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Abstract 

Obesity is a syndrome, widespread throughout the world and related to numerous 

health problems and exercise intolerance. The first purpose of the thesis was to 

compare obese (OB) and lean sedentary subjects (CTRL) in order to understand 

where the main limiting factors (either central/cardiovascular or 

peripheral/muscular) operating during maximal exercise tests. 15 OB and 13 

CTRL participated in this study. V’O2, HR and Cardiac Output (CO) were 

measured during a whole-body exercise (cycle-ergometer, CE) and a single leg 

knee extension exercise (KE), both incremental tests. Maximal voluntary 

contraction (MVCs) of knee extensor muscle were performed before and 

immediately after the two tests. V'O2peak, HRpeak and COpeak were 

significantly higher in CE than KE, both in OB and CTRL subjects, no differences 

have been found between groups. Maximal work rate was lower in OB than CTRL 

in CE, while it was similar in the two subgroups in KE. Immediately after the end 

of the incremental exercises, the reduction of MVC was significantly lower in CE 

than KE in OB; in CTRL on the contrary, MVC decreased similarly in CE and KE 

tests. In conclusion this finding suggests that in obese but not in control subjects, 

central circulation is probably the most important limiting factor during cycling, 

since only in obese the periphery (thigh muscles) were relatively preserved from 

fatigue after CE.  

Such results make think that physical training in obese should be focused on 

cardiovascular factors rather than on periphery. High intensity interval training 

(HIIT) is supposed to be more effective in improving cardiovascular function than 

moderate intensity continuous training (MICT). Therefore, the effects induced by 

a 3-month training program with either MICT or HIIT were investigated in obese 

adults. After the training interventions the patients were followed for further four 

months. Thirty-two obese patients participated in this study, at baseline (PRE), at 

the end of the program (POST) and after follow-up, body composition, V’O2peak 

and fat oxidation rate were assessed. Vastus lateralis biopsies for the evaluation 

of mitochondrial respiration and blood analyses were performed only at PRE and 

POST and limited to a subgroup of MICT and HIIT. At POST, body and fat mass 

decreased equally in MICT and HIIT groups; V´O2peak increased in both groups 

but more in HIIT and maximal fat oxidation rate increased only after HIIT. Maximal 

ADP-stimulated mitochondrial respiration normalized by citrate synthase 
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increased in MICT and HIIT at the same extent and a reduction in total cholesterol 

and LDL-cholesterol was observed in both groups without differences as well. 

After follow-up body and fat mass were still lower compared with baseline in both 

groups and only after HIIT V´O2peak and maximal fat oxidation rate were still 

higher. In conclusion HIIT was more effective than MICT in improving V´O2peak 

and fat oxidation rate, presumably by factors “upstream” of mitochondrial 

function. Furthermore, only the effects of HIIT persisted even after the end of the 

intervention.  

Finally, it has been included an appendix which tried to develop a more effective 

HIIT protocol. Training near V’O2max is supposed to be the more effective way 

to enhance V’O2max. HIIT is a well-known and time-efficient training method, 

while short HIIT bouts improve time to exhaustion (Tlim), long intervals elicit 

V’O2peak quickly. The aim of this study was to evaluate time spent above 90% 

V’O2peak (T>90%V’O2peak) in three different HIIT protocols. Twelve cyclists 

performed three HIIT sessions (matched work and recovery power and ratio 

work/recovery), consisting in long intervals HIIT (LIHIIT) (3 min work – 2 min 

recovery), short intervals HIIT (SIHIIT) (30 s work – 20 s recovery) and a protocol 

that combine long and short intervals (HIDIT, work from 3 min to 30 s and 

recovery from 2 min to 20 s). Tlim, T>90%V’O2peak, blood lactate [La] at 3rd min 

and at Tlim were measured. Tlim was similar in SIHIIT, HIDIT and LIHIIT. 

T>90%V’O2 peak was significantly greater in HIDIT compared with the other 

protocols, and at exhaustion, no differences in [La] were found between 

protocols. In conclusion HIDIT showed the highest T>90%V’O2peak, suggesting 

that it elicits more the V’O2 despite a similar [La] at Tlim. In future, would be 

interesting to repeat the measurement with healthy obese.  
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1.1 – Obesity 

1.1.1 - What it is and how to measure it.  

Obesity is an excess of body fat leading to health issues. People can be defined 

obese relying on their Body Mass Index (BMI), calculated as weight in kilograms 

divided by the square person’s height in meters (Canoy and Buchan 2007). BMI 

equal or superior than 30 kg·m-2 is considered indicative of an obesity status. 

Obesity is further divided in Class I with BMI comprised between 30 and 35, Class 

II between 35 and 40 and class III when greater than 40 kg·m-2. Also, BMI 

between 25 and 29.9 is indicative of pre-obesity/overweight, whilst between 18.5 

and 24.9 is considered normal (Williams et al. 2015). Due to its simplicity BMI is 

widely used among clinician and researchers and even the World Health 

Organization (WHO) bases its observation by relying on BMI (WHO 2017). On 

the other hand, its simplicity is exactly why it is often criticized, for instance it 

doesn’t take in account sex and races differences and requires further analysis 

to be standardized (Canoy and Buchan 2007). Another import issue is that BMI 

is not reliable in non-adults people and it need to be standardized also for age in 

case of children or adolescents (Cacciari et al. 2006). Finally, the muscle mass 

of individuals is not considered using the BMI and an athlete with a great muscle 

mass might be considered overweight applying just the BMI categorization 

despite his fat mass is low.  

 

Fig 1.1.1 - Obesity classification based on different methods. (López-Jiménez and Cortés-
Bergoderi 2011). 
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For all these reasons other methods are commonly used besides BMI such as 

waist circumference, waist to hip ratio, bioelectrical impedance, and skinfold 

thickness; nevertheless also these measurements have some limitation (Williams 

et al. 2015). Waist circumference and waist to hip ratio are interesting because 

of their simplicity in quantify central obesity, which are strongly related to 

cardiovascular diseases, more than general obesity (López-Jiménez and Cortés-

Bergoderi 2011; Ortega B et al. 2016). Finally, dual energy X-ray absorptiometry, 

magnetic resonance imaging, and computerized tomography are very accurate 

but with limited use on diagnostic obesity due their complexity and 

expensiveness.  

1.1.2 - Causes  

Basically, the weight gain is caused by energy imbalance in which energy intake 

is bigger than energy expenditure (Wyatt et al. 2006; Canoy and Buchan 2007; 

Ng et al. 2014; Williams et al. 2015; Upadhyay et al. 2018). Sadly, physiological 

systems are more efficient in storing energy rather than limiting intake or 

increasing expenditure (Mitchell et al. 2011). In other words, the human body is 

designed to lean toward the side of storing fat rather than protecting against 

weight gain and this is why many people tend to progressively gain weight and 

became overweight or even obese.  

Although the possible causes of this of energy intake imbalance may be several 

and of different nature (physiological and genetical or even behavioural and 

social) (Williams et al. 2015), it is the hypothalamus that regulates the 

homeostasis of energy intake and expenditure trough appetite control, integrating 

hormonal signals from periphery and transmitting them to the central nervous 

system (Upadhyay et al. 2018). One of the master regulators of the energy 

homeostasis is Leptin, an hormone made by adipose cells and some enterocytes 

which communicates with hypothalamus’s neurons (Van Der Klaauw and Farooqi 

2015). Worth of mention beside the leptin are ghrelin which is considered its 

complementary and insulin and glucagon, both involved also in regulating blood 

sugar and fat metabolism (Lucan and Dinicolantonio 2015). Fasting or losing 

weight drops leptin levels enhancing hunger, inhibiting energy expenditure and 

regulating neuroendocrine functioning to maintain homeostasis (Van Der Klaauw 

and Farooqi 2015). The amount of leptin seems to be related to fat mass quantity 

https://en.wikipedia.org/wiki/Hormone
https://en.wikipedia.org/wiki/Adipose_cells
https://en.wikipedia.org/wiki/Enterocyte
https://en.wikipedia.org/wiki/Hunger_(motivational_state)
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(Van Der Klaauw and Farooqi 2015),. in fact, most obese individuals develop 

leptin disorders, typically presenting elevated circulating leptin levels and 

decreased leptin sensitivity, thus enhancing appetite (Pan et al. 2014). However, 

if in most cases it is obesity that causes leptin disorders, vice versa in 1%–5% of 

patients it has been found that it is some genetic mutations that reduce production 

or biological activity of leptin, thus helping to develop severe obesity (Van Der 

Klaauw and Farooqi 2015). However, bad behavioural habit such as excessive 

caloric uptake or not sufficient physical activity (energy expenditure) are by far 

the most common causes of weight gain (Van Der Klaauw and Farooqi 2015). 

Many contextual elements have an impact on weight-related behaviours and 

weight status; among the most important and well documented there are social 

economic status, geography, food preferences, physical and social environment, 

gender, age, cultural identity, and family composition (Williams et al. 2015). In 

particular, social economics advantages and level of education have been 

inversely related with obesity. Furthermore, family, friends and social context may 

contribute to the bad-eating habits, for instance having parents with bad nutrition 

habits increase the probability to develop obesity (Williams et al. 2015).  

 

1.1.3 - Epidemiology 

According to the World health Organization (WHO) in 2016, 39% of women and 

39% of men in the world aged 18 and over were overweight (WHO 2016). With 

regards to Italy, the average BMI in 2014 was 26.0 kg·m-2, the percentual of 

overweight and obese people (BMI >25) were 64% and obese alone (BMI>30) 

was 23.7%. Men with BMI>25 were 68.7% and women 59.5%, whereas obese 

men and women were 22.5% and 24.8% respectively (WHO 2014). One of the 

most important studies about obesity prevalence (Ng et al. 2014), using the age-

standardized BMI in men and women >20 years, found instead a prevalence of 

obesity of 18.6% in men and 17.7% in women in Italy and 20.5 and 21.0% in men 

and women, respectively, in western Europe (see Fig.1.1.3 A and B). 
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Fig.1.1.3 A – Age-standardized prevalence of obesity (BMI ≥30 kg/m²), ages ≥20 years, men, 
2013 (Ng et al. 2014). 

 

Fig.1.1.3 B – Age-standardized prevalence of obesity (BMI ≥30 kg/m²), ages ≥20 years, women, 
2013 (Ng et al. 2014). 

According to the previous authors (Ng et al. 2014), the prevalence of obesity and 

overweight has risen in the past 30 years, with distinct regional trends; in 

developed countries, the obesity increasing trend attenuated in the last years, but 

has continued to rise in developing countries (see Fig.1.1.3 C). In light of these 

data, obesity should be considered a major public health issue which leads to 

important health risks in many countries all over in the word and face this epidemy 

should be a priority for governs. Research on this topic might help to outreach the 

institutions word wide to intervene against the major determinants of obesity such 

as excessive caloric intake and physical inactivity. 
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Fig.1.1.3 C – Age-standardised prevalence of overweight and obesity and obesity alone, ages 
≥20 years, by sex, 1980−2013 (Ng et al. 2014). 

1.1.4 - Health consequences  

Obesity is a mayor risk factor for many pathologies such as premature mortality, 

hypertension, dyslipidaemia, insulin resistance, type 2 diabetes, cardiovascular 

disease, stroke, certain cancers, liver and gall bladder disease, kidney disease, 

sleep apnea syndrome and sedentary behaviours (contributing to a spiral of 

obesity) (Wyatt et al. 2006; Canoy and Buchan 2007; Williams et al. 2015; 

Çakmur 2017) (Fig. 1.1.4). In addition, obesity could lead to psychological and 

sociological consequences such as depression, emotional and behavioural 

disorders and low confidence. Overweight and obese children and adults are 

more likely subjects to stigma, teasing, and bullying which can have impact on 

emotional and physical health and performance (Hunger and Major 2015; Bass 

et al. 2017). The complexity of the causes and potential consequences of obesity 
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makes us understand that a successful intervention should be based on several 

aspects.  

 

Fig. 1.1.4 - Pathways through which obesity leads to comorbidities(Upadhyay et al. 2018). GERD, 
Gastroesophageal re- flux disease; HTN, Hypertension; NAFLD, Nonalcoholic fatty liver disease; 
NASH, Non-alcoholic steatohepatitis). 

 

1.1.5 – Metabolic limitation associated to obesity  

In fasted state, the big part of lipids used for energy purpose come from adipose 

tissue. Fatty acids are first release from triglycerides, stored in adipose tissue, 

then exported into systemic circulation and finally delivered to skeletal muscle 

and other tissues for oxidation (Horowitz 2001). Therefore, the liberation of fatty 

acids from adipose tissue is limited by the rate of triglyceride lipolysis and adipose 

tissue blood flow (Horowitz 2001).  

Epinephrine, norepinephrine and insulin regulate the lipolytic activity through a 

cascade of cellular signals, resulting in phosphorylation of the enzyme hormone-

sensitive lipase (HSL). Catecholamines promote this process by binding to Beta-

adrenergic receptors (Beta 1, Beta 2, and Beta 3), whereas on the contrary 

catecholamine stimulation of Alfa 2-adrenergic receptors and insulin inhibit HSL 

activity (Horowitz 2001). The interesting thing is that the lipolysis rate can vary in 

relation to regional differences in adrenergic and insulin receptor density and 
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function. Usually, the lipolytic sensitivity to catecholamines is high in intra-

abdominal adipose tissue and the antilipolytic effect of insulin is greater in 

adipocytes of subcutaneous fat. Fatty acids from intra-abdominal adipose are 

taken up by the liver, and released in the portal circulation, and are thought to be 

responsible for cardiovascular and metabolic disorders such as diabetes and 

dyslipidaemia (Horowitz 2001). On the other side, fatty acids from sub-cutaneous 

adipose tissue have a more direct effect on skeletal muscle metabolism.  

At rest, fatty acid circulation is by far greater and, in postprandial state despite a 

greater insulin response, normal suppression of lipolysis from adipose tissue is 

attenuated in persons with abdominal obesity than in lean subjects (Martin and 

Jensen 1991). On the contrary abdominal obese people have an attenuated 

increment of lipolysis during exercise (Horowitz 2001); beta-Adrenergic 

stimulation increase lipolytic rate during exercise (Arner et al. 1990) and lipolytic 

sensitivity to beta-agonists is compromised in people with abdominal obesity as 

a consequence of their lower density of beta 2-adrenergic receptors in 

subcutaneous adipose tissue (Reynisdottir et al. 1994). Even though it might look 

like counterintuitive, the lower lipolytic sensitivity to catecholamines in people with 

abdominal obesity is somehow “beneficial” for metabolism, helping to maintain a 

match between fatty acid availability and oxidation. The other side of the coin 

however, is that during exercise the lower fatty acid availability may impair the 

ability to tolerate the effort, thus alimenting the sedentary behaviour (Horowitz 

2001). To counteract the low availability of fatty acid during exercise, individual 

with abdominal obesity tends to accumulate a big amount of intramuscular 

triglycerides which may facilitate fatty acids uptake to the muscle (Simoneau et 

al. 1999); but an excessive storage of intramuscular triglyceride is directly related 

to insulin resistance which can bring to metabolic syndrome or even type two 

diabetes (Goodpaster et al. 1997).  

In addition, abdominal-obese people have been found to have low levels of 

carnitine palmitoyl transferase-I (CPT-I) activity as well as reduced activities of 

some other key mitochondrial oxidative enzymes in skeletal muscle (Simoneau 

et al. 1999). This may suggest that obese people with abdominal obesity have a 

reduced capacity to use fat as a fuel, which may further explain the accumulation 

of intramuscular triglycerides thus contributing to their insulin resistance 

(Goodpaster et al. 1997).  
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To sum up, we have seen that all the deleterious consequences of obesity, and 

in particular abdominal obesity, are the results of a series of physiological 

compensations that on one side allow the organism to adjust the metabolism but 

on the other side create another decompensation alimenting a vicious circles. 

1.1.6 - Interventions 

Preventing obesity allows us to avoid all these potential deleterious 

consequences and it is the first option of course. Therefore, it is important to 

outreach families and society to educate children to a proper lifestyle (Rankin et 

al. 2016). Medical or surgical treatments are in general considered only in case 

of severe obesity or particular pathological conditions; on the other hand 

conservative intervention, taking into account behavioural and if it is possible 

social aspects, is always recommended either alone or beside the 

medical/surgical treatment (Williams et al. 2015). According to the American 

College of Sport Medicine (ACSM)’s position stand (Donnelly et al. 2009), 

moderate-intensity physical activity between 150 and 250 min·wk-1 is effective to 

prevent weight gain, but it provides only modest weight loss. Greater amounts of 

physical activity (>250 min·wk-1) have been associated with significant weight 

loss without diet restriction. Intervening adding to physical activity also moderate 

but not severe diet restriction, only 150 to 250 min·wk-1 of moderate intensity 

training are enough to promote weight loss. Adding resistance training to 

moderate intensity endurance training can helps to further loss fat mass and 

enhance fat free mass (Donnelly et al. 2009). Physical activity and diet control 

are always recommended together (Donnelly et al. 2009), but it seems that 

inducing energy depletion by diet increases appetite more than the same amount 

of energy deficit provoked exclusively by exercise (Thivel et al. 2018). 

Taking everything into consideration, it is clear that physical activity is a pillar in 

weight management programs, for this reason it is vital to know the exercise 

tolerance of obese people in order to correctly prescribe the training programs. 

1.2 – Exercise tolerance in obese people 

Even though obesity has been traditionally associated with impaired 

cardiorespiratory fitness (low V′O2 max), several studies (Deforche et al. 2003; 

Lazzer et al. 2013; Bernhardt and Babb 2016) demonstrated that healthy obese 

adults did not show cardiorespiratory deconditioning. Therefore in obesity the 
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problem is not the absolute cardiorespiratory capacity, which is likely similar to 

normal-weight people, but the cardiorespiratory capacity in relation to the body 

weight and lean mass (Deforche et al. 2003; Lazzer et al. 2013; Bernhardt and 

Babb 2016). Similar conclusion has been reached in obese adolescents as well 

(Hansen et al. 2014), V’O2peak seems to be reduced if expressed normalized by 

lean mass, but cardiopulmonary anomalies during maximal exercise testing 

needs further study to be confirmed. A further limiting factor in the capacity to 

exercise in obese, is represented by dyspnoea. Indeed, many obese subjects 

reported increased perception of breathlessness as a main cause of discomfort 

during CPET (cardio-pulmonary exercise test) and steady-state exercise 

measurements (Bernhardt and Babb 2016). This is likewise due to increased 

chest stiffness that excessively strain respiratory muscle (Dempsey et al. 2006; 

Salvadego et al. 2017; Alemayehu et al. 2018; Phillips and Stickland 2019).  

Beside the cardiopulmonary capacity, the ability to generate force is another 

important factor that contribute to exercise tolerance and quality of life. Maximal 

absolute force is not impaired in obese, on the contrary sometime it is improved 

compared with lean sedentary subjects  (Lazzer et al. 2013; Maffiuletti et al. 

2013). Nevertheless, it has been hypothesized that excessive fat accumulation 

between and within muscle fibres in obese induces alterations within skeletal 

muscle, decreasing relative strength, relative power, and premature volitional 

fatigue (Bollinger 2017). It has also been hypothesized, that the above mentioned 

muscle contractile dysfunction contributes to alter movement patterns by 

increasing synergist muscles effort and altering the recruitment patterns 

(Bollinger 2017). This hypothetical biomechanical alteration, if confirmed, might 

impair CPET and steady state exercise further explaining obese exercise 

intolerance.  

1.3 – Moderate Intensity Continuous Training vs. High Intensity 

Interval Training  

Usually moderate intensity continuous training (MICT) is referred as an exercise 

with a constant intensity which does not overcome the gas exchange threshold 

(Jones et al. 2010). The exercise intensity below this threshold in fact is defined 

as “moderate” and describe the intensity in which the slow component of the V’O2 

is not present yet (Jones et al. 2010). In the moderate intensity domain, exercise 

is relatively easy and could be kept theoretically forever. Above the gas exchange 
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threshold but below critical power, exercise is considered heavy, this domain is 

characterized by a V’O2 slow component that represents a progressive loss of 

skeletal muscle contractile efficiency and it is associated to the fatigue process 

(Jones et al. 2011). Between the two thresholds, the exercise could be kept very 

long by a healthy subject despite the accumulated fatigue. Above critical power, 

a constant intensity exercise will rapidly bring to exhaustion and the duration with 

which high intensity exercise can be performed before exhaustion is inversely 

proportional to power/velocity (Poole et al. 1988). However, in pathological 

condition as in obesity, even below the gas exchange threshold, V’O2 slow 

components and fatigue could occur, thus leading to premature exhaustion 

(Alemayehu et al. 2018). Since training above critical power or even above 

V’O2max intensities, does not permit to last the exercise for a long period (Billat 

et al. 1994), the recovery after first bout of exercise and further repetitions allow 

you to prolong the time spent at high intensity in a single training session. This 

method has been called High Intensity Interval Training (HIIT) and became 

popular after 1950s with the Olympic champion Emil Zatopek. It have been used 

for instance by the middle- and long-distance runners to train at intensities close 

to their own specific competition velocity (Billat 2001a). Whereas programming 

MICT is relatively easy, HIIT is more complicated due to his many factors to 

handle (Billat 2001a; Buchheit and Laursen 2013a). Many variables have to be 

taken in consideration to prescribe an HIIT session (Fig. 1.3.1), at least nine 

(Buchheit and Laursen 2013a). The intensity and duration of work and relief 

intervals are the key influencing factors. Furthermore, the number of intervals, the 

number of series, the between-series recovery durations and intensities 

contributing to determine the total work performed and the effort (Buchheit and 

Laursen 2013a). Last but not least, exercise modality (i.e. running vs. cycling) 

has so far received limited scientific interest but can deeply influence the 

physiological response of the training. Every manipulation of a single variable has 

a direct impact on metabolic, cardiopulmonary and/or neuromuscular responses 

and the variables have interrelated affects, so when more than one variable is 

manipulated contemporary, responses are more difficult to predict. An objective 

and relatively easy method to compare different HIIT protocols response, is 

represented by the time at which the athlete/subject can stay at/or close to 

VO2max; HIIT compared with continuous exercises seems to be more affective 
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in prolong it, even until 14 minutes (Billat et al. 2001). The effect on the time at 

VO2max by several HIIT modalities are listed in the review of (Buchheit and 

Laursen 2013a). 

