
IDENTIFICATION OF INDIVIDUALS WITH LOWER VERSUS HIGHER 
EXERCISING LIMB OXYGEN DELIVERY: DOES FATIGUE PROGRESSION 

DIFFER? 
 

 

 

by 

 

Aleksandra Velickovic  

 

 

 

 

 

A thesis submitted to the School of Kinesiology and Health Studies 

In conformity with the requirements for 

the degree of Master of Science 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(May, 2018) 

 

Copyright ©Aleksandra Velickovic, 2018 



 
 

ii 

Abstract 

 Background: In exercising skeletal muscle, oxygen delivery (O2Del) increases in 

proportion to oxygen cost (!O2) to support aerobic production of the cell’s energy currency, 

ATP, and sustained exercise efforts. When O2Del/demand matching is acutely reduced within an 

individual, even if VO2 is maintained, greater fatigue occurs.  Whether functionally significant 

differences in O2Del/demand matching exist between individuals, and whether these also impact 

fatigue, remains unknown. Purpose: 1. Identify inter-individual differences in exercising leg 

O2Del across a range of work rates (WR). 2. Determine whether those with relatively lower 

delivery exhibit increased fatigue progression. Methods: Ten healthy men completed multiple 

trials of progressive isometric knee extensor exercise (IKEE) to exhaustion to quantify individual 

O2Del/WR relationships. O2Del was determined as leg blood flow via ultrasound x arterial 

oxygen content (blood sampling). Higher and lower responder identification was based on 

O2Del/WR responses.  A submaximal exercise fatigue test (SEFT) at 70% of peak, with 

intermittent maximal effort contractions, was used to track fatigue. Results: Higher versus lower 

O2Del/WR response individuals (p < 0.001) were identified and grouped accordingly.  

Differences in vasodilation accounted for O2Del/WR differences (p < 0.05). However, there was 

no between group difference in fatigue index (FI) (p = 0.43). This may have been because of the 

large variation in exercise efforts during the SEFT, confounding fatigue assessment.  In a follow 

up study, it was determined if practice would improve repeatability and accuracy of exercise 

efforts to guide future study design.  Participants performed 3 SEFTs on separate days. Initial 

MVC demonstrated good repeatability between trials (COV < 10%) but this did not improve 

with practice (p = 0.2).  FI repeatability was problematic (COV > 10%), and did not improve 

with practice (p = 0.258). No significant interaction between the trial number and MVC interval 
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on the average WR efforts (p = 0.673) suggests that the WR performed remained consistent 

within and between trials. Conclusion: In IKEE, there are inter-individual differences in 

O2Del/WR, which are attributable to differences in vasodilation. The SEFT did not detect any 

impact of O2Del/WR on fatigability, perhaps because of poor repeatability of FI, that was not 

improved with practice. 
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Chapter 1 

Introduction 

1.1 Study Rationale 

1.1.1 Background 
It is well established that both oxygen consumption (O2) and oxygen delivery 

(O2Del) increase proportionally with exercise intensity in submaximal exercise. In 

submaximal small muscle mass exercise, these proportional linear increases in muscle 

blood flow and therefore O2Del have been seen with increasing exercise intensity across 

a range of exercise modalities (74, 86, 93, 94, 97). When oxygen content is manipulated, 

it has been observed that muscle blood flow adjusts accordingly to maintain the necessary 

oxygen delivery for the muscle to carry out a given activity (40, 135). These 

compensatory cardiovascular adjustments that are elicited when oxygen content is 

manipulated suggest that O2Del is tightly coupled to O2 demand. Furthermore, the 

proportional increases in O2Del to demand suggest that delivery is adequate enough to 

support the !O2 that meets the muscle’s ATP demand (126, 127).  

However, when O2Del is experimentally compromised within individual, in both 

human and animal models, the sensitivity of metabolic and contractile function to O2 

supply is revealed (48, 49, 137). Several studies have identified that when O2Del is 

reduced, via a decreased perfusion pressure or a reduced arterial oxygen content (CaO2), 

and the system cannot increase motor drive, the muscle’s force output is decreased. By 

decreasing force output, ATP demand is decreased to match the decreased capacity for 

aerobic ATP production. By matching the ATP demand to the aerobic ATP supply, ADP, 
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Pi and La- concentrations are preserved, so that intracellular homeostasis is maintained 

and fatigue onset is slowed (36, 49, 137).  

Several other studies have demonstrated that when O2Del is decreased but force 

or power output is maintained (which would have to require increased motor drive), 

maintenance of the same aerobic ATP production requires a greater disturbance to ADP 

and Pi (48, 135). With greater levels of ADP and Pi, hydrolysis of PCr is stimulated and 

glycolytic flux is elevated even though aerobic ATP production is preserved, leading to 

the faster accumulation of La- and H+. Pi has long been known to be one of the causes of 

muscular fatigue (2, 25, 34, 131), as it reduces contractile protein function in the 

myocyte. With increased concentrations of Pi there is a greater chance that Pi will re-bind 

the actin-myosin cross-bridge, leading to less optimal binding, causing detachment of 

myosin from actin. This reduces the number of strongly bound cross-bridges (111), 

therefore impacting contractile function and muscular performance. ADP also appears to 

affect cross bridge cycling, as ADP can compete with ATP for myosin binding sites. 

When high levels of ADP are present, it can readily re-bind myosin, causing the myosin 

head to stay in the rigor state, preventing the myosin head from binding actin, and the 

power stroke from occurring (7). Although it is clear that Pi and ADP impact cross-bridge 

cycling and therefore impact fatigue, whether acidosis (H+) causes fatigue at biological 

temperatures has been disputed (2, 34, 131).  Early work on isolated muscle fibers 

demonstrated that high levels of acidosis inhibit force production (28, 32, 87). However, 

more recent work has proven that the effect of acidosis on force is highly temperature-

dependent (80), and that at physiological temperatures there is little effect of acidosis on 
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maximal isometric force production (62, 80). This suggests that the effects of H+ on 

fatigue still remain unclear.  

Together the above evidence suggests that during exercise, the oxygen 

delivery/demand response is coupled enough to preserve !O2 in submaximal exercise, as 

seen when averaging responses across individuals. However, when delivery is 

compromised or when the cardiovascular system is unable to adapt to an exercise 

challenge to support the oxygen demand, there are predictable negative outcomes on 

exercise performance.   

1.1.2 The Research Problem 
Although evidence demonstrates that oxygen delivery/demand matching is 

proportional and linearly related, most studies to date have only analyzed this relationship 

and these blood flow responses on a group level. When we take a closer look, and 

examine individual responses to an identical leg exercise challenge, we see a wide range 

of muscle blood flow responses at a given submaximal exercise intensity (40, 86, 89). 

While measurement error is certainly contributing to some of these inter-individual 

differences, given the magnitude, it is plausible that biological variability is also 

contributing to these differences.  

Several studies by Bentley et al. (9, 10) have demonstrated that when O2Del is 

reduced within a person, some individuals are able to restore O2Del via vasodilation, 

while others are not. Individuals that are not able to restore their O2 supply, compared to 

those that are, suffer a compromise to exercise performance and end the incremental 

forearm exercise test earlier (9, 10). This supports the notion that inter-individual 

differences in protection of O2Del/demand matching have consequences at the individual 
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level.  While these studies identified this in the context of compensatory responses (9, 

10), it remains unknown whether the inherent O2Del/demand response variation between 

individuals similarly affects performance, such that individuals with lower O2Del/demand 

matching experience metabolic and contractile function that is compromised relative to 

individuals with higher matching. 

1.1.3 Proposed Solution 
 Given the established compromise in exercise performance that results from 

within-subject reductions in exercising muscle oxygen delivery (9, 10), it is plausible that 

individuals with a lower delivery/utilization ratio may incur compromised metabolic and 

contractile function relative to those with higher delivery/utilization.  

1.2 Project Purpose and Significance 
The purpose of this study is twofold: 1. To quantify inter-individual differences in the 

oxygen delivery/work rate ratio in isometric single leg knee extension exercise, and 

identify individuals with lower versus higher O2Del/WR responses. 2. To determine if 

these lower versus higher responders differ in their fatigue progression on a fatiguing 

exercise task.  

The significance of this study is as follows: if it is identified that individuals display 

‘real’ differences in the level of O2Del/demand matching during exercise, this will be the 

first to demonstrate that the “tightness” of O2Del/demand matching depends on the 

individual.  Furthermore, if those individuals with lower matching demonstrate greater 

fatigue progression in exercise, it will challenge the current dogma that O2Del/demand 

matching is optimal in any individual who is young and healthy.  This will also reinforce 
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the need to pay attention to individual responses to improve our understanding of 

O2Del/demand matching. 

1.3 Project Objectives and Hypothesis  
There are three main objectives to this study: 

1. To quantify knee extensor oxygen delivery responses to incremental increases in 

exercise intensity in order to identify the slope of the relationship between oxygen 

delivery and work rate for each individual.  

2. To categorize these individuals as lower or higher oxygen delivery/utilization 

responders.   

3. To measure and compare the accumulated decrements to exercise performance 

with a submaximal exercise test (SEFT) between the lower and higher responder 

groups.  

It is hypothesized that individuals will exhibit differences in their oxygen 

delivery/utilization ratio matching, as quantified by their oxygen delivery versus work 

rate (WR) slopes. It is also hypothesized that individuals who have a lower O2Del/WR 

ratio will experience greater fatigue.  
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Chapter 2 

Literature Review 

As this thesis investigates the matching of O2Del to demand in exercising muscle 

and its impact on fatigue during exercise, this literature review will explore the key areas 

relevant to understanding and interpreting these findings. This will include: 

1. The role of oxygen (O2) in muscle cell metabolism and the importance of O2 in 

the cellular environment in determining exercise tolerance/performance.  

2. The feedforward and feedback mechanisms regulating arterial blood pressure 

(MAP) and exercising muscle blood flow (MBF), which determine exercising 

muscle O2Del.  

3. Inter-individual differences in cardiovascular support of exercising muscle. 

4.  Key features of experimental approaches necessary for investigation of 

individual differences in cardiovascular response to exercise.  

2.1 Bioenergetics in the Active Myocyte: Impact of Partial Pressure of Oxygen in the 
Cell (PcellO2) 
 Breakdown of adenosine triphosphate (ATP) provides energy for cross-bridge 

cycling in the myocyte and enables the muscle to contract and perform the desired action 

(90). The rate of ATP energy utilization during exercise must be met by the rate of 

energy regeneration, otherwise ATP levels within the myocyte will decline. The various 

pathways within the cell that are responsible for the production ATP can be divided into 

two main categories: those that do not require oxygen (anaerobic) and those that do 

(aerobic). In order to sustain exercise for more than a few minutes, the ATP demand of 
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the contracting muscle must be met by aerobic metabolic pathways, and this process is 

termed oxidative phosphorylation (118).   

 Oxidative phosphorylation, occurs within the mitochondria, as a result of three 

linked processes, as illustrated in Figure 1 (118).  The first is the tricarboxylic acid (TCA) 

cycle production of reducing equivalents (electron donors) NADH and FADH2. Next, the 

electron transport chain (ETC) consists of a chain of redox reactions whereby electrons 

are transferred from NADH and FADH2 through the ETC and accepted by O2. It is the 

energy from this transfer of electrons that pumps protons (H+) across the inner 

mitochondrial membrane from the matrix to the inter membrane space and thereby 

generates a H+ ion gradient across the mitochondrial inner membrane. Finally, as these H+ 

ions flow back into the mitochondrial matrix through the ATP Synthase complex, this 

gradient potential energy is harnessed by ATP Synthase and used to re-phosphorylate 

ADP to make ATP and meet the demand.  The substrates for oxidative phosphorylation 

are therefore O2, ADP, Pi, and NADH (118).     

 During exercise ADP and Pi from ATP hydrolysis increase until ATP synthesis 

via oxidative phosphorylation has increased to match the rate of hydrolysis.  At a given 

PcellO2, this requires enough of a change in ADP and Pi and supply of NADH to 

stimulate a flux through the ETC that creates an H+ ion gradient that powers ATP 

Synthase at a rate where ATP synthesis and breakdown are in balance. However, when 

PcellO2 is reduced, there is less oxygen in the cell to act as the final electron acceptor, 

momentarily slowing this flux. With less flux through the ETC, there is ultimately a 

smaller H+ ion gradient, and therefore less gradient potential energy to power ATP 

Synthase. As demonstrated in Figure 1, with less energy to power ATP Synthase there is 
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less conversion of ADP and Pi into ATP. Thus, a slower flux through the ETC leads to a 

further accumulation of ADP and Pi (118).    

   

 

 

 

 

 

 

 

 

Figure 1. A schematic of the various bioenergetic pathways that create and regenerate 
ATP for the muscle to use to carry out work. As stated by the Net Drive Hypothesis, 
when there is less O2 to act as the final electron acceptor, the flux through the ETC is 
momentarily decreased. Therefore, ADP and Pi accumulate at a faster rate, increasing 
glycolytic flux. At the same time, the flux through the TCA cycle increases to create 
more reducing equivalents to maintain an H+ gradient that is sufficient enough to 
generate ATP at a rate that supports the same exercise demand. Figure reproduced 
with permission of the rights holder, Elsevier from Figure 1.7(118).  

 ADP and Pi stimulate glycolysis, therefore a faster rate of ADP and Pi 

accumulation results in an increased glycolytic flux, creating more substrate for the TCA 

cycle. With greater flux through both glycolysis and the TCA cycle, there is NADH 

accumulation and therefore more reducing equivalents to participate in the redox 

reactions of the ETC (108).  This increases the momentarily slowed flux through the 

ETC, restoring the H+ ion gradient and the rate of ATP re-generation. Thus, if motor 

drive increases and ATP demand stays the same after reductions in PcellO2, this 
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accumulation would compensate for the lower PcellO2 and restore the rate of aerobic 

ATP production to match demand. This matching means that concentrations of ADP, Pi, 

NADH and NAD+ will stabilize, although at higher levels (118). Thus, there is once 

again ATP supply completely via aerobic metabolism, however at a more disturbed 

cellular environment. I refer to this as a “Net Drive” effect, whereby reductions in one of 

the substrates is offset by increases in the other substrates, such that the net drive for 

oxidative phosphorylation stays the same. 

In vivo and in vitro studies have demonstrated that when O2Del is reduced, the 

muscle cell is able to maintain VO2 by increasing motor drive to override the O2 

conformer response, and elicit the Net Drive response (48, 135). Simultaneous 

measurements of [ATP]/[ADP][Pi] and [NAD+]/[NADH] ratios reveal that cells 

suspended in lower O2 concentration environments experience a temporary decrease in 

the rate of cellular respiration. This reduced respiratory rate is only temporary as 

increases in ADP, Pi and NADH increase the flux through oxidative phosphorylation and 

re-establish the cellular respiration rate (135). This is not surprising as changes in 

phosphate energy state are directly linked to ATP demand, and act as regulators of 

oxidative phosphorylation (118).  

In vivo studies have demonstrated the same response in exercising human muscle 

cells when O2 availability is altered. Participants performing plantar-flexion were 

instructed to maintain the same work rate when their fractional inspired oxygen (FIO2) 

was reduced. This resulted in decreased phosphocreatine levels, suggesting that the 

phosphocreatine system had to temporarily supplement aerobic ATP production until a 

greater accumulation of ADP and Pi restored aerobic ATP production (48).  This 
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evidence demonstrates why one might call the rate of oxidative phosphorylation the result 

of the “Net Drive” of substrates. From these studies, it is clear that if one of the substrates 

of oxidative phosphorylation decreases, slowing the rate of oxidative phosphorylation, 

the other substrates will increase in concentration to compensate and ultimately restore 

the original rate (48, 135).  

The Net Drive response is seen when force generation/power output remains the 

same when oxygen supply is reduced. In situ work in isolated dog muscle preparations 

has demonstrated that when a muscle is stimulated at a constant motor drive and oxygen 

supply is reduced a reduction in force generation occurs (49), suggesting that a 

maintenance of force production in vivo requires increased motor drive. The in-situ 

reduction in force per motor drive is also observed in electrically stimulated human 

muscle where reductions in O2Del lead to decreases in muscle force generation (36, 137), 

and therefore no changes in intracellular concentrations of ATP, PCr and ADP and La- 

(36, 49, 137). This evidence is consistent with an “O2 conforming” response of the 

contractile apparatus, the consumer of ATP, when PcellO2 is reduced. In other words, the 

contractile apparatus conforms its ATP demand (i.e. force production) to match the 

aerobic ATP supply, dependent on the oxygen levels in the cell.  

2.1.1 Summary 
 ATP breakdown and ATP generation are in equilibrium when a cell is in a 

metabolic steady state. When this steady state is disturbed by a decrease in O2 

availability, the cell will experience a temporary decrease in oxidative phosphorylation 

and there will be a mismatch between ATP breakdown and creation. Whether the “O2 

conformer” or the “Net Drive” response is elicited to re-establish this equilibrium, is 
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dependent on whether motor drive is altered. When motor drive is not increased, the 

force/power output generated by the muscle cell is compromised, because this lower 

force/power output has a lower VO2 and can be supported by slower rate of ATP creation 

(36, 137). However, if motor drive is increased to maintain force/power output, the VO2 

can return to previous levels because accumulation of ADP, Pi and NADH in the 

intracellular environment restores flux through oxidative phosphorylation such that 

aerobic ATP generation matches ATP utilization (48, 135). The cost of such an increased 

disturbance to the muscle fiber environment is greater fatigue (2, 7, 25, 34, 131). 

2.2 Factors Impacting PcellO2 
Convective O2Del (i.e. microcirculation) and diffusive O2 flux determine the rate 

at which O2 can enter the exercising muscle fibers and be utilized, as illustrated in Figure 

2. The balance between this diffusive O2 flux into the cell (inflow) and metabolism 

within the cell (outflow) determines the intracellular concentration of O2 (29). Convective 

O2Del is dependent on both MBF, the product of vascular conductance and the 

arteriovenous pressure gradient, and the arterial oxygen content (CaO2). Diffusive O2Del 

is the product of diffusive conductance of O2 at the muscle (DKmuscleO2) and the 

pressure difference in the partial pressure of O2 in the plasma versus the muscle cells 

(29).   

For submaximal small muscle mass exercise, CaO2 does not change, suggesting 

that changes or differences in O2Del are therefore determined by changes or differences 

in MBF (88). There is a positive relationship between MBF and the partial pressure of O2 

in the capillaries (PcapO2) and exercising muscle cells (PcellO2). Therefore, for a given 
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exercise intensity, if MBF is higher while CaO2 remains constant, both PcapO2 and 

PcellO2 would be higher, with the reverse also being true (88).   

Figure 2. Schematic of the factors determining inflow of O2 into the muscle cell. In the 
top half of the schematic saturated hemoglobin (Hb) is being carried in the blood as the 
blood is pumped from the heart and towards the downstream exercising skeletal muscle 
vasculature. Convective O2Del is dependent on both the CaO2, as determined by the 
amount of saturated hemoglobin, and the amount of blood flow to the muscle. In the 
bottom portion of the schematic O2 is unloaded from the Hb at the site of the exercising 
vasculature. The ability of the Hb to desaturate is dependent on the DKmuscleO2, which 
is determined by the amount of O2 needed in the muscle, and the difference in partial 
pressure of O2 between the plasma and in the muscle cell. Figure reproduced 
with permission of the rights holder, Elsevier from Figure 1.2 (118).  
 

Blood flow represents O2 inflow into the capillary space, while O2 extraction by 

the muscle tissue represents the outflow. When MBF is reduced, there is a sudden 

mismatch between O2 inflow and outflow in the capillary space, decreasing the PcapO2. 

Subsequently, the gradient for diffusion of oxygen into the cell is reduced, resulting in 

cellular consumption of oxygen exceeding the diffusion of oxygen into the cell. This 

lowers the PcellO2, reestablishing the gradient for O2 flow into the cell, and restoring the 
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balance between oxygen inflow and metabolic consumption, such that PcellO2 stabilizes 

at a lower level (118).  

2.3 Cardiovascular Control of Oxygen Delivery 
 So how is convective O2Del matched to meet the specific O2 demand of exercise? 

The cardiovascular system elicits several mechanisms to support this O2Del/demand 

matching. Increasing O2Del is reliant on increasing regional skeletal muscle blood flow. 

MBF increases markedly with initiation of voluntary contractions to enable O2Del to 

meet the regionally elevated metabolic demands of exercise (93, 106, 107, 128, 129).  

MBF rises in proportion to exercise intensity (22, 58, 119), following a distinct bi-phasic 

pattern of increase. At the onset of exercise, there is an instantaneous and substantial 

increase that plateaus within five to seven seconds (phase I) (69, 97, 106, 107, 114). A 

slower second increase occurs within 15 to 20 seconds, bringing the MBF to its steady 

state (phase II) (69, 97). At very high exercise intensities, a third increase in flow may 

occur between 1.5 to 2 minutes into exercise (97). The different time of onset of each 

phase of the blood flow response suggests that distinct mechanisms are involved for each 

phase (97).  

 MBF is a function of the arteriovenous pressure gradient across the vascular bed 

and the vascular conductance (MBF = Dpressure · conductance). Changes in vascular 

conductance are achieved by differing amounts of vasodilation in the resistance 

vasculature. The feedforward (phase I) and feedback (phase II) mechanisms described 

below increase MBF and thereby O2Del by inducing vasodilation. 
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2.3.1 Phase I: Feedforward Control Mechanisms 
  At exercise onset, MBF increases instantaneously, plateauing within five to seven 

seconds (69, 97, 106, 107, 114). Mechanisms in this stage are feedforward, coupled to the 

muscle’s activation, and work to minimize disturbances of muscle O2. There are two 

local feedforward mechanisms that have been hypothesized to help achieve the rapid 

adjustments seen at exercise onset: the muscle pump and rapid vasodilation. Rapid 

vasodilation occurs in response to resistance vessel compression (via myogenic response 

or dilator release) or to skeletal muscle activation mediated by K+.  

 The muscle pump increases blood flow by increasing the pressure gradient for 

blood flow. Muscle contractions compress and empty veins, and upon relaxation, venous 

valves prevent backflow such that venous volume and pressure is zero (65, 103, 115). 

Because this mechanism requires an initial venous pressure higher than zero in order to 

increase the arterio-venous pressure gradient, its effectiveness appears limited to 

contracting muscle in the dependent (below heart) position. In the below heart position, 

the veins must overcome the force of gravity to flow back to the heart and therefore 

venous volume and pressure are higher. Tschakovsky et al. (117) used rapid inflation and 

deflation of a forearm cuff to mimic the compressive effects of contraction. It was found 

that forearm blood flow increased only in the dependent position and not when the 

forearm was above heart level (117).  

 Blood flow during contraction is reduced (86, 106), therefore the muscle pump has 

both impedance and enhancement effects. The impedance and enhancement effects were 

demonstrated by Lutjemier et al. (68). Enhancement effects relative to impedance effects 

decrease with contraction intensity such that in heavy exercise, muscle contractions 

compromise exercising muscle blood flow (115).  Importantly, Tschakovsky et al. (117) 
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also demonstrated that the mechanical venous emptying only accounted for a portion of 

the response seen with muscle contraction, and that blood flow continued to increase over 

the first four cardiac cycles following contraction (117).  

