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Abstract 

The ability to exercise for more than a short period requires energy to be supplied by using 

oxygen (aerobic energy supply).  How quickly we can supply energy depends on how much 

oxygen we can deliver to muscles. Similarly, delivery of oxygen (O2 del) to the brain is important 

as brief, transient disruptions can cause nausea or fainting.  Therefore, regulation of O2 del so that 

the O2 supply matches the metabolic requirement (O2 del matching metabolic demand) is 

essential to exercise tolerance and brain function. O2 del to the brain is often researched in 

response to orthostatic stress, however little is known about vascular responses protecting O2 del.  

In muscle, use of a forearm exercise model is common as measuring O2 del is difficult in other 

exercise modalities.  Unfortunately, it is also difficult to measure/test metabolism in the forearm. 

Hence, measuring O2 del response to exercise at a known metabolic intensity is difficult.  

Purpose:  To investigate O2 del matching metabolic demand in the following manner: 1) develop 

a repeatable and reliable critical power (CP, highest sustainable rate of aerobic metabolism) test 

for the forearm exercise model 2) discover if individual differences in O2 del account for 

differences in forearm CP (fCP) 3) determine if fCP is sensitive to changes in O2 del 4) 

characterize cerebral vascular response to an orthostatic challenge Methods:  Echo and Doppler 

ultrasound measured blood flow through the brachial artery.  Venous blood samples were used to 

measure hemoglobin and O2 content for calculations of O2 del and consumption. Middle cerebral 

blood velocity measured via transcranial Doppler ultrasound.  Blood pressure was measured 

using finger photoplethysmography.  Results: 1) fCP can be accurately estimated from a maximal 

effort handgripping test 2) Inter-individual differences in O2 del account for most of the variance 

in fCP 3) fCP is sensitive to changes in O2 del 4) cerebral vascular responses blunt cerebral 

hypoperfusion in response to initial orthostatic hypotension.  Conclusions: CP is an exercise 

characteristic of aerobic metabolism which is dependent on and sensitive to O2 del.  Therefore, 

fCP can be used in the forearm exercise model to research O2 del-metabolism matching. 
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Chapter 1 

Introduction 

The ability to sustain exercise is dependent on aerobic metabolism supplying adenosine 

triphosphate (ATP), such that metabolic demand is matched, myocellular [ATP] is defended, and 

a steady myocellular environment (stable intracellular [Pi], [ADP], and [La-] relative to removal) 

is achieved (9, 11, 15). In humans, the maximal rate of aerobic metabolism is dependent on the 

interaction of convective O2 delivery (determines the driving pressure for O2 flux into the 

myocyte), diffusive conductance of skeletal muscle (transmission of O2 into myocyte), and 

mitochondrial content (utilization of O2) (25).  Therefore, the ability of the cardiovascular system 

to supply O2 to working muscle is fundamental to exercise performance and tolerance, thus, 

mechanisms regulating O2 delivery matching metabolic demand are of interest to exercise 

scientists (4, 7, 8).  Experiments examining manipulations of O2 delivery (O2 del) during 

submaximal exercise have observed compensatory responses (i.e. vasodilation/vasoconstriction) 

that manifests in a maintenance of O2 del (4, 6, 7, 28). Additionally, maximal exercise 

performance is enhanced with an increase in O2 del, and decreased with lower O2 del (10).  

Observations such as these have led many scientists to conclude that O2 delivery is tightly 

matched to metabolic demand and it is within this context that mechanisms of O2 del are 

researched.    

The dependency of aerobic metabolism on O2 del implies that O2 del may be a crucial 

determinate of the exercise characteristic critical power.  Critical power is the maximal power 

output that can be sustained whilst maintaining a stable myocellular environment and divides the 

heavy and severe exercise intensity domains (no continued supplementation from substrate level 
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phosphorylation) (17-19).  The clearest evidence for CP representing a stable myocellular 

environment is from magnetic resonance spectroscopy (MRS) data where exercise just below CP 

maintained a steady level of [PCr], [Pi], and pH whereas exercise just above CP brought about a 

steady increase to maximal levels and earlier time to exhaustion (13).  These data make CP an 

attractive index of exercise intensity and aerobic capacity as they clearly depict CP as the 

maximal exercise intensity where aerobic metabolism completely matches metabolic demand.  

Therefore, it is likely that CP has a sensitivity to O2 del making it useful for investigation of 

oxygen delivery – metabolic demand matching.   

The forearm handgrip exercise model is an important model for investigation of factors 

affecting, and mechanisms determining, O2 supply matching of exercising muscle O2 demand (4, 

7, 8) because experiments are difficult, or in some cases impossible, to perform in other exercise 

modalities.  However, scientists utilizing the forearm exercise model select an exercise intensity 

that is typically relative to a  % of an individual’s maximum voluntary contraction (MVC) (5, 7, 

8).  The use of % MVC to research O2 del matching metabolic demand seems illogical as % 

MVC is not related to metabolic exercise intensity domains (14, 20).  For example, Kent-Braun et 

al. (14) demonstrated that during progressive %MVC increases in dorsiflexion exercise the % 

MVC at which transitions across metabolic domains occur varied considerably between 

individuals.  Saugen et al. found marked between-subject differences in both time course and 

magnitude of PCr and pH changes during 40% MVC exercise in otherwise similar subjects (20).  

Where larger muscle mass exercise models and the forearm exercise model differ is non-invasive 

gas exchange measurements can be used to identify ventilatory threshold and maximal oxygen 

uptake to identify aerobic metabolic capacity, metabolic exercise intensity domains, and the 

impact of interventions on these variables.  Unfortunately there is currently no non-invasive 
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exercise test that can provide this for the forearm handgrip exercise model.  The development of 

an exercise test that can give some indication of metabolic exercise intensity domains in the 

forearm exercise model could serve as an important tool for investigating O2 del matching 

metabolic demand as it is difficult or impossible to measure beat-by-beat O2 del during most 

other exercise modalities (3).  Therefore, we propose that the development of a CP test for the 

exercising forearm model, and a series of experiments determining whether forearm critical 

power (fCP) is sensitive to O2 del would provide an important methodological advancement for 

researching O2 del matching metabolic demand.    

Traditionally, CP is estimated from several time to exhaustion exercise bouts and 

mathematically modelled to characterize the power-duration relationship for a given individual 

(12).  However, more recent work has validated single maximal effort cycling and isometric 

quadriceps exercise tests that provide equivalent estimations of CP to the traditional estimations 

(1, 2).  Therefore, the primary focus of this thesis was directed at developing a forearm critical 

power test and determining the relationship between O2 del and fCP. 

While O2 del demand matching is important in exercising skeletal muscle, it is absolutely 

critical in the brain.  Even brief reductions in cerebral perfusion lead to impaired function, 

pointing to the importance of autoregulatory mechanisms for the maintenance of cerebral 

perfusion (21, 22, 27).  The last part of this dissertation therefore examined issues surrounding O2 

del demand matching in the brain.  Specifically, we examined the nature of compensatory 

cerebrovascular responses in the face of an initial orthostatic hypotension (IOH) challenge.  

Recently, rapid vasodilatory mechanisms and increased arterial-venous pressure gradient in the 

activated lower limb musculature have been identified as the primary causes of IOH (arterial 

outflow exceeding arterial inflow, leading to a decreased arterial pressure) (26). There are a few 
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studies that have utilized transcranial Doppler measurements of middle cerebral artery blood 

velocity (MCABV) during an active rising from supine, and the authors have indicated that young 

healthy individuals can tolerate IOH and that cerebral autoregulatory responses likely contribute 

to this tolerance (16, 23, 24).  However, characterization and temporal comparison of the vascular 

response at key IOH events have not been investigated to determine if and to what degree 

cerebral-vascular responses defend against cerebral hypoperfusion and maintain O2 del.   

Therefore, the overall objectives of this thesis were to investigate O2 del demand 

matching in the context of critical power, and in the context of defending cerebral O2 del in the 

face of transient hypotension. 
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Chapter 2 

Literature Review 

The oxygen delivery response to exercise in small muscle mass exercise 

 

Abstract -248 words 

During exercise the cardiovascular system is tasked with 1) delivering O2 to muscle tissue to 

support metabolism and maintain contractile activity, and 2) regulation of arterial blood pressure 

(MAP). Muscle oxygenation, is maintained by modulation of vasodilatation and MAP to match 

increases in muscle blood flow (oxygen delivery) with increases in metabolic demand. 

Feedforward rapid onset vasodilator and pressor mechanisms related to muscle activation and 

mechanical distortion instigate increases in oxygen delivery (O2 del) with the onset of 

contractions. This initial response plateaus within 5-7 s and represents an incomplete O2 del 

adaptation. Slower onset feedback mechanisms related to muscle metabolism and oxidative state 

are responsible for the final increases and maintenance of O2 del matching to metabolic demand. 

Within an individual during an acute bout of exercise, blood volume is finite. Therefore, 

regulating MAP and diverting blood flow from non-active to active tissue is mediated via 

sympathetic neural vasoconstriction. Therefore, control of O2 del in small muscle mass exercise 

integrates competing vasodilatory and vasoconstriction signals essential for regulation of muscle 

oxygenation and MAP. While sympathetic vasoconstriction signals restrain O2 del during 

submaximal exercise, local factors in exercising muscle can blunt responsiveness to sympathetic 

vasoconstriction relative to the local metabolic demand (functional sympatholysis). Feedforward 

and feedback mechanisms integrate to optimize the balance between vasoconstrictor and 

vasodilator influences across exercising muscles. The result is that and sympathetic neural 
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restraint of exercising O2 del is minimized while MAP regulation is maintained, such that, O2 del 

is increased to match metabolic demand. 

Keywords: Small muscle mass exercise, Oxygen delivery, Blood flow, Blood pressure, 

Vasodilation, Vasoconstriction,  

 

Introduction 

During exercise, aerobic metabolism is predicated on convective delivery of oxygen (O2 

supply) to working muscle and muscular metabolic machinery utilizing oxygen to produce ATP 

to fuel the contractile processes required for force production (O2 matching metabolic demand).   

Oxygen delivery (O2 del) is a function of muscle blood flow and the arterial content of oxygen 

(CaO2).  Within an individual during an acute exercise bout under normal conditions CaO2 is 

constant, therefore, O2 del is fundamentally established by muscle blood flow (34, 65).  From the 

onset of muscle contractions, muscle blood flow is determined by mechanisms widening the 

pressure gradient between arterial and venous circulation of the active musculature and local 

vasodilatory mechanisms that increase vascular conductance (muscle blood flow = ΔP (Parterial –

Pvenous) � vascular conductance).   The over-arching challenge to the cardiovascular system during 

exercise is to match O2 supply to O2 demand and this is true for all tissues, not just active 

musculature.  Thus, the increased flow to working muscles must result in matched increases in 

cardiac output and/or decreased vascular conductance to non-active tissues such that a 

maintenance /increase arterial blood pressure is achieved to sustain systemic circulation and 

perfusion (50). It is within this framework that regulatory mechanisms of the cardiovascular 

system must integrate to supply O2 to match O2 demand whilst maintaining adequate arterial 

pressure in order to perform exercise.  Therefore, to garner understanding of the O2 delivery 
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during small muscle mass exercise, knowledge of the characteristics of O2 delivery response and 

the mechanisms involved in crafting the O2 delivery response are required.  

 

 

 

O2 del and exercise intensity relationship 

 O2 del and blood flow have been found to have a linear relationship to exercise intensity 

in both one leg knee-extensor and handgrip exercise models (64, 65, 79, 81).  This is achieved via 

an interesting interaction between vascular conductance and arterial pressure.  During graded 

exercise tests in knee-extensor and handgrip exercise models, vascular conductance increases 

linearly with work rate, while arterial pressure (MAP) changes little until ~60-80% of work max. 

At this point, conductance reaches a plateau and MAP increases dramatically with work rate.  The 

outcome is a maintenance of the increasing linear relationship between muscle blood flow (O2 

del) and work rate continuing until exhaustion (64, 81).   

