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Abstract 

Oxygen delivery (O2D) is an important factor for maintaining intracellular homeostasis during exercise.  

Disruptions in intracellular homeostasis increase fatigue progression and the perception of exercise.  The 

presence of inter-individual differences in the mechanisms governing O2D : demand matching during 

small and large muscle exercise remains unknown.  Preliminary evidence from our laboratory, as well as 

investigations from decades ago that received surprisingly little attention, suggest these differences are of 

particular importance.  

Purpose: 1) To identify and characterize cardiovascular response phenotypes during perfusion pressure 

induced compromises to exercising forearm skeletal muscle perfusion and establish an intervention to 

mitigate the adverse effects associated with non-compensation.  2) To determine the effects of differences 

in cardiac output (CO) on submaximal exercise tolerance and explore the efficacy of sprint interval 

training in augmenting the submaximal cardiac response.  

Methods:  Cardiovascular response phenotypes were assessed in healthy, young, recreationally active 

male participants during moderate intensity forearm exercise with a sudden perfusion pressure induced 

compromise to skeletal muscle perfusion. Those who responded without compensatory vasodilation 

completed the same experimental protocol after nitrate rich and nitrate depleted beetroot juice in an effort 

to restore compensation.  In a similar group of individuals, CO, perceived exertion and skeletal muscle 

properties were assessed during progressive cycling.  The same test was completed after 4 weeks of 

training to determine if submaximal cardiac responses are augmented following exercise training.  

Results: 1) Individuals presented either with (n = 13) or without (n = 8) compensatory vasodilation.  2) 

Non-compensation compromised O2D and exercise performance.  3) Nitrate rich beetroot juice restored 

compensatory vasodilation in previously identified non-compensators (n=6), which abolished perfusion 

pressure induced reductions in O2D and exercise performance. 5). Cardiac responses differed by up to 

five liters per minute and were not explained by arterial oxygen content or skeletal muscle properties. 6) 
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Submaximal CO did not predict exercise tolerance, but was increased following training in low, but not 

high cardiac responders.   

Conclusion: Differences in the mechanisms governing O2D : demand matching are present within a 

healthy, young, otherwise similar group of individuals.  These differences have real and functional 

impacts on O2D and exercise performance.  
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Chapter 1 

General Introduction 

 

Exercise is a strong homeostatic challenge to the skeletal muscle cellular environment as 

large increases in metabolic demand task the energy producing pathways.  Aerobic metabolism is 

required to meet adenosine triphosphate (ATP) demand, as this method of energy production 

allows stabilization of the cellular environment (52).  Matching aerobic energy production to 

demand requires appropriate increases in muscle blood flow (MBF; exercise hyperemia) to ensure 

the matching of oxygen delivery (O2D) to metabolic demand, where O2D is the product of muscle 

blood flow (MBF) and arterial oxygen content (CaO2).  During exercise CaO2 remains relatively 

constant regardless of exercise intensity (45),  therefore MBF determines O2D adjustment.  

O2D = MBF x CaO2        Equation 1 

MBF is a function of the local muscle arterial (Pa) to venous (Pv) pressure gradient and the 

vascular conductance (VC).   

MBF = (Pa – Pv) x VC        Equation 2 

It is therefore the combination of local arteriolar dilation and/or elevation in arterial blood 

pressure that facilitates the hyperemic response to exercise.  

  During small muscle mass exercise where cardiac pumping capacity is not limiting, there 

is a linear relationship between metabolic demand and O2D up to maximal work rates (3, 38).  

During mild and moderate intensity exercise this is accomplished through a predominately 

vasodilatory response, beyond which in the heavy intensity exercise domain increasing pressor 

contribution maintains the linear flow response (35). This proportional increase in MBF has led to 
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the notion that during small muscle mass exercise, there is in fact a tight matching of O2D to the 

metabolic demands of the active muscle in healthy persons. 

 Large muscle mass exercise elicits similar linear increases in flow up to ~50-60% of peak 

power.  Exercising above this threshold however, produces an attenuated increase in skeletal 

MBF suggesting that O2D : demand matching might not be optimal (35).  This blunted hyperemic 

response is thought to be due to sympathetic restraint of local muscle vasodilation acting to 

protect the pumping capacity of the heart. Cardiac output and peripheral conductance integrate to 

regulate mean arterial pressure (MAP); the upstream pressure for tissue perfusion.  As such, 

increases in cardiac output may determine the extent to which flow to the exercising skeletal 

muscle may increase (Figure 1-1). 

The efficacy of O2D : demand matching has important implications for intracellular 

homeostasis (52), muscle contractile function (27) and as a result exercise performance (2).  

During exercise at a fixed metabolic demand, inadequate perfusion results in reductions in the 

partial pressure of oxygen within the muscle cell (PcellO2) and therefore requires greater relative 

concentrations of adenosine diphosphate (ADP) and inorganic phosphate (Pi) in order to maintain 

a given rate of oxygen consumption (!O2) (44).  As these stimulate glycolysis, reductions in O2D 

can also increase glycolytic flux relative to oxidative phosphorylation leading to greater lactate 

production and associated H+; an additional compromise to intracellular homeostasis.  In this 

scenario, net drive dictates that phosphorylation potential ([ATP]/[ADP][Pi]) and redox state 

([NADH]/[NAD+]) are adjusted to compensate for reductions in PcellO2.  This however requires an 

increased motor drive to maintain force production as hypoperfusion impairs contractile function 

(27) and exercise performance is compromised due to increased fatigue (26).   An additional 

contribution to the requirement for increased motor drive is the oxygen conforming response, 

whereby force production for a given motor drive is reduced (ATP demand adjusted to meet 

aerobic ATP supply) in order to maintain intracellular homeostasis (24, 25) (Figure 1-2).  
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Not only can O2D affect the metabolic and contractile function of skeletal muscle, it can 

modulate the psychological perception of exercise.  An individual’s rating of perceived exertion 

(RPE; verbal expression of how “hard” exercise feels on the Borg Scale (7)) provides a 

representation of the psychophysiological stress of exercise (1).  Information from local sensory 

afferents pertaining to metabolic stress of the muscle are integrated within the brain and likely 

contribute to RPE (20, 50).  RPE is reduced during exercise in hyperoxia (19) and increased 

during exercise in hypoxia (33) (i.e. sensitive to arterial oxygen content and therefore presumably 

exercising muscle O2D).  Isolated exercising muscle perfusion perturbations also appear to impact 

RPE as evidenced by increased RPE at a given work rate when exercising limb external positive 

pressure-induced reductions in perfusion are applied (16). 

1.1 Inter-individual differences in O2D : demand matching effectiveness – local 

factors 

Regulation of effective of O2D : demand matching would predict that when metabolic 

demand is increased to the same degree under conditions requiring greater increases in flow 

model components to achieve the necessary perfusion, greater vasodilatory and/or pressor 

responses would be required to achieve said matching.  Previously this “compensatory” response 

was observed in both leg extension and forearm handgrip exercise models during rest-to-

submaximal exercise transitions (28, 32).  However, we recently observed that reductions in 

exercise muscle perfusion pressure during incremental increases in exercise intensity resulted in 

vasodilatory compensation in some individuals (n=6; compensator phenotype), but was 

completely absent in other individuals (n=4; non-compensator phenotype) (6).  Furthermore, this 

compensation was only partial as MBF was inadequate at higher exercise intensities.  This 

hypoperfusion was of course worse in individuals lacking compensation (n=4: non-compensator 

phenotype) and had a functional consequence in that the non-compensator phenotype suffered a 

greater compromise to exercise performance.  Interestingly, we also found no pressor 
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compensation in either phenotype even at higher exercise intensities despite compromised 

forearm perfusion.  The manifestation of exacerbated compromise to exercise performance in the 

non-compensator phenotype, and the lack of pressor compensation during hypoperfusion 

regardless of phenotype, speaks to the importance of understanding inter-individual differences in 

the mechanisms governing O2D : demand matching in response to challenges in O2D.  

Prior studies investigating cardiovascular responses to sudden O2D compromise during 

steady state exercise have assessed findings at the group level and yielded conflicting results.  In 

animal models, terminal aortic cuff inflation resulted in a pressor response restoring exercising 

limb perfusion by ~ 50% (36).  In humans, constant load hypoxic exercise (21), constant load 

exercise with steady state compromises to MBF imposed by intra-arterial balloon inflation (10) or 

steady state perfusion pressure reductions during constant load exercise (49) result in complete 

(21), partial (10) or non-existent (49) compensatory vasodilation when analyzed at the group 

level.  Given our recent findings (6), it is plausible that the compensator and non-compensator 

phenotype are evident in response to sudden compromise to O2D during steady state submaximal 

exercise, such that the distribution of phenotypes within a particular study participant sample 

might contribute to conflicting observations.  However, whether compensator and non-

compensator vasodilator phenotypes are evident when O2D is suddenly reduced during exercise 

at a fixed metabolic demand remains unknown.  In addition, while our previous work using an 

incremental exercise model found no evidence for pressor response differences between 

vasodilator phenotypes, this may not be the case under conditions of a sudden exercising muscle 

hypoperfusion challenge.  However, whether the presence or absence of compensatory 

vasodilation determines the occurrence of a compensatory pressor response under these 

conditions remains unknown.  
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1.2 Plasma nitrite pool: potential target for restoring compensatory 

vasodilation?  

Vasodilation appears to be the principle component of the compensatory response during 

small muscle exercise.  Although numerous mechanisms and pathways may be involved, a key 

role for nitric oxide (NO) has been identified within the context of hypoxic exercise or 

hypoperfusion.  NO represents 50% and 35% of the observed compensatory vasodilation to the 

aforementioned perfusion compromises respectively (9, 11, 14).  It is important to note that these 

investigations identified the contribution of a NO pool derived from nitric oxide synthase (NOS). 

In contrast, it appears that plasma nitrite is also an important source of NO, particularly under 

conditions of increased deoxyhemoglobin and reduced pH (12, 34).  These would be 

characteristic of the exercising muscle environment when O2D is compromised, warranting 

compensatory vasodilation.  It could be that those individuals presenting with a non-compensator 

phenotype have reductions in NO production or bioavailability.  Dietary nitrate supplementation 

with beetroot juice has been identified as an effective means of elevating plasma [nitrite] and 

tends to facilitate improved exercise performance (30).  It is plausible therefore that elevating the 

nitrite pool available for NO production could restore compensation in these individuals.  

Presently, the sensitivity of the non-compensatory vasodilator phenotype to dietary nitrate 

supplementation is unknown.  

1.3 Inter-individual differences in O2D : demand matching – cardiac output 

The efficacy of O2D : demand matching during whole body exercise can also be called to 

question.  In the early 1960s Reeves et al. (37) complied research from various investigations to 

demonstrate considerable inter-individual variability in the cardiac output response to treadmill 

exercise while controlling for !O2.  This observation was reinforced in the mid-1960s by Astrand 

et al. (5) during submaximal and maximal exercise and corroborated in a rather large effort 

(n=40) in the mid-1980s (53). Yamaguchi et al. (53) demonstrated within a group of untrained 
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otherwise healthy males, that large discrepancies in submaximal cardiac output, and therefore 

systemic O2D, were present during progressive cycling exercise towards !O2peak.  In all research 

efforts (5, 37, 53), despite a fixed oxygen demand, O2D varied by up to five or six liters per 

minute and was accompanied by large computed or measured differences in the arterial venous 

oxygen difference (a-vO2 diff).  Using Figure 1-1 as a reference, this would predict considerable 

inter-individual differences in exercising MBF, with subsequent impacts on exercise tolerance as 

explained above.  Surprisingly, these high vs. low cardiac responders have not been investigated 

in detail.  It is worth noting that differences in cardiac output due to !2-adrenergic receptor 

subtype differences have been recognized for their contribution to disparate cardiovascular 

responses to exercise (43).  Surprisingly, the effects of these large inter-individual cardiac 

differences on skeletal muscle oxygenation and exercise tolerance have not been investigated.  

Given our understanding of the metabolic effects of O2D : demand matching, it may be that those 

with a greater cardiac output suffer less cellular disruptions at a given submaximal exercise 

intensity and therefore perceive the exercise as more tolerable.  However, whether inter-

individual differences in the cardiac output response to a given exercising muscle metabolic 

demand predict differences in exercise tolerance remains unknown.   

While central cardiac responses may predict the perception of exercise through 

differences in convective O2D, individual differences in skeletal muscle factors associated with 

diffusive O2D and oxygen utilization cannot be ignored.  Large variation in skeletal muscle 

capillary density (~240-310/mm2) (8, 54) and therefore diffusive conductance, coupled with 

individual variability in mitochondrial enzymatic activity (55) can contribute to different cellular 

environments for a given convective O2D.  Additionally, it can be appreciated that while skeletal 

muscle fiber type composition can vary from person to person, skeletal muscle fiber types 

themselves differ greatly as well in their enzymatic activity (18).  Slow twitch muscle fibers have 

twice the activity of Krebs cycle enzymes compared to fast twitch skeletal muscle and within 
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slow twitch muscle fibers the electron transport chain exhibits twice the capacity for coenzyme 

oxidation (29).  In summary, the potential for inter-individual cardiac output-mediated 

differences in exercising muscle O2D and inter-individual differences in the above-mentioned 

peripheral factors to explain individual exercise performance/tolerance remains poorly 

understood.    

It also seems reasonable to extend the construct of inter-individual differences and their 

contribution to exercise performance/tolerance to the realm of exercise training.   Sprint interval 

training (SIT) is an effective means of improving cardiovascular fitness (46).  The improvements 

in !O2 peak post training appear to be partially mediated by the initial fitness level of an 

individual (15, 40, 47).  Individuals with lower starting fitness levels tend to have mildly greater 

improvements in !O2 peak.  Centrally, SIT seems capable of producing morphological changes in 

left ventricular mass (13, 42), cardiomyocyte contractile function and improved cardiomyocyte 

calcium handling (31) with the end result being greater stroke volume post training (13, 23, 48).  

Previous group level investigations exploring the cardiac response post training have 

demonstrated that submaximal cardiac output is either unchanged or attenuated at a fixed exercise 

intensity or !O2 (4, 17, 22, 39, 41, 48, 51).  It may be that similar to the effects of initial fitness 

levels on improvements in !O2 peak post training (15, 40, 47), low cardiac responders may 

present with greater cardiac adaptations compared to high cardiac responders post training.  SIT 

may therefore be an effective means to convert a low cardiac responder to into a higher cardiac 

responder during subsequent submaximal exercise.  Presently, the response of high vs. low 

cardiac responders to SIT is unknown. 

1.4 Summary 

Within the contextual framework of O2D : demand matching, the common view in 

exercise physiology that ‘O2D is tightly matched to metabolic demand in healthy persons during 
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submaximal exercise’, has been built on group averaged analyses.  This has failed to 

acknowledge the potential for inter-individual differences across healthy, young persons who are 

similarly physically active.  Our recent work has revealed the existence of inter-individual 

differences in vasodilatory compensation to protect exercising muscle O2D in the face of a 

challenge to O2D, and the very real consequences of these differences for exercise performance 

(6).  The work in this thesis is aimed at extending our understanding of inter-individual 

differences in O2D and their impact on exercise performance/tolerance.  Specific research 

questions in line with the gaps identified are as follows:   

  

1.5  Specific Research Questions 

1) Do individuals differ in their compensatory vasodilation/compensatory pressor responses to a 

sudden compromise in skeletal muscle perfusion and if so, does this impact exercise 

performance?   

2) Does dietary nitrate supplementation restore compensatory vasodilation and exercise 

performance in response to a compromise in O2D in the non-compensator phenotype?   

3) Do differences in central (cardiac output) and peripheral (skeletal muscle) factors affect local 

muscle oxygenation and submaximal exercise tolerance?   

4) Does SIT convert a low cardiac responder into a higher cardiac responder during subsequent 

submaximal exercise?   

 Combined, this information will explore the nature of inter-individual differences in O2D : 

demand matching, the potential mechanistic basis of these differences, and the consequences of 

these differences for individual exercise tolerance/performance. 
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Figure 1-1:  Schematic representation of cardiac output.  Within this model, inflow is central 
venous return and outflow is muscle blood flow and flow to other tissues.   
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Figure 1-2:  Schematic representation of net drive and oxygen conformer responses.  Net drive 
would dictate an increase in phosphorylation and redox potentials to maintain skeletal muscle 
contraction/force production in hypoperfusion.  Oxygen conformer response would lower skeletal 
muscle contraction/force production and therefore ATP demand to match oxygen availability and 
aerobic metabolism. 
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The metabolic and contractile implications of heterogeneity in the efficacy of O2D : 

demand matching can be comprehended with the help of Figure 2-1. Convective O2D determines 

the PcapO2, which contributes to the rate of diffusive O2D into the muscle cell.  Diffusive O2D into 

and oxygen utilization by the skeletal muscle determines PcellO2.  For a given oxygen demand, a 

certain combined rate of convective and diffusive O2D is required to support aerobic metabolism 

without large disturbances to PcellO2.  Inadequate skeletal muscle O2D results in a reduction in 

PcellO2.  This requires the manipulation of phosphorylation and redox states in order to maintain a 

given !O2.  A caveat to maintaining !O2 however, is the accumulation of fatigue inducing 

metabolites.  ADP and Pi in particular, stimulate glycolysis and the production of lactate and 

associated H+.   Large intracellular concentrations of ADP and Pi tend to prevent their release 

from contractile proteins when transitioning from low to high force states.  This in the end 

interferes with the release of actin and myosin (29, 106). Increases in ADP produce an increase in 

isometric tension by 2% and reductions in isotonic shortening velocity by 5% presumably due to 

a higher number of attached cross bridges.  Similar observations were independently observed 

with Pi accumulation (29, 106).  Reductions in cellular pH, due to H+ accumulation, impede force 

generation by inhibiting calcium (Ca2+) activation of actomyosin ATPase (39, 66).  Effective O2D 

is therefore imperative for skeletal muscle function. 

Research efforts predicated on group responses and analyses have amalgamated 

individual heterogeneity to provide group level interpretation of O2D : demand matching.  These 

research efforts consistently demonstrate linear increases in MBF during incremental exercise, 

leading to the notion that O2D is effectively matched to metabolic demand during submaximal 

exercise (5, 111). Compelling evidence arises from inspired oxygen content manipulation in 

which reductions or increases in fractional inspired oxygen (FIO2) cause more or less MBF 

respectively to maintain O2D (61). However, appreciating that individuals differ in there O2D 

response, and that O2D can have real and functional metabolic and contractile implications, the 
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question arises as to what role inter-individual differences in the mechanisms governing O2D : 

demand matching have on exercise performance and exercise tolerance.  

2.1 Part I – Do individuals differ in their compensatory 

vasodilation/compensatory pressor responses to a sudden compromise in skeletal 

muscle perfusion and if so, how does this impact exercise performance?   

2.1.1 Introduction - Let’s Look at The Group…or Not 

Traditional research approaches typically employed within the realm of exercise 

physiology to explore O2D : demand matching focus on group responses and group data analysis. 

A fundamental assumption of this approach is that all participants present with similar 

cardiovascular responses and deviation in the response between individuals is not present.  As a 

result, this approach ignores the potential for unique individual response heterogeneity in the 

mechanisms governing O2D : demand matching due to potential phenotype differences.  This 

striking omission might have large implications when striving to completely understand O2D : 

demand matching, as critical analysis of the literature suggests that the assumption of individual 

homogeneity might not be entirely accurate.  We believe that the distribution of phenotypes 

within a particular study participant sample might be contributing to the conflicting observations 

to date (19, 22, 61, 88, 103, 107, 105, 109, 133, 140).  In order to alleviate this inherent bias, we 

are completing what we term single participant research.  This approach involves multiple 

experimental trial repeats (when required) within a participant to demonstrate response 

consistency within an individual and clearly identify their cardiovascular response.  This 

literature review will be partitioned into four sections focusing on the research questions stated at 

the end of the introduction.  Collectively, this information will assist to clearly explain the 

rationale for the present series of investigations and how the information obtained from this 

collection of work will improve our understanding of O2D : demand matching, the nature of 
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individual response heterogeneity, and the implications of individual differences in O2D affecting 

exercise performance/tolerance.  

2.1.2  Evidence For Individual Response Heterogeneity – Vascular Response Phenotypes 

  Taking a deeper look within the literature, investigation into responders and non-

responders assists to paint a clearer picture of response heterogeneity and provide evidence that 

these inter-individual responses need to be considered.  This is exemplified by the work 

completed by Tschakovsky and Hughson (133) vs. Perrey et al. (107).  Both of these studies 

utilized ischemic calf exercise to activate the metaboreflex while monitoring its effect on 

exercising forearm blood flow.  Both studies were completed in the same laboratory, with a 

similar subject pool and the same experimental design.  Tschakovsky and Hughson (133) found 

that all participants had a passive pressure induced increase in forearm blood flow due to 

metaboreflex activation.  Interestingly, Perrey et al. (107) saw a similar observation, but only in 

half of the participants.  The other half were deemed non-responders and not included in the 

analysis.  Reiterating that both studies were completed in the same lab, consisted of a similar 

participant pool, and contained the same experimental condition; these disparate findings provide 

a nice argument for the potential distribution of phenotypes within a particular study participant 

sample dramatically influencing the study outcome.  

 Critical interpretation of the literature provides numerous other examples, or rather 

proposed examples, of the influence of response heterogeneity within the context of endothelial 

function.  Pyke et al. (109) found considerable support for individual response phenotypes when 

investigating radial artery flow mediated dilation (FMD).  With the application of very similar 

experimental designs to that of previous investigations, Pyke et al. (109) found that NO was not 

obligatory to the FMD response elicited by reactive hyperemia while previous investigations had 

found that blockade of NOS abolished FMD. Furthermore, Parker and colleagues (105) 

investigated FMD and found that once again, the potential for response phenotypes was present. 



 19 

Blockade of NO and prostaglandins (PG) resulted in substantial between-subject heterogeneity in 

these underlying pathways.  Blockade of NO and PG evoked distinct, subject-specific increases 

or decreases in conduit artery vasodilation in response to shear stress.   

 The potential for response phenotypes influencing data interpretation is not limited to 

pressor regulation of flow and vascular function   Extending the observation of response 

phenotypes into an O2D : demand matching model, Limberg et al. (88) initially investigated 

potential age related differences in compensatory hypoxic vasodilation.  The authors found that 

the vascular responses to hypoxia were extremely variable within both old and young adults.  

Regardless of age, individual responses to hypoxia were assessed and revealed large ranges of 

hypoxic vasodilation and interestingly hypoxic-mediated vasoconstriction.  It appears that based 

off the work by Limberg et al. (88), the subjects could have been split post hoc into compensatory 

and non-compensatory vasodilators. 

 There are numerous other examples of cardiovascular responses to O2D compromises 

during steady state exercise producing conflicting results at the group level.  In animal models, 

terminal aortic cuff inflation resulted in a pressor response restoring ~ 50% of exercising 

hindlimb blood flow (103).  In humans, constant load hypoxic exercise (61), constant load 

exercise with steady state compromises to MBF imposed by intra-arterial balloon inflation (22) or 

steady state perfusion pressure reductions during constant load exercise (140) result in complete 

(61), partial (22) or non-existent (140) compensatory vasodilation. 

 Strong evidence for clear response heterogeneity can be ascertained from compiled work 

by Casey and Joyner (19) summarizing their results from a series of studies investigating the 

effects of partial occlusion of arterial blood supply via intra-arterial balloon catheter inflation.  

Under this model the degree of perfusion compromise was similar across participants; however, 

percent restoration in flow ranged from ~20-120%.  The data in these scenarios were not 

presented within the context or analyzed with response heterogeneity in mind.  Nonetheless one 
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can begin to wonder if the hypoperfusion stimulus was similar between participants, why the 

vastly different flow restoration magnitudes? 

Perhaps the strongest support for individual heterogeneity and vascular response 

phenotypes, and actually the underlying research spearheading the present series of 

investigations, was the recent work from our lab (13) designed to rectify the disparate findings 

pertaining to O2D : demand matching.  Compensatory vasodilation occurred during progressive 

increases in work rate under reduced perfusion pressure in some individuals, while it was 

completely absent in other individuals, resulting in greater hypoperfusion.  As a result, these 

individuals with a “non-compensator” phenotype experienced a greater compromise to exercise 

performance.  Interestingly, we also found no pressor compensation in either phenotype even at 

higher exercise intensities despite compromised forearm perfusion.  Adding confidence in our 

clear and dichotomous vasodilatory observation was the consistency in individual responses 

across repeated trials.  Coefficient of variation (CV) between trails within perfusion pressure 

positions with respect to peak O2D, peak work rate and peak !O2 were low (mean CV ~7.5%).  

More importantly the presence or absence of compensatory vasodilation was consistent across 

trials within a person and within a given phenotype.  The functional ramifications of these two 

response groups manifested itself in less of a decrease in peak O2D, less submaximal oxygen 

deficit accumulation and as a result, less of a reduction in peak exercise performance in those 

who responded with compensation. The manifestation of exacerbated compromise to exercise 

performance in the non-compensator phenotype, and the lack of pressor compensation during 

hypoperfusion regardless of phenotype, speaks to the importance of understanding inter-

individual differences in the mechanisms governing O2D : demand matching in response to 

challenges in O2D.  
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2.1.3 Metabolic Implications of Inadequate O2D : Demand Matching 

 As just mentioned, non-compensation can have deleterious effects on exercise 

performance.  The underlying performance compromise rests in the inability to effectively match 

O2D to metabolic demand.  The implication of oxygen on fatigue progression has been discussed 

thoroughly in a review by Hepple (65).  As stated in the introduction, during exercise at a fixed 

metabolic demand, inadequate perfusion results in reductions in PcellO2 and therefore requires 

greater relative concentrations of ADP and Pi in order to maintain a given !O2 (129).  In this 

scenario, net drive dictates that phosphorylation potential ([ATP]/[ADP][Pi]) and redox state 

([NADH]/[NAD+]) are adjusted to compensate for reductions in PcellO2.  As ADP and Pi stimulate 

glycolysis, reductions in O2D can also increase glycolytic flux relative to oxidative 

phosphorylation leading to greater lactate production and associated H+; an additional 

compromise to intracellular homeostasis in individuals presenting with a non-compensator 

phenotype.  The mismatch between O2D and metabolic demand results in impairments in muscle 

contractile function (70).  Therefore, in comparison to compensatory vasodilators, non-

compensators would experience additional disruptions in intracellular homeostasis.  The end 

result would be performance decrements similar to within individual hypoperfusion scenarios (69, 

115).  Previous work exploring O2D : demand matching both at the group and individual level 

have identified the presence of heterogeneity in cardiovascular responses and specifically within 

compensatory vasodilation.  In identifying individuals with disparate compensatory vasodilation 

responses, one can logically begin to ask, why?   

  

2.1.4 Compensatory Vasodilation – Mechanisms of Action 

 Regulation of effective of O2D : demand matching would predict greater increases in 

vasodilatory or pressor responses to achieve the necessary perfusion under conditions that by 

themselves would compromise O2D.  Previously this “compensatory” response was observed in 
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both leg extension and forearm handgrip exercise models during rest-to-submaximal exercise 

transitions (71, 92).  The presence of a compensatory response is not homogeneous across 

individuals as considerable variability in these responses exists.  The achievement of O2D : 

demand matching via vasodilation is an extremely complicated, redundantly regulated pathway 

within the intact cardiovascular system.  That being said, there are specific mechanisms that have 

been investigated within the context of compensatory vasodilation, or could be expected to 

respond to sudden compromises to O2D, and these will be addressed. 

2.1.4.1 ATP As A Vasodilator 

ATP has become implicated in vascular control through the red blood cell as oxygen 

sensor hypothesis. Under this hypothesis, red blood cells release ATP in proportion to 

hemoglobin desaturation (47-49).  Ellsworth (47) summarized that when the partial pressure of 

oxygen (PO2) was reduced to 35 mmHg in vitro in most species, there was an increase in ATP 

release from the red blood cell by more than 75%.  The potent vasodilatory effect of circulating 

ATP within the vasculature has been identified in both in the leg (60) and forearm (116).  

Gonzalez-Alonso et al. (60) determined that intra-femoral infusions of ATP at rest elicited a 

similar increase in blood flow and vascular conductance, in a dose-dependent fashion, to those 

experienced during mild to heavy intensity one-legged knee extension exercise.  Rongen et al. 

(116) also demonstrated a dose dependent ATP vasodilator response within the human forearm, 

although comparisons relative to ATP concentration during exercise were not completed.   

2.1.4.1.1 Pathway of Action 

Within this hypothesis, when local metabolic demand for oxygen increases, PcellO2 within 

the skeletal muscle decreases as more oxygen is being consumed for energy production. This 

increases the diffusive gradient from the capillary bed to the muscle cell and results in a reduction 

in the partial pressure of oxygen at the capillary (PcapO2) as more oxygen is diffusing into the 
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muscle cell and being consumed.  With a lower PcapO2, more oxygen is removed from the 

hemoglobin molecule at the capillary bed due to an increased diffusive gradient from the arterial 

pool to the capillary.  The desaturation of the hemoglobin molecule causes a conformational 

change in the hemoglobin molecule that releases ATP in proportion to the amount of empty 

oxygen binding sites (47-49).  Kirby et al. (80, 81) identified red blood cells as the origin of 

intravascular sources of ATP during exercise, thereby providing compelling support for this 

hypothesis in vascular control during exercise.  

Traditionally, it was assumed that ATP binds to purinergic P2Y receptors on the 

endothelial wall of the vessel and triggers the enzymatic production of NO via endothelial nitric 

oxide synthase (eNOS).  Endothelium derived NO would then diffuse to vascular smooth muscle 

cells, and through a signaling cascade culminating in the activation of protein kinase G and a 

decrease in intracellular Ca2+ ion concentrations, the vascular smooth muscle relaxes and 

vasodilation occurs (49).  However, evidence suggests that endothelium derived NO is not a 

major component of ATP mediated vasodilation (34, 102, 116). Rongen et al. (116), 

demonstrated that endothelium derived NO is responsible for only ~4% of ATP mediated 

vasodilation in a resting forearm infusion model across a range of ATP concentrations.  

Mortensen et al. (102) confirmed this modest contribution of endothelium derived NO to ATP 

mediated vasodilation in a resting leg model.   Rather and more recently, inward rectifying 

potassium channels (KIR) have been identified as the major mechanism underlying ATP mediated 

vasodilation.  Crecelius et al. (32) utilized a forearm model at rest with and without inhibitors of 

endothelium derived NO and PG and a second model with and without inhibitors of KIR and 

Sodium (Na+)-Potassium (K+) ATPases during ATP infusion.  It was revealed that blockade of 

endothelium derived NO and PG modestly reduced ATP mediated vasodilation, while KIR and 

Na+-K+ ATPase inhibition almost completely abolished ATP mediated vasodilation (Figure 2-2 



 24 

for signal transduction pathway).  The work by Crecelius et al. (32) clearly establishes the role of 

KIR, as opposed to NO, in ATP mediated vasodilation.   

2.1.4.1.2 Role In Compensatory Vasodilation 

Gonzalez-Alonso et al. (60) demonstrated graded knee extension exercise under systemic 

hypoxia resulted in the greatest increases in femoral venous ATP concentration.  This large 

increase in venous ATP concentration corresponded with considerable vasodilation compared to 

normoxia.  The result was a greater progressive increase in leg blood flow in an attempt to 

maintain O2D : demand matching during incremental exercise in hypoxia.  Extending this 

observation was more recent work by Kirby et al. (81) demonstrating the importance of ATP 

mediated vasodilation during forearm exercise under systemic hypoxia.  In response to hypoxia 

induced O2D compromises, young individuals had an increase in desaturation, an increase in 

venous ATP concentration, and a 50% increase in vascular conductance.  During the same 

exercise stimulus, elderly individuals on the other hand, had an increase in desaturation, no 

increase in venous ATP concentration and no increase vascular conductance.  This observation 

provides support for the role of ATP in eliciting compensatory vasodilation following perfusion 

perturbations.   

2.1.4.1.3 Why We Are Interested 

With an understanding that intravascular sources of ATP stem from hemoglobin 

desaturation (80, 81), work from our laboratory suggests that ATP might play a role in 

compensatory vasodilation.  Bentley et al. (13) observed significantly greater venous desaturation 

during progression forearm exercise to exhaustion in compensatory vasodilators under perfusion 

pressure compromises to flow compared to non-compensatory vasodilators.  Although ATP was 

not measured in this investigation, given the greater desaturation it is plausible that plasma ATP 

concentrations would be greater in the compensatory vasodilators, which potentially led to their 
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compensatory response.  This however remains to be confirmed as a potential mechanism, but it 

could be that an inherent diffusion limitation in non-compensators prevents the hemoglobin 

desaturation necessary for compensatory vasodilation.  

2.1.4.2 Nitric Oxide As a Vasodilator 

 Nitric Oxide is one of the most well-known regulators of vascular tone within the 

cardiovascular system.  NO can be produced through an enzymatic reaction involving nitric oxide 

synthases (NOS) (L-arginine + 3/2 NADPH + H+ + 2 O2  citrulline + nitric oxide + 3/2 

NADP).  Additionally, plasma sources of nitrite, a NO precursor, can be preferentially converted 

into NO under hypoxic and acidic environments (30, 100); environments analogous to 

mismatches in O2D : demand matching.  The regulation of endothelial NOS is an extremely 

complicated pathway that extends far beyond the objectives of the present series of investigations.  

As such, it will not be discussed but can be explored in the review by Alderton et al. (3).  

2.1.4.2.1 Pathway of Action 

 Whether enzymatically produced or preferentially converted in hypoxic/acid environments, 

NO diffuses into the smooth muscle cells surrounding the vasculature.  Through a signaling 

cascade involving the stimulation of soluble guanylate cyclase, increases in protein kinase G 

activation prevent Ca2+ release from the sarcoplasmic reticulum.  Additionally, Ca2+ channels are 

activated, thereby increasing sarcoplasmic Ca2+ reuptake and deactivating the enzyme myosin 

light chain kinase.  The end result is a decrease in intracellular Ca2+
 concentration, which leads to 

a decrease in the phosphorylation of the myosin light chain and as a result, vascular smooth 

muscle relaxation and vasodilation (14, 73) (Figure 2-3; Panel B and I for transduction pathway).  

2.1.4.2.2 Role in Compensatory Vasodilation 

The importance of endothelium derived NO to the compensatory vasodilatory response 

following challenges in O2D is well described.  During forearm exercise under partial occlusion 



 26 

of arterial blood supply via intra-arterial balloon catheter inflation (20, 21), blockade of eNOS 

blunted the compensatory vasodilatory response by ~20-35% during moderate intensity exercise.  

As a result, flow recovery was blunted by ~12-20%.  Another challenge to O2D, systemic hypoxia 

(23, 25, 35) under similar eNOS blockade, blunts compensatory vasodilation by ~50%.  In 

contrast to the observed contribution of endothelium derived NO to compensatory vasodilation, 

the contribution of NO derived from local nitrite pools remains unknown.  

2.1.4.2.3 Why We Are Interested 

 NO mediated compensatory vasodilation is of interest due to the potential role of nitrite-

mediated vasodilation.  Local nitrite represents a large reserve of bioavailable NO.  The initiation 

of perfusion compromises to challenge O2D seemingly provides the necessary hypoxic/acidic 

cellular environment necessary to preferentially convert nitrite to NO.  In doing so, compensatory 

vasodilation would be present.  Lastly, local nitrite stores can be readily modified through diet.  

As such, there is the potential for those exhibiting a compensatory vasodilatory response to have 

greater basal nitrite levels.  Therefore, it is worthwhile to explore the effects of basal plasma 

nitrite concentration on the presence of compensatory vasodilation following a perfusion 

compromise.   

2.1.4.3 Potassium as a Vasodilator 

 On the wall of the endothelium and smooth muscle cells, KIR are abundantly expressed 

(67).  These channels function uniquely by transporting K+ out of the cell into the interstitial 

space against a concentration gradient.  In conjunction with Na+-K+ ATPase, these channels serve 

to hyperpolarize the cell, leading to smooth muscle relaxation and subsequent vasodilation.  

Hyperpolarization signals can be transferred from cell to cell through gap junctions, thereby 

coordinating this response across regions of the vasculature (50, 124).  
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2.1.4.3.1 Pathway of Action 

At first, KIR were identified for their role in rapid vasodilation.  In response to dynamic 

muscular contraction, interstitial concentrations of K+ have been shown to increase in proportion 

to contraction intensity (62, 75).  An increase in the interstitial concentration of K+ by about 15 

mM is associated with vasodilation (98).  This increase in interstitial K+ concentration shifts the 

equilibrium potential resulting in outward currents from KIR channels.  Coupled with net outward 

current from voltage activated Na+-K+ ATPases, this results in a decrease in not only intracellular 

K+ concentrations, but also Na+ concentrations (67).  As a result, the vascular smooth muscle cell 

is hyperpolarized and voltage gated Ca2+ channels are closed, leading to smooth muscle 

relaxation and vasodilation (Figure 2-4 for transduction pathway).  Prevention of K+ release 

during electrical stimulation of hamster cremaster muscle resulted in the inhibition of the rapid 

onset vasodilation in the first few seconds of muscle contractions by about 60% (7) and 

approximately 55-75% in humans during forearm exercise (33).   

2.1.4.3.2 Role in Compensatory Vasodilation / Why We Are Interested 

While this evidence suggests a role K+ in contributing to rapid vasodilation at the onset of 

exercise, relevant to this thesis is the potential role for these channels in compensatory 

vasodilation when O2D is compromised via a reduction in perfusion.  With a compromise to 

perfusion during steady state exercise at a constant intensity, muscle blood flow would be 

suddenly and immediately decreased.  At a constant contraction force, the release of K+ from 

skeletal muscle would be consistent.  However, the rate of removal of K+ from the interstitial 

space via diffusion into the blood would be decreased as the blood concentration would increase 

and thereby reduce the concentration gradient for K+, and therefore increase the concentration of 

K+ within the interstitial space.  As a result, K+ concentration within this compartment could 

become elevated within the 1-15mM range required to activate KIR (98).  This remains to be 
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confirmed but could be a mechanism by which compensatory vasodilation is established in 

compensators vs. non-compensators.  

2.1.5 Summary of Inter-Individual Differences In Compensatory Vasodilation 

 It appears that given the inter-individual variability within responses, the traditional 

investigative approach of averaging across a group of individuals to yield one ‘group’ response 

may misrepresent important aspects of the underlying physiology.  To truly understand how the 

cardiovascular system is responding to challenges in O2D, distinctly different individual 

responses need to be identified and the mechanistic explanation established.  Strong support for 

this notion comes from previous work from our lab (13) demonstrating clear and disparate 

compensatory vasodilatory responses to perfusion pressure induced flow compromises.  

However, whether compensator and non-compensator vasodilator phenotypes are evident when 

O2D is suddenly reduced during exercise at a fixed metabolic demand remains unknown.  In 

addition, while our previous work (13) using an incremental exercise model found no evidence 

for pressor response differences between vasodilator phenotypes, this may not be the case under 

conditions of a sudden exercising muscle hypoperfusion challenge.  Thus, whether the presence 

or absence of compensatory vasodilation determines the occurrence of a compensatory pressor 

response under these conditions remains unknown.  The mechanisms responsible for the 

presence or absence of compensatory vasodilation are unknown, but could be related to plasma 

ATP, NO or K+ concentrations given their previously identified roles in compensatory 

vasodilation during systemic hypoxia and skeletal muscle hypoperfusion.  

2.1.5.1 Purpose 

The primary aim of Study 1 was to test the hypothesis that compensator and non-

compensator vasodilation phenotypes exist and to test whether compensator vasodilation 

phenotype determined the presence of a pressor response compensation with a sudden 
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compromise to exercising muscle blood flow.  To provide greater insight into potential 

explanations of phenotype should we find them, our secondary aim was to determine whether 

vasodilator compensation phenotypes demonstrated characteristic differences in venous effluent 

indicators of mechanisms that might contribute to compensatory vasodilation.  We explored 

plasma ATP, K+, and NO bioavailability via nitrite. 

2.1.5.2 Hypothesis 

We hypothesized both compensator and non-compensator vasodilator phenotypes would 

be evident with the latter experiencing greater compromise to exercise performance.  We also 

hypothesized greater plasma concentrations of ATP, nitrite and K+ in the compensator phenotype, 

suggesting a role for these mechanisms in explaining phenotype differences.  
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2.2 Part II – Does dietary nitrate supplementation restore compensatory 

vasodilation and exercise performance in response to a compromise in O2D in 

the non-compensator phenotype?   

2.2.1 Give Me The Beets 

 In our previous work (13) we demonstrated that not only do individuals consistently 

present with the complete absence of compensatory vasodilation in response to a compromise in 

perfusion, but the functional implications of non-compensation is an exacerbated compromise to 

exercise performance.  Given the real and functional implications of non-compensation, a logical 

research initiative is establishing a means of converting individuals who present without a 

compensatory response into someone who responds with compensation.  The end goal being re-

establishing exercise performance.  Dietary nitrate supplementation (beetroot juice) and the 

resulting large increase in plasma nitrite concentrations, and therefore bioavailable NO, is a 

potential candidate in this regard.  Dietary nitrate supplementation has grown in popularity over 

the years and the experimental evidence regarding its positive impact on exercise performance 

make it a plausible intervention for establishing compensatory vasodilation.  There are a host of 

cardiovascular implications associated with dietary nitrate supplementation.  This review is not 

meant to address them all; rather only relevant factors influencing compensatory vasodilation and 

exercise performance will be discussed.    

2.2.2 Dietary Nitrate Supplementation and Nitric Oxide  

 NO can be produced enzymatically through eNOS or of more importance for the present 

investigation, through the natural conversion of dietary nitrate within the nitrate-nitrite-NO 

pathway (11).  In the latter method of NO production, within the mouth ~25% of consumed 

nitrate enters into the enterosalivary circulation where it is concentrated in saliva, and converted 

into nitrite by bacteria on the tongue (41, 90). The produced nitrite has two fates: 1. Some of the 

nitrite is swallowed and enters the stomach where it is reduced within the acidic environment 
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(91).  2. Some of the swallowed nitrite passes through the stomach and is absorbed within the 

plasma (38, 90), to elicit its effects on the vasculature through various potential pathways.  NOS 

stimulation is a complicated process involving numerous control mechanisms and is not relevant 

to the present investigation.  Alderton et al. (3) provide a comprehensive review on this topic.  

What will be discussed is the nitrite pathway, as it is directly associated with the objective of this 

study.  

2.2.3 Nitrite Pathway 

 The conversion of nitrite to NO is not completely understood.  A few mechanisms have 

been proposed beginning with the demonstration by Cosby et al. (30) of a deoxyhemoglobin-

nitrite-NO relationship.  Exercise produces a drop in PcapO2 and corresponding increases in iron-

nitrosylated hemoglobin, S-nitroso-hemoglobin, and vasodilation. In addition to nitrite eliciting 

vasodilation via low exercising skeletal muscle PcapO2 and various NO intermediaries, nitrite has 

been shown to directly facilitate ATP synthesis and release from red blood cells under hypoxic 

conditions in rats (18).  This proposes an NO independent pathway in which ATP itself is 

responsible for vasodilation in response to plasma elevations in nitrite.  As discussed earlier, ATP 

has been noted for its role in exercise hyperemia and vasodilation (60, 80), and now potentially 

within the mechanism of nitrite-mediated vasodilation.  Lastly, Umbrello et al. (135) recently 

published evidence for a direct vasodilatory role of NO metabolites, which could include nitrite, 

in mediating hypoxic vasodilation in rats. 

2.2.4 Nitric Oxide Pathway 

NO, whether produced enzymatically or through the preferential conversion of nitrite, has 

the same signaling pathway that culminates in smooth muscle cell relaxation and vasodilation.  

This has previously been discussed.  Please refer to page 25 for a brief description (Figure 2-3 

Panel A, C and I for transduction pathway).  
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2.2.5 Dietary Nitrate Supplementation and Perfusion 

 Following dietary nitrate supplementation we expect increases in vasodilation in response 

to compromises in skeletal muscle perfusion in individuals who normally present without such a 

response.  By increasing vasodilation we hoped to alleviate the hypoperfusion created by 

suddenly compromising perfusion pressure.  Casey et al. (24) demonstrated that during moderate 

forearm exercise in both young and old under normoxic conditions, acute nitrate supplementation 

did not augment the hyperemic response.  The lack of dietary nitrate in improving ‘normal’ 

perfusion is not isolated to the work by Casey et al. (24).  In middle-aged men Cosby et al. (30) 

observed similar hyperemic responses both with and without nitrite infusion during forearm 

exercise.  Once again, increases in plasma nitrite did not augment the active skeletal muscle 

perfusion during ‘normal’ exercise. Lastly, Kim et al. (79) demonstrated the same forearm blood 

flow response both with and without acute nitrate supplementation during incremental forearm 

exercise.  Literature suggests that the uncompromised hyperemic response is not augmented 

following supplementation.  However, there is evidence to suggest that dietary nitrate can 

improve the additional vasodilation required to protect O2D from hypoxia induced content 

reduction, albeit in older adults. 

2.2.6 Dietary Nitrate Supplementation and Compensatory Vasodilation 

Improved responsiveness of vasodilation is one of the proposed benefits of dietary nitrate 

supplementation. Casey et al. (24) demonstrated this concept during hypoxic forearm exercise in 

older individuals following acute nitrate supplementation. It is important to note that older 

individuals have been identified to suffer from impaired desaturation mediated ATP release and 

vasodilation during exercise (81). Older individuals presenting with non-compensatory 

vasodilation during hypoxic exercise demonstrate compensatory vasodilation following 

supplementation.  Young individuals however, who present without a pre-existing O2D 

disturbance, demonstrate no dietary nitrate mediated benefit.  It is only within the elderly, who 
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present with impaired hypoxic compensatory vasodilation, that demonstrate nitrite-mediated 

compensatory vasodilation during hypoxic exercise post supplementation. As a result of increased 

vasodilation, forearm blood flow was increased relative to hypoxic exercise without 

supplementation, improving the ability of the cardiovascular to facilitate O2D : demand matching. 

