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Abstract 

 

The Influence of Posture and Muscle Contraction Rate  

On the Oxygenation Status of the Vastus Lateralis While Cycling 

 

Dongwoo Hahn, M.S. Kin 

The University of Texas at Austin, 2015 

 

Supervisor:  Edward F. Coyle 
 

Among the factors that can influence the supply of blood and oxygen to the contracting 

skeletal muscle, the effects of posture and muscle contraction rate were investigated in this 

study. We hypothesized that the supine posture (SUP) would elicit less oxygenation of the 

vastus lateralis when cycling during moderate to intense exercise compared to upright 

posture (UP). In addition, we hypothesized that higher muscle contraction rate would be 

effective to minimize the desaturation of the vastus lateralis while cycling, and it would 

elicit a greater volume of oxygen uptake. A total 16 of participants were tested during 

upright and supine cycling at 60 RPM and 100 RPM. The four exercise intensities were 

calculated relative to their individual peak aerobic capacity during upright cycling. Near-

infrared spectroscopy (NIRS) was applied to measure the concentrations of oxygenated 

hemoglobin [O2Hb] and deoxygenated hemoglobin [HHb] of the vastus lateralis. In 

addition, pulmonary gas exchange (VO2) and heart rate (HR) were measured. As a result, 

[HHb] was increased and % O2 saturation was decreased as the exercise intensity increased 

iv 



(p<0.05). SUP elicited significantly higher [HHb] than UP (p<0.05), and less % O2 

saturation (p<0.001). A significant RPM effect was found in that 100 RPM elicited less of 

an increase of [HHb] comparing UP to SUP at a given moderate exercise intensity 

(p<0.05). Also, 100 RPM had significantly less of a drop of % O2 saturation from UP to 

SUP at all exercise intensities (p<0.05). Especially at 70% of the VO2peak, cycling in SUP 

100 RPM maintained a significantly greater oxygen saturation compared to 60 RPM 

(p<0.05). In addition, 100 RPM elicited significantly greater volume of oxygen 

consumption than 60 RPM at each posture (p<0.001). In conclusion, as expected, the 

oxygen saturation of the skeletal muscle was significantly decreased as the exercise 

intensity increased. Furthermore, SUP elicited significantly less oxygen saturation of 

vastus lateralis than UP. Lastly, a higher muscle contraction rate can be effective in 

minimizing the oxygen desaturation of skeletal muscle while cycling at approximately 70% 

VO2peak. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 BACKGROUND 

 
Human body movement is possible by the contraction of skeletal muscle, and blood supply 

is required to meet the metabolic demands. Hemodynamics during cycling is primarily 

influenced by exercise intensity, posture [1-3], and muscle contraction rate [4-6]. In order 

to maintain cycling performance and homeostasis at the same time, oxygen uptake by 

pulmonary system and its delivery to the destination of the skeletal muscle must be fine-

tuned by the cardiovascular system. This study will investigate the skeletal muscle 

oxygenation status and pulmonary gas exchange during a range of cycling intensities under 

two conditions of varying body posture, as well as varying cycling cadence.  

Postural changes elicit various central cardiovascular changes in the human body. 

Changing from upright (UP) to supine (SUP) posture increases left ventricle preload, stroke 

volume, and subsequently cardiac output [7-9]. Although SUP elicits higher cardiac output 

than UP, exercise performance (i.e.VO2max and endurance) [1, 10] is reduced in SUP. In 

addition, previous research has shown slower adjustment of VO2 at the onset of exercise in 

SUP [8, 11, 12]. It is hypothesized that gravity pulls the blood to the lower extremity during 

UP exercise, and this can aid in the arterial blood supply to the leg [13, 14]. Potentially, 

the gravitational assistance might lead to the pooling of blood in the leg.  
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When cycling SUP, especially when the pedal axis is located higher than the heart level 

(30-45 cm), VO2 kinetics became slower in comparison to UP [15]. The working muscle 

of the leg is under relatively lower hydrostatic pressure in SUP and eventually, the 

perfusion pressure of oxygen becomes weaker than UP. A previous study found similar 

responses from the forearm [16]. These physiological aspects explain the local mechanisms 

behind the relatively diminished exercise capacity in SUP compared to UP. 

Blood supply to skeletal muscle depends on exercise mode, exercise intensity, and 

frequency of the skeletal muscle contractions [4]. Generally, muscle oxygen uptake and 

energy turnover are elevated when the skeletal muscle is repeating the contractions and 

relaxations at higher rate [17]. Blood supply to the working muscles mainly occurs during 

relaxation, due to the high intramuscular pressures generated during contraction [5, 18]. In 

addition, higher muscle contraction rates can facilitate the muscle pump by more frequent 

repetitions of muscular contraction and relaxation turnover [19, 20]. This pressure gradient 

improves blood circulation in the working skeletal muscle by the fluctuation of pressure 

differences. Finally, it leads to shorter transit time for arterial blood supply and venous 

blood flushing out. Consequently, oxygen extraction in the capillaries of exercising skeletal 

muscle can be improved [21]. 

At constant power output during cycle ergometer exercise, the different physiological 

responses in muscle can be compared by altering the contraction rate [22]. In addition to 

the postural intervention, muscle contraction rate is also closely related to the blood 

circulation of the skeletal muscle and eventually, the capillary oxygen supply [5]. 
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During cycling, the pedaling rate (RPM: revolution per minute) is an important determinant 

of exercise performance. The ratio of external mechanical work and internal metabolic cost 

measured by oxygen uptake (VO2) is referred as efficiency [23]. Maintaining the high 

efficiency while exercising is the key element of improving the exercise performance [24]. 

Professional road cyclists prefer pedaling in 90-100 RPM [25, 26] rather than theoretically 

efficient pedaling rates of 50-80 RPM [27, 28]. There have been several explanations 

behind this preference including: minimizing stress and fatigue in muscle, reducing 

glycogen depletion, and optimizing the application of forces [29]. 

Near-infrared spectroscopy (NIRS) is used to measure the absolute concentration [µM] of 

oxygenated hemoglobin (O2Hb) and deoxygenated hemoglobin (HHb). The chromophores 

of O2Hb and HHb have different optical properties of absorbing near-infrared light. The 

NIRS system utilizes this feature for the noninvasive measurements of the oxygenation 

status at the muscle region of interest [30]. The data collected by NIRS can be a direct 

indicator of real-time oxygenation status of the skeletal muscle.  

When cycling, the vastus lateralis is the main force-generating muscles [31]. By attaching 

a NIRS on vastus lateralis while pedaling, its oxygenation status can be measured. It has 

been found that the HHb concentration during exercise is proportional to the ratio of muscle 

VO2 to the amount of arterial blood flow to the muscle [32]. 
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1.2 STATEMENT OF PURPOSE  

 
There are various factors that can influence the supply of blood and oxygenation status to 

the contracting skeletal muscle of the human body. Among them, the effects of posture and 

muscle contraction rate will be investigated to see how they influence [O2Hb] and [HHb] 

of the vastus lateralis while cycling at moderate to intense exercise intensity.  

Gravity pulls the blood to the lower direction and this can aid in the arterial blood supply 

when cycling in UP compared to SUP. The rates of skeletal muscle contraction and 

relaxation can influence the arterial blood supply and venous blood return due to the 

fluctuation of intramuscular pressure [33, 34]. In order to investigate the influence of 

posture and muscle contraction rate while exercising, we propose to investigate the 

oxygenation status of the vastus lateralis with individually-controlled exercise intensities 

(i.e. 50-80% VO2peak in upright posture) in different postures (i.e. UP and SUP) and 

different muscle contraction rates (i.e. 60 RPM and 100 RPM). These four combinations 

of UP 60 RPM, UP 100 RPM, SUP 60 RPM and SUP 100 RPM will be tested in 

randomized order. Near-infrared spectroscopy will be used to measure the oxygenation of 

the vastus lateralis. Additionally, pulmonary gas exchange (VO2) will be measured and 

compared across the conditions. 

This study will address the mechanism of the human cardiorespiratory system in response 

to the changes in posture and muscle contraction rate, when exercising at moderate and 

strenuous exercise intensities. Therefore, the primary purpose of this research study is to 

examine the postural effects on muscle oxygenation at various exercise intensities. 
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Secondarily, we will examine the changes in muscle oxygenation and pulmonary oxygen 

uptake by different muscle contraction rates. 

 

1.3 SPECIFIC AIMS AND HYPOTHESIS 

 
Aim 1: To determine differences in vastus lateralis muscle oxygenation during supine and 

upright cycling. 

Hypothesis 1.1: The supine posture will elicit greater concentration of deoxygenated 

hemoglobin of vastus lateralis while cycling at moderate to intense exercise intensity than 

that of upright posture.  

Hypothesis 1.2: The higher RPM of 100 RPM will elicit less increase of the concentration 

of deoxygenated hemoglobin of vastus lateralis while cycling at moderate to intense 

exercise intensity compared to the relatively lower RPM of 60 RPM. 

 

Aim 2: To determine the difference in VO2 by different muscle contraction rate. 

Hypothesis 2.1: The VO2 while cycling at moderate and strenuous exercise intensity in 100 

RPM will be higher than 60 RPM. 
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CHAPTER 2 

REVIEW OF LITERATURE 

This chapter includes the various aspects about the effects of posture and muscle 

contraction rate on the physiological responses of overall human body systems. As we are 

focusing on the responses to the cycling along with these two variables, the effects of 

exercise intensity will be also covered. In addition, the review will cover the mechanism 

and application of the NIRS system on the skeletal muscle of the human body.  

 

2.1 POSTURE 

2.1.1 Central Cardiovascular System 

 
To maintain homeostasis of the blood circulation, certain required amounts of arterial blood 

must be supplied to the whole body with various systems. When exercising, cardiac output 

is increased to maintain continuous blood flow to the exercising muscle, while maintaining 

perfusion pressure in the brain. The major physiological challenge between upright (UP) 

and supine (SUP) exercise is how to direct blood to the working muscle, regardless of the 

relative direction gravity. In the SUP position, the human body has a higher venous return 

rate because of the different direction of the body to gravity leading to greater stroke 

volume and cardiac output. [35-37].  

Even in the resting state, postural shifts stimulate neural and humoral responses. When 

moving from SUP to UP, the sympathetic nervous system responds to maintain the blood 

pressure, since gravity is pulling blood toward the lower extremity. For example, increased 
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heart rate can be observed, by the activation of the aortic baroreceptor. The increase of 

circulating catecholamine and vasoconstriction are also responses that maintain blood 

pressure [38]. In addition, the renin-angiotensin-aldosterone system assists in maintaining 

blood pressure.  

Opposite direction of responses are observed in SUP [39, 40]. Increased venous return 

leads to increased stroke volume and eventually, higher cardiac output, even when resting. 

Baroreceptor stimulation is activated in the opposite direction to UP, and organs try to 

control the increased venous return in central cardiovascular system. Also, the autonomic 

nervous system will increase splanchnic renal blood flow in SUP, due to the diminished 

sympathetic activity and enhanced parasympathetic activity [41]. 

Since the amount of blood flow to the extremities can also be passively influenced by the 

relative direction of gravity to the human body, maintaining blood supply in each posture 

is achieved by the combination of multiple mechanisms. Furthermore, that is why the 

responses in UP and SUP is receiving much attention in the field of physiology. The 

increased study of differences in shifting between UP and SUP shows how the multiple 

physiological methods are arranged and function at the same time. For example, the 

influence of postural shift has been studied because it simulates the microgravity situation 

[42]. In the similar ways, the bed rest model is studied to observe the physiological 

responses to microgravity for certain duration of time [43, 44]. Also, many sports are 

accompanied with the different postures such as swimming. 
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2.1.2 Maintenance of Blood Supply 

 
At rest in the UP, the majority of blood volume in the human body is located at lower than 

the heart level. In addition, most of the blood is contained in compliant tissues and 

especially veins. At the same time, the amount of blood is not enough to fill the total 

capacity of the blood vessel. To overcome these challenges, the human body contains 

several physiological mechanisms to maintain normal blood pressure and continuous blood 

supply to the important organs, including skeletal muscle. During UP exercise, arterial 

pressure and hydrostatic pressure is applied to the lower limbs, and it leads to net filtration 

at the capillary. As net filtration continues, the increase of extravascular volume and 

pressure eventually function to limit the vascular capacitance in the legs [45]. In addition, 

the valves in the veins prevent the backflow of the blood, where the average blood pressure 

is not high enough to pump blood back to the heart. 

Additionally, there are crucial mechanical adjustments to orthostatic pooling. Venus retun, 

or the return of blood from the capillaries to the heart, is supported by the respiratory pump 

and muscle pump. In the case of respiratory pump, breathing influences the thoracic cavity 

pressure and changes transmural pressure in the vena cava. Continuous inspiration and 

expiration contributes to the central venous return by applying pressure to the veins. The 

activation of muscle pump will be explained in later detail at 2.2.1 Muscle Pump. 
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2.1.3 Exercise and Posture 

 
The combination of central and regional blood flow changes by the postural shift influences 

the exercise performance in humans. It has been shown that the maximal workload and 

maximal oxygen uptake (VO2max) are reduced in SUP [35-37]. Similarly, UP shows a 

greater time to fatigue compared to SUP [46-48]. Additionally, at the same intensity and 

duration of exercise, SUP is observed to produce more lactate than UP [13].  

While exercising in SUP, the rate of VO2 increase (τVO2) is slower than UP [12, 49, 50]. 

Maintaining the required blood pressure, and eventually blood flow are the essential 

elements of oxygen supply, in accordance with the onset of exercise for the oxidative 

phosphorylation in the skeletal muscle [51]. The slower rate of blood supply to the working 

muscle in SUP was found to be one of the factors behind the slower VO2 kinetics then UP. 

[11, 47]. 

During exercise, skeletal muscle is rhythmically repeating contraction and relaxation; this 

muscle pump action increases the gradient between arterial and venous pressure. Due to 

the additional hydrostatic pressure, UP has advantages in increasing the pressure gradient 

[52]. It was also found that increased perfusion of the muscle by higher blood pressure can 

enhance the endurance for the skeletal muscle contraction [53]. 