Dynamic O2 delivery response to exercise 

 At the onset of a change in exercise intensity, O2 del responds in a dynamic manner 

similar to that of oxygen uptake (45). Until the application of Doppler ultrasound techniques, 

researchers were unable to measure the dynamic response of exercising muscle blood flow and 

currently can only provide data on the dynamics of the local O2 del during small muscle mass 

exercise (97).  The current understanding of the O2 del response is there are two phases during 

low to moderate exercise, and three phases during high intensity exercise.  The magnitude of each 

phase of the response is proportional to the exercise intensity (58, 81, 85).  The first phase (Phase 

I) is initiated immediately after the onset of contractions and rapidly increases to reach a plateau 
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~5-7s. The second phase (Phase II) does not initiate until ~ 20s of exercise and is characterized by 

a slower increase to a steady state during low to moderate exercise intensity.  During higher 

intensity exercise, the emergence of the third phase (Phase III) blood flow increase is observed 

~1.5-2 min into exercise (58, 81, 85)(Fig. 1).  

Understanding of the characteristics of the O2 del response provides critical insight into 

the nature of vascular control mechanisms and control systems involved.  Mainly, the 

observations that MAP measures exhibited a delayed and mono-characteristic response support 

the contention that all three phases of the O2 del response are essentially due to vasoregulatory 

mechanisms, and therefore reflects the dynamics of vascular control mechanisms. While, the 

rapid and incomplete adaptation of phase I, and slow acting “fine tuning” adjustments made in 

phase II and III depict the role of feedforward and feedback control systems (58, 81, 85, 97). 

The literature supports the contention that O2 del responses are proportional to exercise 

intensity during small muscle mass exercise.  During exercise at low to moderate intensities, local 

vasodilatory mechanisms are responsible for observed changes in O2 del.  However, vasodilatory 

mechanisms only appear to increase vascular conductance and O2 del to ~60-80% of the peak 

achievable work rate. At intensities above this, increases in MAP are responsible for the observed 

increases in O2 del. 

Dynamic response characteristics of O2 del and vasodilation advocate the existence of 

two distinct sets of mechanisms. The first infers immediate, rapid but incomplete vasodilation, 

and the second illustrates in slower rate of adjustment until a steady state is achieved. The 

magnitude and temporal characteristics reveal the nature of the vascular control and exercise 

pressor mechanisms involved in O2 del responses to exercise and subdivide them into 

feedforward and feedback control mechanisms. 
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Feedforward Mechanisms 

The immediate and rapid increase in O2 del to a plateau that eventually requires a 

secondary adaptation to steady state is characteristic of a feedforward control system. There are 

three distinct categories of mechanisms that have been shown to contribute to the initial exercise 

hyperemia response.  First, there is a central neural process that initiates prior to muscle 

contraction.  Second is the mechanical influence of the skeletal muscle pump, and third, rapid 

vasodilatory mechanisms that are related to factors associated with neuromuscular activation and 

mechanical events of muscle contraction.  The relative contributions of these mechanisms have 

been a topic of debate and depend on the experimental model and type of exercise (99). At this 

point in time, it is generally accepted that in humans, phase I of the O2 del response always has a 

rapid vasodilation component and is only accompanied by a the skeletal muscle pump effect 

when venous pressure is high prior to exercise (99). 

Central Command 

 Central command is a feedforward neural signal that is parallel to the motor command 

that is responsible for the sympathetic outflow that leads to immediate increases in heart rate, 

resetting of the baroreflex and vasoconstriction in non active tissue (e.g. skin and viscera) at the 

onset of exercise. Central command should be classified as a feedforward control mechanism as it 

acts parallel to the motor command, is most important at the onset of exercise, and works to 

increase skeletal muscle blood flow without sensory information on a regulated variable such as, 

tissue oxygenation or mean arterial pressure.  Currently, the evidence suggests that motor 

commands stimulate dopaminergic neurons of midbrain in the ventral tegmental area (60).  

Stimulation of this area elicits discharge of both sympathetic and motor nerves. However, it is not 

conclusive if the ventral tegmental area itself is the central command generator or whether it 
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excites a central command generator (60, 67). Central command initiates immediate increases in 

cardiac output via increases in heart rate as a result of parasympathetic withdrawal and 

sympathetic stimulation of the sinoatrial node, as well as, sympathetic-mediated increases in 

contractility, which elevates stroke volume.  However, data from unanesthetized, decerebrate cats 

and human models utilizing β1-adrenergic receptor blockade (sympathetic effects are mediated 

through cardiac β-adrenergic receptors) or tetraplegic subjects (tetraplegics have an intact vagal 

nervous system but have lost supraspinal control of the sympathetic nervous system) place 

emphasis on sympathetic stimulation over parasympathetic withdrawal for the cardiac 

acceleration observed at exercise onset (32, 48, 89, 90).  Sympathetic stimulation also causes the 

adrenal medulla to increase circulating epinephrine, which also leads to increases heart rate and 

contractility.  

Sympathetic activation is associated with vasoconstriction via adrenergic mechanisms.  

Vasoconstriction would help both translocation of blood back to the heart and controlled 

distribution from non-working areas (e.g. skin and viscera) to working muscle (10, 91).  

However, there is evidence to suggest that central command can initiate vasodilation via a 

sympathetically mediated cholinergic mechanism (59, 67).  Electrical or chemical stimulation of 

the ventral tegmental area caused neurogenic vasodilatation in skeletal muscle vasculature rodent 

and feline models (59, 67).  In addition, recent experiments from Ischii et al., (2012) advocate for 

a central command mediated neurogenic vasodilation at exercise onset in humans.  The key 

observations from Ishii and colleagues that support neurogenic vasodilation are as follows: 1) 

increased Oxy-Hb (near- infrared spectroscopy) and blood flow (Doppler ultrasound) in non-

active and active muscle at the onset of voluntary one-legged cycling and during imagery of the 

voluntary one-legged exercise 2) passive cycling did not increase these values in non-exercising 
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muscle 3) non-exercise control imagery tasks did not evoke changes in muscle oxygenation and 

blood flow 4) increases in Oxy-Hb at the start period in both contracting and non-contracting 

muscle during voluntary exercise were similar in time course and magnitude 5) no change in 

electromyogram from baseline confirms that muscle activation during exercise imagery protocols 

could not be the cause of dilation (44, 86).  These findings would be consistent with a 

mechanism(s) in which central command neural signals that would be transmitted to both 

exercising and non-exercising muscle caused the observed vasodilation.  In opposition, 

cholinergic blockade with atropine has been found to only affect resting and exercising absolute 

values of blood flow, not the magnitude or kinetics of the transition to exercise (84).  Therefore, 

the significance of a central command mediated cholinergic mechanism to exercise hyperemia 

remains uncertain.   

Muscle mechanoreflex 

 The muscle mechanoreflex is a feedforward mechanism that contributes to the exercise 

pressor response (elevation of blood pressure during exercise).  Type III afferent neurons respond 

to the mechanical stimuli of stretch and pressure during contraction.  The current understanding is 

that during exercise the mechanoreflex alters pressure by contributing to the resetting of the 

baroreceptor reflex which appears to manifest as increases in peripheral sympathetic constriction 

of the vasculature and not cardiac acceleration (33, 51, 87, 110).  This response suggests that the 

mechanoreflex is more closely related to the regulation of blood pressure rather than O2 del to the 

exercising muscle at exercise onset.    

The skeletal muscle pump 

 During exercise when the muscle is contracted arteries and veins within the musculature 

become mechanically compressed. This compression causes impedance of arterial flow into the 
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muscle, whereas blood is propelled back towards the heart in the venous circulation because of 

the presence of one way valves in the venous side.  The translocation of venous volume decreases 

venous pressure and therefore increases the pressure gradient between the local arterial and 

venous circulation (ΔP = Parterial –Pvenous) upon muscle relaxation.  The skeletal muscle pump 

mechanism contribution to the immediate O2 del is based on this principle. 

 Contributions of the muscle pump to the immediate, rapid increase in O2 del have been 

evaluated in the human forearm by comparing forearm blood flow (FBF) responses to rapid blood 

pressure cuff inflation/deflations, handgrip contractions, and handgrip contractions within a 

forearm cuff inflation with the arm positioned above and below heart level.  Rhythmic cuff 

inflations increased FBF only when the arm was positioned below heart level (100).  

Furthermore, in response to a single handgrip contraction FBF was greater than the response to 

cuff-inflation/deflation and the peak response was delayed when compared to the cuff 

(Contraction ~ 4-5 s, cuff ~ 1-3 s).  Finally, the FBF response to contraction plus cuff was greater 

than contraction alone and cuff alone below the heart, but not different from contraction alone 

above the heart (100).  These findings provide critical insight into the mechanism of the skeletal 

muscle pump contribution to rapid O2 del delivery.  First, the observation that cuff 

inflation/deflation only increased FBF below the heart, where there would be a larger venous 

pressure due to the hydrostatic addition and not above the heart.  This would indicate that the 

muscle pump was only effective in conditions where there is elevated venous pressure.  Second, 

the peak response to cuff inflations being lower and occurring prior to the peak response to 

contractions in both conditions imply that the muscle pump only partially contributes to the rapid 

O2 del response and only the most initial phase.  Thirdly, the observation that cuff-inflation and 

contraction enhanced FBF above contraction only in the below heart condition confirms that the 
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enhancement of FBF via a widening of the arterial-venous gradient, when there are conditions of 

higher venous pressure.   

 Furthermore, because muscle contractions compress both arteries and veins it should not 

be ignored that there is a temporary impedance of O2 del.  Therefore, when considering the 

importance of skeletal muscle pump to O2 del the relative magnitude of flow enhancement 

(increased pressure gradient) should be compared to the impedance that occurs during muscle 

contraction.  The net contribution of the muscle pump was estimated by the difference between 

mean exercise blood flow and early recovery blood flow during discontinuous-incremental steady 

state upright submaximal knee extension exercise (57).  The results indicate that during low 

intensity exercise, the skeletal muscle pump over-comes the impedance experienced during 

contraction, more so than dilation, however, as exercise intensity increased contraction-

impairment of O2 del begins to surpass the enhancement, such that the muscle pump does not 

improve O2 del without the effect of vasodilation. In fact, at high intensities muscle contraction 

actually impairs O2 del (57).   

 Therefore, the literature is in support of the skeletal muscle pump contributing to the 

rapid O2 del response via widening the arterial-venous pressure gradient upon muscle relaxation 

if 1) there is a relatively high venous pressure at exercise onset 2) the contraction intensity (low) 

is at a level where the impedance of contraction does not the outweigh the enhancement of flow 

due to the widened pressure gradient independent of the vasodilatory effect. 

Neuromuscular related vasodilation 

 Rapid vasodilation in proportion to contraction intensity in humans has been well 

established (7, 98).  There are two main vasodilators that have been hypothesized as mechanisms 

for muscle activation mediated vasodilation, which are acetylcholine (Ach) and K+ (99).  The role 
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of Ach as a contributor to rapid vasodilation is controversial. Work in hamster retractor muscle 

indicates that the activation of muscarinic receptors on arteriolar endothelial cells by Ach does 

directly contribute to rapid vasodilation (108). In contrast, the use of neuromuscular blockade 

(post-synapse) preventing muscle contraction in both human and dog muscle indicate otherwise.  

Neuromuscular blockade, in humans strongly attempting to contract their muscle yielded no 

substantial increase in muscle blood flow whereas increased flow was abolished in anesthetized 

dogs (26, 66). Thus, Ach was discounted as a mechanism of rapid vasodilation. Nevertheless, the 

role of Ach in rapid vasodilation seems to be minimal when compared to K+, which increases in 

the interstitial space, shows a relation to contraction intensity and duration, and within the 

timeframe of rapid vasodilation (4, 5).  The most significant source of K+ in muscle activation is 

slow voltage dependent K+ channels, however, more work on K+’s role in rapid vasodilation is 

needed (5).  

