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Resumo 

  

O VO2max é um indicador de condição física de um indivíduo e um parâmetro  fisiológico determinante 

na performance de um atleta, nomeadamente na corrida. Howley, Bassett et al. 1995 definiram este 

parâmetro como o volume máximo de oxigénio que o organismo consegue utilizar durante exercício 

físico intenso. 

Assim, após atingido o patamar de VO2max, por mais que a intensidade do exercício aumente o 

organismo não tem capacidade de aumentar ainda mais o consumo de oxigénio. 

Bassett and Howley 2000 indicam que este parâmetro é fortemente condicionado por condicionantes 

genéticos como a capacidade de difusão dos pulmões, o débito cardíaco máximo, a capacidade de 

transporte e distribuição de oxigénio pelo sangue e características do músculo esquelético. 

Os estudos de Levine and Stray-Gundersen 1997 e Stray-Gundersen, Chapman et al. 2001 mostram 

que o treino em altitude como o método LHTL (living high train low) e o processo de aclimatização a 

ambientes de hipóxia pode resultar em valores mais elevados de VO2. 

Como resultado do processo de aclimatização o organismo humano aumenta a produção de glóbulos 

vermelhos e de hemoglobina face à carência de oxigénio o que permite que uma melhor e mais eficiente 

distribuição pelos tecidos. 

Com este estudo testou-se um grupo de controlo de indivíduos menos condicionados e um grupo de 

atletas e corredores melhor treinados e determinaram-se os valores de VO2max. Posteriormente, com 

os dados pessoais recolhidos dos indivíduos participantes investigou-se uma possível correlação entre 

a idade, altura, peso, IMC e atividade física com o VO2max calculado por pessoa. 

Após determinação destes valores compararam-se os mesmos com os valores obtidos em condições 

de hipóxia, simulando o treino em altitude, de forma a averiguar como é feita a adaptação pelos atletas.  

Como resultado deste estudo, o VO2max foi calculado para todos os participantes e distribuído 

normalmente entre a amostra. O valor médio máximo de consumo de oxigénio (VO2max) para todos os 

sujeitos foi de 51,7 ± 13,9 ml.kg-1.min-1. 

Para cada género, os valores obtidos foram de 54,3 ml.kg-1.min-1 para o grupo de indivíduos femininos 

e 49,1 ml.kg-1.min-1 para o grupo de indivíduos masculinos contudo a diferença não é estatisticamente 

significativa. 

Em relação à idade e IMC, este estudo mostrou que não existe correlação entre estas variáveis e o 

VO2max. Ainda assim, o VO2max mais alto veio de um sujeito com um dos IMC mais baixo, o que indica 

que o IMC pode influenciar o VO2max mais do que aqui avaliado. 

Relativamente à prática desportiva foi determinado que o VO2max aumenta com a frequência do 

exercício. 

Finalmente, em relação à altitude, as observações foram pouco conclusivas se o treinamento tem uma 

influência importante sobre os ambientes hipóxicos. Os resultados de altitude mostraram que existe 

uma baixa correlação (negativa) entre as duas variáveis com R2 de 0,3338. Isso pode indicar que com 

maior VO2max a reação e possível adaptação à hipoxia será melhor. 

 

Palavras-chave: VO2max, corrida, nível do mar, altitude, hipóxia 
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Abstract  

 

VO2max is a key physiological determinant of an athlete´s running performance. It is defined as the 

highest rate at which oxygen can be taken up and utilized by the body during severe exercise by Howley 

et al. 1995 and therefore it is also used to indicate the cardiorespiratory fitness of an individual. 

There are some limiting factors for oxygen uptake such as pulmonar diffusing capacity, maximal cardiac 

output, oxygen carrying capacity of blood and skeletal muscle characteristics as described by Bassett 

and Howley 2000. 

Some studies show that training in altitude, for instance, the LHTL method (living high train low) and the 

process of acclimatization to hypoxic environments may result in better VO2 values as investigated by 

Levine and Stray-Gundersen 1997, Burtscher et al. 1996 and Stray-Gundersen et al. 2001.  

As a result of the acclimatization the body increases red blood cells production and hemoglobin so it 

can more efficiently distribute oxygen to the muscle and surrounding tissues translating in higher values 

of VO2. 

With this work, we want to test a control group of less conditioned individuals and groups of runners and 

athletes well trained to determine their maximal oxygen uptake, this is, VO2max. Subsequently, with the 

personal data collected from the participants, it was investigated whether there is a correlation between 

age, height, weight, BMI and physical activity with the VO2max calculated per person. 

Later on we also want to compare the values obtained with the better-conditioned athletes in a hypoxic 

environment simulating training in altitude and assess the influence of these conditions in oxygen uptake 

values. 

As a result of this study, VO2max was calculated for all participants and normally distributed among the 

sample. The mean maximum oxygen consumption for all subjects was 51,7±13,9 ml.kg-1.min-1. 

For each gender, the values obtained were 54,3 ml.kg-1.min-1 for the female group and for the male 

group, 49,1 ml.kg-1.min-1. However, the difference were not statistically significant. 

Regarding age and BMI, this study showed that there is no correlation between these variables and 

VO2max. Even so, the highest VO2max came from a subject with one of the lowest BMIs, which indicates 

that BMI may influence VO2max more than here evaluated. 

In relation to the exercise, it was determined that VO2max increases with the frequency of exercise. 

Finally, regarding altitude, the observations were inconclusive on whether training has an important 

influence on the hypoxic environments. The altitude results showed a low (negative) correlation between 

the two variables with R2 of 0,3338. This may indicate that with higher VO2max the reaction and possible 

adaptation to hypoxia will be better. 

Key words: oxygen uptake, VO2max, altitude, hypoxia, running. 
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Chapter I 

 

Introduction  

 

1.1 Introduction 

Bassett and Howley 2000 defined maximum oxygen uptake (VO2max) as the highest rate at which oxygen 

can be taken up and utilized by the body during severe exercise. 

The oxygen uptake increases with the exercise intensity up to a maximum value, called VO2max, a 

plateau that even if the intensity of the exercise raises the oxygen uptake will not increase anymore. 

One way to possibly change this plateau value is through an elevation in the blood hemoglobin 

concentration and therefore the oxygen content and this has been shown in the studies with hypoxic 

environments by Stray-Gundersen et al. 2001, Levine and Stray-Gundersen 1997, Burtscher et al. 1996.  

The aim of this study is with the help of several volunteers from the age of 18 until 61 years old, with 

different sports backgrounds and level of current physical condition, to measure the VO2max value of 

each participant and correlate these values with the level and intensity of exercise preformed every 

week. 

Among the thirty participants that took part in this study, there is a control group of less conditioned 

individuals and a group of better trained individuals. 

The group of less conditioned individuals is characterized for a lack of training habits and a sedentary 

lifestyle in contrast to the better conditioned individuals with very active daily life, and some of them 

working out every day. Between the group of better trained individuals, we have two types of training, 

some are runners and some do intensity interval training in the gymnasium. 

Having this in mind, we will test every participant in a treadmill running protocol that took into account 

the work developed by Taylor et al. 1955, Howley et al. 1995 and Kennard and Martin 1984.  

This protocol will allow us to establish a VO2max for each participant and then compare the values 

obtained. With this, we can assess the influence of training methodologies on the VO2max, and if there is 

a VO2max trainability besides genetics that determine significantly the oxygen uptake for each individual. 

Later on we also want to compare the values obtained with the better-conditioned athletes in a hypoxic 

environment simulating training in altitude and assess the influence of these conditions in oxygen uptake 

values. Having this done, we want to evaluate the adaptability of these participants to a hypoxic 

environment.  
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1.2 Motivation 

Biomedical engineer is the application of engineering principles and the design of concepts for 

healthcare purposes in the field of medicine and biology. John Denis Enderle and Joseph D. Bronzino 

2012 refer in their article that this field of Biomedical engineer seeks to close the gap between 

engineering and medicine, combining the design and problem solving skills of engineering with medical 

and biological sciences to advance health care treatment, including diagnosis, monitoring, and therapy.  

One way of assessing physical condition as described in Laukkanen et al. 2001 is through the 

measurement of VO2max that represents the amount of oxygen consumed during maximal effort and it is 

also representative of cardiac, circulatory, respiratory function and muscle oxygen under physiological 

stress conditions. 

The motivation of this work is to analyze and calculate this variable, which is very beneficial for an athlete 

in terms of their performance or just an individual starting to exercise. 

The extent by which VO2max can change with training also depends on the starting point. The fitter an 

individual is to begin with, the less potential there is for an increase. This way, it can become a motivation 

not only for sedentary individuals starting to train but also for athletes chasing better results accordingly 

to their VO2max. The evolution in training can be measured through VO2max calculation and through an 

investigation of the efficiency of gas exchange during training. 

Another important motivation is to try to understand how does VO2max correlates with other variables, 

like age, gender, BMI and types of training methodologies.  

We will investigate if there are characteristics more advantageous than others to have a better VO2max 

and also investigate what are the factors that can improve this variable. In this study the factor 

considered is altitude, which has become a popular training methodology for some elite athletes to 

improve their sea level performance. Studies by Levine and Stray-Gundersen 1997, Chapman and 

Levine 2007 and Saunders et al. 2004 investigate this. 

From an health point a view this test will allow less conditioned people to have a quantitative 

measurement of their lack of exercise and possible motivate a few to change their sedentary habits. 

1.3 Context 

During intense exercise, the oxygen uptake increases with the exercise intensity up to a maximum value, 

called VO2max, a volume plateau that even if the intensity of the exercise raises the oxygen uptake will 

not increase anymore.  

This plateau value of VO2max is limited by oxygen delivery to the muscles and not the muscles’ ability to 

utilize oxygen. As the energy demand continues to increase with the intensity of the exercise, the aerobic 

system eventually becomes unable to supply all the needed energy. Then, to meet the increasing energy 

demand, the body activates anaerobic metabolism, which results in less energy (ATP) production per 

gram of carbohydrate than does aerobic metabolism. As a consequence, the exercise capacity is 

reduced.  In this process, there is a breakdown of glucose for energy, and a by-product of this process 

is lactate. Lactate levels rise in the blood as the anaerobic system increases its contribution to energy 

production. A contributor to fatigue is the increased reliance on the anaerobic metabolic system, not the 
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lactate molecule itself.  During intense exercise, the lactate production rises above the resting levels 

and there is a raise also in the release of hydrogen ions (H+) associated with lactate. This can cause a 

critical reduction of contractile muscle pH resulting in acidosis. For each lactate molecule produced by 

the body, one hydrogen ion is also formed and as they build-up in the muscle cells the blood pH 

decreases, leading to muscle fatigue. The muscles become acidic which irritates muscle nerve endings 

and causes that pain, heaviness, and burning mistakenly attributed to lactic acid.  All this can result in a 

decrease muscle contraction capacity, which can cause an important decrease in peak twitch force, a 

decrease in maximum muscle shortening velocity and performance. Lactate threshold occurs after high 

intense exercise where there are unsustainable levels of lactate production in the blood in comparison 

with to lactate clearance from the blood. At this point, athletes can only sustain a high intensity effort for 

a specific period of time.  

Mitochondria in contractile muscles become more stressed to clear lactate in a timely manner and at 

some point, if the exercise intensity continues, contractile muscle mitochondria become saturated and 

therefore cannot keep up with lactate clearance, exporting it to the blood. This is when we see a rise in 

blood lactate levels which correspond to the metabolic event when it is not possible to maintain that 

given exercise intensity. It is possible however, to reduce and delay the contribution of the anaerobic 

system, through training by increasing the ability of the aerobic system to supply power at higher 

workloads, and consequently VO2max, which is ideal in running performance. The better and more 

prepared athletes, have less blood lactate accumulation observed, and this is probably the parameter 

that discriminates the most between different levels of athletic performance. This lower blood lactate 

levels observed in the top athletes is due to an enhanced lactate clearance capacity. To add to this, is 

the ability to delay the contribution of the anaerobic system. These combined factors are crucial to 

perform the best. 

Regarding the athlete’s performance and follow up, it is also possible to keep track of an athlete´s 

evolution based on their maximum oxygen consumption. It is possible through different types of training 

methodologies to improve VO2max even though it is strongly determined genetically. Both VO2max and 

lactate threshold have genetically determined limits, still, most individuals have not reached their 

potential. 

Studies tested several programs namely high intensity, endurance training, strength training and altitude 

protocols on its influence over oxygen uptake levels.  

Studies like Hakkinen et al. 2003, Rusko et al. 2004 show that in endurance athletes, training induces 

mechanical, neuromuscular and chemical stimuli. The chemical stimuli involves force, tension, neural 

activity, hormones and oxygen tension.  

At altitude, exposure to hypoxia has influence on all functional systems of the body, including the central 

nervous system, respiratory system, cardiovascular system and muscles (Rusko et al. 2004), (Saunders 

et al. 2004). The acclimatization to high altitude results in central and peripheral adaptations that improve 

oxygen delivery and utilization (Saunders et al. 2004).  

In 1968, the Mexico City Olympic Games at 2300m above sea level, classified as moderate altitude 

(>2000 to 3000 m)(Saunders et al. 2009), and the subsequent performance of the athletes raised some 

questions regarding the effects of training at moderate altitude. Since then, the effect of altitude training 
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on endurance performance has been studied extensively to clarify the belief in the athletic community 

that altitude training could enhance sea level athletic performance. The mechanisms for these 

improvements are not clear, but may include hematological changes. As the body acclimatizes, the 

lower partial pressure of oxygen (pO2) stimulates the production of erythropoietin. This hormone is 

responsible for stimulating in the bone marrow the production of red blood cells and as a consequence, 

hemoglobin, improving the capacity of blood oxygen transportation as reported in Nielsen et al. 1998 

study.  

In recent Studies, Park et al. 2016 show that altitude or hypoxic environment training enhances aerobic 

exercise capacity and performance through increase of red blood cells mass, hemoglobin mass and 

VO2max. The results of this study showed that exposure of altitude or hypoxic environment increased 

Hbmass in two weeks and improved overall aerobic exercise capacity and performance.  

This way, this “blood doping” becomes possible without the need of artificially substances and processes 

simply through training and acclimatization to hypoxic environments described in Stray-Gundersen et 

al. 2001, Levine and Stray-Gundersen 1997 and Burtscher et al. 1996.  

Altitude training protocols and training methodologies were tested along the years. The first and most 

traditional approach to altitude training involved athletes living and training at a moderate (1500–3000m) 

natural altitude described in Garvican-Lewis et al. 2015. Hypoxic exercise increases the training stimulus 

and amplifies the effects of endurance training, however, limits training intensity, once it compromises 

training pace and decreases mechanical and neuromuscular stimuli.  

During exercise, the deprivation of oxygen alters muscular responses and endurance training can 

increase muscle oxidative capacity and muscle capillary supply described in Saunders et al. 2009. 

Because of this, the method of training in altitude may not show good results since the athletes fail to 

attain the same intensity in their training sessions as reported in Garvican-Lewis et al. 2015.  As a result, 

a different approach called the LHTL method, which means “live high train low” method, appeared. The 

athletes following this training methodology described in Levine and Stray-Gundersen 1997 are required 

to live and sleep at altitude and train near sea level. By living at moderate altitude, above 2,500 m and 

training at low altitude, below 1,500 m, it becomes possible to acquire all the physiological advantages 

of altitude acclimatization for maximizing oxygen transport, without the detraining and the lack of 

intensity in training sessions associated with hypoxic exercise. 