In addition, gravity and postural shift influences the pulmonary system, such as lung 

volume [54]. In UP, lung volume and respiratory capacities are relatively greater than SUP. 

Along with the redistribution of blood through the body, this makes a difference in exercise 

performance by the change of the posture [55]. 
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2.2 MUSCLE CONTRACTION RATE 

2.2.1 Muscle Pump 

 
The human cardiovascular system operates by supplying blood to the working muscle to 

meet the physiological needs, including oxygen demands. There are many elements that 

can influence the blood supply, such as muscle contraction rate. The regional factor of the 

muscle pump functions as a ‘second heart’ to assist in peripheral blood circulation. The 

heart takes the first action to supply arterial blood to the skeletal muscle. Afterwards, the 

muscle pump works to help the local blood circulation. At every contraction of skeletal 

muscle, the intramuscular pressure reaches levels as high as 200-300 mmHg [53, 56]. Also, 

this pressure fluctuates in accordance with the contraction rate. It has been shown that the 

single muscle contraction can squeeze the venous vessel and enhance venous return at least 

40% of the blood in the skeletal muscle [57]. In addition to the skeletal muscle hyperemia 

by the increased cardiac output and local vasodilation while exercising [58, 59], the muscle 

pump can enhance the circulation of blood through the muscle. 

To be specific, the muscle pump can facilitate the blood flow of the skeletal muscle by 

changing intramuscular pressure gradients while contracting and relaxing. When resting in 

UP, without any repeated skeletal muscle contraction, the pressure gradient which acts as 

the net driving pressure into veins is about 80 mmHg. When the skeletal muscle of the 

same region contracts, the volume of muscle expands and empties the veins. This action 

finally increases venous pressure and blood flow back to the heart. At the relaxation period 

of the muscle contraction, the pressure in the squeezed vein falls to zero. Thus, the 
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increased pressure gradient from the arteries to the veins back to 200 mmHg [41] promotes 

blood flow through the capillaries.  

In addition, the muscle pump decreases the venous pressure by 55-65 mmHg in human leg 

during rhythmic exercise [60]. Consequently, the repeated pumping action causes the 

venous blood to move out of the veins and the vessel is refilled during the relaxation terms 

[52, 61]. 

 

2.2.2 Frequency of Muscle Contraction 

 
Since the muscle pump is activated by the repetitive cycle of skeletal muscle contraction 

and relaxation, the frequency is directly related to the effectiveness of pumping. It has been 

investigated that applying higher frequency of muscle contraction decreases both the 

contraction and relaxation phases. However, it does not decrease the blood flow to the 

skeletal muscle [18, 62]. According to a previous study, higher RPM (revolutions per 

minute) elicits higher total hemoglobin content than lower RPM from the baseline to the 

peak exercise intensity when cycling [4]. By these previous studies, we can estimate that 

the activation of muscle pump is essential for the optimal blood supply to the skeletal 

muscle, especially when exercising. 

Under the premise that the vastus lateralis is one of the main muscles to generate force to 

pedal, this muscle can be viewed as primary contributor of pulmonary VO2 measurement 

in cycling exercise [31]. At the same time, the mechanical power output and RPM are the 

main variables of metabolic cost during cycling [63]. By observing the oxygenation status 
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of vastus lateralis with different muscle contraction rates while cycling, it is possible to 

investigate the physiological responses caused by the muscle pump, especially in the aspect 

of blood circulation.  

 

2.3 OXYGEN UPTAKE 

 
Power output and RPM are the main elements that can alter the oxygen uptake (VO2) while 

cycling. Previously, it has been shown that when pedaling at the range of 50-80 RPM at a 

given power output, minimal VO2 was observed [26, 28, 64, 65]. According to the recent 

studies, optimal RPM eliciting the highest efficiency is also related to the given power 

output on cycle [28, 66].  

Furthermore, it has been reported that gross efficiency (GE = the ratio of work rate to the 

rate of caloric expenditure) increases, when the pedaling rate is increased from 40 RPM to 

60 RPM. It remains similar even up to a pedaling rate of 100 RPM [28]. In case of skilled 

cyclists, their GE remains fairly stable in moderate to high relative exercise intensity when 

cycling in a pedaling rate of 60-80 RPM. When cycling at 100 RPM, GE increases 

progressively as power outputs increase. It finally reaches similar level to 60-80 RPM, even 

though 100 RPM has higher cost of unloaded cycling. It turns out that delta efficiency (DE 

= the ratio of the change in work accomplished to the change in energy expended) 

increases, and it compensates the increase of cost of unloaded cycling. These lead to a 

similar GE rate as that of the GE rate of 60-100 RPM at an exercise intensity of  80% 

VO2max or higher [67].  
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In addition, the mechanical efficiency while cycling is also closely related to the ratio of 

type I muscle composition to type II muscles [68]. Trained cyclists with high lactic 

threshold have significantly higher composition of type I muscle fibers, which is one of the 

factors that makes them more efficient [69]. 

 

2.4 NEAR-INFRARED SPECTROSCOPY 

2.4.1 Principle 

 
The system of near-infrared spectroscopy (NIRS) has been used as a tool to measure the 

muscle oxygenation status. The frequency-domain multi-distance NIRS system 

(OxiplexTS, ISS, Champaign, IL) utilizes the different near-infrared light absorbing 

characteristics of hemoglobin and myoglobin depending on its oxygen saturation status 

[30, 70]. Specifically, NIRS measures the concentrations of oxygenated hemoglobin and 

deoxygenated hemoglobin, in the unit of µM. Oxygenated hemoglobin is formed as a result 

of pulmonary respiration at the alveoli of the lungs. Oxygen is bound to the heme 

compound of the protein in red blood cell. On the contrary, deoxygenated hemoglobin is 

the hemoglobin without oxygen attached, mostly formed by the oxygen extraction of cells. 

The important feature of the hemoglobin is that the absorption spectra is different. It has 

been estimated that the oxygenated hemoglobin has significantly lower absorption of the 

light which has about 660 nm of wavelength. Conversely, the deoxygenated hemoglobin 

has relatively higher absorption at 940 nm of light [71]. This feature is applied to the pulse 
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oximeter to indirectly monitor the oxygen saturation of blood, similar to the mechanism of 

the NIRS system. 

Figure 1 shows the Beer-Lambert Law which explains the change of light property when 

passing through a material [72]. The initial amplitude (I0) of light from the transmitter is 

attenuated by the HHb of tissue and the resultant amplitude (IL) is influenced by the 

absorption coefficient ɛ(λ), concentration of the tissue (C) and distance (L). IL is the index 

of the regional deoxygenation status and converted to the [HHb] after being detected by 

the receiver [73, 74]. 

 

 

Figure 1. Application of Beer-Lambert Law to NIRS. adapted from Hampton and 
Schreiber., 2013. I0 = initial amplitude of wave, IL = result amplitude of wave, 
C = concentration of the absorbing substance, ɛ(λ) = absorption coefficient of 
tissue, L = distance. 

 

The NIRS instrument has been widely applied to measure the muscle oxygenation status 

during dynamic exercise in human subjects in various circumstances; incremental exercise 
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[75], constant-load exercise [76], hypoxia [77, 78], age [79], heart failure [30, 80-83], 

vascular disease [84-87], gender [88] and so forth.  

 

2.4.2 Application 

 
The probe of NIRS applied in this study consists of total eight LEDs; four emitting 690 

nm, the other four emitting 830 nm wavelength of light. The penetration depths of near-

infrared light are 2.0, 2.5, 3.0, and 3.5 cm. This feature enables the lights of NIRS to 

penetrate skin, subcutaneous fat, and eventually measure the oxygenation status of 

underlying skeletal muscle. Myoglobin has similar characteristics to the hemoglobin in 

terms of the light absorption. The detected signal is considered mainly from hemoglobin, 

since the concentration of hemoglobin is more than five times of that of myoglobin in 

human skeletal muscle [30]. The probe is connected to the main body of NIRS system by 

optical fibers. The detected light which passed the tissues is analyzed for the calculation of 

concentration of chromophore. 

The non-invasive character of NIRS makes it as a simple tool to investigate the oxidative 

saturation status in the region of interest, but it also contains some limitations. First of all, 

it is not possible to separate light absorption of both chromophores: hemoglobin and 

myoglobin. However, there also have been validation studies suggesting the measurements 

of NIRS are mostly from the changes of hemoglobin, by comparing the deoxygenation 

ratio of hemoglobin and myoglobin [89, 90]. Also, NIRS cannot separate the ratio of light 

absorption among arterioles, capillaries, and veins of the region. Still, its function is 
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justifiable, since most of the blood and hemoglobin can be found in the veins of the skeletal 

muscle. This means that NIRS mainly detects the oxygenation status of the venous blood 

after the capillary oxygen extraction.  

Also, NIRS shows highly credible reproducibility for the measurements of minimal 

workloads (20 Watts) [4]. In addition, the concentration of HHb in repeated identical 

incremental exercise tests reached at the very similar levels. These results demonstrate the 

applicability of NIRS to the human skeletal muscle in exercising protocols. 

 

2.4.3 Data 

 
The absolute concentrations of deoxygenated hemoglobin [HHb] and oxygenated 

hemoglobin [O2Hb] are measured in μM. Both concentrations are calculated by analyzing 

the real-time measurement of reduced scattering coefficients. Total hemoglobin 

concentration [THb] is sum of [O2Hb] and [HHb]. The saturation rate (% O2 saturation) is 

calculated by the ratio of [O2Hb] to the [THb]. By applying the NIRS probe on the belly 

of vastus lateralis while cycling, oxygenation status can be assessed with different 

interventions such as exercise intensity, posture and muscle contraction rate.  

Among the outputs of NIRS, the % O2 saturation has been regarded as a more sensitive and 

accurate estimate of oxygenation status than [HHb] [70, 91]. However, it was also studied 

that the [HHb] is also a valid estimation of oxygen extraction of the skeletal muscle [4]. 
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CHAPTER 3 

METHODOLOGY 

 

3.1 PARTICIPANTS AND ETHICAL APPROVAL 

 
The Institutional Review Board of The University of Texas at Austin approved the 

recruitments of participants and protocols used in this study. The participants were given 

verbal description of all the protocols and measurements. They were also informed about 

the purpose and potential risks involved in this study. Afterwards, they were provided with 

informed, written consent, according to the protocol described in the University of Texas 

at Austin’s “Institutional Review Board Procedures Manual for Researcher with Human 

Participants”. 

 

A total of 16 healthy individuals (ages 20-36, all ethnic backgrounds, 14 males, 2 females) 

were recruited from the University of Texas at Austin. All participants completed written 

consent and health history questionnaire which described their past training experiences, 

injury history, and current medications. Participants who had major injuries in the lower 

extremities were screened from joining this study. Also, individuals with cardiovascular, 

neurological, and/or metabolic illnesses were excluded from participating in this study. In 

addition, participants who were taking medications known to influence the autonomic 

nervous system were excluded. These medications included (but not limited): angiotensin 
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receptor blockers, angiotensin converting enzyme inhibitors, various beta-blockers, 

various alpha-adrenergic receptor blockers, various cholinergic agonists/antagonists etc. 

Pregnant women were not recruited for the study. Given that smoking can affect the oxygen 

uptake capacity and peripheral vasculature, current smokers and individuals who regularly 

smoked within the prior 2 years were excluded. 

On the day of the experimental trials, the participants reported to the Human Performance 

Laboratory having refrained from strenuous exercise and alcoholic or caffeine beverages 

for 24 hours. They were also fasted at least 2-4 hours before the visits. The temperature 

and relative humidity of the laboratory were maintained at ~23℃ and 40% while 

conducting the data collection. 

 

3.2 INSTRUMENTATION AND MEASUREMENTS 

3.2.1 Anthropometric Measurements 

 
Body mass was measured by a digital scale (Ohaus, CW-11, Parsippany, NJ) and recorded 

to the nearest 0.1 kg. Height was measured by a physician scale (LifeSource MD, Detecto, 

Webb City, MO) and recorded to the nearest 0.1 cm. Also, skin fold thickness exterior to 

the vastus lateralis was measured by skinfold caliper (Cambridge Scientific Inc., 

Watertown, MA) at relaxed standing posture and recorded to the nearest 1 mm. 
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3.2.2 Near-Infrared Spectroscopy 

 
Near-infrared spectroscopy (NIRS, OxiplexTS, ISS, Champaign, IL) was used to measure 

the concentrations of oxygenated hemoglobin [O2Hb] and deoxygenated hemoglobin 

[HHb] at the vastus lateralis. NIRS uses the feature that the chromophores of O2Hb and 

HHb have different optical properties of absorbing near-infrared (wave length: 690 nm, 

830 nm). This enables NIRS to measure the absolute concentrations of O2Hb and HHb in 

μM at real-time in noninvasive manner [92-94]. 

Before every test, the NIRS was calibrated after about 30 minutes of warm-up. The probe 

(3.8 cm × 8.1 cm × 4.8 cm) used in this study was specifically designed for the 

measurements of skeletal muscle oxygenation. Figure 1 is the schematic of the near-

infrared light penetrating 2.0 cm, 2.5 cm, 3.0 cm, and 3.5 cm in depth from skin. To make 

sure that the subcutaneous fat does not influence the data acquisition, the skinfold thickness 

of the thigh was measured with the skinfold caliper. In this study, the skinfold thickness of 

all the participants did not exceed 20 mm. The acquisition frequency of 2 Hz was used for 

this study. For the analysis, the NIRS data at the last minute of each stage were averaged 

and recorded. 