Not utilizing a model involving compromises to O2D, vasodilation is also improved during heat 

stress (87).  In response to three days of supplementation, cutaneous vasodilation was increased 

by ~20% in response to a one degree Celsius elevation in core temperature produced by whole 

body heating.  Extending vasodilatory observations to animal models, rats have demonstrated 

40% increases in total hindlimb vasodilation during treadmill exercise following five days of 

dietary nitrate supplementation (55). Dietary nitrate supplementation tends to enhance 

vasodilation during submaximal exercise in rodents and during hypoxic perturbations that 

compromise skeletal muscle O2D during exercise in humans. It is plausible therefore that 

elevating the nitrite pool available for NO production could restore compensation in these 

individuals.  Presently, the sensitivity of the non-compensatory vasodilator phenotype to dietary 

nitrate supplementation is unknown.  

2.2.7 Dietary Nitrate Supplementation and Performance Effects 

 One of the objectives of this study was to restore compensatory vasodilation in non-

compensators.  Another objective was to restore exercise performance when perfusion is 

compromised in this group of individuals.  Dietary nitrate supplementation has grown in 

popularity over the years due to the observed performance benefits.  The performance effects 

associated with the elevations of plasma nitrite concentration via beetroot juice supplementation, 

as well as muscular adaptions that might mitigate compromises to perfusion and facilitate O2D : 

demand matching will be discussed.  

From a metabolic perspective, dietary nitrate supplementation appears to elicit adaptions 

that could diminish the effects of any compromise in skeletal muscle perfusion.  Larsen et al. (85) 
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demonstrated that three days of supplementation with sodium nitrate reduces the oxygen cost of 

exercise.  Following this observation of reduced oxygen cost with nitrate salts, Bailey and 

colleagues (12) and Lansley et al. (83) observed similar results during low intensity exercise 

following six and five days of beetroot juice supplementation respectively. Bailey et al. (10) 

proposed improved muscle contractile efficiency (lowered ATP consumption per force generation 

at the contractile proteins) to explain their findings during two-legged knee extension exercise at 

both low and high intensities. Larsen et al. (84) demonstrated improvements in oxidative 

phosphorylation efficiency (less oxygen required per ATP produced by the mitochondria) post 

beetroot juice supplementation.  While the underlying mechanism of efficiency is different, in the 

end both present a lowered metabolic demand post supplementation. Combined, this evidence 

seems to suggest that regardless of improved vascular function, supplementation reduces the 

oxygen cost of exercise, which could have implications for exercise performance and O2D : 

demand matching, as the metabolic demand would be lower for a given exercise intensity.  

Therefore, even in the absence of compensatory vasodilation, the homeostatic disturbance 

associated with exercise would be mitigated post supplementation facilitating improved exercise 

performance.   

Moving beyond the metabolic implications to a whole body exercise performance 

perspective, there are numerous studies demonstrating the beneficial effects of dietary nitrate 

supplementation.  Bailey et al. (12) demonstrated improved exercise performance during severe 

cycling exercise following 6 days of supplementation as time trial performance was increased 

during severe exercise by 92 seconds.  Lansley et al. (82) also observed improvements in both 4 

and 16km time trial performances following acute supplementation.  The benefits of 

supplementation are not isolated to normoxic exercise alone as Vanhatalo et al. (137) observed a 

restoration of exercise tolerance in hypoxia to non-supplemented normoxia levels and a reduced 

metabolic perturbation compared to hypoxia with placebo.  Lastly, exercise performance benefits 
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have also been observed in clinical populations presenting with exercising perfusion 

compromises including patients with peripheral artery disease (78) and chronic heart failure (43). 

2.2.8 Summary of Nitric Oxide and Dietary Nitrate Supplementation 

Endothelium derived NO has been implicated in compensatory vasodilation, while NO 

stemming from local nitrite pools has not been investigated within the context of healthy, young 

individuals who present as non-compensators to perfusion pressure compromises to flow.  While 

nitrate supplementation, specifically beetroot juice, does not improve ‘normal’ exercise 

hyperemia, it has been implicated in hypoxia-mediated compensatory vasodilation in older 

individuals through presumed increases in NO and NO-intermediaries, and potentially red blood 

cell released ATP. It also appears capable of reducing the oxygen cost of exercise.  As a result, 

performance improvements have been observed in healthy individuals as well as certain clinical 

populations.  

It is plausible therefore that elevating the nitrite pool available for NO production could 

restore vasodilator compensation and protect exercise performance in young adult individuals 

who normally lack compensatory vasodilation in the face of compromised muscle blood flow.  

By increasing O2D, the same aerobic ATP production requires less disturbance to cellular 

homeostasis.  A higher PcellO2 provides closer coupling of glycolytic flux into pyruvate with 

pyruvate uptake into the Krebs cycle and therefore the electron transport chain.  Additionally, 

there is less accumulation of the fatigue inducing metabolites ADP, Pi and H+.  When coupled 

with the metabolic adaptions post supplementation, supplementation could serve to re-establish 

exercise performance within a population that suffers from the inability to compensate for 

perfusion pressure mediated reductions in O2D and exercise performance. Presently, the 

responsiveness of the non-compensatory vasodilator phenotype to dietary nitrate supplementation 

is unknown.  
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2.2.8.1 Purpose 

The purpose of this Study 2 was to determine the effect of five days of dietary nitrate 

supplementation on the efficacy of establishing compensatory vasodilation in a group of pre-

identified non-compensators during steady state forearm exercise with a sudden compromise to 

O2D.  A secondary objective was to explore the effects of dietary nitrate supplementation on re-

establishing exercise performance when completing exercise in a compromised position.  

2.2.8.2 Hypothesis 

We hypothesized that an increase in plasma nitrite, as would be achievable with dietary 

nitrate (beetroot juice) supplementation, would allow for compensatory vasodilation in 

individuals with a non-compensator phenotype.  We also hypothesized that the resulting 

improvement in exercising muscle perfusion would reverse the exercise performance impairment 

experienced by such individuals.   
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2.3 Part III – Do differences in central and peripheral characteristics affect local 

muscle oxygenation and submaximal exercise tolerance?   

2.3.1 Large Muscle Mass O2D : Demand Matching 

 Large muscle mass exercise elicits linear increases in muscle blood flow up to ~50-60% 

of peak power.  Exercising above this threshold however, produces an attenuated increase in 

skeletal muscle blood flow (101) suggesting that O2D : demand matching might not be optimal.  

The blunting of exercise hyperemia at higher exercise intensities is commonly attributed to 

sympathetic restraint of local muscle vasodilation serving to protect the pumping capacity of the 

heart.  The combined integration of CO and peripheral conductance serve to regulate mean 

arterial pressure.   Utilizing the framework of Figure 1-1, it could be that the magnitude of the 

cardiac response determines the extent to which muscle blood flow may increase during exercise.  

A greater CO will allow for the regulation of pressure at a higher peripheral vascular 

conductance.  As it is exercising muscle vascular conductance that plays a substantial role in this 

interaction (76), an individual with a greater cardiac response at a given exercise intensity could 

have a greater exercising muscle convective O2D.   

Differences in CO between individuals up to five to six liters per minutes at the same !O2 

have been reported previously, but implications with regard to exercising muscle perfusion were 

not addressed (9, 110, 145). Vasodilatory capacity could predispose an individual’s cardiac 

response as mentioned within the conversation of mass model of Figure 1-1; however, it is worth 

noting that differences in CO are also associated with !2-adrenergic receptor subtype (128).  

Surprisingly, the resulting impact of inter individual differences in O2D relative to demand has 

not been explored. The functional ramifications of a greater CO during exercise could be 

differences in fatigue progression and perception of the psychophysiological stress of exercise as 

quantified by ratings of perceived exertion (RPE) (1, 15). 
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2.3.2 Differences in Systemic Oxygen Delivery  

Systemic O2D is the product of cardiac output (CO) and arterial oxygen content (CaO2).  

O2D = CO x CaO2        Equation 3 

Therefore, inter-individual differences in CaO2 must be accounted for when examining 

differences in systemic O2D.  In previous studies identifying inter-individual differences in CO 

increase at a given submaximal !O2, CaO2 was not quantified in the majority of studies so it is 

possible that these differences reflect CO x CaO2 proportions varying across individuals to result 

in similar systemic O2D.  The identification of inter-individual differences in systemic convective 

O2D is not new (9, 110, 145); however, the findings have received surprisingly little follow up in 

the literature.  The first observation of such differences was completed in the early 1960s by 

Reeves et al. (110).  These investigators observed considerable inter-individual variability in the 

CO response to progressive treadmill exercise between seven males.  The direct Fick method was 

used to quantify CO, which allows for comparison of absolute responses between individuals.    

These researches also analyzed the combined results from other studies that measured CO and 

!O2 and when comparing CO at the same !O2 large CO differences of up to five liters per minute 

persisted.  Lastly it appears that (subset of four individuals) those with a smaller CO had a greater 

measured a-vO2 diff for a given exercise intensity when walking (110).  CaO2 was therefore 

measured in the derivation of a-vO2 diff, but was not presented in order to quantify systemic O2D.  

Their CO observations were reinforced in the mid 1960s by Astrand et al. (9) during submaximal 

and maximal cycling exercise in eleven women and twelve men.  CO measurement by dye-

dilution revealed differences up to six liters per minute between individuals at a given 

submaximal !O2, with those with smaller CO presenting with greater calculated a-vO2 diff for a 

given exercise intensity.  CaO2 was measured and was used to explain a portion of the CO 

variability between males and females, but information was not presented to explain within sex 

variability in CO.  Lastly, in a rather large research effort in the mid 1980s (n=40) Yamaguchi et 
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al. (145) used the dye-dilution method to measure CO and demonstrated within a group of 

untrained otherwise healthy males, a large inter-individual differences in submaximal exercise 

CO.  The CO/!O2 relationship varied from less than 5.6 to greater than 10.1 L/min of blood per 

L/min of oxygen uptake. This suggests large differences in systemic O2D were present during 

progressive cycling exercise towards !O2peak.   CaO2 was not measured but a-vO2 diff calculated 

based on the measured CO and !O2 was increased in those with a low CO.  Surprisingly, these 

high vs. low cardiac responders have not been investigated in detail and the effects of these 

large inter-individual CO differences on submaximal skeletal muscle oxygenation and exercise 

tolerance are not known.   

2.3.3 Rating of Perceived Exertion and The Impact of Exercising Muscle Oxygen 

Delivery 

2.3.3.1 Physiological Basis of RPE 

An Individual’s rating of perceived exertion (RPE; verbal expression of how “hard” 

exercise feels on the Borg Scale (15)) provides a representation of the psychophysiological stress 

of exercise (1).   Physiologically, the RPE scale was developed to linearly associate with the heart 

rate by a factor of 10 (15).  The scale ranges from 6-20, with 6 being no exertion and 20 being 

maximal exertion. To gain a better understanding of RPE, over the years numerous investigations 

have been completed to assess the relationship between RPE and a host of additional 

physiological variables (42, 53, 59, 97, 104, 112, 113, 122, 134).  Indeed, RPE has been shown to 

linearly correlate strongly with heart rate during incremental cycling; r = 0.94 (59), incremental 

cycling and treadmill running; r = 0.74 (122) incremental tethered swimming; r > 0.98 (134) and 

during continuous and intermittent cycling r = 0.88 (42).  RPE is also linearly related to minute 

ventilation; r = 0.94, and breathing frequency; r = 0.66 during continuous and intermittent cycling 

(42).  From a metabolic perspective, RPE is related to blood lactate (quadratic regression) during 
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incremental cycling and treadmill running; r = 0.83 (122), and during continuous and intermittent 

cycling; r = 0.77 (42), as well as linearly related to !O2 during incremental tethered swimming; 

r=0.99 (134), graded cycling exercise; r > 0.97 (53), and continuous and intermittent cycling; r = 

0.97 (42).  The exercise intensity itself is also related, as power output and RPE demonstrate a 

strong linear correlation; r = 0.97 (42).  Peripherally, local muscle strain can influence RPE. 

Climbing down a ladder had a greater leg RPE than climbing up a ladder when completed at the 

same HR and !O2 (104).  When controlling for power output, RPE is greater for slower cycling 

cadences within the leg, as well as legs have a greater RPE than overall RPE (112, 113).  Lastly, 

the environment can also influence RPE as at the same workload, RPE is increased in hot 

compared to cool experimental conditions (97).  Moreover, RPE is an extremely robust measure 

of perceptual effort.  RPE is consistent at the same relative intensity between males and females 

(114) and high and low fitness individuals (53).  Additionally, RPE is highly reproducible 

between exercise trial repeats within an individual (57).  It is thought that sensory information 

arising from afferents from various sources at the level of the heart, lungs, peripheral circulation, 

skeletal muscle and skin all contribute to RPE and need to be centrally integrated.  

2.3.3.2 Integration of Sensory Afferents for RPE  

The integration of sensory afferents in the brain within the context of RPE appears to be 

related to the posterior cingulate gyrus and precuneus when exercising at an RPE greater than 15 

(56).  It could be that the posterior cingulate gyrus and precuneus integrate sensory afferents from 

the active skeletal muscle to facilitate emotional and conscious control during exercise through 

perceived exertion.  The cingulate gyrus has been implicated for its role in pain and emotion (138, 

139) while the posterior cingulate gyrus appears to be more involved in assessing the 

environment and memory associated with movement (139).  Another region of interest, the 

insular cortex, has been identified during progressive increases in exercise intensity (142) and 
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plays an important role in the integration of sensory information (120).  The exact nature of the 

neural pathway underlying RPE is unknown, but it can be appreciated that it requires the complex 

integration within higher brain centers. 

2.3.3.3 RPE and Oxygen Delivery 

The effects of O2D on RPE are not completely understood.  There have been no 

investigations that provide a direct relationship between O2D, the skeletal muscle cellular 

environment and RPE.  However, one can begin to formulate an association relationship 

beginning with manipulations in O2D during exercise.  Hyperoxia and hypoxia have been 

previously shown to produce different intracellular environments during exercise (2, 68, 69).  

Although not measured in subsequent investigations, the presumed differences in intracellular 

disturbances manifest themselves in perceptual exertion differences as perception of submaximal 

exertion is reduced in hyperoxia (52), while it is increased in hypoxia (93).  At the group level, 

the effects of FIO2 on RPE provide evidence for the sensitivity of cellular homeostasis to O2D 

and the relation of disturbances in homeostasis to the perception of exertion.  However, 

experimental manipulations that manipulate CaO2 via FIO2 have the fundamental limitation that 

the hypoxia is systemic and can therefore include central nervous effects as being responsible for 

impact on RPE. 

Isolating the active muscle, perfusion disturbances produce greater disruptions to the 

intracellular environment (141).  Therefore, one can assume that perfusion compromises also 

affect the cellular environment in a similar fashion when not directly measured.  Lower body 

positive pressure has been imposed during progressive cycling exercise to reduce active muscle 

perfusion pressure and compromise active muscle perfusion (44).  The application of 50 mmHg 

of positive pressure reduced exercise capacity by 40% stemming from premature exercise 

cessation due to increased local muscle fatigue.  Compared to control, RPE was higher under 

conditions where fatigue was increased (greater positive pressure during exercise). Small muscle 
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mass exercise in the forearm produces a different response (74).  50 mmHg of suction around the 

exercising forearm increased perfusion to the active muscle, evidenced by an increase in deep 

venous oxygen content.  However, despite the improvement in perfusion there was no impact on 

RPE during exercise in this model.   

Research exploring RPE developed by Borg (15) has demonstrated the sensitivity of RPE 

to disturbances in O2D via FIO2 manipulation (52, 93) as well as skeletal muscle perfusion 

perturbations during large muscle mass exercise (44). RPE is also sensitive to the cellular 

environment created by the damage imposed by previously completed fatiguing exercise (37, 95).  

Davies et al. (37) demonstrated reductions in isokinetic peak toque and elevations in muscle 

soreness 48 h post-exhaustive squatting exercise contributed to elevations in RPE throughout a 

subsequent four-minute severe exercise bout.  Marcora et al. (95) found that 33 minutes of drop-

jumps result in a reduction in knee extensor MVC, reductions in time trial performance and 

increased RPE throughout constant load high-intensity exercise. 

The above O2D manipulations, both inspired oxygen manipulations and isolated skeletal 

muscle perfusion compromises, demonstrate the sensitivity of RPE to metabolic stress.  Pre-

fatiguing exercise point to the sensitivity of RPE to muscle fatigue.  RPE is related to various 

physiological parameters during exercise within the respiratory, circulatory, and musculoskeletal 

systems. Present investigations challenging O2D speak to the effects of within participant 

manipulation of O2D on RPE; however, whether inter-individual differences in the CO response 

to a given exercising muscle metabolic demand predict differences in exercise tolerance remains 

unknown. It may be that those with a greater CO will have lower glycolytic flux relative to 

pyruvate consumption by the mitochondria to meet the ATP demands of the active muscle and 

suffer less cellular disruptions at a given submaximal exercise intensity therefore resulting in the 

perception of exercise as being more tolerable.  
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2.3.4 Peripheral Skeletal Muscle Properties Influencing the Cardiac Response 

 While central cardiac responses may predict the perception of exercise through 

differences in convective O2D thereby influencing the cellular environment, individual 

differences in skeletal muscle factors associated with diffusive O2D and oxygen utilization might 

also contribute.  Skeletal muscle capillarization, mitochondrial content and whole muscle fiber 

type composition will be addressed with the context of disturbances in intracellular homeostasis 

at a fixed metabolic demand.   

2.3.4.1 Skeletal Muscle Capillarization 

Differences in skeletal muscle capillarization could affect metabolic disturbance at a 

given convective O2D because greater capillarization would better protect PcellO2 at a given !O2. 

Convective O2D delivers oxygen to the capillary network for diffusion into the muscle cell.  The 

density of these capillaries contributes to diffusive conductance, and in conjunction with the 

pressure gradient between PcapO2 and the PcellO2, the rate of diffusive flux into the skeletal muscle.  

A greater capillary density is associated with a longer red blood cell mean transit time as well as 

greater surface area for optimal exchange of oxygen, substrates, and metabolites (119).  

Functionally, during exercise there may be an increase in the number of perfused capillaries 

relative to rest, contributing to diffusive conductance to facilitate O2D : demand matching in the 

muscle cell (27, 125), although others would argue that all capillaries are already perfused at rest 

(26, 136).  Individuals may present with large differences in capillary density.  Brodal et al (16) 

reported ranges in capillary density from 250-305/mm2 in the lateral muscle of the quadriceps.  A 

similarly large range of capillary densities in the vastus lateralis of untrained individuals (245-

308/mm2) was observed by Zoladz et al. (146).  This would predict differences in diffusive 

conductance between individuals that should manifest as differences in PcellO2 at the same 

convective O2D to the capillaries.  For the same convective O2D, those with a lower PcellO2 will 
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require greater changes in ADP and Pi for a given !O2.  Alternatively, individuals with a greater 

capillary density (increased conductance) could have a lower convective O2D response yet have a 

similar PcellO2 within the skeletal muscle compared to individuals with a lower capillary density 

and a higher convective O2D.  

2.3.4.2 Mitochondrial Content and Enzymatic Activity  

Mitochondrial capacity for oxidative phosphorylation could affect RPE because the 

contribution of oxidative phosphorylation relative to glycolysis at a given !O2 would be greater 

in individuals with a greater mitochondrial capacity.  Individuals and fiber types inherently differ 

in their mitochondrial content and enzymatic activity (51, 147).  Within the skeletal muscle a 

series of enzymes catalyze metabolic reactions involved in the aerobic production of ATP.  

Larsen et al. (86) demonstrated that succinate dehydrogenase activity correlates strongly (r=0.73) 

with mitochondrial content.  This enzyme catalyzes the reaction of succinate to fumarate and 

electrons are delivered to the quinone pool for the electron transport chain. Zurlo et al. (147)  

reported that fiber type composition only accounted for part of the variability in oxygen uptake 

and whole-body energy metabolism in fourteen healthy participants.  Large variability between 

individuals was reported for all enzymes measured including lactate dehydrogenase, 

phosphofructokinase, citrate synthase and creatine kinase (147).  Individuals with a greater 

mitochondrial capacity will have less disruption to homeostasis at a given !O2 because the 

aerobic production of ATP is governed by net drive.  Therefore, a higher PcellO2 means less 

change in ADP before the appropriate aerobic ATP production rate is reached to match demand.  

With a reduction in intracellular ADP and Pi, glycolytic flux will be reduced.  This will result in 

less accumulation of ADP, Pi, lactate and H+ and therefore less compromise to protein contractile 

function and skeletal muscle fatigue (29, 39, 66, 106). 
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2.3.4.3 Skeletal Muscle Fiber Type 

Lastly, fiber type composition of a whole muscle could contribute to RPE through 

resulting vulnerability to fatigue and metabolic disturbance due to differences in the 

aforementioned skeletal muscle properties.  Skeletal muscle fibers can be broadly categorized 

into the type I oxidative fibers and type II glycolytic fibers.  Compared to type I fibers, type II 

fibers have lower capillary density (4).  Reductions in capillary density reduce the ability of 

diffusive O2D into the skeletal muscle fibers and therefore PcellO2 within type II fibers is likely 

lower, thus impacting the efficacy of their limited potential for aerobic metabolism.  Slow twitch 

muscle fibers have twice the activity of Krebs cycle enzymes compared to fast twitch skeletal 

muscle (72).  Additionally, within slow twitch muscle fibers the electron transport chain exhibits 

twice the capacity for coenzyme oxidation (72).  Type II fibers have a low mitochondria content 

(51) and are not capable of producing energy for sustained periods of time as phosphocreatine 

system and glycolysis are their principle means of ATP production.  These ATP producing 

pathways produce much greater disruptions to the cellular environment compared to oxidative 

phosphorylation leading to a faster and greater fatigue development.  Therefore, individuals with 

a greater relative percentage of type II fibers to their overall muscle mass would be expected to 

develop fatigue to a greater extent.  Even if aerobic ATP production is occurring at the required 

level to meet demand, these fibers have elevated levels of ADP, Pi, and H+ impacting their 

contractile function.  Thus, peripheral factors can interact with convective delivery to determine 

the muscle fiber PcellO2.  Therefore, skeletal muscle characteristics may offset inter-individual 

variation CO and thereby play a role in muscle oxygenation status and RPE; however, this 

remains to be explored.   

2.3.5  Summary of Differences In Systemic Oxygen Delivery  

The role of inter-individual differences in convective and diffusive O2D and skeletal 

muscle metabolic machinery in determining individual exercise performance/tolerance remains 



 46 

poorly understood.  Differences between individuals in systemic O2D originating from high vs. 

low cardiac responses have been identified during whole body exercise in the 1960s and 1980s.  

These identified differences had a considerable impact on the measured and calculated systemic 

a-vO2 diff for a given !O2.  Surprisingly, the implications of such differences on exercising 

muscle oxygenation and exercise tolerance differences between individuals have not been 

explored. In doing so it is important to account for potential effects of skeletal muscle 

capillarization, aerobic metabolic capacity and fiber type as they can interact with convective 

O2D to determine the PcellO2, and the disturbances to ADP, Pi, and H+ at a given !O2.   

RPE is a highly reproducible subjective assessment of the psychophysiological stress of 

exercise (i.e. how hard exercise feels).  This assessment correlates well with a host of 

physiological parameters including heart rate, !O2, blood lactate, ventilation, and muscular strain.  

Importantly, RPE appears to be sensitive to challenges to O2D, likely because of the resulting 

effects on skeletal muscle fiber metabolic stress and fatigue progression.  As such, it may be used 

to reflect inter-individual differences in exercise tolerance.  Whether these differences are 

associated with differences in CO and muscle oxygenation is currently unknown. Differences 

between individuals that serve to reduce the ventilation response during exercise, heart rate, and 

lactate production could potentially reduce the perception of exercise.     

2.3.5.1 Purpose 

Therefore, the purpose of Study 3 was to test that hypothesis that individuals differed in 

the cardiac response to exercise and determine the effects of inter-individual differences in 

systemic O2D during submaximal exercise on skeletal muscle oxygenation and ratings of 

perceived exertion while assessing skeletal muscle capillary content, muscle fiber type 

composition and mitochondrial enzymatic activity.   
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2.3.5.2 Hypothesis 

We hypothesized that individuals would differ in their systemic O2D response during 

submaximal exercise and that this would independently predict local muscle oxygenation at a 

given submaximal exercise intensity.  Higher rates of systemic O2D would be associated with a 

lower RPE.   
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2.4 Part IV – Does SIT convert a low cardiac responder into a higher cardiac 

responder during subsequent submaximal exercise?   

2.4.1 Low vs. High Cardiac Responders 

An isolated bout of exercise produces CO increases in proportion to exercise intensity as 

a function of a linear heart rate increase and a stroke volume increase that typically plateaus 

around 60% of peak !O2 (143). By scaling the cardiac response during exercise to !O2 we are 

able to quantify the change in CO required for an increase in !O2 of one liter per minute 

("CO/"!O2 relationship).  At present it is thought to be similar between healthy individuals 

whereby CO increases by ~5 to 7 liters per minute, for an increase of one liter per minute in !O2 

(54, 108).  Previous work exploring the cardiac response to exercise has demonstrated that 

otherwise healthy individuals can differ dramatically in their cardiac response at the same !O2 (9, 

110, 145) and hence present with inter-individual variability in the "CO/"!O2 relationship.  

Inter-individual variability in the "CO/"!O2 relationship would predict considerable inter-

individual differences in exercising muscle convective O2D, which could translate to muscle 

oxygenation differences that can influence the cellular environment of skeletal muscle and 

therefore exercise performance. Exercise training, whether endurance or interval in nature, 

produces increases in cardiorespiratory fitness (99). In addition to improvements in overall 

fitness, central adaptions may promote a greater submaximal cardiac response, and therefore 

increases in submaximal convective O2D post-training.  Therefore, exercise training, and in 

particular sprint interval training (SIT), is a potential intervention for establishing a higher 

submaximal cardiac response.  Presently, the response of high vs. low cardiac responders to SIT 

is unknown.  The following section will explain the central and peripheral adaptions elicited by 

SIT. 
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2.4.2 High Intensity/Sprint Interval Training and Cardiorespiratory Fitness 

SIT is the application of alternating periods of intense exercise and active recovery.  This 

form of training differs dramatically from traditional endurance training, which often is 

completed for up to an hour at a fixed, constant load intensity. The Tabata protocol is a form of 

SIT developed by Izumi Tabata in the mid 1990s (130).  This type of training utilizes 20 seconds 

of supramaximal high intensity exercise at 170% !O2max @ 90 rpm followed by 10 seconds of 

rest.  This process is repeated for seven to eight cycles over the course of ~four minutes.  In this 

initial study, Tabata et al. (130) demonstrated a 28% increase in anaerobic capacity and a 7 

ml/min/kg increase in !O2max following 6 weeks of training in physically active males. 

Interestingly, SIT training produces similar improvements in !O2max as endurance training, 

which was completed for sixty minutes, as oppose to ~four minutes. Since the identification of 

SIT as a time efficient training regime, the benefits of various high intensity interval training 

(HIIT) techniques have been observed repeatedly within the literature and summarized in a meta-

analysis by Milanovic et al. (99) comparing HIIT to traditional endurance exercise training.   

Traditional exercise training regimes report on the group level improvements in 

cardiorespiratory fitness.  However, there is considerable inter-individual heterogeneity in fitness 

improvements post-training as part of the variability in fitness responses to training appears to be 

mediated by the initial fitness level of the individual (36, 118, 131).  Saltin et al. (118) compiled 

data from a series of studies across various age groups (young, middle aged, and old) and 

demonstrated an exponential decay curve in the relationship between initial fitness and 

improvements with exercise training.  Data from their particular study demonstrated that both 

young and older individuals have a similar 20% improvement in !O2max at the group level. 

Isolating the exact impact of previous fitness levels, Thomas et al. (131) found that while older 

individuals improved their !O2max by an average of 12%, initial fitness of an individual 

accounted for 44% of the variability in!!O2max post-training.  Lastly, disparate results in the 
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magnitude of fitness improvements observed Cunningham et al. (36) were explained by initial 

fitness levels.  These authors observed a modest increase in fitness compared to other 

investigations at the time.  It was reported that the reason for the reduced training effect on 

!O2max in their study compared to others was the greater initial fitness levels in their population.  

Research suggests that individuals beginning an exercise-training regime with a lower starting 

fitness level tend to have greater improvements in !O2peak at the completion of training.  We 

believe a similar phenomenon might also be present with central adaptions post-training.   

2.4.3 Training Effects – Cardiac Response to Exercise Training 

Since the inception of SIT by Tabata et al. (130) in the mid 1990s, SIT has grown has 

grown tremendously in popularly.  However, due to its relatively recent emergence, the majority 

of literature surrounding submaximal cardiac responses to training focus on endurance exercise.  

Regardless of the training method, endurance or SIT in nature, there are often considerable 

methodological differences that make direct comparison between studies difficult and subsequent 

consolidation of findings challenging.  Nonetheless, a brief contextual background will assist in 

explaining our traditional understanding on the cardiac response to exercise training.   

2.4.3.1 Cardiac Response to Endurance Exercise Training  

In contrast to SIT, endurance training is often of an extended duration at a moderate 

exercise intensity.  One of the earlier studies investigating endurance training effects was 

completed by Andrew et al. (6) in the mid 1960s.  These researchers found that four weeks of 

aerobic type training five days per week in both athlete and sedentary individuals resulted in a 

decreased submaximal CO response.  In this investigation !O2 did not change for a given work 

rate.  The authors therefore proposed that changes in peripheral redistribution of blood flow might 

allow for a reduced CO without compromising skeletal muscle O2D.  Moving from a relatively 

short training duration, a longer training duration of 16 weeks was completed by Ekblom et al. 
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(45).  In this study training consisted of mostly cross-country running three times a week in 

young adults.  This study also found a reduction a CO at absolute rates of !O2, while peak CO 

was increased.  The profile of this response shows slightly reduced CO responses at absolute!!O2 

of one and two liters per minute.  As !O2 increases, these differences disappear.  It appears that 

the slope of the !CO/!!O2 is similar before and after training with increases in peak CO 

occurring along a similar CO profile.  Saltin et al. (117) completed an eight week (53 to 55 days) 

training innervation, which is in between the shorter four week and longer 16 weeks studies 

previously mentioned.  Eleven 2.5 to 7 mile run sessions per week for eight weeks in young 

males produced no effect on submaximal CO at absolute rates of !O2.  Training did however 

result in an increased peak CO.  This increase occurred along a superimposable slope response to 

that of pre-training.  Contributing to the body of evidence showing no discernable change in the 

submaximal cardiac response with training is work by Hartley and colleagues (63).  These 

researchers found that in middle aged men running two to three and half hours per week for eight 

to ten weeks, the submaximal CO response was not augmented, but peak CO was increased.  In 

this particular case, the slope of the cardiac response was not mentioned.  Moving out from the 

1960s, a six month low (20-30 minutes of moderate intensity walking three times per week) and 

higher intensity (30-45 minutes of exercise at 75% heart rate reserve three times per week with 

the intensity progressing to 85% of heart rate reserve) training study was completed by Seals et 

al. (123) in older individuals.  Both training models had no effect on submaximal CO post 

training at fixed work rates.  Lastly the HERITAGE study, a very large research effort consisting 

of over 600 participants, was completed study completed by Wilmore and colleagues (144) in the 

earlier 2000s.  The authors found young to middle aged males and females completing 60 

sessions, three times per week, of moderate intensity endurance exercise for 30 minutes had a 

reduction in CO at 50 W post training while exercising at 60% of peak !O2 produced an increase 

in CO.  The observation of the latter is confounded by the higher absolute exercise intensity 
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associated with 60% of peak !O2 after training.  In all studies, it is important to point out that at a 

given CO, heart rate was reduced and stroke volume was increased following the completion of 

exercise training.  Cardiovascular fitness was also improved as measured by an increase in peak 

!O2 post training.  The training durations presented ranged from four weeks to six months and 

were accompanied by varying degrees of moderate intensity exercise.  Despite the range of 

durations it can be appreciated that endurance training either produces no change in submaximal 

CO or actually results in an attenuated CO response at fixed exercise intensities.  In either case, 

there is no increase in submaximal CO when assessed on the group level following varying 

durations of endurance exercise training. 

2.4.3.2 Cardiac Response to Interval Training 

Similar to endurance training, the results of SIT are also cofounded by the varying 

protocols employed to assess exercise training effects.  Often with SIT studies, changes in peak 

CO and peak !O2 are the primary outcomes as opposed to characterizing the submaximal CO 

response.  We are however able to ascertain the training effects on cardiac function in terms of 

stroke volume post training.  Eight weeks of four-minute intervals at 90-95% of HRmax separated 

by three minutes of active recovery repeated four times in healthy non-smoking men produces an 

increase in peak CO and stroke volume (64).  This observation was mirrored by Astorino et al. 

(8) following a shorter duration of ten sessions of interval training consisting of 6-10, 60 seconds 

sprints at 90-110% of peak power output in young adults.  Increases in peak stroke volume are 

not always associated with increases in peak CO as SIT five days a week for eight weeks has 

been shown to produce this effect (96).  While some SIT studies (8, 64, 96) have observed 

increases in stroke volume or CO post training, it is important to note the central adaptations are 

not always present.  MacPherson and colleagues (94) found that six weeks of SIT via running 

completed three times week in sessions consisting of four to six bouts of 30 second all out sprints 



 53 

with four-minute recovery produced no change in peak stroke volume or peak CO.  While the 

majority of investigations have focused on peak CO responses (8, 64, 94, 96), there is one study 

that did explore the submaximal cardiac response to interval training.  Four to seven sprints on a 

cycle ergometer at 5% body weight, three sessions per week for four weeks produced no change 

in submaximal CO in older overweight sedentary women at a relative intensity of 50% of pre 

training !O2 max (132).  In summary, similar to endurance exercise, HIIT/SIT does appear 

capable of augmenting cardiac functionality post training (increased stroke volume), but does not 

appear to increase the submaximal cardiac response post training at the group level.  

Our understanding of the effects of exercise training on the cardiac response to exercise 

was developed from studies that did not consider whether an individual’s cardiac response (high 

vs. low) might determine whether their submaximal CO does respond to training.  If we consider 

that an individual with a lower cardiac response would have to rely on more non-exercising tissue 

vasoconstriction mediated redistribution to achieve the same exercising muscle O2D at a given 

submaximal !O2, it is plausible that an increased cardiac stroke volume as a function of training 

could reset the balance of CO increase relative to redistribution of flow away from non-exercising 

tissue in meeting exercising muscle O2D demand.  However, whether low CO responders do 

demonstrate increased submaximal CO following exercise training remains unknown.    

2.4.4 Training Effects – Central and Peripheral Adaptations 

2.4.4.1 Central Adaptations  

 Underscoring the improvements in cardiorespiratory fitness post exercise training is a 

host of central, within the heart, and peripheral, within the skeletal muscle, mediated adaptations.  

One of the objectives of this study was to determine if a low cardiac responder can be converted 

into a higher cardiac responder.  Therefore, central adaptions are of particular importance because 

they will be responsible for facilitating this transformation.  During systole, the left ventricle is 
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responsible for generating the pressure gradient necessary for flow out of the heart and into the 

aorta.  CO is therefore mediated by the pressure gradient between the left ventricle and the aorta.  

Increasing the pressure gradient between the left ventricle and the aorta will result in more rapid 

and therefore greater flow ejection from this pool.  Seven weeks of a combination of 

interval/endurance training produces morphological changes in left ventricular mass, including 

increases in mass, ejection fraction, and left ventricular end diastolic dimension (31).  Isolating 

the role of interval training exclusively, eight weeks of interval training produces increases in left 

ventricular mass and increases in left ventricular systolic function during subsequent exercise 

(127).  Longer duration, treadmill based interval training elicits left and right ventricle increases 

in volume and mass following sixteen weeks of training.  Functionally, the changes in left 

ventricular mass associated with HIIT are positively correlated (r = 0.61) with !O2max (121). In 

addition to morphological changes within the heart with HIIT/SIT, exercise training also affects 

the cardiac muscle cells themselves.  Aerobic interval training in rats improves cardiomyocyte 

contractility and improves cardiomyocyte calcium handling (77). Literature suggests that there is 

the potential for HIIT/SIT to produce central adaptions that would improve convective O2D 

during subsequent exercise through increases in stroke volume. As mentioned, group analysis 

amalgamates individual heterogeneity and operates under the assumption of the absence of inter-

individual variability.  It may be that similar to the effects of initial fitness levels on 

improvements in !O2peak post-training, low cardiac responders may present with greater cardiac 

adaptations compared to high cardiac responders post-training.  This however remains to be 

determined. 

2.4.4.2 Peripheral Adaptations 

 While central adaptions influencing the cardiac response to exercise is the primary 

outcome of this study, peripheral adaptations within the trained skeletal muscle cannot be ignored 



 55 

as they could conceivably contribute to variability in the cardiac response.  Peripheral adaptions 

tend to show more plasticity than central adaptions to HIIT/SIT, as changes in mitochondrial gene 

expression can occur after just one training session (89).  Longer durations of SIT have observed 

increases in capillary density by 27% and increase the expression of eNOS by ~40% following 

six weeks of training (28).  Increases in capillary density will facilitate improved diffusive O2D 

while increased eNOS expression could improve the resistance vasculature conductance response 

during exercise.  In addition to peripheral vasculature adaptations potentially improving O2D, 

peripheral metabolic factors are also routinely augmented that can influence oxygen utilization.  

Citrate synthase activity and various other enzymatic marks of mitochondrial capacity are up 

regulated following SIT (17, 58) and these are associated with reductions in the concentration of 

ADP and Pi.  As a result, the rate of glycolytic flux relative to oxidative phosphorylation is 

decreased post-training for a given!!O2.  Contributing to the potential increases in oxidative 

phosphorylation post-training is the increase in type I fibers post-training while the proportion of 

type IIb fibers decrease (type IIa fibers were unaffected) (126).  Lastly, following training skeletal 

muscle cellular energetics are improved as the concentrations of ADP and Pi required for a given 

!O2 are reduced (40).    This also results in a reduced stimulation of glycolysis, reducing cellular 

disturbances and the progression of fatigue.  It could be that differences in peripheral 

characteristics are contributing to differences in the underlying cardiac response to exercise. 

2.4.5 Summary of High Intensity/Sprint Interval Training  

SIT is a popular training approach centralized around multiple supramaximal short 

duration sprints separated by a brief active recovery period.  This time effective training approach 

repeatedly produces large improvements in cardiorespiratory fitness post-training, similar to the 

much more time demanding endurance protocols.  Both HIIT/SIT and endurance exercise training 

regimes have the ability to produce increases in stroke volume and peak CO post training, while 



 56 

the submaximal cardiac response appears either unchanged or attenuated.  These investigations 

did not account for an individual’s cardiac response.  Presently, the responsiveness of high vs. 

low cardiac responders to SIT is unknown.  It may be that similar to the effects of initial fitness 

levels on improvements in !O2 peak post training, low cardiac responders may present with 

greater cardiac adaptations that facilitates their transformation into a higher cardiac responder 

post training.  SIT may therefore be an effective means to convert a low cardiac responder to into 

a higher cardiac responder during subsequent submaximal exercise. 

2.4.5.1 Purpose 

The purpose of Study 4 was to explore the efficacy of SIT in converting a low cardiac 

responder into a higher cardiac responder.  

2.4.5.2 Hypothesis 

We hypothesized that low cardiac responders will undergo greater central adaptions, thus 

transforming them into a higher cardiac responder during subsequent submaximal exercise.  High 

cardiac responders will not be centrally affected by SIT.  
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Figure 2-1: Impact of Heterogeneity in Convective O2D.  Panel A: Low Convective O2D.  Panel 
B: High Convective O2D.  At the same !!O2, notice the differences in concentrations of oxygen at 
the capillary and within the cell, ADP, Pi and lactate acid concentrations within the cell, and the 
stimulation of ETC, Krebs cycle and Glycolysis required to maintain !!O2. HbO2; oxygenated 
hemoglobin, O2; oxygen, ADP; adenosine diphosphate, Pi; inorganic phosphate; PCr; 
phosphocreatine, Cr; creatine, ETC; electron transport chain, C I; complex I, C II; complex II; C 
III; complex III, C IV; complex IV. 
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Figure 2-2: RBC desaturation is a feedback mechanism that could contribute to compensatory 
vasodilation.  Panel A:  There are two states in which hemoglobin molecule may exist: an 
oxygenated R-state in which hemoglobin saturation is high and S-nitrosothiol (SNO) is bound to 
Hb or a T-state which is formed when the Hb saturation is low and favors the release of NO 
directly from the Hb molecule as NO.  Panel A - I:  NO diffuses from the endothelial cell into the 
vascular smooth muscle and stimulates the enzyme SGC which increases the conversion of GTP 
to cGMP.  Increase in cGMP lead to greater activation of the enzyme protein kinase G (PKG), 
which in turn stimulates Ca2+ re-uptake by the SR and phosphorylates Ca2+-K+ channels thereby 
activating them.  This results in a decrease in intracellular Ca2+ concentration and K+.  A decrease 
in Ca2+ results in a decrease in the phosphorylation of the (myosin light chain) MLC and as a 
result vascular smooth muscle relaxation and vasodilation.  A decrease in K+ hyperpolarizes the 
cell and results in vascular smooth muscle relaxation and vasodilation.  Panel B:  Oxygen is 
diffusing off of the RBC.  This desaturation causes a conformational change in the Gi subunit that 
activates the enzyme AC.  AC increases the conversion of cAMP from ATP.  cAMP activates the 

A B 

A-I B-I 
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enzyme protein kinase A, which activates cystic fibrosis transmembrane conductance regulator 
(CFTR) and leads to the release of ATP from the RBC through the ATP carrying channel 
pannexin-1.  ATP then diffuses to the endothelium and binds to the P2y receptor on the vascular 
smooth muscle. Panel B – I:  ATP binding to P2y receptors stimulates KIR and the Na+-K+ ATPase 
resulting in a decrease in intracellular K+ and Na+ leading to hyperpolarization.  This stimulates 
the closing of voltage gated Ca2+ channels, which reduces the intracellular concentration of Ca2+ 
within the vascular smooth muscle cells.  This deactivates the enzyme MLC Kinase which causes 
a decrease in the phosphorylation of the MLC and as a result relaxation of the vascular smooth 
muscle and vasodilation because there is less phosphorylated MLC to interact with actin.  Hb; 
hemoglobin, NO; nitric oxide, sGC; soluble guanylyl cyclase, GTP; guanosine triphosphate, 
cGMP; cyclic guanosine monophosphate, Ca2+; calcium, SR; sarcoplasmic reticulum, K+; 
potassium, RBC; red blood cell, AC; adenylate cyclase, cAMP; cyclic adenosine monophosphate, 
ATP; adenosine triphosphate, KIR; inward rectifying potassium channel, Na+; sodium.   
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Figure 2-3: NO mediated vasodilation. RBC desaturation is a feedback mechanism that could 
contribute to compensatory vasodilation.  Panel A: Enzymatic production of NO from L-arginine 
catalyzed by eNOS.  Panel B:  Reduction of NO3

- to NO2
- to NO facilitated a reduction in pH and 

low oxygen levels. Panel C: Potential ATP mediated pathway (See Figure 2-2). Panel I: NO from 
the endothelial cell into the vascular smooth muscle and stimulates the enzyme SGC which 
increases the conversion of GTP to cGMP.  Increase in cGMP lead to greater activation of the 
enzyme protein kinase G (PKG), which in turn stimulates Ca2+ re-uptake by the SR and 
phosphorylates Ca2+-K+ channels thereby activating them.  This results in a decrease in 
intracellular Ca2+ concentration and K+.  A decrease in Ca2+ results in a decrease in the 
phosphorylation of the (myosin light chain) MLC and as a result vascular smooth muscle 
relaxation and vasodilation.  A decrease in K+ hyperpolarizes the cell and results in vascular 
smooth muscle relaxation and vasodilation.  NO: nitric oxide, RBC; red blood cell, NO3

-; nitrate, 
NO2

-, nitrite, ATP; adenosine triphosphate, sGC; soluble guanylyl cyclase, GTP; guanosine 
triphosphate, cGMP; cyclic guanosine monophosphate, Ca2+; calcium, SR; sarcoplasmic 
reticulum, K+; potassium. 
  

  

A 

B 

C 

I 



 61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4: Stimulation of KIR via intracellular K+ is a mechanism that can potentially lead to 
compensatory vasodilation. An increase in the concentration of interstitial K+ stemming from a 
sudden comprise to MBF and O2D can shift the equilibrium potential resulting in outward current 
flow from KIR. Coupled with Na+-K+ ATPase, this results in a decrease in intracellular K+ and 
Na+ leading to hyperpolarization.  This stimulates the closing of voltage gated Ca2+ channels, 
which reduces the intracellular concentration of Ca2+ within the vascular smooth muscle cells.  
This deactivates the enzyme MLC Kinase which causes a decrease in the phosphorylation of the 
MLC and as a result relaxation of the vascular smooth muscle and vasodilation because there is 
less phosphorylated MLC to interact with actin.  KIR; inward rectifying potassium channels, K+; 
potassium, MBF; muscle blood flow, O2D; oxygen delivery, Na+; sodium, ATP; adenosine 
triphosphate, Ca2+; calcium, MLC; myosin light chain. 
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3.1 Abstract  

Compromising oxygen delivery (O2D) during exercise requires compensatory 

vasodilatory and/or pressor responses to protect O2D : demand matching.  The purpose of the 

study was to determine whether compensatory vasodilation is absent in some healthy, young 

individuals in the face of a sudden reduction in exercising forearm perfusion pressure, and 

whether this affects the exercise pressor response.  21 healthy, young males (21.6±2.0yrs) 

completed rhythmic forearm exercise at a work rate equivalent to 70% of their own maximal 

exercise vasodilation.  During steady state exercise, the exercising arm was rapidly adjusted from 

below to above heart level resulting in a reduction in forearm perfusion pressure of -30.7±0.9 

mmHg. Forearm blood flow (FBF (ml/min); brachial artery Doppler and echo ultrasound), mean 

arterial blood pressure (MAP (mmHg); finger photoplethysmography), and exercising forearm 

venous effluent (ante-cubital vein catheter) measurements revealed distinct compensatory 

vasodilatory differences.  13 individuals responded with compensatory vasodilation (509±128 vs. 

632±136 ml/min/100mmHg; P<0.001), while 8 individuals did not (663±165 vs. 667±167 

ml/min/100mmHg; P=0.6).  Compensatory pressor responses were similar between groups 

(5.5±5.5 and 9.7±9.5 mmHg; P=0.2). FBF, O2D and oxygen consumption were all protected in 

compensators (all P>0.05) but not in non-compensators, who therefore suffered compromises to 

exercise performance (6±14 vs. -36±29 N; P=0.004).  In conclusion, both compensator and non-

compensator vasodilator phenotype responses to a sudden compromise to exercising muscle 

blood flow are evident.  A non-compensator phenotype experiences compromises to exercise 

performance.  Inter-individual differences in the mechanisms governing O2D : demand matching 

should be considered as factors influencing exercise tolerance.  