 While the exact mechanisms remain undiscovered, it is widely accepted that a 

neuromuscular component to the rapid vasodilatory phenomenon exists.  While Ach spillover 

from the neuromuscular junction fits the spatial and temporal pattern to be considered as a 

mechanism of rapid vasodilation, post-synaptic neuromuscular blockade experiments in dog and 

human muscle discount the role of Ach.  The literature indicates that K+ is the strongest 

candidate. 

Mechanical induced vasodilation 

 It is well accepted that mechanical compression of skeletal muscle in humans can 

increase vascular conductance and blood flow (35, 52). Kirby et al., applied external vascular 

pressures that equated estimated intramuscular pressures during a range of % MVC contractions 

and compared them to brief single handgrip contractions with the forearm positioned above heart 
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level.  The results depicted and compared, the time course and magnitude of changes in % Δ FVC 

and found that mechanical induced vasodilation mostly contributed to the immediate vasodilatory 

response to muscle contraction (peak  % Δ FVC occurring ~ 2 cardiac cycles) with the remaining 

difference in response believed to be caused by vasodilatory mechanisms associated with 

neuromuscular activation (occurring 15 cardiac cycles).  These findings are congruent with in 

vitro experiments which revealed that skeletal muscle feed arteries dilate in response to 

extravascular pressures (18).  While the exact mechanism(s) remain unknown, removal of the 

endothelium attenuated but did not eliminate the dilatory response to mechanical compression.  

Implying that dilatation is mediated by both endothelium-dependent and independent mechanisms 

(18).  Additionally, NO release from fibronectins in the extracellular matrix have been found to 

be initiated by mechanical events of muscle contraction and coupled to vasodilation (43).  

Therefore, may represent one of the mechanisms involved in mechanically induced vasodilation 

(43). 

 The literature is in strong support of mechanical events of contraction being directly 

linked to vasodilation in the active muscle mass.  While the exact mechanisms are unknown, NO 

release from fibronectins in the extracellular matrix is believed to be involved with other 

endothelium-dependent and independent mechanisms. 

Fast-acting conducted vasodilation 

 An essential component to the rapid O2 del response is the transmission of vasodilatory 

signals from capillary and terminal arterioles embedded with the active musculature to connecting 

upstream feed and conduit arteries. Vasodilation is conducted upstream via vasodilatory 

substances moving through ion channels, known as gap junctions, between both endothelial cells 

and smooth muscle cells (6, 83).  This is most evident in experiments where stimulation the 
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inferior gluteal motor nerve in anaesthetized mice caused a brief contraction and produced rapid 

vasodilatation (<1 s) of arterioles moving along the active muscle region but not along the 

inactive region (61, 62).  

Summary of Feedforward mechanisms that contribute to the rapid O2 del response 

 The literature allows construction of  a model in which the motivation and motor plan to 

begin exercise initiates the O2 del response within a cardiovascular control centre that has been 

termed “central command” that creates neural outflow to increase cardiac output, MAP and 

possibly a mild systemic vasodilation.  The central command involves the ventral tegmental area 

of the midbrain however it is unknown if the neurons located there are the cardiovascular control 

center or are simply just involved in the central command cardiovascular plan.  Upon muscle 

contraction, the mechanoreflex is stimulated ultimately increasing sympathetic outflow further, 

however, this does not contribute to increases in cardiac output.  At the same time, venous blood 

volume has been propelled back towards the heart and arterial blood flow is impeded.  

Subsequently, the pressure gradient between the local muscle arterial-venous circulation is 

increased.  The compression from the contraction starts mechanisms related to mechanical 

induced vasodilation, such as, fibronectin release of NO.  Additionally, K+ would be released due 

to muscle activation.  Upon muscle relaxation, K+ and NO have caused local vasodilation and 

dilatory signals are traveling upstream through gap junctions causing more dilation. The larger 

pressure gradient between arterial and venous circulation has dramatically increased O2 del into 

the working muscle.  However, these mechanisms do not sense or respond to the oxygen and/or 

metabolic state of muscle and therefore are not solely responsible for O2 del-metabolism 

matching. As such, these mechanisms can be considered a feedforward vascular control response 
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that initiates the O2 delivery response that requires additional increases in delivery to provide 

sufficient muscle oxygenation. 

Feedback Mechanisms 

 The delayed onset, slower adaptation, and attainment of a steady state are the 

contributing characteristics of the phase II O2 delivery response that make it reflective of feedback 

control (17, 97).  If the purpose of the cardiovascular system during exercise is to match O2 

delivery to metabolic demand, such that aerobic metabolism is maintained and cellular [ATP] is 

defended, the existence of mechanism(s) that sense changes in muscle oxygenation and/or 

metabolic state and ultimately lead to intensity dependent increases in O2 del via central and/or 

peripheral adaptations must exist.  As would be anticipated, the known mechanisms that are 

considered to be related to the feedback control of O2 del rely on the production of factors related 

to cellular metabolism and O2 flux from blood to tissue that stimulate vasodilatory and pressor 

responses to regulated blood flow (and therefore O2 delivery) to the working myocytes.  

Metabolic vasodilatory mechanisms 

 The metabolic hypothesis of vasodilation can be basically described as an accumulation 

of muscle metabolites that also function as vasodilatory substances, in the muscular interstitial 

space (i.e. muscle production exceeds removal via circulation).  The accumulation of these 

metabolites indicates the degree of mismatch between O2 delivery and metabolism.  In these 

mechanisms it appears that resultant O2 transferred into the muscle is not the central outcome, but 

rather, the increase in blood flow increases the rate of removal of muscle metabolites/ 

vasodilatory metabolites from the interstitial space. Within this mechanism, blood flow would 

continually increase to the point where a balance between metabolite production, release, and 

removal is achieved at a new stable elevated interstitial concentration of vasodilatory metabolites.   
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 There are several muscle metabolites that have been hypothesized as contributors to 

exercise hyperaemia: lactate, H+, Pi, CO2, adenosine, ATP (17, 80).  However, evidence in 

support of a specific metabolite(s) as key contributor(s) to exercise hyperaemia have been 

lacking.  During single leg knee extensor exercise, blood flow was elevated at 60% vs. 30% Wmax, 

with no differences in muscle interstitial concentrations of lactate and Pi (56).  Interstitial [H+] 

has been shown to change with increasing exercise intensity, however, the temporal 

characteristics differ from those of O2 del implying that [H+] may modify vasoregulatory 

mechanisms, but does not determine muscle blood flow at a given exercise intensity (17, 74, 81, 

88).  Conversely, adenosine receptor blockade was found to reduce exercising blood flow 

implying an obligatory role for adenosine, however, it is unknown whether the role of adenosine-

mediated vasodilation is important only for nutritive flow to the active muscle or flow to other 

non-working tissues of the exercising limb (40, 73).  The exact mechanisms and relative 

importance of interstitial [ATP] to exercise hyperaemia are still not well understood.  Interstitial 

[ATP] appears to contribute to the O2 del response by stimulating the muscle metaboreflex (see 

below) and vasodilation action that appears to be dependent on the actions of adenosine as well 

(25, 38, 41, 42). 

 While these mechanisms are representative of a feedback control system and sum to 

contribute to the O2 del response, they do so indirectly.  They require an initial O2 del-metabolism 

mismatch to create the build up of metabolites in the interstitial space at a concentration to create 

a given O2 del signal.  Therefore, for the metabolic hypothesis to maintain O2 del at a steady state, 

independently of other mechanisms, O2 del would have to be maintained at a deficit relative to 

metabolism to maintain [metabolites] for a given O2 del signal. This would also indicate that at 

increasing exercise intensities, active myocytes would have to become increasingly under-
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perfused to generate a consistent signal.  Within this context, it appears that metabolic hypothesis 

mechanisms contribute to the increase in the phase II response of O2 del in response to a step 

increase in exercise intensity, but likely have little to do with the maintenance of O2 del at a 

steady state.    

The muscle metaboreflex – increasing pressure to increase O2 delivery 

 The muscle metaboreflex ultimately leads to adjustments in mean arterial pressure, 

cardiac output, and muscle blood flow in response to type IV chemosensitive afferents located in 

muscle parenchyma detecting the accumulation of metabolites such as H+ and Pi, which would be 

indicative of insufficient O2 del relative to metabolic demand (8).  The peripheral chemosensitive 

afferents rely on increases in [metabolites] to the neural circuits in the nucleus tractus solitarii and 

the ventrolateral medulla region of the brainstem believed to control heart rate and blood pressure 

(82). In humans the metaboreflex increases sympathetic nerve activity simultaneously to active 

and inactive muscle as well as sympathetic outflow to the heart influencing stroke volume and 

heart rate (2, 39). This is best demonstrated in humans during blockade of these chemosensitive 

muscle afferents which has been shown to caused reductions in stroke volume, heart rate, cardiac 

output, mean arterial pressure, and O2 del during single leg knee-extensor exercise at several 

exercise intensities (3). These data highlight the importance of metaboreflex invoked increases in 

sympathetic nervous activity causing increased arterial blood pressure and thereby increased 

exercising O2 del.  

As such, the interesting characteristic of this feedback mechanism is that it is a blood 

pressure modulatory response reacting to metabolic distress rather than a blood pressure 

challenge.  This reflex should be viewed as an O2 del mechanism rather than a blood pressure 
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maintenance process as it effectively modifies blood pressure in order to improve O2 del 

matching with metabolic demand. 

Red blood cell (RBC) haemoglobin desaturation-mediated vasodilatory mechanisms 

 Another vital feedback mechanism is the emergence of the RBC as not only an O2 carrier 

but as an O2 sensor, reflecting the flux of O2 delivered to O2 utilized in active tissues.  The RBC 

in response to low O2 environment and the mechanical deformation of the O2 release from 

haemoglobin also releases ATP (relative to the magnitude of O2 release, greater the O2 release, 

greater the ATP release) (27-29, 36). The released ATP binds to purinergic receptors in the 

vascular endothelium stimulating the production of endothelial NO, prostaglandins and/or 

endothelial-derived hyperpolarization factors (EDHFs), which cause relaxation in smooth muscle 

cells causing both local and conducted vasodilatation (27, 37).  This means that the vasodilatory 

signals travel back upstream to the resistance vessels that determine flow to the active area where 

there is an increase in O2 demand relative to O2 supply (see conducted vasodilation below).   

 The RBC as an O2 sensor is a feedback mechanism that releases ATP to initiate 

vasodilation in response to the amount of O2 it releases.  The RBC “senses” the O2 demand based 

on the amount of O2 that is unloaded from hemoglobin, and then releases ATP relative to the 

amount O2 offloaded, thereby increasing O2 del to the level of O2 demand on this basis. 

Slow-acting conducted vasodilation 

 As mentioned above transmission of vasodilatory signals from capillary and terminal 

arterioles embedded with the active musculature to connecting upstream feed and conduit arteries 

is a vital component of both feedforward and feedback O2 del control mechanisms. As in rapid 

conducted vasodilation, vasodilatory substances moving through ion channels, known as gap 

junctions, between both endothelial cells and smooth muscle cells causing dilation in the 
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upstream vasculature (6, 83).  The onset of slow-acting conducted vasodilation is delayed by ~20-

30 s and is marked as a much slower propagating wave of endothelial cell Ca2+ increase, which 

results in nitric oxide and prostaglandin release, triggering decreases in intracellular smooth 

muscle [Ca2+] and further vasodilation (24, 103).  

Because conducted vasodilation is responsive to temporal and spatial summation, of 

dilatory signals it represents a feedback mechanism that alters upstream vascular caliber 

(therefore O2 del) with downstream metabolic demand (6). 