 Endothelium derived vasodilators have been shown to be responsible for exercise 

onset rapid vasodilation. Clifford et al. (22) observed that rhythmic compression of 

isolated rat soleus muscle feed arteries caused vasodilation.  The magnitude of dilation 

was blunted when the endothelium was removed, suggesting that this rapid vasodilation 

is at least in part endothelium mediated (22). Shoemaker et al. (105) found that when PG 

synthesis was inhibited during dynamic exercise, FBF and femoral artery diameter were 

reduced, although not significantly. Brock et al. (15) demonstrated that increases in MBF 

due to a single muscle contraction were significantly reduced when both Ach dependent 

and independent release of NO was inhibited. This suggests that Ach, such as from motor 

neuron spillover, is not necessary for rapid vasodilation to occur (15). This is in line with 

observations by Shoemaker et al. (104), who demonstrated that increases in MBF still 

occur when Ach is blocked. Naik et al. (75) demonstrated that when Ach is released in 

the absence of muscle contraction, there are no increases in MBF. Although it appears 

that Ach is not a main contributor to rapid dilation, it does activate endothelial NO 

synthase and PG production (56).  These findings together support a mechanical 

compression induced rapid vasodilation which is in part endothelium mediated, and likely 

involves endothelial dependent vasodilators NO and PG.  This was supported by the 

findings of Crecelius et al. (21), which demonstrated that combined blockade of NO and 

PG in the human forearm reduced the vasodilation response to a single contraction.  
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 In addition to NO and PG, Cercelius et al. (21) tested the hypothesis that K+ 

release from contracting skeletal muscle fibres (as part of muscle fibre action potential 

propogation) was also important in rapid vasodilation.  Interstitial K+ activates smooth 

muscle KIR channels and the Na+/K+ ATPase, which hyperpolarizes the smooth muscle 

membrane (21).  This closes voltage gated Ca2+ channels, reducing [Ca2+] in the smooth 

muscle cells, reducing force production, causing smooth muscle relaxation. This signal is 

then electrically communicated via gap junctions to adjacent endothelial cells and to the 

underlying vascular smooth muscle cells (99). 

 The myogenic reflex is a stretch reflex that also potentially contributes to the 

rapid vasodilation seen at exercise onset. Sun et al. (111) performed an in vitro 

investigation to isolate the myogenic reflex from other compression induced mechanisms. 

When transmural pressure was increased in isolated rat gracilis arterioles, there was an 

accompanied vasoconstriction. This suggests a negative pressure-diameter relationship 

(111). In exercise, when the muscle contracts the external pressure applied on the vessel 

increases, leading to a decreased transmural pressure. Decreased transmural pressure is 

sensed as less stretch within the vessel, which leads to less release of Ca2+ and thereby 

smooth muscle relaxation (24). Although vessel tension seems to be the stimulus for the 

myogenic response, the sensor element that detects this stimulus still remains unknown. 

Several hypotheses have been proposed as to what this sensor element could be: stretch-

activated cation channels (24), voltage-dependent calcium channels (72), the extracellular 

matrix, or the cytoskeleton (23).  

 In summary, the rapid increase in MBF at exercise onset is a function of the 

skeletal muscle pump (65, 103, 115, 117) and of rapid vasodilation (15, 21, 22, 104, 105, 
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111). Rapid vasodilation occurs in response to resistance vessel compression (via 

myogenic response (111) or dilator release (15, 21, 22, 104, 105)) or to skeletal muscle 

activation mediated by K+ (21). These are anticipatory responses that increase MBF to 

help meet the increased metabolic demands of exercise. However, the magnitude of this 

increase is not often sufficient to meet these demands, therefore, additional adjustments 

to MBF occur through an integrated feedback response in phase II. 

2.3.2 Phase II: Feedback Mechanisms of Control 
 MBF adjustments occur in a feedback manner, to achieve adequate O2Del to the 

metabolic demand of the exercise. It is unknown whether PcellO2 is directly sensed in the 

feedback control mechanisms that are elicited to adjust MBF. It is however known that 

when demand increases so does delivery (118). There are several hypothesized 

mechanisms that act to maintain the balance of oxygen delivery with demand.  The 

feedback mechanisms are vasodilatory metabolite accumulation, flow mediated dilation, 

conducted vasodilation, and RBC oxygen sensor hypothesis.  

 One school of thought is that when the muscle contracts, vasodilatory metabolites 

are produced in proportion to the metabolic demand of the muscle (74, 102, 119).  The 

accumulation of vasodilatory metabolites reflects the balance between their production 

(and diffusion into the interstitial space) and their removal (via diffusion into the blood 

stream and blood flow out of the skeletal muscle). If metabolite production exceeds 

removal, accumulation will occur and cause further vasodilation (102, 119). This is 

known the vasodilatory metabolite accumulation mechanism.  Examples of vasodilatory 

metabolic bi-products are carbon dioxide (CO2), adenosine, and potassium (K+) ions.  
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 Adenosine, is a potent vasodilator (48, 85) that specifically contributes to 

increases in MBF during steady-state exercise (85). When endogenous adenosine is 

inhibited by adenosine receptor blockade, MBF in exercising muscle is reduced ~20% 

(85). The 20% reduction in exercising MBF suggests that adenosine accounts for ~20% 

of the hyperemic response in submaximal exercise (85). Accumulation of CO2 and H+ 

(hypercapnia and acidosis) in the vasculature elicits smooth muscle vasodilation by 

increasing the activation of KATP channels (the ATP subset of potassium channels), which 

allow flow of K+ out of the cell (59, 95). Increased activation of KATP channels leads to 

membrane hyperpolarization, eliciting the closure of voltage-dependent Ca2+ channels, 

reducing intracellular Ca2+, and relaxing the vascular smooth muscle.  As mentioned 

above, K+ hyperpolarization due to K+ that is released with muscle contraction leads to 

vascular smooth muscle dilation in the same manner (21). Therefore, each of these 

vasoactive compounds works via a specific mechanism of action to elicit vasodilation.  

A second potential contributing mechanism, which involves the vascular 

endothelium, is flow-mediated dilation. Initial downstream vasodilation in the resistance 

vessels increases MBF and thereby the blood velocity, leading to an increase in the shear 

stress exerted by red blood cells (RBCs) along the vessel walls. This increase in shear 

stress stimulates the release of vasodilators, including PGs, NO, and endothelial derived 

hyperpolarizing factor (EDHF) from endothelial cells (26, 60, 70, 83). These vasodilating 

compounds act on the active vasculature, increasing conductance and thereby MBF. NO 

blockade consistently reduces MBF by ~20% in steady state exercise, while blockade of 

PG leads to only transient decreases in MBF (98). Thus, although substances released by 
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the endothelium contribute to the magnitude of MBF increase during exercise, their effect 

is additive to other control mechanisms (26).  

Another potential mechanism explaining exercise hyperemia, involving the 

vascular endothelium, is conducted vasodilation. Conducted vasodilation occurs when the 

hyperpolarizing signal that is initiated in microvascular smooth muscle and endothelial 

cells is conducted rapidly through gap junctions along the endothelium towards upstream 

feed arteries (101). This mechanism allows for downstream metabolic demand to be 

communicated to upstream vessels (64), and can happen at any branch of the arterial tree. 

The simultaneous dilation of upstream arterioles with smaller downstream arterioles is 

especially important in attaining large enough increases in MBF to support the metabolic 

demand at high exercise intensities (99).  

The final type of mechanism that has gained support is the action of red blood 

cells as oxygen sensors. RBCs not only act as O2 carriers, but function as O2 sensors that 

facilitate ATP-mediated vasodilation. When RBCs are exposed to low PO2, they are 

deoxygenated, change shape and release ATP (51). ATP, a potent vasodilator, binds to 

receptors on endothelial cells, causing the smooth muscle to relax (31, 39). At higher 

exercise intensities, O2 Hb desaturation increases, leading to a proportionally greater 

release of ATP, and thereby vasodilation (109), increasing MBF proportionally to the 

exercise demand.  

In summary, adjustments to MBF occur through an integrated feedback response. 

Vasodilatory metabolite accumulation, flow mediated dilation, conducted vasodilation, 

and the RBC oxygen sensor hypothesis are the mechanisms that act to maintain the 

balance of oxygen delivery with demand.  
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2.3.3 Feedback Mechanism Characteristics: Implications for Inter-Individual 
Differences in O2Ddel/Demand Matching 
 Since feedback mechanisms have been proposed to determine phase II of the 

MBF response, and therefore the ultimate matching of O2Del to demand, the question 

arises as to how their characteristics might align with inter-individual differences in the 

O2Del/demand ratios.  

 Vasodilatory metabolite accumulation mechanisms are the result of a balance 

between metabolic production, and their blood flow removal.  In other words, they will 

continue to accumulate in the interstitial space if blood flow has not increased adequately 

(74, 102, 119).  Therefore, in the case of an individual who has a reduced oxygen 

delivery for the same metabolic demand, it might be expected that there should then be 

continued accumulation of vasodilators, resulting in increased vasodilation leading to the 

same O2Del.  In order for inter-individual differences due to this type of mechanism to 

occur, it could be that the individual with a lower blood flow response has: 1. a reduced 

vasodilator release for a given metabolic demand, 2. a reduced responsiveness of smooth 

muscle to these vasodilators, 3. other factors determining metabolite removal, such as a 

better diffusive conductance.  

 RBCs function as O2 sensors such that when they are desaturated, they 

proportionally release ATP to facilitate vasodilation (31, 39). This increased vasodilation 

then creates a flow that has a stable desaturation level. Therefore, in the case of an 

individual who has a reduced oxygen delivery for the same metabolic demand, it might 

be expected that they would experience a greater degree of RBC desaturation, resulting in 

increased vasodilation leading to the same O2Del.  In order for inter-individual 

differences due to this type of mechanism to occur, the individual with a lower blood 
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flow response could have: 1. a reduced release of ATP for a given level of RBC 

desaturation, 2. a reduced responsiveness of the smooth muscle to ATP as a vasodilator. 

 When metabolic demand increases, dilation of downstream arterioles leads to 

increased RBC flow, exerting a certain level of shear stress on the vessels. This shear 

stress acts as a stimulus for the release of vasodilators such as PGs, NO, and EDHF from 

the endothelium in upstream vessels, to accommodate a greater MBF (26, 60, 70, 83). 

The level of downstream dilation experienced by an individual should occur in proportion 

to the metabolic demand of the exercise. However, in an individual with lower O2Del for 

a given metabolic demand, there would be less downstream dilation, resulting in less 

shear stress on the vessels, and therefore a smaller stimulus for FMD. This would lead to 

a smaller release of PGs, NO and EDHF, translating into a continued blunted increase in 

MBF and O2Del compared to higher O2Del individuals. Due to conducted vasodilation, 

this blunted response would be communicated up the arterial tree (101), further 

contributing to the continued blunted MBF response in these lower response individuals.  

2.4 Regulation of Arterial Blood Pressure 
  Mean arterial pressure (MAP), the driving pressure for muscle blood flow during 

exercise, is a key regulated variable.  Changes in MAP alter the arteriovenous pressure 

gradient across the muscle bed, supporting changes in MBF even if conductance of the 

active vasculature remains unchanged. Across exercise intensities and modalities, MAP 

increases in proportion to changes in exercise intensity (17, 119). Regulation of MAP is 

dependent on the interplay of the magnitude of increase in cardiac output (CO, inflow 

into the MAP pool) and vascular conductance (outflow from the MAP pool). When 
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inflow is greater than outflow, MAP increases, and when inflow and outflow are in 

balance, MAP has stabilized. 

 

 

 

 

 

 

 

 
 
 
 

 
 

Figure 3. Feedforward (central command, muscle pump, and mechanoreflex) and 
feedback (muscle metaboreceptors, and arterial baroreflex) control mechanisms 
implicated in determining the cardiovascular response to exercise. Central command 
activates a skeletal muscle contraction through the motor cortex. The skeletal muscle 
contraction causes a disturbance to the arterial outflow, impacting mean arterial pressure. 
Central command, the muscle pump and the mechanoreflex anticipate this disturbance in 
blood pressure, while fine-tuning of the blood pressure response occurs in response to 
afferent information relayed from muscle metaboreceptors and arterial baroreceptors. 
MVC, Muscle Vascular Conductance; OVC, Other Vascular Conductance; CO, Cardiac 
Output; MAP, Mean Arterial Pressure; CVP, Central Venous Pressure. 
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2.4.1 Feedforward Regulation 
 At the onset of exercise, rapid vasodilation in the active vasculature leads to an 

immediate shift in blood volume from the central arteries to the peripheral vasculature. 

This immediate increase in arterial outflow should lead to an abrupt fall in MAP. 

However, as muscle contraction is initiated via efferent signals from the motor cortex to 

the alpha motor neurons in the muscle fibers, there is a proportional corollary discharge 

via different neural pathways to the cardiovascular control centre (CVCC) located in the 

nucleus of the solitary tract (NTS) (5, 41, 91, 133) (Figure 3).  This corollary discharge 

evokes a parallel efferent signal from the CVCC, increasing sympathetic activation and 

parasympathetic withdrawal of the vagus nerve, resulting in an increased HR and 

vasoconstriction of the active resistance vasculature. Additionally, vasoconstriction of 

non-active vasculature reduces muscle blood flow in these beds (5, 41, 91, 133).  

 This increase in HR and in vasoconstriction increase CO, to maintain or increase 

MAP at exercise on-set, despite the increased outflow to the periphery. The increase in 

HR directly increases CO (CO = HR x SV), while the increased vasoconstriction in non-

active beds increases resistance, reducing arterial inflow into these beds while 

maintaining venous outflow. This shifts blood volume centrally, thereby increasing CO 

by increasing central venous pressure.  This corollary discharge from the CVCC is known 

as central command, which increases the systemic arterial baroreflex blood pressure set-

point in the NTS to aid in blood pressure regulation (5, 41, 91, 133).  

 Central command has been explored in various experimental models, including 

the use of partial and full neuromuscular blockade, and regional anesthesia (36, 122, 

123). Researchers have been able to isolate the effects of central command by studying 

attempted forearm contractions, eliminating the influence of the muscle’s mechano- and 
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metabo-receptors. It was demonstrated that with attempted contraction, there were 

increases in SNA, HR and MAP that were proportional to the strength of the attempted 

contraction (36, 123).  

 A second feedforward mechanism that increases MAP at exercise onset is the 

muscle pump. The muscle pump is proposed to have two effects: increase venous return 

to the heart and decrease the venous pressure in the active vascular beds, the latter of 

which was discussed earlier in this review. As the skeletal muscle contracts, there is an 

increased venous return, translocating blood volume from the peripheral circulation to the 

central veins (65, 103). A greater blood volume in the central veins raises central venous 

pressure (CVP) and enhances right atrial filling and thereby left ventricular filling. 

Greater left ventricular filling results in greater cardiac myocyte stretching, increasing 

sarcomere length (SL). With a greater SL there is increased myofilament Ca2+ sensitivity, 

leading to greater cross-bridge cycling and therefore greater force generation at the same 

[Ca2+] (1, 81). A greater force generation enables the heart to eject this additional venous 

return, increasing SV and thereby increasing CO, which helps preserve or increase MAP.  

 The final proposed feedforward mechanism is the mechanoreflex. Afferent 

mechanosensitive nerve endings (group III and IV) located within the muscle sense the 

mechanical distortion when the muscle is contracted. A signal proportional to the level of 

fibre recruitment and contraction intensity (54, 134) is relayed and processed in the 

CVCC (66) (Figure 4).  The arterial blood pressure is re-set to a higher set-point, which is 

maintained by vasoconstriction of the vasculature and withdrawal of the vagus 

parasympathetic nerve activity (138). This increase in blood pressure is known as the 

pressor response. A study by Williams et al. (134) used external leg compression to study 
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the mechanoreflex by tracking changes in MAP, TPR, CVP and CO. By using external 

pressure application instead of muscular contraction, the researchers were able to isolate 

the mechanoreflex from the metaboreflex, and found a reflex rise in systemic arterial 

blood pressure independent of the metaboreflex. Williamson et al. (134) also found that 

when there is external pressure application on the leg in combination with sympathetic 

blockade (via epidural anesthesia), these increases in MAP are almost abolished, 

suggesting that MAP can only be altered with some level of change in peripheral 

conductance.  

By modulating activity of the heart and altering the conductance of the 

vasculature, central command, the muscle pump and the mechanoreflex preserve or 

increase MAP in a feedforward manner, proactively working to match arterial inflow 

with outflow.  

2.4.2 Feedback Regulation 
 As exercise continues, two feedback systems have been proposed to sense 

disturbances and regulate MAP around the higher exercise induced set-point. Arterial 

baroreceptors are pressure-sensitive afferents in the aortic arch and the carotid artery (57, 

91). Constantly monitoring pressure exerted by moving blood on the arterial walls, these 

baroreceptors sense changes in arterial blood pressure. This information is relayed back 

to the CVCC, where the signal is compared with the arterial baroreflex blood pressure 

set-point (91). If a mismatch between the sensed and set-point pressures is detected, 

appropriate adjustments are made via the arterial baroreflex, which by nature, is an 

inhibitory response.  The reflex is activated by an increased baroreceptor firing rate 

which occurs with hypertension, causing sympathetic withdrawal and a reduction in 
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parasympathetic inhibition (57, 91). This decreases HR and thereby CO, and increases 

TVC, decreasing blood volume in the central arterial system, lowering and regulating 

MAP to the set-point. The opposite is seen with hypotension, which is expressed as a 

reduced baroreceptor firing rate.  

A secondary feedback response is the muscle metaboreflex. During exercise, 

metabolites build-up and diffuse into the interstitial space. This metabolite accumulation 

is indicative of a mismatch between O2 demand and O2 delivery. Chemosensitive nerve 

endings in the muscle (type III and IV) sense these metabolites, specifically Pi and H+ 

(46, 91), and relay an afferent signal to the CVCC, increasing SNA to the heart and 

vasculature (Figure 3). Post exercise ischemia (PEI) has been used to isolate the muscle 

metaboreflex. When participants perform handgrip exercise and experience PEI under β-

adrenergic blockade, increases in HR and MAP are smaller than without β-adrenergic 

blockade or with parasympathetic blockade (33). This confirms that the muscle 

metaboreflex increases SNA to increase HR and thereby CO. The vasoconstriction only 

occurs to ensure that this increase in CO is enough to increase the blood volume and 

blood pressure within the central arterial system. This higher arterial blood pressure 

creates a greater pressure gradient for flow, increasing MBF and O2Del to the under 

perfused muscle. This increase in blood flow potentially reduces accumulated metabolites 

and increases O2Del to reduce the metabolic stress experienced by the muscle (46, 91).   

Although both the arterial baroreflex and the muscle metaboreflex have been 

outlined as MAP regulating feedback systems, the metaboreflex does not directly sense 

changes in MAP. Rather, the metaboreflex senses changes in metabolite accumulation 
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and elicits responses that eliminate the metabolites and alter MAP. Therefore, the arterial 

baroreflex is the only true MAP regulating feedback response. 

2.4.3 Sympathetic Restraint and Functional Sympatholysis 
 The cardiovascular system works to ensure that there is enough regional MBF to 

support the O2 demand of the exercise, while preserving MAP. This is achieved by the 

aforementioned mechanisms, and is aided by sympathetic restraint, a constricting 

mechanism, and functional sympatholysis, a dilating mechanism.  

 Increases in SNA associated with exercise lead to vasoconstriction in active and 

inactive skeletal muscle vascular beds (45). When individuals engage in graded rhythmic 

handgrip exercisie under anesthetic sympathetic bloackade, forearm MBF tends to be 

greater compared to conditions of non-sympathic bloackade. This is true at all workloads, 

suggeting that sympathetic nerves modulate MBF to active muscles during light and 

heavy rhythmic exercise, causing some level of sympathetic restraint (52). This serves as 

evidence that vasoconstriction occurs even in active vasculature during exercise. This 

phenomenon is known as sympathetic restraint, and has been demonstrated in both 

animal (44, 110) and human models (52). Sympathetic restraint is however largest at low 

intensity exercises, becoming progressively attenuated with increasing intensities due to 

functional sympatholysis (16). 

 Functional sympatholysis, an exercise intensity-dependent response, is the blunted 

response to the efferent sympathetic vasoconstriction that occurs in the exercising muscle 

(27, 113, 121). Tschakovsky et al. (121) utilized forearm arterial infusion of tyramine to 

stimulate endogenous noradrenalin release at rest, during exercise, and during infusion of 

vasodilators that create the same increase in vascular conductance as exercise.  They 
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observed a blunted response in the reduction in vascular conductance and MBF in 

exercise compared to rest and vasodilator infusion.  This serves as evidence that the 

blunted response to sympathetic vasoconstriction is only seen in active vasculature. 

Thomas and Victor (113) demonstrated that the blunted sympathetic response is seen in 

conditions of adenosine blockade, but not NO blockade, indicating NO is a candidate 

sympatholytic agent (113). In agreement with these findings, Tschakovsky et al. (121) 

found that in the sympathetic vasoconstriction was not blunted during adenosine infusion, 

but it was blunted during high dose sodium nitroprusside (an NO donor) infusion. 

Together these findings suggest that the mechanism blunting sympathetic 

vasoconstriction likely involves NO but not adenosine.  

 In conclusion, it appears that the interaction of sympathetic restraint and 

functional sympatholysis may allow for enough vasodilation in exercising vasculature to 

achieve a MBF that supports the O2 cost of exercise, while causing enough constriction in 

non-exercising beds to regulate MAP.    

2.4.4 Summary 
In summary, the aformentioned feedforward and feedback mechanisms contribute 

to the regulation of  MAP in exerise.  By doing so they can contribute to O2Del/demand 

matching to exercising musculature.  Central command, the muscle pump and the 

mechanoreflex act as feedforward mechanisms that respond rapidly to offset the effects 

of rapid vasodilation on arterial blood pressure.  The arterial baroreflex and muscle 

metaboreflex work as feedback mechanisms to regulate MAP within a narrow range of 

the exercise induced arterial baroreflex set-point. Although the metaboreflex does not 

specifically sense changes in blood pressure, it increases blood pressure in response to 
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indications of metabolic stress in the exercising muscle, which is thought to be a means 

of improving the O2Del/demand matching. An interplay between sympathetic restraint, 

which is present at exercise onset and functional sympatholysis, which is greater at higher 

exercise intensities, modulates exercising muscle vascular conductance, further aiding in 

MAP regulation.   

2.5 Oxygen Delivery/Demand Matching 
Within exercise physiology, it has become central dogma that O2Del/demand 

matching is coupled during exercise to have ATP created and regenerated via oxidative 

phosphorylation at a rate that does not compromise muscle contractile function (74, 84, 

89). This coupling is achieved in one of two ways: by increasing delivery to match 

demand, or in cases where the cardiovascular system is unable to do so, by lowering 

demand to match the maximal possible O2Del. Researchers have tried to gain a better 

understanding of the level of coupling by examining the cardiovascular and the muscle 

power output during experimental manipulations of O2Del.  