  

KEYWORDS: Compensatory vasodilation, oxygen delivery, perfusion pressure compromise  
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3.2 Introduction 

Skeletal muscle oxygen delivery (O2D) and aerobic adenosine triphosphate (ATP) 

production appear to be tightly coupled across a range of exercise intensities.  During small 

muscle mass exercise in particular, where the cardiac pumping capacity is not limiting to 

maximal exercise, this coupling is reflected by a strong linear relationship between muscle blood 

flow/O2D and metabolic demand (1, 4, 35).  This proportional adjustment of O2D relative to 

metabolic demand is achieved by vasodilation up to the heavy intensity domain, beyond which a 

pressor response of increasing magnitude contributes to the additional hyperemic response (32). 

These observations have led to the notion that O2D is effectively matched to metabolic demand 

during submaximal exercise in healthy persons.   

In order to achieve effective matching, the initial contributions of feedforward 

vasodilatory and pressor mechanisms are thought to be fine-tuned by subsequent O2D : demand 

mismatch sensing feedback mechanisms (40).  This would predict that when metabolic demand is 

increased under conditions of reduced exercising muscle perfusion pressure, a greater 

vasodilatory and potentially pressor response would occur to achieve O2D demand matching.  

This has been previously observed during leg extension as well as forearm handgrip exercise in 

rest-to-submaximal exercise transitions (23, 30).  However, more recently we have established 

the existence of distinct compensator phenotypes (3).  We found that while compensatory 

vasodilation occurred during progressive increases in work rate under reduced perfusion pressure 

in some individuals, this compensation was inadequate at higher exercise intensities.  More 

importantly, it was completely absent in other individuals, resulting in greater hypoperfusion.  As 

a result, these individuals with a “non-compensator” phenotype experienced a greater 

compromise to exercise performance.  Interestingly, we also found no pressor compensation in 

either phenotype even at higher exercise intensities despite compromised forearm perfusion.  The 

manifestation of exacerbated compromise to exercise performance in the non-compensator 
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phenotype, and the lack of pressor compensation during hypoperfusion, speaks to the importance 

of understanding inter-individual differences in the mechanisms governing O2D : demand 

matching in response to challenges in O2D.  

In this context, it remains unknown whether compensator and non-compensator 

vasodilator phenotypes are evident when O2D is suddenly reduced during exercise at a fixed 

metabolic demand and whether the presence or absence of compensatory vasodilation determines 

the occurrence of a compensatory pressor response.  Prior studies investigating cardiovascular 

responses to sudden O2D compromise during steady state exercise have assessed findings at the 

group level and yielded conflicting results.  In animal models, terminal aortic cuff inflation 

resulted in a pressor response restoring ~ 50% of the flow deficit, with evidence for some 

additional exercising hindlimb vasodilation contribution (34).  In humans, constant load hypoxic 

exercise (19), constant load exercise with steady state compromises to muscle blood flow 

imposed by intra-arterial balloon inflation (7) or steady state perfusion pressure reductions during 

constant load exercise (42) result in complete (19), partial (7) or non-existent (42) compensatory 

vasodilation when analyzed at the group level.  Based on our previous phenotype identification 

work (3), we propose that the distribution of phenotypes within a particular study participant 

sample might contribute to conflicting observations, supporting the need to determine the 

existence of response phenotypes with sudden compromises to O2D in exercise.   

The primary aim of the present study was therefore to establish the existence of 

compensator and non-compensator vasodilation phenotypes and whether this determined the 

presence of a pressor response compensation with a sudden compromise to exercising muscle 

blood flow.  To provide greater insight into potential explanations of phenotype should we find 

them, our secondary aim was to determine whether vasodilator compensation phenotypes 

demonstrated characteristic differences in venous effluent, which could serve as indicators of the 

mechanisms that might contribute to compensatory vasodilation. In response to hypoxic exercise 
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or hypoperfusion nitric oxide (NO) (6, 8, 14) has been identified as contributors to compensatory 

vasodilation.  Meanwhile the importance of potassium (K+) has been demonstrated in exercise 

hyperemia (15, 31) and rapid vasodilation (2).  We therefore explored K+ and NO bioavailability 

via nitrite. 

We hypothesized that both compensator and non-compensator vasodilator phenotypes 

would be evident with the latter experiencing greater compromise to exercise performance.  We 

also hypothesized greater nitrite and K+ in the compensator phenotype, suggesting a role for these 

mechanisms in explaining phenotype differences.  

3.3 Methods 

3.3.1 Participants 

21 recreationally active healthy males (21.6 ± 2.0yrs) with no history of smoking, 

cardiovascular disease, hypertension or specific forearm training (eg. tennis, racquetball) 

participated.  All participants were screened to ensure valid brachial artery blood flow 

measurements could be obtained. It was confirmed that all participants avoided exercise for 24 

hours, caffeine for 12 hours, and food consumption for 4 hours prior to their laboratory visits. 

This study was approved by the Health Sciences Research Ethics Board at Queen’s University 

according to the terms of the Declaration of Helsinki.  Procedures followed were in accordance 

with institutional guidelines. Each participant provided signed consent after receiving complete 

verbal and written descriptions of the experimental protocol and potential risks. 

3.3.2 Standard Anthropometric Data 

On their first visit, participants underwent standard anthropometric assessments.  Age, 

height, weight, exercising arm forearm girth, and exercising arm forearm volume were measured. 

A 7 day physical activity recall adapted from Sarkin et al. (36) was completed.  



 76 

3.3.3 Instrumentation 

3.3.3.1 Forearm Blood Flow 

To obtain forearm blood flow (FBF), a combination of Echo and Doppler ultrasound was 

used.  A 4-MHz pulsed flat Doppler probe (Model 500V 131 Transcranial Doppler, Multigon 

Industries, Mt. Vernon NY) was attached to the skin over the brachial artery proximal to the ante-

cubital fossa of the exercising arm in order to measure brachial artery blood velocity after the 

optimal location for the ultrasound signal was determined.  A linear Echo ultrasound probe 

positioned over the brachial artery, ~ 5cm proximal to the flat Doppler probe, operating at 13-

MHz in 2D mode (Vivid i GE Medical Systems, London Ontario, Canada) was used to image the 

diameter of the brachial artery in the exercising arm. 

3.3.3.2 Forearm Venous Blood Sampling 

 A 20 or 22-gauge intravenous catheter was inserted retrograde to venous blood flow into 

the ante-cubital vein. Confirmation that the selected vein drained the active forearm muscle was 

obtained via Echo ultrasound imaging prior to catheterization.  Briefly, the imaging probe was 

positioned over the superficial ante-cubital vein so that it provided an image of the junction with 

the deep vein centered onscreen.  The center of the imaging probe was then marked on the skin 

and this provided the reference point for catheter puncture such that catheter threading into the 

deep vein was accomplished.  This provided blood samples of venous effluent from the 

exercising muscle without contamination from inactive tissues. 

 Samples of venous effluents (2-ml discard and 1-ml sample) were obtained at specified 

intervals during exercise.  Saline flushes were periodically completed to prevent the catheter from 

clotting. 
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3.3.3.3 Central Hemodynamic Measures  

A three lead electrocardiogram with electrodes attached to the skin in standard CM5 

placement was used to measure heart rate.  A pulse oximeter (Nellcor N-395, Covidien-Nellcor, 

Boulder CO) was placed over the index finger of the non-exercising hand and was used to 

measure arterial oxygen saturation (SaO2) during exercise.   A finger photoplethysmograph 

(Finometer MIDI, Finapres Medical Systems, The Netherlands) on the middle finger of the non-

exercising hand was used to measure arterial blood pressure, and provide estimates of stroke 

volume and cardiac output via ModelFlowTM (Finapres Medical Systems, The Netherlands). 

3.3.4 Experimental Design (Figure 3-1) 

This was a within participant repeated measure design in which all participants completed 

three days of data collection.  Characterization of participants occurred over two days, while 

phenotype identification was completed on a separate day.  All data collection sessions were 

separated by at least 24 hours.  Each participant completed data collection at the same time of day 

for all collection sessions, however time of day varied between participants.  

3.3.4.1 General Experimental Conditions 

For all data collection sessions, participants lay supine on a bed with their left arm 

horizontal at heart level while their right arm was supported on a hinged arm rest attached to a 

pulley system that could be raised or lowered to allow for arm/perfusion pressure manipulation.  

The experiment was performed in a temperature controlled room (19-21°C) to minimize and 

stabilize blood flow to the skin so that changes in brachial artery blood flow to the forearm would 

reflect changes in exercising forearm muscle blood flow. The handgrip force output from an 

isometric handgrip dynamometer was displayed on a monitor to provide the participant with 

visual feedback regarding force production while a metronome was used to provide both visual 

and auditory cues to guide participant contraction/relaxation duty cycles.  
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3.3.4.2 Perfusion Pressure Manipulation - Compromising Oxygen Delivery 

In order to compromise O2D, local forearm arterial perfusion pressure was manipulated 

as described previously (3, 42).  In brief, at rest on the participant’s first visit the arm was 

positioned both above and below heart level such that a measured 15 mmHg difference from 

heart level was obtained in each position.  Moving the forearm from the below heart (control 

perfusion pressure condition) to the above heart (reduced perfusion pressure condition) position 

during steady state exercise accomplished an immediate 30.7 ± 0.9 mmHg reduction in forearm 

arterial perfusion pressure (FAPP) and as a consequence, FBF was immediately compromised.     

3.3.4.3 Exercise Protocols  

3.3.4.3.1 Incremental Exercise Test 

 An incremental exercise test with the arm in the control perfusion pressure condition was 

performed in order to identify the work rate associated with 70% of the participant’s peak 

exercising vasodilation (virtual forearm vascular conductance; FVCVirtual).  This work rate would 

be used during subsequent perfusion pressure reduction constant load exercise.  Additionally, 

exercise performance and cardiovascular responses with the forearm in this position were 

identified.  Forearm exercise consisted of rhythmic isometric handgrip contraction with a 2 

second contraction, 2 second relaxation duty cycle.  Progressive step increases in contraction 

force occurred every 3 minutes and 30 seconds until participant exhaustion. The magnitude of 

increment in handgrip force was 24.5 Newtons (N). Exhaustion was identified as the inability to 

achieve the target handgrip force on three consecutive attempts despite strong verbal 

encouragement.     

3.3.4.3.2 Rest to Exercise Transition 

 A rest to exercise transition protocol was completed to characterize kinetic and steady 

state O2D responses to a fixed metabolic demand of 98N with the arm in the reduced perfusion 
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pressure position.  Participants completed constant load exercise for 5 minutes in the reduced 

perfusion pressure position.  Forearm exercise consisted of rhythmic isometric handgrip 

contraction with a 2 second contraction, 2 second relaxation duty cycle.  This was followed by a 

period of 20 minutes of rest and then repeated two more times.  The average of the trials was used 

to represent the participant’s response. 

3.3.4.3.3 Ischemic Exercise 

An ischemic exercise protocol was completed to characterize peak vasodilatory capacity.  

Our protocol mimicked Naylor et al. (33) and Ku and colleagues (29). Briefly, participants 

completed a combination of forearm cuff inflation and ischemic forearm exercise at heart level.  

An inflatable cuff was positioned around the forearm just distal to the ante-cubital fossa and 

inflated to 250 mmHg.  After 6 minutes and 30 seconds, forearm exercise consisting of rhythmic 

isometric handgrip contraction with a 2 second contraction, 3 second relaxation duty cycle at 30% 

max voluntary contraction was initiated.  This was completed for 3 minutes.  Participants then 

relaxed for 30 seconds and then the pressure cuff was released before a 3 minute recovery period 

was recorded to assess peak vasodilation.  

3.3.4.3.4 Perfusion Pressure Reduction During Constant Load Exercise   

The perfusion pressure reduction during the constant load exercise test was used to test 

our primary hypothesis that distinct compensation related vasodilatory phenotypes exist. 

Participants completed constant load forearm exercise consisting of rhythmic isometric handgrip 

contraction with a 2 second contraction, 2 second relaxation duty cycle at an exercise work rate 

equivalent to 70% of their peak FVCVirtual.  Exercise began with the forearm positioned in the 

control perfusion pressure condition.  After 13 minutes the arm was raised into the reduced 

perfusion pressure position during a 2 second contraction to initiate the reduction in forearm 

perfusion pressure.  Exercise continued for 5 minutes with the arm in this position.  This was 
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followed by ~40 minutes of rest and then the same sequence was repeated two more times.  

Following the completion of the third repeat, participants continued exercising as contraction 

force was increased by 24.5 N every 3.5 minutes until exhaustion.  This allowed us to assess the 

effect of compensation vs. non-compensation on exercise performance.  

We scaled the exercise work rate relative to exercise vasodilatory capacity (70% 

FVCVirtual) to ensure that the available reserve for vasodilation when hypoperfusion was evoked 

was consistent across individuals. We feel that this approach was critical to avoid potential inter-

individual differences in vasodilatory reserve influencing compensatory vasodilation responses, 

which might occur if we selected a percentage of peak work rate, or even worse, percentage of 

maximal voluntary contraction which has been shown to have no relationship with exercising 

muscle aerobic capacity in the forearm exercise model (25).  

To be confident in our identification of vasodilator phenotypes, we repeated measures 

three times within an individual.  By performing measures in triplicate, we were able to confirm 

response consistency of an individual and thereby confidently classify an individual as a 

compensator or non-compensator vasodilator phenotype.  

3.3.5 Data Acquisition  

3.3.5.1 Incremental Exercise Test - Identify 70% Peak Exercise Vasodilation  

 Ante-cubital vein effluent, FBF and central hemodynamic measures were obtained during 

the last 40 seconds of baseline and each completed exercise work rate. As previously described in 

Bentley et al. (3) mean blood velocity recordings and Echo images from the last 10 duty cycles 

were used in analysis and quantification of the cardiovascular response.  
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3.3.5.2 Rest to Exercise Transition - Constant Load Exercise to Identify Kinetic and Oxygen 

Delivery Response to Fixed Metabolic Demand 

All central hemodynamic and FBF responses were obtained on a beat-by-beat basis and 

averaged into 4 second duty cycle time bins within each trial.  All three trials were averaged to 

yield one response.  Venous effluents were obtained at rest, and again during steady state 

exercise.  FBF and vasodilatory profiles over the course of exercise were fit with a two 

component exponential rise to a plateau for kinetic analysis.  

3.3.5.3 Ischemic Exercise - Peak Vasodilatory Assessment 

Following release of the inflatable cuff, all FBF responses were obtained on a beat-by-

beat basis.   

3.3.5.4 Perfusion Pressure Reduction During Constant Load Exercise – Phenotype 

Identification  

All central hemodynamic and FBF responses were obtained on a beat-by-beat basis and 

averaged into 4 second duty cycle time bins within each trial.  All three trials were averaged to 

yield one response.  Venous effluents were obtained at rest, every 15 seconds during the onset of 

exercise in a given arm position, and at minutes 3, 4 and 5 within an arm position. All central 

hemodynamic and FBF responses were computed at the venous sampling intervals. 

3.3.6 Data Analysis 

3.3.6.1 Calculated Cardiovascular Variables  

FBF was calculated as (MBV (cm/s) # 60 s/min # $ (brachial artery diameter (cm)/2)2). 

Virtual forearm vascular conductance (FVCVirtual), which is termed “virtual” as it represents the 

pressure/flow relationship in a vascular bed resulting from the interaction of vasodilation and 

mechanical forces of muscle contraction, was calculated as FBF/FAPP # 100 mmHg, while 

FVCRelax , which quantifies the pressure/flow relationship during relaxation between contractions 
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resulting from vasodilation, as calculated as FBFRelax/FAPP # 100 mmHg as described previously 

(42).  70% FVC Virtual was calculated as (Peak FVCVirtual – Resting FVCVirtual ) x 0.7 + resting 

FVCVirtual (37).   CaO2 was calculated from (SaO2 # [Hb]#1.34) + 0.003 # PaO2, where SaO2 is 

arterial hemoglobin saturation (fraction), [Hb] is hemoglobin concentration (g/ml) in the blood, 

1.34 is the mean volume of O2 that can be bound to 1 gram of normal Hb when fully saturated, 

0.003 is the solubility of O2 in human plasma and PaO2 is the partial pressure of O2 in the arterial 

blood. PaO2 was assumed to be 100 mmHg. The values obtained from the venous effluent 

allowed for the calculation of CvO2.  !O2 was calculated using the Fick equation as FBF#(CaO2– 

CvO2). O2D was calculated from FBF # CaO2. 

3.3.6.2 Venous Effluent - Blood Gases and Electrolytes  

All venous effluents were analyzed with a blood gas analyzer (Stat Profile Prime Blood 

Gas Analyzer, Nova Biomedical, Mississauga, Canada) for standard blood gases and electrolytes.   

3.3.6.3 Venous Effluent - Plasma Nitrite Concentration  

During phenotype identification, exercising venous effluent were sampled into 4.5ml 

lithium-heparin vacutainers at resting baseline and during steady exercise, in both 

uncompromised and compromised positions.  Samples were inverted 8-10 times and centrifuged 

within ~1 min at 1,050 g and 4°C for 10 min. Plasma was extracted, aliquoted, and immediately 

frozen at -80°C for subsequent analysis. All plasma nitrite analysis was completed in triplicate 

and a mean was obtained.  Potassium iodide in acetic acid was used for nitrite analysis given its 

specificity to convert nitrite, but not other nitrogen species (nitrate, s-nitrosothiols), into nitric 

oxide (26). Following the reaction equilibration, head-space samples were obtained with an air-

tight syringe and injected into a nitric oxide analyzer (Sievers NOA280i, GE Analytical 

Instruments, Boulder CO) for quantification of NO via chemiluminescence (5).  
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3.3.6.4 Post-Hoc Identification of Compensator vs. Non-Compensator Vasodilator Phenotype 

To identify a participant as having, or not having, compensatory vasodilation in response 

to a sudden reduction in forearm perfusion pressure, we compared the vasodilatory responses 

during exercise in the control perfusion pressure and reduced perfusion pressure conditions.  For 

each participant, three trials were averaged to produce one consistent, characteristic, 

cardiovascular response.  Steady state vasodilation as quantified by FVCRelax, which is not 

affected by contracting skeletal muscle (42), from the last 10 duty cycles within each arm position 

were compared using a one-tailed paired student’s t-test with the a-priori hypothesis that 

vasodilation would be greater in compromised compared to uncompromised exercise.  Greater 

vasodilation in the reduced perfusion pressure condition compared to the control perfusion 

pressure condition would reflect compensatory vasodilation, while similar vasodilation would 

reflect the absence of a compensatory response and therefore, a non-compensator phenotype.  

Participants were then grouped into either compensator or non-compensator vasodilator 

phenotype for subsequent analysis and interpretation.  

3.3.7 Statistical Analysis  

3.3.7.1 Characterization of individuals  

 Unpaired student’s t-tests were used for comparison of compensatory vasodilation 

phenotypes (Table 3-2, Table 3-3, Table 3-4, Figure 3-1).  

 Slope analysis and intercept analysis was completed between compensatory vasodilation 

phenotypes to determine if there was a difference in the proportional increase or starting point for 

all variables during the control perfusion pressure condition to exhaustion test.  
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3.3.7.2 Perfusion Pressure Reduction During Constant Load Exercise – Phenotype 

Identification  

A one-tailed paired student’s t-test was completed for each participant using FVCRelax 

measures from the last 10 duty cycles in each arm position to determine the presence or absence 

of compensatory vasodilation.  A paired student’s t-test was completed for each participant using 

mean FBF measures from the last 10 duty cycles to determine the effect of reduced forearm 

perfusion pressure on muscle blood flow (Table 3-1).  

To compare the cardiovascular responses between compensatory vasodilation phenotypes 

from resting baseline, steady state control perfusion pressure condition, immediately upon 

forearm elevation to the reduced perfusion pressure condition, and the eventual steady state in 

this reduced perfusion pressure condition a mixed model (compensatory vs. non-compensatory 

vasodilator) one-way repeated measure (time of measure) ANOVA was used (Table 3-5, Figure 

3-4, Figure 3-5, Figure 3-6).  An unpaired t-test was used to compare the mean differences from 

control perfusion pressure to reduced perfusion pressure exercise between compensatory 

vasodilation phenotypes (Figure 3-4, Figure 3-5, Figure 3-6).  An unpaired t-test was used to 

compare the computed area under the curve for Lactate, K+, and venous saturation over the 

entirety of reduced perfusion exercise duration between compensatory vasodilation phenotypes.  

3.3.7.3 Repeatability of Multiple Exercise Trials 

Coefficient of variation (CV) for each subject for each exercise time point were 

calculated by dividing the standard deviation of the three trials by the mean of the three trials and 

then multiplying by 100 (22). A mixed model (compensatory vs. non-compensatory vasodilator) 

one way repeated measure (exercise trial) ANOVA was used to determine if exercising work rate 

during phenotype identification and fixed exercise at 98N was different between compensatory 

vasodilation phenotypes.  A modified Monte Carlo simulation was used to determine the impact 

of triplicate measures on CV. 
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For all analyses, the level of significance was set at P<0.05. Only significant F-statistics 

within the ANOVA were further assessed using Tukey’s post hoc tests. All assumptions of the 

repeated measures ANOVA were met.  In instances when sphericity was violated, a Greenhouse-

Geisser correction was applied when interpreting F-statistics.  Statistics were calculated using a 

combination of SigmaPlot 12.0, (Systat Software, Inc.), SPSS 20 (IBM Software) and GraphPad 

Prism 6 (GraphPad Software, Inc.).  All results are presented as mean " from baseline ± SD 

unless otherwise noted.  For simplicity, area under the curve results for lactate, K+, and venous 

saturation are presented as the grand mean over said duration for a given variable.   

3.4 Results 

3.4.1 Effectiveness of Multiple Exercise Trial Repeats 

The phenotype identification protocol was completed in triplicate. Utilizing each trial 

mean and the trial-to-trial CV for a given participant, we ran a modified Monte Carlo simulation 

to determine the variability in mean responses, stemming from three repeats. This provided an 

indication of response consistency if repeated, given the present degree of variability.  This 

produced a mean CV for FVCRelax control perfusion pressure condition of 2.8 ± 0.4 % and 2.7 ± 

0.2 % for the reduced perfusion pressure condition (Figure 3-2).  There was no difference in the 

work rate completed during phenotype identification between compromised and uncompromised 

exercise positions (149 ± 23 vs. 150 ± 23 N), exercise repeats within compromised (148 ± 22 vs. 

147 ± 25 vs. 150 ± 22 N) and uncompromised (151 ± 25 vs. 148 ± 23 vs. 151 ± 21 N) arm 

positions, exercise repeats at 98 N (101 ± 20, 101 ± 21, 101 ± 20 N), or between compensatory 

vasodilation phenotypes during any trial repeat (all P>0.05; data not shown).   

3.4.2 Perfusion Pressure Reduction During Constant Load Exercise – Phenotype 

Identification 
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A sudden compromise in perfusion yielded two clear and disparate vasodilatory 

responses.  13 individuals responded with compensatory vasodilation (509 ± 128 vs. 632 ± 136 

ml/min/100mmHg; P<0.001), while 8 individuals responded without any compensatory 

vasodilation (663 ± 165 vs. 667 ± 167 ml/min/100mmHg; P=0.6).    Those who responded with 

compensatory vasodilation protected FBF (332 ± 59 vs. 344 ± 53 ml/min; P=0.3), while those in 

the absence of compensatory vasodilation had a reduction in FBF (400 ± 126 vs. 334 ± 96 

ml/min; P=0.005) (Table 3-1).  Participants were grouped accordingly for all subsequent 

analyses.  

3.4.3 Characterization of Participants – Were Vasodilatory Response Phenotypes 

Similar? 

3.4.3.1 Anthropometric Measurements 

There was no difference between any anthropometric data between the two compensatory 

vasodilation phenotypes (Table 3-2). 

3.4.3.2 Incremental Exercise Test - Identify 70% Peak Exercise Vasodilation  

Progressive exercise to exhaustion in an uncompromised position yielded no differences 

in central cardiac and peripheral hemodynamic responses or in exercise performance between 

compensatory and non-compensatory vasodilators (all P>0.05; Table 3-3).  Slope analysis 

revealed no difference in the magnitude of increase per unit increase in work rate (all P>0.2; data 

not shown).  Peak work rate was not different between compensatory and non-compensatory 

vasodilators (233 ± 38 vs. 230 ± 26 N, P=0.8) (Figure 3-3 control perfusion pressure condition), 

and neither was the work rate associated with 70% FVCVirtual  (154 ± 23 vs. 168 ± 30 N; P=0.3; 

data not shown). !

3.4.3.3 Rest to Exercise Transition - Constant Load Exercise to Identify Kinetic and Oxygen 

Delivery Response to Fixed Metabolic Demand 
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In the constant load test, which was performed with the forearm in the compromised 

position, there was no difference between phenotypes in steady state responses for all central 

cardiac and peripheral hemodynamic values (all P>0.05).  Additionally, there was no difference 

in the hyperemic kinetic response or vasodilatory kinetic response to steady state (P>0.05; Table 

3-4).  Time delay constants presented in Table 3-4 are delayed due to the duration of the present 

duty cycle preventing the identification of the rapid hyperemic response; however, gain and tau 

parameters are unaffected.   

3.4.3.4 Ischemic Exercise – Peak Vasodilatory Assessment 

There was no difference in peak vasodilatory capacity between compensatory and non-

compensatory vasodilators (951 ± 224 vs. 920 ± 364 ml/min/100mmHg; P=0.8); data not shown). 

3.4.4 Perfusion Pressure Reduction During Constant Load Exercise – Phenotype 

Identification: Hemodynamic Implications 

The non-compensator vasodilator phenotype experienced a compromise to FBF (-66.5 ± 

47.1 vs. 11.4 ± 36 ml/min; P<0.001) (Figure 3-4) and FBFRelax (-119 ± 60.4 vs. -18.6 ± 60.4 

ml/min; P =0.002) (Figure 3-5) when the exercising arm was in the compromised position 

whereas the compensator vasodilator phenotype did not.  The same was the case for O2D (-11.7 ± 

9.6 vs. 1.6 ± 7.0 mlO2/min; P=0.001) and !O2 (-5.0 ± 8.2 vs. 3.0 ± 5.5 mlO2/min; P=0.02) (Figure 

3-6).  Both phenotypes experienced a similar pressor response (9.7 ± 9.5 and 5.5 ± 5.5 mmHg) 

(P=0.2). Peak exercise performance with the arm in a compromised position was reduced in the 

non-compensators (-36 ± 29 N; P=0.009), while it was maintained in the compensatory 

vasodilators (-6 ± 14 N; P=0.2).  The reduction in exercise performance was greater in non-

compensatory vasodilators compared to compensatory vasodilators (P=0.004) (Figure 3-3).  

There was no difference between compensatory vasodilation phenotypes in any central 

hemodynamic responses (all P>0.05).  Heart rate and cardiac output were increased in the 
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reduced perfusion pressure condition steady state compared to the control perfusion pressure 

condition steady state in both compensatory vasodilation phenotypes (all P<0.05) (Table 3-5).  

 

3.4.5 Venous Effluent – Plasma K+, Nitrite, Lactate Concentrations and Venous 

Saturation 

At rest, control perfusion pressure steady state, immediate switch to reduced perfusion 

pressure and reduced perfusion pressure steady state, there were no differences in [K+], plasma 

[nitrite], absolute venous saturation or [Lactate] (all P>0.05; Table 3-5).  Accounting for the 

accumulated effects of exercise in the reduced perfusion pressure position, the non-compensation 

phenotype had greater K+ (4.34 ± 0.10 vs. 4.25 ± 0.06 mmol; P=0.01), and lactate concentrations 

(2.1 ± 0.2 vs. 1.7 ± 0.08 mmol; P<0.001).  Absolute levels of saturation were lower in the 

compensatory phenotype (41 ± 2.7 vs. 47 ± 2.7 %; P<0.001).  There were no differences in the 

accumulated effects of exercise in the control perfusion pressure position in K+ (4.50 ± 0.36 vs. 

4.38 ± 0.36 mmol; P=0.21), lactate (1.3 ± 0.4 vs. 1.2 ± 0.4 mmol; P = 0.27) or saturation (57 ± 7 

vs. 54 ± 7 %; P=0.13).  Within both compensation phenotypes, the accumulated exercise effect of 

moving the arm from the control perfusion pressure to the reduced perfusion pressure position 

caused an increase in both desaturation and lactate concentrations (all P<0.05). K+ concentration 

did not change in the compensation phenotype (P=0.1), but was reduced in the non-compensation 

phenotype (P=0.02). 

3.5 Discussion 

With the onset of exercise, increased metabolic demand for oxygen necessitates skeletal 

muscle vasodilation and coordinated adjustments in cardiac output and total peripheral resistance 

in order to regulate arterial blood pressure and thereby provide the necessary driving pressure in 

support of muscle blood flow.  Locally, feedback mechanisms in exercising muscle are thought to 
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respond to the imbalance between O2D and demand and adjust vascular conductance and arterial 

blood pressure accordingly (40).  This would predict that when a compromise to muscle blood 

flow is created during exercise, a vasodilatory and/or a pressor response would occur to restore 

O2D.  However, we recently reported that, while some individuals responded with compensatory 

vasodilation during an incremental forearm exercise test to exhaustion performed under reduced 

perfusion pressure conditions, compensation was completely absent in others (3).  Importantly, 

the non-compensators suffered a greater compromise to their exercise performance.  In the 

present study, we tested the hypotheses that both compensator and non-compensator phenotypes 

are evident when O2D is suddenly reduced during steady state exercise and that non-

compensators would suffer greater compromise to exercise performance.  The primary findings of 

the study were as follows: 1) Perfusion pressure induced compromises to exercising FBF resulted 

in compensatory vasodilation in certain individuals (n=13) and complete absence thereof in other 

individuals (n=8).   2) Presence or absence of compensatory vasodilation did not impact the 

occurrence, magnitude or effectiveness of the compensatory pressor response which partially 

restored exercising FBF.  3) Individuals with compensatory vasodilation protected O2D and 

exercise performance when perfusion pressure was reduced, while non-compensators suffered 

compromises to both.   

As a whole, these findings are consistent with our hypothesis that compensator and non-

compensator vasodilation phenotypes are evident when muscle blood flow is compromised 

during steady state exercise.  Furthermore, that the non-compensator suffers compromise to 

exercise performance while the compensator is able to defend exercise performance.  These 

findings are significant for advancing our understanding of O2D : demand matching in exercising 

muscle for at least two reasons.  First, they have established the importance of considering O2D : 

demand matching at the individual level even in young healthy individuals as inter individual 

differences can exist that can contribute to exercise performance.  Second, they raise the 
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possibility that mechanisms obligatory for compensatory vasodilation when exercising muscle 

blood flow is compromised can differ from those adjusting vasodilation to achieve the required 

O2D : demand matching in response to an increase in metabolic demand.  

3.5.1 Identification of Compensatory Vasodilation Phenotypes 

In order to identify vasodilator phenotypes we employed a novel experimental design and 

analysis approach.  Our multiple repeat experimental design minimized the contribution of 

natural fluctuations to our observed cardiovascular responses and allowed us to establish response 

consistency within an individual. By completing a modified Monte Carlo simulation, we were 

able to determine that given our present degree of variability, mean responses from triplicates 

vary by only ~3%.  Therefore we are confident in our identification of two distinct vasodilatory 

response phenotypes (9, 22).   FVCRelax for the non-compensation phenotype fell within 1 

standard deviation of CV (with the exception of one participant who experienced an FVCRelax that 

was actually reduced), while participants comprising the compensation phenotype were well 

above this boundary. In identifying response phenotypes, the steady state FVCRelax from the last 

10 duty cycles was compared between control perfusion pressure and reduced perfusion pressure 

positions against the alternative hypothesis that vasodilation would be increased in the reduced 

perfusion pressure position. In total, 13 individuals responded with compensatory vasodilation 

while 8 individuals without a compensatory vasodilatory response whatsoever.    

The observation of perfusion compensation within individuals is in line with the current 

understanding of O2D : demand matching.  In this scenario, healthy, normally responding 

individuals in response to an O2D challenge, will initiate feedback mechanisms that elicit 

compensatory vasodilation that serve to restore O2D : demand matching (19).  However in 38% 

of our subjects, no such compensation was present.  This proportion of non-compensators is in 

line with our previous study examining compensatory responses during an incremental exercise 
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test to exhaustion (3).  This non-compensator response is inconsistent with the current 

understanding of O2D : demand matching. 

What is particularly striking about our findings is that the non-compensator phenotype 

O2D : demand matching response when vasodilation had to respond to an increase in metabolic 

demand was indistinguishable from the compensator phenotype.  For example, the magnitude of 

adjustment in response to progressive increases in demand with respect to vasodilatory, 

hyperemic and pressor responses, were similar between phenotypes (Table 3-3).  Furthermore, 

both the kinetics and magnitude of the response to a step increase in metabolic demand from rest 

in the reduced perfusion pressure position were indistinguishable between response phenotypes 

(Table 3-4).  Thus, if exercise was initiated under a reduced perfusion pressure condition, the 

non-compensator had no compromise to their O2D : demand matching compared to the 

compensator.  Yet, introducing this perfusion pressure challenge during steady state exercise 

revealed an inability to respond with compensatory vasodilation in these individuals. This is 

important because it emphasizes that O2D : demand matching ability can differ between 

individuals specific to the nature of an O2D demand challenge and therefore opens a new 

direction of investigation into mechanisms responsible for this matching.  Finally, the non-

compensator phenotype had the same vasodilatory capacity as evidenced by the same peak 

forearm vascular conductance in exercise and in response to ischemic exercise designed to evoke 

maximal vasodilation.  So they were not limited by a reduced capacity for vasodilation. This 

study, coupled with our previous work (3), is the first to identify that some healthy young 

individuals present with a complete absence of compensatory vasodilation with a perfusion 

pressure challenge to O2D : demand matching in contracting forearm muscles.  Yet they 

experience no compromise to vasodilation when it occurs in response to an increase in metabolic 

demand. 
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3.5.2 Potential Mechanisms Accounting for Vasodilatory Compensation vs. Non- 

Compensation  

The primary aim of this study was to identify the existence of non-compensator and 

compensator vasodilatory phenotypes in response to a sudden perfusion pressure challenge to 

O2D : demand matching during exercise.  A secondary aim was to identify signaling components 

of vasodilatory mechanisms that might explain why an individual does vs. does not compensate.  

In this regard we were limited to sampling venous effluent draining the exercising muscle and 

therefore investigated three candidates: nitrite derived NO, K+, and red blood cell desaturation.   

NO plays a large role in compensatory vasodilation under systemic hypoxia (8) and 

active skeletal muscle hypoperfusion (6).  As such, we hypothesized that potential differences in 

NO bioavailability under a sudden hypoxic environment, akin to our sudden perfusion 

compromise, could provide the necessary stimuli for nitrite conversion to NO and facilitate 

vasodilation (10).  However, we observed no differences in exercising plasma nitrite levels 

between the two compensatory vasodilation phenotypes in response to the perfusion pressure 

challenge.  These results do not support differences in nitrite specific NO bioavailability as being 

responsible for perfusion pressure induced compensatory vasodilation.  However, such venous 

effluent data cannot conclusively rule out such a contribution and thus further, more invasive 

investigation may be warranted.  Furthermore these data do not discount contributions of 

endothelium-derived sources of NO which has been implicated in compensatory vasodilation (6, 

8) and which therefore could be responsible for lack of compensatory dilation. 

Sudden reductions in flow stemming from a rapid perfusion pressure reduction would 

reduce the removal of K+ from the interstitial space.  The resulting accumulation of K+ associated 

with muscle contraction could serve to shift equilibrium potential and elicits outward current flow 

from inward rectifying potassium channels (K+
IR) and elicit vasodilation.  We therefore 

hypothesized that K+, a vasodilatory metabolite typically associated with rapid vasodilation (12), 
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could also contribute to the compensatory response.  We observed similar K+ concentrations 

during steady state in control perfusion pressure and reduced perfusion pressure positions.  When 

accounting for the accumulated effects of exercise duration, we observed elevated K+ 

concentrations in the non-compensation phenotype in the reduced perfusion pressure position.  

The work rate was similar between compensatory and non-compensatory phenotypes, so elevated 

K+ levels in non-compensators could be due to the nature in which muscle contraction was 

completed and the effort required to achieve a given a work rate (41).  These results suggest K+ is 

not involved in perfusion pressure induced compensatory vasodilation, as steady state 

concentrations in both the control and reduced perfusion pressure positions were not different 

between vasodilation phenotypes.   

The red blood cell (RBC) as an oxygen sensor hypothesis has gained notoriety in recent 

years as a potential mechanism for matching O2D to metabolic demand.  As RBC desaturation 

increases, conformational changes can result in the release of NO (16, 38), and ATP (17, 27, 28).  

Circulating ATP within the vasculature serves as a potent vasodilatory stimulus, thus aiding in 

establishing adequate perfusion (18).  Compelling support for this hypothesis was provided by the 

identification of RBCs as the origin of intravascular sources of ATP during exercise (27, 28).  

ATP appears to evoke vasodilation almost exclusively via K+
IR as blockade of these channels has 

recently been shown to abolish desaturation related ATP mediated vasodilation (11), while there 

appears to be only a modest role for NO (13).  We therefore hypothesized that greater levels of 

desaturation would contribute to compensatory vasodilation and facilitate O2D : demand 

matching.  We see similar levels of immediate desaturation when transitioning from control 

perfusion pressure steady state to the reduced perfusion pressure position between compensatory 

and non-compensatory phenotypes (-11 vs. -9%).  There is a similar absolute saturation during 

steady state in the reduced perfusion pressure position (45 vs. 51%).  There is however a greater 

accumulated level of desaturation in the reduced perfusion pressure position, which can be 
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appreciated by the lower mean saturation in the compensator phenotype (41 vs. 47%).  In both 

phenotypes, desaturation at steady state in the reduced perfusion pressure position was not 

different from control perfusion pressure.  Plasma ATP and RBC desaturation are linearly related 

(18). The greater level of desaturation in compensatory vasodilators aligns with previous work 

from our lab (3).  With an understanding of the linear relationship between RBC saturation and 

plasma ATP, we would expect to see vasodilation in both phenotypes given our desaturation 

responses.  It is possible that there is a response compromise in non-compensators that only 

presents when perfusion pressure is suddenly challenged during steady state exercise and not 

under the conditions of redundant adjustments in vasodilation associated with increased 

metabolic demand.  Presently the mechanism explaining the presence of compensatory response 

phenotypes is unknown and remains to be identified.  It could be that a particular feedback 

response is missing in the non-compensation phenotype, or that an aspect of feedback control is 

not correctly modeled with our current understanding of feedback regulation.  

3.5.3 Compensatory Vasodilation vs. Compensatory Pressor Response 

The current experimental data set revealed distinctly clear compensatory vasodilation in 

certain individuals while there was a complete absence in others.  In response to exercise in the 

control perfusion pressure condition, both compensatory and non-compensatory vasodilation 

phenotypes had a cardiac output mediated increase in pressure (12.2 ± 7.1 vs. 10.0 ± 4.5 mmHg; 

P=0.4).  Following the transition to the reduced perfusion pressure condition, both phenotypes 

once again had a cardiac output mediated pressure response (6.1 ± 5.8 vs. 10.4 ± 9.4 mmHg; 

P=0.2).  However, the magnitude of the pressor response was completely independent of 

compensatory vasodilation.  Therefore, in our non-compensators, the presence of a cardiac output 

mediated pressor response partially restores perfusion; however, when evoked within the context 

of compensatory vasodilation we have complete restoration of perfusion. 
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Interestingly, flow restoration supporting normal exercise performance does not diminish 

the magnitude of the pressor response.  Likewise, the pressor response is not augmented when not 

accompanied by compensatory vasodilation.  As a result, perfusion remains compromised and 

exercise performance is negatively impacted in non-compensators.  This raises the question as to 

what the signal for pressor activation is, as it was not evoked despite clear compromises to 

skeletal muscle contractile function.  The present experimental protocol encompassed five 

minutes of reduced perfusion pressure exercise following a period of control perfusion pressure 

exercise at steady state.  Perhaps within the five minutes of reduced perfusion pressure exercise, 

complete flow restoration does not abate the pressor response signal.  Therefore in both 

vasodilation phenotypes, the initial hypoperfusion created by sudden perfusion pressure 

compromises to flow produces local feedback signals that initiate pressor compensation.  Despite 

the flow restoration associated with the presence of compensatory vasodilation, this does not 

change the cellular environment within the active skeletal muscle to the degree required for 

pressor response cessation.  It could be that prolonging the duration of exercise in the 

compromised position would produce a blunted pressor response in compensatory vasodilators. 

Our previous work demonstrated no discernable compensatory pressor response within 

the non-compensatory phenotype, although it was clearly part of the cardiovascular response to 

progressive exercise (3).  Small muscle mass models under mild intensity exercise demonstrate 

no compensatory pressor response (7, 19). Animal models on the contrary have shown a 

compensatory flow restoring pressor response responsible for ~50% of the observed flow 

restoration in an effort to overcome terminal aortic cuff inflation during exercise (34).  However, 

the magnitude of the initial flow compromise in these studies were 45% (7) and graded reductions 

in content (therefore O2D) of 7 and 13% (19) during exercise at 5-10kg in the forearm and 30 

watts in the leg receptively.  O’Leary et al. (34), who observed a pressor response in dogs, 

comprised flow by up to 40% during mild and moderate treadmill exercise.  Our initial flow 
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compromise was 33% during an intensity of 17kg (equivalent to 70% of peak forearm 

vasodilation).  There appears to be an interaction between the magnitude of flow compromise and 

exercise intensity in determining the presence of a pressor response. The contribution of a pressor 

response within the present model to the compensatory response could be attributed to the higher 

exercise intensity requiring less magnitude of compromise compared to previous small muscle 

mass models (7, 19).  Pressor activation in the present study could also stem from the longer 

duration of mismatch between delivery and demand and the accumulation of pressor-evoking 

signals increasing sympathetic activity in response to hypoperfusion (24).  

3.5.4 Exercise Performance and Compensatory Vasodilation 

During exercise in the compromised position, exercise performance was unaffected in 

compensators while non-compensators suffered a reduction.  We identified exercise performance 

by having subjects perform further incremental increases in work rate to exhaustion once the 

period for compensation at constant work rate had been completed.  Uncompromised progressive 

exercise to exhaustion served as the reference point for exercise performance comparisons.  

Following phenotype identification with the arm in a compromised position, a progressive 

exercise test was initiated beginning at the work rate associated with 70% peak exercise 

FVCVirtual.  This provided a measure of exercise performance in a compromised position.  

Compensators maintained exercise performance while non-compensators suffered a reduction (-6 

vs. -36 N respectively).  

In understanding the implications of compensatory vasodilation, compensators restored 

perfusion and therefore O2D following perfusion pressure manipulation.  In the present model, 

metabolic demand was consistent across arm manipulations.  Therefore in non-compensators, 

uncompensated reductions in perfusion would require greater relative [ADP] and [Pi] to maintain 

a given !O2 (39).  Throughout the duration of the five minutes of compromised exercise, 
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increased glycolytic flux relative to oxidative phosphorylation could be contributing to energy 

production, and therefore could compromise intracellular homeostasis in comparison to 

compensators.  Following the completion of exercise, an accumulated oxygen deficit could be 

increasing the rate of fatigue progression during subsequent progressive increases in work rate 

(21).  Consistent with the role of oxygen in muscle fatigue, exercise performance was negatively 

affected in non-compensators who suffered from perfusion reductions (20).   

3.5.5 Experimental Considerations 

In the present study, our phenotype identification protocol was completed at the same 

relative intensity in relation to vasodilatory reserve for each participant and completed in 

triplicate.  1) In scaling the exercise intensity to vasodilatory reserve, we ensured that disparate 

responses would not be due to differences in the availability of vasodilation as a compensatory 

mechanism.  In the end, the intensity associated with 70% FVCVirtual was not different between 

phenotypes.  Nonetheless, we controlled for this confound a priori. 2) In completing triplicate 

assessments we were able to minimize the contribution of natural fluctuations to an observed 

response and gain confidence in our classification of phenotypes.  Indeed, the CV expected from 

triplicate completion was only ~3%.  When exploring the relationship between compensatory 

vasodilation and triplicate assessment CV (Figure 3-2), vasodilatory responses of non-

compensators almost all within with 1 CV of no vasodilation.  Therefore, if we were to complete 

the study again, we are confident that the present identification of compensatory vasodilation 

phenotypes would hold true given the present level of variability.  

In trying to assess the mechanism responsible for disparate levels of compensatory 

vasodilation, we were limited to venous effluents from the exercising muscle.  In placement of 

our venous catheter we ensured that the catheter was threaded into a vein draining the active 

muscle as to limit contamination from other tissue.  Venous effluents are not an exact 

representation of the intravascular environment surrounding the active skeletal muscle.  In cases 
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where we were unable to detect a statistical difference between venous effluent constituents 

between phenotypes, it could be that our venous effluents are not sensitive to intravascular 

changes.   

Differing durations of exercise in the uncompromised and compromised position were 

completed to allow for the preparation of venous samples for plasma [nitrite].  The selected 

duration of uncompromised exercise was the shortest time period needed for successful venous 

sample preparation, centrifugation, aliquoting and storage.  Pilot work demonstrated that exercise 

at this intensity for this duration does not produce drift in the hemodynamic responses once 

steady state has been established.  As comparisons between arm positions were completed at the 

same time interval within an arm position, the differing lengths of exercise protocols is not a 

concern when interpreting our observations.    