 

3.2.3 Pulmonary Gas Exchange 

 
The respiratory gas exchange metabolic system was used to measure the concentrations of 

oxygen (S-3A/I, AEI Technologies, Inc., Pittsburgh, PA) and carbon dioxide (CD-3A, AEI 
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Technologies, Inc., Pittsburgh, PA) of expired gas during the tests. The gas analyzers were 

calibrated before every visit of the participants with known-concentrations of oxygen and 

carbon dioxide tanks. Also, participants breathed through a one-way valve (Hans Rudolph, 

Kansas City, MO) while wearing a face mask (7600 VIP Face Mask, Hans Rudolph, Kansas 

City, MO) fixed with head gear. Ventilation was measured via an inspiratory 

pneumotachometer (Hans Rudolph, Kansas City, MO). Volume of the gas was calibrated 

using a 3 L syringe (Hans Rudolph, Kansas City, MO).  

 

3.2.4 Heart Rate 

 
Heart rate (HR) was measured continuously by a wireless heart rate monitor (Wireless 

Suunto Heart Rate Transmitter Belt, Suunto, Finland) worn around the chest with elastic 

strap. HR during the last 15 seconds of each stage were recorded. 

 

3.3 RESEARCH PROTOCOL 

 
On the day of the experimental trials, the participants reported to the Human Performance 

Laboratory of Belmont Hall at the University of Texas at Austin. All the participants were 

asked to refrain from strenuous exercise and alcoholic or caffeine beverages for 24 hours. 

They were also required to fast at least 2-4 hours before the visit. After changing into proper 

cycling clothes and shoes, the actual testing was proceeded. This process was applied to 

20 



each testing visit for every participant. The study was completed on two different days and 

separated by at least two days.  

 

Table 1. Overview of testing visits. 

Visits Measurements 

Day 1 

Informed Consent 

Health History Questionnaire 

Anthropometric Measurements 

UP Submaximal Test 

SUP Submaximal Test 

UP Maximal Test 

Day 2 
UP 60 RPM, UP 100 RPM, SUP 60 RPM, SUP 100 RPM 

in randomized order 

 

Day 1: After acquiring the informed consent and questionnaire, basic anthropometric data 

were measured such as height, weight, and skin fold thickness of the right thigh where the 

NIRS probe would be attached. In addition, cycle seating positions at the upright and 

supine cycle were recorded and replicated on the second testing visit.  

Afterwards, participants cycled for 4 stages of 5 minutes each (total 20 minutes of exercise) 

at 100, 130, 160 and 190 Watts at 80 RPM on upright cycle ergometer (Lode, Groningen, 

The Netherlands). During this upright submaximal test, participants wore face mask which 

collected the expired gas. The gas analyzers analyzed the oxygen and carbon dioxide 

concentrations of expired air while resting and exercising. The results of every last minute 
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of each stage were averaged and used to calculate the linear regression equation of power 

outputs [Watts] and VO2 [L/min] in upright posture. 

After upright submaximal test, participants rested for 15-20 minutes. After the heart rate 

returned to the resting levels, supine submaximal test was followed. Participants cycled for 

4 stages of 5 minutes each (total 20 minutes of exercise) at 100, 130, 160 and 190 Watts at 

80 RPM on supine cycle ergometer (Lode, Groningen, The Netherlands). The protocol was 

the same as the upright submaximal test. From the results, the linear regression equation 

of power outputs [Watts] and VO2 [L/min] in supine posture was calculated. 

After 15-20 minutes of resting when the heart rate returned to the resting level, upright 

maximal test was followed. The upright maximal test was proceeded to measure the 

maximal oxygen consumption at upright posture (VO2peak UP). The exercise intensities 

were increased every 1-2 minutes until they were at their maximal effort level and became 

fatigued. The testing was ceased when the participants could not maintain the cadence of 

60 RPM. The total length of the test was 6-12 minutes including a warm-up of 4 minutes. 

The VO2peak UP was used as a reference of individual maximal capacity of each 

participant. Heart rate was also measured continuously by the wireless heart rate monitor.  

After the three cycling tests on day 1, it was possible to calculate the four stages of power 

outputs to elicit 50%, 60%, 70%, and 80% of VO2peak UP by the equation of power output 

and oxygen consumption in the upright posture. In the same way, the equation at supine 

posture was applied to calculate the power outputs which would elicit the same absolute 

VO2 of each stage. 
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Day 2: Upon arrival the NIRS probe was placed on the surface of the skin over the vastus 

lateralis on the right thigh. In order to secure the exact light detection, the skin at the belly 

of vastus lateralis was shaved and cleaned with alcohol pad (Kendall, Minneapolis, MN) 

before the probe was attached. Initially, the probe was attached to the skin with double 

sided tape (3M, St. Paul, MN). Elastic bands with Velcro were then used to hold the initial 

location of the probe while exercising. Additional elastic band (Powerflex, Andover 

Healthcare, Inc., Salisbury, MA) and medical tape (Durapore, 3M, St. Paul, MN) were 

applied, on condition that they did not occlude the blood flow of the region. The location 

of probe was marked with a marker (Sharpie, Freeport, IL) to make sure that the probe had 

not moved during of the experiment. 

Participants went through the protocols in each of UP 60 RPM, UP 100 RPM, SUP 60 

RPM and SUP 100 RPM in randomized order (see Figure 2 for complete day 2 order). 

Between the transitions, about 15-20 minutes of rests were given.  

During exercise, an electric metronome (MR-500, Matrix, Korea) was used to help 

participants maintain the exact pedaling rates. Also, RPM monitor and verbal 

encouragement were used to encourage the participants maintain RPM within ±5 range at 

each of 60 and 100 RPM.  
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Figure 2. Description of the measurements in day 2 protocol. 

 

3.4 DATA ANALYSIS 

 
For both of NIRS and gas exchange data, the last minute of the four stages were averaged 

and recorded. According to the previous studies applying NIRS and the pilot testing data, 

it has been shown that the concentrations of hemoglobin and pulmonary gas exchange rates 

reach the steady state in five minutes at each exercise stage. In case of HR, the last fifteen 

seconds of HR was recorded. 

 

3.5 STATISTICAL ANALYSIS 

 
Descriptive statistics were conducted to describe the characteristics of the participants. For 

the characteristics of research participants (e.g. age, height, weight, BMI, and skinfold 

thickness), the means and standard errors (SE) were used. For the main measurements such 
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as concentrations of oxygenated hemoglobin and deoxygenated hemoglobin, % O2 

saturation, oxygen uptake, and HR, the means and standard error were also reported. The 

linear regression method was applied to calculate the equation between exercise intensities 

in power outputs (Watts) and oxygen uptake (L/min) at each posture.  

One of the main hypothesis in this study was to investigate the effect of posture. We set 

upright posture as the standard in order to compare with supine posture. For these reasons, 

the absolute exercise intensities [Watts] at supine posture were calculated to elicit equal 

volume of oxygen uptake in the upright posture. In order to reduce confusion about the 

exercise intensity, the stages of 50%, 60%, 70%, and 80% of VO2peak UP will be referred 

as stage 1, stage 2, stage 3, and stage 4 in the results and discussion chapters. 

In order to investigate the effects of exercise intensity, posture and RPM on concentrations 

of hemoglobin and gas exchange rates, three-way ANOVA (3 within: posture, RPM, and 

intensity) was used. If a significant F-value was found in the interaction, pair-wise 

differences were evaluated by using the LSD method with a Bonferroni post-hoc procedure. 

The alpha level for 0.05 was used as statistical significance. IBM SPSS Statistics 20.0 (IBM 

Corp., Armonk, NY) was used for the statistical analysis. 

Additionally, the NIRS data at the absolute VO2 point of an individual’s 70% of VO2peak 

UP [L/min] was collected from the scatter plot of NIRS data and VO2. To be specific, 

[HHb], [O2Hb], and % O2 saturation were recorded from the trials of UP 60 RPM, UP 100 

RPM, SUP 60 RPM, and SUP 100 RPM. The purpose of this approach was to analyze the 

NIRS data while controlling the volume of oxygen uptake through the trials. 
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CHAPTER 4 

RESULTS 

 

4.1 PARTICIPANTS 
 

Following is the description of the research participants. Total number of sixteen 

participants (26.4 ± 3.9 years, 14 males, 2 females) were recruited in this study.  

 

Table 2. Participant information. BMI: Body Mass Index. 

Variable Mean ± SE 

N 16 

Age (years) 26.4 ± 3.9 

Height (cm) 174.5 ± 8.3 

Weight (kg) 77.3 ± 14.9 

BMI (kg/m2) 25.3 ± 3.5 

VO2peak UP (L/min) 3.58 ± 0.4 

VO2peak UP (mL/kg/min) 47.29 ± 6.98 

Skinfold Thickness of Thigh (mm) 13.5 ± 4.9 
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4.2 DEPENDENT VARIABLE TABLE 

 
The factors of ANOVA analysis were 3 within: Posture: UP and SUP; RPM: 60 RPM and 

100 RPM; Intensity: 50%, 60%, 70% and 80% VO2peak UP. If any significant difference 

was found, the p-value was recorded in the below table. Specifically, this table shows the 

main effect (Posture, RPM, and Intensity), two-way interaction (Posture * RPM, Posture * 

Intensity, and RPM * Intensity), and three-way interaction (Posture * RPM * Interaction) 

of the independent variables in this study. 

Table 3. Results of variables in three-way ANOVA. HHb: deoxygenated hemoglobin, 
O2Hb: oxygenated hemoglobin, THb: total hemoglobin, % O2 saturation: 
percent oxygen saturation, VO2: oxygen uptake, HR: heart rate. 

 [HHb] [O2Hb] [THb] 
% O2 

saturation 
VO2 HR 

Posture p<0.001 p<0.001  p<0.001   

RPM     p<0.001 p<0.001 

Intensity p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.0010 

Posture 

*RPM 
p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 

Posture 

*Intensity 
      

RPM 

*Intensity 
 p<0.05 p<0.05  p<0.05  

Posture 

*RPM 

*Intensity 

p<0.05   p<0.05   
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4.3 OXYGEN UPTAKE 

 
Table 4 shows the volume of oxygen uptake (VO2, L/min) by the trials. Each of four data 

point shows the stages of 1, 2, 3, and 4 at the trials. There was no significant three-way 

interaction. As the main effect of exercise intensity, VO2 continuously increased as exercise 

intensity went higher (p<0.001). Also, Table 5 is the list of power outputs [Watts] used in 

each of posture.  

 

Table 4. Oxygen consumption [L/min] by trials at stages. 

Trial Stage 1 Stage 2 Stage 3 Stage 4 

UP 60 RPM 1.80 ± 0.09 2.14 ± 0.10 2.56 ± 0.13 3.02 ± 0.16 

UP 100 RPM 2.16 ± 0.08 2.55 ± 0.11 2.90 ± 0.12 3.33 ± 0.14 

SUP 60 RPM 1.68 ± 0.08 2.02 ± 0.08 2.40 ±0.11 2.88 ± 0.13 

SUP 100 RPM 2.18 ± 0.08 2.53 ± 0.10 2.91 ± 0.10 3.31 ± 0.14 

 

 

Table 5. Power outputs [Watts] by trials at stages. 

Trial Stage 1 Stage 2 Stage 3 Stage 4 

UP 117 ± 5 146 ± 6 174 ± 8 204 ± 9 

SUP 106 ± 4 130 ± 5 154 ± 6 178 ± 7 
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Figure 3 describes the influence of RPM on the volume of oxygen uptake at each posture. 

As a two-way interaction of posture and RPM, 100 RPM elicited higher VO2 than 60 RPM 

in both postures of UP and SUP (p<0.001). 

 

 

Figure 3. Oxygen uptake [L/min] by RPM. **significant difference by RPM (p<0.001). 
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4.4 CONCENTRATIONS OF DEOXYGENATED HEMOGLOBIN 

4.4.1 Comparison by Three-way ANOVA 

 
Table 6 shows the deoxygenated hemoglobin concentration ([HHb], µM) by the trials as 

the results of three-way interaction. Each of four data points shows the stages of the trials. 

As we set UP as the standard posture to compare with SUP, the relative %VO2peak values 

were based on the UP. The exercise intensities approximated of 50%, 60%, 70%, and 80% 

VO2peak UP are labelled as Stage 1, Stage 2, Stage 3, and Stage 4.  

 

Table 6. Deoxygenated hemoglobin concentration [µM] by trials at stages. 
*significant difference from stage 1, #significant difference from stage 2, 
†significant difference from stage 3 (p<0.05). 

Trial Stage 1 Stage 2 Stage 3 Stage 4 

UP 60 RPM 24.81 ± 2.55 26.80 ± 2.80* 28.71 ± 3.09*# 30.50 ± 3.35*#† 

UP 100 RPM 26.52 ± 2.73 28.70 ± 3.09* 29.89 ± 3.28*# 30.67 ± 3.34*# 

SUP 60 RPM 28.77 ± 2.84 30.92 ± 3.13 32.28 ± 3.32* 32.71 ± 3.43* 

SUP 100 RPM 28.56 ± 2.88 31.30 ± 3.17* 32.63 ± 3.33*# 33.15 ± 3.48*# 

 

 

Figure 4 describes the concentration of deoxygenated hemoglobin ([HHb], µM) by 

the absolute volume of oxygen consumption (VO2, L/min) at the trials of UP 60 

RPM, UP 100 RPM, SUP 60 RPM, and SUP 100 RPM. 
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As a main effect, [HHb] increased as the exercise intensity was increased (p<0.05). There 

was a trend of a plateau in [HHb] as the exercise intensity increased (stage 3, 4). [HHb] in 

UP 60 RPM and UP 100 RPM shared similar patterns of increase and leveling off, when 

compared at a given VO2. SUP showed significantly higher [HHb] than UP (p<0.001). 

However, [HHb] of SUP 100 showed discrepancy in the range of approximately 2.2 L/min 

to 2.5 L/min VO2, with values being lower than SUP 60 and approaching values for UP 

exercise. The difference was decreased as the exercise intensities went higher. 