The results of Park et al. 2016 obtained with this method indicated that altitude/hypoxic environments 

training is more efficient than sea-level training in terms of oxygen delivery capacity of the blood (RBC, 

Hb, Hct, EPO) and aerobic exercise capacity, VO2max.  

However, not many athletes in their home countries have the possibility to follow this method due to 

geographic reasons. Because of this, several devices were developed to help athletes training at sea 

level simulate living in altitude under normobaric conditions. Therefore, the main aim of altitude training 

is to increase the total volume of red blood cells and hemoglobin mass to improve the limiting link (i.e. 

oxygen delivery) by increasing the arterial blood oxygen-carrying capacity, and thus increase VO2max 

and improve performance both at sea level and at altitude as described in Rusko et al. 2004.  

Nevertheless, Saunders et al. 2004 refer that intensity and velocities maintained during VO2max are more 

predictive of success in modalities like running more than the actual values of oxygen uptake. Factors 
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like economy of movement gain importance when it comes to analysis of performance and success 

especially in medium to long distance running. Because of this, the velocity at the VO2max plays an 

important role predicting the variance of performance in the 10-km or even longer distances, both in 

men and women.  

A study with Kenyan runners by Saunders et al. 2004 attributed the successful and superior athletic 

performance to running economy, the fractional use of maximal oxygen uptake (VO2max), and oxidative 

enzyme activity. These types of studies regarding VO2max are relevant not only, from the athletes’ 

performance and evolution point of view, but also from the health and clinical point of view. Low 

cardiorespiratory fitness is a strong predictor of mortality in men and it can be such a determinant factor 

as smoking, hypertension, obesity and diabetes described in Laukkanen et al. 2001 article. Studies 

show that the prevalence of overweight and obesity has increased dramatically during the last three 

decades.  According to Wiklund, 2016, because the consequences and negative effects on health, 

obesity builds a major public health concern. Therefore, it is important to address and increase 

awareness to these issues, through the development of strategies focused on healthier diet and physical 

activity. The risk of type 2 diabetes, cardiovascular disease, certain types of cancers, and even mortality 

are directly proportional to the degree of obesity as described in Wiklund, 2016.  

This worldwide epidemic of excess weight is due to imbalance between physical activity and dietary 

energy intake. It seems intuitive that the rise in bodyweight and obesity is attributable to decreases in 

daily energy expenditure. However, the problem lies in the excessive energy intake sustained over a 

long period of time and not so much the consistent decline in daily energy expenditure. The lack of 

physical activity, characteristic of a sedentary lifestyle, induces higher food intake that is conducive to 

the excessive energy consumed and not dispended. Consequently, an increase in total energy 

expenditure appears to be the most important determinant of successful exercise-induced weight loss, 

especially in overweight.  

There appears to be a linear relation between physical activity and health status, such that a further 

increase in physical activity and fitness will lead to additional improvements in health status in 

Warburton, D,E.R., 2006.  

Increasing physical activity creates energy deficit through increased energy expenditure and for this 

reason, exercise holds potential as part of the solution for the ongoing obesity epidemic. 

For a long term solution, there needs to be a change of mindset and lifestyles, a change of nutrition 

combined with regular physical activity. Creating awareness and sensibility for this issue, is also part of 

the solution for a healthier and more active world. 

1.4 Literature Review 

In 1923 Hill and Lupton started studying respiratory exchange in man during exercise. The method 

chosen for studying the respiratory exchanges of man employed was through running exercises with a 

Douglas bag. No other method that time allowed the same accuracy in following sudden variations in 

oxygen intake and carbon dioxide output. The bags employed varied in type and capacity from 30 to 

2,000 liters. They measured the oxygen consumption on a subject who ran around an 85-m grass track 

and obtained values for VO2 over time at three different speeds of 181, 203, and 267 ml.min-1. Hill et al. 
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reported more VO2 measurements on the same subject and concluded that at high speeds the VO2 

reached a maximum beyond which no effort could top it, since at a speed of 282m.min-1 the 

measurement was 4,080L.min-1 and at the following speeds of 259, 267, 271 and 282m.min-1 the oxygen 

uptake did not increase beyond the previous measurement.  

Because of this, the authors defined that that is an upper limit to oxygen uptake, beyond which the 

oxygen uptake will not increase even if the intensity of the exercise does and it is limited by the ability 

of the cardiorespiratory system to transport O2 to the muscles. They also predicted inter-individual 

differences in VO2max, and agreed that a high VO2max may be prerequisite for success in middle and 

long-distance running.  

In the following years studies and protocols were followed to determine and recalculate the VO2max. 

Taylor et al. 1955 tested two different protocols using a motorized treadmill to simulate a run and find a 

VO2max plateau. In the first protocol the subjects were asked to run in a treadmill with an increase in the 

running speed during the time of the exercise. The second protocol the subjects were asked to run also 

in a treadmill but the speed would remain the same and the grade of the treadmill would progressively 

increase. The study showed better results and more athletes achieving a plateau when asked to run at 

a constant speed in the treadmill but with changing grade.  

It was also tested the employment of another group muscles for example by adding an arm exercise to 

the legwork performed during the run. The maximal oxygen intake increased showing that the mass of 

muscle employed to perform the work has its influence, contributing for an increase of oxygen uptake 

(Taylor et al. 1955).  The discovery of different VO2max values allowed them to affirm that VO2max varies 

with the physical activity and it is maximal for a determined set of conditions. 

Duncan et al. 1997 continued the work from Taylor et al. 1955 but followed a continuous and 

discontinuous version of the treadmill protocol to evaluate the achievement of the maximal oxygen 

uptake (VO2max) and the variation of other parameters like blood lactate and respiratory exchange ratio 

(RER)  on the determination of this value. 

In the discontinuous test protocol, “repeated attempts to drive the oxygen uptake to higher values by 

increasing the work rate were ineffective”. The only difference is that the subject reaches VO2max sooner 

at high power outputs but the value is always the same. Some subjects fail to achieve a plateau and this 

doesn’t mean that these subjects have failed to attain their “true” VO2max. With a continuous treadmill 

protocol the subject might fatigue just as the VO2max is reached or the plateau may not be evident even 

though the VO2max has been reached. In the discontinuous protocol subjects may fail to complete the 3-

5minutes at each stage and fatigue before. Therefore the data beyond this point is not usable even 

tough VO2max has been attained. For these reasons, the authors suggest the use of secondary criteria 

for establishing the VO2max like respiratory exchange ratio ≥1.15 and blood lactic acid level >8 –9 mM.l-

1 as a complement to reinsure the attainment of the VO2max. 

To test inter-individual differences and more specifically gender differences McClaran et al. 1998 

studied differences in resting pulmonary function between gender and the effect on the integrated 

ventilatory response and respiratory muscle work during exercise. The results showed that women 

usually have lower VO2max values when compared with men due to anatomical differences, relatively 

smaller lung volumes and smaller diameter airways. McClaran et al. 1998 specify that highly trained 
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women also utilize a greater percentage of their ventilatory reserve during exercise than less trained 

women, limiting the ventilator response during high intensity exercise. 

Over the next years exercise physiologists studied VO2max and it is relevance in physical condition 

using a wide array of new experimental techniques. They have arrived at a consensus that supports 

the original three ideas about VO2max of Hill et al. However, Noakes 1988 in his study analyzed the 

previous studies and affirms that the achievement of a true oxygen consumption plateau with 

increasing running speed has not been proven. In Hill and Lupton´s protocol the subject running based 

the attainment of a plateau on symptoms of fatigue and emotions as a signal of oxygen limitation and 

the results for increasing speeds were increasing oxygen consumption. However the highest speed 

tested was 16km.h-1 and because of this, there is no proof that the VO2 will not rise anymore with even 

higher velocities since there is no evidence of oxygen debt or muscle lactate measurement during the 

protocol to reassure the attainment of VO2max.  

The author suggests that the maximal performance limitation is probably due to failure of muscle 

contractility that may be independent of oxygen limitation. During maximal exercise of short duration 

there is a need to activate high glycolytic fast-twich muscle fibers with low oxidative capacity (type IIB 

fibers) besides the already activated low-twich (type IIA fibers). This recruitment of type IIB fibers is 

oxygen-independent and so, there is no need for a further linear increase in oxygen consumption. 

Besides this, the authors also suggest an apparent plateau due to alterations in muscle and blood pH 

or even due to an increase of movement economy. 

The protocol established by (Taylor et al. 1955) determines a measurement of oxygen consumption 

during 1 minute after 1m45s after the start of the exercise. It is unlikely to establish a true steady state 

right away in the duration of 60 seconds, and in an attempt to correct this, later on (Mitchell et al. 1958) 

tested the same protocol but started collecting the expired air after 1m30s of exercise until the end, 

sampling more time. They had different results from Taylor et al., not being able to establish oxygen 

plateaus even with the changing grades and similar protocol. They also confirmed the idea that the age 

must also be taken into account when testing the protocols once it was discovered that there is a 

decrease in maximal intake values considered, for all the four age groups tested, even tough the initial 

exercise level the oxygen intake is the same for the first three age groups. With increasing age the level 

of ventilation at maximal workloads tends to decline.  

To understand the genetic influence on the VO2max, some tests were performed in 20 African American 

(AA) and 30 European American (EA) sedentary women who were matched for body weight (kg) and 

fat-free mass (FFM) to analyze their maximum oxygen uptake (VO2max). The results showed that AA 

women had significantly reduced VO2max, Hb levels, and muscle oxidative capacity than EA women (Roy 

et al. 2006). Physical activity levels are often reported to be lower in AA women and they also reported 

a higher obesity rate, so these differences in VO2max may have some importance for understanding and 

developing strategies for combating the development of obesity. Taken together, these findings suggest 

that differences in VO2max may affect the likelihood that AA women will be less physically active, and 

may increase their likelihood of weight gain. It is therefore important to understand factors that might 

influence differences in VO2max. The results suggest that a combination of muscle oxidative capacity and 
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the cardiovascular system’s ability to deliver O2 to the muscle accounts for most, if not all, of the ethnic 

differences. 

After this, Akhmetov et al. 2008 also made some progresses with studies in the field of genetics of 

physical activity. More than 50 DNA loci have been linked with parameters of aerobic and anaerobic 

energy systems. Their study confirmed the reliability of molecular genetic markers for prognosis of 

human physical performance. Competitive success of long-distance runners is substantially influenced 

by genetically determined parameters such as the mitochondrion density, the activity of oxidative 

enzymes of myocytes, the composition of muscle fibers, the capillarization of skeletal muscles and the 

myocardium. There is also a strong contribution for the running performance of maximum oxygen 

consumption (VO2), aerobic power, and cardiovascular system productivity. Their discoveries are 

reported in table 2 of their article with the genotype distribution with respect to polymorphism of the 

genes under study in the athletes and control subjects. The ACE I allele prevails in long-distance runners 

as compared with sprinters and control subjects, and this corroborates the association of this allele with 

high values of VO2, a predominance of slow muscle fibers in the m. vastus lateralis, and the low risk of 

myocardial hypertrophy (a factor limiting cardiorespiratory endurance) in response to exercise. 

Moreover, the incidence of the ACE I allele, associated with the development and manifestation of 

endurance, increased along with increasing sports qualification, which seems to reflect a genetic 

process of natural sports selection. 

1.5 Objectives 

Pilot studies represent a fundamental phase of the research process. The purpose of conducting a pilot 

study is to examine the feasibility of an approach that is intended to be used in a larger scale study. 

Here, the main goal of this study is to design a running treadmill protocol that allows us to measure the 

VO2max of all the participants. 

Because the group of participants tested is so varied, with different characteristics, namely, age, body 

mass index (BMI), training methodologies, lifestyles, we will try to assess the influence of these variables 

on VO2max, and investigate if there is a VO2max trainability besides the significant genetics influence on 

the oxygen uptake.  

Later on, we will repeat the same running protocol but in hypoxic conditions simulating training in altitude 

and compare the values for oxygen uptake obtained with the better-conditioned athletes and the less 

conditioned individuals. Having this done, we will try to envision the ability of the individuals to adapt to 

different training environments, namely, hypoxic environments. Finally we will try to correlate the level 

of physical condition and type of exercise performed with the altitude oxygen consumption.  
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1.6 Main contributions 

In order to obtain the data and the resulting conclusions and analysis there where some preparations 

and procedures to assure first. 

The design and test of the running protocol to assess the VO2max was crucial before starting testing all 

the sample of forty individuals. Once the protocol was refined, the acquisitions were able to start. 

Another important contribution was the knowledge of the instruments to be used in the protocol. 

The calibration process of both gas concentrations and gas volume was also crucial to assure the 

veracity of the values obtained. 

Finally, another important contribution was the definition of the parameters to analyze, what information 

would be necessary to collect from all the subjects participating in this study through filling out a form. 

 

 

1.7 Structure of this work 

The thesis is divided in several chapters.  
Chapter one has the introduction for this work, the motivation, objectives and context in which the study 

of VO2max inserts. It also has the literature review in which is referred and analyzed what has been done 

in this field of study. 

Chapter two has a review over the topics discussed in the study, starting with exercise physiology, 

factors limiting the trainability and development of oxygen uptake and also the advantages of an 

acclimatization process for an athlete´s performance. 

Chapter three describes the methodology and data acquisition. All the work developed in the laboratory, 

the protocols followed and the sample characterization. 

Chapter four presents the results obtained with the running test, the calculation of VO2max and the 

adaptability to altitude. 

Chapter five has the discussion of the data collected. It presents the relationships and correlations 

between variables through statistical treatment. 

Chapter six concludes the study with some ideas regarding future work and also the resume of the main 

conclusions. 
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Chapter II  

 

Exercise Physiology 

 

2.1 Breathing physiology 

Breathing is a vital process for every human being. All aerobic organisms require oxygen to carry out 

their metabolic functions and breathing is the process that allows the entrance of oxygen to the tissues. 

To assure a good distribution of oxygen, there is a respiratory system, whose primary function is to 

deliver oxygen to the cells of the body’s tissues and remove carbon dioxide, a cell waste product.  

This system is constituted by three main structures, the nasal cavity, the trachea, and lungs. 

Breathing has two phases, inspiration and expiration.  

During inspiration, the air enters the body through the nasal cavity located just inside the nose.  

From the nasal cavity, air passes through the pharynx and the larynx as it makes its way to the trachea 

(Figure 1). The trachea conduces the inhaled air to the lungs and the exhaled air back out of the body.   

At the end of the trachea there is a division into two bronchi that enter the right and left lung. Air enters 

the lungs through the primary bronchi, which divides into small conducting airways called bronchioles. 

The final bronchioles, or respiratory bronchioles, have attached alveolar ducts. At the end of each duct 

are alveolar sacs, each containing 20 to 30 alveoli. This amount of alveoli and alveolar sacs in the lung, 

make the gas exchange more efficient because of the increased surface area. 

The gas exchange occurs within the mesh of capillaries (small blood vessels) that surround the alveoli. 

Here, oxygen from the inhaled air passes through the alveoli walls and into the blood. 

The proximity allows oxygen to be diffused from the alveoli into the blood and carbon dioxide to be 

diffused from the blood into the alveoli to be exhaled.  
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Figure 1 – Respiratory system (Molnar,C. and Gair,J. 2015). 