 

Figure 1.3.1 - Schematic illustration of the nine variables defining a HIIT session (Buchheit and 
Laursen 2013a). 

Generally, HIIT sessions are divided in two families, short interval HIIT (bouts 

duration < 1 min) and long interval HIIT (bouts duration > 1 min). Short intervals 

are used for very high intensity, even above the VO2max velocity/power, whereas 

longer intervals are more often used for lower intensity (Buchheit and Laursen 

2013a). Anyway, HIIT is considered as such if the intensity is kept above the 

critical power (Morton and Billat 2004). Furthermore, there is also another 

particular but common HIIT variant which is represented by the spring interval 

training (SIT), a series of repeated all out efforts (Dupont et al. 2010). It is clear 

so, that acute physiological response/strain following HIIT is strictly dependent 

on HIIT set up. Short intervals interval training induce mainly metabolic strains, 

by eliciting large requirements from the O2 transport and utilization systems, i.e. 

cardiopulmonary system and oxidative muscle fibres; it could also be present a 

certain degree of neuromuscular load depending on how the training is 

manipulated. It is also possible a large anaerobic glycolytic energy contribution 

maybe either prolonging a bit the intervals/series or reducing the recovery. Long 

intervals training is usually considered eliciting metabolic strain as well but also a 
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pronounced anaerobic glycolytic strain and, in some cases, a certain degree of 

neuromuscular load. SIT instead, along with the metabolic strain described for 

short and long intervals, emphasize the anaerobic glycolytic and neuromuscular 

strain (Billat 2001a, b; Buchheit and Laursen 2013a, b; Tschakert and Hofmann 

2013).  

Both exercise protocols, MICT and HIIT have been demonstrated as useful to 

reduce body weight in obese (De Feo 2013). However, weight loss is not the only 

parameter to consider in prescribing exercise in obese; seems indeed that obese 

but fit people are not negatively affected by their abnormal adiposity (Brown and 

Kuk 2015). This concept is known as “fat but fit paradox” or “obesity paradox” 

(Brown and Kuk 2015). High-intensity training appears to be superior in improving 

aerobic fitness, but on the other hand, has potentially some disadvantages. First 

of all, like above discussed it is more complex to prescribe, then in some case 

the adherence is lower compared with MICT (De Feo 2013), even though other 

authors claim the opposite (Stork et al. 2018).  

 

 

Figure 1.3.2 – Summary of HIIT acute response (Buchheit and Laursen 2013a) 
HIT high-intensity interval training; [La] blood lactate accumulation, surrogate of anaerobic 
glycolytic energy release; RST repeated-sprint training; SIT spring interval training. 
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1.4 – Programming HIIT through critical power model 

The critical power is the threshold that separates power outputs that can be 

sustained with stable physiological values (i.e. muscle phosphocreatine, blood 

lactate, and pulmonary oxygen uptake), from power outputs where these 

variables progressively increase with time until their maximum are reached and 

exhaustion occurs (Poole et al. 1988). The amount of work that can be done 

during the exercise above CP (the so-called W’) is constant and determine the 

time to exhaustion, the higher is power output the lower will be time to exhaustion 

and the time to exhaustion will increase by decreasing the power output following 

a curvilinear relationship (Poole et al. 1988).  

This relationship is typically estimated through three to five separate high-

intensity exercise tests on different days, during which a subject sustains a fixed 

power output trial for as long as possible. When the power outputs of the test 

done are subsequently plotted against the respective time to exhaustion (Tlim), 

a curvilinear relationship which tend to an asymptote on the abscissa can be 

appreciated (Fig.1.4.1a). This asymptote is called “Critical power (CP)”, which is 

measured in watts (W), while the curvature of the power–time relationship 

represents the work capacity available above CP and it is called W’ (measured in 

kilojoules [kJ]). Luckily, CP and W’ can be expressed in a more friendly way 

plotting work done in each of the separate bouts against the respective Tlim 

resulting in a linear relationship y = mx c, where the slope m is CP and the 

intercept c is W’ (Fig. 1.4.1b). Once built the linear relationship work-time it is 

possible to forecast any Tlim relative to any given power output, or vice versa it 

is possible to calculate the power output needed to bring to exhaustion to any 

given Tlim. 

In the last few years the critical power concept has been applied even in not-

constant exercises and so to HIIT. It was proposed first by Morton and Billat 

(Morton and Billat 2004), and then further developed by the research group of 

Jones (Chidnok et al. 2012; Skiba et al. 2012, 2014; Clarke and Skiba 2013; 

Jones and Vanhatalo 2017). Making a long story short, Morton and Billat 

proposed the new Critical power model for intermittent exercises basing their 

theory on the simple but brilliant intuition that while above the critical power W’ is 

consumed with a pace given by the differences between the CP and actual power 

output (as explained by the classic two-parameters Cp model), on the contrary 
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W’ is recovered by following the same principle during the part of exercise 

performed below Cp. 

 

 

Figure 1.4.1 – a Hyperbolic relationship between power output (x-axis) and time (y-axis), where 
the critical power is indicated by the power- asymptote and the W’ is the curvature constant; b 
linearized two- parameter critical power model where total work done is plotted against time. In 
this permutation, the critical power is given by the slope of the regression and the W’ is the y-
intercept. CP critical power, P power, T time, W’ curvature constant of power–time relationship. 
From (Jones and Vanhatalo 2017) 

 

This concept was subsequently adapted by traying to take in a better account of 

the physiological variables underlying W’. Indeed, exercise above CP is 

associated with reductions in muscle phosphocreatine concentration [PCr] and 

pH (Meyer 1988; Chidnok et al. 2013; Jones and Vanhatalo 2017) and 

subsequently a reduction of the capacity to keep the exercise above CP (W’) 

(Ferguson et al. 2010; Skiba et al. 2012, 2014, 2015). The rate with which W’ is 

consumed is linear, but its recovery rate on the contrary is exponential. In fact, 

[PCr] increase curvilinearly following an exponential trends (Meyer 1988; Chidnok 

et al. 2013; Jones and Vanhatalo 2017) and W’ has a similar recovering 

behaviour (Ferguson et al. 2010; Skiba et al. 2012, 2014, 2015; Jones and 

Vanhatalo 2017). In other words, the rate with which W’ is recovered is based on 
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the degree with which it was consumed, the more it is consumed the faster it will 

be recovered and approaching the complete recovery, the recovery rate will slow 

down exponentially. Therefore, these researchers proposed an equation that 

calculates and predicts the remaining W’ balance (W’bal) at any time during 

exercise: 

𝑊’𝑏𝑎𝑙 = 𝑊’ − ∫ 𝑊′
𝑒𝑥𝑝 ∗ 𝑒

−
𝑡−𝑢

𝜏𝑤
′

𝑡

0

∗ 𝑑𝑢 [1] 

Where t is the time in second from the start of the high intensity exercise; W’exp is 

the W’ expenditure until that time; t-u is equal to the time(s) between segments 

of the exercise session that resulted in a depletion of W’; 𝜏W’ is the time constant 

for W’ reconstitution, calculated as: 

𝜏𝑤′ = 546 ∗ 𝑒(−0.01𝐷𝐶𝑃) + 316  [2] 

(Skiba et al. 2012) 

DCP is the difference between CP and actual power below CP in watts. 

Knowing W’bal can be useful to predict the fatigue status of the subject 

undergoing the exercise. For example, if W’bal is close to zero, the subject will 

be close to exhaustion. 

1.5 - Physiological adaptation to MICT and HIIT  

There are several possible long terms adaptations induced by exercise, however 

they can be dived in two main categories: muscular and cardiovascular 

adaptations. 

1.5.1 – Peripheral (Muscular) adaptations 

There can be several kinds of Muscular adaptations as well but only the main 

ones will be considered in this thesis, such as mitochondrial and capillary density 

adaptations. Neuronal aspects will be neglected, even because apart from SIT, 

usually MICT and HIIT are not aimed to that (Fig. 1.3.2).  

Mitochondria 

Increased mitochondrial content promotes a greater reliance on fat oxidation and 

a proportional decrease in carbohydrate oxidation (Egan and Zierath 2013). Less 

glycogen degradation and lactate production at a given intensity, as result 

increases lactate threshold allowing individuals to exercise for longer durations 

and higher intensity (Joyner and Coyle 2008).  
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A single session of MICT or HIIT elicits mitochondrial biogenesis activating 

signalling pathways such as the phosphorylation of AMPK and p38 MAPK and 

the expression of PGC-1α mRNA (Gibala et al. 2009). Activation of these 

pathways, repeated regularly, leads to increase in mitochondrial content relatively 

rapidly (Coffey and Hawley 2007). Since cellular stress occurs in proportion to 

exercise intensity, there is strong evidence that higher intensities of exercise elicit 

greater metabolic signal related to mitochondria adaptations than moderate 

intensities (Egan and Zierath 2013). High intensity ATP turnover and the following 

greater carbohydrate oxidation are greater with high intensities, consequently to 

the accumulation of intracellular lactate, creatine, AMP, ADP and intracellular 

Ca2+ concentration increase proportional to exercise intensity. AMPK activity and 

CaMKII increase as well and are associated with greater expression of mRNA for 

PGC-1α, a major regulator of mitochondrial biogenesis (Egan et al. 2010). Thus, 

high- compared to low-intensity exercise matched for total work is more effective 

in improving mitochondrial biogenesis (MacInnis and Gibala 2016). Turning on 

chronic adaptations, few days and few training sessions are enough to appreciate 

improvements in mitochondrial density in healthy people or athletes and it has 

been suggested that training volume is an another key factor to increase 

mitochondrial content in humans (MacInnis and Gibala 2016). Therefore, HIIT is 

at least as effective as MICT in improving mitochondrial density despite less time 

requirement; but in addition seems to be more effective in eliciting mitochondrial 

function improvements (mitochondrial respiration) (Bishop et al. 2014). Actually 

some studies found that HIIT is more affective in improving mitochondrial density 

(content) as well (Daussin et al. 2008; MacInnis et al. 2016), but there is not 

general agreement on the issue (MacInnis and Gibala 2016). Further, some 

studies reported changes in mitochondrial respiratory function without 

concomitant changes in mitochondrial content and on the contrary other studies 

reported changes in mitochondrial content without consequent respiratory 

function improvement (Bishop et al. 2019). In any case, mitochondrial adaptations 

are quickly reversed following a decrement or cessation of physical activity 

(Bishop et al. 2014).  

In obese skeletal muscle, it was reported a reduction of mitochondrial function 

and mass; the mitochondria are smaller and shorter and mitochondrial fission is 

increased (de Mello et al. 2018). Altered mitochondrial fission is associated with 
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insulin resistance and mitochondrial dysfunction, which in turn leads to reduced 

fatty acid oxidation and the inhibition of glucose transport. The only study found 

in literature, to our knowledge, comparing the effect of two modalities of HIIT and 

MICT on mitochondrial adaptations in obese, is the study of Bӕkkerud at al. 

(BÆkkerud et al. 2016). The authors found improvements in mitochondrial 

density following HIIT composed by 4x4 min intervals close to V’O2max, HIIT with 

10x1 min intervals at the V’O2max intensity and MICT at 70% of HR max, without 

differences between training interventions. The subjects however were just 

overweight or class I obese. Another study (Tan et al. 2018) sought mitochondrial 

density adaptations following HIIT in obese but without comparison with MICT; 

the authors measured an ~27% improvement on mitochondrial density. On the 

contrary, the study of Menshikova et al 2004 shows that physical activity improves 

mitochondrial function in obese but it does not elicit mitochondrial proliferation 

(Menshikova 2004). Although there is plenty of literature comparing training 

adaptations following HIIT and MICT in healthy subjects, there is a lack of 

evidence on obese that request more research on the topic. 

Capillary density 

Muscle capillarization plays a central role in delivery oxygen and nutrients to the 

exercising muscle. Improved muscle capillarization facilitate oxygen diffusion in 

the peripheral muscles. Skeletal muscle capillarization requires more time than 

mitochondria to be manifested in response to exercise training, from weeks to 

months (Hoppeler et al. 1985), and changes in capillary density appear to be 

bigger with low intensity exercises (Gliemann 2016). Indeed, the acute response 

to exercise in angiogenic factors (among others VEGF), was higher following 

MICT than SIT (Hoier et al. 2013); and after 4 weeks of MICT, capillary density 

increased but remained unchanged after 4 weeks of SIT (Hoier et al. 2013). In 

another study (Daussin et al. 2008), following 8 weeks of HIIT and continuous 

training (CT), the capillary density enhancement was two-fold higher after CT. 

Other two studies comparing SIT and MICT found similar capillary adaptations 

following the two modalities (Cocks et al. 2013; Scribbans et al. 2014). Given the 

low abundance of literature it is hard to get a firmly conclusion, also because most 

of the study compare SIT and not HIIT with MICT. However, MICT seems to be 

superior or at least not inferior to HIIT in improving capillary density in healthy 

subjects.  
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But what about obese?  

Several studies listed on the review of Pattanakuhar et al (Pattanakuhar et al. 

2016) demonstrated that in obesity the concentration of oxidative-type skeletal 

muscle fibres are more expressed and the glycolytic-type muscle fibres are less 

expressed than in lean subjects. It is well known that the oxidative fibres are more 

densely capillaried but the study that directly or indirectly measured the 

capillarization in obese, are just few. Anyway, according to the study of Gavin et 

al., obese’s muscles have lower capillary density and lower capillary-to-fibre area 

ratio in both type I and II fibres (Gavin 2004). HIIT can be useful to improve 

capillarity as seen by Tan et al. (Tan et al. 2018) following 18 sessions in 6 weeks, 

inducing an improvement in capillary contact per fibre and also increasing 

capillary-to-fibre ratio in both oxidative fibres and glycolytic fibres. Another study 

(Cocks et al. 2016) concludes that SIT is equally effective at improving skeletal 

muscle capillarization in obese, despite it requires less time than traditional MICT. 

A direct comparison between HIIT and MICT on capillary adaptions on obese is 

missing but since the study of Tan et al. and Cocks et al. have seen similar 

adaptation than other studies on lean subjects (Daussin et al. 2008; Cocks et al. 

2013; Hoier et al. 2013; Scribbans et al. 2014), we can expect that MICT might 

superior or at least not inferior to HIIT in improving capillary density also in obese 

subjects. 

1.5.2 – Central (Cardiovascular) Adaptations 

Actually, muscle mitochondrial capacity to utilise oxygen exceeds maximal 

capacity of the cardiovascular system in delivering oxygen to the muscle in 

healthy people (Boushel et al. 2011). Indeed, the capacity to deliver oxygen by 

the cardiovascular system to the peripheral muscles, is considered the V’O2 

mayor limiting factor in normoxia environment (di Prampero 2003; Ferretti 2014). 

In humans improvements in V’O2max typically manifest in few weeks after 

initiating training (Andersen and Henriksson 1977) and its variation is 

predominately attributable to variation in stroke volume and cardiac output rather 

than in arteriovenous O2 difference (Bassett and Howley 2000). The increase in 

maximum stroke volume observed in response to endurance training is also 

related to haematological adaptations (Montero et al. 2015). Blood volumes 

increments are faster than maximal stroke volume improvement and contributes 
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to increase stroke volume and decreased heart rate during submaximal exercise 

(Goodman et al. 2005).  

In a high-cited study (Helgerud et al. 2007), HIIT was more effective than 

performing the same total work with MICT in improving V’O2max. The changes in 

V’O2max were strictly related to changes in stroke volume. As confirmation of 

these findings, the reviews of Bacon et al (Bacon et al. 2013) and Milanovic et al. 

(Milanović et al. 2015), reported a greater response to HIIT relative to MICT with 

or without matched work on V’O2max improvement. The importance of the 

exercise intensity in improving V’O2max is further evident when comparing low 

volume SIT (Gist et al. 2014)/HIIT (Weston et al. 2014) to MICT. SIT/HIIT 

performed for several weeks are more effective in improving V’O2max than MICT 

despite the lower volume and less time requirement. However, the effect of 

intervals duration on V’O2max is unclear. A couple of meta-analyses suggested 

that longer interval bouts, increased V’O2max more than shorter (Milanović et al. 

2015; Wen et al. 2019). In contrast, Helgerud et al. (Helgerud et al. 2007) didn’t 

find significative differences between high-intensity exercise performed as short 

(15 s) or long (3–4 min) intervals.  

If there are numerous evinces that HIIT is very effective in improving V’O2max, 

less studies are available on the effects of exercise intensity and HIIT on stroke 

volume, cardiac output or blood volume. Maximum stroke volume increased more 

(Helgerud et al. 2007; Daussin et al. 2008; BÆkkerud et al. 2016) or at the same 

extent (Warburton 2014) following HIIT compared to MICT. After 6 weeks of 

training the increment in V’O2max was related to haematological adaptations 

(Montero et al. 2015). However in the studies of Helgerud et al. and BÆkkerud 

et al. (Helgerud et al. 2007; BÆkkerud et al. 2016), changes in haematological 

parameters were not related to the differences in stroke volume between groups. 

These results demonstrate the predominant contribution of haematological 

adaptations to any increase in V’O2max induced by endurance training, but it is 

unclear if the adaptations are influenced by the training intensity or modalities. It 

is tempting to suggest that, high-intensity exercise has a greater effect on central 

adaptations than MICT (Daussin et al. 2008), especially on maximal stroke 

volume and cardiac output, however, it is still into question the importance of 

exercise intensity for haematological adaptations. 
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As in lean subjects, the effect of HIIT and MICT on Obese people’s V’O2max, as 

well as lean subjects, have been widely studies. A large randomized control trial 

of different intensities of continuous exercise demonstrated greater V’O2max 

increases in response to 24 weeks of exercise performed at 75% of V’O2max 

compared to exercise performed at 50% of V’O2max (Ross et al. 2015). HIIT was 

more effective in improving V’O2max relative to MICT in several studies (Fisher 

et al. 2015; Lanzi et al. 2015; BÆkkerud et al. 2016; Lazzer et al. 2017). Further 

confirm comes from the meta-analysis García-Hermoso et al. (García-Hermoso 

et al. 2016) which indagated on the effect of HIIT on cardio-metabolic risk factors 

and aerobic capacity in obese. The meta-analysis included 6 articles published 

before November 10, 2015, indagating on aerobic capacity adaptations following 

HIIT, compared with continuous training and concluded in favour to HIIT. In 

contrast to the above-mentioned studies, when HIIT was carried out in real world 

setting, and the exercise sessions undertaken in a community park (Lunt et al. 

2014) , it was only modestly effective in improving the cardiorespiratory fitness in 

a cohort of overweight/obese subjects. The authors hypothesized a reduced 

adherence to the exercise program compared with a more enjoyable walking 

activity (Lunt et al. 2014).  

1.6 – Aims of the thesis 

Obesity is associated with health issues and limited exercise tolerance. Luckily, 

it is enough to lose 2-3% of weight to have a significative general reduction in 

many risk factors  and the guidelines recommend 10% weight loss to have a 

general improvement in cardiovascular disease(Donnelly et al. 2009). However, 

recent evidence suggests that weight loss does not necessarily always improve 

health. In some case, obese but metabolically healthy or highly fit people, are not 

subjects to an increased risk for health problems (Brown and Kuk 2015). Indeed 

it seems that obese but fit people have a lower mortality ratio compared with lean 

but sedentary and unfit people; this paradox is known as “Obese paradox” or “Fit 

but Fat” paradox (Brown and Kuk 2015). It is clear so, that sedentary behaviour 

is dangerous as much as obesity or even more (Same et al. 2016). Obese people 

as a result of their increased body weight, undergo a limitation in doing exercise; 

this limitation increases sedentary behaviour that turn increases body weight and 

impairs physical fitness, that finally further increases health problems. To break 

this vicious circle, it is important to lose weight but also to improve physical 
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fitness. Knowing the major factors limiting exercise in obese may help to 

implement a better training program specifically suited for this kind of population. 

HIIT is a nice training tool, apparently more complete than MICT since it is useful 

to elicit both peripheral/muscular adaptations and central/cardiovascular 

adaptations (MacInnis and Gibala 2016). This make it as a good candidate for 

the training also in obese people. 

Therefore, the aim of the thesis is: 

1) bringing light on the limiting factors of aerobic performance in obese subjects, 

with particular focus on central vs peripheral factors; 

2) compare the effects of HIIT and MICT on functional characteristics such as 

V’O2peak (central) and fat oxidation (peripheral) and mitochondrial 

characteristics (peripheral) in obese; 

3) evaluate the maintenance of the observed changes following the two training 

modalities a few months after the termination of the interventions, in order to 

understand which training type has potentially longer-time benefits. 

It has further added an appendix to the thesis.  

Design an affective HIIT protocol in improving both maximal cardiovascular and 

peripheral functions is not easy due to numerous variables to manage. It is 

important that the training session is effective as well as time efficient, since “the 

lack of time” is one of the major causes of physical inactivity (Stork et al. 2018). 

It is believed that for an optimal training stimulus it is necessary to spend at least 

several minutes per session in the “red zone”, which generally means reaching 

at least 90% of maximal oxygen uptake (Midgley and Mc Naughton 2006; 

Buchheit and Laursen 2013a). Developing an efficient training session might help 

either improve effectiveness in prolonging that time or reduce the time required 

to achieve the set goals. 