 

 

Figure 4. Deoxygenated hemoglobin concentration [µM] by trials at absolute rates of 
oxygen consumption [L/min]. UP60: upright cycling at 60 RPM, UP100: 
upright cycling at 100 RPM, SUP60: supine cycling at 60 RPM, SUP100: 
supine cycling at 100 RPM. 
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Figure 5 describes the comparison of [HHb] by posture at 60 RPM and 100 RPM as three-

way interaction. At each of the four stages, [HHb] at SUP was significantly higher than UP 

(p<0.05). This pattern was shown in both 60 RPM and 100 RPM. 

 

 

Figure 5. Deoxygenated hemoglobin concentration [µM] by postures. *significant 
difference by posture (p<0.05). 
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4.4.2 Comparison at 70% VO2peak UP 
 

Figure 6 shows the comparisons of [HHb] of 70% VO2peak UP point by RPMs at SUP. 

The data was collected at the absolute VO2 point of an individual’s 70% of VO2peak UP 

[L/min] (2.50 ± 0.07 L/min) from the scatter plot of NIRS data and VO2 [L/min]. As a 

result of one-tailed pairwise t-test, 100 RPM had significantly lower [HHb] compared to 

60 RPM at SUP (60 RPM: 32.47 ± 3.43 μM vs. 100 RPM: 31.30 ± 3.28 μM, p<0.05). 

 

 

Figure 6. Deoxygenated hemoglobin concentration [µM] at 70% VO2peak UP by RPM 
at supine posture. *significant difference by posture (p<0.05). 
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4.4.3 Delta Deoxygenated Hemoglobin Concentration 

 
Also, by setting the NIRS data in UP as the standard points, comparing the amount of 

changes from UP 60 RPM to SUP 60 RPM, and from UP 100 RPM to SUP 100 RPM will 

show the effects of RPM.  

Both values of the amount of changes were calculated as following. 

 

Δ[HHb] = [HHb]SUP – [HHb]UP 

 

The following Figure 7 illustrates the comparison of delta deoxygenated hemoglobin 

concentration (Δ[HHb], μM) by the stages. The two-way interaction showed that Δ[HHb] 

in 60 RPM was significantly greater than 100 RPM at stage 1 (60 RPM: 3.95 ± 0.82 μM 

vs. 100 RPM: 2.04 ± 0.89 μM, p<0.05) and stage 2 (60 RPM: 4.11 ± 0.56 μM vs. 100 RPM 

2.59 ± 0.65 μM, p<0.05). In other words, SUP elicited higher [HHb] than UP at both RPMs, 

but 100 RPM was advantageous to elicit minimized increase of [HHb] than 60 RPM was. 

This pattern was also found at the next stage 3, but the difference was not significant (60 

RPM: 3.57 ± 0.53 μM vs. 100 RPM: 2.75 ± 0.52 μM, p>0.05). At stage 4, the magnitude 

of Δ[HHb] was reversed, but it was not significant (60 RPM: 2.22 ± 0.53 μM vs. 100 RPM: 

2.47 ± 0.44 μM, p>0.05). 
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Figure 7. Δ deoxygenated hemoglobin concentration [µM] by RPM from upright to 
supine posture. Δ[HHb] = [HHb]SUP – [HHb]UP. *significant difference by 
RPMs (p<0.05). 
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4.5 CONCENTRATIONS OF OXYGENATED HEMOGLOBIN 
 

Table 7 shows the concentrations of oxygenated hemoglobin ([O2Hb], µM) by the trials. 

There was no significant three-way interaction. Each of four data point shows the stages 1, 

2, 3, and 4 of the trials. As a main effect, [O2Hb] continuously decreased as exercise 

intensity went higher at all trials (p<0.001). 

 

Table 7. Oxygenated hemoglobin concentration [µM] by trials at stages. 

Trial Stage 1 Stage 2 Stage 3 Stage 4 

UP 60 RPM 43.63 ± 2.61 43.03 ± 2.37 42.21 ± 2.42 39.86 ± 2.14 

UP 100 RPM 43.51 ± 2.81 42.47 ± 2.65 40.92 ± 2.36 39.89 ± 2.29 

SUP 60 RPM 37.30 ± 2.35 36.64 ± 2.05 35.87 ± 1.76 35.08 ± 1.73 

SUP 100 RPM 40.23 ± 2.37 38.85 ± 2.14 37.25 ± 1.97 36.86 ± 1.89 
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The following figure describes the two-way interaction of posture and RPM on [O2Hb]. 

UP elicited significantly greater [O2Hb] than SUP at both 60 RPM (p<0.001) and 100 RPM 

(p<0.05). However, [O2Hb] did not show any specific response by RPM in UP (UP 60 

RPM vs. UP 100 RPM, p>0.05) and SUP (SUP 60 RPM vs. SUP 100 RPM, p>0.05). 

 

Figure 8. Oxygenated hemoglobin concentration [µM] by postures. *significant 
difference by posture (p<0.05), **(p<0.001). 
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4.6 CONCENTRATIONS OF TOTAL HEMOGLOBIN 
 

Table 8 shows the concentration of total hemoglobin ([THb], µM) by the trials. [THb] is 

the sum of the concentrations of oxygenated hemoglobin and deoxygenated hemoglobin. 

There was no significant three-way interaction. 

 

[THb] = [O2Hb] + [HHb] 

 

Table 8. Total hemoglobin concentration [µM] by trials at stages. 

Trial Stage 1 Stage 2 Stage 3 Stage 4 

UP 60 RPM 68.44 ± 4.94 69.83 ± 4.87 70.92 ± 5.12 70.36 ± 5.05 

UP 100 RPM 70.03 ± 5.32 71.17 ± 5.40 70.80 ± 5.32 70.56 ± 5.33 

SUP 60 RPM 66.06 ± 4.39 67.55 ± 4.35 68.15 ± 4.49 67.79 ± 4.43 

SUP 100 RPM 68.79 ± 4.84 70.14 ± 4.87 69.89 ± 4.82 70.00 ± 4.91 
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Figure 9 shows [THb] by stages at 60 RPM and 100 RPM. As a two-way interaction of 

posture and RPM, [THb] in UP was significantly greater than SUP in 60 RPM (P<0.05). In 

100 RPM, UP elicited greater [THb] than SUP, but the difference was not significant 

(p>0.05). 

 

Figure 9. Total hemoglobin concentration by postures. *significant difference by 
posture (p<0.05).  
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4.7 PERCENT OXYGEN SATURATION 

4.7.1 Comparison by Three-way ANOVA 

 
Figure 10 describes the general pattern of percent oxygen saturation (% O2 saturation, %) 

by absolute VO2 [L/min]. % O2 saturation was calculated as the ratio of concentration of 

oxygenated hemoglobin to that of total hemoglobin.  

% O2 saturation = 
[O2Hb]
[THb]

 × 100 

Each of data point shows stages of 1, 2, 3, and 4. Opposite to the [HHb], % O2 saturation 

decreased as the exercise intensities went higher (p<0.001).  

 

Figure 10. Percent oxygen saturation [%] by trials at absolute rates of oxygen 
consumption [L/min]. 
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Table 9 describes the % O2 saturation by the trials. Each of four data points show the stages 

of 1, 2, 3, and 4 of the trials. As exercise intensity went higher, % O2 saturation decreased 

significantly in all trials except SUP 60 RPM. 

 

Table 9. Percent oxygen saturation [%] by trials at stages. *significant difference from 
stage 1, #significant difference from stage 2, †significant difference from 
stage 3 (p<0.05). 

Trial Stage 1 Stage 2 Stage 3 Stage 4 

UP 60 RPM 65.1 ± 1.5 63.2 ± 1.8* 61.3 ± 3.0*# 58.7 ± 2.2*#† 

UP 100 RPM 63.5 ± 1.6 61.5 ± 1.9* 59.8 ± 2.2*# 58.6 ± 2.1*# 

SUP 60 RPM 57.7 ± 2.1 55.8 ± 2.3 54.5 ± 2.3 53.7 ± 2.4 

SUP 100 RPM 59.9 ± 1.9 57.0 ± 2.1* 55.1 ± 2.2*# 54.6 ± 2.2*# 
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Figure 11 shows the three-way interaction of % O2 saturation by posture at 60 RPM and 

100 RPM. At each of four stage, % O2 saturation at UP was significantly higher than SUP 

(p<0.05). This pattern was similarly shown in both 60 RPM and 100 RPM.  

 

 

Figure 11. Percent oxygen saturation [%] by postures. *significant difference by 
postures (p<0.05). 
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4.7.2 Comparison at 70% VO2peak UP 
 

Figure 12 shows the result of one-tailed pairwise t-test in % O2 saturation at 70% VO2peak 

UP point by RPMs at SUP. Similar method at 4.4.2 [HHb] was applied for the data analysis, 

and NIRS data was plotted at the VO2 of 2.50 ± 0.07 L/min. Relatively higher cadence of 

100 RPM maintained significantly higher % O2 saturation than that of 60 RPM (60 RPM: 

54.2 ± 2.5 % vs. 100 RPM: 57.0 ± 2.1 %, p<0.05). 

 

 

Figure 12. Percent oxygen saturation [%] at 70% VO2peak UP by RPM at supine 
posture. *significant difference by posture (p<0.05). 
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4.7.3 Delta Percent Oxygen Saturation 

 
The similar method was applied for the comparison of delta percent oxygen saturation (Δ % 

O2 saturation, %), as used in 4.4.3 Delta Deoxygenated Hemoglobin Concentration. In the 

same way, comparing the amount of changes from UP 60 RPM to SUP 60 RPM, and from 

UP 100 RPM to SUP 100 RPM will show the effects of RPM. 

Δ % O2 saturation was calculated as following. 

 

Δ% O2 saturation = % O2 saturation SUP - % O2 saturation UP 

 

Figure 13 is the description of Δ% O2 saturation at each stage. On the contrary to the 

Δ[HHb], the values of Δ% O2 saturation are negative, since SUP has smaller % O2 

saturation than UP at 60 RPM (UP: 62.1 ± 1.0 % vs. SUP: 55.4 ± 1.2 %, p<0.001), and 100 

RPM (UP: 60.8 ± 1.0 % vs. SUP: 56.6 ± 1.1 %, p<0.001). 

As a result of two-way interaction, 100 RPM had significantly less decrease of % O2 

saturation from UP to SUP when compared to 60 RPM at stage 1 (60 RPM: -7.4 ± 1.1 % 

vs. 100 RPM: -3.7 ± 1.0 %, p<0.05), stage 2 (60 RPM: -7.4 ± 0.8 % vs. 100 RPM: -4.4 ± 

0.9 %, p<0.05), stage 3 (60 RPM: -6.8 ± 0.6 % vs. 100 RPM: -4.7 ± 0.8 %, p<0.05), and 

stage 4 (60 RPM: -5.0 ± 0.7 % vs. 100 RPM: -4.0 ± 0.6 %, p<0.05). Additionally, the degree 

of decrease in Δ% O2 saturation became smaller as the exercise intensity went higher. 
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Figure 13. Δ percent oxygen saturation [%] by RPM from upright to supine posture. Δ% 
O2 saturation = % O2 saturation SUP - % O2 saturation UP. *significant 
difference by RPMs (p<0.05). 
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4.8 HEART RATE 

 
Table 10 shows the heart rate (HR, beat per minute) by the trials. Each of four data point 

shows the stages of 1, 2, 3, and 4 of the trials. There was no significant three-way 

interaction. As the main effect of exercise intensity, HR continuously increased as exercise 

intensity went higher (p<0.001).  

 

Table 10. Heart rate [beat per minute] by trials at stages. 

Trial Stage 1 Stage 2 Stage 3 Stage 4 

UP 60 RPM 131 ± 3.4 143 ± 3.6 154 ± 3.7 166 ± 3.2 

UP 100 RPM 141 ± 3.0 154 ± 2.7 164 ± 2.5 174 ± 2.1 

SUP 60 RPM 123 ± 3.8 137 ± 4.0 149 ± 3.9 160 ± 3.8 

SUP 100 RPM 140 ± 3.0 153 ± 3.0 163 ± 2.8 173 ± 2.7 
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Figure 14 shows the effect of RPM on heart rate as a two-way interaction at each posture. 

In both postures, 100 RPM elicited higher HR than 60 RPM (p<0.001). However, there 

was no difference in HR by posture at 60 RPM (p>0.05) and 100 RPM (p>0.05). 

 

 

Figure 14. Heart rate [beat per minute] by RPM. *significant difference by RPM 
(p<0.001). 

 

47 



CHAPTER 5 

DISCUSSION 

 

The main purpose of this study was to investigate the influence of posture and muscle 

contraction rate on the oxygenation of skeletal muscle while exercising. In order to assess 

the physiological responses to these interventions, we adopted NIRS as a main 

measurement of the stress experienced by the skeletal muscle. Specifically, we supported 

our hypothesis that SUP elicits higher [HHb] at the vastus lateralis in comparison to the 

UP. In this chapter we will focus on [HHb] and % O2 saturation as the primary dependent 

variables. 

 

5.1. EFFECTS OF EXERCISE INTENSITY ON SKELETAL MUSCLE OXYGENATION 

 
It has been shown that as exercise intensity went higher, the oxygenation status of the 

vastus lateralis was lowered, mainly by the decrease of [O2Hb] and increase of [HHb]. 

Among the interventions given in this study, the exercise intensity was the factor that 

influenced all of the responses measured (e.g. VO2, [HHb], [O2Hb], [THb], % O2 saturation, 

and HR). The response of [HHb] to the exercise intensity has been previously studied with 

NIRS [95, 96]. To be specific, their finding was that the magnitude of [HHb] increase was 

proportional to the exercise intensity. 