3.6 Conclusion 

A sudden perfusion pressure compromise to exercising muscle perfusion elicits clear 

dichotomous vasodilatory responses.  Certain individuals respond with compensatory 

vasodilation while in others this compensation is completely absent. This non-compensation 

compromises exercise performance confirming it has a relevant functional impact.  This has 

important implications for understanding contributors to inter-individual differences in exercise 

tolerance.  Interestingly, despite a performance compromise no additional pressor response is 

evident.  Furthermore, the finding that the non-compensator phenotype demonstrates preserved 

O2D : demand matching ability in response to increased metabolic demand but not when O2D is 

suddenly compromised during exercise, suggests the possibility of differences in vasodilatory 

mechanisms responsible for these different O2D : demand matching challenges.  The mechanistic 

basis of non-compensation remains to be determined; however, compensatory vasodilation 
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appears to be related to greater RBC desaturation and therefore ATP release, suggesting a 

potential diffusion limitation in those without a compensatory response. 
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Figure 3-1: Experimental Design. Characterization of participants - Day 1: Panel A: Perfusion 
pressure manipulation used to compromise oxygen delivery. Panel B: Control perfusion pressure 
position progressive exercise to exhaustion and 70% FVCVirtual identification.  Characterization of 
participants - Day 2: Panel C: Reduced perfusion pressure posiition exercise at 98N repeated 
three times.  Panel D: Peak vasodilatory capacity assessment completed at heart level.  Phenotype 
Identification - Day 3: Panel E: Phenotype identification protocol.  In exercise panels, work rate 
and hyperemic response profiles are demonstrated.  FAPP; forearm arterial perfusion pressure, 
FVC; forearm vascular conductance, BSL; baseline, MVC; max voluntary contraction, CV; 
compensatory vasodilation, NCV; non-compensatory vasodilation. 

  



 101 

 
Figure 3-2: Confidence in phenotype identification stemming from triplicate assessment.  
Variability in compensatory vasodilation with repeated triplicates was computed with a modified 
Monte Carlo simulation for each participant.  Data points within 1.96 CV, can be expected by 
chance.  Data points above this threshold are deemed unlikely given the present level of 
variability in triplicate assessment of compensatory vasodilation.   
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Figure 3-3: Peak exercise performance.  Peak exercise performance in control perfusion pressure 
and reduced perfusion pressure conditions in compensatory vasodilators and non-compensatory 
vasodilation phenotypes.  Individual responses are represented by symbols.  Mean compensatory 
vasodilation phenotype responses are represented by vertical bars.  * denotes statistically 
significant difference between compensatory and non-compensatory vasodilators (P<0.05). % 
denotes statistically significant difference between arm positions within compensatory 
vasodilation phenotypes (P<0.05). 
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Figure 3-4:  FBF and constituents during phenotype identification protocol at key exercising time 
points.  Panel A: FBF.  Panel B: FVCVirtual.  Panel C: MAP.  * denotes statistically significant 
difference between compensatory and non-compensatory vasodilators (P<0.05).  ^ denotes 
statistically significant difference between point prior within a compensatory vasodilation 
phenotype (P<0.05).  # denotes statistically significant difference between reduced perfusion 
pressure and control perfusion pressure positions within a compensatory vasodilation phenotype 
(P<0.05). BSL; baseline, CPP Steady State; control perfusion pressure exercise condition steady 
state, RPP IM Switch; first 15 seconds following the switch from control perfusion pressure to 
reduced perfusion pressure exercise, RPP steady State; reduced perfusion pressure exercise 
condition steady state, " RPP SS  - CPP SS; change from reduced perfusion pressure to control 
perfusion pressure steady state exercise. 
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Figure 3-5: FBFRelax and constituents during phenotype identification protocol at key exercising 
time points.  Panel A: FBFRelax.  Panel B: FVCRelax.  Panel C: FAPP.  * denotes statistically 
significant difference between compensatory and non-compensatory vasodilators (P<0.05).  ^ 
denotes statistically significant difference between point prior within a compensatory vasodilation 
phenotype (P<0.05).  # denotes statistically significant difference between reduced perfusion 
pressure and control perfusion pressure positions within a compensatory vasodilation phenotype 
(P<0.05).  BSL; baseline, CPP Steady State; control perfusion pressure exercise condition steady 
state, RPP IM Switch; first 15 seconds following the switch from control perfusion pressure to 
reduced perfusion pressure exercise, RPP steady State; reduced perfusion pressure exercise 
condition steady state, " RPP SS  - CPP SS; change from reduced perfusion pressure to control 
perfusion pressure steady state exercise. 
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Figure 3-6: !O2 and constituents during phenotype identification protocol at key exercising time 
points.  Panel A: !O2.  Panel B: FBF.  Panel C: a-vO2 diff.  * denotes statistically significant 
difference between compensatory and non-compensatory vasodilators (P<0.05).  ^ denotes 
statistically significant difference between point prior within a compensatory vasodilation 
phenotype (P<0.05).  # denotes statistically significant difference between reduced perfusion 
pressure and control perfusion pressure positions within a compensatory vasodilation phenotype 
(P<0.05).  BSL; baseline, CPP Steady State; control perfusion pressure exercise condition steady 
state, RPP IM Switch; first 15 seconds following the switch from control perfusion pressure to 
reduced perfusion pressure exercise, RPP steady State; reduced perfusion pressure exercise 
condition steady state, " RPP SS  - CPP SS; change from reduced perfusion pressure to control 
perfusion pressure steady state exercise. 
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Table 3-1:  Phenotype identification - Vasodilatory and flow responses following a perfusion 

pressure compromise and their resulting level of significance. 

Subject FVCRELAX 

(ml/min/100mmHg) 

FVCRELAX  

p value 

FBF (ml/min) FBF  

p value 

Non-Compensatory Vasodilators (n=8) 

B 448 vs. 461 0.41 232 vs. 173 1.11E-03 

E 604 vs. 611 0.32 415 vs. 333 0.06 

H 987 vs. 988 0.46 667 vs. 506 3.61E-03 

O 662 vs. 677 0.32 369 vs. 376 0.31 

Q 556 vs. 514 1.00 300 vs. 251 2.98E-04 

R 785 vs. 787 0.30 425 vs. 347 3.52E-05 

U 695 vs. 715 0.24 386 vs. 326 8.0E-03 

W 567 vs. 584 0.13 412 vs. 361 7.92E-05 

AVG ± SD 663 ± 165 vs. 667 ± 167 0.591 400 ± 126 vs. 

334 ± 96* 

0.005 

Compensatory Vasodilators (n=13) 

C  461 vs. 655 1.38E-06 292 vs. 334 5.52E-04 

D  512 vs. 734 7.14E-09 289 vs. 377 7.92E-06 

G  478 vs. 587 1.72E-04 329 vs. 355 0.05 

I  453 vs. 574 4.29E-06 321 vs. 347 0.01 

J  470 vs. 646 2.00E-07 307 vs. 297 0.20 

L  687 vs. 873 4.44E-08 409 vs. 449 0.11 

M 490 vs. 533 3.12E-04 378 vs. 326 2.18E-06 

N  470 vs. 533 1.21E-04 265 vs. 277 0.03 

P  468 vs. 610 3.73E-06 279 vs. 283 0.37 

S  850 vs. 938 8.76E-05 468 vs. 428 0.15 

T  494 vs. 559 1.23E-04 355 vs. 355 0.49 

X  477 vs. 574 4.80E-10 360 vs. 362 1.09E-08 

Y  313 vs. 381 4.12E-05 275 vs. 287 0.05 

AVG ± SD 509 ± 128 vs. 632 ± 

146* 

4.67E-05 

 

332 ± 59 vs. 344 

± 53 

0.276 
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Values presented for each participant are the mean of the three trials.  * denotes statistical 
significant difference between compromised (above) and uncompromised (below) heart arm 
positions (P<0.05).   FVC; forearm vascular conductance, FBF; forearm blood flow.  
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Table 3-2: Anthropometric measures in compensatory and non-compensatory vasodilators. 

Values are mean ± SD. NS difference between groups (P>0.05).   

 

Table 3-3: Peak responses compensatory and non-compensatory vasodilators during progressive 

exercise to exhaustion with the arm in an uncompromised (below the heart) position. 

 

 

Values are mean ± SD. NS difference between groups (P>0.05).  FBF; forearm blood flow, FVC; 
forearm vascular conductance, CO; cardiac output, HR; heart rate, SV; stroke volume, O2D; 
oxygen delivery, MAP; mean arterial pressure, !O2; rate of oxygen consumption, a-vO2; arterial 
venous oxygen content difference.  
 

 Variable Compensators (n=13) Non-Compensators (n=8) 

Age (yrs) 21.8 ± 2.2 21.2 ± 1.8 

Height (cm) 180.8 ± 7.0 182 ± 6.1 

Weight (kg) 77.9 ± 7.8 76 ± 4.2 

Forearm Volume (ml) 1085.5 ± 158.3 1046.8 ± 119.2 

Forearm Girth (cm) 27.6 ± 1.7 27.3 ± 1.2 

7 day PAR score (METS/wk) 260.3 ± 27.4 271.5 ± 22.7 

Variable Compensators (n=13) Non-Compensators (n=8) 

FBF (ml/min) 690 ± 188 614 ± 202 

FVC (ml/min/100mmHg) 491 ± 156 464 ± 130 

FAPP (mmHg) 148 ± 21 133 ± 13 

FBFRelax (ml/min) 1162 ± 338 1086 ± 345 

FVCRelax (ml/min/100mmHg) 812 ± 255 815 ± 224 

CO (l/min) 8.8 ± 2.4 8.6 ± 2.1 

HR (bpm) 86 ± 16 81 ± 12 

SV (ml/bt) 115 ± 20 114 ± 21 

O2D (mlO2/100ml) 138 ± 35 120 ± 38 

MAP (mmHg) 132 ± 21 118 ± 14 

!"# (ml/min) 62 ± 15 57 ± 15 

a-vO2 (mlO2/ml) 0.11 ± 0.02 0.11 ± 0.01 
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Table 3-4: Steady state and kinetic responses to a fixed metabolic demand of 98N in 

compensators and non-compensators. 

 

Steady State Variables Compensators (n=13) Non-Compensators (n=8) 

FBF (ml/min) 196 ± 52 195 ± 60 

FVC 

(ml/min/100mmHg) 

256 ± 83 266 ± 86 

FAPP (mmHg) 79 ± 13 74 ± 14 

FBFRelax (ml/min) 306 ± 73 331 ± 120 

FVCRelax 

(ml/min/100mmHg) 

402 ± 131 443 ± 139 

CO (l/min) 6.1 ± 1 6.1 ± 0.6 

HR (bpm) 61 ± 10 60 ± 9 

SV (ml/bt) 101 ± 15 103 ± 17 

O2D (mlO2/100ml) 34 ± 8 36 ± 11 

MAP (mmHg) 95 ± 13 89 ± 14 

!"# (ml/min) 18 ± 9 21 ± 9 

a-vO2 (mlO2/ml) 0.09 ± 0.04 0.11 ± 0.02 

Kinetic Response 

Parameter  

FBF 

(ml/min) 

FVC 

(ml/min/100mmHg) 

FBF 

(ml/min) 

FVC 

(ml/min/100mmHg) 

TD1 4 ± 6 10 ± 15 8 ± 7 3 ± 12 

TD2 40 ± 25 58 ± 56 42 ± 56 35 ± 36 

G0 50 ± 31 77 ± 51 45 ± 15 70 ± 26 

G1 87 ± 33 90 ± 64 79 ± 42 90 ± 47 

G2 64 ± 73 77 ± 57 74 ± 30 110 ± 57 

&1 15 ± 13 9 ± 12 16 ± 19 23 ± 48 

&2 41 ± 56 23 ± 37 27 ± 26 18 ± 21 

  

Values are mean ± SD. NS difference between groups (P>0.05).   
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Table 3-5: Absolute responses during phenotype identification at resting baseline (BSL), uncompromised arm position steady state (BE 

SS), the immediate switch to the compromised arm position (AB IM), and compromised arm position steady state (AB SS) for 

compensatory and non-compensatory vasodilators. 

 

 

Variable Compensators (n=13) Non-Compensators (n=8) 

 BSL BE SS AB IM AB SS BSL BE SS AB IM AB SS 

CaO2 (mlO2/100ml) 18.4 ± 0.7 18.9 ± 0.7^ 18.8 ± 1.0  19.2 ± 0.8# 18.5 ± 0.6 19.0 ± 0.7^ 19.1 ± 0.5 19.4 ± 0.9 

CvO2 (mlO2/100ml) 13.6 ± 2.0 9.4 ± 1.3^ 7.2 ± 2.7^ 8.9 ± 1.8^ 14.1 ± 1.8 10.1 ± 1.9^ 8.5 ± 2.0^ 10.1 ± 2.1^ 

a-vO2 (mlO2/100ml) 4.8 ± 1.8 9.5 ± 1.2^ 11.5 ± 2.9^ 10.1 ± 1.5 4.4 ± 1.7 8.9 ± 1.4^ 10.7 ± 1.9^ 9.3 ± 1.4^ 

HR (bpm) 58.3 ± 8.3 65.6 ± 8.7^ 70.4 ± 10.2^ 68.8 ± 9.8# 54.9 ± 6.6 66.0 ± 8.4^ 73.3 ± 6.3^ 68.8 ± 

9.8^# 

SV (ml/bt) 102.8 ± 

16.0 

102.3 ± 16.3  105.6 ± 

16.4^ 

102.8 ± 

14.3 

105.3 ± 9.9 104.0 ± 

13.8 

108.3 ± 15.8 102.8 ± 

14.3 

CO (L/min) 6.0 ± 1.2 6.7 ± 1.5^ 7.5 ± 1.8^ 7.1 ± 1.6# 5.8 ± 0.9 6.8 ± 1.3^ 8.0 ± 1.7^ 7.1 ± 1.6^# 

NO2
- (nmol/L) 27.3 ± 

13.9 

28.6 ± 14.6 ----- 28.2 ± 12.2 25.5 ± 16.7 22.2 ± 14.6^ ----- 20.2 ± 9.4 

K+ (mmol/L) 3.59 ± 

0.20 

4.40 ± 0.20^ 4.14 ± 0.31^ 4.31 ± 0.21 3.67 ± 0.31 4.45 ± 0.3^ 4.13 ± 0.27# 4.31 ± 

0.15^ 

La- (mmol/L) 0.83 ± 

0.32 

1.73 ± 0.58^ 1.64 ± 0.98 1.54 ± 0.53 0.84 ± 0.21 1.93 ± 0.85^ 1.90 ± 0.95 2.35 ± 1.38 

SvO2 (%) 72.0 ± 9.1 47.6 ± 8.2^ 36.9 ± 16.4^  45.0 ± 9.2^ 75.3 ± 9.0 52.6 ± 8.4^ 43.9 ± 9.9^ 51.3 ± 8.7^ 
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Values are mean ± SD. Significance set at P<0.05.  ^ denotes statistical significant change from previous point within a group (P<0.05).   * 
denotes statistical significant difference between groups within a time point (P<0.05). # denotes statistical significant difference between 
BE SS and AB SS within group (P<0.05).  BSL; baseline, BE SS; below the heart steady state, AB IM; immediate switch to above the 
heart, AB SS; above the heart steady state, CaO2; arterial oxygen content, CvO2; venous oxygen content, a-vO2; arterial venous oxygen 
content difference, HR; heart rate, SV; stroke volume, CO; cardiac output, NO2

-; plasma [nitrite], ATP; plasma [adenosine triphosphate], 
K+; plasma [potassium], La-; plasma [lactate], SvO2; venous saturation.     
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Chapter 4 

Dietary Nitrate Supplementation 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 

 

4.1 Abstract 

 Recently dietary nitrate supplementation has been shown to improve exercise capacity in 

healthy individuals through a potential nitrate-nitrite-nitric oxide pathway.  Nitric oxide has been 

shown to play an important role in compensatory vasodilation during exercise under 

hypoperfusion.    Previously we established that certain individuals lack a vasodilation response 

when perfusion pressure reductions compromise exercising muscle blood flow. Whether this lack 

of compensatory vasodilation in healthy young individuals can be restored with dietary nitrate 

supplementation is unknown.  6 healthy (21.2±1.5yrs) recreationally active males completed 

rhythmic forearm exercise.  During steady state exercise, the exercising arm was rapidly 

transitioned from an uncompromised (below heart) to a compromised (above heart) position 

resulting in a reduction in local pressure of -30.5±0.8 mmHg.  Exercise was completed following 

5 days of nitrate rich (70 ml, 0.4g nitrate) and nitrate depleted (70 ml, ~0g nitrate) beetroot juice 

consumption.  Forearm blood flow (FBF (ml/min); brachial artery Doppler and Echo ultrasound), 

mean arterial blood pressure (MAP (mmHg); finger photoplethysmography), exercising forearm 

venous effluent (ante-cubital vein catheter), and plasma nitrate concentrations 

(chemiluminescence) revealed two distinct vasodilatory responses.  Nitrate supplementation 

increased [plasma nitrite] compared to placebo (244.8±59.6 vs. 38.6±8.7 nmol/L; P<0.001).  

Compensatory vasodilation was present following nitrate supplementation (568±117 vs. 714±139 

ml/min/100mmHg; P=0.005), but not in placebo (687±166 vs. 697±171 ml/min/100mmHg; 

P=0.42).  As such, peak exercise performance was reduced to a lesser degree (-4±39 vs. -39±27 

N; P=0.01).  In conclusion, dietary nitrate supplementation during a perfusion pressure challenge 

is an effective means of restoring exercise performance and enabling compensatory vasodilation.  

 

KEYWORDS: Nitrate supplementation, compensatory vasodilation, perfusion pressure  
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4.2 Introduction 

Inadequate oxygen delivery (O2D) during exercise can impair muscle contractile function, 

energy metabolism and intracellular homeostasis (22-24) and as such, the cardiovascular system 

is tasked with delivering oxygen in proportion to metabolic demand during exercise.  Previously, 

we explored the impact of reduced perfusion pressure on O2D : demand matching during 

progressive exercise to exhaustion (5).  We found that within a healthy, young population there 

were individuals who increased vasodilation (compensator phenotype) and thereby prevented a 

considerable proportion of the compromise to O2D, and other individuals who lacked this 

compensation (non-compensator phenotype).  Importantly, the non-compensator’s greater 

compromise to O2D : demand matching had, as a consequence, a greater reduction in peak 

exercise performance.  In a recent follow-up study we found that the same two phenotypes were 

evident under conditions of reduced perfusion pressure during steady state exercise (Chapter 3).  

The absence of compensatory vasodilation once again prevented restoration of muscle perfusion 

and led to compromised exercise performance.  As such, the existence of a non-compensator 

phenotype is functionally relevant for exercise performance and it is therefore important to 

identify means by which compensatory vasodilation could be established in individuals with a 

non-compensator phenotype.  At present, no such means are known. 

The work of Casey and Joyner (8-10) has established an important role for nitric oxide 

(NO) in compensatory vasodilation in response to hypoperfusion during steady state forearm 

exercise.  In their model, NO appeared responsible for up to ~40% of the observed compensatory 

vasodilation; a finding that was also demonstrated during forearm exercise under systemic 

hypoxia (11). It is important to note that these investigations identified the contribution of a NO 

pool derived from nitric oxide synthase (NOS).  In contrast, it appears that plasma nitrite is also 

an important source of NO, particularly under conditions of increased deoxyhemoglobin (HHb) 
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and reduced pH (13, 35).  These would be characteristic of the intravascular environment of the 

exercising muscle when O2D is compromised, thus warranting compensatory vasodilation.  

Lastly, Umbrello et al. (41) recently published evidence for a direct vasodilatory role of NO 

metabolites, which could include nitrite, in hypoxic vasodilation. 

Based on the above, we hypothesized that an increase in plasma nitrite, which would be 

achievable with dietary nitrate (beetroot juice) supplementation (2, 3, 39, 42), would allow for 

compensatory vasodilation in individuals with a non-compensator phenotype.  We also 

hypothesized that the resulting improvement in exercising muscle perfusion would reverse the 

exercise performance impairment experienced by such individuals.  Indeed, while our study was 

underway, Casey et al. (12) published findings supporting a role for dietary elevation of plasma 

nitrite concentration in enhancing the compensatory vasodilatory response when exercise was 

initiated under conditions of arterial hypoxemia.  Importantly, this effect only occurred in older 

adults, whom as a group appeared to lack enhanced vasodilation in hypoxemia. The younger 

adults in their study already had, at the group level, enhanced vasodilation in hypoxemia and 

elevated plasma nitrite had no further effect. 

To test these hypotheses, we conducted a randomized double-blind, placebo-controlled 

crossover experiment, in which pre-identified individuals exhibiting a non-compensator 

phenotype experienced a sudden reduction in exercising forearm perfusion pressure during steady 

state exercise.  This perfusion pressure challenge was completed following both beetroot juice 

supplementation and consumption of a de-nitrated beetroot juice placebo. 
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4.3 Methods 

4.3.1 Participants 

6 healthy (21.2 ± 1.5yrs) recreationally active males with no history of smoking, 

cardiovascular disease, hypertension or specific forearm training like racquetball or squash 

participated. All participants were previously identified as presenting with a non-compensatory 

vasodilation phenotype to the imposed perfusion pressure challenge.  Interestingly, this was the 

only difference in exercise O2D : demand matching response compared to compensatory 

vasodilators.  Their vasodilatory, hyperemic and pressor responses were indistinguishable from 

compensatory vasodilators, in terms of both the rate and magnitude of adjustment, in response to 

incremental increases in oxygen demand to peak, and in terms of the steady state and kinetic 

responses during a rest to exercise transition in a reduced perfusion pressure position.  They also 

demonstrated the same peak vasodilatory capacity. It was only when perfusion is suddenly 

compromised during steady state exercise that this unique characteristic of their cardiovascular 

response becomes apparent (Chapter 3).  All participants were previously screened to ensure valid 

brachial artery blood flow measurements could be obtained.  It was confirmed that all participants 

avoided exercise for 24 hours, caffeine for 12 hours, and food consumption for 4 hours prior to 

their laboratory visits.  This study was approved by the Health Sciences Research Ethics Board at 

Queen’s University according to the terms of the Declaration of Helsinki. Procedures followed 

were in accordance with institutional guidelines.  Each participant provided signed consent after 

receiving complete verbal and written descriptions of the experimental protocol and potential 

risks. 
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4.3.1.1 Standard Anthropometric Data 

Participants underwent standard anthropometric assessments.  Age, height, weight, 

exercising arm forearm girth, and exercising arm forearm volume were measured. A 7 day 

physical activity recall adapted from Sarkin et al. (37) was completed.  

4.3.2 Instrumentation 

4.3.2.1 Forearm Blood Flow 

To obtain forearm blood flow, a combination of Echo and Doppler ultrasound was used.  

A 4-MHz pulsed flat Doppler probe (Model 500V 131 Transcranial Doppler, Multigon Industries, 

Mt. Vernon NY) was attached to the skin over the brachial artery proximal to the ante-cubital 

fossa of the exercising arm to measure brachial artery blood velocity after the optimal location for 

the ultrasound signal was determined.  A linear Echo ultrasound probe positioned over the 

brachial artery, ~ 5cm proximal to the flat Doppler probe, operating at 13-MHz in 2D mode 

(Vivid i GE Medical Systems, London Ontario, Canada) was used to image the diameter in the 

brachial artery of the exercising arm. 

4.3.2.2 Forearm Venous Blood Sampling 

 A 20 or 22-gauge intravenous catheter was inserted retrograde to venous blood flow into 

the ante-cubital vein.  Confirmation that the selected vein drained the active forearm muscle was 

obtained via Echo ultrasound imaging prior to catheterization.  The imaging probe was positioned 

over the superficial ante-cubital vein so that it provided an image of the junction with the deep 

vein.  The center of the imaging probe was then marked on the skin, providing a reference point 

for catheter puncture, ensuring that the catheter was threaded into the deep vein.  This approach 

provided blood samples of venous effluent only from the exercising muscle, ensuring there was 

not contamination from inactive tissues. 
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 Samples of venous effluents were obtained at specified intervals during exercise and 

consisted of a discard (2-ml), sample (1-ml) and a saline flush (3-ml).   

4.3.2.3 Central Hemodynamic Measures  

A three lead electrocardiogram with electrodes attached to the skin in standard CM5 

placement was used to measure heart rate.  A pulse oximeter (Nellcor N-395, Covidien-Nellcor, 

Boulder CO) was placed over the index finger of the non-exercising hand and was used to 

measure arterial oxygen saturation (SaO2) during exercise.   A finger photoplethysmograph 

(Finometer MIDI, Finapres Medical Systems, The Netherlands) on the middle finger of the non-

exercising hand was used to measure arterial blood pressure, and provide estimates of stroke 

volume and cardiac output via ModelFlowTM (Finapres Medical Systems, The Netherlands). 

4.3.3 Experimental Design (Figure 4-1) 

This was a randomized double-blind, placebo-controlled crossover experiment completed 

over ~3 weeks.  Participants completed each of the two data collection sessions at the same time 

of day; however, time of day varied between participants.  

4.3.3.1 Nitrate or Placebo Supplementation 

Two separate exercise trials were performed, consisting of identical procedures under 

differing supplementation conditions.  Five days of supplementation was completed with either 

nitrate rich beetroot juice containing 0.4 grams of nitrate/70 ml bottle or nitrate depleted beetroot 

juice contacting negligible concentrations of nitrate (Beet It Sport; James White Drinks Ltd, 

Ipswich, UK).  Beyond nitrate concentrations, both bottles were identical in all external 

appearances and packaging, volume, taste, smell and nutrient composition.  During the 5 days of 

supplementation, bottles were consumed in the morning and once again in the evening, separated 

by ~12 hours.  On the day of the experiment one additional bottle was consumed such that the 
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experiment would commence ~2 hours after consumption.  This timing aligns with the presence 

of peak plasma nitrite following acute exposure (45).  After a washout period of 10 days (2, 31, 

32), each participant received the opposite supplementation dose.  During the supplementation 

period participants were instructed to maintain their normal diet. Antibacterial mouth wash and 

chewing gum were avoided for the duration of the study because of their tendency to destroy the 

oral bacteria that are necessary for the conversion of nitrate to nitrite (21).  Potential ergogenic 

effects or mechanism of action were not explained to the participants; however, participants were 

aware of nitrate supplementation during exercise prior to enrollment in the study.       

4.3.3.2 General Experimental Conditions 

For all data collection sessions, participants lay supine on a bed with their left arm 

horizontal at heart level while their right arm was supported on a hinged armrest attached to a 

pulley system.  The pulley system could be raised or lowered to allow for arm/perfusion pressure 

manipulation.  The experiment was performed in a temperature-controlled room (19-21°C) to 

minimize and stabilize blood flow to the skin so that changes in brachial artery blood flow to the 

forearm would reflect changes in exercising forearm muscle blood flow.  

4.3.3.3 Perfusion Pressure Manipulation - Compromising Oxygen Delivery 

In order to compromise O2D, local forearm arterial perfusion pressure was manipulated 

as described previously (5, 44).  In brief, at rest on the participant’s arm was passively moved to 

both a reduced perfusion pressure (above heart level) position and a control perfusion pressure 

(below heart level) position such that a measured 15 mmHg difference from heart level was 

obtained in each position.  Positions were recorded for each participant and used during 

subsequent visits to compromise O2D.  The resulting forearm arterial perfusion pressure (FAPP) 
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challenge was 30.5 ± 0.8 mmHg between arm positions.  The arm positioning had been 

previously identified (Chapter 3) and was used in the present study.       

4.3.3.4 Exercise Protocol  

Participants completed constant load forearm exercise consisting of rhythmic isometric 

handgrip contraction with a 2 second contraction, 2 second relaxation duty cycle at a work rate 

equivalent to 70% peak FVCVirtual for each participant.  This work rate was established previously 

(Chapter 3).  Exercise began in the control perfusion pressure position.  After 13 minutes the arm 

was raised above heart during a 2 second contraction to initiate the reduced perfusion pressure 

challenge.  Exercise continued for 5 minutes with the arm in the reduced perfusion pressure 

position.  This was followed by a return of the arm to heart level for ~40 minutes of rest.  This 

process was repeated two more times.  Following the completion of the third repeat, participants 

continued exercising as contraction force was increased by 24.5 N every 3.5 minutes until 

exhaustion.  The handgrip force output from an isometric handgrip dynamometer was displayed 

on a monitor to provide the participant with real-time visual feedback regarding force production 

while a metronome was used to provide both visual and auditory cues to guide participant 

contraction/relaxation duty cycles.  

To be confident in our identification of compensatory vasodilation, we repeated measures 

three times within an individual.  By completing multiple measures we were able to confirm 

response consistency of an individual and thereby confidently classify them as having either a 

compensatory or non-compensatory vasodilatory response following the completion of each 

supplementation protocol.  
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4.3.4 Data Acquisition  

All central hemodynamic and FBF responses were obtained on a beat-by-beat basis and 

averaged into 4 second duty cycle time bins within each trial.  All three trials were averaged to 

yield one response.  Venous effluents were obtained a rest, every 15 seconds during the onset of 

exercise in a given arm position, and at minutes 3, 4 and 5 within an arm position. All central 

hemodynamic and forearm blood flow responses were computed at the venous sampling 

intervals.  During the progressive exercise portion to exhaustion, all central hemodynamic, FBF 

responses and venous effluents were measured during the last 40 seconds of each completed work 

rate. As previously described in Bentley et al. (5) mean blood velocity recordings and Echo 

images from the last 10 duty were used in analysis and quantification of the cardiovascular 

response.  

4.3.4.1 Calculated Cardiovascular Variables  

FBF was calculated as (MBV (cm/s) ! 60 s/min ! " (brachial artery diameter (cm)/2)2). 

Virtual forearm vascular conductance (FVCVirtual), which is termed “virtual” as it represents the 

pressure/flow relationship in a vascular bed resulting from the interaction of vasodilation and 

mechanical forces of muscle contraction, was calculated as FBF/FAPP ! 100 mmHg, while 

FVCRelax, which quantifies the pressure/flow relationship during relaxation between contractions 

resulting from vasodilation, was calculated as FBFRelax/FAPP ! 100 mmHg as described 

previously(44).  70% FVC Virtual was calculated as (Peak FVCVirtual – Resting FVCVirtual ) x 0.7 + 

resting FVCVirtual (38).   CaO2 was calculated from (SaO2 ! [Hb]!1.34) + 0.003 ! PaO2, where 

SaO2 is arterial hemoglobin saturation (fraction), [Hb] is hemoglobin concentration (g/ml) in the 

blood, 1.34 is the mean volume of O2 that can be bound to 1 gram of normal Hb when fully 

saturated, 0.003 is the solubility of O2 in human plasma and PaO2 is the partial pressure of O2 in 

the arterial blood. PaO2 was assumed to be 100 mmHg. The values obtained from the venous 
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effluent allowed for the calculation of CvO2.  !O2 was calculated using the Fick equation as 

FBF!(CaO2– CvO2). O2D was calculated from FBF ! CaO2. 

4.3.4.2 Venous Effluent – Blood Gases and Electrolytes 

All venous effluents were analyzed with a blood gas analyzer (Stat Profile Prime Blood 

Gas Analyzer, Nova Biomedical, Mississauga, Canada) for standard blood gases and electrolytes.  

4.3.4.3 Venous Effluent - Plasma Nitrite Concentration 

Venous effluent was sampled into 4.5ml lithium-heparin vacutainers at resting baseline, 

and during steady state exercise in both uncompromised and compromised positions.  Samples 

were inverted 8-10 times and centrifuged within ~1 min at 1,050 g and 4°C for 10 min.  Plasma 

was extracted, aliquoted, and immediately and frozen at -80°C for subsequent analysis.  All 

plasma nitrite analysis was completed in triplicate and a mean was obtained.  Potassium iodide in 

acetic acid was used for nitrite analysis.   Following the reaction equilibration, head-space 

samples were obtained with an air-tight syringe and injected into a nitric oxide analyzer (Sievers 

NOA280i, GE Analytical Instruments, Boulder CO) for quantification of NO via 

chemiluminescence (6). 

4.3.4.4 Post-Hoc Identification of Supplementation Effects - Compensatory vs. Non-

Compensatory Vasodilation 

To identify compensatory vasodilation in response to a sudden reduction of forearm 

perfusion pressure following supplementation, we compared the vasodilatory responses during 

exercise in the control perfusion pressure position and reduced perfusion pressure position.  

Steady state vasodilation from the last 10 duty cycles within each perfusion pressure position 

were compared using a one-tailed paired student’s t-test with the a-priori alternative hypothesis 

that vasodilation would be greater in compromised compared to uncompromised exercise.  
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Greater vasodilation in the reduced perfusion pressure position compared to the control perfusion 

pressure position would reflect compensatory vasodilation, while similar vasodilation in both 

positions would reflect the absence of a compensatory response and therefore a non-

compensatory response.  

4.3.5 Statistical Analysis  

A one-tailed paired student’s t-test was completed for each participant using FVCRelax 

measures from the last 10 duty cycles in each arm position in order to determine the presence or 

absence of compensatory vasodilation.  A paired student’s t-test was completed for each 

participant using mean FBF measures from the last 10 duty cycles to determine the effect of 

perfusion pressure position on muscle blood flow (Table 4-2). 

To compare the cardiovascular responses from resting baseline, control perfusion 

pressure exercise at steady state, immediate switch from control perfusion pressure position to 

reduced perfusion pressure position, and reduced perfusion pressure exercise at steady state 

between supplementation conditions a two-way repeated measure ANOVA was used (Figure 4-4, 

Figure 4-5, Figure 4-6).  A paired student’s t-test was used to compare the mean differences from 

control perfusion pressure to reduced perfusion pressure exercise between supplementation 

conditions (Figure 4-4Figure 4-5, Figure 4-6).   A two-way repeated measure ANOVA was used 

to assess the effect of supplementation at rest, control perfusion pressure steady state exercise and 

reduced perfusion pressure steady state exercise (Figure 4-2) and to assess peak exercise 

performance both within and between supplementation conditions for each perfusion pressure 

position (Figure 4-7).  
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4.3.5.1 Repeatability of Multiple Exercise Trials 

Coefficient of variation (CV) for each subject for each exercise time point were 

calculated by dividing the standard deviation of the three trials by the mean of the three trials and 

then multiplying by 100 (25). A modified Monte Carlo simulation was completed to determine 

the effects of triplicate assessment on CV.  A two-way repeated measure ANOVA was used to 

determine if the exercising work rate was different between supplementation conditions. 

For all analyses, the level of significance was set at P<0.05. Only significant F-statistics 

within the ANOVA were further assessed using Tukey’s post hoc tests.  All assumptions of the 

repeated measures ANOVA were met.  In instances when the assumption of sphericity was 

violated, a Greenhouse-Geisser correction was applied when interpreting the F-statistic.  Statistics 

were calculated using a combination of SigmaPlot 12.0, (Systat Software, Inc.) and SPSS 20 

(IBM Software). One participant had an issue with one of the supplementation protocols and the 

prescribed work rate.  Participant H in placebo actually received nitrate supplementation.  In 

addition, on this day the participant was exercising at a work rate equivalent to ~50% peak 

exercise FVCVirtual as opposed to 70%.  For these reasons, we substituted participant H’s data (in 

which he was a non-compensator) from the identification study into the placebo data set to allow 

for repeated measure statistical analysis to be completed.  All results are presented as mean # 

from baseline ± SD unless otherwise noted.   

4.4 Results 

4.4.1 Anthropometric Measurements 

 Anthropometric measures are presented in Table 4-1.  
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4.4.2 Effect of Nitrate Supplementation 

 Nitrate rich beetroot juice resulted in a robust increase in plasma nitrite concentration 

compared to control at resting baseline (244.8 ± 59.6 vs. 38.6 ± 8.7 nmol/L; P<0.001).  This six 

and a half fold increase compared to placebo was consistent during steady exercise in the control 

perfusion pressure (284.0 ± 85.0 vs. 41.2 ± 12.9 nmol/L; P<0.001) and reduced perfusion 

pressure positions (279.7 ± 88.7 vs. 43.0 ± 10.5 nmol/L; P<0.001) (Figure 4-2). 

4.4.3 Reproducibility of Multiple Exercise Trial Repeats 

The effects of nitrate supplementation and placebo on compensatory vasodilation were 

completed in triplicate. Utilizing each trial mean and the trial-to-trial CV for a given participant, 

we ran a modified Monte Carlo simulation to determine the variability in mean responses, 

stemming from three repeats. This provided an indication of response consistency if repeated, 

given the present degree of variability.  This produced a mean CV for FVCRelax in the control 

perfusion pressure position of 3.1 ± 0.2 % and 2.9 ± 0.2 % for the reduced perfusion position 

(Figure 4-3).  There was no difference in the work rate completed during exercise between 

control perfusion pressure and reduced perfusion pressure positions (158 ± 18 vs. 157 ± 14 N), 

work rate within reduced perfusion pressure (155 ± 18 vs. 157 ± 20 vs. 158 ± 21 N) and control 

perfusion pressure (158 ± 20 vs. 156 ± 17 vs. 157 ± 19 N) positions, or between supplementation 

and placebo (160 ± 21 vs. 154 ± 16 N) all P>0.05.  

4.4.4 Perfusion Pressure Reduction – Compensatory vs. Non-Compensatory 

Vasodilation Identification 

A sudden compromise in perfusion yielded two clear and disparate vasodilatory 

responses. Nitrate supplementation resulted in compensatory vasodilation (568 ± 117 vs. 714 ± 

139 ml/min/100mmHg; P=0.005), while placebo did not produce any compensatory vasodilation 

(688 ± 166 vs. 697 ± 171 ml/min/100mmHg; P=0.6).    Nitrate supplementation prevented a drop 
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in FBF (338 ± 71 vs. 341 ± 55 ml/min; P=0.68), while placebo had a reduction in FBF (415 ± 131 

vs. 353 ± 98 ml/min; P=0.03) (Table 4-2).   

Placebo resulted in a compromise to FBF whereas supplementation did not (-62.6 ± 54.6 

vs. 1.8 ± 23.2 ml/min; P=0.01) (Figure 4-4) and FBFRelax (-118.0 ± 46.5 vs. 11.8 ± 47.1 ml/min; P 

=0.001) (Figure 4-5) at steady state when the exercising arm was in the compromised position.  

O2D was trending in a similar direction (-10.4 ± 11.8 vs. -0.3 ± 4.4 mlO2/min; P=0.07).  !O2 was 

not different (-3.9 ± 8.6 vs. 1.8 ± 2.8 mlO2/min; P=0.1) due to an increase in arterial oxygen 

content in placebo (0.49 ± 0.28 vs. -0.15 ± 0.65 ml/O2/100ml; P=0.02) (Figure 4-6).  Both 

placebo and supplementation experienced a similar pressor response (13.3 ± 10.2 and 9.1 ± 6.9 

mmHg; P=0.4). Peak exercise performance with the arm in a compromised position was reduced 

in the placebo (-39 ± 27 N; P=0.03), while it was maintained in supplementation (-4 ± 39 N; 

P=0.8).  The reduction in exercise performance was greater in placebo compared to nitrate 

supplementation (P=0.01) (Figure 4-7).   

Cardiac output was elevated during steady exercise in the reduced perfusion pressure 

position compared to the control perfusion pressure position in placebo.  There was no difference 

between supplementation and placebo at any of the identified time points during exercise (all 

P>0.4) (Table 4-3).  

4.4.5 Venous Effluent – Plasma Nitrite and Lactate Concentrations and Venous 

Saturation 

At rest, control perfusion pressure position steady state, immediate switch from the 

control perfusion pressure to the reduced perfusion pressure position and reduced perfusion 

pressure position steady state, there were no differences in absolute venous saturation, [Lactate] 

or plasma [nitrite] (all P>0.05; Table 4-3).  
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4.5 Discussion 

Dietary nitrate supplementation has been previously shown to increases exercise 

performance in healthy participants (3, 30, 43).  We recently established the existence of a non-

compensator vasodilator phenotype in young healthy individuals in response to a sudden 

compromise in muscle perfusion during exercise (Chapter 3).  This non-compensation was 

functionally significant in that these individuals experienced compromised exercise performance.  

In this study we asked the question “can elevating plasma nitrite via consumption of beetroot 

juice restore compensatory vasodilation, and thereby exercise performance, in these individuals?”  

The primary findings of the study were as follows:  1) Dietary nitrate supplementation did indeed 

lead to compensatory vasodilation while placebo had no effect. 2) The compensatory vasodilation 

resulted in a restoration of exercising forearm blood flow.  3) This perfusion restoration was 

accompanied by abolishment of impaired exercise performance under reduced perfusion pressure 

conditions.  These findings are the first to identify an important role for increased plasma nitrite 

in enabling compensatory vasodilation in the non-compensator phenotype.     

4.5.1 Efficacy of Nitrate Supplementation in Elevating Plasma Nitrite Concentration 

 Our five day supplementation protocol produced a six and a half fold increase in plasma 

[nitrite], while placebo had no effect on plasma [nitrite].  This increase is in line with previous 

studies utilizing an ~five day supplementation period (2, 3, 39, 42), and mirrors previous findings 

demonstrating a large increase in plasma [nitrite] compared to placebo following both acute and 

chronic supplementation periods of differing durations and doses (26, 30-32).  These large 

increases in plasma [nitrite] were associated with various metabolic improvements (2, 3, 31, 32, 

42) as well as increases in exercise performance (3, 26, 30, 43).  
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4.5.2 Mechanism of Action for Nitrite-Mediated Compensatory Vasodilation 

 The present study demonstrated that dietary nitrate supplementation resulting in large 

increases in plasma [nitrite] produces compensatory vasodilation in previously established non-

compensators.  The end product we believe is NO, all stemming from consumption of oral nitrate.  

Within the mouth, ~25% of consumed nitrate enters into the enterosalivary circulation where it is 

concentrated in saliva, and converted into nitrite by bacteria on the tongue (16, 33).  The 

produced nitrite has two fates: 1) Some of the nitrite is swallowed and enters the stomach where it 

is reduced within the acidic environment (34) and  2) some of the nitrite is absorbed within the 

plasma (14, 33), where it elicits positive effects on the vasculature through various potential 

pathways.  

   Cosby et al. (13) demonstrated a deoxyhemoglobin-nitrite-NO relationship during 

forearm exercise confirming a hypothesis first proposed by Doyle et al (15).  Exercise produced a 

drop in PO2 and corresponding increases in iron-nitrosylated hemoglobin, S-nitroso-hemoglobin, 

and vasodilation. In addition to nitrite eliciting vasodilation via low exercising skeletal muscle 

PO2 and NO intermediaries, nitrite has been shown to directly facilitate ATP synthesis and 

release from red blood cells under hypoxic conditions in rats (7).  This proposes an NO 

independent pathway in which ATP itself is responsible for vasodilation in response to plasma 

elevations in nitrite.  ATP has been noted for its role in exercise hyperemia and vasodilation (19, 

28), and now potentially within the mechanism of nitrite-mediated vasodilation (7).  Lastly, 

Umbrello et al. (41) recently published evidence for a direct vasodilatory role of NO metabolites, 

which could include nitrite, in mediating hypoxic vasodilation. 

In all proposed pathways involving nitrite-mediated vasodilation, a hypoxic environment is 

a common denominator.  While we were not able to directly establish the intravascular oxygen 

environment of the active skeletal muscle, we were however able to obtain various indicators 
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from exercising muscle venous effluent that would allow us to infer the presence of a particular 

environment.  We believe that transitioning the arm from a control perfusion pressure position to 

a reduced perfusion pressure position produces an intravascular environment conducive to NO 

production.  Regardless of supplementation condition, following the immediate switch from 

control perfusion pressure exercise to reduced perfusion pressure exercise; blood flow to the 

exercising muscle is compromised (349 vs. 235 ml/min).  Due to the reduction in flow/O2D in the 

face of a constant oxygen demand, absolute venous saturation decreases from 44 to 38 %.  This 

reflects the maintenance of !O2 under reduced convective O2D, thereby increasing the 

concentration of HHb.  Coupled with the reduction in flow and increased concentration of HHb, 

venous pH is reduced in the reduced perfusion pressure compared to the control perfusion 

pressure position (7.37 vs. 7.35), although not to the magnitude previously identified by Modin et 

al. (35).  Both the increased HHb and decreased pH represent conditions that facilitate nitrite 

conversion to NO.  Lastly, lactate concentrations were increased in the reduced perfusion 

pressure position compared to the control perfusion pressure position (1.5 vs.1.1 mmol).  Taken 

together, these indirect measures of the intravascular environment at the active skeletal muscle 

from venous effluents allow one to infer an intravascular environment necessary for preferential 

nitrite-mediation vasodilation.  

In characterizing the non-compensatory phenotype, it appears that hypoperfusion induced 

increases in HHb do not result in a functionally significant recruitment of the available nitrite 

pool to elicit vasodilation.  Our previous work (Chapter 3) showed no differences in venous 

effluent plasma nitrite concentration between compensator and non-compensator phenotypes at 

rest or during exercise, yet our compensators presented with vasodilation, suggest that basal 

nitrite levels are likely not the reason for the presence of compensatory vasodilation.  However, 

when we substantially augment plasma nitrite levels, we now observe vasodilation in response to 
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that previous desaturation stimulus.  This implies that nitrite availability may mediate an aspect of 

the non-compensator phenotype, despite not being the primary mechanism for non-compensation.  

In both supplemental conditions, manipulating the arm into a compromised position increases 

desaturation, however there is a restoration of saturation as exercise in the reduced perfusion 

pressure position is sustained.  It can be appreciated that the potential mechanism/pathway(s) of 

nitrite-mediated vasodilation can be extremely complex and possibly interconnected.  Regardless 

of the exact processes involved, it could simply be that by substantially increasing the nitrite pool, 

a similar cellular environment of hypoxia and modestly lowered pH could be resulting in greater 

NO production, simply due to a greater concentration of the precursor substrate. 

4.5.3 Perfusion and Vasodilatory Effects of Nitrate Supplementation 

 Forearm exercise in the control perfusion pressure position produced similar vasodilatory 

and perfusion responses in both nitrate supplementation and placebo.  Interestingly, it is only 

when perfusion is suddenly perturbed by manipulating the arm that we see additional nitrite-

mediated vasodilation following nitrate supplementation.  Our observation of an unaffected 

‘normal’ hyperemic response following supplementation adds to the growing body of evidence 

from previous work in humans (12, 13, 27), suggesting that plasma nitrite elevation does not 

enhance exercising muscle hyperemia.  During ‘normal’ exercise, the cardiovascular system may 

effectively match O2D to metabolic demand (1, 36). Exercise increases metabolic demand, which 

evokes a hyperemic response that is coordinated by feedforward and feedback mechanisms, 

including red blood cell (RBC) desaturation and metabolic production of vasodilatory 

metabolites.  These mechanisms are some of the many integrated, yet redundant vasodilatory 

pathways that facilitate vasodilation even when a given pathway is blocked (29).  In this scenario, 

any increases in nitrite-mediated vasodilation or perfusion could effectively hyperperfuse the 

skeletal muscle and result in an O2D : demand “excess”.  Gonzalez-Alonso et al. (20) actually 
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demonstrated hyperoxic-mediated vasoconstriction within active leg skeletal muscle to prevent 

such instances from occurring.  It appears that in the rest to exercise transition, nitrite is not 

obligatory to vasodilation. 