2.5.1 Re-matching Delivery to Demand 
Researchers have used various experimental manipulations to challenge O2Del 

within an individual (9, 19, 20, 40, 136). When O2Del is reduced, partial or full 

restoration of O2Del has been observed as a function of compensatory vasodilation (9, 19, 

20) and of a pressor response (9).  

 O2Del has been challenged within individuals through the use of mechanical 

impedance of exercising MBF and limb position changes to alter the perfusion pressure 

for MBF (9, 19, 20). Casey and Joyner (20) had participants perform, rhythmic forearm 

contractions at varying percentages of their MVCs. While participants continued to 
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exercise at the same work rate, these investigators used intra-arterial balloon inflation in 

the brachial artery supplying the exercising forearm muscles to create an increased 

resistance to forearm blood flow. The intra-arterial balloon caused a statistically 

significant reduction in the blood flow, however over time, there was an increase in 

vascular conductance which resulted in a partial recovery of blood flow to exercising arm 

(20).  

A more recent study used limb position manipulations to elicit challenges in 

O2Del (9). Participants performed rhythmic forearm exercise with progressive increases 

in work rate to exhaustion above and below heart level. O2Del was significantly reduced 

with the arm above heart level, however a sub-set of the participant population elicited a 

compensatory vasodilation, resulting in partial recovery of O2Del compared to below 

heart levels at lower workloads. At higher workloads, there was both a compensatory 

vasodilation and an increase in arterial blood pressure that resulted in recovery of O2Del. 

Together these studies demonstrate that local vasodilatory mechanisms elicit vasodilation 

of the resistance vessels in the exercising muscle vascular bed, to either fully or partially 

restore MBF at lower workloads (9, 19, 20). At higher workloads, a pressor response may 

occur in addition to these vasodilatory mechanisms. However, these mechanisms only 

partially compensate for the reduced perfusion pressure, such that a deficit still remains 

(9).  

Researchers have also challenged O2Del by manipulating CaO2 levels. When 

individuals are exposed to hypoxic conditions, either through increases in altitude (136) 

or though experimental inhalation of hypoxic air (40), CaO2 decreases. As a result, there 

is less O2 content in a given volume of blood, which challenges O2Del. In response, 

individuals elicit a compensatory vasodilation in the exercising limb, while total vascular 
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resistance remains unchanged (40, 136). This vasodilation increased MBF to fully 

compensate for the reduced CaO2 (40, 136).  As a result, VO2 (135) and acid-base 

balance in the blood (40) were preserved, and there was minimal compromise to 

exercising work rate (40, 135). 

2.5.2 Matching Demand to Delivery  
When O2Del cannot be increased or re-established to match demand, the 

contracting skeletal muscle responds by lowering O2 demand to match the compromised 

O2Del (4, 49, 137). In electrical stimulation studies, the motor drive of the exercise being 

performed cannot be changed or overridden by volition (49, 137). When canine 

gastrocnemius muscles where electrically stimulated and isometric submaximal exercise 

was initiated in conditions of decreased arterial PO2 (hypoxemia) or MBF (ischemia), 

O2Del to the exercising muscle was reduced (49). Step decreases in O2Del were 

accompanied with proportional decreases in VO2 and muscle force generation, resulting 

in minimal intracellular disturbances (minimal changes in ATP, PCr, ADP and La- 

concentrations) in hypoxemic and ischemic conditions (49). When electrical stimulation 

is used on the human forearm muscle and the arm is passively lifted above heart level, 

motor drive remains constant while O2Del is challenged, and consequently, there is a 

reduction in the produced force output (36, 137), with minimal metabolic intracellular 

disturbances (36). Therefore, studies using animal (49) and human (36, 137) models 

demonstrate that when motor drive remains unchanged in the face of reduced O2Del force 

production decreases, preserving the balance between O2Del and demand and preserving 

the intracellular environment (49, 137).    

A study by Amann et al. (4) demonstrated this same response during volitional 
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cycling. These investigators had individuals perform a 5km cycling time trial at differing 

FIO2 levels. Inhaling hypoxic air (lower FIO2) reduced CaO2 in a given volume of blood 

and thereby reduced O2Del in a given time frame. As the participants were not able to 

increase MBF and thereby restore O2Del, participants reduced power output and took 

longer to complete the 5km trial. In conditions of lower FIO2 and CaO2, power output 

and rate of central neural drive were down-regulated, suggesting that the central neural 

drive regulates muscle power output in an attempt to slow the development of peripheral 

muscle fatigue. Therefore, when O2 content is reduced and cannot be restored, reductions 

in sustainable power output that are voluntary can also occur (4). In contrast, if work rate 

must be maintained under reduced O2Del conditions, increases in the other drivers of 

mitochondrial oxidative phosphorylation (ADP and Pi, NADH) will occur to restore 

aerobic ATP production. Increasing motor drive to maintain force output would cause a 

greater disturbance to the intracellular environment as explained by the Net Drive 

Hypothesis (48, 49).  

2.5.3 Summary 
When O2Del is experimentally reduced and cannot be re-stored by a vasodilatory 

response, a pressor response, or by an increase in O2 extraction, O2 delivery/demand 

matching can still be achieved. In cases where delivery cannot be increased, then 

volitional reduction in work rate and therefore in O2 demand can occur (4), as would 

oxygen conforming at the contracting skeletal muscle (49, 137). 

If a given work rate must be maintained under reduced oxygen delivery 

conditions, increases in ADP, Pi, and NADH are necessary to maintain aerobic ATP 

production (48, 135). The result would be increased fatigue (2, 7, 25, 34, 131), providing 
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rationale for the hypothesis that individuals with lower O2Del/demand matching would 

incur greater fatigue during fatiguing submaximal exercise. 

2.6 Inter-Individual Differences in Oxygen Delivery/Demand Matching 
Although the studies above offer mechanistic evidence to support that 

O2Del/demand matching is coupled, all of these studies have examined group responses. 

Averaging individual responses to create group responses has provided the field with 

valuable information pertaining to the function of the cardiovascular system during 

exercise (4, 9, 19, 20, 26, 40, 136). However, when examining individual responses to 

challenges in O2Del, it is evident that there is a large between-subject variability in O2Del 

at a given power output or metabolic demand.  

This between-subject variability can be seen in studies conducted by González-

Alonso et al. (40) and by Radegran and Saltin (86). Both research groups had participants 

perform a 5-minute bout of one-legged knee-extensor exercise at 30W. Each of the 

studies had seven participants working at an identical work rate. With identical work 

rates, it can be interpreted that all participants had similar O2 cost during these exercise 

bouts. González-Alonso et al. (40) reported an average group leg MBF response of 3.2 

L/min with a standard deviation of 1.1 L/min. If we assume a normal distribution, 68% of 

these subjects had LBFs falling within a range of ± 1.1 L/min relative to the group mean.  

Those at the lower end therefore had roughly 50% of the blood flow response of those at 

the higher end (2.1 L/min vs 4.3 L/min) (40).  Radegran and Saltin (86) reported a group 

LBF response of 3.7 L/min. The standard deviation of the group response was 1.9 L/min, 

which is roughly 50% of the mean. Given a normal distribution, 68% of the participants 

had LBFs ranging from 1.8 L/min to 5.6 L/min, with 5.6 L/min being more than a 3-fold 
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increase from 1.8 L/min (86). When considering the standard deviations of these 

averaged responses, between-subject variability on the order of liters per minute, is 

evident in both participant samples. 

Another study by Richardson et al. (89) examined the impact of reductions in 

FIO2 during one-legged ergometer knee extension at 60 contractions per minute. Exercise 

was performed in normoxic (21%O2) and hypoxic (12% O2) air. The authors presented 

individual data of each participant, creating LBF and work rate relationships in both the 

normoxic and hypoxic conditions. From these data, it is evident that participants display a 

wide range of LBF responses at identical leg work rates, suggesting different LBF, and 

by extension O2Del/work rate ratios (89). For example, when examining the range of 

LBF responses at the submaximal work rate of 80 watts in the normoxic condition, we 

saw that one participant had a LBF of ~7.0 L/min, while another participant had a single 

LBF of ~10.2 L/min. This translates into a difference of ~3.0L/min at an identical work 

rate. Although measurement error contributed to some of these inter-individual 

differences, given that the magnitude of these differences was up to a few liters per 

minute, it would be improbable that biological variability didn’t contributing to these 

differences. When exercising at an absolute work rate and timeframe, all participants 

completed the exercise challenge in both normoxic and hypoxic conditions, suggesting no 

compromise to !O2 (40, 86).  These studies suggest that although O2Del/demand 

matching is coupled and achieved in all healthy individuals, there is variation in the 

degree of coupling (i.e. delivery for a given demand may vary).  

It is essential to recognize these individual differences in O2Del/utilization ratios, 

as they highlight that it remains unknown to what extent this delivery/demand matching 
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varies between young healthy individuals.  Considering the impact that the variation in 

O2Del/utilization ratios may have on exercise performance is also of importance. 

2.7 Potential Implication of Inter-Individual Differences in Oxygen 
Delivery/Demand Matching 
 Several studies by Bentley et al. (9, 10) have recently identified two distinct 

phenotypic responses to an oxygen delivery challenge via acute reduction in perfusion 

pressure. While performing rhythmic submaximal isometric handgrip exercise to 

exhaustion, individuals experienced an arm position change from below to above heart 

level. This position change added a hydrostatic column, reducing the perfusion pressure 

within the arm and lowering MBF. Some individuals demonstrated the ability to partially 

compensate for this reduction in O2Del via additional vasodilation (compensators) while 

others lacked such compensation (non-compensators).  Compensators, demonstrated an 

increased forearm vascular conductance and suffered a minimal accumulative O2Del 

deficit compared to non-compensators. Non-compensators experienced a reduction in 

total O2Del and thereby !O2. Exercise performance suffered in the non-compensators, 

demonstrated as a compromise in peak exercise intensity and in early fatigue (9, 10). 

 In a follow up study, Bentley et al. (11) were able to turn non-compensators into 

compensators using nitrate supplementation. Nitrate supplementation increases the 

production of NO, a potent vasodilator. With nitrate supplementation, the non-

compensators experienced vasodilation after the arm was raised above heart level.  

Therefore, compared to the original perfusion pressure exercise challenge, peak exercise 

capacity was reduced to a lesser degree in the non-compensators. This demonstrates that 

exogenous supplementation can help restore O2Del demand matching to help restore 

exercise capacity (11). Together these results demonstrate the importance of inter-
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individual differences in O2Del/demand matching mechanisms for individual exercise 

tolerance. 

 Based on the above studies, it is clear that when there are compromises in O2Del 

during submaximal voluntary exercise, there is a within-subject compromise in exercise 

performance. The effects of physiological manipulations to O2Del on exercise 

performance have been studied within a person, however the possibility that inter-

individual variation in O2Del may be contributing to exercise performance differences 

between people has not yet been explored. Given that a range in O2Del for a given 

utilization is observed between-subjects, then it seems reasonable to predict that these 

differences can contribute to between-subject differences in exercise tolerance.  

 A study by Kellawan et al. (55) has already identified that inter-individual 

differences in O2Del have functional implications on exercise performance in a forearm 

critical power test. The critical power test comprised of a 10-minute maximal effort 

exercise challenge. There was a large range in total O2Del and critical power responses 

across participants. Total O2Del was the strongest predictor of critical power, with further 

exploration revealing that between individual differences in O2Del were due to 

differences in FBF. Differences in FBF were due to between individual differences in 

both the vasodilatory and pressor responses (55). This evidence demonstrates that 

between individual differences in O2Del can have a functional impact on performance in 

this type of maximal effort exercise. It supports the importance of investigating inter-

individual O2Del/demand matching responses to exercise. Inter-individual investigations 

come with a unique set of challenges, addressed in the following section.    



 

 
 

37 

2.8 Adding the Individual Data Perspective 
  To truly be able to compare differences between participants, we must be sure 

that we are quantifying an individual’s ‘true response’.  This is accomplished by 

performing multiple repeated trials of a given exercise challenge and averaging the 

repeated measures of the physiological responses of interest. The greater the number of 

repeated measures, the closer the average of those repeats is to the true response of an 

individual, such that if one took an infinite number of measures, the average of those 

measures would be equal to that mean (8). Between trial differences of responses can be 

attributed to measurement errors, such as systematic bias (i.e. general learning or fatigue 

effects on the tests), and random error due to biological or mechanical variation (6). 

Taking repeated measures not only ensures that the average response is close to the mean, 

but it also reduces the standard error of the measurements. 

 When taking repeated measures, it is important to identify the confidence 

intervals (CIs) of these multiple measures. CIs are made up of a range of values that are 

good estimates of the variable under study, however the interval provided by this range 

does not necessarily include the ‘true’ value of the variable. Therefore, when constructing 

CIs, researchers can only say that they have a certain level of confidence that the 

variable’s real value falls within this specific range, depending on the percentage (%) of 

the CI (6). For instance, researchers could choose to use 95% or a 90% CI, which would 

translate into the researchers having 95% and 90% certainty respectively, that the 

variable’s true value falls within the CI. Using a higher percentage CI means that 

researchers have a higher level of certainty. The greater the number of repeated measures, 

the smaller the bounds of a CI become, and the range that the true value falls within 

decreases, increasing the precision of the estimates.  
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 In the current study, using multiple trials provided confidence in identifying the 

interval within which an individual’s true O2Del/WR ratio fell. The current study used a 

90% CI, which provided us with a range of values around the mean that were believed to 

have a 90% probability of containing the individual’s true physiological response. In this 

study, we also grouped individuals as higher or lower O2Del/WR ratio responders. To 

create groups such that had we had an acceptable level of certainty that their true 

responses were different from each other, we ensured that the 90% CIs of responders in 

one group did not overlap with the CIs of the responders in the other group. 

 In summary, studies that are looking to compare individual responses, must use a 

multiple repeats or measures approach. They then must identify the CIs of everyone’s 

averaged responses to be able to accurately compare responses between subjects. In the 

current study, the use of multiple trials allowed us to characterize the participants’ true 

oxygen delivery/utilization responses. If this study and future studies using this approach 

find that there are ‘true’ inter-individual differences, this should lead to shift in how 

future physiological research is designed and analyzed, adding the individual data 

response perspective. This is of high importance given the shift towards personalized 

medicine. Understanding individual responses to exercise challenges and treatments will 

give us the ability to personalize prescriptions, perhaps based on individual 

O2Del/demand matching ratios. Understanding how individuals respond to these 

challenges or treatments will lead to personalized prescriptions and therefore better 

treatment outcomes. 
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2.9 Summary of the Research Problem  

2.9.1 Principle Proposition  
  While oxygen delivery increases in proportion to demand (74, 86, 93, 94, 97), so 

as to support aerobic metabolic ATP production in submaximal exercise (126, 127) 

compromise or enhancement of oxygen delivery within an individual can lead to 

impaired versus enhanced muscle contractile function and exercise performance. 

2.9.2 Interacting Proposition  
 While it has recently been demonstrated that individuals who cannot compensate 

for compromises to oxygen delivery in exercise experience reduced exercise performance 

(greater fatigue) compared to those who can (9, 10), it remains unknown whether 

individuals with a lower versus those with a higher increase in oxygen delivery to 

increased metabolic demand in submaximal exercise also experience such a compromise.    

2.9.3 Speculative Proposition 
 Given the established compromise in exercise performance that results from 

within-subject reductions in exercising muscle oxygen delivery (9, 10), it is plausible that 

individuals with a lower delivery/utilization ratio may incur compromised contractile 

function relative to those with higher delivery/utilization. 

2.9.4 Purpose 
 Therefore, the purpose of this study is to identify whether there are “true” 

between individual differences in oxygen delivery/utilization (via work rate) ratios. If 

such “true” differences are identified, this study will determine if individuals that have 

lower oxygen delivery/utilization ratios experience greater skeletal muscle fatigue during 

submaximal exercise compared to individuals with higher delivery/utilization ratios. 
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2.9.5 Hypothesis  
 It is hypothesized that there will be “true” between individual differences in 

oxygen delivery/utilization (via work rate) ratios, and that individuals who have lower 

oxygen delivery/utilization ratios will demonstrate a greater level of fatigue on a 

fatiguing exercise task compared to individuals with higher oxygen delivery/utilization 

ratio. 

 

 

 

 

 

 

 

 

 

 



 

 
 

41 

Chapter 3 

Methods 

3.1 Study One – O2Del/Demand Matching  
The methods outlined below were approved at by the Health Sciences Research 

Ethics Board (HSREB) and fall in-line with the ethics guidelines as outlined by Queen’s 

University in compliance with the Declaration of Helsinki.  

3.1.1 Participants 
Ten healthy and recreationally active males between the ages of 18 to 35 were 

studied. Each participant was free of cardiovascular disease and hypertension, had no 

recent history of smoking (within the last 6 months) and had a femoral artery diameter 

³0.79 cm. A femoral artery diameter ³0.79 cm was selected as the cutoff criteria because 

vessel of this and greater diameters do not dilate with exercise (38). This simplified the 

collections process as the diameter only had to be taken prior to the start of exercise.  

3.1.2 Screening and Familiarization 
 Recruitment for the study was accomplished through on-campus posters and 

online advertisements. The recruitment materials listed the study inclusion and exclusion 

criteria. These criteria were as follows: male between 18 to 35 years of age, active for 

less than 3 hours of planned activity per week, non-smoker for at least 6 months, and no 

history of heart disease or high blood pressure. A sample of the recruitment materials is 

in Appendix A. Participants that responded to recruitment posters and met these criteria 

were scheduled to come into the Human Vascular Control Laboratory in the School of 

Kinesiology and Health Studies at Queen’s University for a full experimental screening 

and familiarization session. The purpose of the visit was twofold: to give researchers the 
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chance to screen the femoral artery and gather information regarding eligibility of the 

potential participants, and provide participants with an opportunity to practice and get a 

full understanding of the experimental protocol. Participants who were not able to 

accurately and consistently perform the isometric knee extension exercise during the 

screening were deemed ineligible for the study.  

 During the screening visit participants filled out the PAR-Q and a medical 

screening form to clear them for exercise participation (Appendix A). Participants were 

given a tour of the laboratory and shown the equipment used during the collection 

sessions. A thorough description of the experimental protocol was given prior to getting 

written consent to participate in the exercise study (Appendix A). Anthropometric 

measurements including height (cm), weight (kg) and thigh volume (ml) were recorded 

during the screening visit. Thigh volume was estimated based on thigh length and three 

thigh circumference measurements. The circumferences were measured under the gluteal 

fold, the middle of the thigh and above the patella on the right/exercising leg (67). 

 Physical activity levels were quantified using the Seven Day Physical Activity 

Recall Questionnaire (7-PAR) (92). This questionnaire was used due to its well 

documented validity and reliability (96). The 7-PAR requires participants to recall the 

amounts of time spent sleeping and engaging in moderate, hard and/or very hard intensity 

physical activity over the course of the seven days prior to the screening visit. The total 

score is calculated based on the participant’s estimate of total time spent sleeping and in 

each of these three intensity categories of physical activity. Each intensity category is 

associated with a metabolic equivalent (MET) value (Appendix A). A MET is defined as 

the ratio of the metabolic work-rate over the standard resting metabolic rate 
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(4.184kJ.kg/hr) (3). The total time spent in each intensity category is multiplied by the 

corresponding MET value and summed to provide a total weekly energy expenditure 

score in kcal/kg/wk. The MET values were quantified to ensure that participants had 

similar weekly energy expenditures, suggesting that participants have similar activity 

levels.  

During the screening visit participants practiced performing maximal voluntary 

contractions (MVC) and were also familiarized with the incremental isometric knee 

extension exercise test. Participants practiced performing the exercise test at high work 

rates to ensure that they could cope with exercising at these intensities and become 

accustomed to the discomfort associated with these higher intensity stages. During the 

familiarization, they relied on the same audio and visual feedback used during the 

collection to ensure they could keep tempo and kick on the appropriate duty cycle. These 

feedback tools included a metronome, to keep the participants on tempo, and an on-

screen ruler, which identified the target work rate. During the practice exercise test, 

Doppler ultrasound measurements on the participant’s femoral artery were taken. This 

allowed researchers to ensure that the Doppler provided measurements of femoral blood 

flow velocity that were of an acceptable quality to be analyzed. Participants were 

reminded to only engage their quadriceps while performing the exercise test. They were 

also instructed to keep their hips as still as possible during the exercise because large 

movements at the site of the ultrasound measurement can lead to a loss in the ultrasound 

signal, leading to an underestimation of the blood velocity.     
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3.1.3 Experimental Design  
 Exercise testing took place over three visits. The first two visits were identical, 

with participants performing an incremental exercise test (IET) to exhaustion (lasting 

between 15 to 45 minutes) follow by 90 minutes of rest and a repeat of the IET to 

exhaustion. During the third visit participants performed a single 22-minute submaximal 

exercise fatigue test (SEFT) at a work rate that was 70% of their IET peak work rate. 

Participants were instructed to come to each testing visit fasted for 2 hours, to refrain 

from coffee for 6 hours and to refrain from alcohol and exercise for 12 hours prior. 

Participants were also instructed to take the elevator up to the fourth floor to ensure that 

blood flow would remain low prior to the start of exercise. 

 Participants performed a single leg isometric knee extension exercise against a 

stationary load cell (Figure 6). Participants laid in a slightly upright position, supported 

on a wedge pillow at an angle of 45 degrees, with their right knee bent at 90 degrees and 

their right lower leg tied to the load cell just above the ankle. The participant’s right arm 

remained rested on the testing bed while their left arm was secured at heart level using a 

sling to keep it in place. All testing took place in a temperature-controlled room (19-

21°C), minimizing blood flow shunting to the skin. The knee extension force output was 

displayed on a monitor, along with the target force, which was designated by the on-

screen ruler. This provided participants with real-time visual feedback as they were able 

to compare the amplitude of the force they produced relative to the target amplitude, 

which allowed participants to adapt and modify their force production accordingly. 

Participants were also prompted with a signal light and metronome to maintain the 

desired duty cycle. 
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3.1.3.1 Visits 1 and 2: Incremental Exercise Test to Exhaustion (EIT) 
 Participants arrived at the laboratory and were secured in the desired kicking 

position, as described above. With their lower leg secured to the force transducer 

individuals were reminded to stay relaxed while the load cell was calibrated. After 

calibration, participants performed three MVCs each separated by one minute of rest. In 

order to obtain true MVCs the metronome was turned on, providing a 1 second signal 

every 2 seconds and participants were told to kick as hard as possible on the 1 second 

signal whenever they were ready. After performing the MVCs participants continued to 

rest while being instrumented by researchers. Once participants were instrumented and a 

good Doppler ultrasound signal was established, resting leg blood velocity was checked, 

ensuring that the velocity was < 10 cm/s (50) prior to the start of exercise. 

 The exercise test began with 2 minutes of quiet baseline during which participants 

remained as still as possible so as not to increase blood velocity. The metronome was 

started during baseline and remained on until the end of the IET. This allowed individuals 

to get into the rhythm of the contractions, which followed a 1 second on – 2 seconds off 

duty cycle. One full duty cycle prior to the start of exercise participants were given a 

verbal cue to begin contracting at the start of the next duty cycle, which was signaled by a 

red 1 on the metronome and the corresponding beep. After baseline, participants 

exercised for three-and-a-half-minute work rate stages. The exercise test started at a 

target work rate of 40 kg, with the target work rate increasing 40 kg at each successive 

stage (Figure 4). The test continued until participants could no longer perform three 

consecutive contractions to the target force.  