 

As blood travels through the lungs, red blood cells drop off carbon dioxide, a waste product of energy 

production, which is expelled into the atmosphere when a person exhales.  

At the same time, O2 molecules attach to hemoglobin, a protein in your red blood cells, and are carried 

by the blood to your heart, to be pumped throughout your body to provide oxygen to the cells of your 

tissues and organs. 

During running, the processes of ventilation and respiration speed up to meet oxygen demands in your 

leg muscles. 

2.2 Exercise Metabolism 

The energy that allows us to perform life-sustaining activities, work, grow, exercise and maintain body 

temperature ultimately comes from what we eat. However, to be accessible as a source of energy for 

the cell it needs to be converted to Adenosine triphosphate (ATP).   

ATP serves as the immediate energy source for muscular work, therefore if the muscle Adenosine 

triphosphate (ATP) concentration is low, with exercise and energy demand the production of ATP is 

essential. 

Body stores energy in the form of fat and the primary storage form of fat is triglycerides (TG). 

However, the most important and used storage in the body, is carbohydrates in the form of glycogen. 

Most of the body's glycogen stores are in the muscles, with a smaller amount of glycogen stored in the 

liver.    

The process of glycogen breakdown is called glycogenolysis, and is catalyzed by the enzyme 

phosphorylase. 



 

13 
 

Glycogenesis, on the other hand, refers to the making of glycogen from glucose and is catalyzed by the 

enzyme glycogen synthase.  

Certain tissues are very dependent upon glucose from the circulation, like the nervous tissue and 

because of this the body has to maintain a certain amount of blood glucose constantly. 

To assure this, besides the carbohydrate ingestion, certain tissues in the body like the liver, are able to 

make glucose out of non-carbohydrate precursors in a process called gluconeogenesis.   

Liver glycogen stores are used primarily to maintain blood glucose concentrations between meals or 

when they are absolutely necessary (e.g. exercise).   

Even tough the primary function of liver glycogen is the maintenance of blood glucose, the primary role 

of skeletal muscle glycogen is to serve as an immediate source of energy during muscle activity. 

After a certain time and intensity of the exercise it is possible for a muscle glycogen depletion. 

Therefore, fatty acids may be used to produce energy by skeletal muscle that are derived from the 

adipose tissue triglycerides. 

The problem is that triglycerides (TG) must be broken down before they can be used as a fuel substrate 

in a process called lipolysis (degradation of TG into fatty acids and glycerol). 

Whereas glycogen can be broken down to glucose in a simpler process called Glycolysis. 

Pyruvate produced during glycolysis has two pathways.  The aerobic pathway, that requires oxygen, 

results in the formation of acetyl CoA, which can then enter the citric acid cycle.   

The other pathway, is done anaerobically, in exercising skeletal muscle, and results in the formation of 

lactate.    

 

Figure 2 – Simplified summary of the aerobic and anaerobic metabolism of carbohydrates. 

 

The lactate formed in skeletal muscle enters the circulation and is taken up by the liver, to be converted 

back to glucose via gluconeogenesis. After this, the glucose can then re-enter the circulation and be 

returned to the muscle. This process is called the Cori cycle. 

During high intensity exercise the aerobic energy systems cannot produce Adenosine triphosphate 

(ATP) fast enough to meet the muscle cell’s energy demand. The Cori cycle allows ATP production at 

higher rates than the aerobic energy systems, partly owing to the fact that it is a simpler process and 
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aerobic glycolysis is slower partly because the production of Adenosine triphosphate (ATP) from acetyl 

CoA requires the citric acid cycle and the electron transport chain. Yet, while anaerobic production of 

Adenosine triphosphate (ATP) during glycolysis is much faster, the total amount of Adenosine 

triphosphate (ATP) produced from each molecule of glucose is far greater during aerobic than during 

anaerobic glycolysis.  Also, even though the anaerobic energy systems can produce Adenosine 

triphosphate (ATP) fairly quickly it cannot maintain these high rates of Adenosine triphosphate (ATP) 

production for very long and consequently it requires aerobic Adenosine triphosphate (ATP) production. 

2.3 Limiting factors for VO2max 

Maximal oxygen consumption generally refers to the intensity of the aerobic process and represents the 

ability of a body to, at a certain point, consume the greatest amount of oxygen according to Marinković, 

D and Pavlović, S. 2013. 

Shete et al. 2014 describe aerobic capacity as an integral of functional capacities of all systems involved 

in supply, transportation and energetic oxygen transformation. It is especially important in the stages of 

recovery since it represents the ability to perform work over a longer period of time in conditions of 

aerobic metabolism. 

However, Bassett and Howley 2000 explain that during exercise, maximal oxygen uptake (VO2max) is 

limited by the ability of the cardiorespiratory system to deliver oxygen to the exercising muscles. Through 

breathing mechanisms, the oxygen enters the pulmonary system and reaches the tissues, then the cells 

and finally the mitochondria where occurs the process of oxidative phosphorylation. Inside mitochondrial 

membrane, a high-energy electron is passed along an electron transport chain and releases energy that 

pumps hydrogen out of the matrix space. The gradient created by this drives hydrogen back through the 

membrane, through ATP synthase. As this happens, the enzymatic activity of ATP synthase synthesizes 

ATP from ADP. At the end of this electron transport chain, the final electron acceptor is oxygen, and this 

ultimately forms water (H20).  

During this entire pathway, there are several factors limiting the delivery of oxygen, and therefore limit 

VO2max. Bassett and Howley 2000 classified three central factors and a fourth peripheral factor. 

Pulmonary diffusing capacity is one of the central limiting factors. Inside the lungs, the blood is saturated 

with oxygen and when exercising by the sea level this saturation is around 95%. However, trained 

individuals have higher maximal cardiac output and because of this, are more likely to undergo arterial 

O2 desaturation during maximal work because the transit time of the red blood cell in the pulmonary 

capillary is decreased. Consequently, the blood may not be totally saturated with O2 before exiting the 

pulmonary capillary. One-way of overcoming this limitation is with O2 enriched air so the saturation is 

more efficient. 

Noakes 1988 considered maximal cardiac output as the other central factor. This limitation is more easily 

overcome with training. With increased cardiac output, we have increase in blood flow and consequently 

in oxygen delivery and peripheral oxygen extraction (Bacon, Carter et al. 2013) Nevertheless, with 

training it is also possible to make some changes in stroke volume, blood volume, capillary density and 

muscle mitochondrial content that contribute also for increases in VO2max.  High intensity interval training 

(HIT) protocols have shown serious increases in cardiorespiratory capacity with reflections in oxygen 
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uptake has seen in Gibala et al. 2012. When compared with moderate and continuous intensity training 

the endothelial function is improved to a greater extent evaluated through flow-mediated dilatation of the 

brachial artery. Yet, cardiac remodeling requires a longer duration of training and greater exercise 

volume than the load required to alter cardiorespiratory fitness or peripheral vascular structure and 

function. Gibala et al. 2012 explain that short intense bursts of activity are responsible for increases in 

cellular and peripheral vascular stress, while effectively ‘insulating’ the heart from those stresses due to 

the brief duration of the exercise bouts. This relative central insulation allows individuals to train at much 

higher intensities than they would otherwise, but may also result in different timelines and effective 

stimulus loads between the central and peripheral components of the cardiovascular system.  

The last limiting central factor considered by Bassett and Howley 2000 is the oxygen carrying capacity 

of the blood. Oxygen transport to working muscles is limited by the concentration of hemoglobin (Hb) of 

the blood. Boushel et al. 2011 mention  that the capacity of the circulatory system to transport O2 to 

muscle mitochondria is the predominant limiting factor defining the upper limit of VO2max in humans. 

Because of this, a way to overcome this is through blood doping, which means to artificially increase a 

person’s volume of total red blood cells through removal, storage and subsequent reinfusion. The 

subject is able to distribute oxygen more efficiently and perform better in their sport. Some studies that 

we will discuss later, mention the advantages related to altitude training that also involve alterations in 

blood haemoglobin and therefore in oxygen transportation and distribution. 

The peripheral limiting factor is associated with skeletal muscle characteristics. The capacity to deliver 

oxygen to the contracting skeletal muscle is the predominant factor setting the maximal oxidative rate 

in humans during exercise engaging a large proportion of muscle mass (Boushel et al. 2011). From all 

the tissues in human body, muscles have the highest mitochondrial content in order to provide enough 

energy of the form of ATP for movement and exercise.  

There can be considered three types of muscle, white muscle, red muscle and mixed muscle.  They 

differentiate on the quantity of mitochondria, having the red muscles the higher content, and then the 

white muscles containing fewer mitochondria. Mixed muscles contain both red and white muscle fiber 

types. Some studies show that endurance training can induce increases in muscle mitochondrial content 

and increased the ability of muscle to uptake glucose during and after exercise. 

Evidence in Noakes 1988 also suggests that exercise intensity is the key factor influencing PGC-1α 

(Peroxisome proliferator-activated receptor 𝛾 coactivator 1α) activation in human skeletal muscle,  which 

is the main regulator of mitochondrial biogenesis and function. The increase in nuclear PGC-1α leads 

to increased mRNA expression of several mitochondrial genes, suggesting that a program of 

mitochondrial adaptation is engaged with these short bursts of intensity exercise (Gibala et al. 2012) . 

Within the muscle fibers, the oxygen is consumed through oxidative phosphorylation inside the 

mitochondria in the final step of the electron transport chain. Therefore, in theory, if the number of 

mitochondria increased there should be also an increase of the number of sites for O2 uptake in muscle.  

However, this does not happen, and there is only a slight increase of VO2max. 

The transportation of oxygen through the body applies a pressure in the mixture of gases in the lungs, 

or in solution, known as the partial pressure. Due to the pressure gradients the oxygen bound to 

hemoglobin in the blood is diffused into tissues as blood travels through capillaries.  
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In the end, oxygen diffuses into the mitochondria. This passive diffusion from the capillary blood across 

the plasma membrane to the interstitial space, across the cell membrane, throughout the cytoplasm, is 

facilitated by myoglobin (MGb) where present, and into the mitochondria driven by a partial pressure 

gradient for oxygen (mean capillary pO2 – mean mitochondrial pO2). So, a low cell pO2 relative to blood 

pO2 is needed to maintain the driving force for diffusion and thus enhance O2 conductance. 

In spite of this, there are some advantages of increasing mitochondrial enzymes namely the higher rate 

of fat oxidation by muscles as an adaptation to endurance exercise (thus sparing muscle glycogen and 

blood glucose) and also decreasing lactate production during exercise. These muscle adaptations are 

important for understanding the upper limit for endurance performance because an athlete cannot 

operate above 100% VO2max for extended periods of time. So if we enhance these two variables there 

is a chance to make some improvements in endurance performance with training. The increase in 

muscle mitochondria may also contribute for a greater extraction of O2 from the blood by the working 

muscles, thus contributing in a minor way to an increased VO2max. 

These evidences indicate that in humans the capacity of the circulatory system to transport O2 to muscle 

mitochondria is the predominant limiting factor defining the upper limit of VO2max in humans. 

2.4 Trainability of VO2max 

VO2max is an indicator of cardiorespiratory fitness and subsequently directly related to cardiovascular 

health. Weston et al. 2014 and Taylor et al. 1955 discuss that people with low fitness and less 

conditioned have stronger indices of morbidity and mortality. Trilk et al. 2011 indicates that improving 

VO2max is essential for reducing risk of cardiovascular and other chronic diseases in overweight and 

obese individuals. 

Low VO2max, physical inactivity, and being overweight or obese are all risk factors for developing 

cardiovascular disease, hypertension, and diabetes, and individuals with these diseases have increased 

morbidity and mortality has explained in Katzmarzyk et al. 2004. Therefore Blair et al. 1996 and Weston 

et al. 2014 describe how this consists in a matter of public health and the need to make sure there are 

improvements the levels of physical activity and fitness in societies nowadays. Its improvement has 

been linked to decreases in risk of death from cardiovascular disease, improved lipoprotein profile and 

carbohydrate metabolism, lower blood pressure, and weight loss. 

After some studies and experiences to find the VO2max, the challenge was to test the limiting factors 

linked to the oxygen uptake and what is possible to do in order to increase this value. 

This improvement of VO2max with training is mainly due to increases in cardiac output and peripheral 

oxygen extraction. Bacon et al. 2013 state that there may also be a contribution of changes in stroke 

volume, blood volume, capillary density, muscle mitochondrial content. 

Both moderate-intensity continuous training and high intensity interval training (HIIT) methods bring 

improvements in the maximal oxygen uptake of a person. High intensity interval training (HIIT) has 

become very popular in the last years, because of its results in spite of a significantly reduced total 

exercise volume than traditional aerobic exercise. People around the world have preferred this type of 

programs given its fast results and for the possibility of being able to get exercise done without spending 

to much time a day or in a gym. This program places 3rd in the fitness trends for 2016 (Thompson, W,R. 
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2016). Studies like Milanovic et al. 2015 and Arboleda Serna et al. 2016 show that the gains after 

following a HIIT program may be faster and more effective, in terms of improvement of VO2max and 

cardiorespiratory fitness, when compared to continuous or endurance programs. Even for patients with 

lifestyle-induced chronic diseases significantly increases their cardiorespiratory fitness HIIT programs 

have showed better results in Weston et al. 2014. 

Bacon et al. 2013 also analyzed the possibility of increasing VO2max with training. Two types of training 

were examined, continuous training (CT) and interval training (IT). Both types of training reported small 

changes in VO2max, but IT showed slightly better results. 

The combination of both methods generated marked increases in VO2max in almost all relatively young 

adults.  

Strength training protocols have also been investigated like Millet et al. 2002 and had some positive 

contribution and results on VO2max. This type of training can improve anaerobic characteristics such as 

the ability to produce high La and the production of short contact times and fast forces. It allows the 

muscles to store and utilise more elastic energy and reduce the amount of energy wasted in braking 

forces. 

Plyometric training is a specific type of strength training that consists in explosive-strength or plyometric 

training that invokes specific neural adaptations such as an increased activation of the motor units, with 

less muscle hypertrophy than typical heavy-resistance strength training. The results obtained in 

Saunders et al. 2004 and Millet et al. 2002 indicated that explosive-strength training can improve RE 

and performance as a consequence of enhanced neuromuscular function. 

Another factor that can influence both VO2max and performance of an athlete is altitude training that will 

be discussed in the next chapter. 

2.5 Breathing at Higher Elevations  

At sea level (300k) the partial pressure of oxygen is 161mmHg (21.2kPa). It is considered a hypoxic 

environment, when there is a lack of oxygen reaching living tissues that occurs below a critical partial 

pressure of 57 mmHg (7.5 kPa). 

As altitude increases, atmospheric pressure decreases, and although the fractional concentration of 

oxygen remains the same (20.9%), the partial pressure of oxygen decreases, reducing the amount of 

oxygen available for delivery to exercising tissues.  

When exposed to this environment the natural response of the human body is to breath faster and 

deeper. This happens because when we breathe the amount of oxygen that arrives to the lungs is lower 

than at sea level. Because the amount of oxygen is lower the delivery and diffusion of O2 to the blood 

stream is also lower not assuring our metabolic necessities. Oxygen is dissolved in blood because it 

contains hemoglobin, a protein present in red blood cells, responsible for the transport of oxygen due to 

the presence of iron that assures its oxygen-binding capacity. By breathing faster and deeper we are 

able to increase the flow of fresh air in the lungs and consequently to the blood and tissues. 