Arterial baroreflex-Feedback mechanism regulating blood pressure 

 The arterial baroreflex is a feedback mechanism that is not directly related to enhancing 

O2 delivery during exercise as it functions to sustain arterial pressure.  As mentioned previously, 

central command “resets” the blood pressure operating set point monitored by aortic and carotid 

baroreceptor afferents at exercise onset.  These afferents are the sensors that respond to increases 

and decreases in arterial wall stretch due to blood pressure. The sensory information is evaluated 

in the nucleus tractus solitarius (NTS) region of the medulla oblongata and is compared with a 

set-point of anticipated blood pressure (1, 30). If an error is detected (sensed MAP ≠ set-point 

MAP) sympathetic and parasympathetic neural outflow is modulated to the heart and vasculature 

to correct blood pressure towards the designated set-point (30). 

Thus, with any step increase in exercise intensity the existing arterial blood pressure 

registers as a hypotensive stimuli in the NTS and triggers compensatory neural activity to elevate 

MAP to meet the new set point. Baroreflex-mediated elevations in heart rate during exercise 

through a combination of parasympathetic (withdrawal) and sympathetic (increases) changes, 

while increases in sympathetic activity increase peripheral vasoconstriction in both active and 
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inactive muscle (49, 69) (31). In exercising humans, the baroreflex regulates pressure primarily 

via sympathetic control of vascular conductance (69).    

Arterial blood pressure is the force that propels blood flow and must be tightly regulated 

in order to provide adequate perfusion during exercise.  The negative feedback action of the 

baroreflex ensures pressure maintenance and thus contributes to the phase II of the O2 del 

response by transitioning arterial pressure and maintaining it at a steady level. 

Functional sympatholysis- directing O2 delivery to exercising muscle  

 Within an individual, during an acute bout of exercise the volume of blood is finite, 

therefore, to enhance blood flow and O2 del to active musculature blood must be reduced from 

non active tissue and diverted to active tissue (95).  Sympathetic activation originating from MAP 

altering mechanisms leads to sympathetic outflow to the vasculature of both active and non-active 

muscle (39).  As such, similar sympathetic vasoconstriction signals act on active and non-active 

tissue alike.  While it would be reasonable to predict that the increase in sympathetic activity 

reduces O2 del to non-active tissues therefore providing a volume of blood to be directed 

elsewhere, an increase in sympathetic activation raises two interesting questions about the second 

phase of the O2 del response. 1) Does sympathetic activation oppose O2 del during exercise? And 

2) How do active areas overcome the constrictor signal and increase O2 del? 

First it is suitable to address the evidence of sympathetic activation directing blood flow, 

such that, active musculature receives the bulk of increases in O2 del and inactive muscle does 

not.  Moore et al., 2010 using inferior and superior regions of the mouse gluteus maximus muscle 

that have the unique quality of separate motor innervation and feed arteries connected by a 

common arteriole that crosses both regions, showed that in response to a brief contraction in the 

inferior region; vasodilatation occurred along the arteriole within the active muscle but it did not 
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spread along the arteriole into the inactive superior muscle region (61).  Furthermore, treatment 

with an α-adrenoreceptor blockade (blocking sympathetic activation of vasculature) muscle 

contraction stimulated dilatation that was enhanced (greater than without α-adrenoreceptor 

blockade) along the arteriole in the active region and spread to the inactive muscle region (61).  

These data provide direct observational evidence of sympathetic involvement in both restraining 

O2 del in active tissue as well as preventing increases in O2 del in inactive tissue. α-

adrenoreceptor blockade experiments in exercising animals and humans have confirmed 

sympathetic restraint of O2 del to exercising muscle as blood flow is increased when an α-

adrenoreceptor blocker is administered during submaximal exercise (10, 11, 14, 15).  Combined 

these data corroborate that sympathetic activation does in fact oppose or restrain O2 delivery to 

exercising muscle answering the first question posed.  So how do active areas overcome the 

constrictor signal and increase O2 del? 

In 1962 Remensnyder et al., proposed the term “functional sympatholysis” that refers to 

the attenuated responsiveness of vasculature to sympathetic vasoconstriction by local factors in 

contracting skeletal muscle (75).  Therefore, the simple answer to the second question posed is; 

local substances derived from contracting muscle actually reduced the effectiveness of 

sympathetic activity to cause vasoconstriction (functional sympatholysis). Functional 

sympatholysis was demonstrated in humans where vascular conductance was increased with 

infusion of a vasodilator and a given sympathetic vasoconstrictor stimulus resulted in similar 

percent decline in vascular conductance as in a resting control condition. Whereas, during 

moderate and heavy exercise the percent reduction in vascular conductance was lower to the same 

sympathetic vasoconstrictor stimulus given in the resting control condition, therefore clearly 

portraying a blunting of sympathetic vasoconstriction during muscle contractions (101).  
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Functional sympatholysis also has been demonstrated to increase with exercise intensity (76, 

101).   While the existence and importance of functional sympatholysis to the exercise O2 del 

response is generally accepted (91), data identifying the mechanisms have been less clear. The 

literature have identified nitric oxide (NO) and ATP as possible mechanisms. The role of NO as a 

sympatholytic factor is opaque at best.  NO blockade experiments have observed attenuated 

sympatholysis in humans (16), however others have found no effect of NO blockade on 

sympatholysis unless coupled with  prostaglandin blockade (22, 23). Conversely, infusion of ATP 

abolished sympathetic mediated vasoconstriction in human forearm and leg models (53, 77, 78).  

Therefore, sympathetic activation and functional sympatholysis contribute to O2 del 

response by directing blood flow from inactive tissue to active muscle.  Mechanisms related to 

increases in MAP increase sympathetic outflow causing a vasoconstriction signal to active and 

inactive muscle alike.  In the active tissue intravascular ATP, possibly NO, and other unknown 

agents attenuate but do not abolish the vasoconstrictor signal leading to a net dilation and increase 

in O2 del to active muscle.   

Summary of Feedback mechanisms that contribute to the rapid O2 del response 

 Feedback control of the phase II O2 delivery response is a complex integration of several 

mechanisms that sum to create changes in vascular tone and arterial pressure via “sensing” a 

change or in a disturbance in some variable(s) that is related to muscular metabolism and 

generates a response that works to attain a steady level of O2 delivery that permits O2 metabolism 

to match myocellular metabolic demand.   

 The literature conveys the following complex sequence of events that contribute to the 

phase II O2 del response.  Local factors derived from the active musculature accumulate in the 

interstitial space.  Factors such as, lactate, H+, and Pi do not seem to contribute to the active 



 

29 

 

vasodilatory response they do stimulate group III and IV afferents that activate the muscle 

metaboreflex ultimately leading to an increase in sympathetic outflow which works to increase 

arterial pressure and direct blood flow to the active muscle.  Interstitial adenosine and ATP on the 

other hand do contribute to metaboreflex activation as well as active local vasodilation.  In 

parallel to these actions, ATP release from the offloading of O2 and subsequent deformation 

causes RBC to release ATP intravascularly.  The intravascular ATP binds to purinergic receptors 

located on the endothelium triggering the production of NO, prostaglandins, and EDHFs, 

generating local and conducted vasodilatation.  The arterial baroreflex has been “re-set” to a 

higher operating point assumed to be more suitable for the required increase in O2 delivery task 

for the cardiovascular system as a whole.  The baroreflex modulates sympathetic outflow such 

that, arterial perfusion pressure is maintained despite exercise pressor responses signaling to 

increase arterial pressure and local vasodilatory responses dramatically increasing systemic 

vascular conductance.  The increase in sympathetic outflow to active and non-active muscle acts 

as a vasoconstriction signal which does impair O2 del.  However, in active muscle local factors 

(such as ATP and possible NO) combat sympathetic vasoconstriction (functional sympatholysis) 

therefore allowing for a net vasodilation and increase in O2 delivery to occur.  Inactive tissues 

that would not have functional sympatholysis occurring would experience vasoconstriction 

therefore aiding in diverting blood flow to active musculature.  The combination of the above 

sequences are the primary factors that lead to the secondary increase, attainment, and 

maintenance of a steady state of O2 delivery that characterizes phase II of the O2 delivery 

response to exercise. 

Integration of feedforward and feedback mechanisms of the O2 delivery response 
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The integration of local and central feedforward and feedback mechanisms in response to 

skeletal muscle contraction is the means by which muscle metabolic demand for oxygen is 

ultimately transmitted into increasing oxygen delivery. At the same time, elevations in 

sympathetic adrenergic activity stemming from blood pressure regulation stimulate 

vasoconstriction and restrain muscle vascular conductance, and hence, O2 delivery. Although 

local active muscle mechanisms of functional sympatholysis blunt the restraint of O2 del, it 

remains present in exercising muscle (17, 82, 91).  Feedforward mechanisms are fast acting 

mechanisms that initiate just prior and/or immediately after the onset of the first muscle 

contraction.  They increase O2 del in anticipation of a metabolic need for O2 before there is an 

actual O2 deficit that is sensed.  Immediately after the onset of contractions these mechanisms 

increase O2 del rapidly and it plateaus at ~5-7s (98).  The mechanisms of the rapid O2 del 

response are central command and the mechanoreflex increasing the pressure response while 

mechanical and neuromuscular activation events increase vessel caliber, with contribution of the 

skeletal muscle pump dependent on the situation.  The slower phase II response increases and 

maintains O2 delivery to the required level for the exercise bout.  These mechanisms respond to 

metabolic distress and elevate O2 del ~ 20s reaching a plateau ~1.5-2 min into exercise.  

Metaboreflex and arterial baroreflex act to control the exercise pressor response that increase 

MAP to a steady level to maintain the driving pressure need to propel blood through circulation.  

Muscle metabolites, RBC releasing ATP, and functional sympatholysis work together to alter 

vascular tone.   

Together, feedforward and feedback mechanisms sum to increase and maintain O2 del 

during exercise. 

The critical power concept 
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Critical power (CP) has been identified as the asymptote of the power-duration 

relationship and represents the maximal work rate that can be attained that results in a metabolic 

steady state (a plateau in VO2 and in high energy phosphates is achieved) (21, 47, 71). CP has 

been found to divide “heavy” and “severe” exercise domains, ~ half-way between gas exchange 

threshold and VO2max at ~ 80% VO2max (healthy males, during cycling) (72). Cycling and single 

knee extension exercise has elegantly shown that working at or below CP leads to sustainable 

exercise, with steady state oxygen consumption, blood lactate, pH, PCr, and Pi, whereas, exercise 

above CP leads to systematic increase in these variables until exhaustion (47, 72).  Therefore, the 

physiological importance of CP is that it divides steady state and non-steady state exercise and 

represents the maximal rate of aerobic metabolism that completely matches metabolic demand 

(46).  Theses observations support that CP defines the range of tolerable exercise (exercise below 

CP are able to be sustained) from intolerable exercise (above CP, short time to exhaustion). 

Traditionally, the power–duration relationship is mathematically constructed from 3-4 

time to exhaustion trials in which the asymptote (CP) and curvature constant (W’, representing 

the finite work capacity above CP) are calculated.  These exercise bouts are usually completed 

independent of each other and designed to cause exhaustion within 2-15 min (46, 72).  It is 

recommended that power outputs that cause fatigue < 2 min should be avoided because 

mechanical limitations of to muscular power generation and power outputs causing fatigue > 15 

min as an individual’s motivation to continue exercise would have an effect (46).  More recently, 

it has been found that W’ and CP can be accurately estimated from “maximal effort” tests in 

cycling and isometric quadriceps (12, 13, 104). During both modalities the power output/torque 

averaged over the last 30 s of the test was found not to be different from CP estimated using the 

traditional method.  Furthermore, constant load exercise above CP (cycling) estimated from a 
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maximal test lead to shorter times to exhaustion and oxygen consumption and blood lactate rising 

to maximal levels which is consistent with observations of exercise above CP estimated from 

traditional methods (12).  Increases in CP estimated from maximal effort test after training and 

decrements to W’ without a change in CP from max tests in response to prior exercise have been 

offered as validation CP estimated from maximal effort tests (105, 107).   