 During the test, participants were provided with both visual and verbal feedback. 

The researchers coached participants to remain on target and to hold the contractions for 
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a full second.  During the final stages of the test participants were encouraged to keep 

pushing through the discomfort and muscle fatigue and focus on only using the 

quadriceps muscles. After the test was terminated participants were given 90 minutes of 

rest. During the resting period participants laid flat on the testing bed, de-instrumented 

and could watch Netflix, sleep or do work from the testing bed. After 80 minutes of rest 

researchers re-entered the lab to re-instrument participants and ensure that resting leg 

blood velocity was below 10 cm/s (37). Once participants were re-instrumented, the IET 

was performed for a second time.  

 The IET was used to determine each participant’s oxygen delivery/work rate ratio. 

This ratio served as a surrogate for their oxygen delivery/utilization ratio, as oxygen 

utilization could not be quantified in our leg exercise model. Given that reasonable 

precision for estimates of repeatability requires at least three repeated trials for a given 

subject (6), participants were to perform four trails of the IET. However, this was not 

always possible, therefore participants performed anywhere between two to four repeats 

of the IET. Participants A and H only performed two trials of the IET due to time 

constraints and the inability to come back for additional testing sessions. Participants G, I 

and J each performed four trails of the IET. However, due to poor Doppler signal quality 

only two, three and three trials respectively, were used to obtain the average response. 

Trials that had a poor Doppler signal were omitted as not to artificially lower the average 

response, given that a poor Doppler signal underestimates the FABV and thereby LBF 

and O2Del. Participants B, C, D, E, and F performed four trails, all of which were used in 

calculating the average.   
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 Repeated trials of the IET were taken within a day and on different days, allowing 

us to account for between day variability in physiological responses. The results from 

each test were averaged (as described in the analysis section), as identified by the mean 

response of the trials and the 90% CI, providing us with an estimate of an individual’s 

true response. The O2Del/WR relationship obtained from the IETs performed was used to 

“quantify” participants as higher or lower responders, with higher responders having a 

higher relative oxygen delivery/utilization ratio compared to the lower responders within 

our sample. Characterization of participants was carried out once all participants had 

completed the study. 

Figure 4. A. Force output profile of the incremental exercise test. Each increase in WR 
represents a new stage of the IET, with the test being terminated when three consecutive 
contractions can no longer be performed to the target WR. The x symbol represents a 
contraction that does not meet the target WR. B. The IET was performed on a 1:2 
seconds contraction:relaxation duty cycle. IET, incremental exercise test; WR, work rate. 

3.1.3.2 Visit 4: Submaximal Exercise Fatigue Test (SEFT) 
 Similar to the first two visits, upon arriving at the laboratory participants were 

secured to the force transducer which was then calibrated. After the three MVCs were 

performed, participants remained resting while being instrumented by researchers. Upon 
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establishing a good Doppler ultrasound signal resting leg blood velocity was checked, 

ensuring it was below 10 cm/s. The submaximal exercise fatigue test (SEFT) lasted a 

finite 22 minutes. Participants worked at 70% of their maximal work rate, as determined 

by their IETs for the duration of the test (Figure 5). 

Figure 5. A. Force output profile of the SEFT. The vertical line every two minutes 
represents each successive MVC. B. The SEFT was performed on a 1:2 seconds 
contraction:relaxation duty cycle. SEFT, submaximal exercise fatigue test. 
  
 The exercise test began with 2 minutes of baseline. The metronome was started 

during baseline and remained on until the end of the SEFT, at a 1 second contraction: 2 

second relaxation duty cycle. During this time participants were reminded that their first 

contraction would be an MVC which would be immediately followed by contractions to 

the 70% target work rate. One full duty cycle prior to the start of exercise participants 

were told “On the next red give me your maximal kick. Squeeze, squeeze, squeeze.” 

After the MVC, participants were coached until they were able to hit the target work rate. 

Every two minutes participants were given the following cue, “On the next red give me 

your maximal kick. Squeeze, squeeze, squeeze.” Participants performed MVCs every two 
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minutes over the course of the SEFT, with the test ending with an MVC. After 22 

minutes elapsed and 11 MVCs were performed, participants were instructed to rest as the 

test was complete.  

 During the SEFT test participants were coached to continually hit the 70% target 

and reminded to only use their quadriceps. Participants were also instructed to focus on 

maintaining the mechanics of their kick throughout the SEFT. Participants were able to 

see the target work rate through the use of an on-screen ruler and the metronome, but 

remained unaware of how much time had elapsed in the exercise test. The SEFT was 

designed to test fatigue, with the intermittent MVCs being used as a way to track fatigue 

progression.  Ultimately a fatigue index (FI) was calculated for each participant based on 

the accumulate fatigue relative to their first MVC in the SEFT. 

3.1.4 Instrumentation and Measurements  

Figure 6. A. A schematic of a participant laying in a slightly upright position, supported 
on a wedge pillow at an angle of 45°, with their knee bent at 90° and their lower leg 
secured to the force transducer. B. A schematic of the placement of the Doppler 
ultrasound on the femoral artery on the right leg. The Doppler ultrasound was placed 
above the bifurcation of the femoral artery to ensure that the calculated blood flow was 
accurate. 
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 All variables were measured continuously during the IET except for leg blood 

velocity, which was measured during steady state of each stage of the IET. During the 

SEFT, only force output was recorded 

3.1.4.1 Kilogram Output to Contraction Impulse  
 A load cell was used to sense the force in kg during each isometric knee extension 

duty cycle and the data was acquired by the PowerLab data acquisition system and 

recorded in LabChart 7 software. This provided the participants with real-time visual 

feedback, allowing them to compare the amplitude of their last contraction to the 

amplitude of the target work rate of the exercise test and adjust their contractions if 

necessary. For each contraction, the integral was calculated, which represented the 

contraction impulse in kg·s.  As there were a fixed number of contractions per minute, 

work rate was represented by these contraction impulses.   

3.1.4.2 Leg Blood Flow (LBF) 
 LBF was derived from the femoral artery diameter (FAD) and the mean femoral 

artery blood velocity (FABV) at each stage of the IET. During each given collection 

session, one experimenter operated both probes. Femoral artery diameter was imaged 

using a 10-MHz linear Echo ultrasound probe, operating in pulse-wave mode (GE Vivid 

i, GE Medical Systems, London, ON, Canada). The probe was placed on the right leg at a 

site proximal to (i.e. above) the bifurcation of the common femoral artery into the 

superficial and deep femoral arteries and the image was taken prior to the start of exercise 

(Figure 6B). The diameter of the artery was measured using the onscreen measuring tools 

on the Echo ultrasound.  
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 The probe was placed proximal to the bifurcation to ensure all lower limb flow 

was quantified based on: 

LBF = FABV · 60s/min · (p · FAD2/4)] 

 FABV was obtained using a 4-MHz Doppler ultrasound probe (Multigon 

Industries, Yonkers, NY, USA). The Doppler probe was secured at the same site as the 

Echo ultrasound measures were made. Data were recorded continuously at 200-Hz on a 

computer based system (PowerLab, ADInstruments) and displayed in real-time 

(LabChart 7). A strong signal was ensured after steady state had been reached during 

each stage of the IET (i.e. 2 minutes into each stage). Once a quality signal was 

established, markers were entered on the recording computer software (LabChart 7) to 

identify a strong signal.  The angle of insonation was determined by obtaining an Echo 

ultrasound image of the artery at the site of the velocity measurement.  The angle of 

insonation represents the angle at which the Doppler signal intersects the artery. The 

Multigon probe emits a signal at a preset angle, however the angle of the vessel relative 

to the skin surface adds to or subtracts from this angle, and therefore needs to be 

accounted for (37) (Figure 7). By accounting for the angle of the vessel relative to the 

skin, we obtain accurate blood velocity estimates by applying a calibrated correction 

factor. The Doppler ultrasound works on the Doppler shift physical principle. The probe 

of the ultrasound emits sound of a known frequency to diagonally intersect the vessel. 

The sound waves hit various objects and some of the sound wave energy is reflected back 

and detected by the probe. Stationary objects, such as the vessel walls, reflect sound 

waves at the same frequency that was emitted. However, moving objects, such as RBCs, 

reflect frequencies that are shifted (increased if object moving towards probe; decreased 
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if moving away from probe), and the magnitude of this shift in frequency is proportional 

to the velocity of the moving object (116). When selecting the position for the Doppler 

ultrasound probe to insonate the femoral artery, it is also important to ensure that femoral 

vein is not within the ultrasound sampling area. As stated, the Doppler shift can occur in 

either direction. Blood flow in arteries and veins occurs in opposing directions. 

Therefore, if the femoral vein is also within the field of the emitted Doppler ultrasound 

the Doppler shift will be a combination of the frequencies being reflected from the artery 

and the vein, and may lead to an underestimation of the blood velocity being recorded. 

The Doppler ultrasound provides reliable and reproducible measures of blood velocity at 

rest and during exercise, and across different testing days (107). 
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Figure 7. Changes in the angle of insonation depending on femoral artery orientation 
relative to the Doppler ultrasound probe. A. For the Doppler ultrasound, when the probe 
is parallel with the vessel, the angel of insonation is the angle at which the energy is 
emitted from the probe. B. In this example, the angle of insonation is less than the angle 
at which the energy is emitted from the probe. If this is not accounted for, there would be 
an overestimation of the blood velocity. C. In this example, the angle of insonation is 
more than the angle at which the energy is emitted from the probe. If this is not accounted 
for, there would be an underestimation of the blood velocity. 

3.1.4.3 Central Hemodynamics  
 Heart rate (HR) and mean arterial pressure (MAP) were measured continuously 

beat by beat using a finger photoplethysmograph (Finometer MIDI, Finapres Medical 



 

 
 

54 

Systems, the Netherlands) on the middle finger of the left hand which was held at heart 

level using a sling. HR was also tracked continuously using a three-lead 

electrocardiogram (ECG), with electrodes placed on the skin in standard CM5 placement. 

Both HR and MAP data were recorded continuously on a computer based system 

(PowerLab, ADInstruments) and displayed in real-time on the accompanying software 

(LabChart 7) (Figure 8).  

 Stroke volume (SV) was estimated via the Modelflow™ method (Finapres 

Medical Systems, The Netherlands). This method computes an aortic flow waveform 

from the finger arterial pressure waveform. Two major determinants of the aortic flow 

computation are aortic characteristic impedance and arterial compliance, which depend 

on the elastic properties of the aorta, while the third element, peripheral vascular 

resistance is a minor determinant. Aortic characteristic impedance represents the 

resistance of blood flow into the aorta from the left ventricle of the heart. While afterload 

represents the pressures in the aorta that oppose blood flow out of the aorta as the left 

ventricle contracts. Aortic pressure increases as blood flow into the aorta increases, and is 

dependent on the cross-sectional area of the aorta and its compliance. Arterial compliance 

is defined as the change in aortic pressure for a given change in aortic blood volume. 

Peripheral vascular resistance is the ratio of the mean arterial blood pressure to the mean 

blood flow out of the heart (cardiac output, which therefore also becomes the peripheral 

tissue blood flow), representing how easily blood flows from the aorta to the peripheral 

vascular beds (14, 130). Using these three arterial components and subject-dependent 

parameters (age, sex, height, weight) the Modelflow method simulates aortic flow, and 
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therefore gives an estimate of left ventricular SV. Cardiac output (CO) is calculated by 

multiplying the HR by the estimated SV.   

3.1.4.4 Pulse Oximetry  
 A pulse oximeter (Nellcor N-395, Covidien-Nellcor, Boulder CO) was placed 

over the index finger of the left hand and used to monitor and confirm stable arterial 

oxygen saturation (SaO2) during exercise. Pulse oximetry relies on the principles of 

spectrophotometry. The pulse oximeter illuminates the skin with both red (660 nm) and 

infrared (940nm) light and measures changes in light absorption of oxygenated (O2Hb) 

and deoxygenated hemoglobin (Hb) in the blood. O2Hb and Hb have different absorption 

spectra at each of these wavelengths, with O2Hb being more absorbed by infrared light 

and Hb being more absorbed by red light. Therefore, the ratio of absorbance of these 

molecules is calculated at each wavelength and calibrated against direct measurements of 

arterial blood oxygen saturation (SaO2). This creates a calibration algorithm that is stored 

within the pulse oximeter and used to generate estimates of arterial saturation (53). This 

was displayed in real-time and recorded in the LabChart 7 software (Figure 8). 
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Figure 8. Sample of LabChart 7 window to represent continuous sampling of variables 
and the nature of their response. The variable displayed for a given channel is identified 
on the right side of the screen. Units are identified on the left side of the screen. All 
recordings where transduced via PowerLab. Channel 1 recorded femoral artery blood 
velocity in cm/s, as measured by the Doppler ultrasound. Channel 2 recorded the ECG 
reading in mV. Channel 3 recorded mean arterial pressure in mmHg, as measured by the 
finger plethysmograph. Channel 4 recorded leg force output in kg, as measured by the 
fixed load cell. Channel 5, which was minimized in this image recorded the %SaO2, as 
measured by the pulse oximeter. Channel 6 was created after collection as the integral of 
channel 4 and depicts the impulse in kg·s. 

3.1.4.5 Venous Blood Content 
 A tourniquet was tied on the right upper arm while participants were instructed to 

rhythmically squeeze their right hand until their veins near the antecubital fossa (elbow 
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joint) became more visible and easily accessible. Either a 20 or 22 gauge 

BD PrecisionGlide needle was inserted into a superficial or deep vein near the antecubital 

fossa of the right forearm facing towards the upper arm. A single 3 ml blood sample was 

taken prior to the start of baseline, while the participant was resting. The venous sample 

provided measures of hemoglobin (Hb) concentration (g/ml) in order to estimate arterial 

oxygen content (CaO2) using the arterial hemoglobin saturation (%SaO2), as determined 

by the pulse oximeter and an assumed partial pressure of oxygen (PaO2) of 100 mmHg. 

Obtaining the CaO2 allowed us to calculate oxygen delivery (O2Del). 

3.1.5 Data Analysis  

3.1.5.1 Contraction Impulse 
 

 A new channel was created to calculate the integral of each contraction (Figure 9), 

with the peak of each integral quantifying the total area under the contraction force curve 

(i.e. the impulse). The contraction impulse data were plotted against time for each bout of 

the IET (Figure 10). 30 second averages of the impulse data were taken, creating seven 

30 second averages per stage in the IET, which were plotted against time to allow visual 

assessment of consistency. These seven averages were then averaged to provide the 

average contraction impulse for each corresponding stage. The actual contraction impulse 

values were plotted against the expected contraction impulse values for each stage 

(Figure 10B), this allowed us to track how accurately (i.e. close to the target work rate) 

participants were performing the exercise test. 
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Figure 9. A. Force output for a single contraction. B. Sample of the contraction impulse 
profile for one contraction. The contraction impulse profile was obtained by calculating 
the integral of the force output profile and expressed in kilogram seconds. The actual 
value of the contraction impulse is denoted by the peak of the integral tracing which 
indicates the accumulation of all area under the force curve. 
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Figure 10. Sample of IET performance for participant C. A. Average impulses taken 
every 30 seconds during the IET to exhaustion. B. One average impulse value per a stage 
of the IET to exhaustion was obtained based on the 30 second averages in panel A. IET, 
incremental exercise test. The black line signifies the line of identity, which represents 
what the relationship would look like if the expected and actual impulse were equal. 
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3.1.5.2 Leg Blood Flow (LBF) 
 
 LBF (cm3/min = ml/min) was calculated for each work stage of the IET. LBF was 

calculated using the following formula:  

LBF = FABV · 60s/min · (p · FAD2/4)] 

 FABV (cm/s) for steady state of each IET stage was derived from the average of 

10 duty cycles worth of FABV.    

 The FAD (cm) was obtained at the start of each session using the Echo 

ultrasound. The artery diameter and the mean FABV for each stage allowed calculation 

of LBF as per the formula above, which was plotted versus impulse for each stage of the 

IET (Figure 16B).  These data were then fit using a linear regression. After LBF versus 

impulse had been fit for each IET, pre-determined work rate values were substituted into 

each trial’s equation and corresponding LBF values were obtained. The corresponding 

LBF values were averaged across trials to give an average LBF response to the IET for 

each participant (Figure 16B).  

3.1.5.3 Hemoglobin (Hb)  A blood gas analyzer (Stat Profile Prime Blood Gas Analyzer, Nova Biomedical, 

Mississauga, Canada) was used to analyze the 3-mL blood sample of venous blood 

obtained prior to the start of exercise. Each blood sample was run through the gas 

analyzer three consecutive times, providing an average Hb concentration (g/dl) for each 

testing session. Hb concentration was converted from g/dl to g/ml by dividing by a factor 

of 10 to obtain CaO2 in ml O2/ ml blood. A blood sample was taken prior to the start of 

exercise during each collection session. Therefore, Hb values from each session were 

averaged to provide an averaged Hb value. 
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3.1.5.4 Arterial Oxygen Content (CaO2) 
CaO2 (ml O2/ml blood) was calculated using the following formula: 

 CaO2 = [(SaO2 ·[Hb]·1.36 ml O2/g Hb) + 0.003·PaO2] 

 Arterial hemoglobin saturation (SaO2) was obtained using pulse oximetry. An 

average SaO2 for each work stage of the IET was calculated for the 10 cycles selected for 

the mean FABV. The averaged hemoglobin concentration in g/ml was used. The factor of 

1.36 represents the mean volume of O2 that can be bound to 1 g of normal Hb when fully 

saturated and is expressed in ml/g Hb. The factor of 0.003 refers to the solubility of O2 in 

human plasma and is expressed in ml O2/ml blood/mmHg. PaO2, the partial pressure of 

O2 in the arterial blood was assumed to be 100 mmHg. CaO2 was calculated to be used 

for determining oxygen delivery. 

3.1.5.5 Oxygen Delivery (O2Del) 
O2Del (ml/min) was calculated using the following formula:  

O2Del = [CaO2] · LBF 

 LBF (ml/min) and CaO2 (ml O2/ml blood) for each stage of the IET were used. 

The O2 Del was than graphed against the average contraction impulse for each completed 

stage of the IET. This provided an O2Del/WR ratio, which serves as a surrogate for the 

O2 Del/utilization ratio. It has been previously demonstrated that work rate and oxygen 

utilization (VO2) are closely matched, increasing linearly and proportionally, supporting 

the use of work rate can be used as a surrogate for utilization (89).  

 An O2Del/WR relationship was determined for each IET that was completed. 

O2Del versus WR was plotted for each IET and a linear regression was performed to 

obtain a linear equation that represented the relationship (y = mx + b). After a 

relationship was obtained for each trial, pre-set WR values (x-values) that were common 
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to each of the trials were substituted into each linear equation. This provided 

corresponding O2Del values (y-values). The O2Del values were averaged across the 

multiple trials and plotted against the pre-set WR values. This relationship was linearly fit 

to provide the best estimate of the participant’s ‘true’ O2Del/WR ratio (see Figure 11 for 

an example). Figure 12 depicts the average O2Del/WR ratios for all 10 participants.  

  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 11. Sample of deriving O2Del/WR for participant C. O2Del against WR for each 
IET trial was plotted and regressed linearly to obtain a linear equation. Averaging these 
responses, a single O2Del/WR profile was then created for each participant. O2Del/WR, 
oxygen delivery/work rate ratio; IET, incremental exercise test. 
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Figure 12. The average O2Del/WR ratios for all 10 participants. Each of the lines 
represents the averaged O2Del/WR relationship for a single participant. The slope of each 
line represents the estimate of the O2Del/WR ratio of each participant. 

3.1.5.6 Determining Higher and Lower Responders  
 To determine higher and lower responder groups, confidence intervals were used 

when graphing each participant’s average O2Del/WR ratio. The average ratio along with 

the identified 90% confidence interval, which reflects the variation across the trials were 

plotted (Figure 13).  Higher versus lower responder groups were determined by looking 

at the confidence intervals and ensuring that the confidence intervals of the individuals 

within a group overlapped, while the confidence intervals of individuals from different 

groups did not overlap.  This resulted in 6 out of the 10 participants being categorized as 

higher (n = 3) or lower (n = 3) responders.     
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Figure 13. A. A sample of how to obtain the average O2Del/WR response and 90% CI 
using participant C’s data. B. Lower and higher responder group categorization using 
mean O2Del/WR with 90% CI. Symbols represent each participant’s average O2Del/WR 
ratio. Horizontal error bars represent each participant’s 90% confidence interval. The 
lower and higher responder groups were determined based on no overlap of confidence 
intervals. Thin circles, LOWER responders (n = 3); thick circles, HIGHER responders (n 
= 3). Thick dotted line, group median (n = 10) O2Del/WR ratio; thin lines, low and high 
bounds separating the lower and higher responder groups. O2Del/WR, oxygen 
delivery/work rate ratio; CI, confidence interval. 
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3.1.5.7 Central Hemodynamics  
 Beat by beat values for HR, MAP, SV and CO were time aligned to the onset of 

exercise and graphed against time. Average values for MAP were taken during the last 30 

seconds of each stage. Since steady state had been reached 2 minutes into each stage, the 

last 30 seconds of the stage were averaged. Leg vascular conductance (LVC) was 

calculated for each work stage as LBF/MAP, because the hand was secured at heart level 

and the pressure measured by the finger plethysmograph was the heart level arterial blood 

pressure (MAP). Figure 14A depicts the raw MAP response over the course of one IET, 

while 14B depicts the MAP response at each stage of the IET for all of the trails 

performed by participant C. LVC was measured across contraction-relaxation cycles, 

representing the combined effect of muscle contraction-induced mechanical impedance 

and enhancement of blood flow and vascular conductance. LVC was calculated using the 

30 second MAP averages and the calculated LBF for each stage. In this way a single 

value for each of MAP, LVC and LBF were obtained for each work rate.  

MAP and LVC values were plotted against impulse values for each IET trial for 

only the higher and lower responder groups. These data were then curve fit in SigmaPlot 

12.5 using either a Sigmoidal or Polynomial fit. This was done as it is clear based on 

Figure 15 that MAP does not follow a linear pattern like LBF. The same non-linear trend 

was seen with LVC. As the curve fits used were not linear, after a specific curve fit was 

applied, the residuals of the curve fit function were graphed (Figure 15). This was done to 

assess how well the selected curve fit actually fit the data. The more evenly distributed 

the residuals are along the length of the fit, the better the fit of the curve to the data set 

under study. After a curve fit had been selected, the same steps were repeated on the 

other trials. Then pre-determined work rate values were substituted into each trial’s 
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equation and corresponding MAP or LVC values were obtained. The corresponding MAP 

or LVC values were averaged across trials to give an average MAP or LVC response to 

the IET for each participant. A sample of this process for MAP is depicted in Figure 16A.    

