin signalling cascade (Belfort and Mandarino 2005, Bevilacqua et al, 1987, DeFronzo, 

2004). Insulin stimulated glucose transport into target tissues such as the skeletal muscle, 

liver, intestine, pancreas, kidney, brain and adipose tissue is impaired (Petersen and 

Shulman, 2002, Shulman, 2000, Yu et al., 2002), resulting an elevation in blood glucose 

concentrations over time (Petersen and Shulman, 2006). The impaired suppression of 

lipolysis and hepatic glucose production further contribute to the metabolic stress of excess 

substrate availability in circulation (Rosen and Spiegelman, 2006).   

 

 

 

 

Figure 2.6 Obesity and insulin resistance are associated with increased lipolysis and 

elevated circulating concentrations of NEFA. NEFA inhibit the ability of insulin to 

promote glucose uptake in skeletal muscle and adipose tissue, and to suppress 

hepatic glucose production. Transiently elevated NEFA stimulate insulin release 

from the pancreas (e.g. after a meal) but chronically elevated NEFA reduce insulin 

secretion. Source: Nature 2006 December 14; 444(7121):847-853. 
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Skeletal muscle relies primarily on fat and carbohydrate as fuel for energy production. The 

contribution that fat or carbohydrate make to energy supply depends on a number of 

factors including the current metabolic demand, the amount of substrate available, and the 

ability of the muscle to transport and oxidise the fuel source. Metabolic flexibility in skeletal 

muscle refers to the ability of the muscle to adapt appropriately to changes in physiological 

condition by selecting the appropriate type and quantity of fuel for oxidation to meet 

particular energy demands. During fasting for example there is a greater reliance on fat for 

fuel. Oxidation of fat during fasting ensures that carbohydrate stores are preserved and 

available for use by the brain and skeletal muscle when required for energy. In contrast, 

after a meal there is a switch to glucose oxidation (Storlien et al., 2004). Physical activity 

also requires metabolic flexibility because skeletal muscle must be able increase glucose and 

fat oxidation in response to energy demand. The intensity and duration of physical activity 

determines the mix of substrate metabolised. Short duration higher intensity activities 

require a greater contribution from carbohydrate than from fat, where as the energy 

demands of longer duration lower intensity activities can be met by a greater contribution 

from fat than from carbohydrate, especially in trained individuals. Metabolic flexibility is 

evident in lean healthy individuals, particularly those who are trained, but metabolic 

inflexibility is a characteristic of obesity and insulin resistance (Brooks, 1997).  

 

2. 2. Physiological and metabolic responses to acute exercise, and 

adaptations to chronic exercise training. 

 

2. 2. 1. Physiological responses to acute exercise 

Aerobic fitness is measured by O2max which is the maximal amount of oxygen that an 

individual can take in and use to produce energy. O2max is a function of the ability of the 

cardiovascular system to deliver blood and oxygen to skeletal muscle, and the ability of 

skeletal muscle to extract this oxygen and use it to produce energy. At the onset of exercise 

the physiological systems respond, proportional to the intensity and duration of exercise, to 

maintain homeostasis. The cardiovascular system meets the increased demand of tissues 

for oxygen delivery and carbon dioxide removal by increasing heart rate and stroke volume. 

As stroke volume reaches its maximal capacity at exercise intensities between 40-60% of 

O2max in untrained individuals, further increases in cardiac output are met by increasing 

heart rate. The increase in cardiac output can reach 5 times the resting levels and leads to (i) 
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an increase in mean arterial pressure, mainly due to increased systolic pressure, despite 

intrinsic (active hyperemia, chemical messengers) and extrinsic (neural and endocrine) 

promotion of vasodilation and (ii) a redistribution of blood to the working muscle and to 

the skin for dissipation of heat (Hughson and Tschakovsky, 1999). In skeletal muscle there 

is a greater demand for energy to fuel actin-myosin cross-bridging in muscle contraction 

and the reploarisation of muscle cells. Both glucose and lipids are used as substrates in the 

mitochondria but carbohydrate is preferentially used with higher intensity exercise, 

although it has a limited availability relative to fat (Hultman, 1995). The availability and 

utilisation of substrates for metabolic processes is also regulated by the sympathetic 

nervous system and the endocrine system with increases in pituitary (growth hormone, 

adrenocorticotrophin hormone, thyroid stimulating hormone), adrenal (catecholamines, 

cortisol, aldosterone), thyroid and pancreatic (glucagon) hormones (Richter, 1994).  