When we suddenly transition the arm into a reduced perfusion pressure position however, 

we observe a role for nitrite in vasodilation.  Supplementation effectively creates a vasodilatory 

response that restores skeletal muscle perfusion.  In the face of a constant oxygen demand, 

feedforward mechanisms are not contributing to exercise hyperemia.  Rather, it is more likely to 

be the integration of feedback vasodilator mechanisms pertaining to oxygenation status of the 

skeletal muscle and additional RBC desaturation. In this new environment, nitrite appears to no 

longer be redundant and actively contributes to vasodilation in order to facilitate O2D : demand 

matching.   The observation of nitrite mediated vasodilation in perfusion scenarios considered 

outside the realm of ‘normal’ align with previous work by Casey et al. (12). 

Our previous work (Chapter 3) demonstrated a pressor response in response to a 

perfusion compromise.  This pressor response was unaffected by compensatory vasodilation, or 

the lack thereof, as the magnitude was similar in both compensatory and non-compensatory 

phenotypes.  Similarly, in the present investigation we also observed a pressor response that was 

unaffected by degree of perfusion compensation and therefore supplementation vs. placebo.  

Once again, it appears that compensatory vasodilation appears to be the primary pathway for re-

establishing adequate perfusion.  Importantly, although perfusion was not restored to the same 

level as uncompromised exercise, the observed pressor response did partially restore perfusion in 

placebo, albeit restoration was not complete until accompanied by compensatory vasodilation in 

nitrate supplementation.  
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4.5.4 Performance Effects in O2D Compromises Requiring Increased Vasodilatory or 

Pressor Compensation 

In the present study we observed an increase in exercise capacity with dietary nitrate 

supplementation, such that perfusion pressure induced compromises to peak work rate were 

abolished.  Underlying the proposed performance benefits of nitrate supplementation are two 

potential pathways. 1) Dietary nitrate has been shown to reduce to oxygen cost of exercise (3).  2) 

Skeletal muscle perfusion has been shown to be improved post supplementation (12, 18).  From a 

metabolic perspective, the present data set did not demonstrate a detectable difference in !O2.  

We therefore do not believe that a reduction in the oxygen cost associated with exercise was 

contributing to the improvement in exercise capacity.  We did however observe a restoration of 

muscle blood flow with supplementation, which was absent in placebo.  In placebo, in the face of 

reduced O2D and maintained !O2, ADP and Pi concentrations would be greater, stimulation of 

glycolysis would be increased, and the rate of lactate formation would increase as a result (40).  

Due to the impaired perfusion as seen with placebo, contractile performance would be 

compromised due to inadequate removal of fatigue inducing by-products (4) and therefore 

exercise performance would also be compromised. In contrast, the perfusion increase with 

restored compensatory vasodilation in nitrate supplementation would better protect skeletal 

muscle cell oxygenation and therefore allow lowered ADP and Pi concentrations to maintain a 

given !O2 compared to placebo.   

Our model demonstrated a role of nitrate supplementation in mediating compensatory 

vasodilation, in otherwise healthy, young pre-identified non-compensators, and the establishment 

of adequate perfusion following a sudden compromise during exercise.  Clinical conditions in 

which systemic perfusion is compromised provide additional support for the beneficial role of 

nitrate supplementation.  Peripheral artery disease represents a model in which perfusion, and 
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therefore O2D, to the lower limb is often compromised whereas chronic heart failure with 

preserved ejection fraction typically present with impaired systemic perfusion due to non-cardiac 

factors.  In both of these models, a perfusion disturbance is present, akin to our non-compensatory 

vasodilators following arm manipulation.  Kenjale et al. (26) demonstrated improved exercise 

capacity by ~18% and reduced gastrocnemius deoxygenation during a maximal graded exercise 

test in patients with peripheral artery disease.  Similarly, although measures of perfusion were not 

established, Eggebeen et al. (17) observed improved submaximal exercise performance, 

measured via an increase in time to exhaustion, in chronic heart failure patients.  Despite the 

observed benefits in certain O2D disturbances requiring increased perfusion to compensate, Type 

II diabetes does not show improvements in six-minute walk time post supplementation (39).    

4.5.5 Experimental Considerations 

In our previous study, we identified eight individuals who responded with non-

compensatory vasodilation during our perfusion pressure perturbation (Chapter 3).  Of the eight, 

six were available to return for the present investigation.  A potential concern with our small 

sample size is the inability to detect differences in our variables of interest.  Our primary outcome 

was the ability to establish compensatory vasodilation in the non-compensatory phenotype 

following dietary nitrate supplementation.  Importantly, our dietary nitrate supplementation 

resulted in a robust elevation in plasma [nitrite].  We clearly demonstrated the presence of 

compensatory vasodilation, the impact of compensatory vasodilation on muscle blood flow, and 

the resulting impact on exercise performance.  The only variable that was underpowered to detect 

a difference was O2D, which was trending towards significance (P=0.06).  However, given the 

clear impact on flow and exercise performance, we do not feel that a small sample size 

compromises the significance of the study or the clear establishment that dietary nitrate induces 

compensatory vasodilation in instances of reduced perfusion pressure. 
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In the present study, we only exposed the non-compensator phenotype to dietary nitrate 

supplementation from our previous study (Chapter 3).  The purpose of this study was to 

determine if non-compensatory vasodilators exhibiting a perfusion disturbance in response to a 

perfusion pressure induced compromise to O2D could be converted into a compensatory 

vasodilatory following beetroot juice supplementation.  We did not have the intention of 

determining the effect of nitrite pool manipulation within a population that already exhibits 

compensatory vasodilation and therefore no perfusion decrements or reductions in exercise 

performance when faced with a perfusion pressure challenge.  Observing or not observing the 

effects within compensatory vasodilators does not determine our interpretation with respect to the 

purpose of the study.    

Lastly, we utilized venous effluents to gain insight into the potential microvascular 

environment due to our inability to specifically measure actual intravascular environments.  In 

our study the venous effluents represent the blood returning from the exercising muscle as a 

whole.  Although we employ strategic placement of the catheter and threading into a deep vein, 

the effluent measures used may not be sensitive estimates of potential intravascular environments.  

Within the microvasculature, considerable heterogeneity could be producing substantial 

differences between vascular beds surrounding muscle fibers.  Therefore, lack of an observable 

difference within the venous effluent does not necessarily imply that microvascular differences 

were not present.  

4.6 Conclusion 

 Dietary nitrate supplementation resulted in a six and a half fold increase in plasma 

[nitrite] compared to placebo.  In a group of previously identified individuals presenting with a 

non-compensatory vasodilation phenotype, a perfusion pressure induced compromise to O2D 

following nitrate supplementation clearly elicited compensatory vasodilation.  This compensatory 



141 

 

response restored exercising muscle blood flow and eliminated any perfusion pressure induced 

impairments in exercise performance.  This is the first study to identify an important role for 

increased plasma [nitrite] in enabling compensatory vasodilation in the non-compensator 

phenotype in healthy young humans.  These individuals all exhibit normal vasodilatory and O2D : 

demand matching responses across control perfusion pressure exercise intensities, normal kinetic 

and steady state responses during rest to exercise transitions and normal peak vasodilatory 

capacity in comparison to the compensator phenotype.  Thus, dietary nitrate can have a 

therapeutic application in identified non-compensatory vasodilator response phenotype by 

restoring the ability to compensate for compromised exercise hyperemia. 

4.7 Grants 

This project was supported by a Natural Sciences and Engineering Research Council (NSERC) of 

Canada Discovery Grant 250367-11 and Research Tools and Instruments Grant EQPEQ0407690-

11, as well as infrastructure grants from the Canadian Foundation for Innovation and the Ontario 

Innovation Trust to M.E. Tschakovsky. R.F. Bentley was supported by an NSERC Post Graduate 

Scholarship.  



142 

 

 

Figure 4-1: Experimental Design. Panel A: Perfusion pressure manipulation used to compromise 
oxygen delivery. Panel B: Supplementation protocol.  Panel C: Exercise protocol.  In exercise 
panel, exercise work rate and hyperemic response profiles are demonstrated. FAPP; forearm 
arterial perfusion pressure, CV; compensatory vasodilation, NCV; non-compensatory 
vasodilation. 
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Figure 4-2: Plasma nitrite concentration following supplementation (Baseline) and during 
exercise in both control perfusion pressure and reduced perfusion pressure positions. Individual 
responses are represented by symbols.  Mean supplementation responses are represented by 
vertical bars. * denotes statistically significant difference between supplementation and placebo 
(P<0.05). BSL; resting baseline. 
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Figure 4-3: Coefficient of variation in phenotype identification stemming from triplicate 
assessment.  Variability in compensatory vasodilation in supplementation and placebo with 
repeated triplicates was computed with a modified Monte Carlo simulation for each participant.  
Data points within 1.96 CV, can be expected by chance.  Data points above this threshold are 
deemed unlikely given the present level of variability in triplicate assessment of compensatory 
vasodilation.   
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Figure 4-4: FBF and its determinants during exercise at key exercising time points.  Panel A: 
FBF.  Panel B: FVCVirtual.  Panel C: MAP. * denotes statistically significant difference between 
supplementation and placebo (P<0.05).  ^ denotes statistically significant difference between 
point prior within supplementation condition (P<0.05).  # denotes statistically significant 
difference between reduced perfusion pressure and control perfusion pressure positions within a 
supplementation condition (P<0.05).  BSL; baseline, CPP Steady State; control perfusion 
pressure exercise condition steady state, RPP IM Switch; first 15 seconds following the switch 
from control perfusion pressure to reduced perfusion pressure exercise, RPP steady State; reduced 
perfusion pressure exercise condition steady state, # RPP SS  - CPP SS; change from reduced 
perfusion pressure to control perfusion pressure steady state exercise. 
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Figure 4-5: FBFRelax and its determinants during exercise at key exercising time points.  Panel A: 
FBFRelax.  Panel B: FVCRelax.  Panel C: FAPP.  * denotes statistically significant difference 
between supplementation and placebo (P<0.05).  ^ denotes statistically significant difference 
between point prior within supplementation condition (P<0.05).  # denotes statistically significant 
difference between reduced perfusion pressure and control perfusion pressure positions within a 
supplementation condition (P<0.05).  BSL; baseline, CPP Steady State; control perfusion 
pressure exercise condition steady state, RPP IM Switch; first 15 seconds following the switch 
from control perfusion pressure to reduced perfusion pressure exercise, RPP steady State; reduced 
perfusion pressure exercise condition steady state, # RPP SS  - CPP SS; change from reduced 
perfusion pressure to control perfusion pressure steady state exercise. 
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Figure 4-6: !O2 and its Fick equation components during exercise at key exercising time points.  
Panel A: !O2.  Panel B: FBF.  Panel C: a-vO2 diff.  * denotes statistically significant difference 
between supplementation and placebo (P<0.05).  ^ denotes statistically significant difference 
between point prior within supplementation condition (P<0.05).  # denotes statistically significant 
difference between reduced perfusion pressure and control perfusion pressure positions within a 
supplementation condition (P<0.05).  BSL; baseline, CPP Steady State; control perfusion 
pressure exercise condition steady state, RPP IM Switch; first 15 seconds following the switch 
from control perfusion pressure to reduced perfusion pressure exercise, RPP steady State; reduced 
perfusion pressure exercise condition steady state, # RPP SS  - CPP SS; change from reduced 
perfusion pressure to control perfusion pressure steady state exercise. 
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Figure 4-7: Peak exercise performance.  Peak exercise performance in control perfusion pressure 
and reduced perfusion pressure conditions in both supplementation and placebo.  Individual 
responses are represented by symbols.  Mean exercise performance responses are represented by 
vertical bars  * denotes statistically significant difference between supplementation and placebo 
(P<0.05).  $ denotes statistically significant difference between control and reduced perfusion 
pressure conditions within a supplementation condition (P<0.05). 
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Table 4-1: Anthropometric measures 

 

 

 

 

 

 

 

 

 

Values are mean ± SD.  

  

 Variable   

Age (yrs) 21.2 ± 1.5 

Height (cm) 185 ± 3.7 

Weight (kg) 76 ± 4.9 

Forearm Volume (ml) 1079 ± 122 

Forearm Girth (cm) 27.3 ± 1.3 

7 day PAR score (METS/wk) 274.3 ± 25.4 
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Table 4-2: Compensatory Vasodilation identification - Vasodilatory and flow responses 

following a perfusion pressure compromise and their resulting level of significance. 

 

Values presented for each participant are the mean of the three trials. * denotes statistical 
significant difference between compromised (above the heart) and uncompromised (below the  
heart) arm positions (P<0.05).  

Subject FVCRELAX 

(ml/min/100mmHg) 

FVCRELAX  

p value 

FBF (ml/min) FBF  

p value 

Nitrate (n=6) 

E 543 vs. 647 1.54E-05 350 vs. 353 0.87 

H 758 vs. 898 1.35E-06 437 vs. 406 0.07 

O 478 vs. 557 6.55E-05 316 vs. 324 0.25 

R 431 vs. 604 3.40E-07 221 vs. 246 0.03 

U 545 vs. 855 6.37E-05 308 vs. 335 5.33E-03 

W 643 vs. 713 0.02 396 vs. 383 0.35 

AVG ± SD 568 ± 117 vs. 714 ± 

139* 

5.0E-03 338 ± 71 vs. 

341 ± 55 

0.69 

Placebo (n=6) 

E 556 vs. 547 0.23 338 vs. 313 0.06 

H 987 vs. 988 0.46 667 vs. 506 3.61E-03 

O 630 vs. 640 0.56 366 vs. 329 0.10 

R 520 vs. 532 0.60 290 vs. 207 9.88E-04 

U 777 vs. 786 0.42 401 vs. 380 0.16 

W 686 vs. 681 1.00 435 vs. 376 1.3E-03 

AVG ± SD 688 ± 166 vs. 697 ± 

171 

0.42 

 

415 ± 131 vs. 

353 ± 98* 

0.03 
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Table 4-3: Absolute responses during exercise at resting baseline (BSL), uncompromised arm position steady state (BE SS), the immediate switch 

to the compromised arm position (AB IM), and compromised arm position steady state (AB SS) for nitrate and placebo. 

 

Values are mean ± SD. Significance set at P<0.05.  ^ denotes statistical significant change from previous point within a supplementation condition 
(P<0.05).   * denotes statistical significant difference between supplementation conditions within a time point (P<0.05). # denotes statistical 
significant difference between BE SS and AB SS within a supplementation condition (P<0.05).  BSL; baseline, BE SS; below the heart steady 

Variable Nitrate (n=6) Placebo (n=6) 

 BSL BE SS AB IM AB SS BSL BE SS AB IM AB SS 

CaO2 (mlO2/100ml) 19.1 ± 0.8 19.6 ± 1.0 19.3 ± 1.1  19.3 ± 0.9 18.2 ± 0.7 18.8 ± 0.7 18.6 ± 0.8 19.3 ± 0.7# 

CvO2 (mlO2/100ml) 13.4  ± 2.1 9.2 ± 2.6^ 7.8 ± 2.2 8.5 ± 2.0 13.3 ± 1.3 8.8 ± 1.6^ 7.0 ± 1.8^ 8.4 ± 1.9 

a-vO2 (mlO2/100ml) 5.6 ± 2.0 10.4 ± 2.2^ 11.4 ± 1.7 10.7 ± 1.7 4.8 ± 1.1 10.0 ± 1.1^ 11.5 ± 1.6^ 10.9± 1.4 

HR (bpm) 56.5 ± 6.7 59.1 ± 6.7 62.2 ± 9.0 64.3 ± 8.9 55.6 ± 5.0 63.8 ± 5.0^ 67.4 ± 7.1 69.7 ± 2.1 

SV (ml/bt) 104.8 ± 

9.1 

106.6 ± 11.6  107.1 ± 14.2 106.1 ± 

15.7 

112.9 ± 7.8 111.3 ± 

12.2 

115.1 ± 15.6 113.4 ± 

15.2 

CO (L/min) 5.9 ± 0.8 6.3 ± 1.0 6.7 ± 1.6 6.8 ± 1.6 6.3 ± 0.8 7.1 ± 1.3 7.8 ± 1.9 7.9 ± 1.7# 

NO2
- (nmol/L) 244.8 ± 

59.6 

284.0 ± 85.0 ----- 279.7 ± 

88.7 

38.6 ± 8.7* 41.2 ± 

12.9* 

----- 43.0 ± 

10.5* 

K+ (mmol/L) 3.66 ± 

0.28 

4.47 ± 0.23^ 4.2 ± 0.15^ 4.22 ± 0.25 3.67 ± 0.26 4.51 ± 0.21^ 4.51 ± 0.22^ 4.49 ± 

0.12^ 

La- (mmol/L) 0.72 ± 

0.21 

1.31 ± 0.50^ 1.08 ± 0.36^ 1.41 ± 

0.59^ 

0.93 ± 0.28 1.73 ± 0.86^ 1.64 ± 0.81 2.00 ± 

0.63^ 

SvO2 (%) 68.2 ± 9.6 41.9 ± 12.0^ 37.3 ± 7.6  40.8 ± 9.4 72.5 ± 5.5 46.0 ± 6.7^ 37.6 ± 8.5^ 42.9 ± 8.2 
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state, AB IM; immediate switch to above the heart, AB SS; above the heart steady state, CaO2; arterial oxygen content, CvO2; venous oxygen 
content, a-vO2; arterial venous oxygen content difference, HR; heart rate, SV; stroke volume, CO; cardiac output, NO2

-; plasma [nitrite], ATP; 
plasma [adenosine triphosphate, K+; potassium, La-; plasma [lactate] SvO2; venous saturation. 
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Chapter 5 

Individual Cardiac Output Differences 
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5.1 Abstract 

Large differences in cardiac output (CO), and therefore oxygen delivery, between 

individuals have been observed during both submaximal and maximal exercise.  Skeletal muscle 

capillary content, enzymatic activity and fiber type composition also demonstrate considerable 

inter-individual variability.  The purpose of this study was to assess the impact of inter-individual 

differences in central and peripheral characteristics on ratings of perceived of exertion during 

exercise. 31 (20.5±2.8 yrs) healthy recreationally active males participated in progressive 

exercise.  Exercise started at 40 watts (W) and increased by 40W up to 160W every 4 minutes, 24 

hours after a resting muscle biopsy provided peripheral skeletal muscle characteristics.  Beyond 

160W, intensity increased by 25W every minute until volitional exhaustion. CO (L/min; inert gas 

rebreathe), oxygen consumption (!O2 L/min; breath-by-breath pulmonary gas exchange) and 

exercise tolerance (6-20; Borg ratings of perceived exertion) were measured at each exercise 

intensity. Progressive increases in exercise revealed large differences in cardiac output.  The 

CO/!O2 (L of blood / L of oxygen) relationship from 40W to 160W was used to partition 

individuals post hoc into high (n=10; 6.3±0.4) vs. low (n=10; 3.5±0.6, P<0.001) responders. 

When accounting for variability in peak !O2, differences in the cardiac response did not influence 

ratings of perceived exertion.  CO/!O2 relationships were not explained by peripheral skeletal 

muscle characteristics or arterial oxygen content differences.  High cardiac responders did have a 

higher peak !O2 (46.8±4.1 vs. 39.7±6.0, P=0.005).  Inter-individual differences in cardiac output 

do not influence perceived exertion, but do influence peak exercise capacity.  

 

KEYWORDS: Cardiac output, inter-individual differences, ratings of perceived exertion, 

exercise tolerance  
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5.2 Introduction 

Large muscle mass exercise elicits linear increases in muscle blood flow up to ~50-60% 

of peak power.  Exercising above this threshold however, produces an attenuated increase in 

skeletal muscle blood flow (29) suggesting that oxygen delivery (O2D) : demand matching might 

not be optimal.  Dictating the extent of exercise hyperemia during exercise could be the 

magnitude of the cardiac response.  A greater cardiac output (CO) will allow for the regulation of 

pressure at a higher peripheral vascular conductance.  As it is exercising muscle vascular 

conductance that plays a substantial role in this interaction (25), an individual with a greater 

cardiac response at a given exercise intensity could have a greater exercising muscle convective 

O2D.  Human models have demonstrated a proportional relationship between CO and exercising 

skeletal muscle blood flow (convective O2D) (29).  Animal models have demonstrated that the 

vast majority of the cardiac response at a given exercise intensity, and therefore any increase in 

CO, is directed towards skeletal muscle with simultaneous reductions to viscera perfusion (2).  

The functional ramifications of a greater CO during exercise could be differences in fatigue 

progression and perception of the psychophysiological stress of exercise as quantified by ratings 

of perceived exertion (RPE) (1, 8).  

The identification of inter-individual differences in CO is not new (3, 32, 48); however, 

the findings have received surprisingly little follow up in the literature.  The first observation of 

such differences was completed in the early 1960s by Reeves et al. (32). These investigators 

observed considerable inter-individual variability in the CO response, via direct Fick, to 

progressive treadmill exercise between seven males.  These researchers also analyzed the 

combined results from other studies that measured CO and !O2 and when comparing CO at the 

same !O2, large CO differences of up to five liters per minute persisted.  Lastly, it appears that 

those with a smaller CO had a greater measured a-vO2 diff for a given exercise intensity when 



162 

 

walking (n=4).  Their CO observations were reinforced in the mid 1960s by Astrand et al. (3) 

during submaximal and maximal cycling exercise in eleven women and twelve men.  CO 

measurement by dye-dilution revealed differences up to six liters per minute between individuals 

at a given submaximal !O2, with those with smaller CO presenting with greater calculated a-vO2 

diff for a given exercise intensity. Lastly, in a rather large research effort in the mid 1980s (n=40) 

Yamaguchi et al. (48) used the dye-dilution method to measure CO and demonstrated within a 

group of untrained otherwise healthy males, large inter-individual differences in submaximal 

exercise CO.  The CO/!O2 relationship varied from less than 5.6 to greater than 10.1 L of blood 

per L of oxygen uptake.  Calculated a-vO2 diff based on the measured CO and !O2 was increased 

in those with a low CO.  It is worth noting that in these investigations (3, 32, 48) arterial oxygen 

content (CaO2) was not presented and therefore O2D was not quantified.  It could be that part of 

the variability in CO ameliorates CaO2 differences between individuals.  Nonetheless, these high 

vs. low cardiac responders have not been investigated in detail and the effects of these large inter-

individual CO differences on submaximal exercise tolerance via RPE are unknown.   

An Individual’s RPE (verbal expression of how “hard” exercise feels on the Borg Scale 

(8)) provides a representation of the psychophysiological stress of exercise (1).  It is thought that 

information from local sensory afferents pertaining to metabolic stress of the muscle, and central 

measures of physiological stress, are integrated within the posterior cingulate gyrus, precuneus 

and insular cortex (21, 47) facilitating exertional perception.  RPE has been shown to linearly 

correlate during incremental and continuous exercise with heart rate; r = 0.88, minute ventilation; 

r = 0.94, breathing frequency; r = 0.66, !O2 r = 0.97, power output r = 0.97 and quadratically 

with blood lactate; r=0.77 (14).  During exercise, RPE is reduced in hyperoxia (17) and increased 

in hypoxia (27).  Isolated exercising muscle perfusion, rather than systemic, content perturbations 

produce similar observations.   The application of 50 mmHg of positive pressure reduced exercise 
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capacity by 40% stemming from increased local muscle fatigue.  Compared to control, RPE was 

higher under conditions where fatigue was increased (greater positive pressure during exercise) 

(15).  On the group level, these investigations speak to the effects of within participant 

manipulation of O2D and the sensitivity of RPE to cellular homeostasis.  However, these research 

efforts do not speak to the implications of potential between individual, CO mediated differences 

in O2D during exercise on RPE. 

 In addition to central factors influencing the perception of exercise through differences 

in convective O2D, individual differences in peripheral factors associated with diffusive O2D and 

oxygen utilization may also play a role.  Large individual variation in skeletal muscle (vastus 

lateralis) capillary density (~240-310/mm2) (9, 50) and therefore diffusive conductance, coupled 

with individual variability in mitochondrial enzymatic activity (51) can contribute to vastly 

different cellular oxygen (PcellO2) environments for a given convective O2D and therefore, 

concentrations of ADP and Pi for a given !O2. The relative contributions of type I and type II 

fibers to a given muscle composition can vary substantially. Metabolically, slow twitch muscle 

fibers have twice the activity of Krebs cycle enzymes compared to fast twitch skeletal muscle and 

within slow twitch muscle fibers the electron transport chain exhibits twice the capacity for 

coenzyme oxidation (24).  Lastly, skeletal muscle fiber types themselves differ in their enzymatic 

activity between individuals (16).  Combined, peripheral factors may play a role in muscle 

oxygenation and therefore the cardiac response by interacting with convective delivery to 

determine muscle fiber PcellO2; however, this remains to be explored.  

Therefore, the purpose of this study was to determine the effects of inter-individual 

differences in CO mediated O2D during exercise on RPE by identifying high and low cardiac 

responders within a homogenous sample of individuals. Additionally, the effects of skeletal 

muscle capillary content, muscle fiber type composition and mitochondrial enzymatic activity in 
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these responses will be determined.  We hypothesized that individuals would differ in their 

cardiac response during exercise and that a high vs. low cardiac response would independently 

predict RPE at a given submaximal exercise intensity.  We further hypothesized that despite 

variability in peripheral skeletal muscle factors, this would not explain cardiac differences.  

5.3 Methods 

5.3.1 Participants 

31 healthy, recreationally active (<3 hours/week of structured exercise) male participants 

(20.5 ± 2.8 yrs) with no history of smoking, cardiovascular disease or hypertension participated.  

Participants for all intent and purposes were a homogeneous male subset from our population. 

This study was approved by the Health Sciences Research Ethics Board at Queen's University 

according to the terms of the Declaration of Helsinki. Procedures were in accordance with 

institutional guidelines. Each subject provided signed consent after receiving complete verbal and 

written descriptions of the experimental protocol and potential risks. 

5.3.1.1 Standard Anthropometric Data  

Upon arrival in the laboratory, standard anthropometric data was obtained for each 

subject. Age, height, weight and waist circumference were obtained. A 7-day physical activity 

recall adapted from Sarkin et al. (38) was completed to quantify current exercise habits.   

5.3.1.2 Venous Blood Sample and Assessment of Skeletal Muscle Properties 

Participants arrived to lab in the morning after ~8 hours of fasting. Upon arrival at the 

lab, a resting blood sample was obtained using standard venipuncture into a 4.5ml lithium heparin 

vacutainer.  The tube was inverted 8-10 times and then immediately analyzed for hemoglobin 

content with a blood gas analyzer.  Following the blood sample, participants underwent a resting 
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muscle biopsy using the Bergstrom needle biopsy technique (6). Biopsies were performed under 

sterile conditions with local anesthesia (2% lidocaine) using a custom modified Bergstrom biopsy 

needle and manually applied suction.  Following the biopsy, muscle tissue was immediately 

blotted, snap-frozen in liquid nitrogen, and stored at -80° C until analyzed.  

5.3.2 Instrumentation  

5.3.2.1 Pulmonary Blood Flow – Cardiac Output 

In a five-breath maneuver, participants breathed a mixture of three gases (99.4% oxygen, 

0.5% nitrous oxide, and 0.1% sulfur hexafluoride) from a rebreathing bag (Innocor, Innovision, 

GbH). Briefly, sulfur hexafluoride is insoluble and is used to calculate lung volume. Nitrous 

oxide is a soluble gas that is absorbed by the blood, and is harmless at these concentrations during 

exercise with 2-3 minutes between tests. The disappearance of nitrous oxide into the blood allows 

for the measurement of pulmonary blood flow and therefore CO in healthy persons.  Breathing 

maneuvers were completed at rest and in 40 watt (W) increments once every 4 minutes up to 160 

W.  Maneuvers were implemented after controlling for breathing frequency and tidal volume and 

occurred during steady state.  This rebreathing method correlates well direct Fick measures of CO 

(30) and demonstrates strong reproducibility during exercise in healthy participants (20).  

5.3.2.2 Systemic Arterial Blood Pressure and Estimates of Cardiac Output 

A finger photoplethysmograph was placed on the middle finger of the left hand to 

measure mean arterial blood pressure throughout exercise.  Both arms were supported by clip on 

Bontrager aerobrars (Trek, Waterloo, WI) and therefore the hand remained in the same position 

relative to heart level at all times.  The aerobars also allowed for the hands to remain relaxed 

throughout exercise.  In addition to blood pressure, this device provides estimates of stroke 
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volume (SV) and thereby computed CO and total peripheral resistance (TPR) via the 

ModelFlow® (Finapres Medical Systems, The Netherlands).   

5.3.2.3 Oxygen Consumption and Heart Rate 

Pulmonary gas exchange and ventilation were measured breath-by-breath using a 

calibrated, computer-based system (Vmax Encore 229, CareFusion, Yorba Linda, CA). Both gas 

and volume calibrations were calibrated prior to each exercise testing session.  Oxygen and 

carbon dioxide were calibrated using a two point calibration with atmospheric air and a known 

gas mixture (16% oxygen, 4% carbon dioxide).  Volume calibration was completed with a 3L 

volume syringe in accordance to the specifications outlined by the manufacture.  Pulmonary 

oxygen uptake (!O2), carbon dioxide (CO2) output (!CO2) respiratory exchange ratio (RER), 

minute ventilation (VE), and ventilatory equivalents for oxygen (VEO2) and carbon dioxide 

(VECO2) were measured continuously.  

Participants were outfitted with a 4 lead electrocardiogram for the measurements of heart 

rate (HR) throughout exercise.  

5.3.3 Experimental Design (Figure 5-1) 

 This was a between participant design in which each participant completed a venous 

blood sample, resting muscle biopsy, and progressive cycling exercise test.  Venous blood 

sampling and the resting muscle biopsy occurred ~24 hours prior to the progressive exercise test.  

A single exercise test was completed due to the strong reproducibly in the assessment of CO and 

!O2.  Prior bouts of submaximal cycling demonstrated a within participant between day 

coefficient of variation of 2.2% and 2.8% respectively.  Given the low level of variability, 

modified Monte Carlo simulations determined that multiple repeats were not required to state 

with confidence that a particular individual had a different cardiac response from someone else.  
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5.3.3.1 Progressive Exercise Test 

 The day after the venous blood sample and resting muscle biopsy, participants arrived at 

Kingston General Hospital for a progressive exercise test to exhaustion.  Each participant 

completed a progressive cycling exercise on an electronically braked cycle ergometer (VIAsprint 

150P; Ergoline, Bitz, Germany).  Seat height was adjusted for each participant to a level deemed 

comfortable by each participant.  Participants rested on the bike for five minutes.  Exercise started 

at 40 W (at a self selected rpm) and increased every four minutes until 160 W.  Following 160 W, 

exercise intensity increase by 25 W every minute until volitional exhaustion.  During the exercise 

systemic blood pressure, CO, pulmonary gas exchange and ratings of perceived exertion were 

measured.    

5.3.3.2 Ratings of Perceived Exertion 

Three minutes into rest and during steady state exercise from 40 to 160 W, ratings of 

overall perceived exertion and peripheral exertion of the legs were obtained in succession on the 

Borg 6-20 scale.  Prior to exercise participants were oriented to the scale and read a script taken 

from (18) to ensure correct understanding of exertional assessment.  Beyond 160 W, RPE was 

obtained during the last 15 seconds of an exercise intensity.  

5.3.4 Data Acquisition 

 Oxygen consumption was obtained on a breath-by-breath basis.  Finometer measures of 

arterial blood pressure and estimates of CO were obtained on a beat-by-beat basis. Innocor 

estimates of pulmonary blood flow were completed at rest, and again during steady state exercise 

up to 160 W.  

Measurements for all pulmonary gas exchange measures were averaged over 30 seconds 

during the last 1 minute and 30 seconds of an exercise intensity.  During the last ~30 seconds, 

pulmonary blood flow via inert gas rebreathe and CO estimates from the Finometer were 



168 

 

obtained. This timing was completed at rest, and each exercise intensity up to 160 W.  Beyond 

160 W, Finometer measures and pulmonary gas exchange were obtained during the last 15 

seconds of each exercise intensity.  Inert gas re-breathe was not completed beyond 160 W.    

5.3.5 Data Analysis: 

5.3.5.1 Venous Effluent – Hemoglobin Concentration  

The venous blood sample was analyzed with a blood gas analyzer (Stat Profile Prime 

Blood Gas Analyzer, Nova Biomedical, Mississauga, Canada) for hemoglobin concentration. 

5.3.5.2 Immunofluorescent and Histochemical Analysis 

5.3.5.2.1 Skeletal Muscle Fiber Type 

Immunofluorescent analysis of myosin heavy chain isoforms was performed as 

previously described (7, 40) using primary antibodies against myosin heavy chain (MHC) I (BA-

F8), MHCIIa (SC-71), and MHCIIx (6H1) (Developmental Studies Hybridoma Bank, Iowa City, 

IA, USA).  Sections were incubated with a primary antibody against dystrophin [MANDYS1 

(3b7), Developmental Studies Hybridoma Bank] to identify the muscle membrane. Fiber types 

were identified by isotype-specific fluorescent secondary antibodies (type I, blue; type IIa, green; 

type IIX, red; as well type IIA/IIX hybrid fibers, IIAX). For all immunofluorescent procedures, 

sections were mounted with Prolong Gold Antifade Reagent (Life Technologies, Burlington, ON, 

CA) and imaged the following day. All sections were visualized with an Axio Observer Z1 

microscope (Carl Zeiss, Jena, TH, Germany). Individual images were taken across the entire 

muscle cross-section and assembled into a composite panoramic image using AxioVision 

software (Carl Zeiss). 

5.3.5.2.2 Capillary Density 

Quantification of capillary density was completed as previously described (40).  Briefly, 
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sections of muscle tissue were fixed in 4% paraformaldehyde for 10 minutes, followed by 

permeabilization with 0.5% TritonX-100 for thirty minutes, and then blocked in 10% goat serum 

for 30 minutes.  Sections were then incubated overnight in 5% goat serum with the appropriate 

primary antibodies specific for the endothelium (PECAM) and sarcolemma (dystrophin) 

(Developmental Studies Hybridoma Bank, Iowa City, IA, USA) or p-AMPKa (Thr172) (Cell 

Signaling Technology, Danvers, MA, USA).  After three, five minute washes in PBS, sections 

were incubated for one hour in 5% goat serum with the appropriate fluorescent secondary 

antibodies (Life Technologies, Burlington, ON, CA).  

5.3.5.2.3 Succinate Dehydrogenase Activity  

Histochemical staining for succinate dehydrogenase (SDH) activity was completed as 

previously described (7) to quantify mitochondrial content as this enzyme strongly correlates 

(26).  A brightfield Nikon microscope linked to a PixeLink digital camera were was used to 

acquire images. Individual images were taken across the entire muscle cross-section and 

assembled into a composite panoramic image using Microsoft Image Composite Editor (ICE) 

(Microsoft, Redmond, WA, USA).  Images were analyzed in ImageJ and calculated by 

subtracting background staining.  Compiled images were matched to fiber-type images and 

approximately forty of each fiber type were randomly selected and analyzed.  Data was expressed 

relative to the values obtained in type I and II fibers were assigned a reference value of 1.0, and 

reported as mean optical density in arbitrary units (A.U.).   

5.3.5.3 Finometer Corrected Cardiac Output Values 

During exercise beyond 160 W, CO measures via inert gas rebreathe were not completed.  

To assess CO at these exercise intensities, a relationship was developed between CO measures 
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with Innocor and the Finometer estimates of CO from baseline to 160 W.  This relationship was 

then used to correct Finometer estimates of CO (44). 

5.3.6 Statistical Analysis 

Linear regression was completed for each participant with !CO and !!O2 data from 40 

to 160 W to identify their unique cardiac response.  Individual slope responses were ranked, and 

the ten lowest and ten highest participants were grouped post hoc as low and high cardiac 

responders respectively.  All subsequent analysis was completed on these two groups. 

Linear regression was completed on the mean !CO and !!O2 responses at each exercise 

intensity up to exhaustion between groups.  Linear regression was also completed between 

percentage HR reserve and RPE.  Slope analysis was completed to determine if the slope for each 

group were significantly different.  

A one way mixed model ANCOVA controlling for peak !O2 was completed at each 

exercise intensity.  Due to variability in fitness, not all participants completed the same number of 

exercise intensities. Therefore, one, one way mixed model ANCOVA controlling for peak !O2 

was completed up to 160 W for all twenty participants.  Then, only participants who completed 

185 W were used in a subsequent ANCOVA.  Only the data pertaining to 185 W was obtained 

from this additional analysis.  This process was completed up to 335 W.  This method was 

completed previously (5) and allows us to maximize the strength of the repeated measure 

ANCOVA.  Peak !O2 was included as a covariate, or rather as a continuous predictor variable, 

because the groups differed amongst this factor and peak !O2 correlated with RPE. 

Unpaired student’s t-tests were used to compare peak responses between groups as well 

as skeletal muscle properties.   
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Significance was set at P<0.05.  Only significant F-statistics within the ANCOVA for 

group by exercise intensity were further assessed using Bonferroni corrected post hoc tests.  All 

assumptions of the mixed model repeated measure ANCOVA were met including normality, 

homogeneity of regression slopes and sphericity.  When the assumption of sphericity was not 

met, a Greenhouse-Geisser correction was applied when determining F-statistic significance.  

Cardiac response groups differed in their peak !O2, and this could not be controlled for a priori. 

Therefore independence of the covariate was not met.  Statistics were calculated using a 

combination of SPSS 20 (IBM Software), SigmaPlot 12.0 (Systat Software, Inc.) and GraphPad 

Prism 6 (GraphPad Software, Inc.).  All results presented are mean ± SD unless otherwise noted.  

5.4 Results 

5.4.1 Standard Anthropometric Data  

 Standard anthropometric data is presented in Table 5-1. 

5.4.2 Identification of Different Cardiac Responses 

 Analysis of the change in CO required for a given change in !O2 from 40 to 160 W 

revealed slope responses ranging from 2.3 to 7.0 L of blood per L of oxygen (Figure 5-2; Panel 

A).  High and low cardiac responders were identified (n=10/group).  These two groups differed in 

their !CO/!!O2 relationship (6.3 ± 0.4 vs. 3.5 ± 0.6 L of blood per L of oxygen, P<0.001) 

(Figure 5-2; Panel B).  Differences in the cardiac response between high and low responders 

during exercise were not explained by differences in CaO2 (207 ± 8 vs. 204 ± 8 ml O2/L blood; 

P=0.4) (Figure 5-3; Panel A).  As such, differences in convective O2D are inferred from 

differences in CO.   Computed central venous oxygen content (CvO2), which can be used to 

determine the validity in CO measures, revealed only two implausible values (CvO2 < 20 ml/L) at 

160 W, which happen to be in individuals from the low cardiac responder group.  All other values 
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were plausible (CvO2 > 20 ml/L) (Table 5-2).  Individuals with a higher cardiac response had a 

lower computed a-vO2 diff compared to low cardiac responders (data not shown).     

5.4.3 Characteristics of High vs. Low Cardiac Responders 

 The presence of a high cardiac response was not attributed to differences in skeletal 

muscle properties of the vastus lateralis (Figure 5-4).  High and low responders had similar 

capillary density (456 ± 107 vs. 455 ± 66 mm2; P = 1) (Figure 5-4; Panel A), type I (50.8 ± 5.9 vs. 

46.3 ± 11.0 %; P = 0.3) (Figure 5-4; Panel B) and type II (45.8 ± 7.5 vs. 44.9 ± 10 %; P = 0.8) 

fiber type composition (Figure 5-4; Panel D).  Type I fiber type specific SDH activity (35.7 ± 8.9 

vs. 41.3 ± 8.4 A. U.; P = 0.2) (Figure 5-4; Panel C) and type II fiber specific SDH activity (27.7 ± 

9.8 vs. 30.9 ± 6.9 A.U.; P = 0.4) (Figure 5-4; Panel E) were similar.  High and low cardiac 

responders also had similar !!O2 at each completed exercise intensity (Figure 5-5).  High cardiac 

responders had a higher peak exercise intensity (295 ± 40 vs. 215 ± 51 W; P = 0.002) (Figure 5-3; 

Panel B), a greater peak !CO (17.3 ± 2.3 vs. 10.8 ± 2.0 L/min; P = <0.001) (Figure 5-3; Panel C) 

and a greater peak !O2 (48.8 ± 3.9 vs. 39.7 ± 5.9 ml/min/kg; P = 0.005) (Figure 5-3; Panel D).  

High cardiac responders had a similar change in HR from baseline at each exercise intensity up to 

260 W (65.2 ± 28.6 vs. 61.3 ± 36.1 bpm; P=0.5) but a lower absolute HR up to 260 W (130 ± 35 

vs. 148 ± 37 bpm; P=0.002) (data not sown).  High responders also had a higher absolute (127 ± 

14 vs. 95 ± 16 ml/bt; P<0.001) and a higher change in SV from baseline from 80 to 285 W (44.0 

± 10.5 vs. 19.1 ± 16.6 ml/bt; P<0.001) (data not shown).  Absolute MAP was similar up to 285 W 

(116 ± 17 vs. 116 ± 18 mmHg; P=1) between high and low responders, as was the change in 

MAP from baseline (31.2 ± 10.5 vs. 31.9 ± 13.8 mmHg; P=1) (data not shown).  

5.4.4 Do Inter-individual Differences in Cardiac Output Affect Leg and Whole Body 

Perceived Exertion of Exercise? 
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 During exercise progressive exercise, without controlling from peak !O2, high 

responders had a lower RPE within the leg at 160 W (14.7 ± 1.9 vs. 16.7 ± 2.1; P = 0.047) and 

185 W (15.8 ± 1.5 vs. 18 ± 2.0; P = 0.027) (data not shown).  There were not differences in RPE 

indexed to whole body at any exercise intensity (all F tests > 0.05).   When controlling for peak 

!O2, the lowered RPE within the leg at 160 W and 185 W for high responders was eliminated, 

and whole body RPE remained not different (all F tests > 0.05) (Figure 5-6).  The relationship 

between RPE and HR was similar between high and low cardiac responders (data not shown).  

Expressed as a percentage of heart rate reserve, there were no differences in the slope of the 

relationship between high and low cardiac responders within the leg  (0.141 ± 0.003 vs. 0.140 ± 

0.006; P = 1) or whole body (0.138 ± 0.003 vs. 0.134 ± 0.009; P = 0.096) RPE.  Within whole 

body RPE, high responders had a greater intercept (5.7 ± 0.3 vs. 5.0 ± 0.7; P = 0.009) while it was 

trending in a similar direction within the leg (5.6 ± 0.2 vs. 5.2 ± 0.5; P= 0.07).  

5.5 Discussion 

Convective O2D (central factors) along with diffusive O2D (peripheral factors) contribute 

to determining PcellO2 within skeletal muscle.  During exercise, increases in metabolic demand 

challenge intracellular homeostasis.  At a given !O2, PcellO2 determines the concentration of ADP 

and Pi and therefore the accumulation of fatigue inducing metabolites.  This would predict that 

individuals with a greater rate of convective O2D at the same metabolic demand would 

experience less disruption to cellular homeostasis and therefore perceive exercise as more 

tolerable.  Large inter-individual differences in CO at the same !O2 has previously been observed 

(3, 32, 48), but their impact on exercise perception had not been explored.  Additionally, 

variability in CO could be ameliorating CaO2 differences between individuals, but to what extent 

is unknown.  In the present study we tested the hypothesis that inter-individual differences in CO 

during exercise would persist when controlling for CaO2, and that high and low cardiac responses 
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would affect RPE independently and in conjunction with peripheral skeletal muscle factors.  The 

primary findings of the study were as follows: 1) Individuals differed in !CO/!!O2 relationship 

during exercise allowing for the identification of high and low responders.  2) These differences 

were not attributed to differences in CaO2.  3) !CO did not predict either leg or whole body RPE 

when controlling for peak !!O2.  4) Skeletal muscle properties were not different between 

response groups and are therefore not the reason CO is not predicting RPE. 5) High cardiac 

responders have a greater peak !O2 and peak !CO.  This is the first study to establish the absence 

of a relationship between inter-individual differences in CO mediated O2D during exercise and 

the perception of exercise. Despite large differences in the cardiac response to exercise, inter-

individual differences in systemic O2D do not translate into differences in perceived exertion.  

5.5.1 Inter-individual Differences In Cardiac Responses  

In the present study we observed differences in the cardiac response across all 

submaximal exercise intensities between five and seven liters per minute.  Previous investigations 

from the 1960s (3, 32) and 1980s (48) observed similar differences during both submaximal and 

maximal exercise and when exercising at the same !O2.  In all previous research efforts, CaO2 

was not stated so the contribution of CaO2 to the observed CO differences was unknown.  In the 

present study, we measured venous hemoglobin to quantify CaO2 and demonstrated that !CO was 

not predicted by CaO2 in healthy young recreationally participants.  Previous investigations (3, 32, 

48) demonstrated that at a fixed oxygen demand, CO varied by up to five or six liters per minute 

and was accompanied by large computed or measured differences in a-vO2 diff.  We too observed 

large variations in a-vO2 diff across submaximal exercise intensities between individuals.  Those 

with higher !CO had a lower a-vO2 diff and vice versa.   
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In order to obtain measures of CO, we utilized Innocor, an inert gas rebreathing 

maneuver that uses the soluble gas nitrous oxide to measure pulmonary blood flow.  CO can then 

be inferred from pulmonary blood flow in the absence of a significant pulmonary shunt in healthy 

individuals.  Innocor demonstrates strong reproducibility during exercise in healthy individuals 

(20) and has been validated against thermo dilution and direct Fick in cardiac patients (30, 41).  It 

is appreciated that Innocor, on the whole, underestimates the true cardiac response (30, 41), but 

that does not affect the interpretation and the presence of inter-individual differences observed 

presently.  Adding confidence to our observation of the cardiac response from rest to 160 watts is 

the computed venous oxygen contents at a given !O2.  The utility of CvO2 rests in the ability to 

establish the required oxygen concentration in the venous return when accounting for CO, CaO2 

and !O2.  Plausible (CvO2 > 20ml/L), implausible (CvO2 < 20 ml/L) and impossible (CvO2 < 0 

ml/L) ranges allow one to assess the validity of the measured CO (41).  In our case, we only saw 

two implausible values stemming from all CO measurements from rest to 160 W.  Both values 

occurred at 160 W suggesting that in these two individuals, there was a slight under estimation of 

CO at that particular exercise intensity.  Nonetheless, the observed presence of large inter-

individual differences in !CO/!!O2 can be interpreted with confidence. 