After the average LBF, MAP and LVC responses to the IET for higher and lower 

responders were established, changes from baseline to each absolute work rate for each of 

these variables were calculated. This was done by subtracting the baseline LBF, MAP or 

LVC from the LBF, MAP or LVC at each work rate stage. This was done for all higher 

and lower responders, with the change from baseline for these variables then being 

averaged within a group at each work rate. MAP data for the higher and lower responders 

were also analyzed by looking at changes from baseline to 25%, 50%, 75% and 100% of 

each participant’s averaged maximal WR achieved on the IET trials. All changes were 

calculated as relative to baseline values.  
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Figure 14. Sample of MAP value generation for participant C. A. The raw MAP 
BeatScope output for a single IET trial. B. Average MAP values plotted for each stage of 
the IET and plotted for each IET trial. These values were obtained by averaging MAP for 
last 30 seconds of each IET stage.  MAP, mean arterial pressure; IET, incremental 
exercise test. 
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Figure 15. A. Sample of the cure fit used to fit the MAP data for IET 3 for participant C. 
B. Sample residuals graph for the curve fit performed in panel A. This demonstrates that 
the residuals are relatively small and evenly dispersed, with 3 of the points being 
residuals in the positive direction and 3 of the points being residuals in the negative 
direction. MAP, mean arterial pressure; IET, incremental exercise test. 
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Figure 16. A. Sample of deriving the MAP versus WR relationship for participant C. 
MAP against WR for each IET trial wad plotted and curve fit to obtain an equation 
representative of each trial’s relationship. Averaging these responses, a single MAP 
profile was then created for each participant. B. Sample of deriving the LBF versus WR 
relationship for participant C. LBF against WR values for each IET trial were plotted and 
regressed linearly to obtain a linear equation. Averaging these responses, a single LBF 
profile was then created for each participant. MAP, mean arterial pressure; LBF, leg 
blood flow; WR, work rate; IET, incremental exercise test. 
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3.1.5.8 Submaximal Exercise Fatigue Test (SEFT) 
 
 A contraction impulse channel was created (see Contraction Impulse section) and 

a 3 second macro picking up each contraction:relaxation cycle was run. The contraction 

impulse was time aligned to the start of exercise. Each MVC value was obtained by 

manually selecting the highest peak in the force channel on LabChart 7, while the 

remaining contractions were quantified by impulse.  The contraction impulse values were 

plotted versus time, and the corresponding MVCs were plotted versus time in SigmaPlot 

12.5. The first MVC represented zero fatigue. Each successive MVC was subtracted from 

the initial MVC and the differences were accumulated. The delta between the initial 

MVC and each successive MVC is depicted in Figure 17.  This accumulated absolute 

deficit was then converted into a percentage based on the absolute value of the first 

MVC. This relative deficit was used to represent the fatigue index (FI), allowing us to 

compare fatigue between participants. Absolute values could not be used as participants 

had varying underlying leg muscle strengths and MVCs. Average contraction impulses 

between MVCs were calculated and compared to the target work rate of the test. This was 

done to determine how well participants were performing the SEFT. 
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Figure 17. Sample of how the deficit was accumulated during the SEFT to get the FI for 
participant C. At each subsequent MVC, a decay relative to the first MVC was calculated 
and converted into a percent decay. These percent decays were totaled to give an 
accumulated percent decay known as the FI. The dashed lines signify each successive 
MVC. MVC, maximal voluntary contraction; FI, fatigue index. Thick dashed lines, 
MVC; thick solid line, value of the initial MVC.  

3.1.6 Statistical Analysis 
 Significance was set at an a of 0.05 for all statistical analyses. All values were 

presented as means ± standard deviation (SD). For the analyses described below, multiple 

comparison testing (if necessary) was performed using a Holms-Sidak post-hoc test. 

3.1.6.1 Participant Characteristics  
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 Both anthropometric characteristics (age, height, weight, BMI, FAD, thigh 

volume, and PAR score) and exercise test characteristics (MVC, peak O2 Del, maximum 

IET impulse, max IET impulse as percent of MVC, target WR of SEFT, O2 Del/WR 

ratios, and fatigue index) were compared between the two groups using one-tailed 

unpaired t-tests.  Please refer to Appendix C for a sample of the t-test statistical analysis.  

3.1.6.2 Incremental Exercise Test – Contribution of MAP and LVC to LBF  
 A two-way analysis of variance with repeated measures (2-way RM ANOVA) 

was used to compare the differences between groups at each absolute work rate and at 

each relative work rate for LBF, MAP and LVC. It is important to note that because each 

participant achieved a different maximal stage of the IET, the ANOVA was run only on 

stages that were reached by all six of the higher and lower responders. The statistical 

analysis test was performed to test the following null hypotheses: 

a) H0: There is no main effect of group (HIGHER versus LOWER responders) to 

progressive increases in exercise intensity on LBF, MAP and LVC.  

b) H0: There is no interaction effect of group (HIGHER versus LOWER responder) 

and exercise intensity on LBF, MAP and LVC.  

 This analysis was done to identify why the different response groups may be 

experiencing different LBF and thereby O2 Del responses to the same exercise demand. 

Please refer to Appendix C for a sample of the 2-way RM ANOVA statistical analysis.  

3.2 Study Two – Identifying SEFT Repeatability 
The methods outlined below were approved by the Health Sciences Research 

Ethics Board (HSREB) and fall in-line with the ethics guidelines as outlined by Queen’s 

University in compliance with the Declaration of Helsinki. In study one, individuals with 
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a lower versus higher O2Del/WR ratio did not have a significantly greater accumulation 

of fatigue on the SEFT, as hypothesized.  

In examining performance of the test during study 1, it was noticed that some 

participants were experiencing a minimal fatiguing effect from the exercise test (i.e. very 

small but negative FI), while one participant experienced no fatiguing effects and had a 

positive FI. Furthermore, MVC’s often periodically increased as the SEFT progressed 

indicating either a reduction in the SEFT work rate or not always performing the MVC to 

the same maximal effort.  In performing the contractions, it was also noted that 

participants would have freedom to move at the hip, which could alter mechanical 

advantage for the quadriceps muscle contractions.  Thus, in the interest of future 

investigations, we wished to determine whether repeatable, accurate performance of this 

type of exercise test could be achieved by providing participants with more opportunities 

to perform the test (i.e. practice to learn consistency), by on-screen identification of the 

MVC target for the participant, and by securing the hips to prevent movement.  

3.2.1 Participants  
Six healthy and recreationally active males between the ages of 18 to 35 were 

studied. Each participant was free of cardiovascular disease and hypertension, had no 

recent history of smoking (within the last 6 months).  

3.2.2 Screening and Familiarization  
 Recruitment for the study occurred from January to March of 2018 and occurred 

in the same manner as for study one. The initial screening was identical to the process 

outlined in study one (please refer above), with the exception of measuring the femoral 

artery diameter. As this follow up study was only concerned with looking at force output 
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data and assessing the repeatability of the SEFT, hemodynamic measures were not 

performed. 

3.2.3 Experimental Design  
 Exercise testing took place over four visits. The first visit consisted of subjects 

performing an IET to exhaustion (lasting between 15 to 45 minutes) to identify the 70% 

IET work rate for the SEFT, followed by 60 minutes of rest and then performing half of 

the fatiguing protocol as practice. The second, third and fourth visits were identical, 

during which subjects performed a single 22-minute SEFT. Participants were instructed 

to come to each testing visit fasted for 2 hours, to refrain from coffee for 6 hours and to 

refrain from alcohol and exercise for 12 hours prior. The instrumentation, experimental 

set-up, and experimental testing conditions were all identical to those outlined above in 

study one. 

3.2.3.1 Visit 1: Incremental Exercise Test to Exhaustion and SEFT Practice  
 Participants arrived at the laboratory and performed a single IET to exhaustion to 

identify 70% of their peak WR. In order to improve how participants performed the 

exercise, an amendment was made to the experimental set-up from study one. A padded 

cross bar of plastic with a belt was used to stabilize the hip by having the padded contact 

points of the bar secured against the anterior of the hip bones via tightening the belt 

wrapped around the bar and the bed (see Figure 18).  This was to limit movement of the 

hips and preventing participants from changing the mechanics of their kick. After the IET 

was terminated subjects were given 60 minutes of rest. During the resting period 

participants lay flat on the testing bed with the ankle strap and stabilizing bar removed 

and could watch Netflix, sleep or do work from the testing bed. After 55 minutes of rest 
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researchers re-entered the lab to re-secure the ankle strap and the hip stabilizing bar. 

Participants then performed half of the SEFT protocol, to serve as an introduction to the 

SEFT. Please refer to study 1 for experimental set-up and instrumentation. 

3.2.3.2 Visit 2 to 4: Submaximal Exercise Fatigue Test (SEFT)   
 Participants performed the SEFT test on three separate visits. Please refer to the 

experimental set-up in study one for the SEFT. Two amendments to the experimental set-

up were made in this follow up study. Just as with the IET, participants had their hips 

fastened to the exercising bed. As well, in order to improve the accuracy and consistency 

of how participants performed the SEFT, an extra visual cue had been added. While 

participants performed the test, there were two on-screen rulers to guide them. One to 

designate their 70% WR and another to designate their MVC target.  Participants 

performed three trails of the SEFT, allowing us to track the changes and consistency in 

how the SEFT were performed, with each trial being on a different day.  

3.2.4 Measurements and Instrumentation  
  

 

 

 

 
 

 
Figure 18. A schematic of a participant laying in a slightly upright position, supported by 
a wedge pillow of 45°, with their knee bent at 90°, their lower leg secured to the force 
transducer and their hips secured to limit movement.   
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 The measurements obtained in study two were identical to those in study 1, 

therefore the processes were identical. Please refer to the Kilogram Output to Impulse 

Contraction section in study one (see above.) 

3.2.5 Data Analysis  

3.2.5.1 Incremental Exercise Test to Exhaustion  
 A contraction impulse channel was created as in study 1 (please see above) to 

calculate the impulse for each contraction. The target WR for the SEFT was obtained 

using the same approach as outlined in study 1. No other analysis was carried out on the 

IET data. 

3.2.5.2 Submaximal Exercise Fatigue Test  
 Peak force during MVC efforts, and average contraction impulses during 

continuous exercise at 70% of IET peak work rate were quantified. FI for each trial was 

then determined as in study 1. Accuracy of the average WR achieved was calculated by 

subtracting the average WR achieved in a given trial from the target WR, identifying the 

difference between the actual and target WR. The within trial variability of the average 

performed WR was quantified by calculating the coefficient of variation (COV) across 

the 10 intervals in a given trial.  

3.2.6 Statistical Analysis 

3.2.6.1 Submaximal Exercise Fatigue Test Coefficient of Variation  
 A coefficient of variation was calculated both for the accumulated FI and 

the initial MVC of the SEFT. This was done to compare the repeatability in 

exercise performance between the first and second vs. the second and third trials for 
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each participant.  If practice improved accuracy of the exercise task, then a reduced COV 

in second and third compared to first and second would be evident. 

3.2.6.2 Submaximal Exercise Fatigue Test Consistency  
 A two-way repeated measures analysis of variance (2-way RM ANOVA) (trial x 

interval) was used to compare the differences between SEFT WR during each time 

interval (i.e. two-minute chunks between successive MVCs), both within a trial and 

between trials at the group level. The statistical analysis test was performed to test the 

following null hypotheses: 

a) H0: There is no main effect of trial or interval on the average SEFT WR 

performed. 

b)  H0: There is no interaction effect of trial and interval on the average SEFT WR.  

 This analysis was done to determine whether there were systematic trial or 

interval effects on the SEFT work rates. 

 A one-way repeated measures analysis of variance (1-way RM ANOVA) was 

used to compare within trial variability of the SEFT WR performed between trials (i.e. 

how consistently the exercise is being maintained). The statistical analysis test was 

performed to test the following null hypothesis: 

a) H0: There is no main effect of trial on the within trial variability of SEFT WR 

performed. 

 Another one-way repeated measures analysis of variance (1-way RM ANOVA) 

was used to compare how accurately the target SEFT WR was achieved between trials.  

The statistical analysis test was performed to test the following null hypothesis: 
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a) H0: There is no main effect of trial on the accuracy of the target SEFT WR 

achieved.  
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Chapter 4 

Results  

4.1 Study One – O2Del/Demand Matching  

4.1.1 Participant Characteristics  
Participant anthropometric characteristics are displayed in Table 1. Exercise test 

characteristics for participants are in Table 2.  

Table 1. Anthropometric participant characteristics.   

 Age 
(years) 

Height 
(cm) 

Weight 
(kg) 

BMI 
(kg/m2) 

FA Diameter 
(cm) 

Thigh 
Volume (L) 

PAR 
Score, 
(MET/ 
week) 

A 21 178 75 23.7 0.98 4.77 235 
B 21 169 77 27.0 0.98 4.08 231 
C 19 163 54 20.3 0.835 3.08 232 
D 20 185 80 23.4 0.805 5.08 234 
E 21 173 79 26.4 0.805 6.14 234 
F 24 173 77 25.7 0.915 5.09 226 
G 27 165 66 24.2 0.855 4.30 240 
H 31 178 91 28.7 0.91 6.69 238 
I 24 186 72 20.8 0.865 4.43 235 
J 23 177 66 21.1 0.845 3.60 246 

GROUP 23 ± 4 175 ± 8 74 ± 10 24.1 ± 2.8 0.880 ± 0.065 4.73 ± 1.10  235 ± 5 
Values are means ± SD. BMI, body mass index; FA diameter, femoral artery diameter; 
PAR score, physical activity recall score.  O2Del/WR, oxygen delivery/work rate ratio; 
FI, fatigue index.  
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Table 2. Exercise test participant characteristics.  

 MVC 
(kg) 

Max IET 
Impulse 

(kg·s) 

Max IET as 
%MVC 

(%) 

 SEFT 
WR 
(kg) 

Peak O2Del 
(ml O2/min) 

O2Del/WR 
(ml O2/min/kg·s) 

FI (%) 

A 479.1 423.7 88.4 297 339.56 0.62 -101.0 
B 283.6 233.6 82.4 164 387.36 1.46 -148.6 
C 247.3 229.6 92.8 161 406.05 1.51 -72.1 
D 480.2 202.4 42.1 142 333.55 1.42 -82.1 
E 528.8 420.5 79.5 294 330.54 0.65 -90.4 
F 372.8 297.7 79.9 208 407.80 1.11 -147.7 
G 304.9 188.71 61.9 213 424.99 2.01 -15.7 
H 752.1 418.2 55.6 293 462.42 1.16 -127.7 
I 376.5 344.8 91.6 241 725.49 1.96 +6.1 
J 582.7 432.4 74.2 302 326.16 0.73 -50.3 

GROUP 440.8 
± 

155.4 

319.2  ± 
100.5  

74.8 ± 16.7  232  ± 63 414.39  ± 
118.79 

1.26 ± 0.50 -82.9 ± 
52.2 

Values are means ± SD. MVC, maximal voluntary contraction; Max IET Impulse, 
maximum incremental exercise test impulse; Max IET as %MVC, maximum incremental 
exercise test impulse as a percent of the participants MVC; SEFT WR, submaximal 
exercise fatigue test work rate; O2Del, peak oxygen delivery; O2Del/WR, oxygen 
delivery/work rate ratio; FI, fatigue index.  

4.1.2 Identification of Higher versus Lower Responders 
Of the ten participants, we were able to characterize participants into lower and 

higher O2Del/WR responders. By way of study design, we were able to characterize 3 

higher O2Del/WR responders and 3 lower O2Del/WR responders, whereby there was no 

CI overlap between each participant in the lower responder group and each participant in 

the higher responder group (Figure 13).  Participants A, E, and I made up the lower 

responder group, while participants B, C, and J made up the higher responder group.  

4.1.3 Comparing Higher versus Lower Responders  

4.1.3.1 Oxygen Delivery/WR Ratio (O2Del/WR) 
The average O2Del/WR ratios for the higher (n = 3) and lower (n = 3) responder 

groups, and each participant’s individual ratio is represented in Figure 19. The higher 

responders had an average O2Del/WR ratio of 1.64 ± 0.28 (ml O2/min × kg·s), which was 



 

 
 

81 

significantly greater than the lower responders’ average ratio of 0.67 ± 0.06 (ml O2/min × 

kg·s), (difference of 0.97 ml O2/min × kg·s, p<0.001, α = 0.050, power = 0.99).  

4.1.3.2 Anthropometric Characteristics  

 The individual and average group anthropometric characteristics are presented in 

Table 3. The average age, height, weight and BMI of the lower responders was not 

significantly different than that of the higher responders (p > 0.05). The higher and lower 

groups do not have significantly different baseline FAD. The average thigh volume of 

3.863 ± 7.01 L of the higher responder group was not significantly different from the 

average thigh volume of 4.84 ± 1.27 L for the lower responder group (difference of 0.973 

L, p = 0.155, α = 0.05, power = 0.148).    

4.1.3.3 Exercise Test Characteristics  

 The individual and average group exercise test characteristics are presented in 

Table 4. The average MVC for the higher responder group (302.4 ± 66.6 kg) was 

significantly lower than the average MVC of the lower responder group (530.2 ± 51.8 kg) 

(difference of 227.8 kg, p<0.005, α = 0.05, power = 0.98). The average maximum IET 

impulse for the higher responders (269.3 ± 65.4) was significantly lower than the average 

for the lower responders (425.6 ± 6.2) (difference of 156.2 kg·s, p = 0.007, α = 0.05, 

power = 0.95). In normalizing the maximal IET impulse to MVC, the higher responders 

(88.9 ± 5.7%) did not achieve a significantly higher percentage of their MVC with their 

maximal IET impulse compared to lower responders (80.7 ± 7.2%), however this 

difference was trending towards significance (difference of 8.2%, p = 0.097, α = 0.05, 

power = 0.226). The target SEFT WR of the lower responder group (297.7 ± 4.0 kg) was  
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significantly greater than that of the higher responder group (188.7 ± 45.3 kg) (difference 

of 109.0 kg, p = 0.007, α = 0.05, power = 0.866). The higher responders (506.30 ± 190.06 

ml O2/min) did not achieve a significantly greater peak O2Del responses compared to 

lower responders (332.09 ± 6.84 ml O2/min), although the difference was trending 

towards significance (difference of 174.21 ml O2/min, p = 0.09, α = 0.05, power = 0.37). 

4.1.3.4 Accumulated Fatigue Index (FI)  

The average FI for each group and each participant’s individual FI is represented 

in Figure 20. The higher responders had an average FI of -72 ± 77%, which was not 

significantly lower than the lower responders average FI of -81 ± 27% (difference of 9%, 

p = 0.43, α = 0.05, power = 0.69).  In trying to identify potential reasons as to why the 

lower and higher responder groups had the same FI, a correlation was carried out to 

between the accumulated FI and the relative average SEFT WR performed by the 

participants. When correlating the accumulated FI and the relative average SEFT WR, 

there was no correlation between the two variables (p > 0.05) (Figure 21).
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Table 3. Anthropometric participant characteristics sorted by group. 

 
Values are means ± SD. BMI, body mass index; FAD, femoral artery diameter; PAR Score, physical activity recall score. *p < 0.05 
for a significant difference between higher and lower responder groups.

LOWER RESPONDERS HIGHER RESPONDERS 
 Age 

(years) 
Height 
(cm) 

Weight 
(kg) 

BMI 
(kg/m2) 

FAD 
(cm) 

Thigh 
Volume 

(L) 

PAR 
Score, 
(MET/ 
week) 

 Age 
(years) 

Height 
(cm) 

Weight 
(kg) 

BMI 
(kg/m2) 

FAD 
(cm) 

Thigh 
Volume 

(L) 

PAR 
Score, 
(MET/ 
week) 

A 21 178 75 23.7 0.98 4.77 235 B 21 169 77 27.0 0.98 4.08 231 
E 21 173 79 26.4 0.805 6.14 234 C 19 163 54 20.3 0.835 3.08 232 

I 23 177 66 21.1 0.845 3.60 246 J 24 186 72 20.8 0.865 4.43 235 
GROUP 21.7 

± 1.2 
176 ± 

2.7 
73.3 ± 

6.7 
23.7 ± 

2.7 
0.877 

± 
0.092 

4.84 ± 
1.27 

238.3 
± 6.7 

GROUP 21.3 ± 
2.5 

172.7 
± 11.9 

67.7 ± 
12.1 

22.7 ± 
3.7 

0.893 
± 

0.077 

3.86 ± 
0.70 

232.7 
±2.1 
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Table 4. Exercise test participant characteristics sorted by group. 

Values are means ± SD. MVC, maximal voluntary contraction; Max IET Impulse, 
maximum incremental exercise test impulse; Max IET as %MVC, maximum incremental 
exercise test impulse as a percent of the participants MVC; SEFT WR, submaximal 
exercise fatigue test work rate; O2Del, peak oxygen delivery; O2Del/WR, oxygen 
delivery/work rate ratio; FI, fatigue index. *p < 0.05 for a significant difference 
between higher and lower responder groups.  

Figure 19. Lower and higher responder group categorization using mean O2Del/WR with 
90% CI organized by FI. Symbols represent each participant’s average O2Del/WR ratio. 
Horizontal error bars represent each participant’s 90% CI. Thin circles, LOWER 
responders (n = 3); thick circles, HIGHER responders (n = 3). FI, fatigue index; 
O2Del/WR, oxygen delivery/work rate ratio; CI, confidence interval. 
 

LOWER RESPONDERS HIGHER RESPONDERS 
 MVC 

(kg) 
Max 
IET 

Impulse 
(kg·s) 

Max 
IET as 

%MVC 
(%) 

SEFT 
WR 
(kg) 

Peak 
O2Del 

(ml 
O2/min) 

 MVC 
(kg) 

Max  
IET  

Impulse  
(kg·s) 

Max 
IET as 

%MVC 
(%) 

SEFT 
WR 
(kg) 

Peak 
O2Del 

(ml 
O2/min) 

A 479.1 423.7 88.4 297 339.56 B 283.6 233.6 82.4 164 387.36 
E 528.8 420.5 79.5 294 330.54 C 247.3 229.6 92.8 161 406.05 
I 582.7 432.4 74.2 302 326.16 J 376.5 344.8 91.6 241 725.49 

GROUP 530.2 
± 

51.8* 

425.5 
±6.2* 

80.7 ± 
7.2 

297.7 
± 

4.0* 

332.1 ± 
6.8 

GROUP 302.5 
± 

66.6 

269.3 ±  
65.4 

88.9 ± 
5.7 

188.7 
± 

45.3 

506.3 ± 
190.1 
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Figure 20. A. Mean O2Del/WR for lower and higher responder groups. Data from the 
IET were used to create these relationships. B. Mean FI for lower and higher responder 
groups. Data from the SEFT were used to obtain the FI. Bars represent group means ± 
SD. Filled circles, individual data for each subject. White bars, LOWER responders (n = 
3); grey bars, HIGHER responders (n = 3). *p < 0.05 for a significant difference between 
higher and lower responder groups. FI, fatigue index; IET, incremental exercise test; 
O2Del/WR, oxygen delivery/work rate ratio; SEFT, submaximal exercise test. 