A previous study which used incremental cycling protocol adopted a sigmoidal model to 
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explain the pattern of [HHb] [1]. Regarding [HHb] as an indicator of oxygen extraction in 

microvasculature [97, 98], the sigmoidal model is consisted of three patterns: initial blunted 

increase, linear increase, and plateau. From resting to 30% of peak power, [HHb] showed 

blunted increase. Another study suggested that the mechanical effect of muscle contraction, 

such as muscle pump and rapid vasodilation causes rapid increase of blood supply to the 

skeletal muscle, and finally leads to blunted [HHb] response [32]. This response is effective 

at light exercise and becomes weak during intense exercise intensity [19]. Afterwards, 

[HHb] reaches linear increase stage at the range of 30-70% peak power. At this stage, [HHb] 

tends to increase linearly as incremental exercise proceeded, since the oxygenation of the 

skeletal muscle is mostly dependent on the fractional oxygen extraction. After 70% peak 

power stage of the sigmoidal model, [HHb] starts to level off. This is the general pattern 

presently observed. At this intense exercise intensities, the tissue of the skeletal muscle 

cannot further extract oxygen in accordance with the increased demand of oxygen. This 

explanation through the sigmoidal model coincided with our results. In our study, the 

exercise intensity was set as 50-80% of the VO2peak UP. The pattern of [HHb] shown at 

Figure 4 is suggested to be the portions of last two stages of [HHb] pattern: linear increase 

and plateau. 

 

5.2. EFFECTS OF POSTURE ON SKELETAL MUSCLE OXYGENATION 

 
We found that SUP generally elicited significantly greater [HHb] than UP according to the 

three-way ANOVA results (p<0.05) (See Figure 5). Conversely, % O2 saturation during 
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SUP was lower than that of UP (p<0.05) (See Figure 11). In support of our findings, the 

previous research which adopted the sigmoidal model for the [HHb] also fits our results 

about the postures [1]. According to their findings, SUP had significantly steeper increase 

of [HHb] and the point of leveling off was at higher [HHb] levels than UP. Our study 

verified the increase of [HHb] with cycling in the SUP and further demonstrated that the 

[HHb] of SUP reached the plateau at about 9-10% higher than that of UP at both 60 RPM 

(UP: 29.6 μM vs. SUP: 32.50 μM) and at 100 RPM (UP: 30.3 μM vs. SUP: 32.9 μM) 

(Figure 5).  

Similarly, another previous study using constant workload had the participants perform 

cycling at 25 Watts above their ventilation threshold for 12 minutes in each posture [3]. In 

agreement with our findings, the SUP had significantly greater [HHb] than UP throughout 

the exercise protocol. 

In this study, we applied the incremental exercise testing protocol, but the exercise 

intensities were calculated relative to their individual maximum capacity (i.e.; VO2peak 

during upright cycling). Also, by adopting two different muscle contraction rates of 60 

RPM and 100 RPM, we could investigate the effect of different postures on the muscle 

oxygenation over a wide range of intensities. From the two comparisons of [O2Hb] and 

[HHb] by posture at each RPM, we found that SUP elicited significantly greater [HHb] and 

lower [O2Hb] than UP in both 60 RPM and 100 RPM (p<0.05). Furthermore, % O2 

saturation was significantly lower during SUP compared to UP. 

There have been several approaches to explain the mechanism behind this phenomenon of 
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higher [HHb] in SUP than UP. It is well known that SUP has greater cardiac output than 

UP due to the greater venous return and stroke volume [8, 36]. In this study, however, the 

effect of greater pumping of arterial blood from the heart (i.e. cardiac output) in SUP did 

not appear to be effective enough, for oxygenating skeletal muscle. The main reason behind 

this is the relative location of the vastus lateralis to the heart [14, 16]. The supine cycle 

ergometer which was used in this study had the crank axis 30 cm higher than the heart level. 

Thus, it probably resulted in less supply of arterial blood to the lower extremities and lower 

perfusion pressure [55]. Due to the lack of gravitational assistance for the muscle blood 

flow, the physiological stress by decreased perfusion pressure was magnified to increase 

[HHb] at SUP compared to UP. 

In addition, we also found that SUP had significantly less amount of [THb] than UP at 60 

RPM (UP: 69.89 ± 2.50 μM vs. SUP: 67.39 ± 2.21 μM, p<0.05). However, this effect of 

posture on [THb] was not found at 100 RPM (UP: 70.64 ± 2.67 μM vs. SUP: 69.70 ± 2.43 

μM, p>0.05). At higher muscle contraction rate, the effect of SUP posture on reducing 

blood supply to the working muscle seems to be diminished. 

 

5.3. EFFECTS OF MUSCLE CONTRACTION RATE ON SKELETAL MUSCLE OXYGENATION 

5.3.1 Comparison by Three-way ANOVA 

 
We proposed to investigate the degree of change in [HHb] and % O2 saturation by posture 

while comparing the specific effect of RPM. This approach is based on the change of 
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posture from UP to SUP causing major increase of the physiological stress on the working 

vastus lateralis, in terms of increased [HHb] and decreased % O2 saturation.  

Figure 7 shows the major effects of greater muscle contraction rate (RPM) in facilitating 

the blood circulation to the working skeletal muscle. Higher muscle contraction rate 

elicited more frequent activation of muscle pump in the skeletal muscle. As a results, 100 

RPM actually elicited significantly less increase of [HHb] when comparing from UP to 

SUP, which stands for diminished physiological stress in oxygen saturation in local skeletal 

muscle. 

Furthermore, we have found that SUP elicits absolutely higher stress to the vastus lateralis 

and increases [HHb]. Our major new finding of this study is that the degree of increase in 

[HHb] by the change of posture was significantly altered by the different muscle 

contraction rate. This obviously gives a basis for our assertion about the effectiveness of 

muscle pump to decrease physiological stress while exercising at high cadence (e.g. 100 

RPM). 

From many studies which utilized NIRS in skeletal muscle, [HHb] was thought as a 

credible measurement for the fractional capillary oxygen extraction [99, 100]. It is possible 

to apply the approach to this study that [HHb] can be compared as the ratio of the oxygen 

uptake of working muscle to the blood flow to the muscle [4, 89]. Also, as the vastus 

lateralis is the main skeletal muscle to exercise in this study, it is viable to assume that the 

pulmonary oxygen uptake is mostly from the oxygen consumption of the quadriceps. 
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[HHb] ∝  
Muscle Oxygen Uptake

Muscle Blood Flow  

 

First of all, SUP elicits significantly greater [HHb] than UP, and it can explained by the 

decrease of muscle blood flow at SUP. Also, this change was found at both 60 RPM and 

100 RPM. To be specific, the decrease of muscle blood flow when comparing UP to SUP 

was diminished at 100 RPM relative at 60 RPM, possibly due to the effective function of 

the muscle pump. As a result, higher muscle contraction rate of 100 RPM displayed less of 

increase in [HHb] than lower muscle contraction rate, 60 RPM at stage 1 and stage 2. 

In addition, there have been several studies that proved the effects of muscle pump when 

exercising [21]. By the rhythmic pumping action caused by repetitions of skeletal muscle, 

higher muscle contraction rates can enhance the flushing of the venous blood when the 

muscle is contracting, and refilling during the relaxation [21].  

 

5.3.2 Comparison at 70% VO2peak UP 
 

By comparing the NIRS data at 70% of the individual VO2peak UP, we could compare the 

effect of different muscle contraction rate while controlling the volume of oxygen uptake 

relatively. The 70% of VO2peak UP elicited 2.50 ± 0.07 L/min. As a result, 100 RPM in 

SUP had significantly lower [HHb] than 60 RPM (60 RPM: 32.47 ± 3.43 μM vs. 100 RPM: 

31.30 ± 3.28 μM, p<0.05). Similarly, SUP 100 RPM maintained significantly greater % O2 
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saturation than SUP 60 RPM (60 RPM: 54.2 ± 2.5 % vs. 100 RPM: 57.0 ± 2.1 %, p<0.05). 

These findings are controversial to some of the previous studies which applied NIRS with 

different muscle contraction rates. According to a previous study, [HHb] did not show 

significantly different pattern between 40 RPM and 100 RPM at 80% of gas exchange 

threshold for 6 minutes in upright posture [6]. They concluded that the pedaling cadence 

has no effect on the ratio between the demand of oxygen uptake and blood flow of the 

muscle. However, 100 RPM elicited significantly higher volume of oxygen uptake than 40 

RPM at every time point tested (2 min, 4 min, and 6 min). Another similar study which 

applied 60 RPM and 100 RPM at baseline, lactate threshold, and peak reached similar 

conclusion about the relationship between skeletal muscle oxygenation and different 

muscle contraction rate [4].  

On the contrary to their study designs, one of our approaches in the comparison at 70% 

VO2peak UP controlled the volume of oxygen uptake. Even with the relatively controlled 

oxygen uptake, we could not find strong muscle contraction effect at upright posture in 

[HHb] (60 RPM: 28.88 ± 3.16 μM vs. 100 RPM: 28.72 ± 3.1 μM, p>0.05) and % O2 

saturation (60 RPM: 61.0 ± 2.0 % vs. 100 RPM: 61.3 ± 2.0 %, p>0.05). Based on these 

results, it seems that muscle contraction rate does not influence the oxygenation of skeletal 

muscle while exercising in upright posture. However, our findings in supine posture 

showed that there was significant difference in [HHb] and % O2 saturation in 60 RPM and 

100 RPM (See Figure 6 and Figure 12) 

To verify the mechanism behind this phenomenon, further approaches with the 
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measurement of the muscle blood flow is expected to shed light on the relationship between 

muscle contraction rate and skeletal muscle oxygenation. 

 

5.3.3 Comparison at the Same Absolute Oxygen Uptake  

 
As we are focusing on the oxygen concentrations of the skeletal muscle while cycling, 

controlling the volume of pulmonary oxygen uptake is an important issue. So far, we 

presented the analysis with relative oxygen uptake (three-way ANOVA, and individual 70% 

VO2peak UP). For this purpose, we conducted another novel approach to compare the 

NIRS data at the same absolute volume of oxygen uptake. 

In Figure 4 and Figure 10, SUP 60 RPM stage 2 and SUP 100 RPM stage 1 elicited similar 

volume of oxygen uptake (SUP 60 RPM stage 2: 2.02 ± 0.08 L/min, SUP 100 RPM stage 

1: 2.18 ± 0.08 L/min). By comparing [HHb] and % O2 saturation at this point, it is possible 

to compare the effect of RPM on the oxygen concentrations at the similar rate of absolute 

oxygen uptake. As a result of LSD comparison of post-hoc, [HHb] of SUP 100 RPM stage 

1 had lower [HHb] than SUP 60 RPM stage 2, but the difference was not significant (28.56 

± 2.97 µM vs. 30.92 ± 3.23 µM, p=0.606). In case of % O2 saturation, SUP 100 RPM stage 

1 was higher than SUP 60 RPM stage 2, but the difference was also not statistically 

significant (59.9 ± 1.9 % vs. 55.8 ± 2.3 %, p=0.179). We found a pattern that the relatively 

higher muscle contraction rate of 100 RPM during supine cycling at lower intensities (stage 

1 or approximately 50% of VO2peak UP) can be effective in eliciting higher oxygen 
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saturation of the vastus lateralis muscle than a lower muscle contraction rate of 60 RPM, 

when controlling the absolute rate of oxygen consumption. However, further study is 

required to verify this trend. 

 

5.4. EFFECTS OF MUSCLE CONTRACTION RATE ON OXYGEN UPTAKE 

 
The oxygen consumption (VO2) was strongly influenced by the exercise intensity at both 

postures and RPMs. As a main effect, VO2 was increased as the exercise intensity went 

higher (p<0.001). However, when cycling in the same power outputs (Watts), 100 RPM 

elicited significantly greater VO2 than 60 RPM in UP (60 RPM: 2.38 ± 0.12 L/min vs. 100 

RPM: 2.74 ± 0.11 L/min, p<0.001) and SUP (60 RPM: 2.25 ± 0.10 L/min vs. 100 RPM: 

2.73 ± 0.11 L/min, p<0.001).  

To explain the increase of oxygen uptake by RPM, we need to discuss gross efficiency 

(GE, %). GE is calculated as the ratio of work to the rate of total energy expenditure 

measured by oxygen uptake. From one of the studies conducted in this laboratory [68], it 

has been shown that GE stayed in the range of 20-21% at 60 RPM and 80 RPM. At 100 

RPM, however, GE was increased as the exercise intensity went higher and reached similar 

level to 60 RPM and 100 RPM at 80-90% VO2max.  

According to our findings at Table 11, it coincided with the previous findings that 100 RPM 

showed significantly diminished efficiency at both UP and SUP. As the exercise intensity 

went higher, GE of 100 RPM showed the tendency to be elevated. However, it did not reach 
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to the GE levels of 60 RPM. We assume that this discrepancy is due to the training status 

of the participants in each study. There was a big difference in their maximum aerobic 

capacity compared to that in the previous study, The VO2max of the participants was 4.77 

± 0.1 L/min, and present study was 3.58 ± 0.4 L/min.  

 

Table 11. Gross efficiency [%] by RPM at stages. **significant difference from 60 RPM 
(p<0.001). 

Trial Stage 1 Stage 2 Stage 3 Stage 4 

UP 60 RPM 19.6 ± 0.4 20.1 ± 0.4 20.0 ± 0.4 19.7 ± 0.4 

UP 100 RPM 16.1 ± 0.5** 16.9 ± 0.4** 17.4 ± 0.4** 17.6 ± 0.4** 

SUP 60 RPM 18.8 ± 0.3 18.9 ± 0.3 18.7 ± 0.3 17.9 ± 0.4 

SUP 100 RPM 14.4 ± 0.4** 15.2 ± 0.5** 15.4 ± 0.4** 15.6 ± 0.4** 
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CHAPTER 6 

LIMITATIONS 

 

We applied NIRS system on the vastus lateralis on the basis that the vastus lateralis takes 

the majority of the whole body oxygen uptake. Also, the change of posture may influence 

the muscle recruitment pattern of the leg while cycling. In addition, near-infrared 

spectroscopy can measure HHb and O2Hb of the working skeletal muscle only in the unit 

of concentration which is µM (10-6 mol/L). If the extra measurement of arterial blood flow 

(L/min) to the leg through the femoral artery while cycling is possible, it will be possible 

to calculate the actual rates of [HHb] and [O2Hb] supplied along with the interventions. 