As a result of the process of acclimatization to high altitude, the amount of haemoglobin in blood 

increases so it can increase the blood capacity of delivering oxygen to the tissues.  
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Studies like Dick 1992, Nummela and Rusko 2000, Saunders et al. 2009 and Levine and Stray-

Gundersen 1997 show that competitive athletes in order to improve sea level performance started to 

train frequently in altitude. 

A study of Saunders et al. 2004 with Kenyan runners living and training at altitude, showed that when 

compared to Scandinavian runners, who live and train at sea level, there is less La accumulation during 

running until near very high or peak exercise intensities, and also much lower La both at altitude and 

sea level at high relative exercise intensities. Saunders et al. 2004 also reported a higher resistance to 

fatigue when running at the same percentage of peak treadmill velocity than Caucasian runners, despite 

similar VO2max values in the two groups. 

Park et al. 2016 refer that several high altitude areas, including Chamonix in France, Albuquerque in 

United States, and Kunming in China are used for training, however to allow athletes to train in altitude 

without the necessity to travel long distances there were created artificial altitude/hypoxic environment 

equipment, hypoxic masks, hypoxic tents, hypoxic trucks, hypoxic hotels, and hypoxic training centers 

have been developed since the 1990s”. However, this simulation of altitude is different from training in 

real altitude. It is called a “fake” altitude when there is a normobaric hypoxic environment, and the real 

altitude being a hypobaric hypoxic environment. Even though, the normobaric hypoxia laboratories 

simulate most of true high altitude conditions there are some differences to the hypobaric hypoxic 

environment, especially the partial pressure of oxygen (pO2) that may induce some different adaptations 

and physiological stimulus on the athletes. 

Coppel et al. 2015 study reports that there are significant differences regarding ventilation, NO, fluid 

retention and some other variables between HH and NH environments. Yet, the authors also affirm that 

there needs to exist further investigations comparing this two types of environments to support these 

findings, with more participants in the trials and different amounts of time spent in hypoxia both ways.  

At altitude, the decrease in barometric pressure reduces the availability of oxygen in the environment.  

Since the pO2 decreases, consequently the paO2 decreases as well resulting in a lower pO2 gradient 

driving O2 diffusion, which means that with hypoxia the transfer of O2 from the atmosphere to the lung 

capillaries is reduced and thus, the transfer of O2 to the active muscles is also reduced (Calbet and 

Lundby 2009). This indicates that the main mechanism limiting VO2max and pulmonary gas exchange 

during exercise in hypoxia is diffusion because red blood cells have short transit times through the 

pulmonary capillaries, which does not allow for a complete gas equilibration between the alveolar gas 

and the capillary blood.  

2.6 Method Living High Training Low (LHTL) 

The method Living High Training High (LHTH) was introduced in the early 1990s by Levine and Stray-

Gundersen 1997 and the goal was for athletes to live and train in altitudes between 1500 and 4000m in 

natural hypoxic environments and take all the advantages of the acclimatization process when it comes 

to the enhancement of oxygen distribution.   

LHTH has shown to be the most time efficient modality for athletes and coaches to consider, because 

it provides 24 hour per day exposure to hypoxia, which means a high dose of sufficient ‘altitude’ allowing 

an accelerated red blood cell production. Results showed that after 14 days adopting this method, of 
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LHTH training just at 1800 m, athletes experienced an increase of 3% in Hbmass (Garvican-Lewis et al. 

2015). 

The major limitation of this method is that the athletes fail to perform training in the same intensities, 

when compared to sea level training, for example, maintaining the same running speed for a longer 

period of time. To overcome this limitation, another method was created to enhance athletes’ 

performance, which was the LHTL Method (Live High Train Low) developed by Dr. Benjamin Levine and 

James Stray-Gundersen of the United States in the early 1990s. Studies show that the LHTL method 

have the best results (Levine and Stray-Gundersen 1997). In Levine and Stray-Gundersen 1997 study, 

the group of athletes tested in altitude “significantly increased VO2max (5%) in direct proportion to an 

increase in red cell mass volume  in 9%”(Levine and Stray-Gundersen 1997). 

Runners improved the five-kilometer running time in direct proportion to the increase in VO2max. 

“The increase in oxygen-carrying capacity allowed a lower cardiac output and therefore more peripheral 

diffusion time and oxygen extraction, as well as providing for additional cardiac flow reserve. Finally, the 

close correlation between the increase in VO2max and the improvement in 5,000-m time after the field 

training camp argues strongly that this is a key adaptation during altitude training and a necessary 

mechanism for improving sea-level performance” (Levine and Stray-Gundersen 1997). 

After the period of acclimatization of four weeks during which the athletes adopted the method living 

high training low the results showed improvements in the sea-level running performance in trained 

runners. The altitude acclimatization resulted in central and peripheral adaptations that improve oxygen 

delivery and utilization this is, an increase in red blood cell mass, increase in the oxygen-carrying 

capacity of the blood and improvement of aerobic power. 

“We reasoned that if athletes could live at moderate altitude, above 2,500 m, but train at low altitude, 

below 1,500 m, they could acquire the physiological advantages of altitude acclimatization for 

maximizing oxygen transport, without the detraining associated with hypoxic exercise ” (Levine and 

Stray-Gundersen 1997). 

However, there is a downside for these types of training that has to be taken into account, which are the 

changes induced in blood characteristics. With the increase of haemoglobin, blood becomes sticky and 

viscous and it is harder for the heart to pump the blood around the body. This happens in chronic 

mountain sickness. Because of this, the duration of these types of programs and boot camps have to 

be well thought to prevent these problems for the athletes. 

2.7 VO2max as a predictor of athletic potential 

Costill and Winrow 1970 compared two athletes with same VO2 max but different running abilities. The 

running economy was superior in one and therefore achieved higher maximum workload at VO2max. 

(Noakes 1988) also verified that athletes with same VO2max have different performances running a 

marathon, from 3h12 min to 2h8min. So, even tough VO2max is the same, two athletes can have the 

same aerobic power but may reach their plateau at different running speeds. 

Movement economy becomes a much more complete and relevant indicator than VO2max, which by itself 

is a poor predictor of athletic performance. Although a high VO2max may be a prerequisite for 

performance in endurance events, Saunders et al. 2004 and Bassett and Howley 2000 indicate that the 
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running velocity at the lactate threshold and the peak treadmill running velocity are the best predictors 

of distance running performance, whereas running economy and VO2max are less good predictors. 

The actual value for the oxygen consumption measured at peak workload will be dependent on each 

athlete´s running economy. The primary variable predicting athletic potential is or should be the 

maximum speed workload that the athlete can achieve during the maximum test. This speed may be 

related the skeletal muscle characteristics and contractility. 

Runners with good running economy (RE) use less oxygen than runners with poor RE at the same 

steady-state speed. These include metabolic adaptations within the muscle such as increased 

mitochondria and oxidative enzymes, the ability of the muscles to store and release elastic energy by 

increasing the stiffness of the muscles, and more efficient mechanics leading to less energy wasted on 

braking forces and excessive vertical oscillation. 

Interventions to improve RE are constantly sought after by athletes, coaches and sport scientists. Two 

interventions that have received recent widespread attention are strength training and altitude training. 
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Chapter III 

 

Methodology and Materials  

 

3.1 Sample  

Thirty healthy participants, fifteen men and fifteen women, volunteered to take part in the protocol. 

From this sample, 30% had ages from 18 to 25, 13% had ages from 26 -35, 13% had ages from 36-45, 

37% had ages from 46- 55 and 7% were over 55. 

The youngster volunteers attended classes in Instituto Superior Técnico and offered to be tested in the 

laboratory located inside the college. The older volunteers are part of a running group called Run4Fun, 

and were curious about finding more about their oxygen consumption and performance. The other 

volunteers from age 30 until 40 are mainly gym members who were also interested in finding out more 

about their physical condition.  

This sample is considered relatively small still very heterogenic. Regarding physical condition 73% 

affirmed that they exercised regularly and 27% are more sedentary and are less active daily. From the 

73% of active subjects, 43% run and the other 30 % go to the gym and/or train HIIT. Regarding the 

frequency of training about 26,66% % train 4 times to everyday, 46,66% train 1 to 3 times a week and 

26,66%% do not train.  

Body mass index (BMI) from the participants was also calculated, 73,33% have normal weight, 23,33% 

are overweight and 3,33% are underweight. 

Only half of the participants was familiar with treadmill running.  

The individual characteristics of the subjects to be tested are presented in Table 1. 

 

Table 1 - Data characterizing the subjects 

Gender Age (years) Height (cm) Weight (kg) BMI 

Female 52 159 54,0 21,4 

Male 61 178 70,0 22,1 

Female 59 151 50,0 21,5 

Male 43 176 81,0 26,5 

Female 42 173 60,0 20,0 

Male 23 190 78,2 21,7 

Female 53 173 71,0 23,7 
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Female 41 155 62,0 25,8 

Male 23 180 75,0 23,1 

Male 24 170 67,0 23,2 

Female 38 150 56,0 24,9 

Male 49 167 67,5 24,2 

Male 35 173 82,7 27,6 

Male 23 182 85,0 24,8 

Female 48 154 48,5 20,5 

Female 30 170 70,0 24,2 

Female 18 150 49,0 21,8 

Female 30 176 70,0 22,6 

Male 51 180 79,0 24,4 

Female 52 170 60,0 20,6 

Female 23 155 46,0 19,1 

Male 48 190 91,8 25,4 

Male 49 182 83,0 21,1 

Male 53 187 100,0 28,6 

Female 20 159 60,0 23,7 

Male 46 183 71,0 21,2 

Male 51 180 84,0 25,9 

Male 31 180 83,0 25,6 

Female 23 162 58,0 22,1 

Female 19 175 70,0 22,9 

 

 

3.2 Variables  

Several data was collected in the beginning of the study of the 30 healthy participants, namely, age, 

gender, height, weight and exercise. 

After testing all subjects with the running protocol it was calculated their BMI and their VO2max. 

BMI translates the body mass index and is calculated with the following expression: 

 

𝐵𝑀𝐼 =  
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

𝐻𝑒𝑖𝑔ℎ𝑡2 (𝑚)
     (1)

                             

VO2max represents the maximum oxygen uptake during intense exercise. Therefore it needs to be 

calculated with a gas analyzer that collects all gas resulting from the respiration during the exercise. 

VO2max is usually expressed relative to bodyweight because oxygen and energy needs differ relative to 

size. It is usually measured in milliliters of oxygen per kilogram of bodyweight per minute (ml.kg-1.min-1). 

Having this data, it was possible to characterize our sample and investigate a possible correlation or 

dependency between these variables. The table below (Table 2) as the results for the sample 

characterization. 
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Table 2 – Summary of sample characterization 

Gender Age (years) Height (cm) Weight (kg) BMI 

Female 
(n = 15) 

 
37 ± 14 

 
162 ± 10 

 
59 ± 9 

 
22 ± 2 

Male 
(n = 15) 

 
41 ±13 

 
180 ± 7 

 
80 ± 9 

 
24 ± 2 

All  
39 ±14 

 
171 ±12 

 
69 ±14 

 
23 ± 2 

 

Legend: n – the number of participants; Values shown as arithmetic mean ± SD; 

3.3 Data Acquisition 

Thirty healthy subjects took part of the study and were fully informed about the associated risks and the 

procedures, before giving written informed consent to participate in the treadmill running protocol 

approved by an institutional ethics committee.  

The subjects were all fully familiar with laboratory exercise testing procedures and there was always a 

person near the treadmill giving support and motivation to the participant running. The studies were 

conducted in an air-conditioned laboratory maintained at approximately 22°C. Subjects were asked to 

walk on a motor-driven treadmill at 4 km.h-1 up for warm up during 2 to 3 minutes. After this, the 

participants rested for about 1 min, and then ran for 3 minutes with increasing grades. The subjects ran 

at a constant speed of 8km.h-1 starting on 0,0% grade for the first 30 seconds. For each 30 seconds the 

treadmill would rise 2,5% until the end of 3 minutes, with a final grade of 12,5%.  

The protocol followed took into account the work developed by Taylor et al. 1955, Howley et al. 1995 

and Kennard and Martin 1984. In their work it was established that changing grades in the motor-driven 

treadmill provides better results than changing speed in establishing the VO2max, therefore it was decided 

to do the same here. The protocol to best analyze the oxygen uptake would have a constant speed, in 

this case, of 8km/h and increasing grades for each 30 seconds of 2,5%. 

As shown in previous works by Taylor et al. 1955 “there is a linear relationship between oxygen intake 

and workload until the maximum oxygen intake is reached” and this is better translated when grades 

vary instead of speed. When this is properly done, it becomes possible to detect very small changes in 

oxygen intake. 

It was measured the VO2 and the VCO2 provided by the Metabolic Add-on installed in Labchart and the 

respiratory rate to compare with the bibliography. During the exercise tests, subjects breathed through 

a mask connected to a gas chamber and to a gas analyzer. Gases were drawn continuously from the 

mouthpiece and analyzed for oxygen and carbon dioxide concentrations by the gas analyzer, which was 

calibrated before each test using gases of known concentration.  

The gas analyzer allows the measurement of respiratory gas concentrations from humans. It houses an 

infrared carbon dioxide sensor and optical oxygen detector. The analyzer samples expired gas from a 

mixing chamber with a damped, micro-vacuum sampling pump and has a flow control knob on the front 

of the unit that provides sampling rates of 35 to 200 ml.min-1, although maximum flow values may vary 
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for different sizes and lengths of tubing. The simultaneous measurement of respiratory gas 

concentrations and airflow allows for various metabolic variables to be calculated and displayed, such 

as VO2, VCO2, RER and VE. VE is corrected to body temperature, pressure, saturated conditions 

(BTPS), while VO2 and VCO2 are corrected to standard temperature, pressure, dry conditions (STPD). 

3.4 Calibration and data quality control 

The system from ADInstruments suggests the use of two gas samples for the calibration. The first 

sample is a sample of room air and the other one with known air concentrations. Because it was not 

available a calibration gas sample with known concentrations to use in this protocol it was decided to 

use one sample from the human expiration. The average human expiration has a 16% content of O2 

and 4% content of CO2
 (P.S.Dhami et al. 2015) and these were the values used for this experiment. 

The room air sample was simple to collect, simply by just leaving the gas sensor disconnected from the 

chamber of the gas analyzer and therefore in contact with atmospheric air. 

The second sample collected from the human expiration was not very rigorous and small changes were 

detected depending on the person breathing. The best option for the sample calibration was decided 

based on the protocol that minimized the error. 

The method that showed the highest precision of the data was the one where the sensor was inserted 

inside the bag and the person conducting the experiment would make the following procedure.  

First, the subject makes one expiration for the bag, then, closes the bag and inhales outside the bag. 

Finally, the subject exhales once again inside the bag, closes and registers the values. 

By doing this, the percentage values of O2 and CO2 registered by the gas analyzer were very similar, 

despite the repetition of the procedure in different days and times. As a result, this was the method 

chosen to calibrate the system because it minimizes the error associated with the air sample. 

The charts bellow (Figure 3), have represented the results obtained from the calibration according to 

the methodology described above. 

 

The points regarding the room air (20,93% O2 and 0,03% CO2) independent of the day or time of the 

acquisition are always very similar which is a testimony of precision of the machine, but the points 
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Figure 3 – Results for gas calibration 
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regarding the sample of expiration induce some error in the experiment showing some variation.  