A 

B 
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Figure 21. A. Mean achieved WR as a % of IET maximum for lower and higher 
responder groups on the SEFT. B. Correlation between achieved WR and achieved 
accumulated FI on the SEFT. Bars represent group means ± SD. Filled circles, individual 
data for each subject. White bars, LOWER responders (n = 3); grey bars, HIGHER 
responders (n = 3). WR, work rate; IET maximum, incremental exercise test maximum; 
FI, fatigue index; SEFT, submaximal exercise fatigue test.  

A 

B 
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4.1.4 Comparing Hemodynamics Between Lower versus Higher Responders 
  Baseline LBF, MAP and LVC for the higher and lower responder groups are 

presented in Table 5. The average baseline LBF for the higher responder group of 374.3 

± 155.4 ml/min was not significantly higher than the lower responder group response of 

262.3 ± 70.8 ml/min (difference of 112 ml/min, p = 0.160, α = 0.05, power = 0.143). 

Average baseline MAP was significantly higher for the lower (105 ± 12 mmHg) versus 

the higher responders (85 ± 6 mmHg) (difference of 20 mmHg, p = 0.0304, α = 0.05, 

power = 0.685). On average, higher responders (4.5 ± 1.7 ml/min/mmHg) did not have a 

significantly higher baseline LVC than lower responders (3.0 ± 1.1 ml/min/mmHg) 

(difference of 1.5 ml/min/mmHg, p = 0.135, α = 0.05, power = 0.169).  

 Peak changes from baseline for LBF, MAP and LVC in the higher and lower 

responder groups are presented in Figures 22, 23, 24, along with changes in each of these 

variables from baseline to a given absolute WR. The groups did not differ in ∆LBF from 

baseline to the 40-kilogram work rate (p = 0.237), however, ∆LBF from baseline to 80, 

120, 160, 200, 240 and 280-kilogram work rates were significantly greater in the higher 

versus lower responder group (p < 0.05) (Figure 22). When examining ∆MAP between 

the higher and lower responder groups, ∆MAP were not significantly greater in the higher 

versus lower responder group at any of the absolute work rates examined (p > 0.05) 

(Figure 23). ∆LVC from baseline to all absolute work rates except the 40 and 80-

kilogram work rates were significantly greater in the higher versus lower responder group 

(p < 0.05) (Figure 24). 

 When looking at changes within a group, we saw significant increases in ∆LBF, 

∆MAP, ∆LVC as the IET progressed. In the higher responder group, exercise at each of 
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the absolute work rates caused significant increases in LBF from baseline (p < 0.001). In 

the lower responder group, exercise at all except the 40-kilogram absolute work rate 

caused significant increases in LBF (p < 0.05). Exercise led to significant increases in 

MAP from baseline to the 200, 240 and 280-kilogram work rates in the higher 

responders, and significant increases in MAP from baseline to the 240 and 280-kilogram 

work rates in the lower responders (p > 0.05). Increases in LVC were significant from 

baseline to all absolute work rates except the 40-kilogram work rate in the higher 

responder group (p < 0.05). ∆LVC from baseline to only the 240 and 280-kilogram 

absolute work rates were significant increases in the lower responder group (p = 0.027, p 

= 0.006, respectively). 

 Changes in hemodynamic responses both within and between the groups were 

also examined at the same relative work rate intensities. Changes in MAP from baseline 

to all relative work rates were not different between the higher and lower responder 

groups (p > 0.05) (Figure 25). ∆MAP from baseline to only the 100% relative work rate 

was a significant increase in the higher responder group (p < 0.001). In the lower 

responder group, exercise at the 75% and 100% relative work rates caused significant 

increases in MAP from baseline (p = 0.003, p < 0.001, respectively).  
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Table 5. Baseline hemodynamic values for higher and lower responder groups.   
LOWER RESPONDERS HIGHER RESPONDERS 

 Baseline 
LBF 

(ml/min) 

Baseline 
MAP 

(mmHg) 

Baseline LVC 
(ml /min/mmHg) 

 Baseline 
LBF 

(ml/min) 

Baseline 
MAP 

(mmHg) 

Baseline LVC 
(ml /min/mmHg) 

A 318.3 110 4.2 B 249.8 86 3.7 

E 286.0 113 2.7 B 324.6 90 3.3 

I 182.7 91 2.0 J 548.4 79 6.4 

 GROUP 262.3± 
70.8 

105 ± 12* 3.0 ± 1.1 GROUP 374.3 ± 
155.4 

85 ± 5 4.5 ± 1.7 

Values are means ± SD. LBF, leg blood flow; MAP, mean arterial pressure; LVC, leg 
vascular conductance. *p < 0.05 for a significant difference between higher and lower 
responder groups.  
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Figure 22. Average group LBF values during the IET to exhaustion. Data for each WR 
were averaged during the last 30-seconds of the 3.5-minute stage. Symbols represent 
mean ± SD. Horizontal error bars for peak change responses were used to indicate 
variation in peak WR achieved by participants in the group. Values are expressed as the 
change in magnitude from baseline to a given absolute WR. Filled circles; HIGHER 
responders; open circles, LOWER responders. Filled triangles, HIGHER responders peak 
change; open triangles, LOWER responders peak change. As the exercise progresses the 
number of participants reaching a given stage decreased. At the highest stages of the IET, 
there was only one higher and one lower responder, thus there are no error bars. There 
was a statistically significant effect of group (p = 0.006) and WR level (p < 0.001) on 
change in LBF. There was a statistically significant interaction between group and 
absolute WR level (p < 0.001), denoted by *. LBF, leg blood flow; IET, incremental 
exercise test; WR, work rate.  

* 

D
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Figure 23. Average group MAP values during the IET to exhaustion. Data for each WR 
were averaged during the last 30-seconds of the 3.5-minute stage. Symbols represent 
mean ± SD. Horizontal error bars for peak change responses were used to indicate 
variation in peak WR achieved by participants in the group. Values are expressed as the 
change in magnitude from baseline to a given absolute WR. Filled circles; HIGHER 
responders; open circles, LOWER responders. Filled triangles, HIGHER responders peak 
change; open triangles, LOWER responders peak change.  As the exercise progresses the 
number of participants reaching a given stage decreased. At the highest stages of the IET, 
there was only one higher and one lower responder, thus there are no error bars. There 
was not a statistically significant effect of group (p = 0.700), but a statistically significant 
effect of WR level (p < 0.001) on change in MAP. There is not a statistically significant 
interaction between group and absolute work rate (p = 0.973). MAP, mean arterial 
pressure; IET, incremental exercise test; WR, work rate.  

D
 

D
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Figure 24. Average group LVC values during the IET to exhaustion. Data for each WR 
were averaged during the last 30-seconds of the 3.5-minute stage. Symbols represent 
mean ± SD. Horizontal error bars for peak change responses were used to indicate 
variation in peak WR achieved by participants in the group. Values are expressed as the 
change in magnitude from baseline to a given absolute WR. Filled circles; HIGHER 
responders; open circles, LOWER responders. Filled triangles, HIGHER responders peak 
change; open triangles, LOWER responders peak change.  As the exercise progresses the 
number of participants reaching a given stage decreased. At the highest stages of the IET, 
there was only one higher and one lower responder, thus there are no error bars. There 
was a statistically significant effect of group (p = 0.034) and WR level (p < 0.001) on 
change in LVC. There is a statistically significant interaction between group and absolute 
work rate (p = <0.001), denoted by *. LVC, leg vascular conductance; IET, incremental 
exercise test; WR, work rate.  
 

* 

D
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Figure 25. Average group MAP values during the IET to exhaustion at relative WRs of 
0%, 25%, 50%, 75% and 100%. Bars represent group means ± SD. Value are expressed 
as the change in magnitude from baseline at a given relative WR. Grey bars; HIGHER 
responders (n = 3); white bars, LOWER responders (n = 3). There was not a statistically 
significant effect of group (p = 0.568), but there was a significant effect of relative WR 
level (p < 0.001) on change in MAP at the 75% WR for the lower responders and the 
100% WR for both higher and lower responders. There was not a statistically significant 
interaction between group and relative WR level (p = 0.500). *p < 0.05 denotes 
significant increase compared to baseline values. MAP, mean arterial pressure; IET, 
incremental exercise test; WR, work rate. 
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4.2 Study Two – Identifying SEFT Repeatability  

4.2.1 Participant Characteristics  
 Participant anthropometric and exercise test characteristics are displayed in Table 
6.  
 

Table 6. Anthropometric and exercise test participant characteristics. 

 Age 
(years) 

Height 
(cm) 

Weight 
(kg) 

MVC (kg) Max IET 
Impulse 

(kg·s) 

 SEFT WR 
(kg) 

A 22 178 79.4 833.6 506 354 
B 27 165.0 66 431.1 275 193 
C 31 178 91 790.5 512 358 
D 23 182.8 83.9 631.4 326 228 
E 22 180.3 113.4 1096.5 395 277 
F 28 182.8 79.4 1029.3 391 274 

GROUP 25.5 ± 3.7 177.8 ± 6.6   85.5 ± 
15.9  

802.1 ± 247.5   400.8 ± 94.9   280.7 ± 66.1  

 
Values are means ± SD. BMI, body mass index; MVC, maximum voluntary contraction; 
Max IET Impulse, maximum incremental exercise test impulse; SEFT WR, submaximal 
exercise test work rate. 

4.2.2 Submaximal Exercise Test  

4.2.2.1 Coefficient of Variation  

 Table 7 presents the repeatability of the initial MVC and the accumulated FI 

between successive SEFT trials. With respect to initial MVC in the SEFT, trial pair 2, 3 

COV (4.35 ± 3.80 %) was not different from trial pair 1, 2 COV (5.82 ± 4.67%) 

(difference of 1.475%, p = 0.281, α = 0.05, power = 0.139) and indicated very good 

repeatability.  With respect to the accumulated FI, trial pair 2, 3 COV (16.52 ± 11.78%) 

was not different from trial pair 1, 2 COV (12.58 ± 8.23%) (difference of 3.942%, p = 

0.258, α = 0.05, power = 0.154), and indicated potentially problematic repeatability that 

was not improved with practice. 
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Table 7. Assessment of repeatability of initial MVC and FI between trials. 

 MVC COV (%) FI COV (%) 
 Trial 1 vs 2 Trial 2 vs 3 Trial 1 vs 2 Trial 2 vs 3 

A 0.940 1.44 20.53 19.74 
B 2.38 4.22 10.91 29.41 
C 3.60 0.05 3.51 2.48 
D 7.37 9.17 16.68 23.41 
E 6.75 8.68 2.62 22.82 
F 13.89 2.52 21.21 1.25 

TRIAL PAIR 
MEAN 

5.82 ± 4.67 4.35 ± 3.80 12.58 ± 8.23  16.52 ± 11.78 

 
Values are means ± SD. MVC COV, maximal voluntary contraction coefficient of 
variation; FI COV, fatigue index coefficient of variation.  

4.2.2.2  Achieved WR Consistency and Accuracy 

The RM 2-way ANOVA revealed that there was no effect of trial on the average 

WR performed by participants (f = 0.782, p = 0.484), and no effect of interval on the 

average WR performed by participants (f = 1.259, p = 0.285). Further, there was no 

significant interaction between the trial and interval levels on the average WR performed 

by participants (f = 0.819, p = 0.673). 

One of the RM 1-way ANOVAs revealed that there were no significant 

differences in the within trial variation between intervals between trials (f = 2.404, p = 

0.14). The second RM 1-way ANOVA revealed that there were no significant differences 

between trials when examining how accurately target WR was achieved within a trial (f = 

1.281, p = 0.320). 
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Chapter 5 

Discussion  

5.1 Study One – O2Del/Demand Matching  
 This study was designed to determine whether inter-individual differences in 

normal O2Del/demand matching responses exist during rhythmic, isometric knee 

extension exercise, and if so, whether individuals with lower responses experience 

increased muscle fatigue in exercise. The main novel findings of the present investigation 

are: 

1. With the use of multiple trials to create 90% confidence intervals for estimation of 

an individual’s true O2Del/WR response, we were able to identify a group of 

lower versus a group of higher responders. 

2. The lower responder group had a significantly smaller increase in LBF per 

increase in work rate during the IET compared to the higher responder group, 

attributable to a reduced vasodilatory response.  

3. Despite a difference in O2Del/WR there was no difference in the amount of 

fatigue that developed during fatiguing exercise.  

 Taken together, these findings support the hypothesis that the matching of O2Del 

per O2 demand (work rate in this study) can truly differ between healthy young similarly 

active individuals.  However, they do not support the hypothesis that such differences 

between individuals, as were seen in the present study, can affect exercising muscle 

fatigue progression. 
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5.1.1 Identifying True Inter-Individual Differences in Oxygen Delivery/Work Rate 
Ratio (O2Del/WR) 
 

 Individual responses of the increase in exercising muscle blood flow (oxygen 

delivery) with increasing metabolic demand that are evident in previous studies suggest 

the possibility of inter-individual differences in normal O2 Del/demand matching (40, 86, 

89).  In other words, for the same oxygen demand, the delivery may be lower in one 

individual than in another. However, these studies did not assess individual differences in 

O2 Del/demand matching or their functional implications.  Through the use of multiple 

trials to create 90% CI’s within which there is a 90% likelihood that an individual’s true 

response would be found, the present study was specifically designed to identify true 

differences between individuals.  To our knowledge, this is the first study to use such an 

approach to identify inter-individual differences in O2 Del/WR matching during isometric 

knee extension exercise, in order to compare individuals with relatively lower responses 

to those with relatively higher responses. 

 Based on the current study design, two considerations play a role in deciding what 

level of CI to use. The CI chosen must be conservative enough that we have a high level 

of confidence that each participant’s true response falls within the CI range. As well, we 

want to choose a CI that will allow us to create two groups with enough participants in 

each group to have adequate statistical power to detect differences in fatigue.  

 The level of CI chosen will be impacted by the total sample size from which we 

can create our two groups. The smaller the sample size, the less conservative the level of 

CI that can be used in creating our two groups, meaning that we have a smaller level of 

certainty that each participant’s true response falls within the CI bounds. For example, if 

we had more participants to create our higher and lower responder groups from, we could 
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have used 95% confidence intervals, which would have increased our level of certainty 

by 5%. This CI level was initially used, but led to one group with n = 2 and on group 

with n = 3, instead of two groups with n = 3, when 90% CIs were used.  

The number of repeated measures used to create the average O2Del/WR ratio also 

affects the level of CI that is chosen.  CI bounds are calculated based on the equations 

below: 

×	±		$	 ∙ 	&'( 

 

Where x is the sample mean, Z represents the appropriate z value from the standard 

normal distribution for the desired confidence level, and SEM is the standard error of 

measurement.  

&'( =	 *√, 

Where σ is the standard deviation of the sample and n is the sample size.  

When graphing each participant’s average O2Del/WR ratio and their associated CI 

bounds, we saw that participants who had four repeats of the IET tended to have smaller 

CI bounds. Based on the equations above this makes sense because with more repeats 

there is a larger n value and therefore a smaller SEM is used in the calculation of the CI 

bounds. This falls in line with research by Koppenhaver et al. (61) who investigated the 

impact of averaging multiple measurements of muscle mass. The researchers saw that 

when taking two and three repeats of a measurement, the SEM value decreased by ~25% 

and 50% respectively (61). Having a greater number of repeated measures decreases CI 

bounds, which both increases the precision of our estimate of the individual’s true 
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response, and makes it less likely that a participant’s CI bounds will overlap with another 

participant’s CI bounds.  

Based on the considerations above, we were able to separate individuals into 

higher and lower responders using a 90% CI. This separation of participants meant that it 

was expected that the groups would statistically significantly differ on this variable. The 

higher and lower responder groups did significantly differ in their O2Del/WR ratios, but 

were not different with respects to anthropometric measures (age, height, weight, BMI, 

FAD, thigh volume and PAR score, (p > 0.05)). 

5.1.2 Doppler Ultrasound Estimates of True Limb Blood Flow 
 In examining hemodynamic responses at absolute WRs throughout the IET, the 

higher responder group had a significantly higher LBF response compared to the lower 

responder group. LBF was obtained using the Doppler ultrasound, a method commonly 

used to measure blood flow in exercise studies (47, 69, 78, 79, 97, 120). The Doppler 

ultrasound is sensitive to motion artifact, which occurs with muscle contractions, 

specifically at higher exercise intensities. This motion artifact can reduce the recorded 

velocity due to signal loss, resulting in underestimation of the actual blood velocity.  

However, given that the validity of the Doppler ultrasound has been demonstrated in a 

dynamic knee extension exercise model (84), it is likely that in the isometric knee 

extension model used in the current investigation where motion at the probe site is less 

than in dynamic exercise, this underestimation is unlikely.    

 LBF baseline values in the current study were on average ~ 350 mL/min for the 

higher responder group and ~ 250 mL/min for the lower responder group. This falls in 

line with previous research reporting baseline measures of LBF of ~ 350 mL/min in 
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young male participants in both thermodilution measurements (93) and Doppler 

ultrasound measurements (78, 79, 84). LBF values on average go as high as ~ 3000 

mL/min for the higher responders and ~ 2000 mL/min for the lower responders. Previous 

studies that employed a single leg dynamic knee extension, noted peak LBF responses of 

5.75L/min (93) and ~6.25L/min (84).  Lower peak LBF responses in our study might be 

attributed to our use of a static versus dynamic exercise model. Static exercise requires 

recruitment of less total muscle mass, and therefore has a lower total oxygen cost and 

ATP demand (30), supporting the notion that a lower LBF would meet the oxygen cost of 

the exercise. To ensure accurate estimation of femoral artery blood flow velocity, we 

accounted for differences in insonation angle between participants to prevent over or 

underestimation within participants.  The observation that our baseline LBF measures fall 

in line with measures obtained by both thermodilution the gold standard, but invasive 

(93) and Doppler (78, 79) techniques in previous studies, also suggests accurate FABV 

estimation.   Therefore, we believe that individual participant LBF estimates are accurate 

estimates, such that differences between the higher and lower responders are true 

differences.  

 For each of our participants we were careful to quantify actual work rate rather than 

target work rate in order to account for differences in how close to the target work rate a 

given participant came.  Therefore, we are confident that we accurately identified each 

participant’s O2Del /WR response, with LBF being the determinant of O2Del.   

5.1.3 Possible Mechanisms that Contribute to Differences in O2Del/WR Ratios  
In the present study, it is clear that there are higher and lower O2Del/WR 

responders in an IET to exhaustion. The potential mechanisms that could explain the 
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individual differences in LBF and thereby in O2Del response are differences in 

vasodilatory response and/or pressor response to increased skeletal muscle work. It is 

also important to consider the potential role of exercising muscle characteristics, and that 

of systematic error.  

5.1.3.1 Differences in Vascular Reactivity  

 The difference in LBF between responder groups was explained by differences in 

LVC. This falls in line with the work by Bentley et al. (9, 10) as it demonstrates that the 

different O2Del responses may be linked to differences in the vasodilatory response in 

exercise (9, 10).  Although the data of the present investigation identify the magnitude of 

vasodilation as the reason for responder differences, it is unable to identify the underlying 

mechanisms that may be responsible for the vasodilatory differences.  

Since underlying mechanisms were not identified, speculations have been made 

based off of findings from previous research. Within an individual, differences in 

regional vasodilatory responsiveness between the upper and lower limbs exist (76). 

Newcomer and colleagues (76) looked at both endothelium-dependent and -independent 

differences in vasodilation between the forearm and leg in healthy males. Brachial and 

femoral artery blood flow were monitored at rest and after 10 minutes of ischemia, while 

participants were subject to arterial infusions of acetylcholine, substance P, and sodium 

nitroprusside. The findings of the study indicate that increases in MBF and in 

conductance from baseline throughout infusion occurred to a greater absolute and relative 

magnitude in the forearm compared to the leg. This greater MBF and conductance in the 

forearm compared to the leg occurred in all infusion trials. The interpretation was that the 

vascular response to the vasodilators used in this study is blunted in the lower versus 
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upper limb in healthy males (76).  If differences between vascular beds within subjects 

can occur, then it is plausible the same can be the case between individuals. Proposed 

below are potential mechanisms that may explain why lower responders are experiencing 

a lower dilatory response. 

Vasodilatory Metabolite Accumulation 
 To refresh, vasodilatory metabolite accumulation is based on the accumulation of 

vasodilatory metabolites in the interstitial space. The metabolite accumulation is based 

off the balance of their production within the skeletal muscle relative to their removal by 

blood flow.  The metabolites would continue accumulating until the blood flow has 

increased sufficiently to match metabolite appearance with metabolite removal (74, 102, 

119).  As we could not measure exercising muscle VO2, the study operated under the 

assumption that the same absolute work rate represented the same metabolic demand 

across participants.  If this assumption holds, our responder groups should have 

experienced the same level of metabolic demand at a given work rate. Vasodilatory 

metabolite accumulation may explain why the lower responders experienced a reduced 

oxygen delivery relative to demand. If vasodilator release was less at a given work rate 

(i.e. same metabolic demand), then a lower blood flow resulted in stabilization of 

bioavailable vasodilators (i.e., no metabolite stimulus for vasodilation).  Second, it could 

be that the lower responder has a reduced smooth muscle response to a given vasodilatory 

metabolite bioavailability (i.e. less smooth muscle relaxation).  Finally, it could be that 

the washout of metabolites was greater at a given blood flow in the lower responders, 

stabilizing bioavailability of vasodilatory metabolites at a lower blood flow.  In the 

present investigation, because we were unable to measure VO2 and ensure that the 

oxygen cost, and thus metabolic stress, of the work done by the higher and lower 
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responders was the same, it is therefore also possible that the lower responders were 

working at a relatively lower metabolic demand for a given work rate and therefore no 

differences in the vasodilatory metabolite accumulation mechanism needed to occur to 

account for differences in O2Del/WR. 

Resistance Vessel Flow Mediated Dilation Mechanism 
 Another possible explanation as to why our lower responders were experiencing a 

smaller change in dilation could be due to a lower flow mediated dilation (FMD) 

stimulus. Our lower responders had a lower LBF, meaning they experienced a smaller 

shear stress by the moving RBC on the leg vasculature, and therefore a smaller FMD 

stimulus (26, 60, 70, 83). Thus, it might be that our lower responders experienced smaller 

further increases in LBF as the IET progressed because with a smaller FMD stimulus, 

they would have experienced a smaller release of vasodilators such as PGs, NO and 

EDHF from the endothelium to act on the vasculature. When a dilatory response is 

experienced, gap junctions in the endothelial cells and smooth muscle cells can conduct 

this vasodilatory signal up the arterial tree. This could further be contributing to the 

continued relatively blunted LBF seen in our lower versus higher responder individuals.  

RBC Oxygen Sensor Mechanism 
  A final potential mechanism explaining why our lower responders experienced 

smaller increases in dilation throughout the IET is RBC desaturation-mediated 

vasodilation. Since the lower responders had a lower convective delivery of O2, to 

compensate, they should also have experienced a greater level of RBC oxygen 

desaturation. With more RBC desaturation, there should have been a greater release of 

ATP from RBC’s, increasing LVC (31, 39) and O2Del. However, it is possible that the 

lower responders experienced a reduced ATP release from RBC’s in response to a given 
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level of RBC desaturation. Alternatively, they may have experienced a smaller dilatory 

response to the same concentration of ATP released at a given RBC desaturation. This 

reduced responsiveness to vasodilators would explain the relatively smaller increases in 

LVC seen in the lower response individuals.   