Concentration of hemoglobin measured by NIRS [µM] × Blood Flow [L/min] 

= Rate of hemoglobin supply to the vastus lateralis [µmol/min] 

This would give us additional information to explain the mechanism of oxygen supply to 

the working skeletal muscle under various circumstances. 
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CHAPTER 7 

CONCLUSIONS 

 

In order to investigate the influence of posture and muscle contraction rate on the skeletal 

muscle oxygenation while cycling, we designed the study protocol to cycle in the upright 

and supine postures at 60 RPM and 100 RPM at moderate to intense exercise intensities. 

As a result, as the exercise intensity increased, the % oxygen saturation of the vastus 

lateralis was significantly decreased. Also, supine cycling significantly decreased the % 

oxygen saturation of the vastus lateralis compared to pedaling in upright posture. However, 

when cycling SUP (70% VO2peak) at a higher cadence of 100 RPM compared to 60 RPM 

elicited a significantly higher % O2 saturation (p<0.05). As the ‘muscle pump’ appears 

related to the muscle contraction rate, a cadence of 100 RPM when SUP might aid in better 

maintaining the oxygen saturation of the skeletal muscle at 70% VO2peak. 
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Appendix A 

 
 

Consent for Participation in Research 
 

 
The Influence of Posture and Muscle Contraction Rate on the Oxygenation Status in 
the Vastus Lateralis Muscle While Cycling 
 
 
Introduction 

The purpose of this form is to provide you information that may affect your decision 
as to whether or not to participate in this research study. The person performing the 
research will answer any of your questions. Read the information below and ask any 
questions you might have before deciding whether or not to take part. If you decide to 
be involved in this study, this form will be used to record your consent. 

 
Purpose of the Study 

You have been asked to participate in a research study about the oxygenation of human 
skeletal muscle while exercising in different body postures and different cycling pedal 
rates. Specifically, we want to investigate the oxygenation status of the leg muscle 
while cycling and pulmonary oxygen uptake during cycling under these two 
interventions; posture (upright vs. supine), muscle contraction rate (pedaling in 60 
RPM and 100 RPM). 
 

What will you be asked to do? 
If you agree to participate in this study, you will be asked to: 
 

Visit Task Time 

Day 1 

Informed Consent 
Health History Questionnaire 
Anthropometric Measurements 

30 minutes 

Upright Submaximal Test 
Supine Submaximal Test 
Upright Maximal Test 

120 minutes 

Day 2 
UP-60 RPM, UP-100 RPM, SUP-60 RPM, and SUP-100 
RPM  
in randomized order 

180 minutes 

 

60 



<Overview of the Testing Sessions> 
This study will take 2.5 hours for Day 1 and 3 hours for Day 2 and will include 
approximately 15 study participants. A detailed list of procedures is described below. 
If at any time you wish to discuss the information above or any other risks you may 
experience, you may ask questions now or call the Principal Investigators listed on page 
3 of this form. 
 
1. Day 1: Overview 

Before you can be admitted to the study, you will be given a brief examination 
during your visit to the laboratory. This examination will include filling out a basic 
information and brief Health History Questionnaire, and taking measurements of 
your height and weight. In addition, you will be asked to avoid moderate to heavy 
exercise and alcohol/caffeine beverages/foods for 24 hours and fast for 2-3 hours 
prior to each visits. 
 

2. Day 1: Maximal and Submaximal Exercise Tests 
To begin with, your height, weight and skin fold thickness on the vastus lateralis 
will be measured. Afterwards, your cycling positions will be measured and 
recorded on the upright and supine bike. This will be replicated at Day 2.  
 
The purpose of the submaximal exercise tests on day 1 for you to become familiar 
with cycling and for us to determine the power outputs needed to elicit various 
levels of oxygen consumption and thus make the day 2 measurements more precise.  
You will go through the upright submaximal test, the supine submaximal test and 
upright maximal test. Between each test, you will rest about 15-20 minutes. Both 
of the submaximal tests consist of 5 minutes * 4 stages, for a total  of 20 minutes 
each and the exercise intensities are approximately 100 W, 130 W, 160 W and 190 
W.  
This will be followed by upright maximal test which will measure your actual 
VO2peak. This test will take between 6 – 12 minutes. The intensity of exercise will 
be increased every 1-2 minutes until you are at your maximal effort level and cannot 
maintain the pedaling rate. The sensation of effort and fatigue during the last 1-2 
min will be comparable to a short race.  
 
During the Day 1 testing procedures, pulmonary gas exchange will be measured 
through a mouthpiece with nose clip on, while you are pedaling. In addition, a heart 
rate monitor will be worn around the chest that will be used to monitor heart rate 
throughout the course of the study. From these data we can determine your 
VO2peak and calculate individualized relative exercise intensities for Day 2. 
 

3. Day 2: UP-60 RPM, UP-100 RPM, SUP-60 RPM and SUP-100 RPM 
At Day 2, near-infrared spectroscopy (NIRS) will be applied in addition to the 
measurements of Day 1 (heart rate monitor and oxygen consumption). The NIRS 
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probe will be attached on your right thigh, after shaving and cleaning, if necessary. 
This device will measure the oxygenation status of muscle in non-invasive manner. 
The location of probe will be marked with pen to secure its location. You will go 
through each of exercise tests (UP-60 RPM, UP-100 RPM, SUP-60 RPM and SUP-
100 RPM) in randomized order. The exercise intensities will be estimated to elicit 
50%, 60%, 70% and 80% of your VO2peak based on the test results of Day 1. Every 
trial consists of 5 minutes * 4 stages, total 20 minutes and you can rest for about 
15-20 minutes in between. 

 
Your participation may be photographed during the course of this experiment. Any 
forms of recording of your performance (without your name or likeness revealed) may 
be shown to educational audiences, such as conferences.    

 
What are the risks involved in this study? 

The incremental exercise tests at both visits may involve risks that are currently 
unforeseeable. Possible risks associated with this study are: 
There is a very small risk that you could experience a muscular injury, such as a muscle 
strain. It is possible, although very rare, that intense exercise such as performed in this 
study might cause a heart attack. During the test you will have the sensation of fatigue, 
this fatigue will be similar to what is felt during a short race or an intense training 
session.  
 
During the tests, you may stop performing the task at any time for any reason if you 
feel you need to do so. You may be unfamiliar to cycling in supine posture. However, 
the exercise intensities are individually controlled in accordance with your Day 1 test 
day. It is highly likely that you can finish the protocol but you can pause the test 
whenever you need. 
 
Additionally, shaving the skin of thigh region can be uncomfortable. However, the 
disposable shaver will be used for each of the subject and disposed after once used. 
After shaving, the region will be cleansed with alcohol prep (Kendall, Minneapolis, 
MN). In addition, the region to be shaved will be minimized to the size of the probe of 
NIRS (1.5″ * 3.2″). 

 
What are the possible benefits of this study? 

You will receive no direct benefit from participating in this study; however, each 
subject completing the study will be provided with information about his or her 
VO2peak, which is useful to running and bicycling training and performance. 

 
Do you have to participate? 

No, your participation is voluntary. You may decide not to participate at all or, if you 
start the study, you may withdraw at any time.  Withdrawal or refusing to participate 
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will not affect your relationship with The University of Texas at Austin (University) in 
anyway.  
If you would like to participate please fully read, sign, and return this form to the 
principal investigator of this study (Dongwoo Hahn).  You will receive a copy of this 
form for your personal records. 

 
Will there be any compensation? 

You will not receive any type of payment participating in this study. 
 
What if you are injured because of the study?   

The University has no program or plan to provide treatment for research related injury 
or payment in the event of a medical problem.  In the event of a research related injury, 
please contact the principal investigator. 
 
The University has no program or plan for continuing medical care and/or 
hospitalization for research-related injuries or for financial compensation. 
 
If injuries occur as a result of study activity, eligible University students may be treated 
at the usual level of care with the usual cost for services at the Student Health Center, 
but the University has no program or plan to provide payment in the event of a medical 
problem. 
 

How will your privacy and confidentiality be protected if you participate in this 
research study? 

Your privacy and the confidentiality of your data will be protected in the following 
ways: 
Each subject will be assigned a unique Subject ID code.  This informed consent form 
and the Health History Questionnaire are the only places where any personal identifying 
information will be recorded.  These forms will be stored in a locked file cabinet.  In 
all other cases, your data will only be identifiable by your unique code.  Only the 
director of the laboratory (Dr. Edward Coyle) will have access to a master list that will 
link your identity to your code. 

If it becomes necessary for the Institutional Review Board to review the study records, 
information that can be linked to you will be protected to the extent permitted by law. 
Your research records will not be released without your consent unless required by law 
or a court order. The data resulting from your participation may be made available to 
other researchers in the future for research purposes not detailed within this consent 
form. In these cases, the data will contain no identifying information that could 
associate it with you, or with your participation in any study. Any identifiable data will 
be destroyed 3 years after the study is complete. 

If you choose to participate in this study, you may be photographed. Any photographs 
will be stored securely and only the research team will have access to the recordings. 
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Recordings will be kept for 3 years after the research experiment has been completed 
and then erased.   
 

Whom to contact with questions about the study?   
Prior, during or after your participation you can contact the researcher Dongwoo Hahn 
at (512) 471-8598 or send an email to dwhahn@utexas.edu for any questions or if you 
feel that you have been harmed.   
This study has been reviewed and approved by The University Institutional Review 
Board and the study number is 2015-03-0040. 

 
Whom to contact with questions concerning your rights as a research participant? 

For questions about your rights or any dissatisfaction with any part of this study, you 
can contact, anonymously if you wish, the Institutional Review Board by phone at (512) 
471-8871 or email at orsc@uts.cc.utexas.edu.  

 
Participation 
 If you agree to participate please sign and return this form to a member of the research 

team. 
 
 
Signature   

You have been informed about this study’s purpose, procedures, possible benefits and 
risks, and you have received a copy of this form. You have been given the opportunity 
to ask questions before you sign, and you have been told that you can ask other questions 
at any time. You voluntarily agree to participate in this study.  By signing this form, you 
are not waiving any of your legal rights. 
 

 
______  I permit my photographed recordings to be presented for education 
purposes. I acknowledge that the photographs may be stored indefinitely for this 
purpose. 
 
______   I do not permit my photographed recordings to be presented for education 
purposes. I acknowledge that the photographs will be destroyed 3 years after the study 
is complete as outlined in this consent form. 

 
 
  

64 



 
 
_________________________________ 
Printed Name  
 
 
_________________________________               _________________ 
Signature Date 
 
 
 
As a representative of this study, I have explained the purpose, procedures, benefits, and the risks 
involved in this research study. 
 
 
_________________________________      
Print Name of Person obtaining consent      
 
 
_________________________________    _________________  
Signature of Person obtaining consent     Date 
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Appendix B 

 

HEALTH HISTORY QUESTIONNAIRE 

HUMAN PERFORMANCE LABORATORY – THE UNIVERSITY OF TEXAS AT AUSTIN 

 

IRB #: Participant ID: ___________ 

Date of Birth (mm/dd/yy): _________ / _________ / _________  Age: 

___________________ 

Height: ____________ /_________cm 

Weight: _________lb. / _________kg 

 

<GENERAL HEALTH QUESTIONS> 

1. Are you taking any of the following medications on a regular basis?  

(Psychotropics, anti-histamines, asthma medications, Aldomet, clonidine, anti-

depressants, anti-anxiety medications) 

Yes / No  If yes, explain: 

2. Any over-the-counter meds?  

Yes / No  If yes, explain: 

3. Do you have any disability or impairment that affects physical performance?  

Yes / No  If yes, explain: 

4. Have you ever had any broken bones? 
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Yes / No  If yes, explain: 

5. Have you ever had any major injury/surgery in lower extremities (torn major 

ligaments, sprain)? 

Yes / No  If yes, explain: 

6. Have you had any significant medical problems within the last 10 years? 

Yes / No  If yes, explain: 

7. Do you have any drug and/or alcohol dependence? 

Yes / No  If yes, explain: 

8. Do you have any heart problems or coronary artery disease? 

Yes / No  If yes, explain: 

9. Do you have hypertension (high blood pressure)? 

Yes / No  If yes, explain: 

10. Do you have any lung or respiratory problems? 

Yes / No  If yes, explain: 

11. Do you have type 1 or 2 diabetes? 

Yes / No 

12. Do you smoke? 

Yes / No  If yes, explain: 

13. Do you use alcohol? 

Yes / No  If yes, explain: 

14. Do you use caffeine (coffee, tea, etc.)? 
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Yes / No  If yes, explain: 

15. Do you have any allergies that require medication? 

Yes / No  If yes, explain: 

16. Do you experience difficulty swallowing medications or vitamins?  

Yes / No  If yes, explain: 

17. Do you take any dietary supplements aimed at increasing your exercise 

performance?  