With respect to the above-mentioned reasons it has been tried to develop a new 

HIIT protocol called High Intensity Decreasing Interval Training (HIDIT). The aims 

of the appendix of this thesis was to compare the time that the oxygen uptake 

remained above 90% of its maximum in a single session of HIDIT and two others 

common HIIT modalities.  
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2.1 – Introduction  

As already discussed above, obesity is associated with some cardiovascular 

diseases, such as coronary heart disease and abnormalities in heart rate 

properties (Poirier et al. 2006; López-Jiménez and Cortés-Bergoderi 2011; Alpert 

et al. 2016; Ortega B et al. 2016). At rest, obese subjects are reported to have 

greater blood and systolic volumes and cardiac output than lean controls subjects 

(Vella et al. 2012). These alterations, which are required to supply the increased 

metabolic demands at rest, might lead to deleterious consequences, including 

the development of left ventricle hypertrophy and of abnormalities in diastolic and 

systolic phases (López-Jiménez and Cortés-Bergoderi 2011; Ortega, Lavie, and 

Blair 2016; Alpert, Omran, and Bostick 2016; Poirier et al. 2006). In severe obese 

people (BMI≥35 kg/m2) this deleterious mechanisms are even more pronounced  

causing higher risk of cardiovascular disease and mortality (Ortega, Lavie, and 

Blair 2016). Blessedly, physical exercises and nutritional programs are able to 

reduce this risk and even reverse obesity (Donnelly et al. 2009). Physical 

exercises, in particular those aimed at improving the cardiorespiratory fitness 

level, are reported to be extremely effective (Ortega B et al. 2016). Although both 

sedentary obese and lean subjects have similar peak aerobic power (V’O2peak) 

(Lazzer et al. 2013; Vella et al. 2012), sedentary obese subjects show greater 

peak stroke volumes (SV) and cardiac output (CO) values than the lean 

individuals (Vella, Paul, and Bader 2012). By contrast, obese subjects do not  

reach the same maximal exercise work load of their lean counterparts (Lazzer et 

al. 2013).  

Furthermore, obese people are reported to have an increased lipids content 

between and within skeletal muscle fibres and between muscles (Malenfant et al. 

2001; Bollinger 2017). This lipid accumulation could impair muscle quality and 

functions. The effect of obesity on muscle contraction properties has been 

investigated by several authors (Maffiuletti et al. 2013; Bollinger 2017; Tallis et al. 

2018). According to these reviews, obese subjects result to have greater muscle 

mass, absolute force, and abundance of type II muscle fibres compared with lean 

controls. Moreover, obese subjects show lower abundance of type I fibres and 

different muscle architecture by increasing fascicle pennation angle. However, it 

is still controversial whether their normalized muscle force, fatigability, metabolic 

and recovery capacity levels result actually impaired.  



 

30 

In whole body exercise (e.g. running, cycling) maximal oxygen uptake is mainly 

limited by cardiac output rather than by the oxygen extraction and utilization 

capacity of the muscle (Blomqvist and Saltin 1977; di Prampero 2003). However, 

when the exercise is performed with small muscle mass, (e.g. single leg knee 

extension exercise, KE), the muscle oxygen uptake isn’t limited by central 

circulation, but mainly by peripheral factors (i.e. at the muscle level), such as peak 

muscle perfusion, oxygen diffusion or mitochondrial respiratory capacity 

(Andersen and Saltin 1985). Indeed, greater peak muscle oxygen uptake has 

been found during KE than during cycle ergometer exercise(CE) (Andersen and 

Saltin 1985; Richardson et al. 1999). This last finding further supports the fact 

that central vascular factors might not represent the main source of limitation 

during exercises involving small muscle mass.  

Taking into account all the above mentioned cardiovascular and muscular 

properties potentially impaired, it is not surprising that exercise tolerance is 

reduced in obese. The aim of the present chapter was to understand the role of 

central and peripheral factors in limiting the maximal aerobic performance in 

obese subjects. We hypothesized that obese subjects might have lower muscle 

fatigue (i.e. muscle ability to produce force immediately after the end of the 

exercise) following CE than following KE test. A similar result may help to further 

support the conjecture that whole body maximal exercise performance might be 

constrained more by central rather than peripheral factors in obese population.  

2.2 – Subjects and methods 

Subjects 

Fifteen obese patients (OB, 12 males and 3 females) and thirteen normal 

weighted subjects (CTRL, 10 males and 3 females) participated in this study. 

Subjects were recruited from the Division of Metabolic Diseases, Italian Institute 

for Auxology, IRCCS, Piancavallo (VB) Italy. OB had a body mass index (BMI) 

above 30 kg·m-2, whereas CTRL had BMI values included between 20-25 kg·m2. 

OB and CTRL subjects recently included in weight management programs, or 

suffering from cardiovascular, respiratory, neurologic, muscular-skeletal, 

metabolic and/or endocrine diseases or taking any drugs known to influence 

energy metabolism (including beta-blockers) were excluded.  
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The experimental protocol was approved by the local Ethics Committee of the 

Italian Institute for Auxology (Milan). Before the study began, the purpose and 

objectives were carefully explained to each subject and written informed consent 

was obtained. 

All subjects filled out a physical activity-related questionnaire (IPAQ-SF) (Craig 

et al. 2003),  administered to exclude potential volunteers who were engaged in 

any continuous moderate or intense physical activity more than 20 minutes over 

than once a week, which would be indicative of a moderate physical activity level 

(ACSM 1991). All subjects from both subgroups were considered as “sedentary”. 

Experimental protocol 

Before the start of the study, the subjects were familiarized with the equipment 

and the procedures. Subjects were asked to avoid strenuous exercises the day 

before the test. The subjects came in the laboratory in two different days. The 

first day, after the anthropometric and body composition measurement, they 

approached knee extensor ergometer (KE) or Cycle ergometer (CE) and 

performed the incremental exercise. The two tests were administered in random 

order and separated by at least 2 days. Each ergometer was appropriately 

modified in order to perform, in the same position, the maximal voluntary 

contractions (MVC) trials, before and immediately after the end of the incremental 

test, to quantify muscle fatigue and every three minutes until 12th minute to 

quantify the muscle fatigue recovery. 

Anthropometric characteristics and body composition 

Body mass (BM) was measured to the nearest 0.1 kg with a manual weighing 

scale (Seca 709, Hamburg, Germany) with the subject dressed only in light 

underwear and no shoes. Stature was measured to the nearest 0.5 cm on a 

standardized wall-mounted height board. BMI was calculated as body mass (BM, 

kg) stature-2 (m). Body composition was measured by bioelectrical impedance 

(BIA, Human IM Plus; DS Dietosystem, Milan, Italy), according to the method of 

Lukaski et al. (Lukaski et al. 1986). Fat mass (FM) and fat-free mass (FFM) were 

calculated with equations derived either in obese people of different ages and 

BMI (fat-specific formulae) or in normal weight people, by using a two-

compartment model (Gray et al. 1989).  
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Muscle thigh volume (VolTM) was estimated by thigh length, circumference and 

skinfold measurements, following the Jones and Pearson’s method, corrected by 

the equation provided by Layec et al.’ work (Layec et al. 2014) 

𝑉 = · 0.866 · {(
𝐿

12𝜋
) ·  (𝐶1 +  𝐶2 +  𝐶3) – [

𝑆 –  0.4

2
] ·  𝐿 ·  [

𝐶1 +  𝐶2 +  𝐶3

3
]} − 1750                         

where L refers to the thigh length; C1, C2, and C3 refer to the proximal, middle, 

and distal circumferences, respectively; and S is skinfold thickness of the thigh. 

The thigh length was measured from the great trochanter to the lateral femoral 

epicondyle. Skinfold thickness was measured at three sites, medial anterior and 

lateral, at the midpoint of the tight using a Holtain Caliper (Holtain Ltd, Crymych, 

UK). Anthropometric characteristics of the subjects are shown in Table 1.  

Maximal Voluntary Contraction and isometric fatigue. 

Maximal isometric force of the knee extensor muscles of the right limb was 

determined on a custom-built knee extension (KE) ergometer (Salvadego et al. 

2011) supplied with a force sensor. The subject was seated constrained on an 

adjustable seat by a safety belt with the legs hanging vertically down. A strap, 

connected in series to the force sensor (TSD121C, BIOPAC Systems, Inc., 

Goleta, CA), was tightened around the subject’s right ankle. The force sensor 

was fixed in series to a steel frame. The position of this frame was set and blocked 

with a chain prior the execution of isometric knee contractions in order to obtain 

a knee angle of 110 degrees. The distance from the rotation center of the knee 

to the strap (point of force application) was measured to determine the lever arm. 

The force (Newton) measured by the sensor was multiply by the lever arm 

(meters) in order to obtain the Torque (Nm) of the MVC. The subjects performed 

the MVCs three times with 3-minute rest intervals. The trials that differs from the 

other more than 10% were excluded and repeated. After the MVCs the chain was 

removed, and the lever left free to allow KE exercise (see below). Immediately 

after the end of exercise, the lever was quickly blocked out with the chain in the 

previous position, and the MVC was repeated, first immediately after and then 

every 3 minutes during a 12 min period.  

The same procedure was repeated for the cycle ergometer exercise (CE) with a 

modified Technogym Bike Recline (Xt Pro 600). A force sensor (TSD121C, 

BIOPAC Systems, Inc., Goleta, CA) with a scaffold has been added to the bike. 

The scaffold with the force sensor was easily fixed for the MVCs trials, afterward 
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set aside to avoid annoying pedaling and finally repositioned very quickly after 

the exercise. The subject was seated constrained on an adjustable seat by a 

safety belt with the legs hanging vertically down. A strap connected in series to a 

force sensor was tightened around the subject’s right ankle. The position was set 

in order to obtain a knee angle of 110 degrees. In the same way previous 

described for KE, the subject performed three MVCs, the incremental exercise 

and again the MVCs immediately after and every 3 minutes during a 12 min 

period.  

Incremental exercises 

Two incremental exercise protocols were carried out under close medical 

supervision and 12-lead ECG monitoring; standard safety procedures were 

followed. The tests were carried out on a modified Technogym Bike Recline (Xt 

Pro 600) cycle ergometer (CE) and on a custom-built knee extension (KE) 

ergometer (Salvadego et al. 2011). The two tests were administered in random 

order and separated by 2 days. For CE, the subjects were seated constrained on 

an adjustable seat by a safety belt, the test comprised a 5-min warm up cycling 

at 60 W for 5 min at 60 revolutions·min-1; the subjects were asked to maintain 

this pedaling rate throughout the test. The work rate was then increased every 

min by 20 W starting from 0 W until volitional exhaustion.  

For KE, a graded protocol was carried out as described by (Salvadego et al. 

2011). Subjects were constrained on an adjustable seat by a safety belt, which 

anchored the angle of the hip at ~90°. Subjects pushed on a padded bar attached 

to a lever arm extending the lower part of the right leg from ~90 to ~170° flexion. 

This type of exercise confines muscle contractile activity mainly to the quadriceps 

femoris muscle, whereas the return to the starting position is brought about 

passively. After an initial 2 min of continuous KE exercise at 27 W the work rate 

was increased every min by 7 W until volitional exhaustion. Throughout the 

exercise, subjects maintained a KE frequency of about 40 min-1 with the aid of a 

metronome. Both CE and KE tests were terminated when the subjects were 

unable to continue at the required frequency despite vigorous encouragement by 

the operators. 

 “Peak” values of the investigated variables were calculated during the last ~20 s 

of the exhausting work rate. Heart rate (HR) was recorded by a dedicated device 

(Polar Electro, Oulu, Finland). O2 uptake (V’O2) and CO2 output (VCO2) were 
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determined by means of a metabolic portable unit (K5, Cosmed, Italy). Expiratory 

flow measurements were performed by a turbine flowmeter calibrated before 

each experiment by a 3 L syringe at three different flow rates. Calibration of O2 

and CO2 analyzers was performed before each experiment by utilizing gas 

mixtures of known composition (16.00% O2; 4.00% CO2). The gas exchange ratio 

(R) was calculated as V’CO2∙V’O2-1. 

Cardiac output (CO) was monitored continuously by bioimpedance method 

(PhysioFlow, Manatec, France), following the procedure described in a previous 

study (Charloux et al. 2000). This method has been validated during maximal 

incremental exercises (Richard et al. 2001), and also used in overweight (Palmieri 

et al. 2006) and obese subjects ( Vella, Ontiveros, and Zubia 2011; Vella, Paul, 

and Bader 2012; Charloux et al. 2000). PhysioFlow and metabolimeter values 

were synchronized and mediated every 10 seconds. At the end of every step, the 

last two measurements were taken in account and mediated. Arteriovenous 

oxygen difference (a-vO2 diff.) was estimated by dividing CO (l min-1) into V’O2 (l 

min-1) and multiplying by 100. The a-vO2 diff. above 19 ml l00 ml-1 were 

considered not physiological and excluded with the correspondent CO values.  

Statistical analyses 

Statistical analyses were performed using SPSS 20.0 software (IBM, Chicago, 

USA), with significance set at P<0.05. All results were expressed as means and 

standard deviation (SD). The differences between subgroups (OB vs. CTRL) on 

anthropometric characteristics, body composition, MVC, Tlim (Time to 

exhaustion) were compared by means of a Student’s t test for unpaired data. 

Further, Student’s t test for unpaired data, was used to compare sex on MVC. 

The peak exercise values (V’O2, CO, a-vO2 diff, Load Peak) and MVC_end in 

percentage of the pre-values, that representing the muscle fatigue immediately 

after exercise, were analyze by two-ways analysis of variance (ANOVA) between-

within factors and sex by covariate. Post hoc comparisons were made using 

Bonferroni procedure for significant differences. The effect of group, sex, intensity 

and interactions on the submaximal values (V’O2, CO and a-vO2 diff) during the 

two exercises were analyzed with linear mixed, multilevel, growth model, fit by 

maximal likelihood, taking into account groups and intensity as fixed effect and 

subjects and intercept as random effects. Bonferroni post hoc was applied as 

appropriate. For this analysis, statistical power was checked, and the results was 
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still reliable only if 8 or more subjects per subgroup were presented. Then the 

post hoc procedures were made, and the figures show, the steps until at least 8 

subjects per groups were still present. The trends of the MVCs recovery 

(percentage of the pre-exercise values) were analyzed by ANOVA for repeated 

measure, within-between subjects taking in account MVC_end (MVC 

immediately after the exercise in percentage of pre-values) and sex by 

covariates.  

2.3 – Results 

Physical characteristics of OB and CTRL are shown in Table 2.1. OB had 

significantly greater BM (+90%), BMI (+95%), VolTM (+19%), FFM (+30%), FM 

(+309%) and %FM (+122%) than CTRL. Absolute MVC was not significantly 

different between the two subgroups (OB: 242±75 Nm; CTRL: 236±80 Nm; 

p=0.850), while MVC normalized by VolTM was lower in OB (34.84±7.26 Nm L 

L-1) than CTRL (43.66±10.79 Nm L-1), p=0.020.  

Similarly, Tlim during incremental exercises was significantly lower in OB than 

CTRL for CE testing (555±108 vs. 673±113 s; p=0.009), while no differences 

were found for KE testing (497±155 vs. 435±143 s; p=0.27). 

Table 2.1 Physical and functional characteristics of subjects. 

  Obese Controls p 

  (n = 15) (n = 13)   

Age (y) 25.20 ± 6.76 26.54 ±  8.24 0.726 

Body Mass (kg) 127.60 ± 24.67 68.00 ± 13.11 <0.001 

Stature (m) 1.72 ± 0.07 1.76 ± 0.07 0.167 

BMI (Kg m-2) 43.05 ± 7.54 21.85 ± 3.17 <0.001 

VolTM (L) 6.29 ± 1.16 5.27 ± 0.99 0.020 

Fat-free Mass (kg) 70.33 ± 15.42 54.01 ± 9.03 0.003 

Fat Mass (kg) 57.31 ± 15.1 13.99 ± 5.38 <0.001 

Fat Mass (%) 44.72 ± 6.88 20.08 ± 5.24 <0.001 

All values are presented as mean ± standard deviation.  
BMI: body mass index; VolTM:  Muscle thigh volume. 
p: Significance by means of Student’s t-test for unpaired data. 
 

Peak values of the main variables determined during CE and KE tests are given 

in Table 2.2. ANOVA procedures shows that V’O2peak, HRpeak and COpeak 
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were not significantly different between the two subgroups, being however 

significantly higher in CE than KE (+126%, +33% and +46%, respectively, 

p<0.001).  

In CE, V’O2peak normalized by FFM was 32% lower in OB compared with CTRL 

(0.038±0.003 vs. 0.056±0.007 L min-1 Kg-1; p=0.001). By contrast, V’O2peak 

normalized by VolTM was not significantly different between the two subgroups 

in KE (0.184±0.447 vs. 0.192±0.442 L min-1 L-1; p=0.657). COpeak normalized 

by FFM tended to be lower in OB during CE (OB: 0.312±0.100 vs. CTRL: 

0.386±0.061 L min-1 Kg-1; p=0.066), while it was not significantly different 

between the two subgroups during KE (OB: 2.59±0.96 vs. CTRL: 2.29±0.49 L 

min-1 L-1; p=0.379). 

A-vO2 diff peak (Tab. 2.2) was greater in CE (+44%, p<0.001) than KE. The post 

hoc analysis found lower values in OB than CTRL in CE (-22%, P=0.012), no 

differences being found in KE (p=0.510).  

Although the two subgroups reached similar V’O2 peak in CE, workload peak was 

15% lower in OB than CTRL (p=0.021), while it was not significantly different 

between the two subgroups in KE (Tab. 2.2). 

The trends of V’O2, HR, CO and a-vO2 diff during the incremental tests are shown 

in Fig. 2.1. Only V’O2 during CE was significantly higher in OB at each step by 

average (36%, p<0.001, Fig. 2.1A). No significant differences were found 

between the two subgroups on V’O2, HR, CO and a-vO2 during the incremental 

tests on KE (Fig. 2.1 B, D, F and H). In addition, all parameters increased 

significantly as a function of workload.  

In OB the MVC decreased significantly immediately after the end of the 

incremental exercises on CE and KE (-14 and -32%, respectively, p<0.001), the 

reduction being significantly lower immediately after the CE than KE test 

(p<0.001) (Fig. 2.2). In CTRL, MVC decreased significantly immediately after the 

end of the incremental exercises on CE and KE tests (-26 and -30%, respectively, 

p<0.001), without significant differences between the two tests (Fig. 2). 

In addition, the recovery trends of MVC after CE and KE incremental exercises 

are shown in Fig. 2.3. 

MVC increased over time (time effect, p=0.003) without significant differences 

between the two subgroups (p=0.432), remaining 13% lower than the initial value 

after 12 min. 
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TABLE 2.2 Peak values determined during the incremental exercises on a cycle-ergometer (CE) and knee-extension ergometer (KE). 

  CE   KE   Significance 

  Obese Controls 
 

Obese Controls 
 

G E G x E. 

V'O2 (L min-1) 2.68 ± 0.68 2.93 ± 0.65 
 

1.26 ± 0.51 1.15 ± 0.26 
 

0.598 <0.001 0.18 

HR (bpm) 164 ± 15 177 ± 11  131 ± 22 125 ± 15  0.441 <0.001 0.031 

CO (L min-1) 20.10 ± 5.42 20.61 ± 4.04 
 

15.77 ± 5.89 12.60 ± 2.45 
 

0.522 <0.001 0.017 

a-vO2 diff (mL L-1) 12.05 ± 3.05 15.42 ± 2.26* 
 

9.65 ± 4.71 10.02 ± 1.26 
 

0.040 <0.001 0.017 

Load Peak (Watts)      191  ± 38 226 ± 39*   62 ± 13 58 ± 14   0.082 <0.001 0.012 

 

All values are presented as mean ± standard deviation. 
V’O2: oxygen consumption; CO: Cardiac Output; a-vO2 diff: arteriovenous oxygen difference. 
Significance by two-way analysis of variance (ANOVA) between-within factors: G: group effect; E: exercise effect; G x E: group x Exercise (interaction) effect; 
*: Significantly different between Obese and Control (p<0.05) by Bonferroni procedures 
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Figure 2.1 - Submaximal values during the incremental exercises on the cycle-ergometer (A, C, 
E and G) and knee-extension ergometer (B, D, F and H) as a function of work load (W) in OB (-
x-) and CTRL (-o-) subjects.  
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Figure 2.2- Maximal Voluntary Contraction changes in percentage (ΔMVC, %) of pre-values, 
obtained immediately after the end of the incremental exercises on cycle ergometer (CE) and 
knee-extension ergometer (KE), in OB (x) and CTRL (o) subjects.  

All values are presented as mean ± standard deviation. 
*: Significantly different between CE and KE exercises (p < 0.001).  
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Figure 2.3 - Maximal Voluntary Contraction changes (ΔMVC, %) after 3, 6, 9 and 12 minutes the 
end of incremental exercises on cycle ergometer in OB (-o-) and CTRL (-□-) subjects, and on 
knee-extension ergometer in OB (-●-) and CTRL (-■-) subjects.  

All values are presented as mean ± standard deviation. 
*: Significantly different from pre values obtained after incremental exercises in obese subjects.  
#: Significantly different from pre values obtained after incremental exercises on knee in control 
subjects.  
See statistical paragraph for more details. 
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2.4 - Discussion 

The main results of this chapter are: 1) in OB, the reduction of MVC immediately 

after the end of the incremental exercise on CE was lower than on KE, while it 

was similar in CTRL subjects, 2) both in CE and KE, peak values of absolute 

V’O2, HR and CO did not differ between OB and CTRL, 3) the recovery from 

fatigue after the end of the two incremental exercises (CE and KE) was not 

significantly different between OB and CTRL. 

Immediately after the completion of the two incremental exercises, MVC 

decreased by 14 and 32% in OB (respectively after CE and KE tests, p<0.001), 

and by 26 and 30% in CTRL (respectively after CE and KE tests, p>0.05). These 

values were similar to those found by Millet and coworkers in their review about 

fatigue in ultra-marathon races (Millet 2011). Millet showed that the lower limb 

MVC decreases as a function of the duration of the running exercise: i.e. the 

longer the duration of the exercise, the greater the decline in knee extensor 

muscles force ability. However, the two variables do not follow a linear 

relationship. Indeed, muscle force production does not overcome the specific 

threshold of 30-40% MVC loss, even in extremely long race; this finding suggests 

that some muscle force ability level needs to be preserved, maybe to avoid 

neuromuscular dysfunction and mobility limitations after exercise. This strategy 

that is supposed to be implicated in the management of fatigue after exhausting 

running exercises may be also present after other types of fatiguing exercise 

tasks, such as KE and CE. Indeed, MVC decrements observed in the present 

study after the end of the two exercises in CTRL, and after the completion of KE 

in OB, lied on the lower margin of the fatigued threshold noticed by Millet’s group. 