 

2. 2. 2. Metabolic responses to acute exercise 

A single bout of aerobic exercise has many benefits with regard to glucose and lipid 

regulation. During exercise there is an increased demand for metabolic substrates in the 

active muscles, with a 10-20 fold increase in glucose uptake evident during moderate to 

high intensity exercise (Wahren et al., 1971). The glucose is supplied via increased 

glycogenolysis in the active muscles as well as increased uptake of glucose from circulation 

into the working muscles. In this way exercise plays a key role in increasing the usage of 

circulating blood glucose and well as stored glucose (Hayashi et al., 1997). The hours 

following an exercise bout is characterised by an increase in insulin sensitivity. The 

expression of the glucose transporter isoform 4 (GLUT4) remains elevated and so a lower 

concentration of insulin is required to exert its maximal effect on glucose transport. 

Glycogen synthase activity, the enzyme responsible for the synthesis of glycogen, is also 

elevated following exercise, which increases the rate of glucose uptake in to the skeletal 

muscle in order to replenish depleted glycogen stores (Holloszy, 2005). Evidence in 

support of this increased insulin sensitivity post exercise is provided by numerous studies 

that found increased sensitivity post exercise in an exercising leg but not in the resting 

control limb (Richter et al., 1989). 

  

2. 2. 3. Physiological adaptations to aerobic exercise training 

Aerobic exercise leads to significant improvements in aerobic fitness, which in turn is 

positively associated with metabolic health and reduced risk of all cause mortality (Blair et 
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al., 1989, Kampert et al., 1996). The improvement in O2max and thus fitness that occurs 

with aerobic exercise training is due to a combination of adaptations that occur to the 

cardiovascular system to facilitate greater oxygen delivery, and the muscles themselves to 

facilitate greater oxygen use. With regard to the cardiovascular system there are exercise 

induced adaptations to the heart, blood and blood vessels. The left ventricle hypertrophies 

and this increase in wall thickness allows for greater force of contraction. With training, 

heart rate decreases during submaximal exercise which extends ventricular filling time and 

plasma volume increases due to increased protein content and up regulation of the fluid 

conservation hormones. As the ventricles stretch in response to the elevated blood volume 

the heart muscle responds by generating a more forceful contraction, known as the Frank-

Starling mechanism, with the result being an increase in stroke volume. Aerobic training is 

associated with an increase in the number of capillaries infiltrating muscle tissue and an 

increase in the recruitment of currently available capillaries. Blood flow redistribution is 

more effective and all of these adaptations combine to facilitate increased blood flow to the 

metabolically active tissues Red blood cell volume and thus oxygen carrying capacity also 

increase with training. Once the blood reaches the active muscles oxygen must be extracted 

for energy production. Oxygen extraction, represented by the a-vO2diff, is augmented with 

exercise training, which increases energy production and functional capacity. There is an 

increase in the size of type 1 muscle fibers, which are characterised by having a high 

aerobic oxidative capacity. Myoglobin content, the oxygen transporter molecule, increases 

in the region of 75-80% which augments the oxygen carrying capacity of the muscle. 

Training results is marked improvements in the functionality of the mitochondria, which 

increase in size and number. In addition, the activity of the oxidative enzymes in the 

muscle also increases.  All of these adaptations combine to increase the extent to which an 

individual can use oxygen to produce energy (Blomqvist and Saltin, 1983). An increase in 

blood flow to exercising tissue combined with an increase in the ability of the tissues to 

extract oxygen from the blood and remove waste products, results in increased energy 

production represented by an increase in fitness or O2max. 

 

2. 2. 4. Metabolic adaptations to aerobic exercise training 

In addition, aerobic training increases the expression of GLUT4, which facilitates greater 

uptake of blood glucose into skeletal muscle (Kim et al., 2004). Glycogen synthase 

expression and activity is augmented, which leads to increased storage of glucose in the 

form of glycogen (Ebeling et al., 1993). Whether the increased insulin sensitivity results 
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from exercise training or the previous exercise session has been debated but athletes 

experience a lower insulin response to a glucose load in comparison to untrained 

individuals (Horton, 1986) suggesting that these adaptations are due to chronic training and 

not just a single bout of exercise (Ebeling et al., 1993). The same adaptations are also true 

for master athletes (King et al., 1987), which has important implications for ameliorating 

age related insulin resistance in inactive older individuals. 