Yes / No  If yes, explain: 

 

<SYMPTOMS ASSOCIATED WITH EXERCISE> 

1. Easy fatigability or prolonged fatigue after exercise? 

Yes / No  If yes, explain: 

2. Persistent chest pain during and/or after exercise? 

Yes / No  If yes, explain: 

3. Fainting or loss of consciousness during exercise?  

Yes / No  If yes, explain: 

4. Palpitations (rapid, irregular, or skipped heartbeats) during exercise?  

Yes / No  If yes, explain: 

5. Have you ever been told to give up sports because of a health problem? 

Yes / No  If yes, explain: 
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<PHYSICAL TRAINING HISTORY> 
 
1. How long and what type of training have you been participating in? 

 
_____________________________________________________________________ 

 
_____________________________________________________________________ 

 
2. Please describe your training program during the last 6 months in general. 

 
1) Type of training 

 
_____________________________________________________________________ 

 
_____________________________________________________________________ 

 
2) Average time spent or work done (i.e.; distance) 

 
_____________________________________________________________________ 

 
_____________________________________________________________________ 

 
3) General exercise intensity 

 
_____________________________________________________________________ 

 
_____________________________________________________________________ 
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Appendix C 

 

Main effects of three-way ANOVA in % O2 saturation [%] (n=16) 

 

By Posture 

Upright Supine 

61.4 ± 1.8 56.0 ± 2.1** 

**significant difference from upright (p<0.001). 

 

By RPM 

60 RPM 100 RPM 

58.8 ± 2.1 58.7 ± 2.0 

 

 

By Intensity 

Stage 1 Stage 2 Stage 3 Stage 4 

61.5 ± 1.6 59.4 ± 1.9* 57.7 ± 2.1*# 56.4 ± 2.2*#† 

*significant difference from stage 1, #significant difference from stage 2, †significant 

difference from stage 3 (p<0.05). 
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Individual Data 
 

 
1 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] % saturation 

UP60 

Rest - - 75 35.35 25.71 61.06 57.89 
113 1.56 1.39 111 37.83 24.02 61.85 61.16 
140 1.92 1.84 122 41.17 25.92 67.09 61.37 
167 2.35 2.2 138 39.8 26.95 66.75 59.63 
193 2.71 2.67 153 38.25 27.65 65.9 58.04 

UP100 

Rest - - 88 45.87 21.53 67.4 68.06 
113 1.94 1.54 132 42.47 23.04 65.51 64.83 
140 2.26 2 142 41.65 26.16 67.81 61.42 
167 2.58 2.37 151 41.21 27.12 68.33 60.31 
193 2.92 2.75 161 39.65 28.01 67.66 58.60 

SUP60 

Rest - - 69 42.11 17.53 59.64 70.61 
111 1.69 1.39 122 36.12 27.33 63.45 56.93 
135 2.06 1.8 136 35.47 29.54 65.01 54.56 
159 2.51 2.28 150 34.3 30.24 64.54 53.15 
183 3.01 2.89 164 34.81 30.22 65.03 53.53 

SUP100 

Rest - - 86 46.26 17.67 63.93 72.36 
111 2.2 1.75 142 38.1 27.35 65.45 58.21 
135 2.52 2.12 152 36.87 29.99 66.86 55.15 
159 3.04 2.77 167 36.66 30.37 67.03 54.69 
183 3.38 3.02 181 36.67 30.35 67.02 54.72 

 
 
<Unit information> 

VO2, VCO2: L/min 

HR: beat per minute 

[O2Hb], [HHb], [THb]: µM 

% saturation: % 
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2 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

 Rest -  -  80 55.33 37.1 92.43 59.86 
110 1.47 1.18 157 56.85 42.33 99.18 57.32 
136 1.82 1.6 134 53.81 45.89 99.7 53.97 
162 2.14 1.87 145 54.72 50.1 104.82 52.20 
188 2.6 2.4 159 46.45 54.87 101.32 45.84 

UP100 

Rest  -  -  77 59.84 35.61 95.45 62.69 
110 1.87 1.6 132 59.82 42.27 102.09 58.60 
136 2.22 1.85 146 56.26 48.18 104.44 53.87 
162 2.59 2.41 160 50.12 53.26 103.38 48.48 
188 3.01 2.83 170 50.45 53.28 103.73 48.64 

SUP60 

Rest  -  -  48 49.39 26.35 75.74 65.21 
99 1.37 1.27 95 48.69 40.09 88.78 54.84 

118 1.64 1.54 115 43.2 48.75 91.95 46.98 
136 1.96 1.87 125 38.86 54.37 93.23 41.68 
155 2.27 2.17 136 33.04 56.44 89.48 36.92 

SUP100 

Rest  -  -  67 61.57 22.67 84.24 73.09 
99 1.87 1.66 125 55.24 35.86 91.1 60.64 

118 2.12 1.83 139 50.27 47.17 97.44 51.59 
136 2.41 2.25 147 42.93 53.68 96.61 44.44 
155 2.77 2.44 159 42.04 55.72 97.76 43.00 

 
3 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest - - 79 45.22 22.18 67.4 67.09 
102 1.48 1.44 113 43.88 23.48 67.36 65.14 
125 1.87 1.8 130 44.33 26.67 71 62.44 
147 2.13 2.08 136 43.31 29.26 72.57 59.68 
169 2.41 2.46 152 39.12 32.41 71.53 54.69 

UP100 

Rest - - - 52.32 18.79 71.11 73.58 
102 2.02 1.84 138 41.19 25.18 66.37 62.06 
125 2.25 2.09 154 40.81 28.02 68.83 59.29 
147 2.55 2.51 165 39.79 30.71 70.5 56.44 
169 2.84 2.88 175 39.14 31.97 71.11 55.04 

SUP60 

Rest - - 90 44.23 18.79 63.02 70.18 
82 1.31 1.01 122 37.48 31.35 68.83 54.45 

101 1.58 1.33 127 37.61 32.98 70.59 53.28 
120 1.89 1.75 140 36.65 34.36 71.01 51.61 
140 2.11 1.99 152 36.65 34.92 71.57 51.21 

SUP100 

Rest - - - 45 15.31 60.31 74.61 
82 1.91 1.69 137 40.71 29.51 70.22 57.97 

101 2.25 2.05 157 40.16 32.41 72.57 55.34 
120 2.55 2.46 170 38.3 33.73 72.03 53.17 
140 2.85 2.98 182 38.03 34.35 72.38 52.54 
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4 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest - - 75 36.81 21.26 58.07 63.39 
84 1.55 1.29 116 38.34 22.98 61.32 62.52 

106 1.84 1.61 123 38.02 24.66 62.68 60.66 
127 2.1 1.9 131 35.96 26.12 62.08 57.93 
149 2.38 2.25 142 34.41 28.25 62.66 54.92 

UP100 

Rest - - 89 42.65 18.84 61.49 69.36 
84 2.01 1.78 134 35.94 27.66 63.6 56.51 

106 2.3 2.18 146 35.63 29.26 64.89 54.91 
127 2.56 2.45 156 33.88 30.39 64.27 52.72 
149 2.83 2.81 167 33.75 31.39 65.14 51.81 

SUP60 

Rest - - 84 37.27 17.74 55.01 67.75 
77 1.46 1.08 122 31.92 28.73 60.65 52.63 
99 1.8 1.53 133 33.22 27.86 61.08 54.39 

121 2.18 2.03 142 30.57 30.95 61.52 49.69 
143 2.85 2.48 154 29.24 32.45 61.69 47.40 

SUP100 

Rest - - 93 37.35 18.04 55.39 67.43 
77 2.07 1.79 137 31.39 29.96 61.35 51.17 
99 2.43 2.25 148 29.73 31.26 60.99 48.75 

121 2.66 2.51 160 29.4 31.51 60.91 48.27 
143 3.02 2.97 175 27.22 33.13 60.35 45.10 

 
5 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest - - 85 46.44 26.19 72.63 63.94 
144 2.06 1.84 131 51.23 27.11 78.34 65.39 
180 2.56 2.32 145 47.96 30.79 78.75 60.90 
216 3.03 2.84 159 47.09 32.03 79.12 59.52 
252 3.49 3.47 170 46.3 32.71 79.01 58.60 

UP100 

Rest - - 103 53.39 26.98 80.37 66.43 
144 2.45 2.11 147 53.48 26.96 80.44 66.48 
180 2.84 2.52 158 52.74 29.96 82.7 63.77 
216 3.27 3.04 171 50.53 31.4 81.93 61.67 
252 3.83 3.77 179 50.88 31.75 82.63 61.58 

SUP60 

Rest - - 85 54.65 17.88 72.53 75.35 
133 2.09 1.58 135 45.43 31.88 77.31 58.76 
165 2.7 2.3 153 43.91 33.16 77.07 56.97 
198 3.16 2.97 164 44.31 33.31 77.62 57.09 
231 3.69 3.83 177 44.14 33.5 77.64 56.85 

SUP100 

Rest - - 85 54.43 17.94 72.37 75.21 
133 2.56 1.89 150 47.72 31.43 79.15 60.29 
165 2.99 2.35 162 48.16 32.16 80.32 59.96 
198 3.35 2.85 172 45.99 33.36 79.35 57.96 
231 3.96 3.63 180 47.74 32.93 80.67 59.18 
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6 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.42 0.27 78 49.39 33.65 83.04 59.48 
129 2 1.58 130 43.34 41.82 85.16 50.89 
155 2.27 1.91 139 39.71 45.79 85.5 46.44 
180 2.69 2.32 151 37.37 48.57 85.94 43.48 
206 3.1 2.8 161 36.53 49.19 85.72 42.62 

UP100 

Rest 0.39 0.3 52 59.57 34.69 94.26 63.20 
129 2.03 2 125 63.09 41.01 104.1 60.61 
155 2.53 2.44 141 59.03 46.64 105.67 55.86 
180 2.9 2.88 154 56.66 47.56 104.22 54.37 
206 3.59 3.58 166 57.3 47.02 104.32 54.93 

SUP60 

Rest 0.31 0.23 42 39.24 31.01 70.25 55.86 
118 1.68 1.56 110 25.78 54.58 80.36 32.08 
138 2.12 1.95 135 24.84 55.72 80.56 30.83 
158 2.41 2.3 148 29.61 53.77 83.38 35.51 
178 3 2.98 163 28.68 54.51 83.19 34.48 

SUP100 

Rest 0.39 0.21 67 72.33 20.89 93.22 77.59 
118 2.12 1.78 125 54.98 49.02 104 52.87 
138 2.46 2.2 136 54.35 49.86 104.21 52.15 
158 2.79 2.64 145 51.61 51.58 103.19 50.01 
178 3.19 3 152 49.56 53.63 103.19 48.03 

 
7 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.55 0.28 93 34.81 13.16 47.97 72.57 
119 2.13 1.59 144 33.64 14.47 48.11 69.92 
149 2.48 2.05 158 32.76 15.64 48.4 67.69 
170 3 2.59 169 32.51 16.34 48.85 66.55 
210 3.71 3.23 176 33.24 16.46 49.7 66.88 

UP100 

Rest 0.54 0.35 89 32.76 13.65 46.41 70.59 
119 2.55 2.21 154 31.68 15.91 47.59 66.57 
149 2.97 2.81 162 30.53 16.87 47.4 64.41 
170 3.41 3.25 169 30.88 16.71 47.59 64.89 
210 3.86 3.72 177 31.31 16.77 48.08 65.12 

SUP60 

Rest 0.34 0.26 59 29.7 12.87 42.57 69.77 
109 1.67 1.67 118 30.13 16.22 46.35 65.01 
131 2.01 1.99 132 30.32 17.62 47.94 63.25 
154 2.42 2.43 147 30.36 18.53 48.89 62.10 
176 3.01 3.07 155 30.32 18.9 49.22 61.60 

SUP100 

Rest 0.4 0.26 67 31.68 12.64 44.32 71.48 
109 2.55 2.29 147 30.04 17.09 47.13 63.74 
131 2.99 2.77 155 30.18 17.6 47.78 63.16 
154 3.38 3.21 167 30.44 18.39 48.83 62.34 
176 3.83 3.74 176 30.55 18.94 49.49 61.73 
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8 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.34 0.25 80 18.26 5.75 24.01 76.05 
90 1.45 1.05 114 19.04 6.25 25.29 75.29 

115 1.69 1.4 126 19.85 6.09 25.94 76.52 
139 1.97 1.66 134 19.69 6.11 25.8 76.32 
164 2.32 1.96 145 19.06 6.46 25.52 74.69 

UP100 

Rest 0.37 0.3 79 19.23 5.23 24.46 78.62 
90 1.97 1.52 129 19.34 5.67 25.01 77.33 

115 2.22 1.85 143 19.27 5.74 25.01 77.05 
139 2.53 2.18 153 19.62 5.95 25.57 76.73 
164 2.85 2.5 164 19.31 6.14 25.45 75.87 

SUP60 

Rest 0.26 0.21 64 15.35 4.96 20.31 75.58 
82 1.4 1.18 108 17.28 8.33 25.61 67.47 

103 1.67 1.42 117 18.01 8.29 26.3 68.48 
124 1.86 1.6 123 18.13 8.3 26.43 68.60 
145 2.22 1.96 133 17.6 8.4 26 67.69 

SUP100 

Rest 0.33 0.27 59 19.15 4.12 23.27 82.29 
82 1.85 1.56 121 19.18 7.32 26.5 72.38 

103 2.2 1.9 136 19.22 8.13 27.35 70.27 
124 2.47 2.13 145 18.92 8.19 27.11 69.79 
145 2.81 2.46 155 18.82 8.37 27.19 69.22 

 
9 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.54 0.34 103 37.26 13.21 50.47 73.83 
121 1.86 1.39 147 37.32 15.64 52.96 70.47 
151 2.16 1.7 163 38.47 16.17 54.64 70.41 
181 2.56 2.16 175 37.9 16.76 54.66 69.34 
211 2.88 2.47 178 36.62 17.32 53.94 67.89 

UP100 

Rest 0.42 0.3 100 37.78 12.02 49.8 75.86 
121 2.03 1.6 157 37.55 15.75 53.3 70.45 
151 2.43 1.95 172 37.38 16.59 53.97 69.26 
181 2.77 2.33 181 36.74 17.3 54.04 67.99 
211 3.05 2.74 184 36.39 17.68 54.07 67.30 

SUP60 

Rest 0.43 0.34 59 36.2 15.24 51.44 70.37 
115 1.77 1.45 144 33.12 20.9 54.02 61.31 
139 2.1 1.82 164 36.32 20.62 56.94 63.79 
164 2.59 2.31 177 36.34 20.01 56.35 64.49 
188 2.89 2.69 186 35.98 20.14 56.12 64.11 