With respect to the relationship between O2 delivery and CP little is known.  Hyperoxic 

breathing has shown to increase time to exhaustion, decrease the rate of PCr decline, and thus 

increase the estimate of CP from mathematical modeling during single leg knee extension 

exercise (106).  Similarly, hypoxic breathing has been shown to impose the equally opposite 

results, lowering CP during cycling (20, 63).   These data would fit the theoretical construct of CP 

being a characteristic of aerobic metabolism, however they do not provide measures of O2 del and 

only provide inferential data to the relationship between O2 del and CP.  Additionally, the 

exercise challenge during a maximal effort test, maximal contractions gradually fatiguing muscle 

reducing power output until a maximal sustainable level is reached which is equal to CP provides 

a new context in which to research O2 del affect on CP. Therefore to identify the importance of 

O2 del to CP and the use of CP as a research tool for investigating O2 del matching metabolic 

demand we performed experiments 1-3. 

Initial orthostatic hypotension 

Initial orthostatic hypotension (IOH) is a dramatic, yet temporary, decrease in systemic 

blood pressure that occurs in response to the active muscular effort required to stand from a 

supine, sitting, or squatting position (109).  Recently, rapid vasodilatory mechanisms and 

increased arterial-venous pressure gradient in the activated lower limb musculature have been 

identified as the primary causes of IOH (arterial outflow exceeding arterial inflow, leading to a 
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decreased arterial pressure) (96).  IOH subsequently leads to lowering cerebral perfusion pressure 

(CPP) and a decrease in cerebral O2 del or cerebral hypoperfusion that can result in momentary 

symptoms of light-headedness, dizziness, nausea, or a loss of consciousness (93, 94, 111).   

The magnitude of the drop in cerebral perfusion would be dependent on the magnitude of 

the IOH stimulus, but may also be influenced by the cerebrovascular autoregulatory response 

magnitude and timing (70). Rising from a standing position and the thigh cuff occlusion-release 

method has been used extensively for examining cerebral autoregulation (11, 19, 20(96).  Panerai 

et al. (70) demonstrated that cerebral blood flow falls with the initial reduction in MAP upon cuff 

release, but that the onset of cerebral blood flow recovery begins prior to the nadir in MAP being 

reached.  However, these investigators did not examine this response in terms of the importance 

of cerebral autoregulation blunting hypotension induced cerebral hypoperfusion.   

There are a few studies that have utilized transcranial Doppler measurements of middle 

cerebral artery blood velocity (MCABV) during an active rising from supine, and the authors 

have indicated that young healthy individuals can tolerate IOH and that cerebral autoregulatory 

responses likely contribute to this tolerance (55, 92, 93).  However, characterization and temporal 

comparison of the vascular response at key IOH events have not been investigated to determine if 

and to what degree cerebral-vascular responses defend against cerebral hypoperfusion caused by 

an IOH stimulus in young adults.  Transcranial Doppler measurements have suggested that a 

disconnect between cerebral blood flow nadir and MAP nadir may exist.  Transition from supine 

to standing within ~ 3 s causes cerebral perfusion to reach a nadir ~ 9 s or less, whereas, MAP 

nadirs have been observed to have occurred 9-13 s (55, 93, 109). This is congruent with reports of 

cerebral hypoperfusion symptoms occurring within ~ 15 s of an IOH stimulus (109). The 

difference in timing between cerebral blood flow and MAP nadirs implies that there is some 
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compensatory action of cerebral blood flow, as blood flow has begun to recovery despite a 

continued decrease in pressure. The recovery of flow observed in the aforementioned studies may 

be linked to a dramatic increase in cerebral vascular conductance (CVC).  Increases to CVC well 

above standing baseline in response to the thigh-cuff release technique and to other IOH stimuli 

have been reported (55, 68, 102).  Additionally, cardiac output has been found to be unrelated to 

changes cerebral blood flow and autoregulation in different acute hypotensive scenarios (9, 19, 

54, 96).  Therefore, insinuating that cerebral autoregulation in fact does have an obligatory role in 

defense of cerebral perfusion in response to an IOH stimulus.   

However, cerebral-vascular responses to IOH in defense of cerebral O2 del challenge 

have yet to be identified and examined.  Therefore, we performed the experiment 4. 

 

OBJECTIVES 

MANUSCRIPT 1:  

(1) To develop a maximal effort rhythmic isometric handgrip exercise test to estimate forearm 

critical power (fCP) where handgrip force at a set duty cycle is an analog of power.   

(2) To determine the repeatability and validity of the fCP estimated from this test.  

(3) To assess the ability of MVC to predict fCP.   

Hypotheses 

MANUSCRIPT 1:  

(1) A maximal effort rhythmic isometric handgrip exercise test to estimate forearm critical power 

(fCP) where handgrip force at a set duty cycle is an analog of power will provide the same 

characteristics and profile as observed in similar test in cycling and isometric knee-extensor 

exercise.   
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(2) The test will provide repeatable and valid estimations of the fCP.  

(3) MVC will not predict fCP.   

OBJECTIVES 

MANUSCRIPT 2:  

(1) To discover whether inter-individual differences in fCP can be explained by O2 del  

(2) If inter-individual differences in fCP can be explained by O2 del, to what extent inter-

individual differences in O2 del are due to differences in pressor vs. vasodilatory mechanisms 

Hypotheses 

MANUSCRIPT 2:  

(1) Inter-individual differences in fCP will be explained by O2 del  

(2) Inter-individual differences in O2 del will be due to differences in vasodilatory mechanisms 

rather than pressor mechanisms 

OBJECTIVES 

MANUSCRIPT 3:  

(1) To identify if manipulation of oxygen delivery (via altering perfusion pressure) produces 

changes in fCP. 

(2) To ascertain if changes in O2 del and fCP are accompanied by changes in oxygen 

consumption 

(3) To uncover if compensatory responses to perfusion pressure challenges during maximal 

handgrip exercise exist 

Hypotheses 

MANUSCRIPT 3:  
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(1) Manipulation of perfusion pressure will manipulate oxygen delivery, thereby producing 

changes in fCP. 

(2) Changes in O2 del and fCP will be accompanied by changes in oxygen consumption 

(3) There will be no compensatory responses to perfusion pressure challenges during maximal 

handgrip exercise  

OBJECTIVES 

MANUSCRIPT 4:  

(1) To characterize the vascular response at key initial orthostatic hypotension (IOH) events  

(2) To investigate if cerebral-vascular responses blunt or prevent cerebral hypo-perfusion caused 

by an IOH stimulus  

Hypotheses 

MANUSCRIPT 4:  

(1) Decreases in blood pressure will cause decreases in cerebral perfusion and increases in 

vascular conductance in response to initial orthostatic hypotension events  

(2) Cerebral-vascular responses will not blunt or prevent cerebral hypo-perfusion caused by an 

IOH stimulus 
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Figure 0-1.  Dynamic O2 delivery response to exercise in small muscle mass 
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Chapter 3 

The single-bout forearm critical force test: A new method for 

establishing forearm exercise intensity and aerobic metabolic capacity 

ABSTRACT 

No non-invasive test exists for the forearm exercise model that allows identification of aerobic 

power and fixed anaerobic work capacity, and thereby quantification of metabolic exercise 

intensity domains. The aim of this study was to develop a maximal effort handgrip exercise test to 

estimate forearm critical force (fCF; the force analog of critical power) and establish its 

repeatability and validity.  Ten healthy males (20-43 years) completed two maximal effort 

rhythmic handgrip exercise tests on separate days, consisting of repeated maximal voluntary 

contractions (MVC; 1 s contraction-2 s relaxation) for 600 s.  fCF was calculated as the average 

peak force (fCFpeak force) and force impulse (fCFimpulse) during the last 30 s of the test.  Seven of 

the ten subjects also completed time-to-exhaustion tests (TTE) at target contraction force equal to 

10 % < fCFpeak force and 10% > fCFpeak force.  In all tests force plateaued by 540 s.  Within-

subject test-retest coefficient of variance (CV) was 2.02 ± 1.43% and 5.62 ± 3.89 for fCFpeak force 

and fCFimpulse respectively.  Intra-class correlations for the fCFpeak force and fCFimpulse were 0.99 

and 0.91 respectively.  TTE estimated from the fixed anaerobic work capacity (W') in the 

maximal effort test showed excellent agreement with actual TTE during the constant load tests (r2 

= 0.97, 95% limits of agreement =  ±1.97 min).  MVC did not predict a person’s fCFimpulse (r2 = 

0.06, P = 0.490).  This maximal effort handgrip exercise test provides repeatable and valid 

estimates of fCF, and a W' that predicts time to exhaustion when exercising above fCF, consistent 

with it being a good estimate of fixed anaerobic work capacity.  The poor relationship between 
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MVC and fCF illustrates the serious limitation of MVC in identifying metabolism-based exercise 

intensity zones.  The maximal effort handgrip exercise test, not %MVC, should be used to 

establish forearm exercise intensity.  
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3.1 INTRODUCTION  

The forearm handgrip exercise model is an important model for investigation of factors 

affecting, and mechanisms determining, O2 supply matching of exercising muscle O2 demand [1–

3] because such experiments are at best difficult, or at worst impossible, to perform in other 

exercise modalities.  Furthermore, the forearm musculature has specific relevance for 

occupational settings and activities of daily living.  In large muscle mass exercise models, non-

invasive gas exchange can be used to identify ventilatory threshold and maximal oxygen uptake 

which can readily identify aerobic metabolic capacity, metabolic exercise intensity domains and 

the impact of interventions on these.  Unfortunately there is currently no non-invasive exercise 

test that can provide this for the forearm handgrip exercise model.   

Forearm exercise intensity is typically identified based on % of an individual’s maximum 

voluntary contraction (MVC) [2–4].  This is somewhat surprising since it has been well-

established that %MVC is not related to metabolic exercise intensity domains [5,6].  For example, 

Kent-Braun et al. [6] demonstrated that during progressive %MVC increases in dorsiflexion 

exercise the % MVC at which transitions across metabolic domains occur varied considerably 

between individuals.  Saugen et al. [5] found marked between-subject differences in both time 

course and magnitude of PCr and pH changes during 40% MVC exercise in otherwise similar 

subjects.   

A potential alternative approach would be to identify forearm critical power (CP) which 

is the maximal power output that still results in a metabolic steady state characterized by a plateau 

in VO2 and in high energy phosphates [7–9].  In exercise above CP, exhaustion is precipitated by 

progressive fatigue and failure to stabilize the metabolic state.  The latter reflects a continued 

depletion of a fixed anaerobic energy reserve, termed W'.  In exercise just below CP, exhaustion 
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is precipitated by progressive fatigue despite a stable metabolic state.  The stabilizing of PCr 

below but not above CP and the sensitivity of CP to manipulations of O2 delivery (increased with 

hyperoxia and decreased with hypoxia) indicate that CP is the maximal exercise intensity at 

which aerobic ATP production can completely match ATP demand [10–12].  These 

characteristics speak to the potential for CP as a means of quantifying muscle aerobic metabolic 

function, identifying exercise intensity domains, and assessing the impact of interventions on 

these in the forearm exercise model.    

Recently, Burnley [13] validated a single bout, all-out intermittent isometric quadriceps 

contraction test to estimate critical torque, a force analog of power.  However, findings in this 

model cannot be assumed to apply to other small muscle mass exercise models.  Accordingly, we 

have developed a maximal effort rhythmic isometric handgrip exercise test to estimate forearm 

critical force (fCF) where handgrip force at a set duty cycle is an analog of power.  The aim of 

our study was to determine the repeatability and validity of the fCF estimated from this test.  A 

secondary aim was to assess the ability of MVC to predict fCF.   

3.2 MATERIALS AND METHODS  

3.2.1 Subjects 

Ten healthy recreationally active males (20-43 years) volunteered to participate in the 

study. After receiving a complete verbal and written description of the experimental protocol and 

potential risks, each subject provided signed consent to the experimental procedures that were 

approved by the Queen’s University Health Sciences Research Ethics Board (HSREB) in 

accordance with the terms of the Declaration of Helsinki on research ethics.  