However, the measurements show little data dispersion, as we can see from table 3, and that is why it 

was decided to proceed with this protocol. 

After collecting thirty measurements with the method, it was calculated the average of the values 

attained for the 4% of CO2 and 16% of O2. The calibration was made using 334,2 mV and 177,0 mV for 

the CO2 and O2 respectively. 

The results obtained show less than 3 % of variation, which means the calibration has high precision. 

 

Table 3 – Gas Calibration for the human expiration 

O2 (16%) CO2 (4%) 

N 30 N 30 

Mean 177,0 mV Mean 334,2 mV 

Standard Deviation 2,8 Standard Deviation 7,4 

Coefficient variation 0,02 Coefficient variation 0,02 

 

Expiratory volumes were determined using a spirometer extension. Calibration of the spirometer module 

was performed with a 3L calibration syringe from ADInstruments. 

Several experiments and trials were made in order to determine the precision of the volume detection 

before performing the VO2max acquisitions. 

The results obtained from the testing of the syringe are described on table 4. 

 

Table 4 - Volume calibration 

 

 

 

 

 

 

 

 

 

The results obtained show less than 0,9 % of variation, which means the instrument has high precision. 

After the calibrations of both volume and percentage of gases, the acquisitions started with a calculation 

of the respiratory gas exchange variables for every 10 seconds. 

 

N 36 

Mean 43,8 

Standard Deviation 0,4 

Coefficient variation 0,009 

0, 9 % 
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3.5 Data Analysis 

The results attained by the gas analyzer for each subject were analyzed and the determination of a VO2 

plateau was made. 

The criteria chosen for the determination of a plateau was an existence of at least 3 points separated 

by less than 300 ml.min-1. This criteria was similar to the studies by Howley et al. 1995 but instead of a 

difference of 150 ml.min-1 between sequential points, the value was doubled allowing more data to be 

used in the definition of a plateau. In the study of Howley et al. 1995, the data collected was attained 

with intervals of 30 seconds, however, our measurements were 10 seconds apart. Even though the 

study is more precise this way, it contributes for higher oscillations of the volumes and consequently it 

is harder to meet the initial criteria of 150ml.min-1 and for this reason it was changed. 

Some subjects failed to attain a plateau in the first visit to the laboratory and therefore were asked to 

repeat the test. If by the second time the subject had not reached a plateau, it was indicative that the 

protocol might be less suitable for some of the more experienced runners. In the study conducted by 

Taylor et al. 1955, the subjects ran at 11,26 km.h-1 but here we wanted to make the study more 

adjustable for less conditioned subjects and because of this, it was defined a constant speed of 8 km.h-

1. After analyzing the results, some changes would need to be done in the protocol, maintaining the 

same grade variation but increasing the constant speed of the treadmill for 8,6 km.h-1 or 10 km.h-1 for 

the better conditioned individuals and possibly consider having two protocols according to the individuals 

conditioning. 

Here we have two examples of the results from a male runner with 48 years old and an active female 

with 38 years old.  

 

 

 

 

 

 

 

 

 

 

 

With the graph representation of the points it becomes clear the existence of a plateau.  

The confirmation of the achievement of the plateau is on the table 5 and table 6 with the differences 

between successive points in the plateau are always < 300 ml.min-1. 
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Figure 4 – Results for the oxygen volume uptake of a male runner during a 

treadmill protocol. 
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Table 5 – Plateau definition for the VO2 results of a male runner 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6 - Plateau definition for the VO2 results of an active female 

 

The oxygen consumption increases with the intensity of the exercise, and here in this test, with the 

increasing grade of the treadmill. 

As a first analysis we can see that the curve behavior translating the VO2 with time can be described 

through a logarithmic relationship, once the variable R2, regarding the adjust of the variables is close to 

1, which proves a strong relationship. 

Time (s) Grade (%) VO2 (l.min-1) |diference| (l.min-1) 

160 12,5 5,41 0,04 

170 12,5 5,37 0,20 

180 12,5 5,17 0,15 

190 12,5 5,32 - 

Time (s) Grade (%) VO2 (l.min-1) |diference| (l.min-1) 

120 7,5 2,77 0,10 

130 10,0 2,67 0,16 

140 10,0 2,83 0,07 

150 10,0 2,76 0,01 

160 12,5 2,77 0,06 

170 12,5 2,83 0,06 

180 12,5 2,90 0,03 

190 12,5 2,86 0,10 

y = 1,0891ln(x) - 2,6709

R² = 0,9646
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Figure 5 - Results for the oxygen volume uptake of an active female during a 

treadmill protocol. 
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3.6 Statistical Treatment 

The statistical treatment of the data collected in this study was performed with the Statistical Program 

for Social Sciences - SPSS (IBM SPSS Statistics 24 for Windows).   

In the first place, after all the data collected it was investigated the variation of VO2 and the attainment 

of the VO2max plateau during time to assess what is the relationship between the two variables when 

performing exercise. 

One way to check the strength of the relationship, if there is one, is through correlation which can be 

measured by a statistic called the correlation coefficient. This coefficient varies between -1 and 1. A 

correlation coefficient of zero indicates that no linear relationship exists between two continuous 

variables, and a correlation coefficient of -1 or +1 indicates a perfect linear relationship. The strength of 

relationship can be anywhere between -1 and +1. The stronger the correlation, the closer the correlation 

coefficient comes to ±1. If the coefficient is a positive number, the variables are directly related (i.e., as 

the value of one variable goes up, the value of the other also tends to do so). 

As a part of the statistical procedure, the values of arithmetic means and standard deviations for all the 

variables (age, height, BMI, VO2max) were gathered. Then, for the relationships between age, BMI and 

VO2max it was performed an analysis of variance (ANOVA) where it was analyzed the differences among 

groups of age and BMI means and their associated VO2max. It was determined whether there is a 

difference (p ≤ 0.05) in the relative maximal oxygen consumption between subjects with different BMI 

and age in the whole sample. 

For the relationship between gender and VO2max it was performed an independent t test in order to 

access if there is a statistical significant difference between the mean VO2max of female and male 

individuals. The results were expressed as average ± standard deviation (A ± SD). The value p < 0.05 

was considered as statistical significance level. 

3.6.1 VO2max Analysis  

Given the results obtained for our sample, it was made a general descriptive statistical analysis using 

the software mentioned above, SPSS. 

Table 7 – SPSS descriptive for VO2max 

Descriptive 

 Statistic Std. Error 

VO2max Mean 51,67 2,53 

95% Confidence Interval 
for Mean 

Lower Bound 46,50  

Upper Bound 56,87  

Median 51,85  

Variance 191,76  

Std. Deviation 13,85  

Minimum 19,96  

Maximum 89,57  
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To investigate the distribution of the VO2max measurements it was done a normality test using SPSS.  

Table 8 – Normality tests 

Tests of Normality 

 

Kolmogorov-Smirnova Shapiro-Wilk 

Statistic df Sig. Statistic 

df Sig. 

VO2max ,090 30 ,200* ,975 30 ,690 

*. This is a lower bound of the true significance. 

a. Lilliefors Significance Correction 

 

According to Shapiro – Wilk test, which is the test recommended for samples below 50 subjects 

(Ghasemi, A and Zahediasl, S. 2012), VO2max follows a normal distribution among the sample.  

The variable VO2max follows a normal distribution, since the significance or p-value is higher than 0,05, 

as we can see in the table above (table 8) with a sig. or p-value of 0,690. 

3.6.1.1 Gender Analysis 

In order to study the correlation between VO2max and gender, normality tests were performed, to check 

if VO2max follows a normal distribution among genders. 

The normality test was done using the software SPSS and the results attained are described in the table 

below (Table 9). 

Table 9 – SPSS normality test for the variable gender 

Normality Tests 

 

Gender 

Kolmogorov-Smirnova Shapiro-Wilk 
 

Statistic df Sig. Statistic df Sig. 

VO2max Male ,158 15 ,200* ,929 15 ,266 

Female ,161 15 ,200* ,950 15 ,522 

*. Inferior limit. 

a. Lilliefors correction 

 

According to Shapiro – Wilk test, which is the test recommended for samples below 50 subjects 

(Ghasemi, A and Zahediasl, S. 2012), VO2max follows a normal distribution among genders.  

Among the male group, the significance or p-value is higher than the female, however both p-values are 

higher then 0,05. The variable VO2max follows a normal distribution, since the significance or p-value is 
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higher than 0,05, as we can see in the table above (table 12) with a sig. or p-value of 0,522, for the 

female and a sig. or p-value of 0,266 for the male. In figure 6 we have representation the VO2max 

distribution. 

 

The mean VO2max for the female group was higher (54,28 ± 15,50 ml.kg-1.min-1) than the men group 

(49,05 ± 11,93 ml.kg-1.min-1) (see table 21).  

Nevertheless, to access if there is a statistical significant difference between the mean VO2max of female 

and male individuals it was performed an independent t test using the software SPSS.  

We want to test the null hypothesis or h0. H0 = There is no statistical significant difference mean of 

VO2max between the male and female. The confidence interval chosen was 95%, and the results are 

described in the following tables (10 and 11). 

 

Table 10 - Independent Samples Test for gender mean VO2max 

Independent Samples Test 

 

Levene's Test for Equality of 

Variances 

t-test for Equality of 

Means 

F Sig. t df 

VO2max Equal variances assumed ,053 ,820 -1,037 28 

Equal variances not assumed   -1,037 26,273 

 

 

 

 

Figure 7 – Female and Male VO2max distribution 

Figure 6 – VO2max Histogram for gender  
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Table 11 - Independent Samples Test for gender mean VO2max (cont.) 

Independent Samples Test 

 

t-test for Equality of Means 

Sig. (2-tailed) Mean Difference Std. Error Difference 

VO2max Equal variances assumed ,309 -5,2364 5,0500 

 

First, we have to check the Levene´s Test for equality of variances. It tests the null hypothesis that the 

population variances are equal (called homogeneity of variance). If the resulting p-value of Levene's test 

is less than the significance level, the obtained differences in sample variances are unlikely to have 

occurred based on random sampling from a population with equal variances. Thus, the null hypothesis 

of equal variances is rejected and it is concluded that there is a difference between the variances in the 

population. 

The Sig. or p-value is 0,820, which means that if our alpha value is 0,05 and we want to have 95% 

certain before we reject the null hypothesis, and the equal variances are assumed, because the p-value 

is higher than alpha value (0,820 > 0,05). After this, we can look at the t-test for equality of means. 

After concluding that we can assume an equal variance of the data, we can see in the first line of the 

table 9 and analyze the p-value for the null hypothesis. 

There isn’t any difference between the average VO2max between groups (female and male), since our p-

value (Sig. 2-tailed) for the t-test for equality of means is higher than the alpha value (0,309 > 0,05). 

We cannot reject H0, it is not any significant statistical difference between the mean VO2max of the female 

and male group, with a confidence interval of 95%. 

3.6.1.2 Age Analysis 

The first step in studying the relationship between two continuous variables (VO2max and age) is to draw 

a scatter plot of the variables to check for linearity. The figure below (Figure 8) summarizes the data 

collected. 

 

 

 

 

 

 

 

 

 

Figure 8 – Correlation between VO2max and Age 
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From looking at the figure above (Figure 8) there is a very weak (positive) linear relationship since the 

R2 value is of 0, 0106. So, accordingly to these results, there appears to be no linear relationship 

between age and VO2max. 

To investigate if there is any statistically significant differences between the means of the age groups 

we can perform a one-way analysis of variance (ANOVA). However, there are some assumptions to 

check before performing this test. 

The first assumption is that there is a dependent variable that is measured at the interval or ratio level, 

this variable is VO2max. The second assumption is that there is an independent variable that consists of 

two or more categorical, independent groups. In this case is age, where we separated 5 age groups. 

The third assumption is that we have independence of observations, which means that there is no 

relationship between the observations in each group or between the groups themselves. The fourth 

assumption refers that there should be no significant outliers. The fifth assumption refers that the 

dependent variable should be approximately normally distributed for each category of the independent 

variable, which has already been demonstrated in chapter IV. The final assumption specifies that there 

needs to be homogeneity of variances.  

All assumptions have been confirmed and this last assumption was tested in SPSS Statistics using 

Levene's test for homogeneity of variances. The results are represented below (Table 12). 

 

  Table 12  - Levene´s test of homogeneity of variances in SPSS statistics 

Test of Homogeneity of Variances 

 Levene Statistic df1 df2 Sig. 

VO2max Based on Mean ,765 4 25 ,558 

Based on Median ,664 4 25 ,623 

Based on Median and with 

adjusted df 

,664 4 19,540 ,625 

Based on trimmed mean ,733 4 25 ,578 

 

The result from the test is reported as Sig. (p-value), which is compared to the alpha value for the test. 

The alpha value in this test is 0, 05 for a 95% confidence interval. Since the p-value is larger than the 

alpha level, (0,558 > 0,05) we cannot reject the null hypothesis. This means that there is homogeneity 

of variances.  

Since all of these assumptions are correct we can proceed with the ANOVA test. 
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Table 13 – Results of ANOVA test for the variable age  

 

 

 

 

 

 

 

 

 

There are two hypotheses regarding the ANOVA test. The null hypothesis (H0): ρ = 0, refers that all 

group means are the same. The alternative hypothesis (H1): ρ ≠ 0 refers that there is at least two group 

means that differ from one another. 

As we can see from the table 18, the p value (Sig) is 0,978, which is higher than p= 0,05. Given this 

result, we can assume that there are no statistically significant differences between group means as 

determined by one-way ANOVA (F (4,25) = 0.108, p = 0,978).  

 

 

 

 

 

 

 

 

 

 

From the Box-plot above (Figure 9) we can see how the variables (VO2max and Age) are distributed 

regarding the homogeneity of the data. When the box is small, it means the data is concentrated around 

the median and if the box is big it means the data is more heterogeneous.  

For all the groups the box is significantly big, which means that the data is very heterogeneous. The 

more homogeneous group is from the 26 to the 35 years old. However this group represents only 13% 

of the sample, which means that this observation might not be statistically significant. 

In the overall there is high heterogeneity. 

The explanations found for this, is the fact that for each age group, namely the group from 26 years old 

to 35 years old and the group from 36 years old to 45 years old is constituted by only four subjects. 

Besides this, the group of subjects with ages higher than 56 years old has only two participants. It is not 

statistically significant to evaluate or extrapolate these results to a population in these age groups. 

To reinsure the correlation between VO2max and age it would be necessary the repetition of the protocol 

with more subjects, and collect more data. 

ANOVA  VO2max 

 Sum of Squares df Mean Square F Sig. 

Between Groups 94,821 4 23,705 ,108 ,978 

Within Groups 5466,297 25 218,652   

Total 5561,118 29    

Figure 9 – Age Groups 
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3.6.1.3 BMI Analysis 

To examine if there is any correlation between the variable BMI and VO2max, it was drawn a scatter plot 

of the variables to check for linearity. The figure below (Figure 10) summarizes the data collected. 

 

 

 

 

 

 

 

 

 

From looking at the figure above (Figure 10) there is a very weak (positive) linear relationship since the 

R2 value is of 0, 0212. Accordingly to these results, there appears to be no linear relationship between 

BMI and VO2max. 