During exercise previous studies have typically found an increase in cardiac output of 5-

7L per increase in !O2 (19, 31).  During our progressive exercise test, we observed !CO/!!O2 

responses ranging from 2.7 to 7.0 L per increase in VO2 during exercise from 40 to 160 W.  

These exercise intensities were used because we had uncorrected, actual measured CO values.  

Additionally, these intensities roughly align with those outlined by Protcor et al. (31).  95% 

confidence interval estimates from the data obtained by Faulkner et al. (19) provide a relationship 

range of 3.8 to 6.6 L of blood per L of oxygen (n=50).  Our data set (n=31) provides a larger 95% 

confidence interval range of 2.5 to 7.4 L of blood per L of oxygen.  Functionally, a lower !CO 



176 

 

per !!O2 should require greater cellular disruptions at a given !O2.  The functional implication 

of a higher cardiac response is the increase in peak work rate and peak !O2, suggesting the 

progressive accumulation of fatigue inducing metabolites affecting exercise capacity.     

Beyond 160 W, we employed a correction factor to our Finometer estimates of CO to 

provide corrected, more accurate measures of CO at higher exercise intensities.  We were unable 

to complete Innocor measures due the duration of time required to complete the breathing 

maneuver and the often sudden and unexpected cessation of exercise at exhaustion.  Using a 

rebreathe maneuver to ‘calibrate’ Finometer estimates is not new (44).  Our method of correction 

consisted of linear regression of Finometer estimates of CO and Innocor measures of CO up to 

160W.  Once an individual’s relationship was established, given an estimated Finometer measure 

of CO, an Innocor corrected CO measure could be computed. In developing the relationship, high 

and low responders demonstrated similar linear relationships between Innocor measures of CO 

and Finometer estimates of CO (slope values of 1.0 ± 0.2 vs. 1.3 ± 0.4 L/min; P > 0.05) and r-

square values (0.97 ± 0.02 vs. 0.95 ± 0.03; P > 0.05).  In this scenario, the correction of 

Finometer estimates CO was not biased in one group vs. the other and therefore allowed for more 

accurate measures of CO up to exhaustion than just Finometer estimates in isolation.        

5.5.2 Cardiac Output, The Perception of Exercise and the Cellular Environment 

During exercise changes in CO produce the necessary increases in convective O2D to 

facilitate O2D : demand matching at the level of the skeletal muscle.  Previous investigations with 

animal models have demonstrated that increases in CO above resting levels represent the 

perfusion requirements of active skeletal muscle, as the vast majority of CO increases perfuse the 

skeletal muscle (2).  When exercising at a fixed metabolic demand, inadequate perfusion requires 

greater relative concentrations of ADP and Pi in order to maintain a given !O2 (43). Therefore, 

intracellular disturbances are inevitable when force production is maintained or increased.  
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Throughout the duration of exercise, progressive increases in glycolytic flux relative to oxidative 

phosphorylation contribute to energy production and therefore compromised intracellular 

homeostasis.  In order to maintain intracellular homeostasis, force production can be conformed 

to the availability of oxygen (22).  In the event of the former, an accumulated oxygen deficit 

increases the rate of fatigue progression and exercise performance is compromised (23).  This 

understanding can be applied to differences in the cardiac response between individuals.  

Individuals with a larger cardiac response and therefore convective O2D would have less 

disruption at the cellular level.  Greater rates of convective O2D during exercise would predict a 

reduction in RPE (15, 17, 27).  In these models, hyperoxia, hypoxia or perfusion pressure 

reductions were used to augment exercising muscle O2D.  These models demonstrate the 

sensitivity of perturbations within an individual and clearly demonstrate that when augmenting 

delivery within an individual, delivery differences affecting the exercising muscle cellular 

environment manifest themselves in perceptual differences at the same exercise intensity.  

Surprisingly, we did not observe a relationship between cardiac responses and RPE.  

Our results demonstrated that high cardiac responses only reduced leg RPE at absolute 

intensities of 160 and 185 W.  When controlling for variability in peak!!O2, such that comparison 

at an absolute intensity were no longer at a lower relative intensity for the high cardiac 

responders, any differences in RPE at the leg were completely abolished.  Surprisingly, the 

impact of inter-individual differences in O2D is absent and in contrast to within individual effects 

of O2D on the perception of exercise (15, 17, 27).  In addition to afferents relaying information 

from the previously mentioned respiration factors, peripheral afferents responding to homeostatic 

disruptions (lactate (14, 39), muscle strain (34, 35) and muscle fatigue (12, 28)) appear to send 

information to the posterior cingulate gyrus and precuneus when exercising at an RPE greater 

than 15 (21).  The cingulate gyrus has been implicated for its role in pain and emotion (45, 46), 
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while the poster cingulate gyrus appears to be more involved in assessing the environment and 

memory associated with movement (46).  It could be that the posterior cingulate gyrus and 

precuneus integrate sensory afferents from the active skeletal muscle to facilitate emotional and 

conscious control during exercise through perceived exertion.  Another region of interest, the 

insular cortex, has been identified during progressive increases in exercise intensity (47) and 

plays an important role in the integration of sensory information (37). At RPE greater than 15, we 

could predict that local muscle factors could be driving the relationship.  It is at these higher 

RPEs that we might expect a difference to emerge between high and low cardiac responders.  

However, despite the overall lack of significance, at these exercise intensities the RPE responses 

are superimposable within the whole body and even more similar in the leg.  The exact nature of 

the neural pathway underlying perceived exertion is unknown, but it can be appreciated that it 

requires the complex integration within higher brain centers.  

The presentation of a high cardiac response could be mitigated at the level of the skeletal 

muscle.  Reductions in capillary density or a lower mitochondrial content would negate the 

benefits a higher rate of convective O2D by creating a cellular environment similar to an 

individual with a lower cardiac response but greater capillary density and mitochondrial content.  

In the present study population we observed large inter-individual variation in capillary content, 

skeletal muscle fiber type distribution and fiber specific SDH activity.  The presence of individual 

variability aligns with previous work (9, 16, 50, 51).  Skeletal muscle factors however did not 

explain the presence of high and low cardiac responses.  All skeletal muscle characteristics were 

not different between groups.  The lack of a relationship between CO and skeletal muscle 

characteristics is somewhat surprising given the absence of a relationship between CO and RPE.  

In the present study, those individuals with a higher cardiac output had a greater diffusive O2D 

into the skeletal muscle cell (due to similar capillary density but greater convective delivery), and 
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a similar rate and efficiency of energy production (due to similar fiber type composition and 

mitochondrial content).  With a greater O2D, high responders should have a higher PcellO2 and less 

of a disturbance to the cellular environment.  It is interesting that this does not manifest itself in 

perceptual differences during exercise, especially towards the higher exercise intensities.  Taken 

together with the CO information, it could be that RPE is governed more strongly by 

psychological events as opposed to physiological feedback from the active muscle.  Presently, 

there have been no studies to date that have directly quantified disruptions in O2D, markers of 

intracellular homeostasis and RPE.  An area of future research could be the identification of this 

relationship and the role of skeletal muscle characteristics.  

While skeletal muscle characteristics do not explain the lack of a relationship between 

CO and RPE, an argument could be made for potential differences in the vascular adjustments 

necessary to perfuse the active skeletal muscle as playing a role.  Within this study, contrary to 

our hypothesis, we saw no effect of cardiac responses on RPE.  This raises the question as to 

where the excess blood is going in those with a 5L/min greater !CO/!!O2?  Under this 

observation, it could be that systemic differences in CO between individuals do not impact the 

skeletal muscle cellular environment due to blood flow redistribution within the vascular system.  

It is typically assumed that increases in CO above resting levels during exercise represent 

perfusion requirements of the exercising muscle (2).  However, the relative distribution of flow 

within the vascular system is not accounted for with gross estimates of systemic perfusion.  

During exercise, there is considerable flow redistribution from visceral areas.  Perfusion of the 

splanchnic region can be reduced to 20% of resting values (2, 36).  Those with a lower CO could 

be more effectively redistributing total blood flow in order to perfuse the active muscle with 

sufficient oxygen.  Large cardiac responders could represent the normal hyperemic response to 

exercise while those with a lower CO are abnormal and rely on greater flow redistribution from 
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inactive vascular beds in order to perfuse active skeletal muscle.  Presently, the degree of flow 

redistribution within the vascular system of humans is largely unknown and considerable 

challenges present when trying to ascertain the magnitude of this phenomenon.  Nonetheless, 

despite potential flow redistribution resulting in an unaffected perception of exercise, exercise 

capacity is compromised in those with a lower cardiac response.  How the differing rates of 

fatigue accumulation is not quantifiable remains to be rectified.         

5.5.3 Experimental Considerations 

To accurately quantify CO at lower submaximal intensities we utilized an inert gas 

rebreathe maneuver.  Within this method, for a period of time a closed loop is created between 

the lung and a sampling bag.   Known concentrations of various gases are added to the bag, 

including a soluble gas.  The entire mixture is inspired into the lung and expired back into the bag 

over a five-breath period. The soluble gas readily diffuses into the circulation at the capillary-

alveoli network within the lung.  The rate of disappearance of this soluble gas from the gaseous 

mixture is directly proportional to flow through the pulmonary circulation.  While this approach 

has been demonstrated to show strong correlations with thermo dilution in cardiac patients (30, 

41), and excellent reproducibility during exercise in healthy populations (20), it may however 

underestimate CO due to insoluble gas recirculation.  Literature suggests that this recirculation 

can vary depending on size of an individual and !O2 (4, 11, 49).  In our model, at 160 W !O2 was 

~2.3 L/min and Innocor rebreathing time was 12.5 ± 1.9 seconds.  At consumptions rate of 

3L/min, recirculation has been observed in 8.5 seconds (33, 42).  We also had no differences in 

the duration of maneuvers between groups at any exercise intensity (all P>0.5; data not shown). 

In light of the potential recirculation issues, we controlled for tidal volume and breathing 

frequency at each exercise intensity and coached participants through the maneuver at their 

unique breathing rate.  We chose to maintain breathing rate and not to induce hyperventilation to 
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complete the test quicker because hyperventilation has been shown to elevate CO (10, 13).  

Nonetheless, we have confidence in the accuracy of our measured CO values.  Computing the 

CvO2 required to obtain a measured !O2 given the CO, we only had 1.3% of all CO measures 

elicit implausible CvO2 values.  This provides a level of confidence in the large variation in 

cardiac responses presently observed between 40 and 160 W, and in the corrected values obtained 

from Finometer corrected estimates of CO. 

In order to quantify the effect of differences in CO on exercise tolerance we measured 

systemic O2D (CO and CaO2).  Differences in CO were not explained by content in our model, 

therefore demonstrating that systemic delivery was different between individuals.  However, 

systemic delivery does not represent skeletal muscle perfusion.  Differences in CO distribution 

cannot be ascertained from the present investigation. The present lack of relationship between CO 

on RPE suggests that differences in systemic O2D are mitigated by redistribution differences 

between individuals.  The effect of inter-individual differences in CO in predicting RPE when 

assessing skeletal muscle blood flow remains to be determined. 

Lastly, we utilized RPE as a measure of exercise tolerance.  We recognize that this is a 

subjective measure, but so is the very nature of an individual’s perception of effort during 

exercise.  To ensure minimal inter-individual variability in the use of RPE, we read all 

participants the same script explaining how they are to assess their RPE both within the leg in 

isolation and as a whole body assessment.  The seminal work by Borg (8) developed an 

assessment of exercise exertion on the group level that is scaled to HR.  Taking into account 

individual variability in baseline HR, RPE when expressed as a percentage of HR reserve 

demonstrated similar, linear increases during exercise between high and low responder groups.  

As such, we are confident in the correct application of RPE in this study.    
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5.6 Conclusion 

 During submaximal exercise, in which the pumping capacity of the heart is not 

challenged, differences in !CO/!!O2 present between individuals up to 5 L of blood per L of 

oxygen in healthy, young, recreationally active individuals.  Differences in CO were not 

explained by CaO2; suggesting that these individuals do indeed differ in their systemic rates of 

O2D.  Contrary to our hypothesis CO did not influence either overall whole body RPE or RPE 

within the leg.  Despite considerable inter-individual variation in capillary density, fiber type 

distribution and fiber type specific SDH activity, peripheral factors did not differ between groups 

and therefore did not explain the lack of relationship between CO and RPE in high vs. low 

cardiac responders. Plausible CvO2 values during exercise and well-controlled rebreathing 

maneuvers provide confidence in CO observations.  It can be appreciated the systemic O2D via 

CO does not represent actual active skeletal muscle O2D.  It appears that given the large deviation 

in !CO, low cardiac responders may present with better peripheral redistribution of blood volume 

such that the cellular environment is similar to that of high cardiac responders.  The efficacy of 

peripheral distribution, the effects of inter-individual differences in !CO in predicting RPE when 

assessing skeletal muscle blood flow, and the presence of a direct relationship between O2D, 

intracellular homeostasis and RPE remain to be determined.        
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Figure 5-1: Progressive exercise test and measurements.  Panel A: Progressive exercise test 
beginning with rest and increasing by 40 watts every four minutes until 160 watts.  Beyond 160 
watts, exercise increased by 25 watts every minute until volitional exhaustion.   Panel B:  Timing 
of measurements during exercise up to 160 watts.  Panel C:  Timing of measurements during 
exercise beyond 160 watts.  
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Figure 5-2:  Cardiac responses.  Panel A: The increase in CO required for a given increase in 
!O2 from 40 to 160 W.  Traditional range is expressed by dashed lines as well as the 
identification of the low vs. high cardiac responders.  Panel B:  Average !CO required for a 
!!O2 at each exercise intensity for high vs. low responders.  Linear regressions are plotted for 
high (solid lines) and low (dashed lines) responders.  Regressions were completed up to the 
plateau, and beyond the plateau in cardiac output independently.  * denotes statistically 
significant difference between low vs. high responders P<0.05. 
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Figure 5-3: Characteristics of high and low responders.  Panel A:  CaO2.  Panel B:  Peak exercise intensity.  Panel C: Peak !CO.  Panel D: Peak 
!O2.  * denotes statistically significant difference between low vs. high responders P<0.05.  
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Figure 5-4: Skeletal muscle characteristics of high and low responders.  Panel A:  Capillary density.  Panel B:  Type I fiber type composition.  
Panel C: Type I fiber type SDH activity.  Panel D: Type II fiber type composition.  Panel E: Type II fiber type SDH activity.  NS. All P>0.05.
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Figure 5-5: !!O2 at each exercise intensity for high and low responders. NS.  All P>0.05.  
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Figure 5-6: RPE at each exercise intensity for high and low responders when controlling for 
variability peak !!O2.  Panel A:  Leg RPE.  Panel B:  Whole body RPE.  NS.  All P>0.05.  
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Table 5-1: Anthropometric measures. 

 

Values are mean ± SD.  BMI; body mass index, PAR; physical activity recall.  NS, P>0.05 for all 
comparisons between low and high cardiac responders. 
 

 

Table 5-2: Number of central venous oxygen content (CvO2) values that were deemed 

impossible, implausible, and plausible. 

 BSL 40 80 120 160 

Impossible (CvO2 <0 

ml/L) 

--- --- --- --- --- 

Implausible (CvO2 

<20 ml/L) 

--- --- --- --- (2)-2-0  

6.45 % 

Plausible (CvO2 >20 

ml/L) 

(31)-10-10  

100 % 

(31)-10-10 

100 % 

(31)-10-10  

100 % 

(31)-10-10  

100 % 

(29)-8-10  

93.55 % 

 

Number of values within a given category in brackets at each work rate.  Percent of values within 
a given category at each exercise intensity.  Values beside brackets are number of values within 
low and high cardiac responder groups respectively.  CvO2 were derived for each participant, at 
each exercise intensity, based on the Fick equation when CO, CaO2 and !O2 are known. CvO2; 
venous oxygen content, CO; cardiac output, CaO2; arterial oxygen content, !O2; rate of oxygen 
consumption.  
  

Variable Group (n=31) Low (n=10) High (n=10) ! !

Age (yrs) 20.5 ± 2.7 21.9 ± 3.5 20.5 ± 2.1 ! !

Height (cm) 181.6 ± 6.5 179.1 ± 6.3 181.8 ± 5.9 ! !

Weight (kg) 76.1 ± 9.5 74.6 ± 11.7 80.8 ± 7.3 ! !

BMI 23.0 ± 2.4  23.2 ± 3.0 24.5 ± 2.1 ! !

7 day PAR score 

(METS/wk) 274.4 ± 17.0 

 

243.8 ± 12.7 

 

248.5 ± 15.3 

! !



 190 

5.8 References 

1. Abbiss CR, Peiffer JJ, Meeusen R, and Skorski S. Role of Ratings of Perceived 
Exertion during Self-Paced Exercise: What are We Actually Measuring? Sports Med 45: 1235-
1243, 2015. 
2. Armstrong RB, Delp MD, Goljan EF, and Laughlin MH. Distribution of blood flow 
in muscles of miniature swine during exercise. J Appl Physiol (1985) 62: 1285-1298, 1987. 
3. Astrand PO, Cuddy TE, Saltin B, and Stenberg J. Cardiac Output during Submaximal 
and Maximal Work. J Appl Physiol 19: 268-274, 1964. 
4. Becklake MR, Varvis CJ, Pengelly LD, Kenning S, Mc GM, and Bates DV. 
Measurement of pulmonary blood flow during exercise using nitrous oxide. J Appl Physiol 17: 
579-586, 1962. 
5. Bentley RF, Kellawan JM, Moynes JS, Poitras VJ, Walsh JJ, and Tschakovsky ME. 
Individual susceptibility to hypoperfusion and reductions in exercise performance when perfusion 
pressure is reduced: evidence for vasodilator phenotypes. J Appl Physiol (1985) 117: 392-405, 
2014. 
6. Bergstrom J. Percutaneous needle biopsy of skeletal muscle in physiological and clinical 
research. Scand J Clin Lab Invest 35: 609-616, 1975. 
7. Bloemberg D, and Quadrilatero J. Rapid determination of myosin heavy chain 
expression in rat, mouse, and human skeletal muscle using multicolor immunofluorescence 
analysis. PLoS One 7: e35273, 2012. 
8. Borg G. Perceived exertion as an indicator of somatic stress. Scand J Rehabil Med 2: 92-
98, 1970. 
9. Brodal P, Ingjer F, and Hermansen L. Capillary supply of skeletal muscle fibers in 
untrained and endurance-trained men. Am J Physiol 232: H705-712, 1977. 
10. Cummin AR, Iyawe VI, Mehta N, and Saunders KB. Ventilation and cardiac output 
during the onset of exercise, and during voluntary hyperventilation, in humans. J Physiol 370: 
567-583, 1986. 
11. Cumming GR. Recirculation times in exercising children. J Appl Physiol Respir Environ 
Exerc Physiol 45: 1005-1008, 1978. 
12. Davies RC, Rowlands AV, and Eston RG. Effect of exercise-induced muscle damage 
on ventilatory and perceived exertion responses to moderate and severe intensity cycle exercise. 
Eur J Appl Physiol 107: 11-19, 2009. 
13. Donevan RE, Anderson NM, Sekelj P, Papp O, and Mc GM. Influence of vuluntary 
hyperventilation on cardiac output. J Appl Physiol 17: 487-491, 1962. 
14. Edwards RH, Melcher A, Hesser CM, Wigertz O, and Ekelund LG. Physiological 
correlates of perceived exertion in continuous and intermittent exercise with the same average 
power output. Eur J Clin Invest 2: 108-114, 1972. 
15. Eiken O, and Bjurstedt H. Dynamic exercise in man as influenced by experimental 
restriction of blood flow in the working muscles. Acta Physiol Scand 131: 339-345, 1987. 
16. Essen B, Jansson E, Henriksson J, Taylor AW, and Saltin B. Metabolic characteristics 
of fibre types in human skeletal muscle. Acta Physiol Scand 95: 153-165, 1975. 
17. Eves ND, Petersen SR, and Jones RL. The effect of hyperoxia on submaximal exercise 
with the self-contained breathing apparatus. Ergonomics 45: 840-849, 2002. 
18. Faulkner J, and Eston R. Overall and peripheral ratings of perceived exertion during a 
graded exercise test to volitional exhaustion in individuals of high and low fitness. Eur J Appl 
Physiol 101: 613-620, 2007. 
19. Faulkner JA, Heigenhauser GJ, and Schork MA. The cardiac output--oxygen uptake 
relationship of men during graded bicycle ergometry. Med Sci Sports 9: 148-154, 1977. 
20. Fontana P, Boutellier U, and Toigo M. Reliability of measurements with Innocor 
during exercise. Int J Sports Med 30: 747-753, 2009. 



 191 

21. Fontes EB, Okano AH, De Guio F, Schabort EJ, Min LL, Basset FA, Stein DJ, and 
Noakes TD. Brain activity and perceived exertion during cycling exercise: an fMRI study. Br J 
Sports Med 49: 556-560, 2015. 
22. Hogan MC, Gladden LB, Grassi B, Stary CM, and Samaja M. Bioenergetics of 
contracting skeletal muscle after partial reduction of blood flow. J Appl Physiol (1985) 84: 1882-
1888, 1998. 
23. Hogan MC, Richardson RS, and Haseler LJ. Human muscle performance and PCr 
hydrolysis with varied inspired oxygen fractions: a 31P-MRS study. J Appl Physiol (1985) 86: 
1367-1373, 1999. 
24. Jackman MR, and Willis WT. Characteristics of mitochondria isolated from type I and 
type IIb skeletal muscle. Am J Physiol 270: C673-678, 1996. 
25. Keller DM, Wasmund WL, Wray DW, Ogoh S, Fadel PJ, Smith ML, and Raven PB. 
Carotid baroreflex control of leg vascular conductance at rest and during exercise. J Appl Physiol 
(1985) 94: 542-548, 2003. 
26. Larsen S, Nielsen J, Hansen CN, Nielsen LB, Wibrand F, Stride N, Schroder HD, 
Boushel R, Helge JW, Dela F, and Hey-Mogensen M. Biomarkers of mitochondrial content in 
skeletal muscle of healthy young human subjects. J Physiol 590: 3349-3360, 2012. 
27. MacNutt MJ, Peters CM, Chan C, Moore J, Shum S, and Sheel AW. Day-to-day 
variability in cardiorespiratory responses to hypoxic cycle exercise. Appl Physiol Nutr Metab 40: 
155-161, 2015. 
28. Marcora SM, Bosio A, and de Morree HM. Locomotor muscle fatigue increases 
cardiorespiratory responses and reduces performance during intense cycling exercise 
independently from metabolic stress. Am J Physiol Regul Integr Comp Physiol 294: R874-883, 
2008. 
29. Mortensen SP, Damsgaard R, Dawson EA, Secher NH, and Gonzalez-Alonso J. 
Restrictions in systemic and locomotor skeletal muscle perfusion, oxygen supply and VO2 during 
high-intensity whole-body exercise in humans. J Physiol 586: 2621-2635, 2008. 
30. Peyton PJ, and Thompson B. Agreement of an inert gas rebreathing device with 
thermodilution and the direct oxygen Fick method in measurement of pulmonary blood flow. J 
Clin Monit Comput 18: 373-378, 2004. 
31. Proctor DN, Beck KC, Shen PH, Eickhoff TJ, Halliwill JR, and Joyner MJ. 
Influence of age and gender on cardiac output-VO2 relationships during submaximal cycle 
ergometry. J Appl Physiol (1985) 84: 599-605, 1998. 
32. Reeves JT, Grover RF, Blount SG, Jr., and Filley GF. Cardiac output response to 
standing and treadmill walking. J Appl Physiol 16: 283-288, 1961. 
33. Rigatto M, Jones NL, and Campbell EJ. Pulmonary recirculation time: influence of 
posture and exercise. Clin Sci 35: 183-195, 1968. 
34. Robertson RJ, Gillespie RL, McCarthy J, and Rose KD. Differentiated perceptions of 
exertion: part II. relationship to local and central physiological responses. Percept Mot Skills 49: 
691-697, 1979. 
35. Robertson RJ, Moyna NM, Sward KL, Millich NB, Goss FL, and Thompson PD. 
Gender comparison of RPE at absolute and relative physiological criteria. Med Sci Sports Exerc 
32: 2120-2129, 2000. 
36. Rowell LB, Blackmon JR, and Bruce RA. Indocyanine Green Clearance and Estimated 
Hepatic Blood Flow during Mild to Maximal Exercise in Upright Man. J Clin Invest 43: 1677-
1690, 1964. 
37. Saper CB. Convergence of autonomic and limbic connections in the insular cortex of the 
rat. J Comp Neurol 210: 163-173, 1982. 
38. Sarkin J, Campbell J, Gross L, Roby J, Bazzo S, Sallis J, and Calfas K. Project 
GRAD Seven-Day Physical Activity Recall Interviewer’s Manual. Med Sci Sports Exerc 29: S91-
S102, 1997. 



 192 

39. Scherr J, Wolfarth B, Christle JW, Pressler A, Wagenpfeil S, and Halle M. 
Associations between Borg's rating of perceived exertion and physiological measures of exercise 
intensity. Eur J Appl Physiol 113: 147-155, 2013. 
40. Scribbans TD, Edgett BA, Vorobej K, Mitchell AS, Joanisse SD, Matusiak JB, 
Parise G, Quadrilatero J, and Gurd BJ. Fibre-specific responses to endurance and low volume 
high intensity interval training: striking similarities in acute and chronic adaptation. PLoS One 9: 
e98119, 2014. 
41. Siebenmann C, Rasmussen P, Sorensen H, Zaar M, Hvidtfeldt M, Pichon A, Secher 
NH, and Lundby C. Cardiac output during exercise: a comparison of four methods. Scand J Med 
Sci Sports 25: e20-27, 2015. 
42. Sowton E, Bloomfield D, Jones NL, Higgs BE, and Campbell EJ. Recirculation time 
during exercise. Cardiovasc Res 2: 341-345, 1968. 
43. Spriet LL, Howlett RA, and Heigenhauser GJ. An enzymatic approach to lactate 
production in human skeletal muscle during exercise. Med Sci Sports Exerc 32: 756-763, 2000. 
44. Tam E, Azabji Kenfack M, Cautero M, Lador F, Antonutto G, di Prampero PE, 
Ferretti G, and Capelli C. Correction of cardiac output obtained by Modelflow from finger 
pulse pressure profiles with a respiratory method in humans. Clin Sci (Lond) 106: 371-376, 2004. 
45. Vogt BA. Pain and emotion interactions in subregions of the cingulate gyrus. Nat Rev 
Neurosci 6: 533-544, 2005. 
46. Vogt BA, Finch DM, and Olson CR. Functional heterogeneity in cingulate cortex: the 
anterior executive and posterior evaluative regions. Cereb Cortex 2: 435-443, 1992. 
47. Williamson JW, McColl R, Mathews D, Ginsburg M, and Mitchell JH. Activation of 
the insular cortex is affected by the intensity of exercise. J Appl Physiol (1985) 87: 1213-1219, 
1999. 
48. Yamaguchi I, Komatsu E, and Miyazawa K. Intersubject variability in cardiac output-
O2 uptake relation of men during exercise. J Appl Physiol (1985) 61: 2168-2174, 1986. 
49. Zeidifard E, Godfrey S, and Davies EE. Estimation of cardiac output by an N2O 
rebreathing method in adults and children. J Appl Physiol 41: 433-438, 1976. 
50. Zoladz JA, Semik D, Zawadowska B, Majerczak J, Karasinski J, Kolodziejski L, 
Duda K, and Kilarski WM. Capillary density and capillary-to-fibre ratio in vastus lateralis 
muscle of untrained and trained men. Folia Histochem Cytobiol 43: 11-17, 2005. 
51. Zurlo F, Nemeth PM, Choksi RM, Sesodia S, and Ravussin E. Whole-body energy 
metabolism and skeletal muscle biochemical characteristics. Metabolism 43: 481-486, 1994. 
 
 

 

  



 193 

Chapter 6 

Cardiac Output Differences and Exercise Training 
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6.1 Abstract 

The consensus from previous research is that the cardiac output (CO) response to 

submaximal exercise is unaffected by exercise training.  However, these studies did not assess 

training effects at the individual level.  Recent work from our laboratory has demonstrated that 

there can be substantial inter-individual differences in the CO / oxygen consumption (!O2) 

relationship.  Therefore we revisited the CO response to exercise training by testing the 

hypothesis that individuals having a low CO response (LCR) to submaximal exercise would 

demonstrate increased submaximal exercise CO following sprint interval training (SIT), while 

those with a high CO response (HCR) would not.  31 healthy, recreational actively males 

participated in a four week SIT (8, 20 second sprints; 4x/week) study with progressive exercise 

tests (PET) until exhaustion pre and post.  CO (L/min; inert gas rebreathe and Finometer) and 

!O2 (L/min; breath-by-breath pulmonary gas exchange) were measured throughout PET, 24 

hours after a resting muscle biopsy both before and after training.  Data are mean ! from bsl±SD; 

n=23.  HCR and LCR were identified post hoc (n=8/group).  SIT increased the PET !CO/!!O2 

post training in LCR (3.9±0.7 vs. 5.1±0.4; P<0.001) while HCR was unaffected (6.0±0.3 vs. 

5.6±0.3; P=0.2).  Beyond 160 watts CO was elevated in LCR due to greater increase in stroke 

volume (P<0.001) as heart rate increases were similar (P=0.1).   Both groups had an increase in 

!O2peak (P<0.05).  Skeletal muscle properties were not different between groups (P>0.05).  This 

is the first study to demonstrate that the submaximal cardiac response is sensitive to SIT, 

providing you are a LCR.  This observation has important implications for redefining our 

understanding of exercise training effects on the cardiac exercise response.   

   

KEYWORDS: Sprint interval training, inter-individual differences, submaximal cardiac output  
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6.2 Introduction  

 Cardiac output (CO) increases in proportion to exercise intensity as a function of a linear 

heart rate (HR) increase and a stroke volume (SV) increase that typically plateaus around 60% of 

peak oxygen consumption (!O2) (39).  At present, it is thought that the !CO/!!O2 is similar in 

healthy individuals whereby CO increases by ~5 to 7 liters per minute, for an increase of one liter 

per minute in !O2 (13, 24) (!CO/!!O2 relationship), with inter-individual differences likely due 

to arterial oxygen content.  However, a series of studies from the mid 1960s (4, 25) and 80s (41) 

actually observed considerable inter-individual variability in the !CO/!!O2.  Unfortunately, 

these findings have received little follow up.     

We recently revisited the issue of inter-individual differences in the !CO/!!O2 

relationship and, in agreement with these previous studies (4, 25, 41) found a considerable range 

across individuals in the !CO/!!O2 slope, with values as low as 2.3 and as high as 7 during 

incremental cycling exercise to exhaustion.  As these differences were not explained by arterial 

oxygen content the CO differences directly reflect differences in systemic O2D to a given 

absolute work rate.  This large inter-individual variation in the !CO/!!O2 relationship allowed 

for the post hoc identification of low and high cardiac response groups that varied in their 

!CO/!!O2 by ~3 L (Chapter 5).   

 Both endurance and sprint or high intensity interval training can improve peak CO along 

with peak !O2 (12, 17, 27, 32).  The efficacy of exercise training in facilitating improvements in 

aerobic fitness appears to be at least partially mediated by initial fitness status (9, 28, 36).  

Individuals with a lower baseline fitness level mildly present with greater improvements in fitness 

post exercise training.  Sprint interval training (SIT) is a common exercise approach that results in 

similar if not better cardiovascular improvements as typical endurance training in a fraction of the 

time (16).  The Tabata protocol (34) is a common training modality that involves supramaximal 
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twenty-second sprints on a cycle ergometer at an intensity equivalent to 170% of the work rate at 

!O2peak separated by a brief, ten second active recovery period.   

Underpinning fitness are both peripheral and central adaptions (15).  Centrally, left 

ventricular remodeling (7, 33), improved cardiomyocyte contractility and improved 

cardiomyocyte calcium handling (19) produce greater SVs post training (7, 18, 37).  Peripherally, 

there are increases in muscle oxidative capacity (16) and increases capillary density and type I 

fiber type composition (31).  While CO peak increases due to cardiac remodeling (SV effects), 

this increase represents an extension of an individual’s !CO/!!O2, as !CO/!!O2 is not thought 

to change (12, 27).  In other words, submaximal CO for a given!!O2 does not change, or is 

reduced, with endurance training (12, 17, 27, 32).  Interval training demonstrated no change in 

submaximal CO in sedentary overweight women (37).  

  Our understanding of !CO/!!O2 training effects is based on studies that did not consider 

whether an individual’s !CO/!!O2 slope might determine whether their submaximal CO does 

respond to training.  If we consider that an individual with a lower !CO/!!O2 response would 

have to rely on more non-exercising tissue vasoconstriction mediated redistribution to achieve the 

same exercising muscle O2D at a given submaximal !O2, it is plausible that an increased cardiac 

SV as a function of training could reset the balance of CO increase relative to redistribution of 

flow away from non-exercising tissue in meeting exercising muscle O2D demand.  However, 

whether low CO responders do demonstrate increased submaximal CO following exercise 

training remains unknown.  

 Therefore, the purpose of this study was to explore the efficacy of SIT in increasing the 

submaximal cardiac response in a low cardiac responder.  In order to answer this question, 

individuals underwent progressive cycling exercise before and after 16 sessions of SIT over four 

weeks.  Each training session consisted of eight, twenty-second cycling sprints at 170% !O2peak 

separated by ten second active recovery periods. During exercise CO and !O2 were measured 
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while assessing peripheral skeletal muscle characteristics pre and post training.  We hypothesized 

that low cardiac responders will undergo greater central adaptions, thus transforming them into a 

higher cardiac responder during subsequent submaximal exercise.  High cardiac responders will 

not be centrally affected by SIT. 

6.3 Methods 

6.3.1 Participants 

31 participants were recruited to participate in this study. 23 healthy, recreationally active 

(<3 hours/week of structured exercise) male participants (20.3 ± 1.8 yrs) with no history of 

smoking, cardiovascular disease or hypertension completed the study.  Eight individuals dropped 

out citing time constraints (n=4), lack of desire to continue (n=2), negative side effects associated 

with training (n=1; headaches), not feeling well enough to complete the post test (n=1).  All 31 

participants were previously described in Chapter 5.  Participants for this study for all intent and 

purposes were a homogeneous male subset from our population. This study was approved by the 

Health Sciences Research Ethics Board at Queen's University according to the terms of the 

Declaration of Helsinki. Procedures were in accordance with institutional guidelines. Each 

subject provided signed consent after receiving complete verbal and written descriptions of the 

experimental protocol and potential risks. 

6.3.1.1 Standard Anthropometric Data  

Upon arrival in the laboratory, standard anthropometric data was obtained for each 

subject. Age, height, weight and waist circumference were obtained. A 7-day physical activity 

recall adapted from Sarkin et al. (29) was completed to quantify current exercise habits.   

6.3.2 Experimental Design 

 This was a four-week SIT study.  Participants completed a venous blood sample, resting 

muscle biopsy, and a progressive exercise test to exhaustion both before and after SIT.  Post-
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testing venous blood sample and muscle biopsy were completed 72 hours after completing 

training followed by a progressive exercise test to exhaustion ~24 later.  

6.3.2.1 Venous Blood Sample and Assessment of Skeletal Muscle Properties 

Participants arrived at the lab in the morning after ~8 hours of fasting. Upon arrival at the 

lab, a resting blood sample was obtained using standard venipuncture into a 4.5ml lithium heparin 

vacutainer and immediately analyzed for hemoglobin content with a blood gas analyzer.  

Following the blood sample, participants underwent a resting muscle biopsy using the Bergstrom 

needle biopsy technique (6) as previously described (Chapter 5).  

6.3.2.2 Progressive Exercise Test Protocol (Figure 6-1; Panel A) 

A progressive exercise test to exhaustion was completed before and after training.  The 

day after the venous blood sample and resting muscle biopsy, participants arrived at Kingston 

General Hospital for a progressive exercise test to exhaustion.  Each participant completed 

progressive cycling exercise on an electronically braked cycle ergometer (VIAsprint 150P; 

Ergoline, Bitz, Germany).  Seat height was adjusted for each participant to a level deemed 

comfortable by each participant and recorded for post testing.  Participants rested on the bike for 

five minutes.  Exercise started at 40 watts (W) (at a self selected rpm during pre testing which 

was recorded for post testing) and increased every four minutes until 160 W.  Following 160 W, 

exercise intensity increase by 25 W every minute until volitional exhaustion.  During the exercise 

systemic blood pressure, CO, and pulmonary gas exchange were measured.    

6.3.2.3 Cycling Exercise Sprint Interval Training Protocol (Figure 6-1; Panel B) 

 Supervised training was performed four times per week for four weeks, for a total of 

sixteen SIT sessions.  Participants completed eight, 20-second intervals at an intensity associated 

with the work rate at 170% of VO2peak at 80 rpm.  These were separated by ten seconds of rest 

(loadless cycling - active recovery) at a self-selected rpm, for a total of four-minutes.   Each sprint 

was completed at 80 rpm.  Successive sprint repeats resulted in the gradual inability to maintain 
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80 rpm.  In any event, sprinting was completed for the full 20-second interval followed by a rest 

period.  A five-minute warm-up preceded the sprint intervals.   

6.3.3 Instrumentation  

6.3.3.1 Pulmonary Blood Flow – Cardiac Output 

Pulmonary blood flow (cardiac output) measures were completed at rest and during 

steady state at each 40 W increment up to 160 W as described previously (Chapter 5).  Briefly, in 

a five-breath maneuver, participants breathed from a rebreathing bag (Innocor, Innovision, GbH) 

while controlling for breathing frequency and tidal volume.  This rebreathing method 

demonstrates strong reproducibility during exercise in healthy participants (14) and correlates 

well with direct Fick measures of cardiac output (23). 

6.3.3.2 Systemic Arterial Blood Pressure and Estimates of Cardiac Output 

A finger photoplethysmograph was placed on the middle finger of the left hand to 

measure mean arterial blood pressure throughout exercise.  Both arms were supported by clip on 

Bontrager aerobrars (Trek, Waterloo, WI) and therefore the hand remained in the same position 

relative to heart level at all times.  The aerobars also allowed for the hands to remain relaxed 

throughout exercise.  In addition to blood pressure, this device provides estimates of SV and 

thereby computed CO and total peripheral resistance (TPR) via the ModelFlow® (Finapres 

Medical Systems, The Netherlands).   

6.3.3.3 Oxygen Consumption and Heart Rate 

Pulmonary gas exchange and ventilation were measured breath-by-breath using a 

calibrated, computer-based system (Vmax Encore 229, CareFusion, Yorba Linda, CA) as 

discussed previously (Chapter 5). Pulmonary oxygen uptake (!O2) was measured continuously. 

Participants were outfitted with a 4 lead electrocardiogram for the measurements of HR 

throughout exercise.  
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6.3.4 Data Acquisition 

 !O2 was obtained on a breath-by-breath basis.  Finometer measures of arterial blood 

pressure and estimates of CO were obtained on a beat-by-beat basis. Innocor estimates of 

pulmonary blood flow were completed at rest, and again during steady state exercise up to 160W.  

Measurements for all pulmonary gas exchange measures were averaged over 30 seconds 

during the last 1 minute and 30 seconds of an exercise intensity.  During the last ~30 seconds, 

pulmonary blood flow via inert gas rebreathe and cardiac output estimates from the Finometer 

were obtained. This timing was completed at rest, and each exercise intensity up to 160 W.  

Beyond 160 W, data from last 15 seconds was averaged for all variables.  Inert gas rebreathe was 

not performed due to the inability to complete the rebreathe maneuver within the duration of each 

successive exercise intensity coupled with the inability to predict maximal exercise due to sudden 

exercise cessation. 

6.3.5 Data Analysis: 

6.3.5.1 Venous Effluent – Hemoglobin concentration 

The venous blood sample was analyzed with a blood gas analyzer (Stat Profile Prime 

Blood Gas Analyzer, Nova Biomedical, Mississauga, Canada) for hemoglobin concentration. 

6.3.5.2 Immunofluorescent and Histochemical Analysis 

Immunofluorescent and histochemical analysis was used to assess skeletal muscle 

properties of the vastus lateralis as briefly described (Chapter 5).  Capillary density, skeletal 

muscle fiber type composition and skeletal muscle specific succinate dehydrogenase (SDH) were 

analyzed.  SDH was used as surrogate for mitochondrial content, as it has been shown to correlate 

strongly (r = 0.73) (20). 
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6.3.5.3 Finometer corrected cardiac output values 

During exercise beyond 160 W, CO measures via inert gas rebreathe were not completed.  

To assess CO at these exercise intensities, a linear relationship was developed between CO 

measures with Innocor and the Finometer from baseline to 160 W.  This relationship was then 

used to compute corrected Finometer estimates of CO (35). 

6.3.6 Statistical Analysis 

A linear regression was completed for !CO and !!O2 relationship for each participant 

before and after training.  Data from 40 W up to a plateau in !CO/!!O2 were included. 

Individual slope responses prior to training were ranked and the lowest and highest eight 

responses were post hoc designated as low and high cardiac responders receptively.  All 

subsequent analysis was completed on these two groups.  Slope analysis was completed for each 

group to determine exercise-training effects.    

A two way repeated measures (pre vs. post and exercise intensity) ANOVA was 

completed for each cardiac response group. Due to variability in fitness, not all participants 

completed the same number of exercise intensities. Therefore, one, two way repeated measures 

ANOVA was completed up to 160 W in low responders and 210 W in high responders. Then, 

only participants who completed 185 W and 235 W respectively were used in a subsequent 

ANOVA for each respective group.  Only the data pertaining to 185 W and 235 W was obtained 

from this additional analysis.  This process was completed up to exhaustion in each group.  We 

have used a similar method previously (5). 

Paired student’s t-tests were used to compare peak responses and skeletal muscle 

characteristics before and after training within a group.      

Significance was set at P<0.05.  For all analyses, post measures were matched to pre 

measures such that the same participant completed each exercise intensity both before and after 

training.  Only significant F-statistics within the repeated measures ANOVA were further 
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assessed using Tukey’s post hoc tests.  All assumptions of the two way repeated measures 

ANOVA were met including normality, homogeneity of variance and sphericity.  When the 

assumption of sphericity was not met, a Greenhouse-Geisser correction was applied when 

determining F-statistic significance.  Statistics were calculated using a combination of SPSS 20 

(IBM Software), SigmaPlot 12.0 (Systat Software, Inc.) and GraphPad Prism 6 (GraphPad 

Software, Inc.).  All results presented are mean ± SD unless otherwise noted. 

6.4 Results 

6.4.1.1 Standard anthropometric data 

 Standard anthropometric data is presented in Table 6-1. 

6.4.1.2 Identification of cardiac responses 

 Prior to exercise training the change in CO required for a given change in !O2 ranged 

from 2.3 to 6.6 L of blood per L of oxygen (Figure 6-2).  High and low cardiac responders were 

subsequently identified (n = 8 per group).  These two groups differed in their !CO/!!O2 

relationship (6.0 ± 0.3 vs. 3.9 ± 0.7 L of blood per L of oxygen, P <0.001) (Figure 6-3; Pre).  

Differences in the cardiac response between high and low responders during exercise were not 

explained by differences in CaO2 (208 ± 9 vs. 205 ± 7 ml O2/L blood; P = 0.5).  Therefore, these 

two groups differed in their rate of systemic convective O2D.  Validity assessment of CO 

measures was completed by calculating systemic central venous oxygen content (CvO2).  From 

baseline to exhaustion this revealed only four implausible values (CvO2 < 20 ml/L) in our low 

cardiac response group and one implausible and impossible (CvO2 <0 ml/L) value in our high 

responders.  Post training revealed only one implausible and impossible value in our low 

responders and one and two implausible and impossible values in our high cardiac responders 

(Table 6-2).  This was out of a total of 292 measurements across all participants, encompassing 

measures at each exercise intensity within a test both before and after training.  



 203 

6.4.1.3 Exercise training and the cardiac response 

 Exercise training resulted in an increase in the slope of the !CO/!!O2 relationship in low 

responders from (pre 3.9 ± 0.7 to post 5.1 ± 0.4 L of blood per L of oxygen, P<0.001), while the 

high cardiac responders slope was unchanged (6.0 ± 0.3 vs. 5.6 ± 0.3 L of blood per L of oxygen, 

P = 0.2) (Figure 6-3).  The increase in the !CO/!!O2 relationship in low responders was due to 

an increase in CO at exercise intensities greater than 160 W (Figure 6-4) as !O2 was unchanged 

(Figure 6-5).  The change in CO from pre to post to training at a given exercise intensity, and 

therefore the consistent increase in submaximal CO, above 160 W across all low cardiac 

responders can be seen in Figure 6-6 Panel A.  CO increases beyond 160 W were mediated by 

greater increases in SV from rest at 185 W (pre: 20.0 ± 11.9 vs. post: 39.8 ± 9.0 ml/bt; P<0.001), 

210 W (26. 9 ± 16.9 vs. 47.4 ± 10.5 ml/bt; P=0.04), 235 W (23.1 ± 11.8 vs. 44.2 ± 11.2 ml/bt; 

P=0.01), 260 W (15.8 ± 13.7 vs. 34.9 ± 6.8 ml/bt; P=0.04), 285 W (7.5 ± 22.4 vs. 43.0 ± 0.4 

ml/bt; P=0.02) as increases in HR were unchanged at any exercise intensity (all P > 0.5).  High 

cardiac responders had similar increases in SV pre vs. post (all P > 0.6) for all exercise 

intensities.   The HR increase from rest was lower at 260 W (pre: 100.7 ± 8.1 vs. post: 89.4 ± 8.5 

bpm; P = 0.008), 285 W (104. 7 ± 10.2 vs. 96.0 ± 8.4 bpm; P = 0.01), 310 W (109.2 ± 10.2 vs. 

99.2 ± 9.6 bpm; P = 0.02) and 335 W (115.3 ± 7.2 vs 105.0 ± 5.8 bpm; P = 0.02) (data not 

shown). 