5.1.3.2 Differences in Pressor Response  

  MAP at absolute and relative WRs was not different between higher and lower 

responders.  As baroreflex resetting increases the target MAP with increasing work rate 

(5, 41, 91, 132), there does not appear to be a difference between responder groups in 

terms of this resetting.  As work rate increases there is eventually activation of the 

metaboreflex (33).  This activation is in response to accumulation of metabolites, such as 

Pi and H+, that are sensed chemosensitive nerve endings in the muscle (type III and IV) 

(46, 91) Previous work in our laboratory identified that when O2Del was reduced within 

an individual, the metaboareflex was elicited as a “flow correcting” response (9). By this 

same logic then, if the lower responders have a relatively compromised oxygen delivery, 

we would expect such a metaboreflex activation to occur at a lower work rate and 

observe elevated MAP beyond this work rate in lower responders compared to higher 

responders.  The fact that this did not occur may indicate that the magnitude of difference 

in oxygen delivery between responder groups was not enough to result in enough 

metabolite accumulation to elicit the metaboreflex to increase MAP and increase LBF. 

Alternatively, as was stated before, we cannot with certainty say that the lower 

responders were working at the same metabolic demand as the higher responders, when 

exercising at a given work rate. Therefore, it may have been that the lower responders 

had reduced perfusion at a given work rate because they were working at a lower 
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metabolic cost, and therefore did not experience a greater level of metabolite 

accumulation from the higher responders, suggesting that the metaboreflex was elicited to 

the same degree.  

5.1.3.3 The Potential Role of Exercising Muscle Characteristics  

  When comparing participant leg volume, MVCs, maximum IET impulse, SEFT 

WR and peak O2Del between the higher and lower responder groups, the groups had 

significantly different MVCs, maximum IET impulses and SEFT WR, but not thigh 

volume or peak O2Del. It is important to remember that given our small sample size, our 

study is underpowered to detect differences with a significance level of p = 0.05. 

Therefore, although the statistical analyses performed suggest that there are no 

differences between groups for leg volume and peak O2Del, we must accept this 

interpretation with caution.  

 In the present investigation, the higher and lower responder groups had the same 

thigh volume. We originally thought that thigh volume, which can be thought of as a 

surrogate for leg muscle mass, may be a baseline characteristic that could explain 

differences in O2Del/WR matching between the groups. A smaller muscle mass is 

indicative of a smaller muscle cross-sectional area. If two individuals engage in the same 

exercise demand, they should be recruiting the same number of muscle fibres. Therefore, 

an individual with a smaller thigh volume, and by extension muscle mass, should 

experience a relatively denser distribution of recruited muscle fibres. A denser fiber 

distribution may impact the vasodilatory stimulus elicited by the exercise demand.  

However, work by Mortensen and colleagues (73) revealed that when participants engage 

in a single knee extension versus cycling exercise at the same absolute work rates, the 
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total LBF responses at the same power output did not differ between the small and large 

muscle mass modality (73).  Therefore, even though our study was underpowered and we 

may not have been able to detect differences in muscle mass between the higher and 

lower responder groups that do in fact exist, differences in muscle mass is likely not a 

determinant of the differences in LBF exhibited by the two groups.  

5.1.3.4 Systematic Error May Explain Large Differences in O2Del at a Given WR  

 From figure 12 it is clear that at a given submaximal WR our higher responders 

get an O2Del that is at times double or triple the magnitude of the O2Del of the lower 

responders. For instance, if we look at the submaximal WR of 400 kg·s in figure 12, we 

see that the lowest lower responder, participant J, has an O2Del of ~300 ml O2/min, while 

the highest higher responder, participant A, has a O2Del of ~900 ml O2/min. This equates 

to participant A having an O2Del response that is ~300% of participant J’s O2Del 

response. Given that this is a three-fold difference, it seems likely that some of difference 

in the magnitude of O2Del would be due to systematic error.  

 In the present investigation, we used the Doppler to measure LBF, and thereby 

obtain O2Del. We had baseline LBF values that fell in line with previous studies (78, 79, 

84, 93), however, most previous work has used dynamic and not static leg exercise 

models, therefore we could not truly assess how accurate our LBF values were at higher 

exercise WRs. Given the large differences we see at higher submaximal WR, it could be 

that when correcting our data and accounting for the angle of insonation, we may have 

consistently overcorrected FABV in some participants, and consistently under corrected 

FABV in other participants.  
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 Although the FABV was measured with the Doppler ultrasound, the angle of 

insonation was measured using the echo ultrasound. In calculating the angle of 

insonation, the researcher that performed the FABV measurements, placed the echo 

probe where the Doppler was positioned during testing and held the echo probe in the 

same position as the Doppler, based on memory. It is then possible that the researcher did 

not place or hold the echo probe identically to how the Doppler probe was held during 

collection. If the measured angle of insonation was greater than the actual angle, then we 

would have over corrected for the angle and obtained FABV values that were greater than 

the true values. The opposite could have also happened, leading us to under correct for 

the angle of insonation. If we overcorrected the FABV in the higher responders, and 

under corrected the FABV in the lower responder, then this would exaggerate the 

magnitude of difference in LBF and thereby O2Del between the two groups. Such 

systematic error could then explain why participant A had an O2Del that was three times 

that of participant J at a higher submaximal WR.  

5.1.4 Potential Mechanisms Explaining How Lower Responders Reach a Higher 
Maximal IET WR  
   Although our higher responders had a greater average O2Del/WR ratio than our 

lower responders, our lower responder group on average achieved a higher maximal IET 

impulse (p < 0.05). Previous work in our lab confirmed that when O2Del is compromised 

within an individual, there are associated compromises in exercise performance on an 

IET (9, 10). Thus, we expected to see our higher responders achieve a higher peak IET 

impulse.  Although we did not explore differences in cellular environment and O2 

exercise cost efficiency between the two groups, we propose that such between group 

differences explain why we see the opposite of what we expected to see.  
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 One possible between group difference enabling the lower responders to get to a 

higher IET end stage, could be a greater diffusive O2 capacity. PcellO2 is dependent both 

on convective O2De and diffusive O2 flux (29). It could therefore be that even though the 

higher responders had a greater O2Del and a higher gradient for O2 to flow into the cell, 

they may have a lower diffusive O2 capacity and conductance for O2 into the cell. If this 

is the case, then our higher responders may in fact have had a similar or even slightly 

lower PcellO2 compared to our lower responder group. Thus, the lower responders may 

have had a more optimal environment for aerobic ATP production, and incurred less 

fatigue during the IET, enabling them to reach a higher end stage in the IET.  

 Another potential explanation is that our lower responders may have had a greater 

O2 exercise cost efficiency. Previous research by Richardson et al (1995) demonstrated 

during submaximal dynamic knee extension exercise, at a given WR, individuals 

displayed a range of VO2 values (89). Therefore, at an identical submaximal WR, two 

individuals can have different O2 costs, suggesting that exercise efficiency between 

individuals may vary. It is therefore then possible that our lower responder group had a 

greater metabolic efficiency compared to our higher responder group. If this were the 

case, then our lower responders had a lower VO2 associated with a given submaximal 

WR, and required a lower rate of aerobic ATP production. This lower rate of aerobic 

ATP production could then be supported with a lower PcellO2 (134), which our lower 

responders likely have given their lower O2Del. 

5.1.5 Do Lower Responders Experience Greater Fatigue? 
Muscle fatigue is an exercise-induced reduction in the force or power output a 

muscle or group of muscles is able to produce, and tends to be a limiting in sport or 
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exercise performance. Muscle fatigue can be characterized as either central or peripheral. 

Peripheral fatigue reflects local ionic and metabolic changes in the exercising muscle(s) 

that prevent the propagation of action potentials and impair cross bridge cycling. These 

changes include an altered balance of K+ and Na+ ions, decreases in the Ca2+ release from 

the sarcoplasmic reticulum, and an inadequate supply of ATP (35, 36, 125). Central 

fatigue is any exercise induced decrease in the muscle’s maximal voluntary contraction 

force that is not accompanied by the same reduction in maximal evocable force. Central 

fatigue can arise in any structure above the neuromuscular junction, from the central 

nervous system to the peripheral nerves involved in the muscular contraction being 

performed, and occurs when there is insufficient drive in any part of the nervous system 

to adequately recruit muscle force production capability to meet the exercise demand 

(35).  

In the present investigation, MVC was used as an indicator of fatigue progression, 

and the accumulated percent deficit from the first to the last MVC, referred to in this 

study as the fatigue index, was used to quantify fatigue. MVCs represent the voluntary 

force generated that a participant believes to be the maximal force they can produce, and 

is highly dependent on motivation, encouragement and feedback (124). In contrast, 

electrical stimulation reveals the maximal evocable force (MEF), which represents the 

force generated when additional electrical stimulation can no longer increase the force 

produced by a muscle or group of muscles. Therefore, the use of MEF to track muscle 

fatigue is considered the gold standard because changes in MEF only reflect changes in 

the muscle’s ability to produce force, therefore isolating peripheral and excluding central 

components of fatigue (124). Although we were not able to use MEF in our study, 
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previous research has demonstrated that decline in MVC is highly correlated with the 

decline observed in the MEF a muscle can generate, as examined with twitch stimulation 

in the quadriceps and soleus muscles (12, 13).  In such studies participants performed 

voluntary submaximal isometric contractions at a set target work rate and set duty cycle. 

Intermittently participants were to perform MVCs with a single electrical stimulus 

superimposed on the MVC. At set intervals (i.e. 1 or 5 minutes), the muscle was 

stimulated with either a single shock or several pulses at 50Hz, eliciting a tetanic 

contraction (i.e. surrogate of MEF), with a single twitch shock being delivered during the 

next target contraction. There was a near linear relationship between the twitch amplitude 

and the voluntary force upon which the twitch was superimposed. When participants 

performed their MVC, the additional twitch stimulation did not result in any additional 

twitch amplitude, suggesting that participants were able to fully recruit the muscle even 

in circumstances of voluntary exercise. This however happened consistently only in 

highly motivated individuals (12).  There was a parallel decline in force produced during 

each successive MVC and each successive tetanic contraction. This demonstrates that 

MVCs are well correlated with MEF. Therefore, although the gold standard of using 

MEF was not used in this study, decline in MVC is highly correlated with decline in 

MEF, suggesting that the use of MVC to assess fatigue is valid.  

Although fatigue should be the main factor influencing the change in the MVC 

force output with each successive MVC in our SEFT, we must take into account one 

other consideration. In our lower leg exercise model, an intervening factor between force 

of contraction and the resulting force registered at the ankle is that of mechanical 

advantage. The degree to which surrounding muscle groups (i.e. abdominal muscles and 
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the hamstrings) are recruited to stabilize or change joint angles, and thereby quadriceps 

muscle length and force transmission during an MVC may be an important confound. 

Reduction of oxygen delivery within subjects consistently results in greater 

fatigue during fatiguing exercise (4, 9, 10, 49, 136).  Prior work from our group also 

established that, in response to a compromise to oxygen delivery in exercise, some 

individuals demonstrate a compensatory vasodilation to partially or fully restore oxygen 

delivery while others do not (9, 10).  Importantly, those that are able to compensate do 

not suffer compromise to exercise performance.  For example, using a handgrip exercise 

model, Bentley et al. (9, 10) found that when individuals perform the same exercise and a 

perfusion pressure challenge is introduced, two distinct response phenotypes are evident. 

Participants performed the same IET with their arm below and above heart level. By 

performing handgrip exercise with the forearm above heart level versus below, perfusion 

pressure was reduced as a result of decreasing the hydrostatic column. In some 

participants, this elicited a compensatory vasodilation, which to a large degree defended 

O2Del (9, 10). In a follow up study, participants performed forearm exercise at a work 

rate equivalent to 70% of their own maximal exercise vasodilation with their arm below 

heart level. Once steady state was reached, the exercising arm was raised to above heart 

level, reducing the perfusion pressure. The group again found that some participants 

responded with compensatory vasodilation, and that the compensators had a greater FBF 

and O2 Del compared to the non-compensators.   

 When comparing the compensators and non-compensators prior to the elicitation 

of the limb position change, the groups did not exhibit differences in central cardiac and 

peripheral hemodynamic responses or in exercise performance (9, 10).  Thus, the inter-
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individual responder versus non-responder identification was specific to compensatory 

vasodilation in the face of compromised O2 Del, as these groups did not differ in their 

normal O2 Del/demand matching response to an increase in exercise intensity.  In 

contrast, the current investigation demonstrates that such differences exist even when 

looking at normal O2 Del/demand matching response (i.e. when O2 Del is not challenged).  

In contrast to previous findings where a reduction in O 2Del within an individual 

resulted in greater compromise to exercise performance in individuals who did not 

partially or fully restore O2 Del compared to those who did (9, 10), we found no 

difference in fatigue progression between lower and higher responders in our study.  This 

was also in contrast to previous findings using a forearm critical power exercise model, 

where Kellawan et al. (55) found that participants with a higher total O2 Del had a higher 

critical power, supporting that an individual with a lower O 2Del compared to another 

individual should experience a decreased relative performance compared the more 

perfused individual (55).  

There are a number of plausible explanations for why lower responders did not 

experience greater fatigue. A primary consideration is that we were unable to directly 

quantify VO2. Therefore, it could very well be our lower responders are working at a 

lower oxygen cost, and thus fatigue appears to be identical, but the stimulus leading to 

the fatigue isn’t. Although the differences in convective O 2Del between the higher and 

lower responders are true differences, another consideration is whether they are large 

enough to have a physiological impact. The average O2 Del/WR ratio of the lower 

responder group is ~40% of the average O2Del/WR ratio of the higher responder group, 

therefore, at any given work rate, the lower responders have a 60% reduction in LBF 
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compared to the higher responders. Previous work in our lab revealed that when a 

perfusion pressure challenge is elicited, FBF within an individual is reduced by ~17%, 

which leads to a compromised performance (10). Based on these data, if we were to see a 

~60% reduction in limb blood flow within an individual, this would be enough of a 

compromise in O2 Del to affect the peak achievable peak work rate. It could then be 

possible to see similar differences in exercise performance between individuals that have 

a ~60% differences in limb blood flow. However, given that the SEFT measures exercise 

performance as accumulated fatigue at submaximal workloads, which is a different 

exercise modality, this prediction may not be translatable to our data.  Further, if we look 

at each participant’s FI response, we see that within the higher responder group, the FI 

values range from ~0% to well above the highest FI response of the lower responder 

group. Therefore, it is plausible that although the higher and lower responder groups have 

O 2Del/WR ratios that are truly different, these differences are likely not big enough to 

impact fatigue progression, and thus do not lead to differences in exercise performance as 

tracked by the SEFT. Although CIs enabled us to identify truly different groups, where in 

the CI range the actual response of each participant is may not be represented by the 

mean. In other words, the lower responders that have a true response at the higher end of 

their CI versus the higher responders who are at the lower end of their CI bounds means 

that the true differences between these individuals is smaller than our estimates using the 

mean difference. Thus, the two groups may in fact not be as different with respects to 

their O2Del/WR ratios, and thus with respects to their fatigue progression. 

 There are also several inherent muscle characteristics that could be contributing to 

similar fatigue progression between the two groups. One potential physiological 
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mechanism that could explain why our lower responders are not experiencing more 

fatigue than our higher responders is that comparatively, our lower responders have a 

greater mitochondrial density. Previous research has shown that both endurance and high 

intensity interval training lead to mitochondrial biogenesis (i.e. increased number and 

size of mitochondria), making the cell more efficient at generating ATP, and thereby 

improving both endurance and quick-burst performance (18, 71). With a greater number 

of mitochondria, either inherently or through mitochondrial biogenesis, there is an 

increase in the concentration of enzymes that participate in muscle metabolism, leading 

to an increased conductance for metabolic flow. Therefore, at a given PcellO2, with a 

higher [enzyme] less of a homeostatic disturbance (i.e. accumulation of products relative 

to substrates) is required to stimulate the same flow through metabolism to achieve the 

same rate of ATP production. It is therefore possible that if our lower responders have a 

greater mitochondrial density compared to our higher responders, even with less O 2Del 

to the site of the muscle and therefore a lower PcellO2, they could achieve a rate of 

aerobic ATP production that supports exercise at the same [ADP], [Pi] and [NADH].  

Thus, even with less O2 Del to the muscle, the lower responders have the same fatigue 

progression as the higher responders.  

 Another physiological consideration is the proportion of Type I to Type II muscle 

fibers in the exercising musculature of our participants. Similar to our exercise model, 

Hamada et al. (43) used an isometric right knee extension model and examined the 

differences between MVC decay in individuals with a great proportion of Type I fibers 

and individuals with more Type II fibers. The vastis lateralis muscles that had a greater 

proportion of Type II fibers relative to Type I fibers demonstrated greater a decline in 
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MVC through the fatiguing protocol (43). It is therefore possible that if our lower 

responder group had on average a greater proportion of Type I to Type II fibers in the 

lower limb, even with a lower PcellO2, they would experience a lower decay in MVC and 

exhibit similar fatigue progression to that of the higher responder group.  

It is also possible that our higher and lower responder groups have different 

capacities for O2 to diffuse from the vasculature into the active cells. The rate at which O2 

can enter the exercising muscle fibers to be utilized is dependent on the convective O2 

Del (i.e. microcirculation) and diffusive O2 flux (29). It is therefore plausible that 

although lower responders have a lower convective O2 Del, and therefore a smaller 

gradient from O2 to flow into the cell, they have a greater diffusive O2 capacity, and thus 

a greater conductance for O2 into the cell and may be able to achieve the. Therefore, it is 

possible that the lower and higher responders may have the same PcellO2 despite a 

predicted lower PcapO2 in the lower responders, and therefore similar fatigue 

progression. Therefore, it could be that several physiological characteristics allow lower 

responders to compensate for the relative under-perfusion they experience, protecting 

their fatigue progression compared to higher responders.  

A final consideration is our small sample size. Our results could very well 

represent a Type II error due to the small sample size of the study, preventing detection 

of a true difference (42). In summary, there are both methodological and physiological 

explanations as to why our lower responders did not experience an increased fatigue 

progression. Please refer to the conclusion chapter to see how some of these mechanisms 

could be addressed in follow up studies.  
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5.1.6 Strengths and Limitations  

5.1.6.1 Strengths  

Repeated Measures Approach 
 The major advantage of this study over previous investigations is the use of 

multiple repeats of the exercise protocol, which allowed us to identify true responses of 

individuals with a greater level of confidence, and therefore create two groups that are 

truly different from one another.  By using a repeated measures approach, we are able to 

define an average O2Del/WR response for each participant, which provided us with a 

better estimate of the participant’s true physiological response than any one of the trials 

alone (6). As well, with the multiple repeats we were able define confidence intervals so 

that we could quantify a level of confidence in where the true response for an individual 

was, allowing us to identify individuals that actually differed from each other with 

respects to O2Del/WR responses. With a greater number of repeats, our CI bounds 

becomes smaller, meaning that we have a more precise range in which the participant’s 

true response falls. With smaller CI bounds, we are also able to select a more 

conservative CI level, meaning that there is a higher likelihood that an individual’s true 

response falls with the CI bounds. In the present investigation, two out of ten participants 

performed less than these three desired trials, meaning that the range within which the 

true O2Del/WR responses fell were large, making their CIs more likely to overlap with 

other participants and eliminating them from either of the two groups. Systematic bias 

(i.e. general learning or fatigue effects on the tests) and random error due to biological or 

mechanical variation (6) lead to measurement error. Although measurement error often 

contributes to the between trial differences in physiological responses within a subject, by 

employing multiple repeats approach we are able to counteract this to some degree, and 
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have high confidence that we a good estimate of an individual’s true physiological 

response.  

Same Time of Day Testing 
 Another advantage of this study is that all collection sessions took place at the 

same time of day. Past research has demonstrated that the cardiovascular system has a 

circadian rhythmicity, which is orchestrated by the body’s central biological clock (the 

suprachiasmatic nuclei of the hypothalamus) (77, 82). Due to this circadian rhythmicity, 

arterial blood pressure tends to be higher in the morning (82) and there is higher 

vasoconstrictor activity in the morning, leading to a lower TVC (77). Blood pressure and 

vasomotor tone are the two variables that directly impact muscle blood flow, one of the 

main variables of interest in the current investigation. Therefore, if all collections were 

not performed at the same time of day within a person, then there is the potential to have 

big differences in MBF responses and thereby O2Del/WR ratios within an individual. 

Having big variation within an individual would make for big CIs, and likely exclude a 

greater number of participants form our higher and lower responder groups, further 

decreasing our sample size.     

5.1.6.2 Limitations  

Lack of VO2 Measurements  
   The major limitation of this study is the lack of simultaneous measurement of 

both LBF and VO2. In this study, work rate is used as a surrogate for VO2, as previous 

research has demonstrated that when we look at identical absolute work rates, the VO2 

cost is similar across individuals (89). However, because we were unable to measure the 

actual metabolic cost we cannot exclude the possibility that low responders are 

experiencing a lower O2 cost for a given absolute work rate. Other studies have been able 
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to quantify leg VO2 by inserting catheters in the radial artery of the non-dominant arm 

and the femoral vein of the exercising leg. By taking blood samples from these catheters 

researchers are able to calculate the arterial-venous difference based on the difference in 

oxygen concentration of the blood sample from the radial artery and the femoral vein. 

This arterial-venous difference and leg blood flow are used to calculate leg VO2 (89). 

Doppler Ultrasound is Limited to Measuring Bulk Blood Flow 
 A second limitation is that when measure blood flow using the Doppler 

ultrasound in the leg, we are measuring bulk blood flow. However, we are not able to 

track and follow what proportion of this bulk flow is being distributed to the working 

musculature. When the isometric knee extension is being performed, not all of the lower 

leg muscles are being engaged, and some of the bulk flow is going to musculature that is 

not being used to perform the exercise. We are unable to discern this and must 

acknowledge this.  

Small Sample Size  
 Another limitation of the current investigation is the small sample size. How we 

define a sample as small depends on the main objective of the study. When comparing 

characteristics between two groups of subjects, such as in this study, an appropriate 

sample size will depend on the magnitude of the expected effect size. The effect size 

represents the size of the difference between two groups, and is therefore said to be a true 

measure of the significance of the difference. With a smaller true-effect size, it becomes 

increasingly complicated to differentiate between random variation, and the real 

consequence of the underlying differences (42). Further, identifying the effect size of the 

variable under study is not always straightforward. The value of the effect size should be 

large enough to be clinically important but not so large that it is implausible (132).  
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 With a small sample size, researchers are at a greater risk of making both type I 

and type II errors, and cannot assume any causation effects. A type I error occurs when 

we reject the null hypothesis when it shouldn’t be rejected, suggesting that we detect 

differences between two groups that are greater than chance variation or random 

sampling that do not actually exist. A type II error occurs when we accept the null 

hypothesis when it shouldn’t be accepted. The larger the effect size, the greater the risk of 

committing the type I error. In the present investigation, we had a large effect size (> 

0.80) for the O2Del/WR ratios and a small effect size (< 0.2) for the FI values. Thus, we 

were at risk of making a type I error when drawing conclusions about the between group 

differences in O2Del/WR ratios, while we were at risk of making a type II error when 

drawing conclusions about the between group differences in FI values. By increasing the 

sample size the likelihood of both type I and type II errors decreases. To be able to detect 

differences in FI between two groups in follow up studies, we calculated the sample size 

needed if FI had a small (0.1), medium (0.5) or large (0.8) effect size. These calculations 

were performed using the G*Power software, version 3.1. If FI had a small effect size 

(0.1), medium effect (0.5) and large effect size (0.8), we would need 1238, 51 and 21 

participants in each group, respectively. This now gives us insight as to what sample size 

is needed to be able to both detect differences and have the necessary statistical power.    