To investigate if there is any statistically significant differences between the means of the age groups 

we can perform a one-way analysis of variance (ANOVA). However, there are some assumptions to 

check before performing this test. The first assumption is that there is a dependent variable that is 

measured at the interval or ratio level, this variable is VO2max. The second assumption is that there is an 

independent variable that consists of two or more categorical, independent groups. In this case is BMI, 

where we separated 3 BMI groups. The third assumption is that we have independence of observations, 

which means that there is no relationship between the observations in each group or between the groups 

themselves. The fourth assumption refers that there should be no significant outliers. The fifth 

assumption refers that the dependent variable should be approximately normally distributed for each 

category of the independent variable, which has already been demonstrated in chapter IV. 

The final assumption specifies that there needs to be homogeneity of variances.  

All assumptions have been confirmed and this last assumption was tested in SPSS Statistics using 

Levene's test for homogeneity of variances. The results are represented below (Table 14). 
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Figure 10 – Correlation between VO2max and BMI 
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Table 14 - Levene´s test of homogeneity of variances for the variable BMI 

Test of Homogeneity of Variances 

 Levene Statistic df1 df2 Sig. 

VO2max Based on Mean ,114 1 27 ,738 

Based on Median ,182 1 27 ,673 

Based on Median and with 

adjusted df 

,182 1 24,814 ,673 

Based on trimmed mean ,118 1 27 ,734 

 

The result from the test is reported as Sig. (p-value), which is compared to the alpha value for the test. 

The alpha value in this test is 0, 05 for a 95% confidence interval. Since the p-value is larger than the 

alpha level, (0,738 > 0,05) we cannot reject the null hypothesis. This means that there is homogeneity 

of variances.  

Since all of these assumptions are correct we can proceed with the ANOVA test. 

 

Table 15 - ANOVA for the VO2max mean between BMI groups 

ANOVA VO2max   

 Sum of Squares df Mean Square F Sig. 

Between Groups 76,432 2 38,216 ,188 ,830 

Within Groups 5484,686 27 203,137   

Total 5561,118 29    

 

There are two hypotheses regarding the ANOVA test. The null hypothesis (H0): ρ = 0, refers that all 

group means are the same. The alternative hypothesis (H1): ρ ≠ 0 refers that there is at least two group 

means that differ from one another. 

As we can see from the table 13, the p value (Sig) is 0,830, which is higher than p=0,05. Given this 

result, we can assume that there are no statistically significant differences between group means as 

determined by one-way ANOVA (F (2,27) = 1.88, p = 0.830). 

3.6.1.4 Exercise Analysis 

To investigate if there is any statistically significant differences between the means of the exercise 

groups we can perform a one-way analysis of variance (ANOVA). However, there are some assumptions 

to check before performing this test. 
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The first assumption is that there is a dependent variable that is measured at the interval or ratio level, 

this variable is VO2max. The second assumption is that there is an independent variable that consists of 

two or more categorical, independent groups. In this case is frequency of exercise, where we separated 

3 groups. The third assumption is that we have independence of observations, which means that there 

is no relationship between the observations in each group or between the groups themselves. The fourth 

assumption refers that there should be no significant outliers. The fifth assumption refers that the 

dependent variable should be approximately normally distributed for each category of the independent 

variable, which has already been demonstrated in chapter IV. 

The final assumption specifies that there needs to be homogeneity of variances.  

All assumptions have been confirmed and this last assumption was tested in SPSS Statistics using 

Levene's test for homogeneity of variances. The results are represented below (Table 16) 

 

Table 16 – Test of homogeneity of variances for variances of frequency of exercise 

Test of Homogeneity of Variances 

 Levene Statistic df1 df2 Sig. 

VO2max Based on Mean 1,935 2 27 ,164 

Based on Median 1,667 2 27 ,208 

Based on Median and with 
adjusted df 

1,667 2 20,492 ,213 

Based on trimmed mean 1,855 2 27 ,176 

 

The result from the test is reported as Sig. (p-value), which is compared to the alpha value for the test. 

The alpha value in this test is 0, 05 for a 95% confidence interval. Since the p-value is larger than the 

alpha level, (0,164 > 0,05) we cannot reject the null hypothesis. This means that there is homogeneity 

of variances.  

Since all of these assumptions are correct we can proceed with the ANOVA test. 

 

Table 17 – ANOVA for the VO2max mean between exercise groups 

ANOVA VO2max   

 Sum of Squares df Mean Square F Sig. 

Between Groups 1070,498 2 535,249 3,218 ,056 

Within Groups 4490,620 27 166,319   

Total 5561,118 29    
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There are two hypotheses regarding the ANOVA test. The null hypothesis (H0): ρ = 0, refers that all 

group means are the same. The alternative hypothesis (H1): ρ ≠ 0 refers that there is at least two group 

means that differ from one another. 

As we can see from the table 15, the p value (Sig) is 0,056, which is slightly higher than p=0,05.  

The p value is a measure of the strength of evidence against H0. Because this p-value is very low, it 

provides less evidence against H0. However given a higher result than 0,05, we can assume that there 

are no statistically significant differences between group means as determined by one-way ANOVA (F 

(2,27) = 3,218, p = .056). Because the p value is very similar to the alpha value, the sample size might 

not be enough evidence to reject H0 (Dorey, F. 2010). 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 11 - Scatterplot for exercise frequency 

From the scatterplot above (Figure 11) we can see how the variables (VO2max and frequency of exercise) 

are distributed regarding the homogeneity of the data. Because the sample size is least then 20, it is 

more suitable to do a scatter plot instead of a box plot.  For all the groups the data is heterogeneous. 

For the group with the frequency of one to three times a week the data is more concentrated indicating 

higher homogeneity. The values of VO2max are increasing between groups, as represented before on 

table 25. 

 

3.6.2 Altitude Analysis 

To investigate if there is a relationship between the variables age and hypoxia reaction it was drawn a 

scatter plot of the variables to check for linearity (figure 12). 
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The results from the scatter plot show that there is a very low correlation (negative) between the two 

variables with R2 of 0,034. 

Another parameter analyzed was VO2max, calculated previously. Good VO2max does not seem to be a 

good predictor of altitude adaptation since we have an example of a subject with good VO2max, a female 

with 21 years old and a VO2max of 62,65 ml.kg-1
.min-1, but poor reaction to hypoxia since the values of VO2 

increase a lot. 

To confirm this, and if there is any correlation between the hypoxia reaction and VO2max, it was drawn a 

scatter plot of the variables to check for linearity (figure 13). 

 

Figure 13 - Influence of VO2max on hypoxia reaction 

The results from the scatter plot show that there is a low correlation (negative) between the two variables 

with R2 of 0,3338. 

This may indicate that with higher VO2max the reaction and possible adaptation to hypoxia will be better. 

However the sample size is small and therefore to confirm this hypothesis it would be necessary to 

repeat with more subjects. 
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Figure 12 - Influence of age on hypoxia reaction 
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Chapter IV 

 

Results 

 

4.1 VO2max at Sea Level  

The individual laboratory data, which describe the metabolic responses of the participants, are 

presented in Figure 4. The average maximal oxygen uptake value (VO2max) for all the subjects was 51,66 

± 13,85 ml.kg-1.min-1. 

For the female individuals the average maximal oxygen uptake value (VO2max) was 54,28 ml.kg-1.min-1 

and for the male individuals, 49,05 ml.kg-1.min-1. 

The highest value, 89,19 ml.kg-1.min-1 was attained by an experienced female runner with 48 years old 

who plateaued with a max VO2 value of 4,48 L.min-1. 

The lowest value, 19,96 ml.kg-1.min-1 was attained by a sedentary female with 53 years old who 

plateaued with a max VO2 value of 1,42 L.min-1. 
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Figure 14 – Results for the VO2max of the sample 
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Table 18 - Summary of the oxygen uptake during maximal treadmill running 

 

4.1.1 VO2max Distribution 

 

 
In Figure 15 we have represented in the form of a histogram, the results obtained for the VO2max. 

We can see that the VO2max values are distributed normally around the 40 and 70 ml.kg-1.min-1. 

The lowest two results (20,0 ml.kg-1.min-1 and 22,2 ml.kg-1.min-1) came from two sedentary subjects with 

no exercise routines.  

The highest two results came from two experienced female runners with 70,8 and 89,6 ml.kg-1.min-1. 

 

 

 

 

Subject Speed (km.h-1) Grade (%) VO2 (l.min-1) VO2max (l.min-1) 

Active Female 

38 years old 

8 5,0 2,2 
2,8 

8 7,5 2,5 

8 10,0 2,8 

8 12,5 2,8 

Figure 15 - Histogram for the VO2max distribution among the sample 
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4.2 VO2max at altitude 

To investigate if the VO2 changes with the atmosphere content, this is, hypoxia or sea level conditions, 

thirteen volunteers agreed to return to the lab and repeat the running protocol in this conditions. 

The figure below represents the results for the VO2 evolution through time when the protocol followed 

is in hypoxia conditions. The values of oxygen uptake attained at hypoxia increased significantly when 

compared to sea level values, but there are some irregularities when it comes to defining a plateau at 

altitude, contrarily to sea level conditions. 

The growth of the oxygen consumption is not as smooth and logarithmic as the consumption at sea level 

(Figure 16).  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

In spite of the irregularities, we can still interpret the VO2 evolution at hypoxia conditions through a 

logarithmic behavior since the adjust coefficient (R2) given is 0,715, which is still a strong adjustment. 

Still, not as strong as the sea level adjustment (R2) of 0,965. 

Because the plateau in hypoxia is not well defined, and does not meet the criteria defined previously for 

the achievement of a plateau it was decided to analyze VO2 peaks, instead of VO2 plateaus.  

The table 19 has the results of the comparison between the maximum value of VO2 at sea level and the 

maximum value at simulated altitude, which was calculated by the following expression: 

 

 

Difference between V𝑂2 peaks =  |max (𝑉𝑂2𝑝𝑒𝑎𝑘)ℎ𝑦𝑝𝑜𝑥𝑖𝑎 − max (𝑉𝑂2𝑝𝑒𝑎𝑘)𝑠𝑒𝑎𝑙𝑒𝑣𝑒𝑙|  (2) 
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Figure 16 - Differences between VO2 at sea level and hypoxia 
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Table 19 - Results VO2peaks at altitude 

 

Some individuals had greater differences in VO2 then others, but all of them had higher VO2 peaks at 

simulated altitude instead of sea level. 

The least change in VO2 peaks occurs with the individuals with higher values of VO2max from the sample. 

This may be indicative that a reaction to hypoxia may be better.  

 

 

 

 

 

 

 

 

 

 

 

Subject Difference between VO2 
peaks  

(l.min-1) 

VO2max 

(ml.kg-1.min-1) 

Physical Condition Age 

(years) 

Female 2,30 70,78 Run (3/4x week) 52 

Female 3,31 89,57 Run (3/4x week) 48 

Male 6,41 48,26 Gym (3x week) 35 

Male 6,73 63,33 Run (5x week) 43 

Female 7,31 50,48 Gym (3x week) 38 

Female 7,48 60,13 Gym (4x week) 23 

Female 7,48 49,49 Run (3/4x week) 52 

Male 8,02 67,53 Gym (4x week) 31 

Female 8,53 56,45 Gym (4x week) 19 

Female 9,98 59,90 Gym + Run (4x week) 59 

Male 10,57 56,07 Run (3/4x week) 51 

Female 10,60 40,04 Run (1x week) 48 

Female 11,32 62,65 NA 21 
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Chapter V 

 

Discussion 

 

5.1 Intravariability 

To assure if the protocol and acquisitions were performed correctly and the VO2max was well 

calculated, the same subject was tested four times, to check if there is any intravariability of the data. 

As we can see from the chart above (Figure 17), the data collected from the four acquisitions is very 

similar. 

 

 

 

 

 

 

 

 

 

 

Table 20 – Summary of the results attained in four acquisitions 

 

Subject Data VO2max (l.min-1) VO2max (ml.kg-1.min-1) Standard Deviation 
(ml.kg-1.min-1) 

 

Male, 31yrs, 83 kg 

5,61 67,53 0,11 

5,71 68,80 0,23 

5,85 70,43 0,21 

4,50 54,25 0,25 

Means 5,42 65,25 0,20 

y = 2,2363ln(x) - 6,2905

R² = 0,9433

y = 2,3596ln(x) - 6,3584

R² = 0,9551y = 2,5017ln(x) - 7,3999

R² = 0,912

y = 1,8929ln(x) - 5,1267

R² = 0,9412
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Figure 17 - Intravariability of a male with 31 years old with four acquisitions 
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As a first analysis we can see that the curve behavior translating the evolution of VO2 with time can be 

described through a logarithmic relationship, once the coefficient of adjustment (R2) of the variables is 

close to 1, which proves a strong relationship. Then, we can compare all the four acquisitions. 

The results show little difference between the acquisitions except the 4th acquisition where the results 

vary more when compared to the other acquisitions. The value calculated for the VO2max is significantly 

lower which may have various reasons. 

In first place, all three acquisitions where done very close to each other about two or three days apart. 

However, the 4th acquisition was done about one week after the last acquisition, which may indicate that 

the individual got used to the protocol and may not have put enough effort on the last test.  Because of 

this, the athlete may have plateaued on a lower VO2, leading to a wrong calculation of the VO2max. It can 

also translate some evolution in training and higher preparation for the test. 

One possible way to assure the VO2max measurement would be to change the speed of the protocol. 

5.2 VO2max with gender 

According to some studies like Helgerud, J. 1994, there are no significant sex differences in VO2max or 

between groups with different performance levels in marathon running. Results showed that the female 

runners had about 10% higher utilization of VO2max then men, in spite of a higher VO2max, in the men 

than in the women. 

The explanation for this was that a more extensive endurance training of the women probably resulted 

in an increased "aerobic fitness", indicating that they are able to exercise at a higher proportion of their 

VO2max. Because of this, Helgerud, J. 1994 explained that women matched men performances due to a 

superior running economy and ability to exercise at a higher proportion of VO2max during the marathon 

race.  

The mean VO2max for the female group was higher (54,28 ± 15,50 ml.kg-1.min-1) than the men group 

(49,05 ± 11,93 ml.kg-1.min-1) (see table 21).  

 

Table 21 - VO2max with gender group statistics 

 Gender N Mean Std. Deviation Std. Error Mean 

VO2max Male 15 49,05 11,93 3,08 

Female 15 54,28 15,50 4,00 

 

The mean VO2max of the men tested regarding the men indicates a good maximal aerobic power, and 

the female mean VO2max indicates an excellent maximal aerobic power, when compared with the tables 

provided by ACSM (see Attachments). Given the data available in the literature these results in spite of 

being contradictory may be justified by our sample. The women who volunteered to participate in this 

study are fitter then the men, exercise more regularly and because of that may have led to a wrong 

conclusion. The sample is very heterogeneous regarding all parameters evaluated and because of that 
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the conclusions may not agree with studies performed with more homogeneous and competitive 

athletes. 

5.3 VO2max with age 

 

Table 22 - SPSS descriptive statistics for all of the age groups 

 

When the participants signed the consent to participate in this study, they had to fill one form with their 

data, regarding age, weight, height and physical activity. The data collected is resumed in Figure 18 and 

table 22. 