6.4.1.4 Impact of exercise training on peak responses (data not shown) 

 Exercise training increased peak exercise intensity in low (229 ± 53 vs. 251 ± 46 W; P = 

0.02) and high (304 ± 42 vs. 332 ± 41 W; P = 0.006) cardiac responders as well as peak !O2 (40.4 

± 6.3 vs. 45.0 ± 6.9, and 47.3 ± 4.5 vs. 52.4 ± 6.0 ml/kg/min; P = 0.02 and 0.03 respectively) 

(data not shown).  Peak !CO was unchanged in low (11.3 ± 2.0 vs. 13.0 ± 3.7 L/min; P = 0.1) 

and high (18.1 ± 1.8 vs. 18.0 ± 3.1 L/min; P = 0.9) cardiac responders (data not shown).  High 
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cardiac responders had a greater peak exercise intensity, peak !O2 and peak CO than low cardiac 

responders both before after training (all P <0.05). 

6.4.1.5 Impact of exercise training on skeletal muscle properties (data not shown) 

 Capillary density was increased following training in low (454 ± 75 vs. 563 ± 64 mm2; P 

<0.001) and high (461 ± 118 vs. 526 ± 86 mm2; P = 0.01) cardiac responders.  Type I (43.8 ± 13 

vs. 43 ± 9 %; P = 0.5 and 51 ± 7 vs. 52 ± 12 %; P = 0.7), and type II (50 ± 11 vs. 52 ± 7 %; P = 

0.3 and 48 ± 6 vs. 48 ± 11 %; P = 1) fiber composition was unchanged within low and high 

cardiac responders.  Fiber type specific SDH activity was also unchanged in type I (38 ± 7 vs. 36 

± 7 A.U.; P = 0.6 and 32 ± 5 vs. 35 ± 9 A.U.; P = 0.5) and type II (26 .6 ± 4.1 vs. 28 ± 8.0 A.U.; P 

= 0.7 and 23.4 ± 5.7 vs. 26.3 ± 6.1 A.U.; P = 0.5) fibers within low and high cardiac responders 

respectively. There were no differences between groups for any skeletal muscle characteristic (all 

P >0.05). 

6.5 Discussion 

During exercise CO increases in proportion to exercise intensity due to a linear HR 

increase and a SV increase that typically plateaus around 60% of !O2 (39). Historically, it is 

thought that the !CO/!!O2 is similar between healthy individuals whereby CO increases by ~5 to 

7 liters per minute, for an increase of one liter per minute in !O2 (13, 24), with inter-individual 

differences likely due to arterial oxygen content.  However, we recently observed considerable 

inter-individual variability in the !CO/!!O2 consistent with the findings from a series of studies 

from the mid 1960s (4, 25) and 80s (41).  Additionally, we were able to determine that this 

variability was not due to inter-individual differences in arterial oxygen content. This large inter-

individual variation in the !CO/!!O2 relationship allowed for the post hoc identification of low 

and high cardiac response groups that varied in their !CO/!!O2 by ~3 L (Chapter 5).  Within the 

context of exercise training, both endurance and sprint or high intensity interval training can 



 205 

improve peak CO along with peak !O2 (12, 17, 27, 32); however, !CO/!!O2 is not thought to 

change (12, 27), as submaximal CO for a given!!O2 does not change, or is reduced, with 

endurance and sprint training (12, 17, 27, 32, 37).  Our understanding of !CO/!!O2 training 

effects is based on studies that did not consider whether an individual’s !CO/!!O2 slope might 

determine whether their submaximal CO does respond to training. In the present study we tested 

the hypothesis that following SIT, low cardiac responders would undergo greater central 

adaptions, thus transforming them into a higher cardiac responder during subsequent submaximal 

exercise.  High cardiac responders would not be centrally affected by SIT.  The primary findings 

of the study were as follows: 1) Low cardiac responders had an increase in the slope of their 

!CO/!!O2 relationship post training while high cardiac responders did not.  2) A greater increase 

in SV post compared to pre training couple with no offsetting decrease in HR explained the 

increase in CO in low responders at higher submaximal exercise intensities.  In contrast, high 

responders had no such SV augmentation with training.  

By considering the !CO/!!O2 response of an individual as a potential determinant of 

exercise training effects on the submaximal exercise response of CO, our study is the first to 

demonstrate that an increased submaximal CO response can be achieved with 4 weeks of SIT 

training.  Importantly, this is specific to an individual having a low response prior to training, as 

high cardiac responders were consistent with the traditional understanding of the cardiac 

response/exercise training relationship.  

6.5.1 Typical Cardiac Response to Exercise 

Currently, it is commonly thought that CO increases in the range of 5-7 L/min for an 

increase of 1 L/min in !O2 (13, 24).  However, investigations from the mid-1960s (4, 25) and 80s 

(41) actually reported considerable inter-individual differences in the cardiac response to exercise 

at the same !O2.  The !CO/!!O2 relationship ranged from less than 5.6 to greater than 10.1 

L/min of blood per L/min of !O2.  In these investigations, and the work assessing the typical 
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!CO/!!O2 relationship, CaO2 and skeletal muscle characteristics were not assessed so it could be 

argued that inter-individual arterial oxygen content differences contributed to CO disparities.  

Furthermore, skeletal muscle capillary density, fiber type distribution and mitochondrial content 

might impact PcellO2 and ADP and Pi levels required for a given !O2 (38).  Thus it could be that 

inter-individual differences in convective delivery of oxygen to muscle, a presumable 

consequence of systemic (cardiac output) O2D, reflected differing PcapO2 requirements to achieve 

similar intracellular oxygen environments.  

Interestingly, there has been virtually no follow up on these inter-individual difference 

findings, and as a result the 5-7 L/min per 1 L/min !CO/!!O2 relationship has become 

entrenched as representative of this relationship in healthy humans during exercise.   We recently 

revisited the issue of inter-individual differences in !CO/!!O2 (Chapter 5) and our findings were 

in agreement with the three studies that observed substantial inter-individual differences well 

outside the 5-7 L/min/L/min range.  The identification of low !CO/!!O2 and high !CO/!!O2 

responders in our recent work led us to revisit training effects on submaximal cardiac responses 

based on responder type in the present study.  We chose to investigate SIT training effects as SIT 

has grown in popularity since the work by Tabata et al. (34) in the mid 1990s and is a time 

efficient alternative to typical endurance training that produces similar if not better cardiovascular 

improvements as typical endurance training in a fraction of the time (16).  However, given its 

relatively recent emergence, the majority of the literature surrounding the submaximal CO 

response to training investigated endurance exercise training.   

One of the earlier studies investigating endurance training effects was completed Andrew 

et al. (1).  These researches found that four weeks of aerobic type training five days per week in 

both athlete and sedentary individuals resulted in a decreased submaximal CO response.  As !O2 

did not change for a given work rate the authors proposed that changes in peripheral 

redistribution of blood flow may allow for a reduced CO.  A longer training duration of 16 weeks 
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was completed by Ekblom et al. (12).  In this study training consisting of mostly cross-country 

running three times a week in young adults, and also resulted in a reduction a CO at absolute rates 

of !O2.  Peak CO was increased as it appears that the slope of the !CO/!!O2 was similar before 

and after training with increases in peak CO occurring along a similar CO profile.  The same year 

a shorter training duration of approximately eight weeks (53 to 55 days) demonstrated that eleven 

2.5 to 7 mile run sessions per week in young males produced no effect on submaximal CO at 

absolute rates of !O2.  Training resulted in an increased peak CO, but this increase occurred 

along a superimposable slope response of pre-training (27).  Hartley and colleagues (17) found 

that in middle aged men running two to three and half hours per week for eight to ten weeks 

submaximal CO was not augmented, but peak CO was increased.  Moving out from the 1960s, a 

six month low and higher intensity training study was completed by Seals et al. (32) in older 

individuals.  Both training models had no effect on submaximal CO post training at fixed work 

rates.  Lastly the HERITAGE study completed by Wilmore and colleagues (40) found young to 

middle aged males and females completing 60 sessions, three times per week, of moderate 

intensity endurance exercise for 30 minutes had a reduction in CO at 50 W post training.  Thus 

the published literature conveys a consistent finding of no increase in CO for a given submaximal 

exercise intensity following exercise training, even when SV was augmented, as this was offset 

by a reduced HR.  

Similar to endurance training, varying protocols have been employed to assess training 

effects of SIT, making comparisons between studies difficult.  Often with SIT studies, changes in 

peak CO and peak !O2 were the primary outcomes as opposed to submaximal CO.  However, 

training effects on cardiac function in terms of SV post training are reported (3, 18, 21, 22).  Eight 

weeks of four-minute intervals at 90-95% of HRmax separated by three minutes of active recovery 

repeated four times in healthy non-smoking men produces an increase in peak CO and SV (18).  

This observation was mirrored by Astorino et al. (3)  following a shorter duration of ten sessions 
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of interval training consisting of 6-10, 60 seconds sprints at 90-110% of peak power output in 

young adults. Increases in peak SV are not always associated with increases in peak CO as SIT 

five days a week for eight weeks has been shown to produce this effects (22).    

While the majority of SIT studies have observed increases in SV or CO post training, it is 

important to note the central adaptations are not always present.  MacPherson and colleagues (21) 

found that six weeks of run SIT completed three times week in sessions consisting of four to six 

bouts of 30 second all out sprints with four-minute recovery produced no change in peak SV or 

peak CO.  Of course, as mentioned, the differences in SIT protocol could contribute to cardiac 

training effect differences between studies.  Regardless, the weight of evidence so far suggests 

that SIT appears to increase SV in exercise post training. Our findings were consistent with this 

only within the low responder group, suggesting that individual differences in cardiac adaptation 

to SIT training might account for the conflicting findings observed in the literature.  Underlying 

the increase SV are morphological adaptions in the left ventricle mass and volume following 

seven weeks of a combination endurance/sprint interval training and sixteen weeks of high 

intensity interval runs respectively (7, 30).  Additionally, animal models have demonstrated that 

interval training improves cardiomyocyte contractility and calcium handling (19).  Combined, 

these structural and functional adaptations could be facilitating the improved SV post SIT. 

 There has been only one study to date that investigated effects of SIT training on 

submaximal CO (37) and this was in older overweight sedentary women.  SIT training consisted 

of four to seven sprints on a cycle ergometer at 5% body weight, 3 sessions per week for four 

weeks.  The authors reported that following training there was no change in submaximal CO at 

the pre-training relative intensity of 50% !O2max.  In all SIT training studies cited here that 

measured peak !O2, there was an increase in response to SIT training. 

Consistent with the literature and our hypothesis, high cardiac responders were 

unaffected by this method of training and their cardiac response and !CO/!!O2 relationship was 
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unchanged.  In contrast, low cardiac responders had an augmented CO response at higher 

submaximal exercise intensities post training which was a result of increased SV beyond 160 W.  

This could reflect greater changes in left ventricular mass and cardiomyocyte functionality, 

although this was not measured and remains to be determined.   To our knowledge, this is the first 

study to identify such a submaximal CO response effect of training and that it is specific to an 

individual having a low !CO/!!O2 response.  These findings speak to the importance of 

considering inter-individual differences when assessing the efficacy of training studies or 

designing training protocols, as one protocol might be more catered to a particular response.   

 Figure 6-6, illustrates the number of individuals that present with a higher cardiac 

response at a given absolute intensity post training in low cardiac responders (Panel A) and high 

cardiac responders (Panel B). In low cardiac responders, prior to 160 W, we observed varying CO 

responses with some being higher, lower, or unchanged post training.  We can see that beyond 

160 W (which is where the increases in CO was established) there is an increase in CO for each 

individual at intensities that are still submaximal.  High cardiac responders do not show a clearly 

identifiable increase or decrease in the cardiac response following training.   

6.5.2 Exercise Training Effects and Blood Flow Distribution  

Within the present study we observed an increase in peak !O2 in both low and high 

cardiac responders post training.  Although high cardiac responders had a higher peak !O2 vs. 

low cardiac responders both before and after training, the relative change in !O2 expressed as a 

percentage of pre training (9.8 ± 9.3 vs. 9.3 ± 9.9 %; P = 0.9) or change from pre training (0.35 ± 

0.3 vs. 0.44 L/min; P = 0.7) was not different between groups. An improvement in 

cardiorespiratory fitness following SIT aligns with previous work (3, 10, 18, 21, 22).   

During exercise, it is typically assumed that increases in CO are perfusing the active 

skeletal muscle (2) coupled with considerable flow redistribution from visceral areas (2, 26).  In 

the present model, the increase in submaximal CO post training was not accompanied by an 
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increase in MAP in the low cardiac responders (all P > 0.05).  At exercise intensities beyond 160 

W, the regulation of MAP was completed at a higher CO post training due to an increase in total 

vascular conductance (185 W (pre: 0.056 ± 0.026 vs. post: 0.087 ± 0.031 L/min/mmHg; P = 

0.006), 210 W (0.076 ± 0.022 vs. 0.121 ± 0.123 L/min/mmHg; P = 0.045), 235 W (0.072 ± 0.020 

vs. 0.120 ± 0.021 L/min/mmHg; P = 0.009), 260 W (0.070 ± 0.010 vs. 0.109 ± 0.001 

L/min/mmHg; P = 0.03), 285 W (0.066 ± 0.002 vs. 0.122 ± 0.016 L/min/mmHg; P = 0.046)).  

Unfortunately, we cannot partition the increased total vascular conductance specific to active 

skeletal muscle vs. other vascular beds.  Our findings therefore speak to the importance of 

revisiting our understanding of cardiac output distribution and how exercise training may affect it 

specific to individuals who present with improved !CO/!!O2.    

6.5.3 Experimental Considerations 

In the present study we utilized an inert gas rebreathe maneuver (Innocor) to measure CO 

at rest and each exercise intensity up to 160 W.  Due to sudden cessation of exercise we were not 

able to use Innocor to measure CO at higher exercise intensities.  We therefore obtained an 

estimate of CO from a Finometer and applied a ‘correction’ to Finometer estimates of CO beyond 

160 W.  This application is not new and has been used previously (35, Chapter 5).  All 

participants displayed a linear relationship between Innocor measures and Finometer estimates of 

CO up to 160 W.  Both low (0.94 ± 0.2 vs. 0.82 ± 0.4 L/min; P = 0.3) and high (1.2 ± 0.2 vs. 1.1 

± 0.2 L/min; P = 0.1) cardiac response groups had similar slopes before and after training as well 

as similar levels of variance (0.97 ± 0.02 vs. 0.94 ± 0.04; P = 0.2) (0.94 ± 0.03 vs. 0.95 ± 0.04; P 

= 0.6) within the linear model.  There were no differences between groups (P > 0.05).  Therefore, 

the application of an Innocor ‘corrected’ Finometer estimate of CO was equally effective in both 

groups.  

In using Innocor, there is the potential for an underestimation of CO due to soluble gas 

recirculation and the associated effects on the concentration gradient for diffusion of the soluble 
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gas form the rebreathing bag into the pulmonary circulation.  Potential issues have been described 

previously (Chapter 5) and we do not feel that this was an issue in this present study.  There was 

no difference in the duration of the maneuver before and after training within a cardiac response 

group or between groups (all P > 0.05).  Breathing maneuver times ranges from ~20 seconds at 

rest (!O2 of 0.3 L/min) to ~13 seconds at 160 W (!O2 of 2.3 L/min).  We also coached each 

individual through his unique breathing pattern (both tidal volume and breathing frequency) as to 

not elicit hyperventilation, which can influence CO (8, 11). 

Claims of an altered !CO/!!O2 relationship are predicated on accurate measures of CO 

and!!O2.  Prior to use all machines were calibrated.  When exercising at an absolute exercise 

intensity, in the absence of any changes in metabolic efficiency, !!O2 should be similar.  Indeed 

in the present study we see superimposable exercise intensity - !!O2 relationships before and after 

training (Figure 6-5).  We are therefore confident in our measures of !!O2.  To obtain a level of 

confidence in our CO measures, we computed systemic CvO2.  In doing so, we were able to 

establish that given a certain CaO2 (measured), !!O2 (measured) and CO (both measured and 

‘corrected’) what is the CvO2?   Is it physiological?  Our measures of CO produced only four 

impossible and seven plausible CvO2 out of a total of 292 measures.  That is only 1.4% and 2.4 % 

respectively.  We therefore have confidence in the results obtained and can say with confidence 

that 1) individuals differ in their !CO/!!O2 relationship and can be classified as high and low 

cardiac responders and 2) that SIT increases the submaximal !CO/!!O2 relationship in low 

cardiac responders while it has no effect in high cardiac responders. 

6.6 Conclusion 

The traditional understating of the cardiovascular response to exercise is a linear increase 

in both HR and CO towards !O2 peak.  The accepted relationship between !CO/!!O2 is five to 

seven liters per minute increase in CO per one liter increase in !O2.  Exercise training seemingly 
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does not augment the submaximal CO response, but these training studies have not accounted for 

inter-individual variability in the underlying !CO/!!O2 relationship and have not been 

completed with SIT.  Recently we found that individuals can be classified according to their 

!CO/!!O2 relationship as high vs. low cardiac responders.  Importantly, these responders are not 

different in their CaO2 or skeletal muscle characteristics.  In accordance with our hypothesis we 

found that low cardiac responders are sensitive to SIT and present with a greater submaximal 

cardiac response post training (at intensities beyond 160 W) presumably due to greater central 

adaptions post training.  The !CO/!!O2 of high cardiac responders is not affected by SIT.  We 

are the first to demonstrate that an increased submaximal CO response can be achieved with 4 

weeks of SIT training in young adults who have a low cardiac response to exercise prior to 

training. This study demonstrates that underlying innate physiological characteristics can 

predispose an individual to different training outcomes and this needs to be considered in future 

investigations.          
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Figure 6-1:  Experimental protocols.  Panel A-I: Progressive exercise test beginning with rest 
and increasing by 40 W every four minutes until 160 W.  Beyond 160 W, exercise increased by 
25 W every minute until volitional exhaustion.   Panel A-II:  Timing of measurements during 
exercise up to 160 W.  Panel A-III:  Timing of measurements during exercise beyond 160 W.  
Panel B: Sprint interval training.  Five minute warm up is followed by successive eight, 20-
second intervals at an intensity associated with the work rate at 170% of !O2peak at 80 rpm.  
These were separated by ten seconds of rest (loadless cycling - active recovery) at a self-selected 
rpm, for a total of four-minutes.  Bsl; baseline, !O2; oxygen consumption, R; active recovery.      
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Figure 6-2: The increase in CO required for a given increase in !O2 prior to exercise training.  
Low (n=8) and high (n=8) cardiac response groups were identified.  
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Figure 6-3:  Average !CO required for a !!O2 at each exercise intensity before and after 
training.  Panel A: Low cardiac responders.  Panel B: High cardiac responders.  Linear 
regressions are plotted for pre (dashed lines) and post (solid lines) training.  Regressions were 
completed up to the plateau, and beyond the plateau in cardiac output independently.  * denotes 
statistically significant difference between pre and post training within a response group P<0.05. 
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Figure 6-4:  Cardiac output exercise intensity relationship.  Panel A: Low cardiac responders.  
Panel B: High cardiac responders.  * denotes statistically significant difference between pre and 
post training within a response group P<0.05. Number of participants completing each exercise 
intensity are denoted above x-axis. 
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Figure 6-5: Exercise intensity - oxygen consumption (!O2) relationship.  Panel A: Low cardiac 
responders.  Panel B: High cardiac responders.  Number of participants completing each exercise 
intensity are denoted above x-axis. 
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Figure 6-6:  Cardiac output exercise intensity relationship between pre and post testing.  Panel A: 
Low Cardiac Responders.  Panel B: High Cardiac Responders.  Dashed line represents the same 
cardiac response at a given exercise intensity before and after training.  Data above this line 
represent an increase in cardiac output post training while data below represent a reduction. 
Number of participants completing each exercise intensity are denoted above x-axis.  
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 Table 6-1: Anthropometric measures. 

 

 

 

 

 

 

 

 

 

 

 

Values are mean ± SD.  BMI; body mass index, PAR; physical activity recall, METS; metabolic equivalents.  NS, P>0.05 for all comparisons 
between low and high cardiac responders. 
 

 

  

Variable Group Pre 

(n=23) 

Group Post 

(n=23) 

Low Pre 

(n=8) 

Low Post 

(n=8) 

High Pre 

(n=8) 

High Post 

(n=8) 

Age (yrs) 19.8 ± 1.5 --- 20.4 ± 1.8 --- 20.5 ± 1.9 --- 

Height (cm) 181.7 ± 6.5 --- 179.8 ± 6.4  --- 181.4 ± 5.6 --- 

Weight (kg) 77.2 ± 10.2 77.0 ± 10.3 76.6 ± 12.8 76.8 ± 13.0 82.6 ± 6.7 82.7 ± 7.7 

BMI 23.3 ± 2.3 23.2 ± 2.3 23.6 ± 3.0 23.6 ± 2.9 25.1 ± 1.2 25.1 ± 1.5 

7 day PAR score 

(METS/wk) 246.2 ± 1 

--- 242.9 ± 13.3 --- 249.7 ± 17.0 --- 
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Table 6-2: Number of central venous oxygen content (CvO2) values that were deemed impossible, implausible, and plausible. 

 Low-Pre 
(n=8) 

Low-Post 
(n=8) 

High-Pre 
(n=8) 

High-Post 
(n=8) 

Other-Pre 
(n=7) 

Other-Post 
(n=7) 

Impossible 

(CvO2 <0 ml/L) 

--- 1 (1.6%) 

185 W 

1 (1.4%) 

310 W 

2 (2.8%) 

310 W = 2 

--- 3 (3.6%) 

235 W = 1 

260 W = 2 

Implausible 

(CvO2 <20 ml/L) 

4 (6.5%) 

160 W = 1 

185 W = 1 

210 W = 1 

260 W =1  

1 (1.6%) 

160 W 

1 (1.4%) 

285 W 

1 (1.4%) 

310 W 

1 (1.2%) 

335 W = 1 

1 (1.2%) 

210 W 

Plausible (CvO2 

>20 ml/L) 

57 (93.5%) 59 (96.7%) 

 

68 (97.1%) 67 (95.7%) 81 (98.7%) 78 (95.1%) 

Total 61 (100%) 61 (100%) 70 (100%) 70 (100%) 82 (100%) 82 (100%) 

 

Number of values within a given category before (pre) and after (post) training for low and high cardiac responders as well as the rest of study 
population (other). Percentage of responses within a given category presented in brackets.  CvO2 were derived for each participant, at each exercise 
intensity, based on the Fick equation when CO, CaO2 and !O2 are known. CvO2; venous oxygen content, CO; cardiac output, CaO2; arterial oxygen 
content, !O2; rate of oxygen consumption.
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Chapter 7 

General Discussion 
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This dissertation was focused on the inter-individual variability in O2D : demand 

matching during exercise between recreationally active young, healthy, otherwise similar males.  

Under this general research question, two primary focuses arose in which we sought to: 1) 

identify and characterize cardiovascular response phenotypes during perfusion pressure induced 

compromises to exercising forearm skeletal muscle and establish an intervention to restore the 

compensatory vasodilation necessary to defend O2D : demand matching.  2) Determine the effects 

of differences in CO on submaximal exercise tolerance and explore the efficacy of SIT on 

augmenting the submaximal cardiac response in low cardiac responders. The primary findings of 

this research initiative were as follows.  For focus 1: 1) Compensatory vasodilation was present in 

certain individuals (n=13) and completely absent in other individuals (n=8) in response to a 

perfusion pressure induced flow perturbation.   2) A compensatory pressor response partially 

restored exercising blood flow, but its presence, effectiveness and magnitude was not impacted 

by the presence or absence of compensatory vasodilation.  3) Individuals with compensatory 

vasodilation protected O2D and exercise performance in a compromised position, while non-

compensators suffered compromises to both.  4) Dietary nitrate supplementation did indeed lead 

to compensatory vasodilation in non-compensators while placebo had no effect (n=6).  5) Newly 

established compensatory vasodilation resulted in a restoration of exercising forearm blood flow 

and abolishment of the perfusion pressure induced impairments to exercise performance.  For 

focus 2: 1) Individuals differed in !CO/!!O2 relationship during exercise allowing for the 

identification of high and low cardiac responders.  2) These differences were not attributed to 

differences in CaO2.  3) !CO did not predict either leg or whole body RPE when controlling for 

peak !!O2.  4) Skeletal muscle properties were not different between responses groups and are 

therefore not the reason CO is not predicting RPE. 5) High cardiac responders have a greater peak 

!O2 and peak !CO.  6) Exercise training did transform a low cardiac responder into a higher 
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cardiac responder at a given submaximal exercise intensity while the submaximal cardiac 

response in high responders was unaffected.  7). Increases in the submaximal cardiac response 

were mediated by stroke volume increases, as heart rate was unchanged.    

7.1 Focus 1: Identification and Characterization of Cardiovascular Response 

Phenotypes/ Effects of Dietary Nitrate Supplementation on Non-Compensation 

7.1.1 Key Findings and Implications 

This research initiative was the first to comprehensively explore inter-individual response 

heterogeneity in the mechanisms governing O2D : demand matching during exercise.  Prior 

studies investigating cardiovascular responses to sudden O2D compromises during steady state 

exercise have assessed findings at the group level and yielded conflicting results.  Animal models 

demonstrate a compensatory pressor response (37) while human models point to compensatory 

vasodilation (9, 23, 48).  In either case, complete (23), partial (9, 37) or non-existent (48) flow 

restoration occurs. Based on our previous work (5), we thought that the distribution of phenotypes 

within a particular study participant sample might be contributing to the conflicting observations.  

Confirming our previous work, our present study demonstrated clear, dichotomous compensatory 

responses that were vasodilatory in nature.  Compensatory pressor responses were mild, and were 

not affected by the presence or absence of compensatory vasodilation.  Compensatory 

vasodilation protected O2D and exercise performance while those who responded with the 

absence of compensatory vasodilation suffered reductions in delivery and performance; in 

accordance with the role of oxygen on fatigue progression (26, 28). 

Within our model we sought to explore the mechanism underlying the presence of 

compensatory vasodilation.  While we identified no role for potassium or nitrite (dietary source of 

bioavailable NO), we observed a potential role for plasma ATP.  Kirby and colleagues (31) 

demonstrated that intravascular sources of ATP arise from red blood cell desaturation during 
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exercise.  This information provided support for investigations suggesting ATP as an important 

regulator of vascular tone and exercise hyperemia (22, 32).  In our model, compensatory 

vasodilators had a greater level of absolute hemoglobin desaturation compared to non-

compensators when perfusion pressure was reduced.  Greater absolute desaturation coupled with 

ATP release from the red blood cell, in accordance with the red blood cell as on oxygen sensor 

hypothesis (19), provide support for the potential role of ATP in compensatory vasodilation.  

A negative consequence of the complete absence of compensatory vasodilation is a 

reduction in exercise performance.  Therefore, we sought to explore an intervention to alleviate 

the negative effects of non-compensation and potentially restore compensation in these 

individuals.  During exercise with forearm hypoperfusion, enzymatic sources of NO have been 

identified for up to ~40% of the compensatory vasodilatory response (7, 8).  While dietary nitrate 

supplementation does not increase enzymatic NO production, it is an effective means of 

increasing NO bioavailability and potentially vasodilation.  Additionally, beetroot juice has arisen 

as a viable means of increasing dietary nitrate and has demonstrated a lowered ATP cost per force 

generation at the contractile protein (4) and less oxygen required per ATP produced by the 

mitochondria post supplementation (33).  Therefore, independent of any perfusion effects, the 

challenge of exercise would be mitigated post supplementation.  We observed a clear 

establishment of compensatory vasodilation following supplementation that was consistent 

between repeated trials within an individual.  We did not see evidence of improved metabolic or 

contractile efficiency, as exercising muscle !O2 was similar between supplementation protocols.  

The newly observed compensatory vasodilation restored O2D and abolished any performance 

impairments compared to placebo.  The observation of compensatory vasodilation following 

beetroot juice aligns with recent work by Casey et al. (10).  Older individuals, who present with 

impaired ATP mediated vasodilation (32), experienced improved hypoxic mediated vasodilation 
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following acute beetroot juice supplementation.  In our study, we observed no change in 

unchallenged exercise hyperemia with supplementation, which appears to be in accordance with 

previous work (10, 12, 30).  While nitrite was not identified as a contributor to compensatory 

vasodilation, it appears that large increases in NO bioavailability results in the preferential 

conversion of nitrite to NO in the hypoxic, acidic environment (12, 36) created by a perfusion 

perturbation to flow.  The results from these studies suggest that individuals differ in their 

compensatory responses to a sudden challenge in perfusion, which negatively effects O2D and 

exercise performance; however, dietary nitrate supplementation is an effective means of restoring 

not only compensation, but also exercise performance.   

7.1.2 Strengths and Limitations 

These studies were the first to comprehensively explore individual response 

heterogeneity in the mechanisms governing O2D : demand matching.  The largest strength of this 

research effort was the consistency and reproducibility of vascular responses within individuals.  

In order to gain confidence in our observations, we completed what we term ‘single participant 

research,’ in which an individual is tested multiple times to confirm their particular 

cardiovascular response.  In doing so, we were able minimize the impact of natural fluctuations to 

a given response and confidently classify an individual as either having or not having a particular 

cardiovascular response.  Coefficient of variation for our assessment of compensatory 

vasodilation, the primary outcome of the studies, between triplicates assessment was ~3%.  This 

level of reproducibility provides confidence in our observations and subsequent conclusions 

about disparate cardiovascular response phenotypes and their impact on exercise performance.   

In assessing the effects of dietary nitrate supplementation on establishing compensatory 

vasodilation in pre-identified non-compensatory vasodilators, we had a sample size 6 (originally 

identified n of 8; however 2 participants were unable to complete the study).  A sample of 6 is 
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small, but the remarkable consistency in the effects of beetroot juice provides confidence in our 

observation.  We completed a randomized double-blind placebo-controlled experimental study in 

which each participant completed both dietary nitrate supplementation (beetroot juice) and 

placebo supplementation (nitrate depleted beetroot juice).  This study clearly produced 

compensatory vasodilation, restored O2D and improved exercise performance with 

supplementation while placebo had no such effects.  In addition, while the magnitude of 

responses varied from person to person, every participant responded in the same manner under 

supplementation (presence of compensatory vasodilation) and placebo (absence of compensatory 

vasodilation).  

7.1.3 Directions for Future Research 

This hypothesis generating research opens the door for a series of investigations 

exploring individual response heterogeneity in the mechanisms governing O2D : demand 

matching.  Despite our best efforts to characterize the mechanism responsible for compensatory 

vasodilation, the exact mechanism remains elusive.  Infusion models blocking ATP mediated 

vasodilation pathways would confirm the contribution of ATP to the observed compensatory 

response in this model.  Establishing the implications of cardiovascular response phenotypes in 

both small and large muscle mass exercise represents another platform for research.  Does an 

individual always present with compensatory vasodilation regardless of modality and mass of 

skeletal muscle?  Extending this model to training, are vasodilatory response phenotypes sensitive 

to training?  Do certain phenotypes respond better to training than others?  There really is an 

abundance of work in this area that will be addressed in the years to come as individual 

heterogeneity gains more traction within the literature.    
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7.2 Focus 2: Effects of Inter-individual Differences In CO on Exercise Tolerance 

and the efficacy of SIT In Augmenting the Cardiac Response  

7.2.1 Key Findings and Implications  

The information from studies three and four explored the implications of systemic 

differences in O2D, mediated through CO differences between individuals, during exercise and 

how this predicts exercise tolerance and the submaximal cardiac response following training.  We 

assessed exercise tolerance through RPE (an indication of the psychophysiological stress of 

exercise (1)).  RPE has been shown to have strong correlations with a host of physiological 

parameters (most notably its linear relationship with heart rate) including blood lactate, a 

surrogate assessment of metabolic stress and the disturbances in the cellular environment (16).  

RPE is sensitive to local muscle strain, as increases in strain increase RPE at the same heart rate 

and !O2 (38).   Manipulating convective O2D via FIO2 produces reductions and increases in RPE 

during exercise in hyperoxia (21) and hypoxia (34) respectively. Isolating the delivery challenge 

to the active muscle, perfusion perturbations in the leg produce elevated perceptions of exercise 

(17).  Lastly, RPE is sensitive to skeletal muscle fatigue, as previous fatiguing exercise elevates 

RPE during subsequent exercise (14, 35).  Therefore, individual variability in convective and 

diffusive O2D influencing PcellO2, and variability in fatigue development due to fiber type 

composition or mitochondrial content can affected RPE.  

We demonstrated that individuals differ in their cardiac response to a given increase in 

demand for oxygen during exercise.  Post hoc classification of high vs. low cardiac responders 

produced two groups that differed in their cardiac response per one liter increase in !O2 by ~3 L.  

The observation of differences in the cardiac response is not new, as previous work has 

demonstrated large differences in CO when at the same !O2 (3, 41, 49).  However, in these 

previous investigations the implications of these inter-individual differences were not explored.  
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New and noteworthy from our work however, is that inter-individual variation in CO is not 

explained by CaO2 differences in our population. Contrary to our hypothesis, CO did not predict 

exercise tolerance.  Skeletal muscle characteristics were not different between groups and 

therefore are not the reason CO does not predict exercise tolerance.  The latter two observations 

we found particularly interesting given that systemic convective O2D differed substantially 

between individuals.   

Greater systemic convective O2D would predict a better maintenance of intracellular 

homeostasis throughout the challenge of progressive exercise.  This could facilitate the 

maintenance of PcellO2 and therefore reduce the accumulation of ADP and Pi at a given !O2 (47). 

With a reduction in the accumulation of fatigue inducing metabolites, protein contractile function 

would not be impaired to the same degree as a lower rate of convective delivery (11, 15, 27, 39) 

and the exercise should have been perceived as more tolerable. Results from our study suggest 

that large differences in systemic convective O2D delivery are not apparent at the level of the 

skeletal muscle.  At the skeletal muscle we observed inter-individual variations in capillary 

density, muscle fiber type composition and enzymatic activity between individuals, which aligns 

with previous work (6, 20, 50, 51).  Despite inter-individual variation, these parameters were not 

different between high and low cardiac response groups, and therefore were not contributing to 

the lack of an identified relationship between CO and RPE. Importantly, skeletal muscle 

characteristics were therefore not mitigating the effects of large differences in systemic 

convective delivery.  The vast majority of the CO increase during exercise perfuses skeletal 

muscle while viscera perfusion is simultaneously reduced (2, 42).  Therefore, given the absence 

of a CO and RPE relationship in the presence of similar peripheral skeletal muscle characteristics, 

it could be that low cardiac responders present with greater blood flow redistribution during 
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exercise such that skeletal muscle perfusion and the cellular environment are similar between 

high vs. low cardiac responders.      

The presence of a low submaximal cardiac response despite not influencing RPE did 

result in a lower peak exercise performance.  This was potentially due to accumulation of fatigue 

inducing by-products at a given submaximal exercise intensity given that submaximal !O2 was 

not different.  Additionally it is recognized that peak exercise capacity is dependent upon peak 

CO (24).  Therefore, it could be the lowered peak CO in this group caused their reduction in peak 

exercise performance.  As such it could be the isolated effects of either possibility or a 

combination of the two that reduced peak exercise performance in low cardiac responders. 

Therefore, we sought to determine if exercise training, specifically SIT, was able to transform a 

low cardiac responder into a higher cardiac responder at absolute submaximal work rates.   

Previous work centralized on endurance training demonstrated that the submaximal 

cardiac response was either unaffected or reduced post-training (18, 24, 43, 44).  Literature 

suggests that interval training specifically can produce central adaptations (13, 29, 46) that 

improve stroke volume post training (13, 25). In support of our hypothesis, four weeks of SIT 

was effective at augmenting the !CO/!!O2 cardiac response in individuals that present with a 

low cardiac response.  Post training, low cardiac responders had a greater submaximal cardiac 

response compared to pre training beyond 160 W, while high cardiac responders had a near 

identical cardiac response. In both groups submaximal !O2 at each exercise intensity was 

unchanged.  The greater submaximal cardiac response in low cardiac responders was mediated by 

increases in stroke volume as heart rate was similar.  In both groups there was an increase in peak 

!O2, which was of a similar magnitude.  There were no differences in skeletal muscle 

characteristics.  The traditional view of exercise training is an increased peak CO that follows a 

similar pre-training slope (18, 43).  To our knowledge, we have for the first time demonstrated 
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that submaximal CO can be increased post training, presumable due to left ventricular adaptions 

and cardiomyocyte functionality, although this remains to be determined.  Accounting for the 

underlying !CO/!!O2 relationship produced a novel observation in low cardiac responders while 

high cardiac responders had a submaximal CO training effect, or rather absence thereof, that 

aligns with previous literature.   Lastly, we demonstrated that peak CO was not altered with SIT 

in either group despite an increase in !O2 peak.  The performance improvement was presumably 

due to an increase in diffusive capacity peripherally in both groups and in our low cardiac 

responders, the addition of improved submaximal systemic O2D, which could have lessened 

submaximal accumulation of fatigue progression.        

7.2.2 Strengths and Limitations 

This was the first study explore the effects of CO differences on RPE during exercise.  In 

quantifying CaO2, we were able to determine for the first time that CaO2 was not responsible for 

the observation of disparate cardiac responses and that lack of a relationship between CO and 

RPE was not due to differences in skeletal muscle properties. We also utilized an inert gas 

rebreathe method to quantify CO within an individual.  In carefully instructing the maneuver 

around each person’s unique breathing frequency and tidal volume, we were able to successfully 

measure CO via pulmonary blood flow. While this method does tend to underestimate CO 

compared to direct Fick (40, 45), the apparent differences in CO persist nonetheless.  Adding 

confidence to the interpretation that inter-individual differences in CO are real, computed CvO2 

values stemming from CO, CaO2 and !O2 all fell within the plausible range (CvO2 > 20 ml/L) (45) 

except for two, which occurred at 160 W.  This suggests that our measures of CO were 

physiologically plausible.  By accounting for the underlying !CO/!!O2 relationship, we were 

able to determine for the first time that an individual’s innate !CO/!!O2 relationship can 
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influence the training effect.  In response to SIT, low cardiac responders had an increase in 

submaximal CO while high cardiac responders reaming unchanged.  

Unfortunately, despite the identification of large systemic differences in O2D, we were 

unable to measure the distribution of CO that actually perfused the active legs because the use of 

Doppler ultrasound for flow measures is not possible during upright cycling.  Therefore, we do 

not know where the excess CO in a high responder is being distributed.  Our application of near 

infrared spectroscopy (NIRS) to measure skeletal muscle oxygenation did not produce valid 

results due to a probe malfunction and therefore was not included in our analysis.  Additionally, 

we were unable to assess cardiac function to determine the central adaptions underlying the 

greater stroke volume response post training in low cardiac responders.    

7.2.3 Directions For Future Research 

The results from these studies pave the way for future research exploring RPE and 

exercise training.  A clear knowledge gap identified when completing this research is the lack of 

an identified relationship between O2D, the cellular environment and RPE.  Research has 

explored the relationship between fractional inspired oxygen content manipulations (21, 34) as 

well as isolated exercising limb perfusion (17) and RPE, but the relation to the cellular 

environment remains unknown.   In identifying CO responses that result in vastly different 

systemic O2D during exercise between individuals, identifying the proportion of CO that perfuse 

active muscle is imperative to understanding the effects of inter-individual differences in O2D : 

demand matching and how this relates to exercise tolerance.  With the identification of different 

training effects depending on the underlying !CO/!!O2 relationship, numerous investigations 

can be completed to determine what exercise modality caters best to different individuals.    
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7.3 Suitability of research for Doctoral Dissertation 

In order to answer the novel questions completed in this dissertation exploring individual 

heterogeneity in the mechanisms governing O2D : demand matching, the candidate developed and 

displayed a wide range of research skills.  The application of ‘single participant research’ was 

developed based on numerous Monte Carlo simulations to identify when multiple repeats will aid 

in creating confidence in the observations/measurements and when such repeats are not 

necessary.  With an understanding of the statistical background, complex data collection sessions 

up to four hours per session were designed and completed.   Completion of the cardiovascular 

response phenotype identification study (Chapter 3) required 21 participants to each undergo 

eight hours of data collection spread over three separate laboratory visits.  

Typical data collection sessions pertaining to the first two studies (Chapter 3 and 4) 

required the assistance of up to five individuals, all of which was organized by the candidate.  

During these sessions, coordination between all individuals allowed for the assessment of venous 

effluents at key times, forearm vasodilation and brachial artery velocity during exercise.  The 

candidate developed proficiency in all aspects of data collection including venipuncture, Echo 

and Doppler ultrasound, venous blood sample preparation and venous blood sample analysis.  

Specifically with venous blood samples, the candidate assisted in developing an assay to measure 

plasma nitrite concentration and developed a technique to measure plasma ATP concentration 

(although ultimately unsuccessful), both of which were firsts in the laboratory.  Lastly, within the 

laboratory the candidate repeatedly built and designed new custom apparatuses to be used not 

only during his data collection, but colleagues as well.    

In completing the assessment of CO responses during exercise (Chapter 5 and 6) the 

candidate initiated collaboration between two other research laboratories at Queen’s University, 

each with the expertise to assess skeletal muscle characteristics and measures of CO during 
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exercise respectively.  In this collaboration the candidate became familiar with skeletal muscle 

biopsies, skeletal muscle histochemical and Immunofluorescence analysis, NIRS assessment of 

skeletal muscle oxygenation, breath-by-breath metabolism and inert gas rebreathe measures of 

CO.  These latter studies required the coordination for four individuals during collection, with 

multiple moving components, in which the candidate organized.  For all studies, the candidate 

was directly involved in aspects of study design, participant recruitment, data collection, data 

analysis and manuscript preparation.  

In addition to the work directly related to his dissertation, the candidate also collaborated 

with the aforementioned laboratories on other research initiatives.  The candidate disseminated 

knowledge through manuscript publication but also through teaching two undergraduate courses, 

one of which he won an award at the university level for teaching excellence.  The candidate 

completed numerous invited lectures at the undergraduate and graduate level, and mentored six 

undergraduate students as they completed fourth year research projects within the laboratory.  

7.4 Summary and Conclusions  

The findings from this dissertation challenge the traditional research approach of group 

means and group responses to exploring exercise physiology.  A fundamental limitation of these 

designs is that they operate under the assumption that all individuals respond in a homogenous 

manner.  The findings from the present body of work clearly demonstrate inter-individual 

heterogeneity in the mechanisms governing O2D : demand matching.  These inter-individual 

variations have important implications for exercise performance and tolerance during both small 

and large muscle exercise.  Specific conclusions from the studies were as follows.  Focus 1:  1) 

Compensatory vasodilation was present in certain individuals (n=13) and completely absent in 

other individuals (n=8) in response to a perfusion pressure induced flow perturbation.   2) A 

compensatory pressor response partially restored exercising blood flow, but its presence, 
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effectiveness and magnitude was not impacted by the presence or absence of compensatory 

vasodilation.  3) Individuals with compensatory vasodilation protected O2D and exercise 

performance in a compromised position, while non-compensators suffered compromises to both.  

4) Dietary nitrate supplementation did indeed lead to compensatory vasodilation in non-

compensators while placebo had no effect (n=6).  5) Newly established compensatory 

vasodilation resulted in a restoration of exercising forearm blood flow and abolishment of the 

perfusion pressure induced impairments to exercise performance.  Focus 2: 1) Individuals 

differed in their cardiac response during exercise.  2) These differences were not attributed to 

differences in CaO2. 3) !CO did not predict either leg or whole body RPE when controlling for 

peak !!O2.  4) Skeletal muscle properties were not different between responses groups and are 

therefore not the reason CO is not predicting RPE. 5) Exercise training did transform a low 

cardiac responder into a higher cardiac responder at a given submaximal exercise intensity while 

the submaximal cardiac response in high responders was unaffected.  6). Increases in the 

submaximal cardiac response were mediated by stroke volume increases, as heart rate was 

unchanged.   The results from these studies represent an important step towards appreciating not 

only the importance and impact of inter-individual differences in the mechanisms governing O2D 

: demand matching, but the importance of response heterogeneity in the realm of exercise 

physiology.   
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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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Description of Experiment and Risks: 

 
What will happen?   During this study, you will take part in some of the specific 
experimental procedures outlined below.  These procedures have been checked.  
Depending on the specific experimental protocol, the combination of these 
procedures will be different.  The investigator will explain to you in detail how 
each of these procedures will be combined in the particular experiment involving 
your participation.  Please initial by each box that is marked.  
 

" HEART RATE MEASUREMENTS: Heart rate is continuously monitored by an 
electrocardiogram (EKG) through 3 spot electrodes on the skin surface.  The 
electrodes are normally placed in the lower portion of the chest and they can 
detect the electrical activity that makes your heart beat.  
RISKS:  This procedure is entirely safe.  In a very small group of 
individuals, a skin rash might occur from the adhesive on the electrodes.  
There is no way of knowing this ahead of time.  The rash, if it develops, will 
resolve itself within a day or so.  Avoid scratching the rash and keep clean. 

 
" BLOOD PRESSURE MEASUREMENTS:  

1. A cuff that can be inflated with air is wrapped around your upper arm, just as 
would occur if you had your blood pressure measured at the doctor’s office.  
This cuff is inflated to a pressure higher than your systolic blood pressure (the 
pressure in your blood vessels when the heart beats), and gradually deflated 
over a number of seconds to measure systolic blood pressure and diastolic 
(the pressure in your blood vessels when the heart is relaxed) blood 
pressure.  Meanwhile, your wrist is secured in a wrist brace and a small 
pressure sensor is placed over your radial artery at the wrist.  This pressure 
sensor is able to detect the increases and decreases in size of your radial 
artery that occur with each heart beat, and what the pressure sensor 
measures is compared to the pressure that the upper arm cuff measures (this 
calibrates the sensor).  From then on, the pressure sensor at the wrist 
measures blood pressure continuously, while the upper arm cuff may be 
inflated intermittently. 

OR 
2. A small cuff is fit around your finger.  This cuff inflates to pressures that 

match the blood pressure in your finger, so you feel the cuff pulsing with your 
heart beat.  It shines infrared light through your finger to measure changes in 
the size of your finger with each heart beat. 

RISKS: These techniques are non-invasive and pose no risk. 

 

 
" LIMB BLOOD FLOW AND BLOOD VESSEL DIAMETER MEASUREMENTS: 

The blood flowing through your brachial (above the elbow), radial (above the 
wrist), or femoral (above the groin) artery can be detected and your artery 
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diameter measured using Doppler and imaging ultrasound.  A probe will be 
placed on the skin over your artery and adjustments in its position controlled by 
hand by the investigator.  Measurement of femoral artery flow takes place on the 
lower abdomen just above the groin.  Shorts will be tied up at the site of 
measurement to expose the skin in this region.  High frequency sound 
(ultrasound) will penetrate your skin.  The returning sound provides information 
on blood vessel size and blood flow.   
RISKS: This technique is non-invasive and poses no risk.  