 

The literature shows that aerobic exercise training augments lipid oxidation and reduces fat 

stores in the body (Carey et al., 1996). Of particular importance is the reduction in 

abdominal fat stores associated with aerobic exercise training. This reduces the availability 

of free fatty acids in circulation (Roden, 2005), which in turn reduces intramuscular 

triglycerides (O'Leary et al., 2006). Low intensity aerobic exercise training increases the 

oxidation of intramyocellular lipids. These small lipid droplets lie adjacent to mitochondria 

and it appears that exercise facilitates the delivery of these droplets to the mitochondria for 

oxidation (Goodpaster et al., 2001). The expression and activity of enzymes involved in 

lipid oxidation also increases with training (Kim et al., 2004). This is particularly evident in 

highly trained endurance athletes, who paradoxically have elevated intra muscular lipid 

content, but their skeletal muscle is markedly insulin sensitive due to the higher oxidative 

capacity and a high rates of fat turnover (Goodpaster et al., 2001). Given the adverse 

relationship between fat accumulation and insulin resistance in obese sedentary individuals, 

an increased ability to oxidise fat is important in the prevention or treatment of insulin 

resistance in the obese population. It may also contribute to greater loss of fat mass over 

time. 

 

2. 2. 5. Physiological adaptations to resistance training 

Prior to discussing the physiological adaptations to resistance training, it is important to 

understand that there are two main types of muscle contraction, concentric and eccentric, 

and the adaptations that occur are specific to the type of contraction performed. When a 

muscle is contracted concentrically it is shortening under tension. In physiological terms, 

the thin filaments of the sarcomere are being pulled towards the centre of the sarcomere, 

thus shortening the length of the sarcomere. An example of this type of contraction in the 

context of resistance training is the lift phase of a bicep curl (Figure 2.7). When a muscle is 

contracted eccentrically it is lengthening under tension. In this case the thin filaments of 

the sarcomere are being pulled away from the centre of the sarcomere, thus elongating it 
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but still developing force (Figure 2.7). This type of contraction is the lowering phase of a 

bicep curl. Most actions whether they are aerobic or resistance type exercise require both 

types of contraction (McArdle, 2011).  

 

  

 

Figure 2.7 Depicts concentric muscle contraction (shortening of the sarcomere 

under tension) and eccentric muscle contraction (lengthening of the sarcomere 

under tension). 

 

Resistance training lasting 3-6 months can improve strength in previously untrained 

individuals by as much as 25-100%. The neuromuscular system is very responsive to 

training and up to 50% of initial strength gains in untrained individuals can be accounted 

for by neuromuscular efficiency commonly referred to as the learning effect (Baechle, 

2000). In line with this learning effect, the largest gains in strength occur within the first 8-

10 weeks of training. Longer term strength gains occur mostly as a result of adaptations to 

the physical structure of the muscle such as hypertrophy, which means an increase in the 

size of the muscle (Staron et al., 1994). 

 

For many years the increase in strength that occurs with resistance training was attributed 

mostly to muscle hypertrophy. While there is a relationship between muscle size and 

muscle strength, this theory does not explain increased strength in the absence of 

hypertrophy. The literature reports that neural adaptations account for strength gains in the 

absence of hypertrophy (Enoka, 1988). The neural adaptations to resistance training 

include (i) improved synchronization of motor units, which improves the rate of force 

development and the capability of the muscle to exert steady forces (Duchateau and 

Enoka, 2002), (ii) increased number of motor units recruited thus leading to greater force 

production, (iii) increased frequency of stimulation of the muscle fibers with electrical 
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impulses that summate to produce a greater amount of force (Enoka, 1997), (iv) a 

reduction in autogenic inhibition allowing muscles to produce greater amounts of force and 

reach greater levels of strength before they are inhibited to prevent injury (Aagaard et al., 

2000), and a reduction in coactivation of antagonist muscles which may allow for greater 

force generation in the agonist or working muscles (Enoka, 1997).  

 

 

 

 

 

 

 

 

Figure 2.8 Increased frequency of stimulation of motor units initiates greater 

contractile response. G.A. Brooks, et al., 2005, Exercise Physiology: Human 

bioenergetics and its applications, 4th ed. (New York: McGraw-Hill), 388. 