On the contrary MVC loss experienced by OB after the end of CE was lower (-

14%). This finding suggests that muscle function was preserved in OB and hence 

other factors might have limited the performance during whole body aerobic 

exercise, in agreement with results from previous studies (Noakes, et al 2004; 

Noakes 2012; Blain and Hureau 2017). The fact that CTRL showed similar MVC 

decrements after the end of the two exercises might be due to the important roles 

that both central and peripheral factors play in the management of exercise 

tolerance in normal weight individuals (Blain and Hureau 2017).  

During incremental exercise on CE, V’O2 peak, HR peak, CO peak and a-vO2 diff 

were greater than in KE in both subgroups, as previously observed (Lazzer et al. 
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2013; Esposito et al. 2010; Salvadego et al. 2013), thus confirming the existence 

of a cardiac reserve in single leg KE exercise. Blomstrand and coworkers  

(Blomstrand et al. 1997) showed that in the quadriceps muscle, Krebs cycle and 

oxygen uptake are more active and pronounced during single leg KE than during 

CE exercises. These findings confirm that KE exercise could be a better way to 

evaluate possible peripheral muscle functions avoiding central or cardiovascular 

constrictions.  

The data show in this chapter, absolute values of V’O2peak, HRpeak and 

COpeak, during incremental exercise on CE were not significantly different 

between OB and CTRL, in agreement with previous studies (Lazzer et al. 2013; 

Salvadori et al. 1999; Vella et al. 2012). However, submaximal V’O2 values in OB 

were significantly higher than CTRL for the same mechanical load, as previously 

reported (Salvadori et al. 1992; Salvadori et al. 1999; Vella et al. 2012; Vella et 

al. 2011; Lazzer et al. 2013). Lafortuna and colleagues hypothesized that the 

greater O2 cost in obese during cycling was mainly related to the extra work 

required to move legs (Lafortuna et al. 2008). In fact, although the gross 

mechanical efficiency was lower in obese compared with lean individuals, the net 

one was similar (Salvadori et al. 1992). This might explain why the exercise 

tolerance was impaired in obese. Nevertheless, other factors could be involved. 

Looking at our data, when V’O2peak was normalized by FFM during CE, the 

maximal aerobic power in OB was lower than that observed in CTRL. This may 

further impair exercise tolerance, as demonstrated by the lower peak work rate 

described in OB during CE (Lazzer et al. 2013). Moreover, also the oxygen cost 

of breathing, significantly higher in resting obese individuals (Kress et al. 1999), 

may contribute to the increased metabolic cost of cycling in this population. 

Finally, the fraction of V’O2 related to the work performed by respiratory muscles 

has been shown to rise disproportionately in obese subjects during exercise 

(Alemayehu et al. 2018; Salvadego et al. 2017). Indeed, these researchers 

(Salvadego et al. 2015; Salvadego et al. 2017; Alemayehu et al. 2018) found that 

respiratory muscles were overloaded during exercise in severely obese people, 

being associated with an increase O2 cost and a reduced exercise tolerance 

(Dempsey et al. 2006). 

During CE exercise, CO peak values were not significantly different between OB 

and CTRL. However, COpeak normalized by FFM was lower in OB than CTRL, 
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suggesting a lower blood and O2 delivery at muscle level, which could limit the 

muscles’ ability to extract O2 in OB. These findings are partially in disagreement 

with the results from previous works in this field. In fact, some researchers 

(Ferrero et al. 1996; Salvadori et al. 1999; Vella et al. 2012; Vella et al. 2011) 

showed higher CO at rest in obese than lean subjects, which is probably related 

to the greater muscle mass owned by the former ones. While Vella and 

colleagues (Vella et al. 2012; Vella et al. 2011) observed higher CO peak (and 

submaximal) in obese compared with lean controls during CE incremental 

exercise; by contrast, Salvadori and colleagues (Salvadori et al. 1999) showed 

and opposite behavior of CO in the two subgroups. The discrepancies between 

these studies could be explained by the different measurement methods and the 

different degrees of obesity between the study populations. 

To the best of our knowledge, there are very few studies measuring a-vO2 diff in 

obese and it is not so clear whether the a-vO2 diff peak in this population is a 

limiting factor or not. According to our data, a-vO2 diff peak was lower in OB than 

CTRL on CE exercise. This finding may support the conjecture of a central 

limitation experienced by OB participants during the physical effort. As discussed 

above, for the same oxygen consumption, OB had higher O2 cost devoted to the 

respiratory muscles (Salvadego et al. 2015, 2017; Alemayehu et al. 2018) 

compared with lean counterparts. This finding means that during exercise, the 

locomotory muscles of OB subjects have potentially less circulating O2 available. 

So, even though the two subgroups have the same V’O2peak and COpeak during 

CE, the central circulation could represent a constraining factor in OB individuals. 

Moreover, fatigued respiratory muscles may induce sympathetic vasoconstriction 

of the locomotor muscles by activation of metaboreflex pathway, and hence they 

might contribute to limit the performance (Dempsey et al. 2006). This mechanism, 

enhanced in obese (Salvadego et al. 2015, 2017; Alemayehu et al. 2018), could 

preserve muscle function and might explain lower muscle fatigue and a-vO2 diff 

peak in OB after CE. The a-vO2 diff values reported for OB individuals during our 

tests were similar to the those found by Vella and coworkers (Vella et al. 2012; 

Vella et al. 2011), where a-vO2 diff was lower compared with the lean subgroup. 

This finding seems inconsistent with those collected by other researchers 

(Rowland et al. 2003) reporting the presence of a similarity between a-vO2 diff 

values in the two subgroups of subjects. A-vO2 diff depends on the capacity of 
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the muscle to uptake oxygen from blood circulation. This capacity might be limited 

by muscle blood perfusion, oxygen diffusion or mitochondrial respiratory function. 

Limberg and colleagues (Limberg et al. 2010) did not find differences between 

OB and normal weight subjects in blood flow at the muscle level, measured during 

single leg KE and single forearm flexion exercises. Similarly, capillary/muscle 

fiber ratio, which is correlated with muscle oxygen diffusion (Howlett et al. 2003, 

2009), was not significantly different between OB and lean subjects (Gavin 2004). 

Concerning the mitochondrial respiratory function, Konopka (Konopka et al. 

2015) showed that the oxidative capacity recorded in obese individuals was 

comparable to that observed in lean sedentary subjects, while obese exhibited a 

greater uncoupled mitochondrial respiratory function. Hence, obese required 

more oxygen to phosphorylate the same amount of ADP in ATP compared with 

the lean counterpart. Although insufficient to draw firm conclusion on this 

argument, the data from literature might support the lack of differences in a-vO2 

diff between obese and lean subjects.  

In KE exercise, OB and CTRL exhibited similar maximal external workload, V’O2, 

CO and a-vO2 diff. Similarly, when V’O2 peak was corrected for the thigh muscle 

volume (V’O2 /VolTM), no differences have been detected in the two subgroups. 

This finding suggests that muscle peripheral impairments could have affected 

both subgroups indistinctively, once central or cardiovascular limitation was ruled 

out. 

According to the data showed in this chapter, OB produced MVC values that were 

similar to those observed in CTRL subgroup. However, once normalized by the 

thigh muscle volume, MVC in OB resulted lower than that performed by CTRL. 

These results were in contrast with previous studies reporting that OB showed 

greater absolute muscle torque (Maffiuletti et al. 2007, 2008; Abdelmoula et al. 

2012; Lazzer et al. 2013; Garcia-Vicencio et al. 2015), and, when normalized by 

VolTM, MVC was not significantly different (Lazzer et al. 2013) or even greater 

(Abdelmoula et al. 2012) in obese compared with control subjects. Discrepancies 

between the studies could be explained by the different measurement methods 

employed for the muscle mass detection. OB presented a bigger amount of lipid 

accumulation inside the muscle (Malenfant et al. 2001; Bollinger 2017). The 

method handled in the present study might have overestimated the contractile 

tissue included in the thigh volume by the fact that the measurements of the 
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circumference and the skinfold in OB took in account only the subcutaneous lipid 

accumulation, neglecting any intramuscular infiltrations of fat tissue. When the 

lipid accumulation inside the muscle was taken in account, the normalized MVC 

were not significantly different from non-obese subjects (Maffiuletti et al. 2013). 

Finally, the capacity to recover from muscle fatigue was not affected by obesity 

status. This finding is in agreement with data from previous works (Maffiuletti et 

al. 2007; Garcia-Vicencio et al. 2015). Recovery was similar between the two 

subgroups across the different time points in both the exercises. MVC remained 

impaired even twelve minutes after the end of the exercises. 

In conclusion, MVC decreased less after the end of CE than KE exercises in OB 

subjects. On the contrary, MVC decreased to a similar extent after the end of both 

exercises in CTRL. This finding might suggest the occurrence of a muscle 

function preservation during incremental cycling exercise to exhaustion in OB, 

but not in CTRL. 

In KE, peak values of absolute V’O2, HR and CO did not differ between OB and 

CTRL. This result might indicate that both subgroups reached similar metabolic 

status at the muscle level. Finally, similar muscle function recovery from fatigue 

has been observed in OB and CTRL subgroups after the end of both the 

exercises. Hence, it might be inferred that muscle function recovery was not 

impaired in obese individuals.  
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CHAPTER III 

HIIT and MICT in Obese patients 

 

Adapted from: 

Vaccari F, Passaro A, D’Amuri A, Maria Sanz J, Di Vece F, Capatti E, Magnesa 

B, Comelli M, Mavelli I, Grassi B, Fiori F, Bravo G, Avancini A, Parpinel M, Lazzer 

S. HIIT vs MICT effect on fat oxidation, V’O₂peak and mitochondrial respiration 

in obese. Submitted to: European Journal of Exercise physiology 
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3.1 – Introduction 

Beside the cardiovascular risk factor discussed in the introduction of the previous 

chapter, obesity is a major risk factor for type 2 diabetes mellitus, , 

musculoskeletal disorders and respiratory diseases as well (Williams et al. 2015). 

Compared to lean subjects, obese people have an impaired capacity to oxidize 

lipids (Lanzi et al. 2014) which is associated with low insulin sensitivity (Kelley 

and Simoneau 1994) and ease in gaining weight (Zurlo et al. 1990).  

Optimizing fat oxidation capacity is an important objective both for performance 

(Hetlelid et al. 2017) and health (Achten and Jeukendrup 2004). Whole-body fat 

oxidation does not seems to be related with intrinsic mitochondrial oxidative 

capacity (Nordby et al. 2006; Dandanell et al. 2018), but rather to the amount of 

lean body mass (Nordby et al. 2006), mitochondrial content (Dandanell et al. 

2018) and maximal oxygen uptake (V’O2max) (Nordby et al. 2006; Hetlelid et al. 

2017; Dandanell et al. 2018).  

While generally during whole body exercise (i.e. running and walking uphill) 

V’O2max is considered to be mainly limited by central/cardiovascular factors  

(Blomqvist and Saltin 1977; di Prampero 2003), the capacity to oxidase fat is 

considered to be a limited peripherally as the peripheral muscles are the main 

active organ during exercise. Numerous studies have demonstrated that skeletal 

muscle metabolism and mitochondrial content/function are impaired in obesity, 

but there is not a general agreement about the issue (Ara et al. 2011; Nair et al. 

2011; Fisher-Wellman et al. 2014). Mitochondrial content (Ritov et al. 2005; 

Larsen et al. 2011), levels of mitochondrial proteins (Wijngaarden et al. 2013) and 

their (predominantly nuclear) genes (Mootha et al. 2003; Patti et al. 2003; Ritov 

et al. 2009; Hwang et al. 2010), have been shown to be reduced in the skeletal 

muscle of obese individuals, as well as in type 2 diabetes individuals, compared 

to lean controls. Mitochondrial dysfunction and impaired enzymatic activity of 

oxidative phosphorylation complexes have been confirmed more recently in 

obese skeletal muscle (Devarshi et al. 2017; Formentini et al. 2017; de Mello et 

al. 2018).  

Compared to other methods, high-resolution respirometry in permeabilized 

muscle fibres, the approach which was utilized for the experiment presented in 

this chapter, allows us a more “physiological” evaluation of mitochondrial function 

ex vivo. In studies carried out by this method in obese subjects an impaired 
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muscle mitochondrial metabolism was reported in terms of mitochondrial 

respiratory capacity (State 3 respiration) (Vijgen et al. 2013). In addition, in obese 

sedentary adults moderate-intensity physical activity combined with weight loss 

was reported to increase the enzymatic activities of the electron transport chain, 

which occurred without a significant increase in mitochondrial DNA, and were 

ascribed to an increase in mitochondrial cristae (Menshikova et al. 2007).  

According to our results in the previous chapter, obese have a more pronounced 

central limitation to physical efforts, but as above discussed even muscles are 

somehow affected by obesity status. HIIT seems to be a suitable training modality 

for this type of population since it is more effective in improving the cardiovascular 

system capacity to deliver O2 as well as periphery capacity to uptake and oxidase 

it. Therefore, the aim of the chapter was to compare two types of exercises: 

moderate-intensity prolonged exercise training (MCIT) (Keating et al. 2017) and 

high-intensity interval exercise training (HIIT) (Buchheit and Laursen 2013a), and 

in obese subjects, evaluate whether the improvement in V’O2peak (central) are 

accompanied by whole-body fat oxidation (peripheral) and by improvements in 

mitochondrial respiration (peripheral). Since to our knowledge there are no 

exhaustive studies on the role of the intensity and training modality on 

mitochondrial respiration in the obese, we hypothesize greater responses for all 

variables following HIIT vs. MICT. An evaluation was also performed a few 

months after the termination of the interventions, in order to evaluate the 

maintenance of the observed changes, considering that the weight maintenance 

after its reduction is a major issue (Donnelly et al. 2009). During the experimental 

period and follow-up, nutritional advices has been provided identical for both 

groups in order to avoid confounding nutritional variables on the outcomes. 

3.2 – Materials and methods  

Subjects 

Thirty-two obese volunteers (17 males and 15 females) were recruited from the 

Exercise Physiology Laboratory of the University of Udine, where they underwent 

a medical and dietetic evaluation. The inclusion criteria were age between 18 and 

50 years and body mass index (BMI) ≥ 30 kg·m-2. Subjects who had previously 

participated in weight management programs, had cardiovascular, respiratory, 

neurologic, muscular-skeletal, metabolic and/or endocrine diseases or those who 

were taking any drugs known to influence energy metabolism and 
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cardiorespiratory adjustments to exercise, were excluded. No subject was taking 

beta-blockers. The Ethics Committee of the Friuli-Venezia-Giulia Region 

approved the study (protocol number 1764). Before the study began, the purpose 

and objectives were carefully explained to each subject and written informed 

consent was obtained. A physical activity questionnaire was administered to 

exclude potential volunteers who engaged in any continuous activity longer than 

20 minutes more than once a week, indicative of a moderate physical activity 

level (IPAQ-SF) (Craig et al. 2003).  

Study protocol 

After the first inclusion visit, subjects were admitted to 3 months of 

multidisciplinary weight-management program including lifestyle education, 

physical activity and dietary follow-up.  

Control tests including assessment of body composition, physical capacities, fat 

oxidation rate, physical activities and dietary habits were performed during two-

weeks before the beginning and immediately after completion the weight-

management program. At the same time, blood samples and skeletal muscle 

biopsies of the vastus lateralis muscle were taken for measurement of ex-vivo 

mitochondrial respiration by high-resolution respirometry. In addition, 

anthropometrics indexes and physical performance were monitored monthly 

during the program, in order to adjust food allowances and physical activities 

individually. Four months after the end of the weight-management program, 

control tests including assessment of body composition, physical capacities, fat 

oxidation rate, physical activities and dietary habits were performed. 

Physical activity 

During the 3 month-weight-management period, subjects followed a physical 

training program including three training sessions per week under supervision. 

The subjects were splitted randomly in two groups, one group following a 

moderate-intensity continuous training (MICT, n=16) and the second group 

following high intensity interval training (HIIT, n=16). 

All subjects completed 34 0.14 sessions of physical training. The intensity of 

MICT on the treadmill was set at a heart rate (HR) corresponding to 60% of the 

initial V’O2peak, the duration of the training session was 44 ± 8 min. HIIT 

consisted of 10 min of warm up (50 % of V′O2peak) followed by 3 to 7 repetitions 
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of 3 min bouts of high-intensity walking (100 % of V′O2peak), interspersed by 1.5 

min walking at low intensity (50% of V′O2peak) and followed by 5 min of cool 

down (50% of V′O2peak); the duration of the training session was 33 ± 4 min. 

Exercise intensity was set up by adjusting the slope of the treadmill. The amounts 

of energy expended during the training sessions were similar for both groups: 20 

kJ per kg of fat-free mass (FFM), which corresponds to about 1.5 MJ per session. 

Research assistants and physical trainers were responsible for verifying that each 

subject participated to each training session, performed the exercises correctly 

and completed at least 90 % of the exercise sessions. At the end of each month, 

aerobic tests were performed to assess physical capacities and to adjust physical 

training intensity individually. All subjects were also advised to practice leisure 

physical activities during the weekend and holidays. 

During the 4-months follow-up the same training suggestions were given to all 

subjects. The suggestions consisted of three training session per week covering 

the full intensities range: one high intensity (90% HRpeak and less than 30 min), 

one medium intensity (~70-80% HRpeak and 30-50 min) and one low intensity 

(<70% HRpeak and more than 60 min). Training during the follow-up period was 

not supervised and compliance was checked by a questionnaire(Craig et al. 

2003). 

Diet and nutritional education 

During the intervention period the patients followed personalized diets formulated 

according to the Italian recommended dietary allowances (SIO-ADI 2016). 

Energy supply was about 1.3 times the initial basal metabolic rate (BMR) 

estimated using the Harris-Benedict equation (Harris and Benedict 1918), as 

suggested by the Italian guidelines for obesity treatment (SIO-ADI 2016). 

Carbohydrates, lipids and protein supplied were 56, 27 and 17% of energy intake, 

respectively. Six weeks after the beginning the weight-management program 

food allowances were further reduced. The reduction ranged between 2610 and 

3766 kJ as suggested by SIO-ADI (SIO-ADI 2016), based on their prior diet and 

personal feedbacks. During the weight-management period, subjects had 

dietetics lessons including choice of foods, and they were instructed to maintain 

their food habits after the end of the weight-management period.  
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Measurements  

Anthropometric characteristics and body composition 

The medical history and a physical examination of subjects were taken at the time of 

admission to the weight-management program. Body mass (BM) was measured to the 

nearest 0.1 kg with a manual weighting scale (Seca 709, Hamburg, Germany) with the 

subject dressed only in light underwear and no shoes. Stature was measured to the 

nearest 0.5 cm on a standardized wall-mounted height board. BMI was calculated as 

BM (kg) x stature-2 (m). Body composition was measured by bioelectrical impedance 

(BIA, Human IM Plus; DS Dietosystem, Milan, Italy). Fat mass (FM) and fat-free mass 

(FFM) were calculated with equations derived either in obese people of different ages 

and BMI (fat-specific formulae) by utilizing a two-compartment model (Gray et al. 

1989).  

Blood sampling 

Blood samples were collected after an overnight fasting, before (PRE) and at the 

end of the weight-management program (POST) and were centrifuged in 

absence or presence of EDTA to obtain serum and plasma, respectively. Aliquots 

were stored at -80°C.  HDL cholesterol after precipitation of the apo-B containing 

lipoproteins (Burstein et al. 1970), total cholesterol and triglycerides (TG) levels 

were assayed in serum by the Trinder method. The coefficient of variation was < 

2% for Total and HDL cholesterol and < 5% for TG for intra- and inter-batch, 

respectively. LDL-cholesterol plasma levels were calculated by the Friedewald's 

formula (Friedewald et al. 1972). Plasma glucose was measured using standard 

enzymatic methods (FAR S.R.L., Italy). The coefficient of variation was < 3% for 

intra-assay. Fasting insulin levels were assayed using an ultrasensitive insulin 

ELISA kit manufactured by Mercodia AB (Sweden). The coefficient of variation 

was <3% for intra-assay. Fasting insulin resistance was evaluated calculating 

Homeostasis Model Assessment (HOMA-IR) (Matthews et al. 2009).  

Dietary and physical activity habits 

Dietary data were collected using a 4-day dietary (4-DD) record (food diary) given 

to the subjects in 3 different occasions in order to analyse their eating behavior 

before the beginning of the intervention, at the end of the intervention and after 

the follow-up period. The diaries were given together with instructions on how to 

record type, quantity, and mode of consumption of foods over a 24-hour period 

on four separate days, including one during the weekend. Data extracted from 
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food diaries were analysed using the Microdiet software (V2.8.6, Downlee 

Systems Ltd., High, Peak, UK) containing the Italian food composition database 

for epidemiological studies (Gnagnarella et al. 2015), integrated with information 

from nutritional labels when data were missing, data and the brand were specified 

in the diary. 

To assess physical activity levels we used the validated International Physical 

Activity Questionnaire Short Form (IPAQ-SF) (Craig et al. 2003). The 

questionnaire records vigorous-intensity, moderate intensity, walking activities 

and the sitting time spent during the previous 7 days. The IPAQ-SF scores were 

converted into Metabolic Equivalent minutes per week (MET-min·week-1) using 

the “Guidelines for Data Processing and Analysis of the International Physical 

Activity Questionnaire (IPAQ)”(International Physical Activity Questionnaire 

2005). 

Further, all the participants completed the Short-Form 12 (SF12) questionnaire 

to investigate the health-related quality of life. The questionnaire is composed by 

12 items from which a physical (SF12_PI) and mental health (SF12_MI) index 

are obtained (Ware et al. 1996). 

The current behavior change was explored by the Stage of Change 

Questionnaire (SC). This allows to classify people into 5 stages: pre-

contemplation (not exercising and not intending to increase the physical activity), 

contemplation (not exercising but intending increase the physical activity), 

preparation (not regularly exercising), action (exercising in the past 6 months but 

not regularly) and maintenance (regularly exercising in the past 6 months) 

(Marcus et al. 1996). 