 
" ELECTROMYOGRAPHY (EMG): This measures the electrical activity of your 

muscles.  Electrodes will be placed on muscles of interest for a given study.  
RISKS:  This procedure is entirely safe.  In a very small group of 
individuals, a skin rash might occur from the adhesive on the electrodes.  
There is no way of knowing this ahead of time.  The rash, if it develops, will 
resolve itself within a day or so.  Avoid scratching the rash and keep clean. 

 
" GAS EXCHANGE: This measures your breathing and the changes in oxygen 

and carbon dioxide as a result of your body utilizing oxygen and producing 
carbon dioxide.  It involves breathing through a mouthpiece attached to a one 
way valve system, and wearing nose clips.  
RISKS: This procedure is entirely safe.  There are no known risks. 

 

 
" VENOUS BLOOD SAMPLING: Blood samples from veins are used to measure 

one or a number of the following substances in your blood: oxygen content, 
oxygen and carbon dioxide partial pressure, potassium, sodium, hemoglobin, 
hematocrit,pH, lactate, glucose, insulin, insulin-like growth factor 1 (IGF-1), brain 
derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), 
glycosylated hemoglobin (HbA1c), low density lipoprotein (LDL), high density 
lipoprotein (HDL), total cholesterol, norepinephrine, epinephrine, nitrite, nitrate.  
We need to take a blood sample from a vein on the back of your hand, after we 
have increased blood flow to that hand by having you hold it in tolerably hot 
water until blood flow is maximized.  For this, a researcher trained and certified in 
venipuncture (needle or catheter placement into a vein) will use sterile technique 
to draw a blood sample of ~1 ml into a syringe.  We also need to take multiple 1 
ml samples of blood from a vein at the elbow.  In this instance, the researcher will 
place a teflon catheter into your vein using sterile technique.  The catheter will be 
secured to your skin with tape and a self-sealing access attached to allow for 
drawing blood from the vein.  We will take a volume of blood that is in total no 
more than ~120 ml. This represents approximately 1/3 of the volume of blood 
taken when you donate blood (370-400 ml). Periodically, the researcher may, 
after drawing some blood, inject (flush) sterile saline through the catheter into 
your vein.  When the study is over, we will remove the catheter and secure sterile 
gauze over the puncture site. 
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RISKS:  The most common complications of inserting a small catheter in 
the arm is a small bruise and pain at the site of catheter insertion.  This 
might last several days after removal of the catheter.  It is also possible 
that this pain may refer down the arm (a “shooting” pain sensation), if there 
has been nerve irritation in the catheterization process.  When the catheter 
is removed pressure must be applied to the vein to prevent internal 
bleeding. If adequate pressure is not applied a bruise and some discomfort 
might result for a short period of time. The puncture site should be kept 
clean and covered with a sterile gauze pad while stopping the bleeding 
after catheter removal to prevent infection.  There is very little risk of 
infection or injury to the vein.    The amount of blood taken can result in at 
most a 2% reduction in the hemoglobin content in your blood (hemoglobin 
carries oxygen in your blood), in comparison to ~7.5% reductions 
experienced when you donate blood.  Nevertheless, this 2% does 
constitute a very mild anemia, and in the case of a person with chronic 
hemoglobin disorders it could increase the risk of adverse health 
consequences. 

 
" FOREARM AND LEG VOLUME MEASUREMENTS: The volume of your 

forearm or calf can be measured by a thin, stretchable rubber band placed 
around your respective limb that is filled with mercury.  A very small electrical 
current runs through this gauge and changes in the length of this mercury-filled 
rubber band are detected by changes in this current that occur in proportion to 
changes in the length of the rubber band. 
RISKS: This technique is non-invasive and poses no risk. 

 
" BLOOD OXYGEN CONTENT:  A plastic clip is placed over your left index finger.  

This clip aims light through your finger, and the absorption of that light by the 
blood provides information on how much oxygen the blood contains.   
RISKS:  This technique poses no risks.  

 
" MUSCLE MASS: Circumference and length measurements of segments of your 

arm or leg will be taken via manual placement of a tape measure on your limbs 
by the investigator.   

OR 

 
At Kingston General Hospital, you will lay on a table and a scan of your body will 
be performed using a technique called “dual-energy x-ray absorptiometry” (DXA).  
This technique uses a small amount of x-ray energy to scan a “picture” of your 
body and identify how much muscle there is on your arms and legs. 
RISKS:  Radiation levels with DXA are considered trivial by radiation 
regulatory agencies. The technique uses less radiation than a dental X-ray, 
roughly equivalent to the background amount a person would be exposed 
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to when flying from Cincinnati to the West Coast.  This is a mere fraction of 
the radiation dose we are all exposed to every week, from just being alive. 

 
" FOREARM OR LEG OCCLUSION:  In order to completely block the blood flow 

through your forearm or leg, a pressure cuff will be inflated around your arm or 
around your upper or lower leg for 1-10 min or inflated and deflated rhythmically 
depending on the protocol.  You may feel a strong pressure and some mild 
tingling with cuff inflation but it should not be uncomfortable.  If there is pain, 
immediately notify the investigator and the cuff will be deflated and repositioned.  
Upon cuff release there will be a large rush of blood into your forearm or leg.  
This may feel warm and you may experience mild tingling but no discomfort.    
RISKS: This technique is non-invasive and poses no risk. 

 
" FOREARM COMPRESSION: A stylus will be positioned over your artery pulse to 

control the amount of flow through the artery.  The arterial compression provided 
by the stylus will be varied to create different blood flow profiles.  Increases in 
stylus downward pressure with result in decreases in blood flow, while controlled 
release of stylus downward pressure will result in increases in blood flow.  The 
blood flow to your limb will never be completely occluded by the arterial 
compression.  In some cases, manual finger pressure will be used instead of the 
stylus.   

OR 
A cuff will be positioned around your forearm or leg, and can be inflated and 
deflated at will to increase and decrease blood flow to your limb.     
RISKS:  The brachial artery and nerve run close together, thus the 
compression of this particular artery may result in a tingling sensation and 
some temporary numbness in the forearm.  The compression of the artery 
can also become somewhat uncomfortable over time.  These symptoms 
will subside within 5 minutes of compression release.  There are no risks to 
your forearm from temporarily stopping blood flow to the forearm.  
 

 
" FOREARM OR HAND HEATING:  In order to increase the blood flow through 

your brachial artery and/or radial artery, your forearm or hand will be enclosed in 
a water bath that is circulated with warm water.  The warm water will result in the 
dilation of your skin blood vessels.  The water bath consists of a cylinder that is 
circulated with heated water.  Your arm will rest inside the tube enclosed in a 
plastic glove that prevents your skin from being in direct contact with the water.  
A temperature sensor will be fixed to your skin and your skin temperature will be 
maintained between 41 and 42º Celsius.  The water for the bath is heated 
remotely to a temperature not exceeding 45º Celsius and is circulated into the 
bath via a water pump.  The water in the bath will feel quite warm, but not too 
hot.  If at any time you feel discomfort the warm water inflow will be stopped and 
replaced with cooler water to allow the bath temperature to drop to a more 
comfortable level.  Your forearm may be heated for a total of one to two hours. 
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RISKS:  When the skin blood vessels fill with blood for an extended period 
while undergoing arterial compression it causes a temporary swelling as 
some fluid escapes from the blood vessels into the surrounding tissue.  
This minor swelling should resolve itself within 24 hours.  Elevation of the 
arm will help to speed up the process.  Your skin may appear red after 
removal from the bath.  This is due to the increased skin circulation.  The 
redness should resolve within 24-36 hours. 
 

 
" CONGESTION OF YOUR FOREARM OR LEG VEINS: One inflatable cuff will 

be placed around your upper arm or above the knee and another may be placed 
around your wrist or ankle.  The wrist cuff will be inflated to a pressure that 
prevents blood flow to your hand for a period of 10-15 minutes at a time.  This 
should not be uncomfortable.  If it is, notify the investigator and the position of the 
cuff will be adjusted until inflation without discomfort is achieved.  These cuffs will 
be inflated to pressures that feel like a mild to moderate squeeze.  This will 
prevent blood from flowing out of your limb back to the heart, but allow blood to 
flow in to your arm.  Your limb will fill with blood and if the cuff inflation is 
maintained for a number of minutes, you may feel a sensation of swelling.  This 
is because some of the plasma (water portion of your blood) will leak out of the 
small blood vessels and into the space between other cells in your limb.   This is 
similar to when you stand up in the morning and stay upright during the day.  In 
that case, gravity makes it difficult for blood to flow back to the heart from the 
legs, and they slowly swell over the course of the day as plasma leaves the blood 
vessels.  When the cuff is released, the limb will slowly return to normal as the 
plasma moves back into the blood vessels. 
RISKS: The movement of fluid out of the blood vessels into your limb may 
in extreme cases cause discomfort.  This discomfort should resolve itself 
within minutes of deflating the cuff, and the swelling should subside within 
24 hrs.  Elevating the arm above the heart for 15 minutes should speed this 
process. 

 
" INTERMITTENT COMPRESSION OF THE FOREARM OR LEG: You will have 

an inflatable cuff placed around your forearm or leg.  We can rapidly inflate and 
deflate this cuff to different pressures that are able to squeeze the blood out of 
the veins in your limb.  Inflation is maintained for only a brief period of time (a few 
seconds).  The sensation of limb compression will feel like a strong grip, but 
should not be painful.  If it is uncomfortable, notify the investigator and the 
position of the cuff can be adjusted. 
RISKS: There are no risks associated with this procedure. 

 
" ALTERNATING FOREARM SUCTION AND COMPRESSION: Your forearm will 

be enclosed in a plexiglass box and sealed with a neoprene sleeve around the 
upper arm.  Suction or compression of your forearm can be created by rapidly 
adding or removing air in the box via a connected automated air compressor.  
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The sensation of suction and compression should not be painful.  Notify the 
investigator if there are any feelings of discomfort.  
RISKS: There are no risks associated with this procedure. 

 

" EXERCISE MANEUVERS THAT ALTER BLOOD PRESSURE:   You may be 
asked to perform one of the following MANEUVERS to temporarily increase your 
blood pressure: 1) squeezing a handgripper with your forearm for a few minutes 
with or without blood flow to your forearm being prevented 2) contracting your leg 
muscles with or without blood flow to your leg being prevented. 
RISKS:  When muscle contractions are performed while the blood flow to 
the limb is prevented, you may experience considerable discomfort similar 
to that when doing maximal weightlifting repetitions.  However, there is no 
risk to your muscles in performing this exercise. 

 
" STROOP TEST: In order to create a mental stress a “STROOP” test will be 

performed. A series of words for colours will be displayed such as “RED”. 
However, the word will be displayed in a different colour, perhaps the colour 
green. You must read out the colour in which the word is written in, not the word 
itself. Therefore, upon seeing “RED” (written in green text) you will respond by 
saying “green”. You will be asked to perform the task as fast as you can.  Part of 
the study evaluates the score you achieve on the test and it is very important that 
your score achieves the normal range for persons of your age and education.  
Your performance will be measured by how much of the list you read through in 
two minutes time, as well as how many mistakes you make.   
RISKS: There are no risks posed by this procedure. 

 
" ANGER TEST: In order to create emotional stress an anger test will be 

performed. Prior to the testing day, you will have been asked to fill out an anger 
questionnaire in order to recall a past event that made you very angry. We will 
use the questionnaire to elicit momentary anger.  You will be asked to describe 
the event while re-experiencing the event in your imagination, as well as report 
on thoughts, feelings, and physical aspirations about the situation.  The test will 
last two minutes.   
 RISKS: You will feel momentary anger that will subside following the 
interview.  It is possible that this anger interview might contribute to 
renewing problems between yourself and this individual.  If you believe that 
this might in any way be problematic, you are encouraged to withdraw from 
participation in this study. 

 

 
" CONTROL TEST: A control test will be performed in order to understand if 

verbalization is contributing to the blood vessel response.  You will simply count 
from ‘one’ in Mississippi’s.  Your verbalization will start as “one Mississippi, two 
Mississippi, three Mississippi” and will continue for two minutes. 
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RISKS: There are no risks posed by this procedure. 

 
" LOWER BODY NEGATIVE PRESSURE: You will lay on your back and your 

lower body will be enclosed in an air-tight box.  Various levels of suction will then 
be applied to the box to simulate how the blood normally shifts in the body during 
activities like standing up.  This will cause your heart rate to increase and your 
blood vessels to constrict to maintain blood pressure.  This is a normal response 
that you experience every morning when you get up out of bed. 
RISKS: There is a small chance that you may begin to faint with this 
procedure.  We will be monitoring your blood pressure continuously.  If 
you experience any of the following symptoms, notify the investigator 
immediately: nausea, narrowing field of vision, sweating.  Changes in your 
blood pressure that we detect will most likely indicate that fainting is 
imminent well before you experience any of these symptoms.  By shutting 
off the suction, blood will rapidly return to your heart and symptoms of 
fainting will be reversed.  You may feel nauseous for a few hours after this 
procedure if you came close to fainting.  This should resolve itself without 
any complications.  
 

" COLD PRESSOR TEST: In this test, you will place your hand or foot in an ice 
water bath for a few (1-3) minutes. This will cause your heart rate to increase and 
your blood vessels to constrict as the cold will activate your sympathetic nervous 
system (the part of your nervous system involved in the “fight or flight” response). 
RISKS: There are no risks posed by this procedure. However, it can be 
quite painful. You have the right at any time to withdraw your hand or foot 
from the ice water bath if you feel unable to continue.  

 
" HANDGRIP EXERCISE:  You will be asked to perform handgrip squeezing 

exercise.  The duration of this exercise can vary from a few seconds to 10-20 
minutes, and at an intensity that can vary from very mild to maximal contraction 
force.  Exercise may take place in combination with any of the above-mentioned 
techniques which can control the blood flow to your limbs, congest the limbs, and 
which can alter your blood pressure.   
RISKS: When forearm muscle contractions are performed while the blood 
flow to the forearm is prevented, you may experience considerable 
discomfort similar to that when doing maximal weightlifting repetitions.  
However, there is no risk to your muscles in performing this exercise.  You 
may experience muscle soreness in the muscles of your forearm for 24-72 
hours after performing the handgrip exercise, much as you would if you 
had been lifting weights. 

 
" LEG EXERCISE:  You will be asked to contract your leg muscles, either 

continuously or intermittently.  The duration of this exercise can vary from a few 
seconds to 10-20 minutes, and at an intensity that can range from very mild to 
maximal contraction force.  Exercise may take place in combination with any of 



250 

 

the above-mentioned techniques which can control the blood flow to your limbs, 
congest the limbs, and which can alter your blood pressure.    
RISKS: When leg muscle contractions are performed while the blood flow 
to the forearm is prevented, you may experience considerable discomfort 
similar to that when doing maximal weightlifting repetitions.  However, 
there is no damage or risk to your leg from this.  You may experience 
muscle soreness in the muscles of your leg for 24-72 hours after 
performing the leg exercise, much as you would if you had been lifting 
weights. 

 

 

How long will it take? 

On an initial visit we will use ultrasound to get an image of the blood vessels in 
your limbs in order to determine whether you are eligible to participate in the 
main study. 

 

For the main study: preparing all of the techniques for measuring your response 
and creating the correct experiment conditions usually takes ~45 minutes.  The 
actual experiment will take ~1-3 hours.  

  

Talking and Movements: 
Talking or moving during the times that we are taking measurements will cause 
variations in the measurements we are making.  If you have any discomfort, 
please let us know immediately and we can temporarily break from data 
collection.  However, if everything is comfortable, please maintain a very quiet 
posture.  Even very slight movements interfere with our experiments. 

 

Special Instructions: 

Participants are asked to not drink alcohol or caffeine during the 12 hours prior to 
the study.  Also, we ask that you do not consume any food during the 4 hours 
preceding the experiments.  You should empty your bladder immediately prior to 
starting the test.  When the study is finished, we will have you sit in the laboratory 
for a short time to allow you to readjust to the upright posture.  These precautions 
should be enough to prevent any sensations of dizziness.  Please be aware that 
sensations of dizziness are not normal and you should let us know if you 
experience any discomfort before you leave the laboratory. 

 

Attached Medical Screening Form: 
This questionnaire asks some simple questions about your health.  This 
information is used to guide us with your entry into the study.  Current health 
problems indicated on this form which are related to cardiovascular diseases 
(including high blood pressure) and liver or kidney problems will exclude you 
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from the study only if the particular experiment in question requires healthy 
subjects. 

 

Safety precautions for the study will include the following: 

 

" Subjects who enter the study will be identified as either healthy men and women, 
insulin resistant, or type II diabetic. 

 

 

" Before entering the study you will be screened using a medical screening form.  
You will not be able to enter the study if anything is found which indicates that it 
is dangerous for you to participate. 

 

" We will continuously monitor your heart rate and blood pressure, and you will be 
laying on your back or seated upright.  These precautions allow us to quickly 
identify if you are becoming faint and simply stopping the experimental 
manipulation will allow you to quickly recover. 

 

Confidentiality: 
All information obtained during the course of the study is strictly confidential and 
will not be released in a form traceable to you, except to you and your personal 
physician.  Your data will be kept in locked files which are available only to the 
investigators and research assistants who will perform statistical analysis of the 
data.  There is a possibility that your data file, including identifying information, 
may be inspected by officials from the Health Protection Branch in Canada in the 
course of carrying out regular government functions.  The study results will be 
used as anonymous data for scientific publications and presentations, or for the 
education of students in the School of Physical and Health Education at Queen’s 
University. 

 

Study Compensation 

 

You will receive __________ for expenses and imposition on your time incurred 
by your participation in this study. 

 

Freedom to Withdraw from the Study 

 

Your participation in this study is voluntary.  You may refuse to participate or you 
may discontinue participation at any time during the duration of the study without 
penalty and without affecting your future medical care.  
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Subject Statement and Signature Section 
I have read and understand the consent form for this study.  I have had the 
purposes, procedures and technical language of this study explained to me.  I 
have been given sufficient time to consider the above information and to seek 
advice if I choose to do so.  I have had the opportunity to ask questions which 
have been answered to my satisfaction.  I am voluntarily signing this form.  I will 
receive a copy of this consent form for my information. 

 

If at any time I have further questions, problems or adverse events, I will contact: 
 

Michael E. Tschakovsky, Ph.D. 
(Principal Investigator) 
KHS 306, Kinesiology and Health Studies Building 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: (613) 533-6000, ext, 74697 

 
Jean Cote, Ph.D. 
Director, School of Kinesiology and Health Studies 
KHS 206, Kinesiology and Health Studies Building 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: (613) 533-3054 

 
If I have any questions concerning research subject’s rights, I will contact: 

Dr. Albert F. Clarke, Chair 
Office of Research Services 
Fleming Hall, Jemmett Wing 301 
Queen’s University, Kingston, ON, K7L 3N6 
Tel: 533-6081 

 
By signing this consent form, I am indicating that I agree to participate in this study. 
 

______________________   _________________________ 

Subject Signature     Signature of Witness 

 

______________________   _________________________ 

Subject Name (please print)   Name of Witness (please print) 

 

______________________   _________________________ 

Date (day/month/year)   Date (day/month/year)   
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Appendix B 

Cardiac Output Differences Ethics 
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School of Kinesiology and Health Studies 

Physical Education Centre 
Kingston, Ontario, Canada, K7L 3N6 

 
Consent to Volunteer for Participation in a Study 

 
TITLE:   Effect of exercise training at a variety of intensities on mitochondrial function in 

young lean and obese adults. 

 
PRINCIPAL INVESTIGATOR: Brendon J. Gurd, PhD 

      Queen’s University 

      School of Kinesiology and Health Studies 

      Kingston, Ontario, K7L 3N6 

      613-533-6000 ext. 79023 
 
 

 

 

You are being invited to participate in a study examining the influence of different exercise 

protocols that vary in intensity (difficulty), duration (length) and mode (type) on mitochondrial 

function (the ability of your muscle to produce energy) and exercise capacity.  This study will 

also compare the effects of these different exercise protocols in young adults who are either lean 

or overweight.  You have been invited to participate in this study because you are a young adult 

(20-40 years) who is either lean (waist circumference <86 cm) or overweight (waist 

circumference >94 cm).  The following brief is intended to provide you with the details you 

should be aware of prior to your consent as a participant in this study.  Please read the following 

information carefully and feel free to ask any question that you may have. 

BACKGROUND INFORMATION 

 

Exercise capacity (Fitness) is an important predictor of long term health.  More specifically, the 

ability of your heart and cardiovascular system to deliver oxygen, and your muscle’s 

mitochondria to produce energy (mitochondrial function) can be impaired with obesity and is a 
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predictor of both further weight gain and development of type II diabetes.  Further, fat cells also 

contain mitochondria, and decreased mitochondrial function in fat is also associated with weight 

gain and the development of disease.  In healthy active populations interval training (repeated 

bouts of exercise separated by periods of recovery) is a potent, time effective stimuli for 

increasing mitochondrial function and exercise capacity.  In addition, recreational activity is 

recommended as part of a healthy lifestyle, however its effects on the heart, the cardiovascular 

system and mitochondrial function and exercise capacity are unknown.  This study will examine 

the ability of different exercise training protocols and modes (cycling, running, whole body 

exercise or recreational games [i.e. sport]) to improve heart, cardiovascular system and 

mitochondrial function and exercise capacity.  We will also ask you a series of questions designed 

to increase our understanding of what type of exercise you would prefer and/or are likely to 

perform during your normal daily routine. 

You will not be able to participate in the study if you have been diagnosed previously with any 

respiratory, cardiovascular (eg. High blood pressure, heart conditions), metabolic (eg. Diabetes), 

neurological or musculoskeletal disease; or you are currently on medication; or you are a smoker; 

or you respond to the exercise protocol in an irregular manner (i.e. chest pains, dizziness, 

shortness of breath, excessive awareness of breathing) 

 

EXPLANATION OF PROCEDURES 

 

Participation 

Participation in the study is voluntary.  You may refuse to participate or withdraw from the study 

at any time with no effect on your academic or employment status. 

Should you chose to participate you will take part in experimental procedures outlines below.  

These include exercise tests, physiological tests, and one of a selection of exercise training 

protocols.  The investigator will explain to you, in detail how each of these procedures will be 

conducted in the study in which you have agreed to participate.   

The majority of the procedures described below, and all exercise training will take place within 

the Muscle Physiology Lab at the School of Kinesiology and Health Studies.  Measurement of 

muscle oxygenation and cardiac output will be performed in the Laboratory of Clinical Exercise 

Physiology located within Kingston General Hospital.  
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Exercise tests: 

During each of the exercise tests you will be required to wear a nose-clip (to prevent you from 

breathing through your nose) and a rubber mouthpiece (similar to breathing through a snorkel or 

diving mask).  This will enable us to measure the volume of air that you breathe in and out, and 

measure the gas concentration in that air.  You may experience some initial discomfort from 

wearing the nose-clip and mouthpiece.  You will also be required to wear a heart rate monitor 

around your chest during all tests.  You will be asked to perform each of these tests on one 

occasion before and one occasion following exercise training. 

 Incremental exercise test:  This test is performed on either a cycle ergometer (a stationary 

bike) or a treadmill and is designed to measure your fitness level.  During this test the 

intensity of exercise increases gradually until you are physically unable to continue 

exercising because the intensity is either too high or too uncomfortable.  The test will begin 

with the exercise intensity being very light and easy (very little resistance).  After a few 

minutes the exercise intensity will gradually and continuously increase until you are unable 

to continue because of fatigue, or until you wish to stop. 

 Low-intensity exercise test:  This test is performed on a cycle ergometer (a stationary 

bike) or a treadmill, and is designed to measure heart rate and your ability to burn fat during 

exercise.  This test will last for approximately 1 hour and will involve riding or jogging at a 

low-intensity (slow bike ride or light jog). 

 Exercise test of maximal power:  This test is performed on either a cycle ergometer 

(stationary bike) or a treadmill and is designed to measure your ability to generate high 

levels of power during exercise.  This test will involve either all out cycling or sprinting and 

will take between 30 and 60 seconds. 

 Functional Movement Screen:  This test is designed to test your ability to perform a series 

of movements (squats, hurdle steps, lunges, shoulder rotations, single leg raises, push-ups 

and trunk rotations).  During each of these movements your stability and mobility will be 

assessed.  This test will take approximately 30 minutes to complete. 

Psychological Questionnaires: 
On the first visit, prior to the VO2peak test, you will be required to fill out a series of 

questionnaires designed to determine the amount of physical activity you regularly perform 
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and to predict whether or not you will enjoy high intensity exercise.  It is expected that 

these questionnaires will take less than 30 minutes to complete.   

In addition, during training sessions of this study you will be asked a series of questions 

designed to evaluate how you are feeling towards the exercise you are performing.   

Finally, following the exercise protocol you will be asked to fill out a series of 

questionnaires designed to determine how much you enjoyed the exercise and how likely 

you are to part-take in exercise in the future.  These final questionnaires should also take 

less than 30 minutes to complete.  

All results from these questionnaires will be keep private and will be recorded in an 

anonymous fashion (i.e. by subject number rather that by name). 

Physiological tests: 

 Blood sample:  Both before and following training you will be asked to have a small sample 

of blood taken.  You may experience some minor discomfort when this small blood sample 

is drawn from a vein in your arm.  The blood sampling may be painful and minor bruising is 

possible following venous blood sampling but generally fades within a few days. 

 Fat Biopsy:  Before and after training you will be asked to have a small piece of fat tissue 

removed from your abdomen (directly beside your belly button).  This procedure is referred 

to as a biopsy.  The fat biopsies will be taken by a medical doctor or by an individual 

trained in the technique under the supervision of a medical doctor.  During the biopsy 

procedure an area of skin on your abdomen will be cleaned with antiseptic (to reduce 

chances of infections) and frozen with local anaesthetic (similar to freezing experienced 

during dental procedures) to minimize pain.  A small incision will be made in your skin 

(less than 1 cm) and a needle will then be inserted into your fat layer and a small piece of 

tissue will be removed.  During fat biopsies you may feel slight pressure and/or discomfort 

in your fat layer but this discomfort will pass very quickly.   

 Following your biopsies there may be light bruising in the area where the biopsies 

were taken but this will generally fade within a couple of days.  There is also a slight risk of 

infection following a biopsy but proper sterilization of equipment and cleaning of the 

sampled area minimizes this risk.  If the site of the muscle biopsy becomes more tender and 

redness and/or swelling develops in the area over the next five to seven days, or if you have 

any concerns whatsoever you should contact the research person supervising your study 
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immediately and seek medical attention as needed.   

 Muscle Biopsy:  Before and after training you will also be asked to have small amounts of 

muscle removed from your thigh muscle (quadriceps muscle) by means of a needle biopsy.  

The muscle biopsies will be taken by a medical doctor or by an individual trained in the 

technique under the supervision of a medical doctor.  While you are resting on a bed, an 

anesthetic will be applied locally to anesthetize the skin over your thigh muscle at the sites 

where the biopsies will be taken.  A small incision (less than 1 cm each) will be made 

through your skin and into your muscle at points approximately midway between your hip 

and knee.  Small samples of muscle will be taken from each incision.  This procedure is 

referred to as a biopsy. 

     There may be some discomfort associated with the biopsy procedure (like someone 

pressing hard into your muscle) but you should experience no pain.  Following the exercise 

there may be light bruising of the leg muscle but this will generally fade within a couple of 

days.  There is also a slight risk of infection following a biopsy but proper sterilization of 

equipment and cleaning of the sampled area minimizes this risk.  If the site of the muscle 

biopsy becomes more tender and redness and/or swelling develops in that area over the next 

five to seven days you should seek medical attention immediately.  You should also report 

this change to the research person supervising your study as soon as possible.  Please refer 

to the Muscle Biopsy Information Sheet for more information regarding this 

procedure. 

 Measurement of Muscle Oxygenation: Before and after training you will be asked to have 

the changes in muscle oxygenation measured during an incremental exercise test (described 

above).  Muscle oxygenation, a measure of how much blood is being delivered by your 

cardiovascular system to your muscle, is measured by a sensor that will be strapped to your 

leg and that uses infra-red light (near infra-red spectroscopy) measure tissue oxygenation. 

This process is a non-invasive, optical (light-based) method with no reported side- effects 

related to its use in humans. 

 Cardiac Output Evaluation: Before and after training you will be asked to have the 

amount of blood pumped by your heart each beat (cardiac output) measured during an 

incremental exercise test (described above).  To measure cardiac output a mixture of gases 

(oxygen, hexafluoride, and nitrous oxide) will be given to you through the same mouthpiece 

used to measure oxygen uptake at pre-selected points during exercise. These gases are 
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harmless and they do not change your blood oxygen levels, cause discomfort, or cause 

shortness of breath. We will advise you when these gases will be switched on and you will 

breathe them for 5 breaths. You will also know when you are breathing this mixture 

because a bag in front of you will inflate and deflate as you exhale and inhale. Minimal 

coaching on breathing rate (“breathe a little faster” or “breathe a little slower”) may be 

provided during this measurement.  There are no reported complications or side effects 

from completing this procedure.  
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Exercise Training Protocols: 

Any exercise carries a slight risk of heart attack or may be uncomfortable if you are unfit or not 

used to exercise.  The risk of a cardiac event (heart attack, dysrhythmias etc.) in a mixed subject 

population (healthy low risk and unhealthy high risk patients together) is approximately 6:10 000, 

however this risk decreases in a previously healthy (i.e. young, moderately active) population.  

There may be some minor discomfort during the exercise testing.   You may experience increased 

awareness of breathing, muscle pain and/or fatigue, increased sweating, or a general feeling of 

fatigue or nausea, all of which are not unexpected consequences of exercise.  You are being asked 

to participate in one of the following exercise training programs.  The investigator will explain to 

you exactly what is involved in the specific protocol you are being assigned to.  Please initial 

beside the box that is checked. 

# Low-intensity exercise training:  This protocol will involve riding a stationary bike for a 

period of up to 90 minutes at a low intensity similar to a leisurely bike ride.  You will be 

asked to perform this protocol 3 times a week for a period of 6 weeks. 

# Moderate-intensity exercise training:  This protocol involves riding a bike at a 

moderate-intensity, like a fast bike ride, for 4 minutes at a time (called an interval) 

followed by 2 minutes of rest.  This interval will be repeated up to 10 times.  You will be 

asked to perform this protocol 3 times a week for a period of 6 weeks. 

# High-intensity exercise training:  This protocol involves riding a bike at a high-intensity, 

like an all out sprint, for 1 minutes at a time (called an interval) followed by 2 minutes of 

rest.  This interval will be repeated up to 12 times.  Alternatively you may be asked to 

perform a high-intensity exercise training protocol that involved whole body exercise 

(burpees, push-ups, squats, jumping jacks) for a maximum of 8 minutes at a time (20 

second intervals separated by 10 seconds of rest).  You will be asked to perform one of 

these protocols 3 times a week for a period of 6 weeks.   

# Recreational activity:  This training program will require that you report to a gym for an 

hour to take part in recreational games (basketball, floor hockey, handball, etc).  You will 

be asked to participate in recreational activities 3 to 5 times per week for a period of 6 

weeks. 
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RISK OF INJURY 

 

All exercise also carries a small risk of personal injury.  Should any such injury occur during your 

participation in this study you will be initially cared for by the study administrators, all of whom 

are certified in first aid.  Should further assistance be required you will be taken to the university 

health centre/hospital or emergency as required. 

 

POTENTIAL BENEFITS OF PARTICIPATION 

 

You will gain no direct benefit through participation in this study. 

 

CONFIDENTIALITY  

 

During the course of your participation in this study you will not be required to provide any 

personal information beyond your name and phone number (for study purposes only).  All 

information obtained during the course of this study, including your name and fitness results, is 

strictly confidential and your anonymity will be protected at all times.  Your information will be 

kept in locked files and will be available only to Dr. Brendon Gurd and those working within his 

laboratory.  Your identity will not be revealed in any description or publication. 

By signing this consent form, you do not waive your legal rights nor release the investigator(s) 

and sponsors from their legal and professional responsibilities.  
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VOLUNTARY CONSENT 

I have been given an opportunity to ask any questions concerning the procedures.  All of my 

questions regarding the research project have been satisfactorily answered.  I understand that my 

test results are considered confidential and will never be released in a form that is traceable to me.  

I do understand that I am free to deny consent if I so desire, and may withdraw from the study at 

any time without any effect on my academic or employment status.  

Should I have any questions about the study, I know that I can contact Dr. Brendon Gurd (613 

533-6000, ext 79023), Dr. Jean Coté, Head, School of Kinesiology and Health Studies (613 533-

6601).  If you have any concerns about your rights as a research participant please contact Dr. 

Albert Clark, Chair for the Queen’s University Health Sciences & Affiliated Teaching Hospitals 

Research Ethics Board (613 533-6081).  A copy of this consent form will be provided me for my 

records.  My signature below means that I freely agreed to participate in this study. 

 

 __________________________________   ________________ 

         Volunteer’s Signature                                   Date    

    

STATEMENT OF INVESTIGATOR 

I, or one of my colleagues, have carefully explained to the subject the nature of the above 

research study.  I certify that, to the best of my knowledge, the subject understands clearly the 

nature of the study and demands, benefits, and risks involved to participants in this study. 

 

__________________________________             ________________ 

    Principal Investigator’s Signature              Date 
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Appendix C 

7 – Day Physical Activity Recall 
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Seven-Day PAR Instructions / Script 
 

The following is a sample script for the of the seven-day PAR Interview, as administered 
in this study. 

 
• Now we are going to do a Physical Activity (PA) questionnaire, where I ask you 

about your PA over the last 7 days.  This is simply a recall of actual activities for the 
past week, and isn’t a history of what you “usually” do.  It’s not a test, and it will not 
affect the exercise that you do as part of this study, we’re just interested in physical 
activity levels so that we can match our participants based on PA. 

• I’m going to start off by asking you some questions about the past week. 
• Questions on page 1 of Seven-Day PAR. 

 
• Over the course of this interview, I’ll be asking questions about yesterday, and then 

working backwards through the previous 7 days. 
• So first, let’s talk about the time you spent sleeping in the past week. 

o By “sleeping”, I mean the time you went to bed one night and the time that you 
got out of bed the next morning.  You may not necessarily have been asleep the 
entire time you were in bed.  You may have been reading, watching TV, or doing 
paperwork.  Time spent in sexual activity is not counted as “sleep”.   

o Today is (i.e. Monday), so yesterday was (i.e. Sunday).  What time did you go to 
bed (Sunday) night and get up (Monday) morning.  Record to the nearest ! hour.  
Do this for each of the 7-d recall.  Calculate total time spent sleeping after 
completing the interview.  Did you have any naps on (Sunday)?  Did you have 
any disruptions to your sleep – any times when you got out of bed for 15 minutes 
or more? 

! Repeat for all other days 
 

• Now I’m going to ask you about physical activities done in the past 7 days.  In talking 
about PA, we will classify activities into 3 categories: 
o The “moderate” category is similar to how you feel when you’re walking at a 

normal pace, walking as if you were going somewhere 
o The “very hard” category” is similar to how you feel when you are running 
o The “hard” category just falls in between " in other words, if the activity seems 

harder than walking but not as strenuous as running, it should go in the hard 
category 

• These cards give examples of some activities that fall into each of these categories 
(sample activities were shown). 

• I’m going to ask you about the PAs you engaged in during three segments of the day, 
which includes morning, afternoon, and evening. 

o “Morning” is considered from the time you get up in the morning to the time 
you have lunch 

o “Afternoon” is from lunch to dinner 
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o And “evening” is from dinner until the time you go to bed 
o NOTE: If a meal is skipped, “morning” is from the time a person wakes up to 

12:00 pm, afternoon from 12:00-6:00pm, and evening from 6pm to bed. 
• For this interview we are not considering light activities such as desk work, standing, 

light housework, strolling, and stop-and-go walking such as grocery shopping or 
window shopping. 

• We are interested in occupational, household, and sports activities that make you feel 
similar to how you feel when you are walking at a normal pace. 

• Remember that this is a recall of activities for the past week, not a history of what you 
usually do. 
o We’ll start with yesterday.  Today is (i.e. Monday), so yesterday was (i.e. 

Sunday).  Think about what you did in general yesterday morning.  Did you do 
any PA (Sunday morning)?  How long did you do that activity?  How much of 
that time was spent standing still or taking breaks?  Did that activity feel similar to 
how you feel when you are walking or running or is it somewhere in between?  
Did you do any PA (Sunday afternoon)? (Duration, intensity).  Did you do any 
PA (Sunday evening)? (Duration, intensity).   

o If people are giving too much information, it is appropriate to ask “how much 
time in general?” – i.e. remind them they do not need to account for every minute 
of the day.  For an activity to be counted, it must add up to at least 10 min in 
one intensity category for one segment of the day (round to 15 min). 

 

1. At the end of each day: Are there any PAs you might have forgotten?  Did you do 
any PA at work?  Any other recreational or sport activities?  Housework or 
gardening?  Were there any other walks that you might have taken? 

2. On the last day of recall: Take a moment to think back over the course of the week 
and think of any activities you may have forgotten. 

3. Last question: The last question I’m going to ask you is, “Compared to your PA over 
the past 3 mo, was last week’s PA more, less, or about the same?” 

4. Thank you. 
 

Prompting questions (examples): 

• What were you doing [day] morning? 
• You said that you got up at 6am.  Did you go anywhere after that? 
• Did you watch any particular TV show? 
• What did you make for dinner? 
• What did you do that evening? 
• Did you take any walks that you may have overlooked? 
• Did you do any vigorous home repair or gardening? 
• Are there any activities that you are unsure about? 
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Scoring 
10 min and 22 min are rounded to 15 min = 0.25 
23 min and 37 min are rounded to 30 min = 0.5 
38 min and 52 min are rounded to 45 min = 0.75 
53 min and 67 min are rounded to 60 min = 1.0 
68 min and 1 hr 22 min are rounded to 1hr 15 min = 1.25 
 
Note: This script was adapted from reference (1).
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Appendix D 

Rating of Perceived Exertion Script 
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Overall feeling of exertion 

 
“During the exercise bout, we want you to pay close attention to how hard you feel the exercise 

work rate is. The feeling should reflect your total amount of fatigue, combining all sensations and 

feelings of physical stress, effort and fatigue. Do not concern yourself with any one factor, such 

as leg pain, shortness of breath or exercise intensity, but try to concentrate on your total, overall 

feeling of exertion. Try not to underestimate or overestimate your feeling of exertion; be as 

accurate as you can.”  Taken from (1). 

Peripheral feeling of exertion 

 
“It is important that your peripheral ratings of perceived exertion during exercise reflect the 

feelings of effort, dis- comfort, stress, and fatigue that are present in your legs only. In other 

words, when we ask you to provide this rating, think about the following questions: Do you have 

any leg aches or cramps? Do your legs feel heavy or shaky. The number that you point to on the 

scale that represents these feelings will be referred to as the local or peripheral rating of perceived 

exertion. We will ask you to provide this rating shortly after you provide an overall rating of 

perceived exertion. In summary, you will be asked to give two ratings of perceived exertion at the 

end of every stage of the incremental test. Do your best to give each rating as accurately as 

possible. Use the verbal expressions to help you rate your feelings at that moment and give any 

number you feel is appropriate to describe your overall or peripheral perception of exertion.” 

Taken from (1). 
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Appendix E 

Validity Assessment of NIRS Probe 
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When assessing the impact of differences in cardiac output on the perception of 

submaximal exercise, we intended on measuring skeletal muscle oxygenation.  With this 

information, the effects of differing cardiac responses on microvascular environments within the 

active skeletal muscle could be ascertained.  In order to assess the microvascular environment of 

the vastus lateralis, we utilized NIRS.  With this approach, a probe is topically positioned on the 

skeletal muscle of interest.  Our machines consisted of eight light emitters and one receiver.  Each 

emitter emits infrared light at specific wavelengths (690nm and 830nm), which passes through 

skeletal muscle enroute to the receiver.  Following reception of the signal, the weighted signal 

from all emitters is obtained.  Rather than assuming a constant, the machine we used measured 

both the absorption and scattering coefficients.  In doing so, we are able to assess absolute oxy 

and deoxy-hemoglobin concentrations and therefore make inter-individual comparisons. 

  Prior to use, the probe is compared to a check block to determine if each emitter is 

operating within the expected range.  During our studies, emitter eight was not operating within 

the expected range.  Depending on the day and session, deviation was higher or lower than the 

expected range with varying magnitudes.  Unfortunately, a substitute probe was not accessible 

and data collection was completed.  Following study completion, we completed a validity 

assessment of the NIRS data to determine the impact of one malfunctioning emitter on the 

skeletal muscle oxygenation data.  

Within this assessment, participants (n=3) completed ischemic forearm exercise.  

Rhythmic forearm exercise with an isometric handgrip dynamometer under a one second 

contraction two second relaxation duty cycle was completed until fatigue.  Exercise was 

completed at 30% max voluntary contraction.  Throughout exercise an inflatable pressure cuff 

was wrapped around the upper arm and inflated to 250 mmHg.  Skeletal muscle oxygenation was 
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assessed with the potentially problematic NIRS probe and a second, smaller NIRS probe.  Both 

NIRS probes were functionally the same; however, one was rigid and appropriate for cycling 

exercise while the smaller probe was more delicate and developed for cerebral oxygenation 

assessment.  This smaller functioning NIRS probe is not designed for the rigors of cycling and 

therefore was not used, but has been used with forearm models.  Probe location was marked and 

each probe was placed in the same location on the forearm.  Within a day, participants completed 

exhaustive ischemic exercise twice for each probe.  Each trial was separated by a period of rest 

quantified by a return to a baseline oxygenation status. The order of assessment was randomly 

assigned and counter balanced.   

The results from a representative participant are presented in Figure A-E-7-1.   From this 

data, visually it is quite clear that the large NIRS probe used in our study (which had an issue 

with emitter eight) is measuring differently from the small probe (which has no emitter issues).  

The large NIRS probe appears to be underestimating the concentration of deoxy-hemoglobin 

(Figure A-E-7-1; Panel A).  Additionally, the large probe provides a blunted amplitude response 

with respect to hemoglobin saturation (Figure A-E-7-1; Panel B).  Using some of the data from 

study 1, moderate intensity forearm exercise produced a desaturation response (although 

quantified with exercise muscle venous effluent) similar to exhaustive ischemic forearm exercise 

(measured with the large NIRS probe).  Group level mean data is presented in Table A-E-1.  The 

change in group level deoxy-hemoglobin and saturation is quite substantially blunted when 

measured with the large probe compared to the small probe.  Therefore, based off the results from 

this validation assessment, we felt that the NIRS probe was not accurately assessing skeletal 

muscle oxygenation during studies 3 and 4 to allow for accurate inter-individual comparisons.  As 

a result, we decided not to use the NIRS data in this dissertation.  
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Figure A-E-7-1: Forearm HHb and hemoglobin saturation responses during ischemic forearm 
exercise from a representative participant.  Panel A: HHb.  Panel B: Hemoglobin saturation.  
Vertical dashed lines represent the start of ischemic forearm exercise.  Sudden inflection 
represents the point of fatigue and cuff release.  HHb; deoxy-hemoglobin. 
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Table A-E-1:  Mean data from NIRS probe validity for ischemic forearm exercise.  

Parameter Hb (nmol) HHb (nmol) Total Hb (nmol) Saturation (%) 

Large NIRS Probe 

Baseline 0.0684 ± 0.0080 0.0193 ± 0.0069 0.0877 ± 0.0093 78.1 ± 6.5 

Peak 0.0353 ± 0.0144 0.0545 ± 0.0083 0.0897 ± 0.0204 38.0 ± 9.6 

Delta -0.0331 ± 0.0085 0.0352 ± 0.0029 0.0020 ± 0.0111 -40.0 ± 9.8 

Small NIRS Probe 

Baseline 0.0704 ± 0.0058 0.0259 ± 0.0120 0.0963 ± 0.0101 73.6 ± 9.6 

Peak 0.0205 ± 0.0070 0.0854 ± 0.0097 0.1059 ± 0.0167 19.2 ± 3.2 

Delta -0.0499 ± 0.0102 0.0595 ± 0.0037 0.0096 ± 0.0072 -54.4 ± 12.7 

Data are mean ± SD.  Hb; oxy-hemoglbon, HHb; deoxy-hemoglobin. 
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Appendix F 

Measuring Plasma ATP Concentration 
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Within Studies 1 and 2, plasma ATP was to be assessed.  Information pertaining to our 

rationale for measuring plasma ATP can be found on page 22 within Chapter 2 : Literature 

Review.  In order to measure plasma ATP we purchased a fluorometric ATP assay kit.  This kit 

utilized the phosphorylation (from ATP) of glycerol into the product glycerol phosphate.  The 

product is then readily quantified by fluorescence.  We modified methods from Gorman et al. (1, 

2) and Kirby et al. (3) to apply to our assay kit.  Unfortunately, we were unsuccessful.  We 

attempted to quantify ATP concentration using serial addition.  An unknown sample was spiked 

with various concentrations of ATP ranging from 0 to 150 noml/L in a similar fashion to Gorman 

et al. (1, 2). This kit is optimized for tissues or cell cultures.  Despite numerous attempts at 

optimizing this assay for human plasma, we were unable to consistently develop a linear 

relationship with fluorescence and ATP concentration of the spike.   Our difficulties arose from 

the considerable amount of native glycerol phosphate present with our plasma samples, which 

contributed to large amounts of background noise.  Approximately 90% of our measured signal 

was due to background noise Figure A-F-7-2.   Numerous futile phone calls to technical support 

and three kits later resulted in the adjustment of dilutions of each well, concentrations of ATP 

spikes, sensitivity settings on the multi-reader, and modifications to the proportion of sample 

relative to reaction mix.  In the end, we were unable to consistently establish a linear ‘standard’ 

curve for ATP determination given that we had such a small operating range for ATP 

quantification beyond background noise.  We completed the troubleshooting process in plasma 

from numerous participants.  While we were able to quantify ATP within the plasma, the lack of 

consistency did not provide a level of confidence in the results.  Therefore we chose not to 

include the plasma ATP data in this dissertation.  
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Figure A-F-7-2:  Sample of ATP determination from a participant.  Notice the lack of consistent 
increase in fluorescence despite increasing ATP concentrations and the large amount of 
background noise present in our plasma sample.  
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