 We originally hoped to create two groups of nine participants. It was hard to 

predict what total sample size would enable us to do this as not every participant that is 

collected ultimately falls into one of our two created groups. Over the course of study 1, 

25 participants came in for initial screening, of which 13 participants screened in and 

signed consent. We ultimately ended up collecting on 10 of these 13 participants, as two 
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participants dropped out prior to the first collection session, while one came in for the 

first collection session but due to nerve impingement was not able to perform the exercise 

and was not asked back for the remaining sessions. Based on these numbers roughly half 

of the individuals that showed up for the initial screening actually screened in. Further, of 

the participants collected on, roughly half of them ended up falling into one of the two 

groups we created. Our numbers demonstrate that in order to obtain a desired sample size 

for each group, one likely has to screen four times as many participants.  

 We recruited at the end of second semester and over the summer, when the 

student population was much smaller. This presented a recruitment challenge, which we 

tried to overcome by advertising within the Kingston, in addition to the Queen’s 

community. Another challenge in recruitment was the time commitment required of 

participants. Although participants were compensated, many were hesitant when learning 

about the required 10-hour commitment to complete all three collection sessions. Further, 

some individuals that responded to our advertisements opted not to continue with the 

screening process when learning about the required blood draws. Each of these 

challenges, in addition to the fact that ~25% of individuals screened actually end up 

being characterized as a lower or higher responder, speaks to why our sample size was 

small, despite our strong efforts to recruit participants.   

Lack of Hemodynamic Tracking During the SEFT 
 Another limitation in the present investigation was the lack of hemodynamic 

tracking during the SEFT. We opted not to track hemodynamics during the SEFT for two 

reasons: 1. the intent of the test was only to track fatigue progression, 2. the Doppler is 

sensitive to motion artifact, which is highest at higher exercise intensities, such as at the 

intensity of MVCs. However, if we did measure the FABV and obtained the LBF and 
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O2Del, we could have calculated the total O2Del over the course of the SEFT. With this 

information, we could have determined whether or not the lower and higher responders 

differed on in their O2Del, and by extension their PcellO2. This could have uncovered 

potential reasons as to why our higher and lower responders did not differ on their 

accumulated FIs. Further, by averaging the O2Del for each two-minute chunk between 

MVCs, would could have compared the O2Del at that impulse to the O2Del at the 

identical impulse during the IET. This would have served as another way to check how 

accurately participants were performing their average WR during the SEFT.  

Ability of the SEFT to Properly Track Peripheral Fatigue 
 A final limitation in the current study is the protocol used to track fatigue 

progression and exercise performance. Unlike with the IET to exhaustion which was 

performed between two to four times, the SEFT was only performed one time. In both of 

these tests participants experienced a learning curve, therefore the greater the number of 

repeat trails, the truer the individual’s response. Having participants perform the SEFT 

three times would have allowed participants to become familiar with the test, and 

provided investigators with a more accurate estimate of fatigue. This was tested and 

analyzed in a follow up study, please refer to the section Study Two Interpretation to get 

an understanding of what we found. The SEFT is also highly dependent on participant 

motivation, and if participants differ in the amount of motivation they felt, this can 

impact how they perform on the test and lead to a poorer reflection of their fatigue 

progression. Previous research has demonstrated that as participants practice performing 

MVCs, the force generated by each MVC is equal to the MEF of that muscle (12). Thus, 

have participants practice the test several times would improve the reliability of the test. 

In the current investigation, we did not use supramaximal stimulation in combination 
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with MVC progression to confirm peripheral and central fatigue independently, and 

therefore level of motivation could have impacted our results. When conducting studies 

that examine fatigue, it is important to use several variables or parameters to measure and 

predict fatigue. Ideally both objective and subjective measures of fatigue are used, 

something that is lacking in the current investigation (63). In the current study only one 

measure was used to assess fatigue. However, the measured use, MVC, correlates 

strongly with objective measures of fatigue. Using MVCs also provide us with external 

validity because in everyday situations, an individual’s exercise tolerance is dependent on 

their motivation given the level of discomfort or rate of perceived effort they feel while 

completing the task. 

5.2 Study Two – Identifying SEFT Repeatability 
This study was designed to determine whether an initial SEFT exercise trial 

improved repeatability of exercise efforts in two subsequent trials, and how repeatable 

and accurate the achievement of the target work rate was, both within an SEFT test and 

between SEFT tests.  The main findings of this investigation are:  

1. An initial SEFT exercise test does not improve the repeatability of two 

subsequent trials, with respect to initial MVC or FI. However, the initial MVC 

has low variability across all three trials and is therefore repeatable from the 

first trial onwards.  

2. The achievement of target WR was consistent across intervals and between 

trials. 
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5.2.1 Repeatability of MVC and FI 
To test whether an initial exercise trial led to improved repeatability in subsequent 

trials, we compared the coefficient of variation (COV) between trial pairs 1,2 and 2,3 on 

a group level. With respect to initial MVC in the SEFT, we found that trial pair 2, 3 did 

not have a significantly lower COV compared to trial pair 1, 2 on a group level. Since the 

COV for trial pair 2,3 was not significantly lower than for trial pair 1,2, we may interpret 

this to mean that an initial SEFT trial does not improve MVC repeatability in subsequent 

trials. However, because the COV was below 10% for both trial pairs (trial pair 1 vs 2 

COV = 5.82%, trial pair 2 vs 3 COV = 4.35%), the variability across all trials is 

acceptable, suggesting that the initial MVC of the SEFT is fairly similar across all trials 

performed. Therefore, with respect to the initial MVC measure, the SEFT is repeatable 

from trial to trial, even when no initial trial to provide practice is performed. 

When looking at the changes in COV in FI between trails, COV was not 

improved in trial pair 2, 3 compared to trial pair 1, 2 meaning that repeatability was not 

improved by an initial trial providing practice.  Furthermore, the COV was also greater 

than 10% in all trial pairs (trial pair 1 vs 2 COV = 12.58%, trial pair 2 vs 3 COV 

=16.52%), meaning that variability in FI was high and did not improved with additional 

trials. These results demonstrate that an initial practice trial does not improve the 

repeatability of FI, and this repeatability is poor enough to be problematic for estimating 

FI from a single trial.  

Decline in an MVC effort over the course of the SEFT can reflect both increases 

in peripheral and central fatigue as well as reductions in motivation.   Central fatigue will 

occur even in highly motivated participants, such that recruitment of the muscle force 

capability declines below maximal evoked force in response to maximal electrical 
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stimulation of the muscle (123).  For the initial MVC, which occurs at the start of the test, 

participant motivation is likely at its highest and no central fatigue has set in. This may in 

part explain why the MVC between trial variability was low and not improved by a prior 

trial.  In contrast, because the FI measure is accumulated over the duration of the test, 

central fatigue (in addition to the peripheral fatigue) sets in, while participant motivation 

may fluctuate. This may in part explain why FI measures were less repeatable than 

MVCs, and that additional trials did not reduce this variability.  

These data lead us to conclude that a reasonable estimate of initial MVC at 

beginning of SEFT is obtained in one trial, whereas acceptable repeatability of FI was not 

evident yet in trial pair 2,3 indicating a single trial would not provide an acceptable 

estimate of FI.  We therefore propose that a follow up study be aimed at determining how 

many trials are needed for participants to have good repeatability of FIs when completing 

the SEFT, if such repeatability is possible.  Alternatively, it may be that the average of 

multiple trials provides an acceptable estimate of FI, which can be determined by 

quantifying the variability between the averages of two pairs of trials for example.    

5.2.2 Consistency of the Averaged WR Achieved Throughout the SEFT 
There were no differences in the accuracy of the average WR performed within a 

trial, between the trials (p > 0.05). Thus, accuracy did not change from trial to trial. The 

average achieved WR was consistent across trial intervals, and across trials as there was 

no effect of trial or interval, and no interaction effect between trial and interval on a 

group level (p > 0.05). As well, there were no differences between the three trials in the 

variation across intervals (p > 0.05). Together these findings suggest that participants 

were consistent in the work rate they performed throughout the duration of a trial and 



 

 
 

125 

across trials.  As this work rate is what evokes fatigue, the stimulus for fatigue appears to 

be consistent.  This suggests then that the poorer repeatability in FI, was more likely due 

to changes in participant motivation than peripheral or central fatigue (123). This points 

to the need for a follow up study that will aim to finalize a fatiguing protocol that can 

isolate peripheral fatigue.  
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Chapter 6 

Summary and Conclusions 

 The observation of a range of O2Del responses falls in line with previous research 

from this laboratory (9, 10, 55). However, this is the first study to characterize O2Del/WR 

responses to an IET to exhaustion and find not only a range of O2 Del/WR response, but 

quantitatively identify two distinct response groups. This investigation is also one of the 

first to examine inter-individual differences in oxygen delivery to utilization matching in 

a leg exercise instead of a forearm model. However, these findings are limited to using 

WR as a surrogate for leg VO2, as simultaneous measurements of LBF and VO2 were not 

possible in the present investigation.  

 In summary, the main findings of the present study were as follows: 1. 

Participants in the higher and lower responder groups had significantly different 

O2Del/WR ratios. Upon further examination, this finding can be attributed to differences 

in LVC responses at the same absolute work rates, with the higher responders 

experiencing a greater vasodilation response to exercise. The present study was unable to 

shed light on the potential underlying factors causing these different vasodilatory effects 

between the two groups. 2. The higher and lower responder groups did not have 

significantly different accumulated fatigue indexes. This finding may be due to the 

inability of the SEFT to isolate only peripheral fatigue, the type of fatigue highly 

dependent on oxygen availability within the cell, which is impacted by differences in 

O2Del/WR matching. An alternative possibility is that the magnitude of difference in 

O2Del between the groups was potentially not as great as indicated by a comparison of 

the mean estimates, and may not have been great enough to result in detectable effects on 
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fatigue. Based on the follow up study, we did find that the achieved target WR 

throughout and between SEFTs is consistent from the first trial onwards. However, the 

accumulated FI still remains variable even with multiple SEFT trials, likely because 

MVCs, which were used to calculate the FI, are highly dependent on motivation. This 

further points to the need to develop an exercise protocol that can isolate peripheral 

fatigue and eliminate the learning curve.  

 Future investigations should look to obtain simultaneous LBF and leg VO2 

measures and use a method of tracking fatigue that isolates peripheral from central 

fatigue. Follow up studies should also focus on uncovering the underlying physiological 

differences leading to these different vasodilatory effects of exercise between groups.  
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Appendix A 
Subject Recruitment and Screening Forms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

138  



 

 
 

139 

 

Participant	Name	_________________________	
	

Screening	Checklist	
	

� 18-35	
� Non	smoker	
� No	history	of	hypertension/cardiovascular	disease	
� OK	with	blood	draws	
� Comfortable	with	upper	thigh	imaging		

� Need	Pat	to	come	in		
� Artery	image	is	good	

� Clear	walls		
� Diameter	greater	than	7.9mm	or	0.79cm	(leg)	

� Artery	velocity	signal	is	good	
� Not	too	much	interference	from	vein	

� Deep	vein	is	good	
1. Place	probe	on	antecubital	fossa	

� Vein	drops	in	the	middle	of	the	screen		
2. Place	tourniquet	on	upper	arm	and	get	them	to	squeeze	a	ball	

� Vein	is	bulging		
� 7	day	PAQ		

� Physically	active	3	hours	or	less	per	week	
� Explanation	of	the	RAMP	and	TTFT	
� Written	consent		
� Get	participant	information	using	the	“Participant	Information	Sheet”		
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No changes permitted. You are encouraged to photocopy the PAR-Q but only if you use the entire form.

1. Has your doctor ever said that you have a heart condition and that you should only do physical activity 
recommended by a doctor?

2. Do you feel pain in your chest when you do physical activity?

3. In the past month, have you had chest pain when you were not doing physical activity?

4. Do you lose your balance because of dizziness or do you ever lose consciousness?

5. Do you have a bone or joint problem (for example, back, knee or hip) that could be made worse by a 
change in your physical activity?

6. Is your doctor currently prescribing drugs (for example, water pills) for your blood pressure or heart con-
dition? 

7. Do you know of any other reason why you should not do physical activity?

PLEASE NOTE:  If  your health changes so that you then answer YES to 
any of  the above questions, tell your fitness or health professional.   

Ask whether you should change your physical activity plan.

Regular physical activity is fun and healthy, and increasingly more people are starting to become more active every day.  Being more active is very safe for most 
people. However, some people should check with their doctor before they start becoming much more physically active.

If  you are planning to become much more physically active than you are now, start by answering the seven questions in the box below.  If  you are between the 
ages of  15 and 69, the PAR-Q will tell you if  you should check with your doctor before you start.  If  you are over 69 years of  age, and you are not used to being 
very active, check with your doctor.

Common sense is your best guide when you answer these questions.  Please read the questions carefully and answer each one honestly:  check YES or NO.

Talk with your doctor by phone or in person BEFORE you start becoming much more physically active or BEFORE you have a fitness appraisal.  Tell 
your doctor about the PAR-Q and which questions you answered YES.

•	 You	may	be	able	to	do	any	activity	you	want	—	as	long	as	you	start	slowly	and	build	up	gradually.		Or,	you	may	need	to	restrict	your	activities	to	
those which are safe for you. Talk with your doctor about the kinds of  activities you wish to participate in and follow his/her advice.

•	 Find	out	which	community	programs	are	safe	and	helpful	for	you.

PAR-Q & YOU

 ➔

Physical Activity Readiness
Questionnaire - PAR-Q  
(revised 2002)

DELAY BECOMING MUCH MORE ACTIVE:
•	 if 	you	are	not	feeling	well	because	of 	a	temporary	illness	such	as	

a cold or a fever – wait until you feel better; or
•	 if 	you	are	or	may	be	pregnant	–	talk	to	your	doctor	before	you	

start becoming more active.

If  

you  

answered 

If  you answered NO honestly to all PAR-Q questions, you can be reasonably sure that you can:
•	 start	becoming	much	more	physically	active	–	begin	slowly	and	build	up	gradually.		This	is	the	

safest and easiest way to go.

•	 take	part	in	a	fitness	appraisal	–	this	is	an	excellent	way	to	determine	your	basic	fitness	so	
that you can plan the best way for you to live actively. It is also highly recommended that you 
have your blood pressure evaluated.  If  your reading is over 144/94, talk with your doctor 
before you start becoming much more physically active.

NOTE:  If  the PAR-Q is being given to a person before he or she participates in a physical activity program or a fitness appraisal, this section may be used for legal or administrative purposes.

"I have read, understood and completed this questionnaire.  Any questions I had were answered to my full satisfaction."

NAME ________________________________________________________________________  

SIGNATURE _______________________________________________________________________________  DATE ______________________________________________________

SIGNATURE OF PARENT  _______________________________________________________________________  WITNESS ___________________________________________________
or GUARDIAN (for participants under the age of  majority)

Informed Use of  the PAR-Q:  The Canadian Society for Exercise Physiology, Health Canada, and their agents assume no liability for persons who undertake physical activity, and if  in doubt after completing 
this questionnaire, consult your doctor prior to physical activity.

(A Questionnaire for People Aged 15 to 69)

 YES NO

YES to one or more questions

NO to all questions

Note:  This physical activity clearance is valid for a maximum of 12 months from the date it is completed and  
becomes invalid if your condition changes so that you would answer YES to any of the seven questions.

© Canadian Society for Exercise Physiology  www.csep.ca/forms
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Medical Screening Form 
 
Name: ___________________________________________  Age: _________ 
 
Regular Physician (Name & Address): 
__________________________________________________________________________________
__________________________________________________________________________________ 
 
SELF REPORT CHECK-LIST 
 
Past Health Problems:
 
Rheumatic Fever   � 
Heart Murmur    � 
High Blood Pressure   � 
High Cholesterol   � 
Congenital Heart Disease   � 
Heart Attack    � 
Heart Operation    � 
Any other Heart Problem   � 
Diabetes (diet or insulin)   � 
Low blood sugar (hypoglycemia)  � 
Ulcers     � 
Bleeding from Intestinal Tract  � 
Enteritis/colitis/diverticulitis  � 
 

 
Bleeding disorders   � 
Blood clots (pulmonary embolism) � 
Varicose Veins    � 
Disease of Arteries   � 
Emphysema, Pneumonia, 

Asthma, Bronchitis  � 
Kidney and liver disease   � 
Back Injuries    � 
Heartburn    � 
Epilepsy    � 
Nervous System Disorders (Neuropathy) � 
Stroke     � 
Other (describe on back of page)      �

Present Health: 
 
List current problems:   List any medications taken now or in the last 3 months: 
1.     1. 
 
2.     2. 
 
3.     3. 
 
Do you have any allergies to medications, adhesive tape, latex, etc.? ________________________ 
__________________________________________________________________________________ 
 
List Symptoms:
Irregular Heart Beat  � 
Chest Pain   � 
Short of Breath   � 
Persistent Cough   � 
Wheezing (asthma)  � 
Fatigue    � 

Cough up blood    � 
Back Pain / Injury   � 
Leg Pain / Injury    � 
Dizziness, light-headedness  � 
Fainting or “blacking out”  �

 
Current Exercise Training Status: 
I consider my exercise training status to be: High �, Average �, Low �. 
List the types of activities that you do on a regular basis: ________________________________ 
______________________________________________________________________________ 
 
Habits:  
Smoking:  Never , Ex-smoker , Regular   Average # cigarettes/day: ___ 
Alcohol: Do you drink alcohol regularly? _________________ 
Drugs:   Do you use any other drugs? ___________________ 
 
Signature of Subject: ___________________________ Witness: _____________________________ 
 

The current study has been identified as requiring medical clearance: Yes___ No _X_ 
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School of Kinesiology and Health Studies 
 

Queen’s University 
 
 

“Peripheral Vascular Control in Humans” Research Program 
 

Human Vascular Control Laboratory 
 

Room 400B, Kinesiology and Health Studies Building 
 

Michael E. Tschakovsky, Ph.D., Co-ordinator 
 
 
 
 
 

CONSENT FORM 
 

FOR RESEARCH PROJECTS ENTITLED: 
 

Investigation into Peripheral Vascular Control in Humans 
 
 
 

This is an important form.  Please read it carefully.  It tells you what you need to 
know about this study.  If you agree to take part in this research study, you need 
to sign this form.  Your signature means that you have been told about the study 
and what the risks are.  Your signature on this form also means that you want to 
take part in this study. 
 
Purpose of the Study: 
 
The purpose of this study is to improve our understanding of how the flow of 
blood through your arms and/or legs is controlled. 
 
Benefits For You: 
 
There are no direct benefits to you by participating in this study.  
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Participant	Information	
Participant	ID:	____________________	 	 	Date:	___________________	 	

Anthropometric	Data	

Age:	___________________________	

Height:	_________________________	

Weight:	________________________	

Waist	Circumference:	_____________	

Limb	Girth:	_____________________	

Limb	Volume:	___________________	

Baseline	Artery	Diameter:	_________	

Angles	of	Insonation	(1	&2):	________	

Angles	of	Insonation	(1	&2):	________	

Rate	of	Fatigue	Work	Rate	

70%	of	RAMP:	____________________	

Summary	of	Physical	Activity:	

___________________________________________________________________
___________________________________________________________________
___________________________________________________________________	

Additional	Notes:	

___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________	

PARTICIPATING	IN:	ONE	or	BOTH	STUDIES	
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Appendix B 
Individual Subject Data 
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Figure B 1. Contraction impulse consistency for the four IET trails performed by 
participant C. A. Contraction impulses throughout the IET. Each point represents a 30-
second average, with seven averages for each 3.5-minute stage. B. Expected versus actual 
impulse. Each point represents the average contraction impulse for a given stage. IET, 
incremental exercise test. 

A 

B 



 

 
 

162 

 

 
Figure B 2. Hemodynamic responses for the four IET trails performed by participant C. 
A. Average LBF versus impulse responses for a given stage. B. Average O2Del versus 
impulse responses for a given stage. All points are averages for a given stage. LBF, leg 
blood flow; O2Del, oxygen delivery IET, incremental exercise test. 

A 
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Figure B 3. Hemodynamic responses for the four IET trails performed by participant C. 
A. Average MAP versus impulse responses for a given stage. B. Average LVC versus 
impulse responses for a given stage. All points are averages for a given stage. MAP, 
mean arterial pressure; LVC, leg vascular conductance; IET, incremental exercise test. 
 

A 
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Figure B 4. SEFT impulse responses performed by participant C. A. Raw impulses for 
every target contraction and MVC performed. B. Average performed contraction impulse 
for each 2-minute stage between MVCs and each stage’s target work rate. SEFT, 
submaximal exercise fatigue test; MVC, maximal voluntary contraction. 

A 
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Appendix C 
Sample Statistical Analyses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

166 

 

t-test Friday, September 15, 2017, 4:07:27 PM

Data source: Data 1 in Notebook1

Normality Test (Shapiro-Wilk) Passed (P = 0.815)

Equal Variance Test: Passed (P = 0.427)

Group Name N Missing Mean Std Dev SEM
LBF 3 0 262.333 70.830 40.894
LBF 3 0 374.267 155.372 89.704

Difference -111.933

t = -1.135  with 4 degrees of freedom.

95 percent two-tailed confidence interval for difference of means: -385.651 to 161.785

Two-tailed P-value = 0.320

The difference in the mean values of the two groups is not great enough to reject the possibility that the
difference is due to random sampling variability. There is not a statistically significant difference between
the input groups (P = 0.320).

One-tailed P-value = 0.160

The sample mean of group LBF does not exceed the sample mean of the group LBF by an amount great
enough to exclude the possibility that the difference is due to random sampling variability. The hypothesis
that the population mean of group LBF is greater than or equal to the population mean of group LBF cannot
be rejected. (P = 0.160).

Power of performed two-tailed test with alpha = 0.050: 0.143

The power of the performed test (0.143) is below the desired power of 0.800.
Less than desired power indicates you are less likely to detect a difference when one actually exists.
Negative results should be interpreted cautiously.

Power of performed one-tailed test with alpha = 0.050: 0.243

The power of the performed test (0.243) is below the desired power of 0.800.
Less than desired power indicates you are less likely to detect a difference when one actually exists.
Negative results should be interpreted cautiously.
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Pearson Product Moment Correlation Tuesday, October 17, 2017, 3:36:46 PM

Data source: Data 1 in Notebook1

Cell Contents:
Correlation Coefficient
P Value
Number of Samples

 FI
% PEAK 0.642

0.169
6

FI

There are no significant relationships between any pair of variables in the correlation table (P > 0.050).