Physical capacities and maximal fat oxidation rate 

Peak oxygen uptake (V′O2peak) and maximal fat oxidation rate were determined 

by using a graded exercise test on a motorized treadmill (H/P/Cosmos Sports & 

Medical Gmbh, Germany), under medical supervision. Subjects were asked to 

avoid strenuous exercise the day before the test and came to the laboratory after 

a 12-h fasting. Before the beginning of the study, subjects were familiarized with 

the equipment and the procedures. Each test was undertaken at the same time 

of the day in the different periods of the study, and comprised a 5-min rest period 

followed by walking in stages of 4-min duration until voluntary exhaustion. The 

rates in m·s−1 and incline in % followed a sequence: 1.11 (0 %), 1.11 (3 %), 1.39 
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(3 %), 1.39 (6 %), 1.53 (6 %), 1.53 (9 %), 1.53 (12 %), 1.53 (13 %), 1.53 (15%), 

1.53 (18%), 1.53( 21%) and 1.53 (24%) (Lazzer et al. 2017). During the 

experiment, ventilatory and gas exchange responses were measured 

continuously by indirect calorimetry (CPET, Cosmed, Italy). The flowmeter and 

gas analysers of the system were calibrated using, respectively, a 3-L calibration 

syringe and calibration gas (16.00 % O2; 4.00 % CO2). During the exercise test, 

an electrocardiogram was recorded continuously and displayed online for visual 

monitoring, and heart rate (HR) was measured with a dedicated monitor device 

(Garmin, US). V′O2peak was estimated for each subject considering the last 20s 

of the graded exercise tests. 

The substrate oxidation rate was calculated from V′O2 and V’CO2 values 

determined during the last minute of each workload level, according to the 

protocol of Achten (Achten et al. 2003) and using the following equations: 

Fat oxidation rate (g min-1) = 1.67 · V′O2 l·min-1 − 1.67 · V′CO2 l·min-1 − 0.307 · Poxi 

Carbohydrate oxidation rate (g min-1) = 4.55 · V’CO2 l·min-1 - 3.21 V’O2 l·min-1 - 0.459 · Poxi 

where Poxi is the protein oxidation rate. Poxi was estimated by assuming that 

protein oxidation contributed approximately 12% of resting energy expenditure: 

Protein oxidation rate (g min-1) = [energy expenditure (kJ min-1) · 0.12] · 16.74-1 (kJ g-1)  

For each subject, the results of the graded exercise test were used to compute 

the relationship between fat oxidation rate as a function of exercise intensity, 

expressed as %V′O2peak. The best fit was obtained with a polynomial 

relationship of the second order. The graded exercise test on the motorized 

treadmill was performed in the same conditions (speed and incline) in the three 

different periods. 

Cardiovascular function. 

During the graded exercise test on the motorized treadmill, at rest and during the 

first step at 1.11 m·s-1 and 0% slope, stroke volume (SV) and cardiac output (CO) 

were monitored continuously by bioimpedance method (PhysioFlow, Manatec, 

France), following a procedure validated during maximal incremental exercises 

(Richard et al. 2001). PhysioFlow and metabolimeter values were synchronized 

and mean values were calculated every 10 seconds. Data obtained during the 

last 20 s of rest and of the first step were taken in account for further analysis. 
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Arteriovenous oxygen difference (a-�̅�O2 diff.) was estimated by the following 

equation:  

a-�̅�O2 diff. (mlO2 · 100 ml-1) = V'O2 (ml·min-1) · CO-1(ml·min-1) · 100  

Systolic (SAP) and diastolic (DAP) arterial blood pressures were measured twice 

using an inflatable cuff and mean values were calculated the last minute of rest 

and of the first step. Mean arterial pressure (MAP) was calculated as [2 · diastolic 

blood pressure + systolic blood pressure] · 3-1. Measures of arterial pressure were 

synchronized with the CO signal to calculate systemic vascular conductance 

(SVC), as the ratio between CO and MAP. 

Biopsies and mitochondrial respiration ex vivo  

Biopsies were obtained from the vastus lateralis muscle by percutaneous 

excision after an overnight fasting. A microneedle (Tru-cut Histocore, 12 G, 

Biomed Instrument & product GmbH, Germany) was used to collect the 

specimens; after anaesthesia of the skin using lidocaine (2%) a small incision 

was made to penetrate skin and fascia. Respirometric analyses were performed 

in duplicate using, for each subject, two specimens which were put in  BIOPS 

solution (BIOPS: 10 mM EGTA-calcium buffer [free Ca2+ concentration 100 

nmol·l-1], 20 mM imidazole, 20 mM taurine, 50 mM K+/4 morpholinoethanesulfonic 

acid, 0.5 mM dithiothreitol, 6.56 mM MgCl2, 5.77 mM ATP, and 15 mM 

phosphocreatine, pH 7.1), containing 10 % (wt·vol-1) fatty acid-free BSA and 30 

% (vol·vol-1) DMSO at 4°C, then immediately frozen in liquid nitrogen and stored 

at -80°C until the analysis.  

The analyses were performed by measuring O2 consumption polarographically 

by high-resolution respirometry (Oxygraph-2k; Oroboros Instruments, Innsbruck, 

Austria) according to Pesta and Gnaiger (Pesta and Gnaiger 2012). Chemicals 

and reagents were from Sigma (St. Louis, MO, USA). The muscle sample (10-20 

mg of wet weight) was quickly thawed and immediately placed in ice-cold BIOPS 

containing 2 mg·ml-1 BSA, to remove any residual DMSO from the tissue. Fibre 

bundles were cleaned as much as possible from the connective tissue and fatty 

tissue excesses and separated with a sharp-ended needle under magnification 

(MC170 HD, Leica Microsystems, Switzerland, LTD) leaving only small areas of 

contact. Fibres were then incubated in 2 ml of BIOPS (4°C) containing 20 µg·ml-

1 saponin for 30 min with a continuous gentle stirring to ensure complete 
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permeabilization. After being rinsed twice for 10 min in respiration medium 

(MiR05: 0.5 mM EGTA, 60 mM potassium lactobionate, 3 mM MgCl2, 20 mM 

taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose and 1 g·l-1  BSA, pH 

7.1), permeabilized fibres were measured for wet weight and immediately 

transferred into the respirometer chambers for O2 consumption analysis.  

The instrumentation allows for O2 consumption measurements with small 

amounts of samples in closed respiration chambers containing 2 ml of air-

saturated respiration medium at 37°C; 2–4 mg of muscle fibres were used for the 

analysis. Standardized instrumental and chemical calibrations were performed to 

correct for back-diffusion of O2 into the chamber from the various components, 

leak from the exterior, O2 consumption by the chemical medium, and by the 

sensor O2 (Pesta and Gnaiger 2012). The O2 concentration in the chamber was 

maintained between 300 and 450 M (average O2 partial pressure 250 mmHg) 

to avoid O2 limitation of respiration. Intermittent re-oxygenation steps were 

performed during the experiments by adding 0.3 mM hydrogen peroxide into the 

chambers (MiR05 was added with 280 U·ml-1 catalase before the 

measurements). A substrate-uncoupler-inhibitor-titration protocol was applied 

(Pesta and Gnaiger 2012). Measurements were run in the presence of 25 µM 

blebbistatin to prevent ADP-induced contraction (rigor), particularly evident in 

small length fibres such as those obtained from biopsy by microneedles (Hughes 

et al. 2015). Non-phosphorylating resting mitochondrial respiration was 

measured in the presence of malate (4 mM) and glutamate (10 mM), and in the 

absence of adenylates so that O2 consumption was mainly driven by the back 

leakage of protons through the inner mitochondrial membrane (Complex I state 

2, or “leak” respiration). Saturating ADP (5 mM) was then added to measure 

Complex I respiration in phosphorylating condition (Complex I state 3 respiration). 

Succinate (10 mM) was added to support convergent electron flow into the Q-

junction through Complexes I and II, thereby achieving the maximal ADP-

stimulated mitochondrial respiration sustained by Complex I and Complex II 

(Complex I+II state 3 respiration), as verified by further addition of 5 mM ADP. 

Cytochrome C (10 µM) was then added to test for mitochondrial outer membrane 

integrity, and only samples demonstrating < 10% increase in respiration were 

taken in consideration (i.e. MICT PRE n=6 and MICT POST n=8; HIIT PRE n=6 
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and HIIT POST n=7). The main mean characteristics of these subgroups were 

not significantly different from whole group of subjects.  

Maximal electron transport system (ETS) capacity was then evaluated by 

stepwise addition of the chemical uncoupler protonophore carbonylcyanide-p-

trifluoromethoxyphenylhydrazone (FCCP). Afterward, Rotenone (1 µM) was 

added to inhibit Complex I and to evaluate ETS sustained by Complex II 

(rotenone-insensitive) and by Complex I (rotenone-inhibited). Finally, antimycin 

A (2.5 µM) was added to inhibit also Complex III, providing a measure of residual 

O2 consumption (ROX), indicative of non-mitochondrial O2 consumption. 

Mitochondrial respiration was corrected for O2 flux due to the ROX. Data were 

digitally recorded using DatLab4 software (Oroboros Instruments). 

The respiration parameters were normalized by citrate synthase (CS) activity (see 

below) and expressed as (pmol O2·s-1·mU-1).  

The degree of oxidative phosphorylation coupling for a specific substrate supply 

(glutamate and malate in this case) was determined by calculating the ratio 

between Complex I+II state 3 respiration minus Complex I leak respiration and 

Complex I+II state 3 respiration [(state 3 – leak)/state 3] (Pesta and Gnaiger 

2012).  

Citrate synthase activity (CS) 

CS activity, was assayed spectrophotometrically (Srere 1969) by an EnSpire 

2300 Multilabel Reader (PerkinElmer). After completion of the respirometer 

measurements, muscle fibres were recovered and processed as in Spinazzi et al 

(Spinazzi et al. 2012). In MICT and HIIT groups, 13 and 14 subjects were 

considered respectively. Briefly, muscle fibre was suspended in1:20 wt·vol-1 in a 

homogenization buffer containing 250 mM sucrose, 20 mM Tris, 40 mM KCl and 

2 mM EGTA with 1:50 vol·vol-1 protease inhibitors (Sigma-Aldrich), and submitted 

to a motor driven homogenization in a pre-cooled 1 ml glass-glass potter 

(Wheaton, USA).  The homogenate was centrifuged at 600 x g for 10 minutes 

and the clarified homogenate was assayed for protein concentration (Lowry et al. 

1951). For CS assay 10-20 µg of protein were added to each well of a 96-well-

microplate along with 100 µl of 200 mM Tris-Triton X-100 (0.2 % vol·vol-1), 20 µl 

of 1 mM 5,5’-dithiobis-2-nitrobenzoate freshly prepared, 6 µl of 10 mM acetyl-

coenzyme A and mQ water to a final volume of 190 µl. Finally, 10 µl were added 
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of 10 mM oxalacetic acid that started the reaction. All assays were performed at 

25 °C in triplicate. Activity was expressed as mU (nmole/min) per mg of protein 

Statistical analyses 

Statistical analyses were performed using SPSS 20.0 software (IBM, Chicago, 

USA), with significance set at p<0.05. All results were expressed as means and 

standard error (SE). Normal distribution of the data was tested using the Shapiro–

Wilk test. Sphericity was verified by Mauchly’s test. When the assumption of 

sphericity was not met, the significance of the F-ratios was adjusted according to 

the Greenhouse–Geisser procedure. 

The differences on the training adherence between the two groups were analysed 

by student’s test for unpaired data. Anthropometric characteristics, body 

composition, V’O2peak cardiovascular parameters, data derived from 

questionnaire and food diary, glycolipid metabolism, CS and mitochondrial 

function parameters were analysed with a generalized linear mixed, multilevel, 

growth model, fit by maximal likelihood, which accounts for random effect due to 

subjects and intercept and fixed effects due to group (MICT vs HIIT), gender, 

time, time2 and interaction Group x Time, taking in account the correlation of the 

data.  For glycolipid metabolism, CS and mitochondrial function parameters, it 

was not necessary add the fixed effect “time2” since there has been only two time-

points. The same analyses were applied to the fat oxidation during the exercise, 

adding further the % of V’O2peak as fixed effect. Since the gender distribution of 

the subjects was balanced in the two groups, and no gender differences and no 

interaction between groups were found in the parameters studied, then male and 

female subjects were considered together.   

3.3 - Results  

Adherence to the training program  

During the training period, subjects were involved in 34.4±0.2 and 34.8±0.3 

training sessions for MICT and HIIT groups, respectively (P=0.811), without 

adverse events. The average of energy expended during the training sessions 

were 23.8±4.1 and 22.4±2.5 kJ·kg-1 of FFM for MICT and HIIT groups, 

respectively (P=0.256). The duration of each session was greater for MICT 

(44.3±7.6 min) than for HIIT (33.6±3.6 min, P<0.001). 
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Anthropometric characteristics and body composition 

At PRE, no significant differences were found between MICT and HIIT for age 

(37.3±0. 6 and 40.1±0.4 y, P=0.334), stature (1.72±0.11 and 1.71±0.07 m, 

P=0.895), anthropometric characteristic and body composition (Table 3.1).  

At POST, mean weight loss was 5.94±0.34 and 5.75±0.28 kg (P<0.001), BMI 

decreased by 2.12±0.12 and 1.89±0.09 kg·m-2 (P<0.001), waist circumference 

decreased by 3.67±0.40 and 5.37±0.25 cm (P<0.001), hip circumference 

decreased by 5.05±0.41 and 4.46±0.20 cm (P<0.001), FM decreased by 

5.27±0.30 and 5.45±0.33 kg (P<0.001) and FFM did not change significantly in 

MICT and HIIT groups, without differences between groups.  

After 4-months of follow-up (Table 3.1), body mass increased by 2.96±0.37 and 

1.20±0.22 kg (P<0.015) and BMI increased by 0.93±0.12 and 0.46±0.12 kg·m-2 

(P<0.003), in MICT and HIIT, respectively, without differences between groups; 

the values, however, were still significantly lower than at PRE (P<0.003). Waist 

and hip circumference and FM did not change significantly during the follow-up 

period remaining significantly lower than at PRE (P<0.001). FFM increased 

significantly during the follow-up period, by 3.61±0.24 and 2.70±0.43 kg 

(P<0.001) in MICT and HIIT groups, respectively, and were not significantly 

different than at PRE (Table 3.1). 

Blood parameters 

Blood parameters are presented in Table 3.2. At PRE, no significant differences 

were found between MICT and HIIT groups for Total-, LDL- and HDL- cholesterol, 

triglycerides, fasting plasma glucose, fasting plasma insulin, and HOMA IR index.  

After 3-months (POST) of weight-management program, Total and LDL 

cholesterol decreased significantly (P<0.001) by 11 and 13% in MICT and by 6 

and 11% in HIIT group, without differences between groups. After the training 

period (POST), HDL Cholesterol, Triglycerides, Fasting Glucose, Fasting Insulin, 

HOMA IR index did not change significantly in either groups (Table 3.2). 
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Table 3.1 - Anthropometric characteristic, physical capacities and Physical activity habits before (PRE) and after 3-months (POST) of weight-management 

program, and after 4 months of follow-up in Moderate Intensity Continuous Training (MICT) and High Intensity Interval Training (HIIT) groups. 

  MICT   HIIT   P 

  PRE (n:16) POST (n:16) FOLLOW-UP (n:14)   PRE (n:16) POST (n:16) FOLLOW-UP (n:12)   Gr T Gr x T 

Body mass (Kg) 107.1 ± 4.4 101.2 ± 4.5* 103.8 ± 5.4*†  103.5 ± 2.7 97.8 ± 2.5* 98.0 ± 3.0*†  0.790 0.001 0.331 

BMI (kg·m-2) 36.1 ± 1.3 33.9 ± 1.2* 35.2 ± 1.5*†  35.1 ± 0.9 33.2 ± 1.0* 32.9 ± 0.9*†  0.638 0.001 0.587 

Waist (cm) 113.0 ± 3.5 109.4 ± 4.0* 110.5 ± 4.4*  114.1 ± 2.2 108.8 ± 2.1* 107.4 ± 2.2*  0.406 0.001 0.590 

Hip (cm) 123.1 ± 2.8 118.0 ± 2.9* 119.9 ± 3.1*  120.5 ± 1.8 116.1 ± 2.2* 113.9 ± 1.5*  0.875 0.001 0.500 

FFM (kg) 69.4 ± 3.9 68.6 ± 4.1 71.0 ± 5.0†  65.1 ± 2.9 64.7 ± 2.7 69.3 ± 3.9†  0.386 0.001 0.767 

FM (Kg) 37.7 ± 2.7 32.4 ± 2.3* 32.5 ± 3.0*  38.4 ± 2.1 32.9 ± 2.5* 28.8 ± 2.0*  0.970 0.002 0.433 

HRpeak (bpm) 180.1 ± 0.9 177.2 ± 1.1* 173.0 ± 1.3*  181.0 ± 0.9 176.0 ± 0.5* 178.2 ± 0.83*  0.141 0.001 0.149 

V’O2peak (L·min-1) 3.02 ± 0.05 3.19 ± 0.05* 2.95 ± 0.06*†  2.88 ± 0.04 3.35 ± 0.05* 3.32 ± 0.06*†  0.288 0.001 0.001 

V’O2peak (mL·min-1·Kg-1 FFM) 43.58 ± 0.39 46.80 ± 0.39* 42.02 ± 0.51*†  44.26 ± 0.45 51.51 ± 0.40* 48.04 ± 0.56*†  0.093 0.001 0.001 

IPAQ_TOT (MET-min week-1) 818 ± 220 1481 ± 292* 1965 ± 552*  766 ± 253 1257 ± 208* 2223 ± 507*  0.954 0.001 0.635 

IPAQ_VIG (MET-min week-1) 190 ± 135 547 ± 281* 928 ± 372*  45 ± 45 310 ± 138* 660.0 ± 285*  0.264 0.003 0.779 

IPAQ_MOD (MET-min week-1) 247 ± 102 596 ± 204 384 ± 136  435 ± 243 431 ± 94 1060 ± 423  0.259 0.090 0.275 

IPAQ_WALK (MET-min week-1) 380 ± 127 337 ± 94 653 ± 294  286 ± 99 517 ± 162 503 ± 121  0.948 0.080 0.936 

SF12_PI (pt) 504 ± 1.9 51.4 ± 2.3 52.4 ± 1.8  50.0 ± 2.2 53.1 ± 1.7 52.6 ± 1.6  0.888 0.161 0.976 

SF12_MI (pt) 46.3 ± 2.7 49.1 ± 2.2 45.2 ± 2.6  52.4 ± 1.8 50.8 ± 2.2 51.7 ± 2.4  0.282 0.611 0.984 

SC (pt) 2.3 ± 0.1 3.4 ± 0.2* 3.1 ± 0.4*   2.1 ± 0.1 3.4 ± 0.2* 3.1 ± 0.3*   0.772 0.001 0.536 

All values are presented as mean ± standard error.  

BMI: body mass index; FM: Fat Mass; FFM: Fat free Mass; IPAQ-TOT: International Physical Activity Questionnaire; IPAQ-VIG: vigorous activity; IPAQ-MOD: 

moderate intensity activity; IPAQ-WALK: physical activity derived from walking; SF12_PI: Short-Form 12, questionnaire about health-related quality of life 

concerning physical index; SF12_MI: Short-Form 12, questionnaire about health-related quality of life concerning mental index; SC: Stage of Change 

questionnaire; Pt: points. 

*: significantly different from PRE, P<0.05; †: significantly different from POST, P<0.05;  

Gr: group effect; T: time effect; Gr x T: groups x time effect.  
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Table 3.2 - Biological characteristics before (PRE) and after 3-months (POST) of weight-
management program, in Moderate Intensity Continuous Training (MICT) and High Intensity 
Interval Training (HIIT) groups. 

All values are presented as mean ± standard error. 
LDL: low density lipoprotein; HDL: high density lipoprotein; HOMA, Homeostatic model 
assessment.  
*: significantly different from PRE, P<0.05; 

 

Dietary and physical activity habits 

Dietary habits 

At PRE, no significant differences were found between MICT and HIIT groups in 

energy intake (9509±763 vs. 7720±522 kJ, P=0.061), and carbohydrates (45±2 

vs. 45±1 %, P=0.953), lipids (37±2 vs. 36±2 %, P=0.383) and proteins (16±1 vs. 

16±1 %, P=0.663) contribution to energy intake. 

At POST, mean energy intake decreased significantly by -2224±186 and -

1136±146 kJ·day-1 (P<0.001) in MICT and HIIT respectively, without difference 

between groups (P=0.244). Carbohydrates contribution to energy intake did not 

change significantly, but lipids decreased by -3.52±0.55 and -5.02±0.61 % (P < 

0.05) and protein increased by +3.26±0.29 and +3.66±0.31 % (P < 0.001) in MICT 

and HIIT groups, respectively. 

After the follow-up period, mean energy intake increased significantly by 

+1483±155 and +360±220 kJ·day-1 (P < 0.05) in MICT and HIIT respectively, 

without differences between groups (P=0.215); the values returned similar to 

those described in PRE (P=0.098). Carbohydrates, lipids and proteins 

Gr T
Gr x 

T

P P P

Total Cholesterol 

(mg·dL-1)
220.90 ± 10.12 198.21 ± 8.99* 219.11 ± 9.00 206.11 ± 10.04* 0.801 0.001 0.332

LDL Cholesterol 

(mg·dL-1)
142.99 ± 7.01 126.57 ± 7.86* 147.71 ± 8.52 133.03 ± 9.52* 0.610 0.001 0.839

HDL Cholesterol 

(mg·dL-1)
51.34 ± 3.95 47.86 ± 3.05* 48.67 ± 2.44 48.47 ± 2.49 0.806 0.172 0.221

Triglycerides 

(mg·dL-1)
132.84 ± 22.07 118.88 ± 16.58 113.65 ± 12.58 123.04 ± 20.91 0.754 0.837 0.297

Fasting Glucose 

(mg·dL-1)
99.03 ± 2.43 97.01 ± 2.30 98.26 ± 2.38 96.74 ± 2.23 0.867 0.154 0.838

Fasting Insulin 

(µU·mL-1)
10.05 ± 1.48 10.07 ± 3.28 10.27 ± 1.14 9.05 ± 1.38 0.879 0.645 0.633

HOMA IR index 2.48 ± 0.40 2.53 ± 0.92 2.54 ± 0.32 2.22 ± 0.39 0.862 0.706 0.608

MICT HIIT

PRE (16) POST (16) PRE (16) POST (16)
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contribution to energy intake did not change significantly from POST to follow-up, 

but lipids remained lower than at PRE (-4 %, P=0.028) and proteins tended to 

remain higher than at PRE (+2%, P=0.061). 