 

 

 

 

 

 

 

 

 

 

From looking at the table it does not seem to be a correlation between VO2max and age. The higher value 

for VO2max in each age group varies between 60 and 70 ml.kg-1min-1. On the age group from 46 to 55 

years old the higher value of VO2max is registered, with 89,57 ml.kg-1min-1 from an experienced female 

runner. Contrarily to what was expected, a higher age group had the higher VO2max value, even though 

studies have shown that VO2max decreases with age.  

Age (years) 

 

N 

 

Minim VO2max 

(ml.kg-1.min-1) 

Maxim VO2max 

(ml.kg-1.min-1) 

Mean VO2max 

(ml.kg-1.min-1) 

Standard Deviation 

(ml.kg-1.min-1) 

All 30 19,96 89,57 51,67 13,85 

x < 25 9 27,65 65,01 52,58 12,26 

26 < x < 35 4 48,26 65,25 55,07 7,20 

36 < x < 45 4 38,53 65,63 48,93 12,14 

46 <  x < 55 11 19,96 89,57 50,99 18,62 

x > 56 2 39,99 59,90 49,95 14,08 

30%

13%

13%

37%

7%

Age

<25

26<x<35

36<x<45

46<x<55

x>56

Figure 18 – Age of the participants 
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Betik, A. C. 2008 report in their study that age is associated with a progressive decline in the capacity 

for physical activity, corroborating a reduction in the maximal rate of oxygen utilization, or VO2max. 

From looking at the tables provided by ACSM (see Attachments), the categorization of the individuals 

according to their age regarding the maximal aerobic power decreases with age. The value for a VO2max 

indicative of good maximal aerobic power of a man between 20 and 29 years old is 48,5 ml.kg-1min-1 

whereas for a man with ages between 50 and 59 is 41,8 ml.kg-1min-1. For the women, the value for a 

VO2max indicative of good maximal aerobic power of a woman between 20 and 29 years old is 42,2 ml.kg-

1min-1 whereas for a woman with ages between 50 and 59 is 35,2 ml.kg-1min-1 

5.4 VO2max with BMI  

Another factor also collected in the data provided by the participants was the weight and height that 

together make possible the calculation of the BMI. 

BMI was calculated based on the weight and height given, through the following expression: 

 

𝐵𝑀𝐼 =  
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

𝐻𝑒𝑖𝑔ℎ𝑡2 (𝑚)
     (1)

                             

The figure and table below (Figure 19, table 23) summarize the data collected. 

 

Table 23 – Descriptive Statistics for BMI 

 

 
 

 

 

 

 

 

 

 

 

 

Descriptive Statistics 

 N Minimum Maximum Mean Std. Deviation 

BMI 30 19 29 23 2 

Figure 19 – BMI Histogram 
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BMI follows a normal distribution for the group of people. The majority of the sample (73%) have normal 

BMI (Table 24). There are only 7 subjects overweight and one person underweight. For that reason it is 

not correct to make any assumption in this last group since it would not be statistically significant.  

 

Table 24 – VO2max for BMI groups 

 VO2max 

BMI N 

 

Minim 

(ml.kg-1.min-1) 

 

Maxim 

(ml.kg-1.min-1) 

Mean 

(ml.kg-1.min-1) 

Std. Deviation 

(ml.kg-1.min-1) 

normal (20-25) 22 19,96 89,57 51,50 14,97 

underweight (<20) 1 60,18 60,18 60,18 . 

overweight (>25) 7 39,35 65,63 50,98 11,41 

Total 30 19,96 89,57 51,67 13,85 

 

Table 25 – VO2max distribution among the BMI groups 

 

 

 

 

 

 

 

 

Even tough it has been proven in this study that there is no linear correlation between the variable BMI 

and VO2max,since the coefficient R2 is very small, 0, 0212, accordingly to these results, there appears to 

be an influence of BMI on VO2max. 

From these results presented on table 25, we can see that the group of BMI with the higher VO2max is 

the group of participants with normal BMI from 20 to 25. Nonetheless, the person having the higher 

VO2max of 89,57 ml.kg-1.min-1 has a BMI of 21, which is in the inferior limit of Normal BMI, almost 

considered Underweight. Only one person represents the group of participants underweight, or low BMI, 

from the sample, which means that the results are not statistically significant to extrapolate a correlation 

between people with low BMI and VO2max based on this study. 

Regarding the group of overweight, or high BMI there are seven subjects tested. The result for the higher 

VO2max is from a subject very well conditioned with high training habits. This subject has a high BMI 

 

BMI N 

Max VO2 

(ml.kg-1.min-1) 

 

BMI (Max VO2) 

(20 - 25) Normal 22 89,57 21 

( < 20 ) Underweight 1 59,11 19 

( > 25) Overweight 7 68,92 26 
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because the formula for its calculation only takes in consideration height and weight. This subject, in 

spite of being considered overweight based on this calculation, has little body fat and high lean and 

muscle mass. Due to this, the subject´s weight is higher, and not due to fat. That is where this formula 

fails to report reality, since it does not translate body composition. An individual with big weight is not 

necessary overweight. 

The correlation studied should be between body fat and VO2max and studies like Shete et al. 2014 

showed that the lower the weight, the higher the VO2max. This study showed a negative correlation 

between VO2max and body fat percentage but was not statistically significant. Radovanovic et al. 2014 

study showed a significant negative correlation between BMI and VO2max (ml.kg-1.min-1) suggesting the 

possibility of effect or body fat on cardiorespiratory function. 

To investigate this, it should have been performed a waist circumference measurement or skinfold 

measurement in this study. However this last one is very dependent on the expertise of the technician 

and anatomical knowledge to obtain accurate measurements. 

5.5 VO2max and exercise 

The last factor to be analyzed and that was also collected in the data provided by the participants was 

exercise. Subjects were asked to indicate if they did exercise, and in the case they did, what was the 

type of exercise, distinguishing between running and gymnasium, and also how frequently they 

exercised. The results are represented on the figure 20 and 21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

73%

27%

Exercise No exercise

Figure 20 – Training habits 

43%

30%

27%

Run Gym No exercise

Figure 21 – Type of training 
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From looking at the figures above we can see that almost one third of the sample does not exercise 

(27%). From the other 73% of the sample, 43% runs and 30% goes to gym and does interval training. 

We wanted to see if there is a relationship between frequency of exercise and VO2max. 

We divided the exercise in three groups as described below (table 26). 

 

Table 26 – Frequency of exercise 

 

Table 27 – Descriptive statistics for the variable frequency of exercise with VO2max 

 
We can see from the results in table 27 that the mean VO2max increases with the frequency of exercise.  

The group of subjects with no exercise habits have the poorer VO2max value of 19, 96 ml. kg-1.min-1. 

The group of subjects with higher frequency of exercise, higher than 5 times a week have the higher 

mean VO2max and also the higher VO2max value registered, 89, 57 ml.kg-1.min-1. 

Looking from the tables available in ACSM (see in Attachments) the values obtained are slightly high, 

namely the female runner with a VO2max of 89, 57 ml.kg-1.min-1. For her age group the value considered 

as a superior fitness category is values of VO2max over 46,1 ml.kg-1.min-1. 

Probably this women has an excellent VO2max, however the calibration of the system may have misled 

the results with an overestimated value. 

The women high the lowest VO2max, 19,96 ml.kg-1.min-1 for her age group has a very poor maximal 

aerobic power which is consistent with the lack of regular exercise reported. 

Bellow, on Figure 22 we have a picture from the book Wilmore JH and Costill DL.2005.  

The highest VO2max registered are in skiing and running. From our results, the group that exercises the 

most, group 3, has a mean VO2max of 61,51 ±14,68 (ml.kg-1.min-1) which agrees with the table 27, given 

the mean sample age of 39 ±14 years. 

Frequency of exercise 

(times a week) 

N % sample Group 

0 
8 4/15 1 

1-3 
14 7/15 2 

> 4 
8 4/15 3 

Exercise group Mean  

(ml.kg-1.min-1) 

St. Deviation  

(ml. kg-1.min-1) 

Maximum  

(ml. kg-1.min-1) 

Minimum  

(ml. kg-1.min-1) 

1 
47,07 16,70 65,01 19,96 

2 
48,67 8,90 65,63 36,98 

3 
61,51 14,68 89,57 39,99 
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5.6 VO2max at altitude 

To investigate if the VO2 changes with the atmosphere content, hypoxia or sea level conditions, thirteen 

volunteers agreed to return to the lab and repeat the running protocol in hypoxia conditions. 

The experiments simulating altitude were made in different days from the sea level acquisitions in order 

to minimize EPOC effects (Bahr and Sejersted 1991) and unrealistic values. 

The protocol followed was the same from the results with atmospheric air normal percentages by the 

sea level of 20,93% O2 and 0,03% CO2 but instead, on the entrance of the mask used by the subjects 

was inserted another tube connected to The Cloud 9 Altitude Generator from Sporting Edge. The air 

entering the mask has less oxygen content, according to the altitude chosen to simulate. 

So, before starting the running protocol it needs to be decided the altitude the machine will operate. 

The altitude chosen was 2750m, according to the protocols of acclimatization suggested by the 

company, which corresponds to approximately 14,9% of O2 available.  

This percentage was calibrated using a digital oximeter, reassuring the atmospheric air in sea level with 

20,93% of O2 and the simulated altitude with 14,9% of O2. 

The company Sporting Edge has some protocols designed for athletes of several weeks for the process 

of acclimatizing. When combined with the mask, the Cloud 9 reduces blood oxygen saturation levels 

which stimulates the body to begin producing red blood cells and increase metabolism, this results in 

driving the same effects as actual altitude training.  

Some subjects did not feel comfortable on doing this test and because of this, only the better conditioned 

ones and also some brave less conditioned volunteers repeated the protocol in a hypoxic environment. 

The results for the oxygen uptake were then compared with the sea level protocol and was determined 

the influence of training and conditioning on the adaptation to hypoxic environments. 

Figure 22 – Maximal Oxygen Uptake (ml.kg-1.min-1) in various sports groups 
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However this altitude simulation is not entirely realistic, the conditions in the laboratory simulate 

normobaric hypoxia instead of hypobaric hypoxia. In altitude the pressure also influences oxygen uptake 

so it is important to highlight this. 

5.6.1 Comparison of three female reactions to hypoxia with three different training habits 
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Figure 23 – VO2 results of a 52 years old female runner 

Figure 24 - VO2 results of a 38 years old active female 

Figure 25 - VO2 results of a 20 years old sedentary female 
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The analysis of the hypoxic reaction results revealed some interesting facts. 

From the analysis of the figures above (Figure 23, 24 and 25) we can see that all three subjects had 

their oxygen uptake values increased when running in altitude with less oxygen available. The table 

below (Table 28) has summarized the results for each female. 

 

Table 28 - Comparison between three female volunteers VO2 peaks 

 

From the results obtained in the table and figure above, age does not seem to have an influence over 

the reaction to hypoxic environments. The older athlete has the least difference on oxygen uptake on 

sea level and hypoxia conditions. 

However, training seems to have an influence on the pulmonary gas exchange. 

The athlete better conditioned has the least difference and the athlete less conditioned has the highest 

difference. 

5.6.2 Factors influence on altitude reaction 

To validate the assumptions made on the previous chapter, on the table below (table 29) we have the 

results for all thirteen subjects tested. 

 

Subject Data Maxim VO2 (l.min-1) 

value in Sea Level 

Maxim VO2 (l.min-1) value 

in Hypoxia 

|Difference| 

(l.min-1) 

Female, 53 yrs, 60 kg 

Runner (4 times a week) 

4,48 

 

6,79 

 

2,30 

 

Female, 38 yrs, 56 kg 

Gym (3 times a week) 

2,90 

 

10,20 

 

7,31 

 

Female, 20 yrs, 60 Kg 

Sedentary lifestyle 

4,10 

 

15,42 11,32 
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Table 29 – Results VO2peaks at altitude 

 

Once again, age does not seem to have an influence over the reaction to hypoxic environments, given 

the fact that the poorer adaptations to hypoxia came from one of the youngest and oldest among the 

thirteen volunteers.  

Subject Difference between VO2 peaks 

(ml.min-1) 

VO2max  

(ml.kg-1
.min-1) 

Physical Condition Age 

(years) 

Female 2,3 70,78 Run (4x week) 52 

Female 3,3 89,57 Run (4x week) 48 

Male 6,4 48,26 Gym (3x week) 35 

Male 6,7 63,33 Run (3x week) 43 

Female 7,3 50,48 Gym (3x week) 38 

Female 7,5 60,13 Gym (4x week) 23 

Female 7,5 49,49 Run (4x week) 52 

Male 8,0 67,53 Gym (4x week) 31 

Female 8,5 56,45 Gym (4x week) 19 

Female 10,0 59,90 Gym ( 5 times week) 59 

Male 10,6 56,07 Run (4x week) 51 

Female 10,6 40,05 Run (1x week) 50 

Female 11,3 62,65 NA 21 
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Figure 26 – Influence of exercise frequency on hypoxia reaction. 

The sample was divided in three groups according to their exercise frequency. Group 1 does not train, 

group 2 trains 2 to 3 times a week and group 3 trains more than 4 times a week. 

We can see from table 29 and figure 26 that the poorer reactions to hypoxia are from two subjects who 

train very little or nothing at all. The better results came from two subjects who train frequently. These 

observations indicate that training has an important influence over the adaptation to different conditions 

while running. 

There is no explanation for the third, fifth and eleventh subject reaction. It was expected that the third 

and fifth subjects, given the fact that they train less and have little running habits the reaction to hypoxia 

would be worse. However, they react better than an experienced runner that is one of the worst reaction.  

The conclusions seem to be contradictory, training seems to have a strong effect over reaction to 

hypoxia but in some cases, like the ones mentioned above, it seems the opposite.   

To understand how altitude or hypoxia adaptation is done, it would be necessary to subject the 

individuals to a longer period of acclimatization. This would be possible with higher test duration or even 

with a subject following an acclimatization protocol for a hypoxic environment. As a result, these values 

translate not an adaptation to hypoxia but a first reaction, since none of these individuals had 

experienced hypoxia or altitude training. 

Still, in order to have a more precise and realistic value of a reaction or adaptation to hypoxia besides 

of what was said previously, the subjects should repeat the test more than one time, at different days 

and then calculate the average of all acquisitions. 

5.6.3 Normobaric altitude 

The protocol developed for testing individuals in altitude requires what some authors refer as “fake 

altitude” or more scientifically normobaric hypoxia. This occurs because hypoxic environments are not 

available or accessible for everyone to execute the test, so, it is possible to simulate altitude at sea level.  

This means that the environment has normal sea level pressure but low oxygen, whereas “real altitude” 

or hypobaric hypoxia is characterized of low pressure and low oxygen. 
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The mechanism of breathing requires a pressure gradient from the lungs to the tissues. The oxygen 

passes from the lungs to the tissues due to a pressure gradient. The pressure oxygen exerts in the 

alveoli is greater than the pressure of oxygen in the blood surrounding the lungs. Because of this, oxygen 

is driven from the lungs into the blood. 

At altitude, the reduction of oxygen pressure entering the lungs reduces the pressure difference, and 

therefore there is less oxygen driven from the lungs into the blood. 

In laboratories and altitude chambers the way of simulating the altitude conditions is through the 

reduction of oxygen. Because of this, at each breath there is less oxygen entering however by a different 

method, keeping the pressure the same (sea level), but reduce the percentage of oxygen in the air. 