 

Chronic resistance training leads to structural adaptations in the muscle which increases the 

size of the muscle, this is known as hypertrophy. Hypertrophy occurs due to (i) an increase 

in the size of the existing muscle fibers (Figure 2.9) (ii) an increase in the number of muscle 

fibers known as hyperplasia, or (iii) a combination of both. Hyperplasia is the term given to 

the splitting of the original muscle fiber and the growth of each of these fibers to the size 

of the original parent fiber (McCall et al., 1996). Resistance training causes trauma or injury 

to the muscle fibers, which stimulates the activation of satellite cells. The satellite cells 

proliferate fuse to existing muscle fibers to repair them (hypertrophy) or fuse with each 

other to form a new myofibril (hypertrophy) (Hawke and Garry, 2001).  
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Figure 2.9 Microscopic view of muscle cross section of the vastus lateralis (a) before 

and (b) after 6 months of resistance training. Adapted from Wilmore, J.H., Costill, 

D.L., and Kenney W.L (2008) Physiology of Sport and Exercise (pg 207) Human 

Kinetics. 

 

Hypertrophy is often initiated by the structural redevelopment following muscle damage 

(Figure 2.10). The eccentric phase of muscle contraction during resistance training is 

reported to be responsible for muscle damage, thus it is this type of contractions that is 

responsible for stimulating the increase in the cross sectional area of muscle (Shepstone et 

al., 2005). The muscle damage is evident 24-48 hours after the exercise bout and thus is 

termed delayed onset muscle soreness or DOMS (Evans and Cannon, 1991). In 1984, 

Armstrong proposed the following sequence of DOMS. Eccentric exercises causes high 

tension in the contractile-elastic system of skeletal muscle and results in damage to the 

physical structure of the muscle, and its cell membrane. This damage disturbs the calcium 

homeostasis in the injured fiber(s) leading to cell death that peaks at 48 hours post exercise. 

The products of macrophage activity in addition to intracellular contents e.g. histamines, 

kinnis, and K+, accumulate outside the cell. These substances stimulate free nerve endings 

in the muscle causing pain. Muscle strength is initially reduced in injured muscle fibers. 

This may be due to physical disruption of the muscle, failure of the excitation-contraction 

coupling process, and loss of contractile protein. In the days following an eccentric bout 

the muscle adapts, become stronger and more resilient to further damage (Warren et al., 

2001).    

 

 

 

 

   

(a) (b) 
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Figure 2.10 Electron micrograph showing normal arrangement of the actin and 

myosin filaments and Z-disk (a) before and (b) after exhaustive exercise. After 

exhaustive exercise there is moderate Z disk streaming and major disruption of the 

thick and thin filaments in a parallel group of sarcomeres as a result of the force of 

eccentric actions. Taken from From R.C. Hagerman et al., 1984, "Muscle damage 

in marathon runners," Physician and Sportsmedicine 12: 39-48. 

 

2. 2. 6. Metabolic adaptations to resistance training 

Resistance training improves insulin sensitivity and glucose tolerance (Fenicchia et al., 

2004). One legged training studies report increased blood flow and glucose clearance in the 

exercise trained limb in comparison to the untrained control limb (Holten et al., 2004). The 

muscles of the trained limb exhibit an increase in GLUT4 content, an increase in the 

activity of glycogen synthase, and an increase in the expression and activity of various 

proteins involved in the insulin receptor and insulin signalling (Holten et al., 2004). 

Increased muscle mass resulting from resistance training may improve glycemic control 

(Eriksson et al., 1997) by increasing the storage space available for glucose. The area under 

the curve for glucose (Fenicchia et al., 2004) and insulin (Jones et al., 2009) have both been 

shown to decrease with resistance training. 

 

Importantly, resistance training significantly increases lean tissue mass which has the 

strongest positive influence on and correlation with resting metabolic rate (Poehlman, 

1989). Resting metabolic rate is the amount of energy that a person expends at rest. It 

represents 60-70% of an individuals total daily energy expenditure, with the remainder 

attributed to the thermic effect of food and physical activity (Levine et al., 2001). Increasing 

an individuals BMR and thus total daily energy expenditure, may contribute greatly to 

weight loss over time. Resistance training is also associated with augmented fat oxidation, 

an adaptation that improves insulin sensitivity in the obese population but also may help to 

reduce fat stores over time (Kirk et al., 2009). 

(b) (a) 




































































































































































































































































































































































