Physical activity habits  

Physical activity habits, evaluated by the IPAQ questionnaire, were similar 

between the two groups (MICT and HIIT) at all three investigated time points (P 

values ranging from 0.259 to 0.954; Table 3.1). 

After the training period (POST, Table 3.3), total (IPAQ_TOT) and vigorous 

(IPAQ_VIG) physical activities increased by 72 and 264 % (P <0.05) respectively, 

in both groups. However, moderate activity (IPAQ_MOD) and physical activity 

derived from walking (IPAQ_WALK) did not change significantly (respectively 

P=0.090 and P=0.080) in both groups.  

After the follow-up period (Table 3.3), total (IPAQ_TOT) and vigorous 

(IPAQ_VIG) physical activities did not change significantly and remained higher 

than at PRE by 100 and 168 % (P <0.05) in MICT and HIIT groups, respectively. 

Also, moderate intensity activity (IPAQ_MOD) and physical activity derived from 

walking (IPAQ_WALK) after the follow-up period did not change significantly 

(respectively P=0.080 and P=0.090) in both groups.  

The quality of life assessed by the SF12 questionnaire concerning physical and 

mental index showed no differences over time in both groups (Table 3.3). 

Stage of change questionnaire showed (Table 3.3) an increase, after the weight 

management program, by 54% (P=0.001) in MICT and HIIT groups. After the 

follow-up period, stage of change did not change and remained significantly 

higher than at PRE by 25% (P=0.001) in both groups 

Physical capacities  

Cardiovascular parameters  

At rest, V’O2, CO, SV, SAP, DAP, SVC and a-�̅�O2 diff. values were similar 

between the two groups (MICT and HIIT) at all three investigated time points (P 

values ranging from 0.132 to 0.748; Table 3.3). 

After the training period (POST), SAP decreased significantly at rest by mean -

5% (P<0.001) in MICT and HIIT groups, without significantly changes for the other 

parameters (Table 3.3).  
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After the subsequent follow-up period, SAP did not change significantly and 

remained significantly lower than at PRE by mean -5% (P=0.003) in MICT and 

HIIT groups. Also, DAP decreased significantly compared to POST, by 4% 

(P=0.033) in MICT and HIIT groups; finally, V’O2 increased significantly 

compared to PRE, by 19% (P=0.039) in MICT and HIIT groups (Table 3.3).  

During walking at 1.11 m·s-1 (4 km·h-1) and 0% slope (~40% of V’O2peak), V’O2, 

CO, SV, SAP, DAP, SVC and a-�̅�O2 diff values were similar between the two 

groups (MICT and HIIT) at all three investigated time points (P values ranging 

from 0.195 to 0.951; Table 3.3). Physical training caused a significantly decrease 

in V’O2 by -7% (P=0.039) in MICT and HIIT groups, and in SAP by -11% 

(P<0.001) in MICT and HIIT groups. After the follow-up period, V’O2 did not 

change significantly and remained significantly lower than at PRE by 12% 

(P=0.011) in MICT and HIIT groups. SAP increased significantly but remained 

significantly lower than at PRE by 6% (P=0.007) in MICT and HIIT groups. Finally, 

both CO and SVC were significantly lower than at PRE by 19% (P<0.001) in MICT 

and HIIT groups (Table 3.3).  

.
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Table 3.3 - Cardiovascular parameters before (PRE) and after 3-months (POST) of weight management program, and after 4 months of 
follow-up in Moderate Intensity Continuous Training (MICT) and High Intensity Interval Training (HIIT) groups. 

 

All values are presented as mean ± standard error.  
V’O2: oxygen consumption, CO: cardiac output; SV: stroke volume, SAP: systolic arterial pressure; 
DAP: diastolic arterial pressure, a-�̅�O2 diff.: arteriovenous difference of O2; SVC: systemic vascular 
conductance. 
Significance by generalized linear mixed model (see statistical paragraph): 
*: significantly different from PRE, P<0.05;  
†: significantly different from POST, P<0.05;  
Gr: group effect; T: time effect; Gr x T: groups x time effect

P

Gr T
Gr x 

T

At rest

V'O2 (L·min-1) 0.35 ± 0.02 0.37 ± 0.02 0.39 ± 0.03* 0.37 ± 0.01 0.37 ± 0.02 0.49 ± 0.08* 0.132 0.012 0.318

CO (L·min-1) 6.71 ± 0.33 5.95 ± 0.31 5.97 ± 0.30 7.16 ± 0.30 7.15 ± 0.30 7.09 ± 0.51 0.345 0.113 0.595

SV (ml) 88.82 ± 4.86 84.10 ± 5.63 84.54 ± 4.35 92.98 ± 4.49 96.05 ± 5.76 88.64 ± 6.69 0.158 0.393 0.817

SAP (mmHg) 132.06 ± 2.66 126.13 ± 2.20* 126.15 ± 1.95* 139.56 ± 3.46 131.56 ± 2.08* 128.75 ± 2.47* 0.620 0.002 0.339

DAP (mmHg) 83.88 ± 2.10 82.69 ± 1.36 80.00 ± 2.21† 87.50 ± 2.42 90.38 ± 1.73 86.08 ± 2.03† 0.439 0.002 0.383

SVC (ml·min-1·mmHg-1) 67.08 ± 2.71 60.68 ± 3.06 62.76 ± 3.44 69.71 ± 3.34 69.28 ± 3.74 70.85 ± 5.26 0.410 0.118 0.463

a-vO2 diff. (mL·100mL-1) 5.42 ± 0.32 6.05 ± 0.35 5.66 ± 0.59 5.28 ± 0.30 5.45 ± 0.30 6.52 ± 0.60 0.748 0.039 0.866

Walk ing at 1.11 m·s -1 , 0% slope

V'O2 (L·min-1) 1.27 ± 0.06 1.17 ± 0.06* 1.15 ± 0.05* 1.23 ± 0.05 1.15 ± 0.06* 1.08 ± 0.06* 0.431 0.001 0.384

CO (L·min-1) 13.77 ± 0.61 12.08 ± 0.74 10.85 ± 0.37*† 13.31 ± 0.83 14.23 ± 0.72 11.06 ± 0.44*† 0.951 0.001 0.717

SV (ml) 136.60 ± 5.73 134.50 ± 8.92 120.18 ± 7.81 135.11 ± 8.05 147.38 ± 7.73 123.75 ± 6.88 0.611 0.077 0.781

SAP (mmHg) 143.57 ± 3.76 130.00 ± 1.64* 137.86 ± 3.80*† 149.69 ± 4.24 132.50 ± 1.64* 138.75 ± 3.14*† 0.195 0.001 0.354

DAP (mmHg) 85.00 ± 2.01 82.50 ± 1.65 81.57 ± 2.12 87.50 ± 2.54 88.44 ± 1.56 85.00 ± 1.51 0.426 0.443 0.777

SVC (ml·min-1·mmHg-1) 133.11 ± 5.09 122.66 ± 7.78 108.90 ± 4.24*† 126.83 ± 7.43 139.30 ± 7.44 109.47 ± 5.56*† 0.498 0.012 0.762

a-vO2 diff. (mL·100mL-1) 9.58 ± 0.65 10.17 ± 0.65 10.33 ± 0.51 9.57 ± 0.46 8.65 ± 0.73 10.47 ± 0.83 0.893 0.073 0.481

MICT HIIT

PRE (16) POST (16)
FOLLOW-UP 

(14)
PRE (16) POST (16)

FOLLOW-UP 

(12)



 

 

Peak oxygen uptake 

At PRE, no significant differences were found between MICT and HIIT for 

HRpeak and V’O2peak (Table 3.1). 

At POST, HRpeak decreased by 2.9±0.4 and 4.9±0.3 bpm (P<0.001) in MICT 

and HIIT groups, without difference between groups (Table 3.1). Absolute 

V’O2peak increased by 0.17±0.01 and by 0.46±0.20 L·min-1 (P<0.001) in MICT 

and HIIT groups, respectively; with a significantly lower increase in MICT than 

HIIT (+6% and 16%, P<0.001, Table 3.1 and Fig. 3.1A. V’O2peak normalized by 

FFM increased by 3.3±0.2 and by 7.2±0.3 mL·min-1·kg-1 FFM (P<0.001) in MICT 

and HIIT groups, respectively, with a significantly lower increase in MICT than 

HIIT (+8%, and +16%, P<0.001, Table 3.1 and Fig. 3.1B).  

HRpeak did not change significantly during the follow-up period and remained 

significantly lower than at PRE (Table 3.1, P<0.001). Absolute V’O2peak 

decreased by 0.19±0.02 and by 0.21±0.01 L·min-1 (P<0.001) in MICT and HIIT 

groups, returning at PRE values in MICT but remaining higher in HIIT (+ 8%, 

P<0.001, Table 1 and Fig. 3.1A). V’O2peak normalized by FFM decreased by 

4.83±0.24 and by 4.76±0.32 mL·min-1 kg-1FFM (P<0.001) in MICT and HIIT 

groups, returning at PRE values in MICT but remaining higher in HIIT (+5%, 

P<0.001, Table 1 and Fig. 3.1B). 

Fat oxidation rate 

Before the training period (PRE), fat oxidation rate during the incremental test 

was not significantly different between groups (P=0.110). Maximal fat oxidation 

rate was observed at 41 ± 1% of V’O2peak in MICT (0.41 ± 0.01 g·min-1, Fig. 

3.2A) and at 43 ± 1% of V’O2peak in HIIT (0.43 ± 0.1 g·min-1, Fig. 2B) groups. At 

exercise intensities above 60 ± 1 % of V’O2peak, fat oxidation rate decreased 

markedly and the contribution of fat oxidation to energy supply became negligible 

above 80 ± 1 % of V’O2peak.  

After the training period (POST), in the MICT group fat oxidation rates were not 

significantly different from those at PRE at all the exercise intensities (Fig. 3.2A). 

On the other hand, the HIIT group exhibited a greater absolute rate of fat 

oxidation at 60 (+45%, P:0.019), 70 (+119%, P:<0.001) and 80 (+104%, P: 0.076) 

% of V’O2peak (Fig. 3.2B), whereas at 40 and 50 % of V’O2peak the values were 

not significantly different from those at PRE. 
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After 4-months of follow-up, in the MICT group fat oxidation rates were still not 

significantly different from those at PRE at all the exercise intensities (Fig. 3.2A). 

On the other hand, the HIIT group exhibited a greater absolute rate of fat 

oxidation at 60 (+32%, P:0.031), 70 (+28%, P:<0.001) and 80 (+80%, P: 0.047) 

% of V’O2peak (Fig. 3.2B), whereas at 40 and 50 % of V’O2peak the values 

remained not significantly different from those at PRE. 

 

Figure 3.1 -. Absolute peak oxygen uptake (V’O2peak, panel A) and peak oxygen uptake 
normalized by Fat Free Mass (V’O2peak·FFM-1, panel B) measured before (PRE, ■) and after 3-
months (POST, ■) of weight-management program, and after 4 months of follow-up (■), in 
Moderate Intensity Continuous Training (MICT) and High Intensity Interval Training (HIIT) groups. 

All values are presented as mean ± standard error. 

Significance by generalized linear mixed model (see statistical paragraph): 

*: Significantly different, P<0.05. 
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Figure 3.2 - Fat oxidation rate as a function of exercise intensity expressed as percent of peak 
oxygen uptake (V’O2peak) before (PRE, ■) and after 3-months (POST, ■) of weight-management 
program, and after 4 months of follow-up (■), in Moderate Intensity Continuous Training (MICT, 
panel A) and high intensity interval training (HIIT, panel B) groups. 

All values are presented as mean ± standard error. 

*: significantly different PRE vs. POST, P<0.05 

† : significantly different PRE vs. follow-up, P<0.05 

 

Mitochondrial respiration ex vivo and citrate synthase activity. 

Results of citrate synthase (CS) activity assays are reported in Figure 3.3C. No 

significant differences were observed after the weight-management program 

compared to the baseline values in both MICT and HIIT groups. Thus, none of 

the two protocols of exercise training affected CS activity  

Conversely, the weight-management program affected significantly the intrinsic 

oxidative phosphorylation capacity. Data are reported in Figure 3.3. In particular, 
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maximal ADP-stimulated mitochondrial respiration (CI+II state 3 respiration) 

increased significantly (P 0.042) with respect to the baseline values after the 

weight-management program (POST) in both MICT and HIIT groups. The 

increase was +67% for MICT and +36% for HIIT, without significant difference 

between the two groups (Fig. 3.3A) 

The data dealing with oxidative phosphorylation coupling at a specific substrate 

supply (glutamate and malate), calculated as ratio [(State 3 – Leak)/State 3] and 

reported in Fig. 3.3B, show that they were not affected by the two training 

protocols. At baseline, the values of the ratio were within 0.77-0.80 and did not 

change significantly after the weight-management program, for both MICT and 

HIIT. Finally, the maximal capacity of the electron transport system (ETS) 

uncoupled from the phosphorylating system, determined by addition the chemical 

protonophore FCCP, augmented after the weight-management program (Fig. 

3D).  Specifically, ETS sustained by glutamate/malate and succinate (complex 

I+II ETS) increased significantly (P<0.05) as compared with baseline in MICT 

(+45%) and HIIT (+61%), without significant difference between them. In addition, 

either rotenone-sensitive (complex I ETS) or -insensitive (complex II ETS) 

electron transport system exhibited a pattern similar to that of complex I+II ETS, 

indicating that both complex I and complex II were upregulated, although their 

increases vs. the baseline values did not reached the statistical significance. 
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Figure 3.3 - Maximal ADP-stimulated mitochondrial respiration, i.e. CI+II state 3 respiration 
normalized for citrate synthase activity (panel A), and oxidative phosphorylation coupling, i.e 
(state3-leak)/state3 ratio (panel B), Citrate synthase activity (panel C) and in panel D, ETS 
sustained (rotenone-sensitive ETS) by Complex I (stripes) and by Complex II (squares) along with 
the ETS sustained by both Complex I and II (full coloured); all measured before (PRE, ■) and 
after the weight-management program (POST, ■) in Moderate Intensity Continuous Training 
(MICT) and High Intensity Interval Training (HIIT) groups.  

All values are presented as mean ± standard error of N=6 for PRE and N=8 for POST in MICT 
group, N=6 for PRE and N=7 for POST in HIIT group for panel A, B and D. The values of CS 
(Panel C) refer to N=13 for MICT and N=14 for HIIT group. In panel D for each group the values 
are normalized to the respective values of PRE-exercise Complex I+II ETS.   

*: significantly different, P<0.05 

3.4 Discussion 

In obese patients the 3-month weight-management program entailing, in terms of 

exercise, MICT or HIIT, resulted in: 1) significant improvement of V′O2peak in 

both groups, although more pronounced in HIIT; 2) significant increase in fat 

oxidation rate during submaximal exercise, only in the HIIT group; 3) similar 

increases, in the two groups, of maximal ADP-stimulated mitochondrial 

respiration. and 4) elevated adherence without adverse events in both groups. 

After 4 months of follow-up, only in the HIIT group V′O2peak and fat oxidation rate 

were still greater compared to the baseline measurements. 
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HIIT program improve V’O2peak and fat oxidation rate  

Both MICT and HIIT increased the V’O2peak, although a greater improvement 

was observed for HIIT, confirming previous research conducted in the general 

population and in obese people (Lazzer et al. 2017). HIIT would elicit V’O2max 

improvements through both central and peripheral adaptations, whereas MICT 

would elicit V’O2max improvements mainly through peripheral adaptation 

(Daussin et al. 2007). In our study, we measured a V’O2peak increment in the 

MICT group and mitochondrial respiration (peripheral factor) improved as well. It 

must be said also that despite mitochondrial respiration improved in MICT, fat 

oxidation (peripheral factor) did not. This might suggest that mitochondrial 

respiration improvement in obese subjects do not contributed to improve also fat 

oxidation and the V’O2peak increment is occurred independently from fat 

oxidation following MICT. The intensity that elicits maximal whole‐body fat 

oxidation is approximately 60% of V’O2max in well trained athletes (Achten et al. 

2003), 50% in the general population (Achten et al. 2003) and 40% in obese 

patients (Lazzer et al. 2017). During HIIT the most part of the energy comes from 

carbohydrates (Hetlelid et al. 2017), since above of 80% of V’O2max the 

contribution of the fat oxidation is almost negligible (Achten et al. 2003; Lazzer et 

al. 2017). Nevertheless, Hetlelid et al (Hetlelid et al. 2017) found that, by 

comparing well trained athletes and moderately active people, the higher 

performance by the former group during HIIT was mainly explained by their nearly 

threefold higher rates of fat oxidation capacity, that allows them to keep fat 

oxidation rate by far higher compared with moderately active people, both during 

high intensity exercise and during recovery. In accordance with the Hetlelid 

results (Hetlelid et al. 2017), the fundamental role of fat oxidation during HIIT 

might explain why this type of training is more efficient than MICT in improving 

the fat oxidation rate. Furthermore, previous studies showed that maximal fat 

oxidation rate was related to V’O2max (Nordby et al. 2006; Hetlelid et al. 2017), 

suggesting that a training suited for improving V’O2max might improve fat 

oxidation capacity as well. Our data regarding HIIT group supports this 

hypothesis but on the contrary the aerobic fitness improvement following MICT 

seems mainly due to central factors since mitochondrial respiration 

enhancements are not accompanied by an improvement of the capacity to utilize 

fats during the exercise, maybe due to the more pronounced central limitation in 
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obese highlighted in the previous chapter (Vaccari et al. 2019). On the other 

hand, carbohydrate utilization during HIIT is not different between well trained 

athletes and moderately active people (Hetlelid et al. 2017); moreover, it does not 

change following HIIT training (Lazzer et al. 2017).  

V’O2 and SAP at rest and during walking at submaximal intensity, decreased in 

both training groups, with no differences. It is noteworthy that HIIT can improve a 

clinically relevant parameter such as SAP, by an amount similar to that described 

following MICT, despite a lower training time requirement. A previous meta-

analysis described a better ability by HIIT in reducing blood pressure in obese 

patients and in general, HIIT seems more effective in reducing markers correlated 

with cardiometabolic risk (García-Hermoso et al. 2016). According to the literature 

(Sawyer et al. 2016) HIIT might induce different vascular adaptations than MICT; 

given a similar V’O2max increment, HIIT would increase arterial dilatation, 

whereas MICT would increase the resting arterial diameter (Sawyer et al. 2016). 

Our data showed a slightly increment on SVC and a-�̅�O2 diff during submaximal 

exercise, without differences between groups, suggesting an improvement of 

vascular function. According to previous research conducted on non-obese 

sedentary subjects (Daussin et al. 2007), HIIT improves the maximal 

performance of the cardiovascular system, whereas improvements obtained by 

MICT would mainly manifest at submaximal intensities.  

MICT and HIIT improve oxidative phosphorylation capacity but not efficiency  

Looking at the a-�̅�O2 diff improvements it is reasonable to expect a corresponding 

improvement in mitochondrial respiration. Our results revealed indeed an 

improvement of maximal ADP-stimulated respiration and maximal ETS capacity 

after both MICT and HIIT, without changes in oxidative phosphorylation coupling, 

suggesting that oxidative phosphorylation capacity but not efficiency was 

enhanced by exercise training. Furthermore, we observed no improvement of 

mitochondrial content, as estimated by CS activity, after both training. In contrast, 

in non-obese subjects a study (Wallman et al. 2009) documented that some 

markers of mitochondrial biogenesis increase in high-intensity interval running 

more than in moderate-intensity continuous running, and other convincing studies 

claim that HIIT and so high intensity is more effective in improving markers 

associated with mitochondrial contents (MacInnis and Gibala 2016; MacInnis et 

al. 2016). On the contrary Granata et al. (Granata et al. 2016), didn’t find any 
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changes in CS and other mitochondrial content markers following three training 

interventions at different intensities. So, the training’s determinant factors for the 

improvement of mitochondrial content are not yet completely clear (Bishop et al. 

2019), according to some studies the key factor may be the volume (Granata et 

al. 2018), but MacInnis et al (MacInnis et al. 2016) reported that sprint interval 

training increases mitochondrial content to a similar extent to MICT despite a 

reduced exercise volume. However, it is important to consider that all the above-

mentioned studies refer to normal weight people though; Boyd et al (2013) (Boyd 

et al. 2013) instead, sought into this topic in obese/overweight subjects and didn’t 

find difference in skeletal muscle oxidative capacity and mitochondrial content 

following low intensity low volume training compared to high intensity high volume 

training. Thus, we may infer that the increase of mitochondrial function we 

observed in obese subjects after the weight-management program was due to 

activity/assembly regulation of oxidative phosphorylation complexes or 

remodelling of mitochondrial inner membrane. Menshikova et al. (Menshikova et 

al. 2007) suggested a similar hypothesis in sedentary obese individuals 

undergoing moderate-intensity physical activity combined with weight loss. In 

particular, the authors observed an improved enzymatic capacity for oxidative 

phosphorylation without a significant change in mtDNA content, hypothesizing a 

mitochondrial cristae remodelling. Our data showing an increase in maximal 

capacity of both Complex I and Complex II may be in accordance to such 

hypothesis. 

Overall, our results prompt us to propose exercise training, irrespective of the 

differences between the two training interventions investigated in the present 

study, as a good strategy to counteract the alteration of the mitochondrial 

proteome recently observed in skeletal muscle of subjects with obesity (Kras et 

al. 2018). Indeed, such proteomic profile, with proteins forming the TCA cycle 

increased and those forming the oxidative phosphorylation complexes 

decreased, has increased capacity to produce reducing equivalents of NADH and 

FADH2 in an impaired electron transport chain, thereby generating oxidative 

stress (Kras et al. 2018). 