3.2.2 Experimental Design 
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All subjects experienced an initial familiarization visit.  This was followed by two 

experimental visits separated by a minimum of 48 hours, in which the subjects performed 

maximal effort rhythmic isometric handgrip exercise (i.e. fCF) tests.  The first of these visits was 

within 24 hrs of the familiarization visit (visit details below). Seven subjects completed two 

additional visits separated by at least 24 hrs involving rhythmic handgrip exercise tests to 

exhaustion at a target intensity equal to 10% above fCF quantified as peak force (fCFpeak force) or to 

a maximum of 20 min at 10 % below fCFpeak force based on the higher of the two fCFpeak force 

estimates.  All experimental sessions were conducted in a temperature-controlled laboratory (20-

22oC) after a minimum of 2 hrs fasting and 12 hrs of abstaining from exercise and caffeine. 

3.2.3 Familiarization Trials 

Familiarization trials were ~30 min long.  They involved having the participant perform 

maximal contractions at 1s contraction to 2 s relaxation work cycle for three minutes at a time in 

order to become familiar with maintaining contraction intensity for 1 s based on visual feedback 

of continuously displayed force output (Powerlab, ADInstruments, Sydney, Australia) and audio 

and visual cues from a metronome.   

3.2.4 Maximal Effort Rhythmic Isometric Forearm Handgrip Critical Force Test (fCF) 

Upon arrival at the laboratory, subjects lay supine with the experimental arm (left) 

extended 90o at heart level as previously described [14].  After a period of acclimatization (~ 5-10 

min) subjects performed 3 maximal voluntary contraction (MVC) efforts separated by 1 minute.  

The highest of these was identified as the target contraction force for the maximal effort test.  

Data collection began with an initial 2 min period of quiet rest, followed by 10 min of rhythmic 

handgrip maximal voluntary contractions (1 s contraction to 2 s relaxation duty cycle).  Subjects 

observed their force output continuously displayed on a computer screen (Powerlab, 
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ADInstruments, Sydney, Australia) (Fig. 1A) and attempted to reach their maximum force on 

every contraction.  Subjects received constant verbal encouragement and coaching by a research 

assistant to achieve a “square wave” during each maximal voluntary contraction and to engage 

only the muscles of the forearm.    

3.2.5 Time-to-exhaustion Above and Below fCFpeak force Estimate  

The constant load rhythmic handgrip exercise trials (n = 7) were performed at the same 

duty cycle as the maximal effort fCF test.  The target intensity equal to 10 % above or 10 % 

below fCFpeak force was identified on the computer display screen with a target line.   Time-to-

exhaustion was identified as the time of the first of three consecutive contraction efforts where 

the subject was unable to achieve the target force despite strong encouragement (Fig. 2B).  All 

participants were stopped if they were able to exercise for 20 min as exercise for that duration is 

consistent with a participant working at an intensity at or below their critical power [8]. 

3.2.6 Data Acquisition and Analysis 

Handgrip force was obtained using an electronic handgrip dynamometer (ADInstruments, 

Sydney, Australia) connected to a data acquisition system sampling at 200 Hz (Powerlab, 

ADInstruments, Sydney, Australia) and recorded on a personal computer.  The average peak and 

force impulse during the last 30 s of the fCF test were calculated to represent fCFpeak force and 

fCFimpulse respectively (Fig. 2A).  

The fixed anaerobic work capacity (W'; total impulse above fCFimpulse) was derived by 

averaging the contraction impulses across fCF test 1 and 2, and then summing the excess impulse 

above fCFimpulse for all contractions.  The predicted TTE for the constant load test was then 

calculated by quantifying the average excess contraction impulse above fCFimpulse during the 
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constant load test, dividing the W' by this value and multiplying by the 3 s contraction/relaxation 

duty cycle (W’ ÷ AVG fCFimpulse × 3 s contraction/relaxation cycle). 

Statistical Analysis 

Repeatability of the fCF test was quantified using a Pearson product and intra-class 

correlation coefficient (test 1 vs. test 2), as well as coefficient of variation (CV).  The standard 

error of measurement or typical error (the standard deviation (SD) of difference in scores / √2) 

was used in conjunction with the 95% limits of agreement (SD of the difference in scores 

multiplied by ± t0.95, degrees of freedom) and change in mean between test 1 and test 2 to assess 

reliability strength [15,16].  To determine if a force plateau was reached within each trial the force 

output was averaged into 30 s time bins and compared to the subsequent time bin using one-way 

repeated measures ANOVA. If differences were detected, a Student-Newman Keuls multiple 

comparisons post hoc test was used to determine where the differences were.  A paired-t test was 

conducted to detect if there was a systematic difference in the fCFpeak force and fCFimpulse estimate 

between test 1 and test 2.  To assess agreement between predicted and actual TTE, linear 

regression and the 95% limits of agreement (SD of the difference in TTE multiplied by ± t0.95, 

degrees of freedom) were determined.  Simple linear regression was used to determine the strength of 

the relationship between MVC and fCFimpulse, where both parameters were plotted as the average 

of the two tests for each subject.  Data are expressed as means ± standard deviation (SD) unless 

otherwise indicated.  Significance was set at p ≤ 0.05. 

3.3 RESULTS  

3.3.1 Force Profile of fCF Test 
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All subjects were able to complete the 10 min fCF test.  The force decay to a plateau 

typical of all subjects is represented by the response of a subject in Fig. 1A and B.  Within each 

trial, subjects reached the onset of a plateau somewhere between 420-540 s (Fig. 1C).   

3.3.2 Repeatability of the fCF Estimate 

Individual fCFpeak force and fCFimpulse repeatability is shown in Table 1 and 2 respectively.  

Test-retest correlations using Pearson and intra-class correlations revealed strong positive 

relationships for both fCFpeak force (r = 0.98, ICC = 0.99, P < 0.01) and fCFimpulse, (r = 0.90, ICC = 

0.91, P < 0.01) (Fig. 3A and 4A).  

The standard measurement error (typical error) was small for fCFpeak force (0.69 kg, 2.50 

%) and fCFimpulse  (1.72 kg•s, 7.3 %).  The within-subject differences between test 1 and test 2 

were small, and no force characteristic had a difference in the mean or average difference 

between trials greater than 2 % (fCFpeak force 0.26 ± 0.98 kg  ~ 1%, see Table 1; fCFimpulse 0.13 ± 

2.43 kg•s ~ 1.5%).  Bland-Altman analysis and calculation of 95% limits of agreement were 

fCFpeak force ±1.56 kg, fCFimpulse ± 3.84 kg•s Fig 3B and 4B).  Additionally, there was no evidence 

of a systematic bias of subjects improving from test 1 to test 2 (see Table 1 and Table 2).  

3.3.3 Time to Exhaustion (TTE): Predicted vs. Actual 

Time-to-exhaustion trials (TTE) during constant load exercise at a target work rate equal 

to 10% above and 10% below fCFpeak force, in combination with W' estimates based on impulse 

above fCFimpulse in the fCF test and subsequent predicted TTE were used to assess the validity of 

the fCFimpulse.  W' estimates and average contraction impulse above fCFimpulse are presented in 

Table 3.    

Subject 5 exercised above their fCFimpulse during the 10% below fCFpeak force target 

constant load test and therefore their TTE data from this test is included (actual work rate 33.99 
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kg•s ,~13 % above fCFimpuls).  Subject 7 reached the 20 minute end test point during their 10% 

above fCFpeak force target constant load test.  They are therefore not included in the analysis of 

predicted vs actual TTE agreement.  Predicted TTE showed excellent agreement with actual TTE 

(Fig. 5).   

3.3.4 MVC fCFimpulse Relationship 

There was no relationship between MVC and fCFimpulse (r2=0.06, P=0.490; Fig. 6). 

3.4 DISCUSSION  

The novel findings of this study were:  1) forearm maximal effort exercise resulted in the 

same type of force decay to a stable plateau as previously demonstrated for single-leg all out 

exercise [13], 2) the stable force plateau had excellent repeatability both as fCFpeak force and 

fCFimpulse, 3) predicted time to exhaustion for the constant load tests based on the fCF test W' 

showed excellent agreement with actual time to exhaustion 4) MVC showed no association with 

fCFimpulse.  Taken together, these findings support the reliability and validity of the single bout 

maximal effort handgrip test in identifying fCF as well as W' and argue for its use instead of 

MVC for identification of exercise intensity in studies using the forearm exercise model.  

3.4.1 Characteristics of fCF Test Force 

The force decay profile for the single bout maximal effort handgrip exercise test was 

consistent with previous maximal effort tests used to estimate critical torque or critical power 

[11,13].  The longer time to plateau in our study is expected, since duty cycle was less than in 

cycling or single knee extension [11,13] and less frequent contractions would result in more time 

required to deplete W'.   

3.4.2 Repeatability of Single Bout fCF Test 
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 Our repeatability analysis demonstrated small within-subject test-retest variation, small 

change in the test-retest group mean, and a high test-retest correlation, all indicators of excellent 

repeatability [17,18].   To allow direct comparison between our study and others that used 

different parameters and demonstrating widely varying magnitude of response [17] we expressed 

our indices of repeatability in percent.  Our findings were similar to previous findings during 

maximal effort cycling (CV 3%, ICC 0.99) and a meta-analysis of critical power (maximum 

aerobic power, running or cycling exercise) estimates derived from time-to-exhaustion tests (CV, 

-0.5-7.6 %, Δ mean, -2.2 – 5.8 %) [17,19].  However, CP estimates from traditional multiple bout 

time-to-exhaustion tests have not always been found to be reliable [20].  Large CV’s (> 15 %) for 

time-to-exhaustion tests at a given exercise intensity have been previously reported [21,22].  If 

each data point of a multiple time-to-exhaustion test has considerable variability, then a curve fit 

based on those points would be susceptible to increased variability.   The single bout maximal 

effort test eliminates this problem.  

3.4.3 Validity of the Single Bout fCF Test 

Burnley [13] established that an “all-out” rhythmic isometric contraction test yielded a 

critical torque estimation that was not different than the critical torque identified from traditional 

multiple-exercise-bout-to-exhaustion trials.   Such a result is predicted based on the concept that 

all out exercise above CP would progressively deplete the fixed anaerobic energy stores (W') 

until the maximum work rate possible would be CP.  Jones et al. [8] observed in the quadriceps 

exercise model that  metabolic non-steady state occurred during exercise just above (+10%) CP, 

while in exercise just below (-10%) CP metabolic steady state was achieved.    Their CP and W' 

estimates came from traditional multiple-exercise-bout-to-exhaustion tests. Jones et al. [8] found 

that their single-knee extensor exercise time-to-exhaustion estimates based on W' were highly 
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correlated with the actual time-to-exhaustion observed during exercise at 10% above CP.  Taken 

together, the findings of Burnley [13] and Jones et al. [8] support the validity of a single all out 

exercise bout model of CP estimation.    

Our single bout maximal effort fCF test was developed with a similar design to the 

isometric quadriceps critical torque test.  To assess its validity, we calculated a predicted time to 

exhaustion for the constant load test that was based on a W' calculated from the excess force 

impulse during the maximal effort fCF testing, which demonstrated excellent agreement with the 

actual time to exhaustion.  This is consistent with the theoretical basis of the W’ and critical 

power relationship and strongly supports the validity of our single bout maximal effort test 

estimate of fCFimpulse.    

For this TTE analysis we included all constant load exercise tests where exhaustion 

occurred before 20 minutes.  This was the case for subject 5’s constant load test where the target 

exercise intensity was 10% below fCFpeak force, as this subject did not perform the exercise 

accurately.  Likewise, we excluded data from subject 7’s constant load test where the target 

intensity was 10% above fCFpeak force, because they reached the 20 minute mark where exercise 

was stopped for all subjects (see Fig. 5).  This was considerably greater than their predicted time 

to exhaustion of 10.48 minutes.  It is not clear why in this one instance there was such 

disagreement between predicted and actual TTE, since the average contraction force impulse 

during this test was greater than the fCFimpulse.  However, given that in all other cases the 

predicted vs. actual TTE was close to the line of identity, we believe that in this particular test it 

is possible that the position of the handgripper in the subject’s hands was most likely different 

and resulted in an increased mechanical advantage such that the actual muscle contraction force 

was lower than represented by the handgrip force.  Thus, we would argue that the excellent 
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agreement between predicted and actual TTE based on the 7 other constant load exercise bouts 

speaks to the validity of this newly developed test for the forearm exercise model.   