SUP100 

Rest 0.43 0.3 85 44.26 13.13 57.39 77.12 
115 2.14 1.67 156 40.33 17.33 57.66 69.94 
139 2.35 1.83 170 41.42 18.65 60.07 68.95 
164 2.82 2.36 181 39.67 19.7 59.37 66.82 
188 3.03 2.63 179 40.81 19.8 60.61 67.33 
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10 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.31 0.24 75 61.96 24.34 86.3 71.80 
100 1.43 1.26 114 58.06 31.61 89.67 64.75 
125 1.7 1.63 129 58.72 32.38 91.1 64.46 
150 2.01 2.02 143 59.74 36.86 96.6 61.84 
175 2.37 2.5 160 57.05 41.3 98.35 58.01 

UP100 

Rest 0.69 0.37 90 61.48 28.59 90.07 68.26 
100 2.23 1.55 127 58.01 35.09 93.1 62.31 
125 2.48 1.92 141 60.67 35.92 96.59 62.81 
150 2.74 2.26 155 56.32 39.09 95.41 59.03 
175 3.14 2.71 172 50.25 44.9 95.15 52.81 

SUP60 

Rest 0.28 0.2 65 72.49 19.95 92.44 78.42 
94 1.43 1.23 115 55.53 34.85 90.38 61.44 

113 1.67 1.62 122 54.43 38.38 92.81 58.65 
132 1.89 1.93 133 48.91 44.08 92.99 52.60 
152 2.25 2.29 136 47.6 45.17 92.77 51.31 

SUP100 

Rest 0.4 0.28 65 58.72 19.09 77.81 75.47 
94 2.12 1.64 123 46.51 42.56 89.07 52.22 

113 2.25 1.83 142 45.2 46.28 91.48 49.41 
132 2.61 2.17 155 44.09 47.84 91.93 47.96 
152 2.96 2.54 169 41.35 49.97 91.32 45.28 

 
11 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.23 0.17 73 54.47 23.96 78.43 69.45 
105 1.7 1.37 128 51.51 29.77 81.28 63.37 
128 2.04 1.72 140 48.01 33.88 81.89 58.63 
151 2.5 2.14 150 42.25 39.04 81.29 51.97 
174 2.96 2.67 162 38.21 42.7 80.91 47.23 

UP100 

Rest 0.3 0.26 75 53.44 21.97 75.41 70.87 
105 1.88 1.62 134 43.38 36.05 79.43 54.61 
128 2.26 2 147 38.28 41.79 80.07 47.81 
151 2.7 2.46 154 37.1 42.29 79.39 46.73 
174 3.15 2.96 164 34.38 43.38 77.76 44.21 

SUP60 

Rest 0.29 0.28 65 45.56 18.4 63.96 71.23 
92 1.48 1.36 108 34.69 34.64 69.33 50.04 

117 1.93 1.88 122 33.83 37.03 70.86 47.74 
141 2.44 2.39 133 33.82 39.59 73.41 46.07 
166 3.18 3.2 155 35.73 38.94 74.67 47.85 

SUP100 

Rest 0.3 0.18 59 55.49 17.04 72.53 76.51 
92 2.03 1.71 127 34.03 38.5 72.53 46.92 

117 2.36 2.12 134 32.75 40.97 73.72 44.42 
141 3.17 2.95 154 27.56 43.56 71.12 38.75 
166 3.5 3.3 157 31.93 41.6 73.53 43.42 
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12 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.31 0.27 70 34.57 10.77 45.34 76.25 
111 1.45 1.29 135 36.41 14.93 51.34 70.92 
140 1.73 1.62 147 36.53 15.37 51.9 70.39 
168 2.13 2 160 36.02 15.68 51.7 69.67 
196 2.45 2.43 169 36.18 15.92 52.1 69.44 

UP100 

Rest 0.26 0.26 65 30.65 14.03 44.68 68.60 
111 1.72 1.64 137 31.24 17.8 49.04 63.70 
140 1.99 2.04 148 33.21 17.4 50.61 65.62 
168 2.28 2.35 162 32.37 16.99 49.36 65.58 
196 2.63 2.82 173 32.65 17.33 49.98 65.33 

SUP60 

Rest 0.28 0.24 80 37.87 11.08 48.95 77.36 
109 1.55 1.35 148 33.54 17.92 51.46 65.18 
131 1.85 1.67 163 34.59 18.83 53.42 64.75 
153 2.13 2.01 171 35.01 18.72 53.73 65.16 
175 2.38 2.29 175 34.69 17.3 51.99 66.72 

SUP100 

Rest 0.27 0.23 64 38.69 10.66 49.35 78.40 
109 1.76 1.63 153 33.15 17.66 50.81 65.24 
131 1.98 1.89 166 35.46 18.04 53.5 66.28 
153 2.26 2.25 175 35.08 18.22 53.3 65.82 
175 2.55 2.65 185 33.91 18.79 52.7 64.35 

 
13 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.55 0.35 80 43.6 18.46 62.06 70.25 
161 2.58 1.8 138 41.34 20.14 61.48 67.24 
206 3.26 2.5 167 42.2 21.1 63.3 66.67 
251 3.85 3.11 170 45.4 22.03 67.43 67.33 
296 4.72 3.97 177 44.07 23.3 67.37 65.41 

UP100 

Rest 0.62 0.37 83 41.93 18.25 60.18 69.67 
161 2.81 2.1 149 39.43 20.63 60.06 65.65 
206 3.76 2.96 163 41.6 20.73 62.33 66.74 
251 3.99 3.3 167 41.91 21.29 63.2 66.31 
296 4.83 4.37 180 41.32 21.94 63.26 65.32 

SUP60 

Rest 0.7 0.49 82 42.52 16.46 58.98 72.09 
145 2.54 1.79 131 41.29 20.34 61.63 67.00 
180 2.79 2.19 144 41.56 21.84 63.4 65.55 
214 3.45 2.91 159 40.04 22.97 63.01 63.55 
249 4.1 3.64 169 40.02 23.28 63.3 63.22 

SUP100 

Rest 0.44 0.36 63 41.94 15.05 56.99 73.59 
145 2.93 2.53 143 40.39 20.05 60.44 66.83 
180 3.38 2.87 154 40.95 21.26 62.21 65.83 
214 3.77 3.4 163 39.79 22.18 61.97 64.21 
249 4.6 4.48 174 38.96 23.49 62.45 62.39 
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14 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.55 0.38 - 53.99 21.5 75.49 71.52 
139 2.38 1.73 141 52.39 27.49 79.88 65.59 
176 2.56 2.22 158 49.85 30.14 79.99 62.32 
214 3.25 2.93 172 48.76 32.51 81.27 60.00 
251 3.95 3.66 185 43.79 35.73 79.52 55.07 

UP100 

Rest 0.51 0.35 115 53.22 23.51 76.73 69.36 
139 2.62 2.18 169 48.83 31.28 80.11 60.95 
176 3.2 2.76 175 46.86 33.61 80.47 58.23 
214 3.7 3.44 184 44.15 35.43 79.58 55.48 
251 4.12 4.1 194 43.73 35.53 79.26 55.17 

SUP60 

Rest - - 69 47.92 18.12 66.04 72.56 
109 1.83 1.57 110 45.25 28.38 73.63 61.46 
140 2.22 2.01 119 38.41 37.39 75.8 50.67 
170 2.8 2.64 145 38.31 40.8 79.11 48.43 
200 3.25 3.14 156 36.65 41.27 77.92 47.04 

SUP100 

Rest 0.66 0.48 91 58.46 16.49 74.95 78.00 
109 2.54 2.08 139 51.73 27.46 79.19 65.32 
140 3.15 2.69 152 45.1 37.32 82.42 54.72 
170 3.52 3.17 163 43.46 38.56 82.02 52.99 
200 4.08 3.89 177 42.21 39.82 82.03 51.46 

 
15 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.4 0.28 89 37.16 13.16 50.32 73.85 
123 1.9 1.45 137 37.19 15.13 52.32 71.08 
153 2.32 1.94 154 39.11 16.26 55.37 70.63 
183 2.8 2.41 168 38.06 17.08 55.14 69.02 
213 3.28 3.15 182 35.09 17.64 52.73 66.55 

UP100 

Rest 0.49 0.32 92 43.77 11.39 55.16 79.35 
123 2.39 1.86 152 40.98 15.03 56.01 73.17 
153 2.7 2.33 166 39.92 15.77 55.69 71.68 
183 3.2 2.92 176 37.41 16.16 53.57 69.83 
213 3.49 3.23 180 33.76 16.59 50.35 67.05 

SUP60 

Rest 0.48 0.37 93 39.35 13.8 53.15 74.04 
112 1.92 1.69 142 31.86 19.62 51.48 61.89 
136 2.17 1.99 154 34.9 19.6 54.5 64.04 
159 2.44 2.25 159 33.07 18.86 51.93 63.68 
182 3.13 3.16 174 32.02 19.47 51.49 62.19 

SUP100 

Rest 0.42 0.42 79 35.14 13.04 48.18 72.93 
112 2.13 2.14 155 35.02 18.8 53.82 65.07 
136 2.56 2.57 169 33.53 20.24 53.77 62.36 
159 2.96 2.96 171 32.14 22.45 54.59 58.88 
182 3.37 3.37 179 30.66 19.57 50.23 61.04 
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16 Watts VO2 VCO2 HR [O2Hb] [HHb] [THb] %saturation 

UP60 

Rest 0.49 0.34 100 75.06 23.45 98.51 76.20 
121 1.76 1.44 143 59.68 39.85 99.53 59.96 
151 2.09 1.84 156 57.9 42.08 99.98 57.91 
181 2.45 2.25 167 56.75 43.94 100.69 56.36 
211 2.95 2.92 178 53.46 46.02 99.48 53.74 

UP100 

Rest 0.41 0.28 102 79.86 19.75 99.61 80.17 
121 1.99 1.76 147 49.79 44.95 94.74 52.55 
151 2.34 2.25 159 45.69 46.62 92.31 49.50 
181 2.7 2.71 171 45.97 46.54 92.51 49.69 
211 3.16 3.34 182 43.98 47.09 91.07 48.29 

SUP60 

Rest 0.37 0.28 111 68.19 22.18 90.37 75.46 
114 1.69 1.52 142 48.61 45.12 93.73 51.86 
138 1.98 1.88 153 45.55 47.04 92.59 49.20 
162 2.23 2.23 163 45.64 47.61 93.25 48.94 
186 2.78 2.82 175 44.11 48.48 92.59 47.64 

SUP100 

Rest 0.52 0.55 93 60.41 22.84 83.25 72.56 
114 2.07 2.25 153 45.1 47.06 92.16 48.94 
138 2.51 2.59 168 38.21 49.4 87.61 43.61 
162 2.77 2.79 178 40.02 48.79 88.81 45.06 
186 3.03 3.12 187 39.22 49.89 89.11 44.01 
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70% VO2peak UP points 
 

 

 
[HHb] [O2Hb] 

UP60 UP100 SUP60 SUP100 UP60 UP100 SUP60 SUP100 

1 27.2 26.8 30.2 29.7 39.4 41.4 34.5 37.1 

2 51.5 49.1 56.5 51.4 52.3 55.3 32.8 46.3 
3 31.2 28.6 35.3 32.8 40.6 40.6 36.6 39.8 

4 26.7 28.6 30.9 30.4 35.6 35.8 30.6 30.9 
5 31.9 30.5 33.3 32.1 47.2 52.2 44.1 48.2 

6 48.2 47.1 53.8 50.5 37.8 58.5 29.8 53.3 
7 16.3 16.8 18.9 17.5 32.5 30.6 30.3 30.2 
8 6.2 5.7 8.4 7.9 19.5 19.3 17.8 19.2 

9 16.7 16.8 20.1 19.1 38 37.2 36.4 40.8 
10 40.6 35.3 45.2 46.8 57.6 59.2 47.4 45 

11 37.1 42.1 39.3 40.8 44.6 38 33.7 33 
12 15.9 17 17.3 18.4 36.1 32.4 34.7 34.7 

13 20.6 20.6 22.2 20.1 41.6 39.6 41.4 40.3 
14 31.5 32.6 41.2 34.3 49.4 47.8 37.9 47.1 

15 16.5 15.2 18.9 19.8 39.1 40.8 33.1 33.9 
16 43.9 46.7 48 49.2 56.8 45.6 45.1 38.7 

Average 28.9  28.7  32.5  31.3  41.8  42.1  35.4  38.7  
SE 3.2  3.1  3.4  3.3  2.3  2.6  1.7  2.0  

n 16 16 16 16 16 16 16 16 
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70% VO2peak UP points 
 

 

 
[THb] % O2 saturation 

UP60 UP100 SUP60 SUP100 UP60 UP100 SUP60 SUP100 

1 66.6 68.2 64.7 66.8 59.2  60.7  53.3  55.5  

2 103.8 104.4 89.3 97.7 50.4  53.0  36.7  47.4  
3 71.8 69.2 71.9 72.6 56.5  58.7  50.9  54.8  

4 62.3 64.4 61.5 61.3 57.1  55.6  49.8  50.4  
5 79.1 82.7 77.4 80.3 59.7  63.1  57.0  60.0  

6 86 105.6 83.6 103.8 44.0  55.4  35.6  51.3  
7 48.8 47.4 49.2 47.7 66.6  64.6  61.6  63.3  
8 25.7 25 26.2 27.1 75.9  77.2  67.9  70.8  

9 54.7 54 56.5 59.9 69.5  68.9  64.4  68.1  
10 98.2 94.5 92.6 91.8 58.7  62.6  51.2  49.0  

11 81.7 80.1 73 73.8 54.6  47.4  46.2  44.7  
12 52 49.4 52 53.1 69.4  65.6  66.7  65.3  

13 62.2 60.2 63.6 60.4 66.9  65.8  65.1  66.7  
14 80.9 80.4 79.1 81.4 61.1  59.5  47.9  57.9  

15 55.6 56 52 53.7 70.3  72.9  63.7  63.1  
16 100.7 92.3 93.1 87.9 56.4  49.4  48.4  44.0  

Average 70.6  70.9  67.9  70.0  61.0  61.3  54.2  57.0  
SE 5.1  5.4  4.4  4.9  2.0  2.0  2.5  2.1  

n 16 16 16 16 16 16 16 16 
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