Despite both training modalities improved oxidative mitochondrial function, only 

after HIIT the capacity to oxidize lipids during exercise improved. It should be 

considered that mitochondrial oxidative capacity widely exceeds systemic O2 
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delivery (Boushel et al. 2011), and does not seem to be related with total body fat 

oxidation (Nordby et al. 2006). Looking at our results, the improvement in fat 

oxidation in HIIT was not associated with changes in CS activity. This suggests 

that at least for 3 months of training, the improvement of fat oxidation is not due 

to mitochondrial adaptations, but to other factors, like improvements in O2 muscle 

supply, capillary density and O2 diffusion. Indeed, endurance athletes, compared 

with untrained individuals, have higher whole body maximal fat oxidation which 

however do not correlate with mitochondrial fat oxidation (Nordby et al. 2006); 

this further suggests that higher O2 availability provided by the central 

cardiovascular system might be the main factor increasing whole body fat 

oxidation in obese subjects. 

Metabolic parameters 

After 3-months of weight-management program, Total and LDL cholesterol 

decreased significantly in both groups, while no significant effects on HDL 

cholesterol, triglycerides, glucose and insulin were observed in both groups. Most 

of the studies in obese and non-obese subjects comparing HIIT and MICT, are in 

agreement with our results, showing similar effects of the two training modalities 

on total, LDL, HDL cholesterol, and triglycerides, fasting plasma glucose and 

insulin, and estimated insulin sensitivity (Wallman et al. 2009). 

Training Adherence  

During the weight-management programs no differences in training adherence 

between MICT and HIIT and no adverse events were observed, in agreement 

with previous studies (Jung et al. 2015), but in contrast with Lunt et al (Lunt et al. 

2014). Lunt et al. (2014) showed that, despite the greater potential efficiency of 

HIIT in improving aerobic capacity compared to MICT, the effectiveness of HIIT 

may be reduced due to the lower adherence to training prescriptions. In the 

present study we did not notice a lower adherence to the HIIT program, despite 

the training period was quite long (3 months): the number of training sessions 

(about 35) were the same in the two groups and the actual intensities were quite 

close to the programmed ones. HIIT was reported to be more enjoyable 

compared to MICT, at least inside a laboratory setting (Bartlett et al. 2011); our 

work showed that this is true even outside the laboratory setting and for a 

relatively long period of time. Given that "lack of time" remains one of the most 
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commonly cited barriers to regular exercise participation (Gillen and Gibala 

2014), HIIT could be a time-efficient exercise strategy that warrants consideration 

for training prescription also in the obese population. 

Follow-up 

After 4 months of follow-up, V’O2peak and fat oxidation rate decreased in both 

groups compared with POST. Only the HIIT group, however, maintained higher 

values of V’O2peak and fat oxidation rate than at PRE, even though other 

cardiovascular and anthropometric characteristics were equally improved in both 

groups. This suggests a greater long-term efficiency of HIIT in maintaining the 

cardiovascular fitness and metabolic health, and so a greater ability to reduce 

cardiovascular risk and insulin sensitivity (Robinson et al. 2015). 

Mean BM after follow-up was slightly increased in both groups compared with 

POST (although being still lower than at PRE). Interestingly, fat mass and waist 

and hip circumferences were unchanged between the end of the supervised 

training and the end of the follow-up period; FFM, on the other hand, increased. 

This suggests that physical activity, particularly vigorous physical activity, 

maintained after the training period, induced an increase in FFM. State of Change 

questionnaire rate remained higher after the follow-up period, suggesting that 

physical activity had positive effects in adopting and maintaining an active lifestyle 

(Marcus et al. 1992) independently from weight gain. 

Along with the increase in FFM, improvements were observed in arterial 

pressure, SVC and a-�̅�O2 diff, suggesting a positive effect of the lean mass 

increase on the cardiovascular system parameters (Pedersen and Febbraio 

2012). Further, the hip and waist circumferences did not increase after the follow-

up period despite the BM increment, suggesting a further reduction in 

cardiovascular risk (O’Donovan et al. 2009). 

CO decreased compared to POST and a-�̅�O2 diff tended to increase both at rest 

and during walking, suggesting an improved oxygen extraction of the peripheral 

tissues and an improvement in muscle oxidative function (Daussin et al. 2007), 

as confirmed by the mitochondrial data. On the other hand, in the follow-up SAP 

during walking increased compared to POST and SVC decreased, suggesting an 

increased arterial stiffness (Saladini and Palatini 2017).  

Limitations  



 

74 

High-resolution respirometry measurements could not be carried out immediately 

on fresh biopsies but were performed on rapidly frozen muscle samples (see 

methods). Thus, it cannot be excluded that the freeze-thaw procedure led to 

some underestimation of maximal ADP-stimulated mitochondrial respiration, as 

remarked by some authors (Larsen et al. 2012; Meyer et al. 2014). Nevertheless, 

the accurately controlled cryopreservation procedure proposed by Kuznetsov et 

al. (Kuznetsov et al. 2003) was used in the present study, as in previous studies 

by separate laboratories ( Cannavino et al. 2015; Wüst et al. 2011; Salvadego et 

al. 2016). Moreover, we verified the intactness of the outer mitochondrial 

membrane and excluded from our analyses the samples exhibiting a substantial 

increase in respiration following administration (in the measurement chamber) of 

cytochrome c. Thus, we considered for our analyses only the samples showing 

an increase in mitochondrial respiration following administration of cytochrome c 

within the limits allowing the exclusion of significant damage of the outer 

mitochondrial membrane (<10% increase of cyt.C-induced respiration).  

Finally, we have not mitochondrial respiration data for all the subjects recruited in 

the present study because of the fibres fragility consequent to muscle 

microneedle biopsy and sample handling. Nevertheless, numerically 

homogeneous populations of samples (n=6-8) were analysed successfully for 

both the ET and HIIT group, and the main physiological mean characteristics in 

these subgroups were not significantly different from whole group of subjects, 

even though they were not paired.  

Conclusions 

In conclusion, MICT and HIIT improved the anthropometric measures, some 

cardiovascular markers and mitochondria intrinsic function. However, HIIT was 

more efficient in improving V’O2peak and fat oxidation capacity. The 

improvements of these variables were maintained also after 4 months of follow-

up. These results encourage to utilize HIIT in the obese people given their more 

pronounced cardiovascular functional limitation, impaired capacity to oxidase fats 

during the exercise and tendency to loss all the improvements gained with a 

training period. 
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The principle aims of the studies undertaken for this thesis were to bright new 

light on physical training in obese.  

The main results of chapter II suggest that whole body maximal exercise 

performance in obese might be constrained more markedly than lean subjects by 

central rather than peripheral factors. In fact, they have a less compromise 

maximal voluntary contraction after the whole-body exercise despite a similar 

aerobic capacity in whole body exercise, similar maximal parameter in the single 

leg knee extension exercise and similar recovery from fatigue. 

The benefits of weight loss are not in dispute, but, due to the low success-rate for 

obese adults in attempting and then maintain weight loss (McGuire et al. 1999), 

shall be recommended that activities entailing physical fitness improvements 

would be included within the weight management programs.  

In this respect, HIIT could be introduced even in the training routine of obese 

people. We have shown that HIIT is at least as effective as MICT in improving 

BMI and body composition, with less time requirement and similar training 

adherence. Furthermore, the main advantage is that HIIT is more effective in 

improving aerobic fitness after a relatively long training period (3 months) and in 

improving fat oxidation capacity.  

After four months of follow-up the body composition was equally improved in the 

two groups, since during the follow-up period the physical activity of the two 

groups, as reported by the questionnaire, was not different. However, the 

V’O2max and fat oxidation remained improved only in HIIT group.  

An inability to oxidize lipids seems to be an important factor associated with 

insulin resistance (Kelley and Simoneau 1994), as well as with a high rate of 

weight gain (Zurlo et al. 1990). HIIT effectively improving fat oxidation may help 

this type of patients in improving their situation, both enhancing metabolic status 

and preventing from long-term weight regain, since it was able to keep improved 

fat oxidation even after four months of follow-up. Furthermore, some of the 

benefits typically attributed to exercise, such as lower insulin resistance, 

hypertension and plasma concentration of LDL, are presumably related to the 

improved fat oxidation (Achten and Jeukendrup 2004). Beside the more heal-

related aspects, improving fat oxidation is beneficial for exercise performance and 

endurance capacity (Hawley et al. 1998). Helping obese people to be comfortable 

even with moderate intensity activities, may encourage them to break the vicious 
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circle of sedentary thus improving their quality of life. Further, a better cardio-

respiratory fitness is a valuable outcome in accordance with the results of several 

prospective studies that have shown a significant inverse relationship between 

cardio-respiratory fitness and mortality in obese (Kokkinos et al. 2009). In 

addition, for some patients introducing intensity variation in the exercise schedule 

might represent a mental stimulus (Stork et al. 2018) augmenting long- term 

adherence to regular exercise. Being aware that it is only a speculation, we can 

expect that HIIT might be useful for the long-time results in obese training.  

In normal-weight people and rats, training intensity may be decisive in improving 

mitochondrial respiration. In contrast, it appears that training volume, rather than 

training intensity, may be the key-factor for improvements in mitochondrial 

content (Bishop et al. 2014). Despite our data showed an increment in 

mitochondrial respiration, there was not difference between the two groups and 

no increment in mitochondrial content at all. This was one of the first studies 

comparing mitochondrial function adaptations following either HIIT or MICT in 

obese; therefore, it is premature to give practical insights on exercise training 

prescription to maximise improvements in mitochondria function and content. 

However increasing training volume, mitochondrial content would increase as 

well, as seen by previous works (BÆkkerud et al. 2016; Tan et al. 2018), but, 

there is no other works either confirming or refuting our results on mitochondrial 

respiration following HIIT and MICT in obese.  

HIIT might have some contra arguments though. It has to be consider that 

sedentary and obese people usually view exercise as a “sacrifice” or “something 

impossible” (De Feo 2013). So, in some subject prescribing high intensity 

exercises could be counterproductive. 

In practical terms, the general advice may be to start with exercise program at a 

moderate intensity and increase progressively within the first sessions. Then after 

the first months, once patients have significantly improved their aerobic capacity 

and skills, it is useful to variate the stimulus inserting even HIIT and high intensity 

exercises (De Feo 2013). 
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APPENDIX 

New HIIT method proposal: HIDIT 

 

Adapted from: 

Vaccari F, Giovanelli N, Lazzer S. High Intensity Decreasing Interval Training 

(HIDIT) increases time above 90% V’O2peak. Submitted to Eur J Appl Physiol. 
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4.1 – Abstract of the appendix 

Maximal oxygen uptake (V’O2max) is defined as the highest rate at which oxygen 

can be uptake from the environmental air and used by cell metabolism during 

physical activity (Hill and Lupton 1923), it is a relevant parameter of the 

cardiorespiratory capacity, important for endurance athletes (di Prampero 2003) 

and patients (Poole et al. 2012). It has been shown that, in order to improve the 

V’O2max, a training protocol should prolong the time in which the oxygen uptake 

remains close to the maximum (within 5-10% of V’O2max) for as long as possible 

(Wenger and Bell 1986; Midgley and Mc Naughton 2006). High intensity interval 

training (HIIT) is very effective in maintaining the metabolic rate near V’O2max 

(Buchheit and Laursen 2013a), more than continuous endurance training 

(Midgley and Mc Naughton 2006) and can be composed by either short or long 

bouts at high-intensity (work) alternated by recovery periods (recovery) at low 

intensity (or rest) (Buchheit and Laursen 2013a).  

Comparing matched work HIIT protocols, those with longer interval results in 

higher V’O2, HR, RPE and faster [La] kinetics at the end of the exercise (Turner 

et al. 2006), and longer time above 90% of VO2max if the total exercise time is 

fixed (Millet et al. 2003). On the other hand, if the exercise is carried to 

exhaustion, HIIT with shorter interval duration leads to a longer Tlim (Rønnestad 

and Hansen 2016). Given these features, it is not easy to handle HIIT if the aim 

is to prolong time near V’O2max. In this regards, according to two complete 

reviews (Midgley and Mc Naughton 2006; Buchheit and Laursen 2013a, b), the 

intensity should be set between ~90% and ~105% of the V’O2max power/velocity 

with long (>1-2 min) intervals and between ~100 and ~120% of the V’O2max 

power/velocity with short (<45 s) intervals. The effect of recovery intensity on the 

time at V’O2max instead is not straightforward (Buchheit and Laursen 2013a), 

Midgley and Naughton (Midgley and Mc Naughton 2006) recommended setting 

the intensity between 50% of the V’O2max velocity and the lactate threshold. 

Indeed, active recovery is preferable since it can increase the contribution of 

aerobic metabolism in HIIT performance (Dorado et al. 2004).  

To further optimize the performance, a “Fast start pacing strategy” has been 

proposed in continuous exercises (Jones et al. 2008; Bailey et al. 2011; Dekerle 

et al. 2015; Leprêtre et al. 2016). Starting faster and then decreasing the intensity 
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allows V’O2 kinetics to speeds up increasing the oxidative contribution to energy 

turnover, thus improving the performance (Jones et al. 2008; Bailey et al. 2011; 

Leprêtre et al. 2016) and prolonging the time close to V’O2max (Billat et al. 2013). 

Thereafter, the fast start pacing strategy has been successfully applied to HIIT 

too (De Aguiar et al. 2013; Lisbôa et al. 2015; Rønnestad et al. 2019).  

We hypothesized that similarly to the fast start pacing strategy, an HIIT protocol 

that aims to keep the V’O2 as longer as possible close to V’O2max, could start 

with long bouts (2-4 min), to increase the V’O2 quickly (Millet et al. 2003; Turner 

et al. 2006); then, both work and recovery bouts should be reduced when the 

subject is approaching the exhaustion. to increase Tlim (Rønnestad and Hansen 

2016).  

Therefore, the aim of our study was to compare the time above 90% of V’O2peak 

(T>90%V’O2peak) in three different HIIT protocols. The proposed HIIT exercises 

had the same intensity and work/recovery ratio and were structured as follow: 1) 

constant short intervals (SIHIIT), 2) decreasing length of the intervals from long to 

short (HIDIT), and 3) constant long intervals (LIHIIT).  

Based on the characteristics described above (Millet et al. 2003; Turner et al. 

2006; Rønnestad and Hansen 2016), we hypothesized that in HIDIT the 

T>90%V’O2peak will be longer. A major physiological determinant which can 

explain the variability between subjects in the Tlim during interval and continuous 

exercises, is the differences among the lactate threshold intensity and the 

V’O2max intensity (Midgley et al. 2007). We tried to establish the HIIT intensity 

based on the critical power (CP), in order to minimise the between-subjects 

variability and to verify whether the Tlim of HIDIT is correlated with the difference 

CP-load peak. 

Twelve cyclists performed three HIIT sessions. Every protocol had the same work 

and recovery power and ratio work/recovery. The three protocols consisted in 

long intervals HIIT (LIHIIT) (3 min work – 2 min recovery), short intervals HIIT 

(SIHIIT) (30 s work – 20 s recovery) and a protocol that combine long and short 

intervals (HIDIT, work from 3 min to 30 s and recovery from 2 min to 20 s). Tlim, 

T>90%V’O2peak, blood lactate [La] at 3rd min and at Tlim were measured. 

The results have shown that HIDIT applied to cycling exercise in well-trained 

amateur cyclist may enhance T>90%V’O2peak without reduction of Tlim, ratio 

T>90%V'O2peak·Tlim-1 or average V’O2. The average V’O2 is higher in HIDIT 
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compared with LIHIIT. Finally, despite the higher stimulation of the V’O2, the rate 

of perceived exertion and the other physiological parameters at the end of the 

exercise were not different compared with long or short intervals HIIT suggesting 

that HIDIT was not more demanding. 

 

4.2 – Materials and methods  

Subjects 

We enrolled twelve middle age, no smokers, amateur cyclists (41±11 y; 76±10 

Kg; V’O2peak 4.32±0.47 L·min-1), Table 1. They reported at least 3 training 

sessions per week in the previous six months. None of the subjects had evidence 

of significant diseases or took regular medications. 

Study protocol 

The Ethics Committee of the Friuli-Venezia-Giulia (Comitato Etico Unico 

Regionale C.E.U.R.) approved the study (protocol number 9626). During the first 

visit to the laboratory, an operator explained the purposes and objectives of the 

study to each subject and obtained a written informed consent. Then, participants 

underwent medical examination and performed a maximal ramp-incremental 

exercise test on cycle ergometer to measure the V’O2peak. Although the 

objectives were explained to the subjects, we did not reveal the hypothesis that 

HIDIT could prolong T>90%V’O2peak to do not affect the results. After the first 

visit, the participants were examined three or four times to determine the critical 

power, and three times for performing the SIHIIT, HIDIT and LIHIIT tests. Every visit 

was separated from the previous one by two days and the participants were 

instructed to avoid consumption of caffeinated beverages for at least 8 h before 

each test and to abstain from vigorous physical activity in the 24-h preceding 

each testing session. Every subject concluded the entire protocol within four 

weeks from the first visit. The critical power parameters were used to program 

the HIIT tests. Subsequently, during the three HIIT tests we measured time to 

exhaustion (Tlim), T>90%V’O2peak, blood lactate concentration [La], rate of 

perceived exertion using the Borg CR10-Scale (Borg et al. 2010) and V’O2 at the 

3rd minute and at the end of exercise. 
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Incremental exercise 

The incremental exercise was performed under medical supervision and 

standard safety procedures were followed. During the first visit, an operator 

instructed the subjects to correctly report the rate of perceived exertion on the 

CR10 scale (Borg et al. 2010). Incremental exercise, critical power trials and HIIT 

tests protocols were performed by utilizing a cycle ergometer (CE) (Monark 

Ergomedic 839E). Every test was preceded by the same warm up procedure: 10-

min cycling at 100 W followed by 2-min resting. During the first warm up, subjects 

chose their preferred pedalling cadence (~ 90 rpm). The steady ramp-incremental 

test started from 100 W and the power continued to increase with a pace of 25 

W·min-1 throughout the test until volitional exhaustion. Throughout all the tests 

(incremental and HIITs), the exhaustion was defined as the inability to maintain 

the assigned cadence within 10 rpm longer than 5 s, despite the strong operator’s 

encouragement. 

We measured V’O2 and V’CO2 breath-by-breath by using a metabolic unit (Quark 

CPET, Cosmed, Italy). We measured the ventilation by a turbine calibrated before 

each experiment by a 3 L syringe at three different flow rates. Calibration of O2 

and CO2 analysers was performed before each experiment by utilizing gas 

mixtures of known composition (16.00% O2; 4.00% CO2). V’O2 peak 

corresponded to the highest V’O2 average obtained in 30 s. 

Power duration relationship  

The same warm-up and the same cadence were used for the critical power (CP) 

test as well. CP and the amount of work that can be done during exercise above 

CP (W’) (Jones and Vanhatalo 2017; Burnley and Jones 2018) were estimated 

from three to four high intensity trials at exhaustion from 80% to 100% of the peak 

power detected during the incremental test and adopted to result in ‘exhaustion’ 

in a minimum of ~2 min and a maximum of ~15 min (Jones and Vanhatalo 2017). 

The work done in each of the separate exercise bouts has been plotted against 

sustainable time. So, the following work (W) – time (t) linear regression was used 

to find CP and W’ (Moritani et al. 1981; Hill 1993; Jones and Vanhatalo 2017).  

𝑊 = 𝐶𝑃𝑡 + 𝑊’  [1] 
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According to the equation, the CP is given by the slope of the regression and the 

W’ is the y-intercept. 

HIIT tests 

After the incremental test and the critical power trials, subjects performed three 

HIIT tests in a randomised order. The power of the work and recovery bouts and 

the work/recovery ratio were the same between the trials and we only adjusted 

the duration of the intervals (see Table 1 for average values). We set the ratio 

work/recovery time at 3/2 for all the training tests. The high intensity bouts power 

has been customised for every subject and corresponded to the power that was 

supposed bringing to exhaustion in five minutes according to the following 

equation (Jones et al. 2010):  

𝑃𝑜𝑤𝑒𝑟 =
𝑊’

𝑡=300𝑠
+ 𝐶𝑃;  [2] 

it was about 117% of CP. The low intensity was mirrored below CP (about 83% 

of CP), in this way the CP threshold was exactly in the middle between high and 

low intensity. 

The three tests were structured as follow:  

• Short Intervals (SIHIIT): 30 seconds at high intensity and 20 seconds at low 

intensity repeated until exhaustion; 

• High Intensity Decremental Intervals Training (HIDIT): 3 minutes high intensity 

and 2 minutes low intensity, 2 minutes high intensity and 1 min and 20 sec 

low intensity, 1 min high intensity and 40 sec low intensity, 45 sec high 

intensity and 30 sec low intensity, then 30 sec high intensity and 20 sec low 

intensity repeated until the exhaustion. The ratio high-low intensity time was 

always (3/2). It has been adopted this protocol to quickly increase V’O2 during 

the first long intervals bringing the subjects close to exhaustion and then the 

interval duration has been decreased rely on W’bal model (introduced in this 

thesis at page 16) trying to avoid exhaustion but keeping the subject always 

close to it. The model developed by Skiba and the research group of Jones 

(Chidnok et al. 2012; Skiba et al. 2012, 2014, 2015; Jones and Vanhatalo 

2017), propose an equation that calculates and predicts the remaining W’ 

(W’bal) at a given time during the exercise: 
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𝑊’𝑏𝑎𝑙 = 𝑊’ − ∫ 𝑊′
𝑒𝑥𝑝 ∗ 𝑒

−
𝑡−𝑢

𝜏𝑤
′

𝑡

0

∗ 𝑑𝑢 [1] 

Where t is the time in seconds from the start of the high intensity exercise; 

W’exp is W’ expenditure until that time; t-u is equal to the time (s) between 

segments of the exercise session that resulted in a depletion of W’; 𝜏W’ is the 

time constant for W’ reconstitution, calculated as: 

𝜏𝑤′ = 546 ∗ 𝑒(−0.01𝐷𝐶𝑃) + 316  [2] 

(Skiba et al. 2012) 

DCP is the difference between CP and actual power below CP in watts. 