3.4.4 % MVC vs. fCF as a Measure of Relative Exercise Intensity  

We observed a poor relationship between MVC and fCF.  This is consistent with MVC 

force being a function of the cross-sectional area of muscle fibres involved, the percentage of 

fast-twitch muscle fibres involved, and the number of motor units recruited/activated, not 

metabolic demand or oxygen delivery [23–25].  By extension, a given %MVC would not 

represent exercise intensity relative to aerobic metabolic capacity and therefore could not provide 

a valid identification of exercise intensity domains.    

This has been previously confirmed by the work of Saugen et al. [5]  and Kent-Braun et 

al. [6] Their findings reinforce that myocellular environments and aerobic metabolism can be 

drastically different between individuals during exercise at the same % MVC.  Therefore, 

selection of exercise intensities relative to an individual’s MVC could lead to subjects exercising 

in different exercise intensity domains, confounding interpretation of results.  In contrast, critical 

power (in the current study fCFimpulse) represents an exercise intensity that reflects functional 

aerobic metabolic capacity and delineates steady state from non-steady state exercise [26,27].  

Our findings argue for the abandonment of MVC for establishing exercise intensities in the 

forearm exercise model, and its replacement by the newly developed fCF test.  

3.4.5 Conclusions 

In conclusion, we have established that a single bout 10 min maximal effort handgrip 

exercise test demonstrates excellent repeatability of fCFpeak force and fCFimpulse estimated from the 

last 30 s (or 10 contractions) of the test.  The excellent agreement of predicted and actual TTE 

supports the validity of the fCFimpulse estimate and its usefulness in quantifying W'.  The poor 
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relationship of MVC with fCF is consistent with MVC being a poor means for identifying relative 

exercise intensity between subjects.  Therefore, the fCF rather than MVC should be utilized to 

identify exercise intensity domains and characterize metabolic demand in the human forearm 

exercise model.  
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Figure 3-1. Force output during a 10 min maximal effort handgrip exercise test in a 

representative subject.  Panel A: Raw force trace output Panel B: Peak force (contraction by 

contraction) Panel C: Peak force averaged into 30 s time bins.  Error bars indicate the 

contraction-to-contraction variability within each 30 s time bin. 
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Figure 3-2. Force tracings from a representative subject.  Panel A: Raw force trace depicting the 

data points used for calculation of the peak force (single *) and force impulse (shaded grey area) 

Panel B:  Raw force trace during constant load handgrip exercise at target force of 10 % > fCFpeak 

force.  Arrow indicates first of three consecutive contractions where target force was not achieved, 

and represents the time at which exhaustion occurred.   

 



 

65 

 

 

Figure 3-3.  Test-retest correlations of fCFpeak force obtained from averaging the peak force of the 

contractions during the last 30 s of a 10 min maximal effort handgrip exercise test. Panel A: fCF 

as peak force.  Line of identity (solid line).  Panel B: Bland-Altman analysis of fCFpeak force.  Mean 

difference between test 1 and test 2 (solid line).  ±1.56 kg 95% limits of agreement (dashed lines).   
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Figure 3-4.  Test-retest correlations of fCFimpulse obtained from averaging the force impulse of the 

contractions during the last 30 s of a 10 min maximal effort handgrip exercise test. Panel A:  fCF 

as force impulse.  Line of identity (solid line).  Panel B:  Bland-Altman analysis of fCFimpulse.  

Mean difference between test 1 and test 2 (solid line).  ± 3.84 kg•s 95% limits of agreement 

(dashed lines).   
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Figure 3-5.  Predicted vs. actual time to exhaustion (TTE) in constant load tests.  Panel A: 

Regression of predicted vs. actual TTE (closed circles), excluding data for subject 7 whose actual 

TTE was constrained by the 20 min limit of test duration (open circle) Panel B:  Bland-Altman 

analysis of TTE.  Mean difference between predicted and actual TTE (solid line).  ±1.97 min 95% 

limits of agreement (dashed lines).  
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Figure 3-6.  Relationship between fCF impulse and Maximum Voluntary Contraction.  fCFimpulse 

vs. MVC.  r2 = 0.06, P = 0.490. 
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Table 3-1.  Individual estimates of forearm critical force as peak force (fCFpeak force) and its 

variance resulting from the average contraction peak force during the last 30 s of a maximal effort 

handgripping exercise test. 

Subject fCF Test 1 

(kg) 

fCF Test 2 

(kg) 

Mean fCF 

(kg) 

SD 

(kg) 

fCF Test 2 –  

fCF Test 1 

(kg) 

CV 

(%) 

1 25.75 27.7 26.73 1.38 1.96 5.18 

2 26.44 25.48 25.96 0.67 -0.96 2.6 

3 20.34 20.25 20.29 0.06 -0.09 0.32 

4 21.54 21.72 21.63 0.14 0.20 0.65 

5 39.88 39.42 39.65 0.32 -0.46 0.82 

6 28.27 29.12 28.69 0.57 0.80 1.97 

7 25.90 25.46 25.68 0.31 -0.44 1.21 

8 29.42 30.65 30.03 0.87 1.23 2.90 

9 29.24 30.38 29.81 0.80 1.13 2.68 

10 29.44 28.67 29.06 0.54 -0.77 1.87 

Mean 

±SD 

27.62 ± 5.35  27.88 ± 5.34 27.75 ± 5.32 0.57 ±  

0.39 

0.26 ±  

0.98 

2.02 ±  

1.43 
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Individual values.  CV = coefficient of variance. 
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Table 3-2.  Individual estimates of forearm critical force as impulse (fCFimpulse) and its variance 

resulting from the average contraction impulse during the last 30 s of a maximal effort 

handgripping exercise test.  

Subject fCFimpulse 

Test 1 (kg•s) 

fCFimpulse 

Test 2 

 (kg•s ) 

Mean 

fCFimpulse  

(kg•s ) 

SD 

(kg•s ) 

fCFimpulse Test 2 

–  

fCFimpulse Test 1 

( kg•s ) 

CV 

(%) 

1 21.60 23.36 22.48 1.24 1.76 5.5 

2 23.44 24.29 23.86 0.60 0.85 2.5 

3 18.01 17.64 17.83 0.26 -0.37 1.5 

4 12.66 15.08 13.87 1.71 2.42 12.33 

5 27.08 30.06 28.57 2.11 2.98 7.4 

6 25.62 27.18 26.40 1.10 1.56 4.2 

7 22.74 21.77 22.26 0.68 -0.97 3.1 

8 22.60 23.09 22.84 0.35 0.49 1.5 

9 25.32 23.00 24.16 1.64 -2.32 6.8 

10 33.67 28.61 31.14 3.57 -5.06 11.5 
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Individual values.  CV = coefficient of variance.  

Mean 

±SD 

23.27 ± 5.54  23.41 ± 4.62 23.34 ± 4.95 1.33 ±  

1.00 

0.13 ±  

2.43 

5.62 ±  

3.89 
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Table 3-3.  Individual W’ estimated from maximal effort test, W’ estimated from constant load 

tests performed above fCFimpulse, and  average contraction impulse above fCFimpulse during constant 

load test.   

Above and Below fCFimpulse – data from constant load test where target kg was 10% above or 10% 

below the highest fCFpeak force of the two maximal effort tests.  Subject 5 exercised above their 

fCFimpulse during the constant load 10% below test.  W' from the fCF test is obtained by averaging 

the contraction impulses across the two maximal effort tests and then summing the excess 

impulse above the fCFimpulse plateau.  

Subject and 

Constant Load 

Exercise Test 

W' from Maximal 

Effort Test (kg•s) 

Constant Load Test 

Impulse in Excess 

of fCFimpulse (kg•s ) 

Constant Load Test Impulse 

as % Above fCFimpulse 

(% ) 

1  Above fCFimpulse 542 1.93 8.5 

2  Above fCFimpulse 1079 10.41 43.7 

3  Above fCFimpulse 654 3.86 21.7 

4  Above fCFimpulse 1139 9.29 68 

5  Above fCFimpulse 570 11.25 39.3 

5  Below fCFimpulse 570 5.38 18.8 

6  Above fCFimpulse 1140 3.84 14.3 

7  Above fCFimpulse 727 3.37 15.1 

Mean 

±SD 

802  

±269  

6.17  

±3.6 

28.7  

±20.1 
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Chapter 4 

Inter-individual differences in exercising forearm oxygen delivery 

explain differences in forearm critical power during a maximal effort 

forearm exercise test 

ABSTRACT 

 Within individuals, critical power appears sensitive to changes in O2 delivery (O2 del).  We asked 

whether inter-individual differences in O2 del might account for inter-individual differences in 

critical power.  Ten healthy men (24.6 ± 7.1 yrs) completed a maximal effort (ME) rhythmic 

handgrip exercise test (1 s contraction-2 s relaxation) for 10 min.  The average of contraction 

impulses over the last 30 s quantified forearm critical power (fCP).  Forearm brachial artery blood 

flow (FBF; echo and Doppler ultrasound) and mean arterial pressure (MAP; finger 

photoplethysmography) were measured continuously.  O2 del (FBF � arterial oxygen content 

(venous blood [haemoglobin] and oxygen saturation from pulse oximetry)) and forearm vascular 

conductance (FVC; FBF � MAP-1) were calculated.  There was a wide range in O2 del (59.98-

121.15 ml�min-1) and fCP (14.37 – 34.55 kg�s) across subjects.  During ME exercise, O2 del 

stabilized well before the declining forearm impulse, indicating that ATP demand conformed to 

O2 supply.  O2 del was the strongest predictor of inter-individual differences in fCP (r2 = 0.85, p < 

0.01) and FBF accounted for almost all of the difference in O2 del.   Both vasodilation (r2=0.49, p 

< 0.001) and the exercise pressor response (r2= 0.43,p < 0.001) independently contributed to 

differences in FBF.   In conclusion, forearm O2 del is a critical determinant of individual fCP.  In 

addition to vasodilation, the magnitude of the exercise pressor response is an important 

contributor to inter-individual differences in O2 del.  The mechanistic origins of vasoregulatory 

and pressor heterogeneity in support of exercising muscle remain to be determined.   
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4.1 INTRODUCTION 

The ability to sustain exercise is predicated on aerobic metabolism supplying ATP, such 

that metabolic demand is matched, myocellular [ATP] is defended, and a steady myocellular 

environment (stable intracellular [Pi], [ADP], and [La-] relative to removal) is achieved (5, 13, 

17). The maximal power output that can be sustained whilst maintaining a stable myocellular 

environment (i.e. no continued depletion of fixed anaerobic work capacity (W') is termed critical 

power (CP) (15).   

Force production (metabolic ATP demand) during stimulated rhythmic muscle 

contractions responds to manipulations in muscle oxygen delivery (O2 del), such that metabolic 

ATP demand (force production) adapts to changes in O2 del.  For example, gradual reductions in 

O2 del have produced gradual decreases in VO2 and force production whilst maintaining similar 

intracellular [Pi], [ADP], and [La-] during muscle stimulation that elicits 50-60% VO2peak in situ 

(11).  Similarly, manipulations of O2 del via changes in muscle perfusion pressure coincided with 

directional changes in force production (stimulation of human thumb muscles, abductor and 

adductor pollicis) (7, 35).  During large muscle mass exercise, altering arterial oxygenation 

content (hypoxic or hyperoxic breathing) has also been found to alter self-selected power output 

during time-trial cycling (2).  Together these data imply that muscular force production will 

conform to O2 del (or metabolic demand will adjust to O2 supply), and thus O2 del may have a 
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significant impact on an individual’s CP.  Consistent with this are observations that hypoxic and 

hyperoxic breathing change within-subject estimates of CP (4, 31). 