Wehrlin JP and Hallén J. 2006 showed in their study that the VO2max decreased with a running treadmill 

protocol developed inside a hypobaric chamber. However a hypobaric chamber reduces the ambient air 

pressure and lowers oxygen available to meet the conditions of high altitude, operating on the opposite 

way of our machine. Because of this, we believe that this “fake” altitude conditions were responsible for 

an increase of VO2max instead of a decrease. 

Another explanation is the fact that there was not any process of acclimatization so the results attained 

do not report necessarily a realistic adaptation to hypoxia and its consequences on maximum oxygen 

uptake. 

McArdle WD et al. 2000 report that the decrease in VO2max is mainly due to the decrease is mainly in 

maximal cardiac output, which means the product of heart rate and stroke volume. Because there is an 

immediate decrease in blood plasma volume, stroke volume decreases. As a consequence, maximal 

heart rate may also decreases and the net effect is that less oxygen is "pushed" from the blood into the 

muscles, this is, a decrease in VO2max. In our test there was not time for this process to occur. 
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Chapter VI 

 

Conclusions 

 

6.1 Conclusions 

The primary aim of the present investigation was to better clarify the VO2 response to exercise and 

determinate a VO2max plateau through a running treadmill protocol.  

As a first analysis the results showed that the curve behavior translating the VO2 with time can be 

described through a logarithmic relationship, once the variable R2, regarding the correlation of the 

variables is close to 1 which proves a strong relationship. 

For all the subjects tested it was possible to establish a plateau and determine their VO2max. The values 

obtained were distributed normally among the sample. The average maximal oxygen uptake value, 

VO2max, for all the subjects was 51,67 ± 13,85 ml.kg-1.min-1. 

Regarding gender, the results showed a normal distribution of VO2max between genders. 

The VO2max for the female group was higher, 54,28 ± 15,50 ml.kg-1.min-1, than the men group, 49,05 ± 

11,93 ml.kg-1.min-1, nonetheless, after performing a p-value test it was concluded that the difference it 

is not any statistically significant between the mean VO2max of the female and male group, with a 

confidence interval of 95%. 

Regarding age, this study showed that there is no correlation between this variable and VO2max contrarily 

to the literature available. However size sample should be higher to confirm this. It was assume that 

there were no statistically significant differences between age groups VO2max means as determined by 

one-way ANOVA (F (4,25) = 0.108, p = 0,978).  

Regarding BMI, this study showed that there is no correlation between this variable and VO2max. 

There are no statistically significant differences between group means as determined by one-way 

ANOVA (F (2,27) = 1.88, p = 0.830). Even so, the highest VO2max came from a subject with one of the 

lowest BMI which indicates that BMI may influence VO2max more than what here assessed. 

Regarding exercise, VO2max appears to increase with the frequency of exercise. By dividing the sample 

in groups of frequency of exercise from none, to 1-3 times a week and higher than 5 times a week we 

can see that the mean VO2max value increased from 47,07 ml.kg-1.min-1, to 48,67 ml.kg-1.min-1, to 61,51 

ml.kg-1.min-1, respectively. The higher VO2max value registered, 89, 57 ml.kg-1.min-1 belongs to a subject 

on the group of higher frequency of exercise. The lowest VO2max value of 19, 96 ml.kg-1.min-1 belongs to 
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a subject on the group of the no exercising. There was a statistically significant difference between 

groups as determined by one-way ANOVA (F(2,27) = 3,218, p = .056). 

Finally, regarding altitude the observations were a bit contradictory indicating that for some people 

training has an important influence over the adaptation to different conditions while running, for fewer 

people, the frequency of train did not seem to improve their hypoxia reaction. This may indicate that 

there are some other factors influencing the process of acclimatization that were not taken into account 

here in this study. The results from the scatter plot show that there is a low correlation (negative) 

between the two variables with R2 of 0,3338. This may indicate that with higher VO2max the reaction and 

possible adaptation to hypoxia will be better. 

 

6.2 Limitations of the present study 

This study showed some interesting results regarding the VO2max measurements and the correlation 

with some individual parameters. However some things could have been different and maybe the results 

would be even more conclusive. 

Starting on the laboratory acquisition, there were some problems regarding the mask positioning. The 

band that attached the mask to the head was a bit loose for the majority of the subjects tested and kept 

falling during the run. It was decided for all participants to run and hold the mask close to their mouth 

the entire protocol. This may have affected the posture during running, regarding breathing and also the 

movement economy characteristic of each subject. 

Then, the gas calibration method could also be more precise. Even tough the results for the calibration 

showed high precision, with a gas sample with known concentrations the error would have been 

minimized. 

Regarding the data analysis, for the influence of age and BMI, it was concluded that if the sample was 

larger it may have been more conclusive. For some age groups like > 55 years old there were only 2 

subjects and for the BMI group of underweight there was only one subject.  

Although the size sample of 30 subjects allowed several comparisons and the main objective of this 

work was achieved with success through the measurement of thirty VO2max. 

Regarding the other part of this study concerning the factor altitude, there were also some changes to 

be done in order to have more conclusive data. 

The sample size that agreed to return to the lab and perform the altitude protocol was only of thirteen 

subjects. In spite of constituting almost half of the sample it would have been good to have more subjects 

namely with different levels of exercise to confirm the observations made. 

Finally giving the results, adaptation to hypoxia was not tested has planned, the results obtained 

represented reactions to hypoxia, not stabilizations or acclimatization. To change this and will stay as a 

suggestion for future work is to follow an athlete, measure the evolution of VO2max as he acclimatizes. 

This process would need at least a month of acclimatization to have results and for this reason it was 

not possible to be done here for this study.  
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6.3 Future Work 

Given the results and the conclusions of this study there are some suggestions concerning future work 

that would not also complement this study but also explore some other fields less investigated. 

Regarding the protocol followed, it should be considered for future studies the inclusion of two different 

protocols given the heterogeneity of the sample. One protocol to be followed at a low speed and another 

protocol at higher speeds to be followed by the more active individuals. 

Given the results attained the analysis should be done separately for the sedentary and the more active 

individuals and evaluate the influence of the parameters like age, gender and BMI for each group.  

To explore some other areas, from an athlete and performance point of view, it would be interesting to 

test the evolution of VO2max after following a protocol of high intensity or even endurance program during 

a few weeks. Not only athletes with active lifestyles but also sedentary people and quantify how much 

the levels of VO2max can actually change. 

Another aspect tested here in this study is the fact that VO2max represents a maximum of oxygen uptake 

which translates in cardiorespiratory fatigue. However it would be also interesting to investigate the 

existence of two types of fatigue. We have distinguished cardiorespiratory fatigue here tested with 

VO2max yet, this does not mean that the muscles have reached fatigue also, this is, muscular fatigue. 

There are some muscular fatigue computational models that would be interesting to test with some type 

of strength protocol. 

Another suggestion is to investigate more about lactate formation and consequences. It would give us 

a lot of information on muscle metabolism during exercise where we can indirectly assess mitochondria 

density, oxidative and substrate utilization status or muscle fiber recruitment patterns.  

Lactate testing is probably one of the best way to assess muscle metabolic stress and performance, 

especially in endurance athletes. It is also probably the best method that we have to predict performance 

in endurance events as well as an excellent parameter to prescribe individual exercise training zones 

for athletes. Among those training zones “lactate threshold” is a special training zone to train and 

improve. The only way though to directly measure lactate threshold is by doing lactate testing. 

To conclude, it would also be interesting to analyze and test individuals with different sports backgrounds 

and compare different sports on maximum oxygen uptake and possibly lactate. 
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Consentimento informado 

 

Investigação no âmbito do Mestrado em Engenharia Biomédica 

 

Autora: Patrícia Alexandra Mota Esteves 

(Aluna de Mestrado, Instituto Superior técnico) 

 

O actual trabalho de investigação insere-se num estudo que decorre no âmbito do Mestrado 

em Engenharia Biomédica e tem como principal objectivo analisar a condição e preparação 

física de um indivíduo através da análise e quantificação de indicadores metabólicos como o 

VO2 e VCO2. 

Pretende-se contribuir para um melhor conhecimento sobre este tema, sendo necessário, 

para tal, incluir neste estudo a participação de uma população de jovens no meio 

universitário assim como alguns atletas melhor preparados para que se possa estabelecer 

uma comparação de resultados. 

É por isso que a sua colaboração é fundamental. 

O resultado da investigação, orientada pelo Professor Miguel Tavares da Silva, será 

apresentado no Instituto Superior técnico no final de 2016 podendo, se desejar, contactar a 

sua autora para se inteirar dos resultados obtidos. 

Este estudo não lhe trará nenhum risco ou despesa. As informações serão recolhidas 

através de um questionário e de uma prova física que corresponde a andar e correr sobre 

uma passadeira rolante durante um determinado período de tempo e utilizando uma 

máscara para análise das trocas gasosas.  

Durante a realização das avaliações haverá sempre uma pessoa próxima para os devidos 

esclarecimentos, acompanhando toda a pesquisa. 

Os participantes poderão ser fotografados e filmados.  As fotografias e vídeos serão 

divulgadas para fins académicos e meio científicos e para isso o rosto será tapado para 

garantir o anonimato. 

As informações obtidas serão mantidas em sigilo e não poderão ser consultadas por 

pessoas leigas sem prévia autorização por escrito do participante.  

As informações, assim obtidas poderão ser usadas somente para fins estatísticos ou 

científicos, sempre resguardando a privacidade do participante. 
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 A sua participação neste estudo é voluntária e pode retirar-se a qualquer altura, 

ou recusar participar, sem que tal facto tenha consequências para si. 

 

Depois de ouvir as explicações acima referidas, declaro que aceito participar nesta 

investigação. 

 

 

Assinatura: _____________________________________      Data: ______________ 
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Protocolo  - Análise VO2 

 

Aquisição – Corrida (3-3:30 min) 

* Velocidade constante, inclinação progressiva 

Rest  (2-3 min) 

Warm up  (3 min)          0%  4Km/h    

Rest  (2 min) 

Run  (3 min) 

0:00 – 0:30    0,0 %    8km/h 

0:30 – 1:00   2,5 %   8km/h 

1:00 – 1:30   5,0 %  8km/h 

1:30 – 2:00   7,5 %   8km/h 

2:00 – 2:30   10,0 %   8Km/h 

2:30 – 3:00   12,5 %   8km/h 

*2:30 – 3:30   12,5 %   8km/h 

*3:00 – 3:30   15,0 %   8km/h 

*atletas melhor preparados poderão ter que realizar mais 30 segundos de prova e possivelmente maior 

inclinação nos últimos segundos para assegurar que se atinge um plateau de VO2 max. 

Dados  

Nome:  

Sexo:  

Idade: 

Peso: 

Altura: 

Condição Física: 

Observações: 
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ACSM tables for VO2max 
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Guia de utilização do analisador de gases 

(ML206 Gas Analyzer, ADINSTRUMENTS) 

 

Figura 1 –Sistema completo de análise de fisiologia do exercício. 
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Descrição Geral  

O presente guia de utilização tem como objectivo facilitar o trabalho do estudante no 
laboratório de biomecânica ao nível da utilização do analisador de gases.  

Este guia apresenta uma série de passos, com o apoio de imagens, que devem ser 
cumpridos ordenadamente para o correto funcionamento do aparelho.  

Os passos apresentados vão desde a preparação do material de hardware até o 
funcionamento com o software.  

De notar que este documento constitui um guia para a utilização do analisador de 
gases (gas analyzer) em conjunto com o BioAmp, o Spirometer FE141 e o Thermistor 
Pod ML309 direcionado para o estudo de fisiologia do exercício. 

 

Passo 1 – Montagem e ligação dos instrumentos  

 

 Ligar os aparelhos de acordo com a imagem seguinte.  

 

 

 

 

 

 

 

 

 

 

Figura 2 – Setup do sistema. 

 Ligar as tomadas de corrente do Gas Analyzer e do PowerLab.   

 Ligar o cabo USB do PowerLab ao computador. 
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 De seguida, ligar os botões On/Off Gas Analyzer e do PowerLab.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 3 – Ligar o Gas Analyzer e do PowerLab. 
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 Abrir o programa LabChart instalado no computador. 

Figura 4 – Abrir programa LabChart. 

 

Passo 2 – Utilização do analisador de Gases 

 Assegurar que a câmara de ar está ligada ao filtro e ao Gas Analyzer, para 
controlar a humidade no sistema. 
 

 A cor das esferas no interior do filtro deve ser azul, e quando se detectar uma 
mudança de cor (ligeiramente rosa) é sinal de que devem ser renovadas. 
 

 Calibrar o aparelho utilizando duas amostras de ar com concentrações 
conhecidas. 
 

o Calibração  
 

Uma amostra de ar a utilizar na calibração deve ser uma amostra de ar atmosférico 
com as concentrações conhecidas (20,93% O2 e 0,03% CO2). 

A outra amostra a utilizar idealmente seria um gás calibrador com concentrações 
conhecidas de O2 e CO2, em alternativa sugere-se recolher uma amostra de ar 
resultante de uma expiração, com concentrações aproximadas (16% O2 e 4% CO2) 
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A calibração pode ser feita de duas formas, manualmente ou utilizando a opção run 
calibration do software. 

 

 

 

 

 

 

 

 

Figura 5 – Run calibration. 

Na calibração manual devem se analisar duas amostras de ar, pressionando o botão 
Start e Stop após analise de ambas as amostras. 

De seguida seleciona-se o intervalo de tempo de ambas as amostras como se pode 
verificar na figura a preto. 

De seguida, seleciona se a opção units conversion  para cada canal de gás dentro 
das percentagens de %CO2 e %O2,  indicando as amostras  utilizadas e as suas 
correspondências percentuais. 

 

 

 

 

 

 

 

 

 

Figura 6 – Calibração manual. 
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Qualquer dúvida que surja ver o vídeo: 
http://www.adinstruments.com/support/videos/gas-analyzer, fornecido pelo website 
da ADINSTRUMENTS. 

 

 Após calibração pode –se começar a análise de gases colocando a máscara 
ligada à câmara de ar no paciente e pressionando o botão Start, ilustrado na 
figura seguinte. 

Figura 7 – Botão Start, início da aquisição. 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.adinstruments.com/support/videos/gas-analyzer
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Guia de utilização da passadeira 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 1 – Passadeira Rolante, LBL. 
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Descrição Geral  

O presente guia de utilização tem como objectivo facilitar o trabalho do estudante no 
laboratório de biomecânica ao nível da utilização da passadeira rolante.  

Este guia apresenta uma série de passos, com o apoio de imagens, que devem ser 
cumpridos ordenadamente para o correto funcionamento do aparelho.  

Os passos apresentados vão desde a preparação do material de hardware até o 
funcionamento com o software.  

 

Montagem e utilização  

 

 Ligar as tomadas de corrente da passadeira e o botão localizado por debaixo da 
passadeira como ilustrado na figura. 
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Figura 2 – Passadeira Rolante, botão ON. 

 Ligar os cabos USB e cabo fino ao surface localizado na parte central da 
passadeira. 

 Ligar o surface e abrir o programa Wolfmedic instalado no mesmo. 

 

 

 

 

 

 

 

 

 

 

 Figura 3 – Passadeira Rolante, programa e touch screen. 
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 O controlo da passadeira é feito no touch screen selecionando a velocidade e 
inclinação que se pretender. 

 

 

 

 

 

Figura 4 – Passadeira Rolante, programa e touch screen. 
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