𝜏W’ was keep the same proposed by Skiba (Skiba et al. 2012) for all the 

subjects. Then, the equation 3 was applied as follow: 

’𝑊′𝑏𝑎𝑙 = 𝑊’ +
𝑊’𝑒𝑥𝑝

𝜏𝑊′
[1 − 𝑒

𝑡

𝜏𝑊′] [3] 

Where t is the time from the start of the HIIT test.  

With these equations it is possible to forecast W’bal at any moment, therefore, 

the duration of the intervals has been chosen applying the W’bal model 

(equation 3) to prolong the exercise up to ~12 minutes. 

• Long Intervals (LIHIIT): 3 minutes at high intensity and 2 minutes at low 

intensity repeated until exhaustion. 

Throughout the HIIT protocols, we measured the ventilatory parameters by using 

a breath-by-breath metabolic unit (CPET, Cosmed, Italy) and then we obtained 

the averaged values every 5 seconds. Before, after three minutes and at the end 

of exercise, we measured V’O2, HR, [La], RPE and respiratory quotient (RQ). An 

operator collected a capillary blood sample from earlobe to measure the [La] with 

a dedicated device (Lactate Pro 2, Arkaray.inc., Japan), at the same time the 

subjects reported RPE consulting the CR10 scale positioned in front of them. 

Finally, the total time spent above 90 % of VO2peak was determined as the sum 

of each averaged 5-s when the V’O2 was equal or higher than 90 % of V’O2peak. 

Statistical analyses 

In light of the data of Aguilar et al. (De Aguiar et al. 2013) that implemented a 

procedure similar to ours, for our purposes we calculated a sample size of 12 

subjects to have a statistical power of 80% in order to refute the null hypothesis 
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and to obtain an ES of 0.88, with an alpha error of 0.05 and a beta error of 0.20 

by using a one-way ANOVA with Bonferroni Correction.  

Statistical analysis was performed using SPSS 20.0 software (IBM, Chicago, 

USA), with significance set at P<0.05. All results were expressed as means and 

standard deviations (SD). We investigated the differences between HIIT trainings 

protocol on: Tlim, T>90%V’O2peak, T>90%V’O2peak - Tlim-1, work above CP 

(calculated as the total time in seconds above CP multiply by the difference 

between the high intensity power and CP, in Watts), average V’O2 and finally the 

values at third minute and at Tlim (V’O2, HR, [La], CR10-scale and RQ). All the 

parameters were analysed by one-way repeated-measures analysis of variance 

(ANOVA). Where the analysis found a significant difference, planned contrast 

between HIDIT and SIHIIT and between HIDIT and LIHIIT were used with Bonferroni 

correction to determine the origin of such effects. Confidence Interval of the 

differences (CI) and Effect size (ES) have been calculated by using the Cohen’s 

d (0<d<0.20 small; 0.20<d<0.50, medium; 0.50<d, large). Correlations between 

the percentage of CP with respect to load Peak (%CP-Load Peak) and HIIT’s 

Tlim were determined using two-tailed Pearson’s product moment correlation 

coefficients. 

4.3 – Results 

Incremental test and CP trials 

The Peak values attained during the incremental test are shown in TABLE 4.1 

together with the power corresponding to the CP, the total work above CP (W’) 

and the power imposed for the high and low intensity bouts. Even though the 

attainment of V’O2peak was not set as a priori criteria for the constant work rate 

tests of the power-duration relationship, V’O2peak has been always reached by 

the subjects. 
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Table 4.1 - Age, body mass and functional characteristic of the subjects (n:12).  

  Mean ± SD Min - Max 

Age (year) 41 ± 11 29 - 62 

Body mass (kg) 76 ± 10 66 - 95 

HR peak (b min-1) 174 ± 10 155 - 193 

V'O2 peak (L  min-1) 4.32 ± 0.47 3.66 - 5.10 

Load Peak (W) 356 ± 40 295 - 436 

CP (W) 254 ± 30 212 - 320 

W' (KJ) 12.8 ± 4.1 8.5 - 22.7 

High Intensity (W) 297 ± 35 249 - 364 

Low Intensity (W) 212 ± 30 172 - 275 

All values are mean and standard deviation (SD). HR: heart rate; V'O2peak: peak oxygen 
consumption; CP: critical power; W’: total work sustainable above the critical power; High and 
Low intensity: the average intensity sustained during the HIIT tests. 
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Table 4.2 - Main results of the HIIT tests and selected physiological variable at 3rd minute and at 
the end of the tests. 

  SIHIIT HIDIT LIHIIT 
 

P 

T lim (s) 714 ± 265 798 ± 185 664 ± 282 
 

0.144 

T>90%V'O2peak (s) 183 ± 225 312 ± 207 a,b 179 ± 145 
 

0.029 

T>90%V'O2peak·Tlim-1 0.25 ± 0.29 0.39 ± 0.24 0.26 ± 0.21 
 

0.070 

Work > CP (KJ) 18.74 ± 8.95 22.01 ± 10.40 19.28 ± 11.06 
 

0.136 

Average V'O2 (% peak) 82.00 ± 6.61 84.16 ± 4.00 79.56 ± 7.08 
 

0.044 

Values at 3rd minute 
           

V'O2 (% peak) 85.33 ± 7.11 90.75 ± 5.94 a 89.58 ± 6.52  
 

0.004 

HR (% peak) 89.00 ± 4.00 91.00 ± 3.91 a 92.60 ± 3.60  
 

0.003 

[La] (mmol·L-1) 5.69 ± 1.62 8.03 ± 2.69 a 7.85 ± 3.01  
 

0.007 

CR10-scale 5.29 ± 1.57 6.67 ± 2.12 a 6.52 ± 2.03  
 

0.008 

QR 1.04 ± 0.06 1.10 ± 0.09 a 1.11 ± 0.08  
 

>0.001 

End Values: 
 

 

  

 

  

 

   
V'O2 (% peak) 99.75 ± 8.62 100.17 ± 5.27 99.83 ± 8.36 

 
0.981 

HR (% peak) 97.80 ± 3.99 97.40 ± 2.99 97.50 ± 3.98 
 

0.802 

[La] (mmol·L-1) 10.75 ± 2.04 10.71 ± 4.72 10.83 ± 3.58 
 

0.991 

CR10-scale 9.48 ± 0.70 9.25 ± 1.78 9.56 ± 1.08 
 

0.701 

QR 0.97 ± 0.05 0.95 ± 0.05 1.00 ± 0.10 
 

0.113 

All values are mean and standard deviation (SD).  

SIHIIT: Short Intervals HIIT; HIDIT: High Intensity Decremental Intervals training; LIHIIT: Long 
intervals HIIT; Tlim: time to exhaustion; T>90% V'O2peak: time spent above 90% V'O2peak; V'O2: 
oxygen uptake; mean V’O2: mean V’O2 maintained during the HIIT tests; HR heart rate; [La] blood 
lactate concentration; CR10-scale: perceived exertion; RQ: respiratory quotient.  

Significance by one-way repeated-measure ANOVA. When p<0.05, planned contrasts with 
Bonferroni correction.  

a: p<0.05 in post hoc HIDIT vs SIHIIT;  

b: p<0.05 in post hoc HIDIT vs LIHIIT; 

 

HIIT tests 

The power corresponding to high intensity bouts was 297±35 W (117±6% of CP) 

and the low intensity power was 212±30.4 W (83±6% of the CP) (Tab. 4.2). 
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T>90%V’O2peak was significantly longer in HIDIT (312±207 s) (P=0.026) 

compared with SIHIIT (183±225 s; P= 0.036; CI: 255 to 3s; ES: 0.62) and LIHIIT 

(179 ±145 s; P= 0.027; CI: 258 to 7s; ES: 0.64 ) (Tab. 4.2, Fig. 4.2). 

There were not differences in Tlim (P=0.144), in the ratio T>90%V’O2peak - Tlim-

1 (P=0.070) and in Work>CP (P= 0.136) between the three protocols (Tab. 4.2). 

The average V’O2 maintained during the HIDIT test (84.16±4.00%V’O2peak) was 

significantly higher (ANOVA P=0.044) compared with LIHIIT (80.16±7%V’O2peak; 

P= 0.022; CI: 8.70 to 0.46%; ES: 0.17), but not significantly different than SIHIIT 

(79.56±7.08% V’O2peak; P= 0.106; CI: 6.79 to -1.46%; ES: 0.10). 

 

The ANOVA procedure found a significant difference in V’O2 % of V’O2peak after 

three minutes (P=0.028) but it was similar in HIDIT (91±6%) and LIHIIT (90±7%) 

(P= 0.339; CI: 4.77 to -2.43%; ES 0.18) and significantly higher in HIDIT 

compared with SIHIIT (85±7% of V’O2max) (P=0.006; CI: 9.02 to 1.81%; ES: 0.83). 

There was a significant difference also in HR% of HR peak after three minutes 

(0.028) and it was similar in HIDIT and LIHIIT (91±4 vs 93±4%, respectively; P= 

0.160; CI: -4.26 to 1.05%; ES: 0.37) but significantly higher in HIDIT compared 

with SIHIIT (89±4%) (P= 0.019; CI: 5.35 to 0.04%; ES: 0.61). Similarly, ANOVA 

found significant difference after three minutes in CR10-Scale reports (P=0.008) 

and RQ (P=0.006). CR10 after three minutes was similar in HIDIT and LIHIIT 

(6.7±2.1 vs 6.5±2.0, respectively; P= 0.824 CI:1.31 to -1.03; ES: 0.05) and 

significantly higher than SIHIIT (5.3±1.6) (P= 0.031; CI 2.53 to 0.20; ES: 0.55). RQ 

after 3 minutes was not different in HIDIT and LIHIIT (1.10±0.09 vs 1.11±0.08, 

respectively; P= 0.410; CI 0.05 to -0.02; ES: 0.05) and significantly higher than in 

SIHIIT (1.04±0.06) (P=0.031; CI: 0.10 to 0.02; ES: 0.25) (Table 4.2). 

There were not significant differences in [La] at rest before the three tests (SIHIIT, 

HIDIT and LIHIIT) (respectively: 1.13±0.20; 1.19±0.26 and 1.17±0.27 mmol·L-1, 

P>0.05). However after 3 minutes ANOVA found a difference (P<0.001) and [La] 

was higher in HIDIT (8.03±2.69 mmol·L-1) compared with SIHIIT (5.69±1.62 

mmol·L-1, P= 0.003; CI: 4.29 to 0.69 mmol·L-1; ES: 0.78);  and similar to LIHIIT 

(7.85±3.01 mmol·L-1, P= 0.007; CI 2.71 to -1.41mmol L-1; ES: 0.05). At Tlim [La], 
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V’O2, HR and RPE were not significantly different in the three tests (see Table 

4.2).  

Finally, the 59% of the Tlim variance in SIHIIT could be explained by %CP-Load 

Peak, but there was not any significant correlation between %CP-Load Peak and 

Tlim in HIDIT and LIHIIT (Fig. 4.3).  

 

 

Figure 4.1  

LIHIIT: Long Intervals HIIT (3’ High - 2’ Low-intensity); SIHIIT: Short Intervals HIIT (30” High - 20” 
Low-intensity); HIDIT: decreasing intervals HIIT (combining High intensity from 3’ to 30” and low 
intensity from 2’ to 20”) 

 



 

92 

 

Figure 4.2  

*: Significance by one-way repeated-measures ANOVA and planned contrast with Bonferroni 
correction between HIDIT and SIHIIT and between HIDIT and LIHIIT were used post hoc 
comparison, p<0.05.  
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Figure 4.3.  

Relationship between Tlim and the difference among percentage of CP with respect to Load Peak 
(A. SIHIIT, B. HIDIT and C. LIHIIT). 

 

4.4 – Discussion 

The main finding of the present study was that HIDIT enhances the time above 

90% of V’O2peak compared with the other HIIT protocols, despite having similar 

Tlim, [La], HR, RPE and V’O2 at exhaustion. In addition, there was a relationship 

between Tlim and the percentage of Cp with respect to load Peak exclusively in 

SIHIIT. 

In HIDIT (and LIHIIT) the protocol started with 3 min of high intensity as opposed 

to just 30 seconds in SIHIIT and this resulted in a larger V’O2, HR, [La], CR10 scale 
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and RQ at the 3rd minute. This is in agreement with the observations of Millet et 

al.(Millet et al. 2003) and Turner et al.(Turner et al. 2006), in which during long 

interval HIIT, a faster metabolic stimulation occurred. However, at Tlim there 

weren´t any difference in any of the above-mentioned parameters, suggesting 

that independently from the protocols adopted, the participants reached their 

personal maximal performances. Indeed, V’O2 and HR were close to the peak 

values (100% and 97%, respectively) and the Borg scale was near 10, while [La] 

was above 10 mmol·L-1. It is worth to note that HIDIT led to longer 

T>90%V’O2peak with the same RPE at the end of the exercise. In other words, 

HIDIT has potential bigger training benefits, despite the same perceived effort. 

But on the other hand, even though Tlim in HIDIT (798 s) seems longer than LIHIIT 

(664 s) and similar to SIHIIT (714 s), the ANOVA did not show any significant 

difference (p=0.144). Our results seems to be in contrast with previous studies 

(Millet et al. 2003; Turner et al. 2006; Rønnestad and Hansen 2016). Millet et al 

(Millet et al. 2003) showed that comparing some matched work HIIT protocols, 

those with shorter intervals elicited lower V’O2, HR and RPE at the end of the 

exercise, suggesting the possibility to last more with shorter intervals. Similarly, 

Turner et al (Turner et al. 2006) compared four HIIT protocols with the same 

intensity (work and recovery) and ratio work/recovery, reporting that in HIIT with 

shorter intervals, the [La] was lower after 30 minutes of exercise compared with 

longer intervals. In particular, in the HIIT protocol with shorter intervals (work 10s/ 

recovery 20s), the [La] was even at steady state after 30 minutes of exercise, 

whereas the one with longer intervals (work 90s/ recovery 180s) the subjects 

lasted less than 10 minutes before exhaustion.  

Surprisingly, the specific effect of the duration of the interval, maintaining a fixed 

work / rest ratio in the same group of subjects, has not been strongly studied 

apart from the study already cited (Millet et al. 2003; Turner et al. 2006; 

Rønnestad and Hansen 2016). It is known that increasing the work interval 

duration, while keeping the other variables constant, increases the time close to 

V’O2max (Rozenek et al. 2007; Wakefield and Glaister 2009) and on the country 

longer recovery interval duration decreases the time close to V’O2max (Smilios 

et al. 2017). However, to our knowledge the only study that measured the time 

close to V’O2max and Tlim in HIIT, matching work rate and ratio work/ recovery 

and isolating the interval duration variable, was performed by Rønnestad and 
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Hansen (Rønnestad and Hansen 2016). They compared three cycling HIIT 

protocols in which the work bouts were set at maximal aerobic power (V’O2max 

power), the recovery at 50% of the V’O2max power and the work/ recovery ratio 

was 2/1 and concluded that HIIT with shorter interval duration (30 s) leads to a 

longer Tlim (~1400 s), Time>90%V’O2peak (~680 s) and higher ratio 

Time>90%V’O2peak·Tlim-1 (0.55) compared with HIIT with longer bouts. Although 

the protocol (Rønnestad and Hansen 2016) was quite different, Tlim, 

Time>90%V’O2peak and their ratio were higher than ours in all the protocols. This 

discrepancy may be ascribed to the higher fitness level (V’O2peak= ~66 mL·kg-

1·min-1) and the younger age of the participants in the previous study (Rønnestad 

and Hansen 2016). Another possible explanation might be the intensity at which 

our protocol has been set (on average ~83% of load peak). However in the 

current study, we used a ramp test in order to obtain some others (unpublish) 

parameters of the aerobic function (Whipp et al. 1981). Incremental ramp tests 

compared with step tests tend to overestimate the load peak (Revill et al. 2002; 

Bentley and McNaughton 2003; Zuniga et al. 2012). In the case of Bentley et al. 

2003, the ramp modality overestimates the peak power by more than 10-15% 

compared with the step modality (424.0 Watts ±24,6 vs 355.7 Watts ±16,7 

respectively). However, in our paper we used the incremental test to determine 

V’O2peak, since its determination is not affected by the test modality (Revill et al. 

2002; Bentley and McNaughton 2003; Zuniga et al. 2012), and the intensity of 

the HIIT tests was set exclusively by using CP as described above. For this 

reason, we can expect that the real power during the high intensity phase was 

actually above 90% of V’O2peak. 

Trying to benefit from faster V’O2 kinetic at the beginning of exercise, we 

proposed to prolong the firsts intervals while other authors proposed a fast start 

strategy (De Aguiar et al. 2013; Lisbôa et al. 2015; Rønnestad et al. 2019). De 

Aguiar et al. 2013 (De Aguiar et al. 2013), showed that fast start HIIT protocol 

(Starting work rate from 125 decreased until 105% of the intermittent CP, ICP) 

enhanced the time above 95% of V’O2max compared to other two protocols with 

constant work rate at 125% ICP, and constant work rate at 105% ICP. 

Nevertheless, the protocol that used lower intensity (105% ICP) allowed longer 

Tlim, and the protocol that adopted higher intensity bouts (125% ICP) showed a 

bigger ratio Tlim - time above 95% of V’O2max-1. In addition, the recent work of 
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Rønnestad et al. 2019 (Rønnestad et al. 2019) confirmed that the fast start pacing 

strategy can be a good strategy to accumulate more time at a high percentage of 

V’O2peak and despite a similar mean speed induced a lower RPE compared with 

the traditional HIIT. Even when the decrement is repeated every bout of the HIIT 

(every bout starts and finish with the same work rate of the previous ones), time 

near V’O2max could be increased compared to a classical HIIT protocol (Lisbôa 

et al. 2015). Fast start strategy is a useful tool to improve Time near/at V’O2max 

and could be successfully applied to HIIT. On the other side, fast start HIIT 

impairs Tlim in comparison with protocols with the same final exercise work rate 

(De Aguiar et al. 2013). Compared with a fast start protocol, HIDIT has the 

advantage to quickly stimulate the oxygen uptake at the beginning without 

negatively affecting Tlim. Moreover, fast start HIIT but not HIDIT protocol impairs 

the ratio T>90%V'O2peak - Tlim-1 (De Aguiar et al. 2013). The HIDIT protocol that 

we proposed combines the advantages of different protocols previously studied 

(short intervals, long intervals and fast start) and can be used during the training 

sessions that aim to accumulate time at VO2max. 

During HIIT, over the recovery phase below CP, [PCr] and W’ recover following 

an exponential trend: when the exercise generates a depletion of [PCr] and W’, 

the recovery rate is faster when the depletion is wide and becomes slower 

approaching the complete recovery (Meyer 1988; Ferguson et al. 2010; Skiba et 

al. 2012, 2014; Jones and Vanhatalo 2017; Vinetti et al. 2017). According to our 

hypothesis, HIIT with short intervals, was supposed to benefits from this 

physiological feature, thus improving Tlim as show above (Rønnestad and 

Hansen 2016). Recovery after few seconds (i.e. 30s) from the start of the 

exercise, is not necessary as the depletion of [PCr] and W’ is minor and the rate 

of recovery slow (Vinetti et al. 2017). However, close to the exhaustion, the 

depletion of [PCr] and W’ are considerable and the rate of recovery higher, in that 

moment few seconds of recovery (i.e 20s) are more effective than in the 

beginning (Vinetti et al. 2017) thus allowing to improve Tlim. As discussed above, 

the ANOVA procedure failed to find differences between the three HIIT protocols 

in Tlim, perhaps due to the wide age range (29-62y) of subjects involved in the 

present study, even though their training history and status were uniform. Since 

we were aware of the heterogenicity of the subjects, we set the high intensity 

relying on CP and W’ as the intensity that allowed every subject to last 5 minutes 
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before exhaustion. In this way, we smooth the individual differences, as much as 

possible. Furthermore, we did not found correlation among age/HR peak and the 

main outcomes, the V’O2 kinetics during the first three minutes of HIDIT and LIHIIT 

(unpublished) and we did not found relationships between V’O2peak-CP and the 

main outcomes as well. The lack of relationship among age and other variables 

suggests that age did not influence our main results. From another point of view, 

our data may even support the idea that HIDIT could be applied in well trained 

male adults with a wide range of age. However, it is interesting to note that only 

in SIHIIT there is a relationship between Tlim and %CP-Load Peak, confirming 

what was found by Midgley et al (Midgley et al. 2007), so future research that 

aims to indagate on Tlim in HIIT may benefit by selecting subjects with 

homogeneous %CP-Load Peak, although Tlim in HIIT with longer interval seem 

not to be correlated with it. In light of this, it is then tempting to suggest that 

individuals with a wide gap among the CP and the Load Peak could benefit more 

by Short interval HIIT to prolong Tlim. 

 

Further research is needed to verify whether T>90%V’O2peak could be enhance 

with HIDIT in different HIIT protocols and different populations. However, HIDIT 

might be useful in sport training in particular when the aim is to improve V’O2max 

and/or keep as long as possible a specific power or velocity. An example could 

be the training for the track cycling races. If the aim is to bring the athlete to 

conclude the race at a given time, the most specific training is to pedal at the 

velocity for that race time for a distance as near as possible to the distance of the 

race. Afterward, after the recovery, repeat for a shorter distance and so on. 

Starting with short interval would not be that specific and keeping going with the 

first interval distance would not possible for the fatigued athlete.  

Furthermore, HIDIT could be useful for patients or for wellness purposes setting 

a lower percentage of V’O2max or other physiological parameters. For example, 

if an exercise is intended to avoid exceeding a given [La] cut-off, it can start with 

a longer interval to save time and then decreases the length of the interval to 

avoid exceeding the [La] cut-off. However, we suggest adopting this protocol to 

athletes and patients who aim to training near/at V’O2max, thereby improving it.  
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Conclusion 

In conclusion, HIDIT applied to cycling exercise in well-trained amateur cyclist 

may enhance T>90%V’O2peak without reduction of Tlim, ratio T>90%V'O2peak - 

Tlim-1 or average V’O2. The average V’O2 is higher in HIDIT compared with LIHIIT. 

Finally, despite the higher stimulation of the V’O2, the rate of perceived exertion 

and the other physiological parameters at the end of the exercise were not 

different compared with long or short intervals HIIT suggesting that HIDIT was 

not more demanding. 
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