Since CP represents the boundary of sustainable exercise, inter-individual differences in 

CP may reflect differences in the range of tolerable exercise intensities.  In this context, 

identifying factors that contribute to inter-individual differences in CP has implications for 

understanding exercise intolerance at the level of the individual.  However, whether inter-

individual differences in CP can be explained by O2 del has not been determined. 

Furthermore, while the hypothesis that individual differences in cardiac pumping 

capacity (and thus O2 del capacity) impact peak aerobic capacity in large muscle mass exercise is 

generally accepted (24), it is unknown whether or not differences in small muscle mass CP 

(where there are no cardiac limitations) are attributable to differences in vasoregulatory and/or 

pressor mechanisms.  Therefore, the purpose of this study was to identify if individual differences 

in forearm critical power are determined by O2 del and if so, to what extent inter-individual 

differences in O2 del are due to differences in pressor vs. vasodilatory mechanisms. 

4.2 MATERIALS AND METHODS 

4.2.1 Subjects 

 Ten healthy men (age 24.6 ± 7.10 yrs) volunteered to participate in the study.  The 

participants were recreationally active (268.15 ± 25.7 METS/week; most of the activity was from 

participation in team sports that involved the whole body and running) but did not participate in 

forearm exercise training. Participant’s characteristics are outlined in Table 1.  After receiving a 

complete verbal and written description of the experimental protocol and potential risks, each 

subject provided signed consent to the experimental procedures that were approved by the 
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Queen’s University Health Sciences Research Ethics Board (QUHSREB) in accordance with the 

terms of the Declaration of Helsinki on research ethics.   

4.2.2 Experimental Design 

4.2.2.1 Maximal Effort Forearm Critical Power Test (fCP).   

All experimental sessions were conducted in a temperature-controlled laboratory (20-

22oC) after a minimum of 2 hrs. fasting and 12 hrs. of abstaining from exercise and caffeine.  The 

subjects lay supine with the experimental arm (left) extended 90o at heart level as previously 

described by Saunders and Tschakovsky (27).  After 2 min of quiet rest, subjects completed 10 

min of rhythmic handgripping maximal voluntary contractions (1 s contraction to 2 s relaxation, 

coefficient of variation fCP ~ 6 %).  Subjects were signaled with a signal light and auditable 

metronome to maintain the work cycle and received strong verbal encouragement throughout the 

test to give a maximal effort during each contraction and to maintain the work to rest duty cycle.   

4.2.3 Measurements 

4.2.3.1 Mean Arterial Blood Pressure (MAP) and Heart Rate (HR).   

Beat by beat MAP (mmHg) was measured by finger photoplethysmography (Finometer 

MIDI, Finapres Medical Systems BV, Amsterdam, Netherlands) on the middle finger of the 

control arm resting at heart level during all trials.  HR was acquired using a three-lead ECG 

(Meditrace 535, Tyco HealthCare Group, U.K.).   

4.2.3.2 Forearm Blood Flow (FBF) and Vascular Conductance (FVC) 

 Mean blood velocity (MBV, cm�s-1) was measured in the brachial artery with a 4-MHz 

pulsed Doppler probe (model 500V TCD, Multigon Industries, Mt. Vernon, NY) secured to the 

skin over the brachial artery.  To maximize the between subject comparability of our forearm 
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blood flow measures, we have calibrated our Doppler ultrasound probe with known flow 

velocities, and we measure the angle of the brachial artery relative to the skin surface (i.e. relative 

to the probe insonation angle).  This allows us to correct for differences in insonation angle that 

may exist between subjects.  This has been previously described in detail (22, 30).  Brachial 

artery diameter was measured just proximal to the Doppler probe placement (10-MHz linear echo 

Doppler ultrasound probe operating in B-mode, Vingmed System Five, GE Medical).  FBF (ml� 

min-1) was calculated from MBV and artery diameter (FBF = MBV�60 s � min-1 � π � (brachial 

artery diameter � 2-1)2), while FVC (ml�min-1�mmHg-1) was calculated from FBF and MAP 

(FBF�MAP-1).  

4.2.3.3 Haemoglobin Concentration ([Hb]), % Saturation (SaO2), Arterial Oxygen Content 

(CaO2) and Oxygen Delivery 

 A venous blood sample was taken from the anticubital vein and analyzed for 

haemoglobin content by an automated blood gas analyzer (Stat Profile M, Nova Biomedical, 

Waltham, MA, USA).  Arterial oxygen saturation (SaO2) was measured from the index finger 

using pulse oximetry (Nellcor, Netherlands).  Oxygen content of arterial blood (CaO2) was 

calculated: 1.34 ml O2�g Hb-1 �g Hb� ml of blood-1 � % SaO2 + 0.003 ml O2 � ml of blood -1. O2 

del (ml O2 � min-1) was calculated by multiplying CaO2 and FBF. 

4.2.4 Data Acquisition and Analysis 

MAP, HR, and MBV, data were collected at 200Hz with a data acquisition system 

(Powerlab, ADInstruments) and recording computer.  Brachial artery images were recorded in 

Digital Imaging and Communications in Medicine (DICOM) format for offline measurement of 

brachial artery diameter using custom automated edge-detection software (34).  Baseline and 

hyperaemic values of MAP, HR, FBF, and calculated FVC were obtained on a beat-by-beat basis.  
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These values were averaged over 3 s (work cycle duration) time bins as previously described 

(26).  Brachial artery diameters were recorded continuously and clear images during relaxation 

selected at 30 s intervals.  Each individual’s diameters were than curve fitted using an exponential 

rise to max non-linear regression.  One, two, or three component models were used depending on 

which model fit of an individual’s data resulted in the residuals being equally distributed and of 

the smallest magnitude possible using custom software as previously described (23).  O2 del area 

under the curve calculations were derived from every individual’s 3 s avg profile during exercise.  

Forearm critical power (fCP) was calculated from the average area under the curve of force (fCP) 

generated during the last 30 s (~10 contractions) of the exercise test.  To compare time to plateau 

of impulse and O2 del responses, a low pass filter was applied to each subject’s force and O2 del 

profiles as outlined by Ferreira et al., 2006 (6) to provide a high signal-to-noise ratio and data 

density.  The Δ impulse and Δ O2 del values were then averaged over 3 s time bins and 

normalized for each subject from 0%, corresponding to baseline values to 100% reflecting the 

steady-state values (values averaged over the last 30 s of the test) allowing for comparison of rate 

of change in impulse and O2 del. Furthermore, the ratio of Δ O2 del/Δ impulse was calculated for 

each individual in 3 s time bins at which the time point where steady state values are obtained 

would be equal 1.0 and an “overshoot” would indicate time points where Δ O2 del exceeds Δ 

force and the response has plateaued earlier.  This approached has been used to evaluate Δ 

[HHb]/Δ VO2 data to gain insight into muscle O2 supply matching O2 utilization during exercise 

(19-21).   

4.2.5 Statistical Analysis 

 Pearson moment correlation and linear regression was used to determine the degree to 

which variables of interest predicted fCP, and O2 del.  These included 1) forearm characteristics, 
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maximal voluntary contraction, arterial oxygen content (CaO2), FBF and O2 del during the last 30 

s of exercise, and the area under the total O2 del and FBF during the exercise test as predictors of 

fCP and 2) O2 del characteristics (MAP, FVC) as predictors of O2 del 3) based on the results of 

the Pearson correlations, forward stepwise multiple regression was used to evaluate the 

independent contributions of O2 del, FVC, CaO2, and MAP to fCP and O2 del (Sigmaplot 11, 

Systat Software, Chicago, USA).  Significance was set a prori of p ≤ 0.05.   

4.3 RESULTS 

4.3.1 Baseline characteristics  

 Subject characteristics can be viewed in Table 1.  

4.3.2 Does O2 del determine fCP or vice versa? 

The individual profiles of force and oxygen delivery of a representative subject can be 

viewed in Fig.1.  Calculation of the normalized Δ O2 del/Δ impulse ratio displayed an 

‘‘overshoot’’ between ~100-300 s relative to the steady state level achieved during the 600 s 

maximal effort test (Fig. 2 A and B).  An ‘‘overshoot’’ represents O2 del being at a greater % of 

steady state than impulse during the period of transition. Most importantly, if the overshoot 

directly precedes stabilization of this ratio around 1.0, it indicates that O2 delivery has achieved 

steady state prior to fCP.  Figure 2A and B illustrates the overshoot between 100-300 s 

(normalized force 83.90 ± 6.8 % vs. normalized O2 del 93.60 ± 6.82 %, Δ O2 del/Δ impulse ratio 

1.12 ± 0.07) and subsequent plateau averaged across all subjects.  This response was consistent 

across all subjects, and confirms O2 delivery stabilized prior to fCP. 

4.3.3 Do inter-individual differences in O2 delivery predict fCP? 
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As hypothesised, the total O2 delivered during a maximal effort 10 min fCP test varied 

substantially between subjects (O2 del AUC range 533 – 1231 ml O2, O2 del in the last 30 s, 73.59 

– 154.10 ml O2 min-1) as did fCP (14.37 – 34.55 kg�s).  Δ O2 delivery from baseline strongly 

predicted fCP, accounting for 66 % of the observed variance (r = 0.81, r2 = 0.66 p < 0.01).  The 

O2 delivered in the last 30 s and the total O2 delivered over the entire test (O2 del AUC) were 

stronger predictors as they were positively correlated with fCP and accounted for 85 and 77% of 

the variance in fCP respectively (O2 del r = 0.92, r2 = 0.85, O2 del AUC r = 0.88, r2 = 0.77, p < 

0.01) (Fig. 3A-B).   

4.3.4 Role of inter-individual differences in FBF and arterial oxygen content (CaO2) in 

determining O2 delivery 

Multiple stepwise regression identified that both FBF and CaO2 contribute to O2 del, but 

FBF is by far the stronger determinant, accounting for almost all of the inter-individual 

differences in O2 del (Table 2)  

4.3.5 Forearm vascular conductance (FVC) and mean arterial pressure (MAP) as 

predictors of forearm blood flow (FBF) 

FBF was also positively correlated with Δ FVC from baseline (r = 0.70, r2 = 0.49, p < 

0.05) (Fig. 4A).  Interestingly, Δ MAP was not significantly related to FBF (r = 0.58, r2 = 0.34, p 

> 0.05) (Fig. 4C). Similar results were observed when total blood delivered (FBF AUC) was 

correlated to Δ FVC AUC and Δ MAP AUC (Fig. 4B and 4D).  In contrast, stepwise regression 

analysis reveals that the addition of Δ MAP to regression models significantly improved 

prediction of FBF (Table 3).  
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4.4 DISCUSSION  

 This is the first study to investigate the oxygen delivery response to a maximal effort, 

single bout forearm critical power test.  We hypothesized that inter-individual differences in the 

oxygen delivery support of exercising muscle would explain inter-individual differences in 

forearm critical power (fCP).  The novel findings of this investigation were as follows.  First, the 

increase in O2 del reached a plateau well before the decline in forearm impulse plateaued at 

critical power.  This is consistent with ATP demand conforming to O2 del, rather than ATP 

demand determining O2 del.  Second, most of the inter-individual difference in critical power was 

accounted for by differences in oxygen delivery, and it was predominantly FBF, with only a small 

contribution from CaO2 that explained inter-individual differences in O2 del.  Third, both 

vasodilatory and pressor mechanisms response magnitude made important independent 

contributions to inter-individual differences in FBF.  Finally, forearm critical power was 

unrelated to MVC, forearm girth, forearm volume.  These findings support the hypothesis that 

inter-individual differences in O2 delivery, due to differences in both vasodilatory and pressor 

response magnitudes, account for much of the inter-individual differences in fCP, and therefore 

may explain individual differences in small muscle mass exercise tolerance.   

4.4.1 O2 delivery explains inter-individual differences in fCP. 

The absolute O2 del to the forearm was the strongest predictor of fCP (Table 2) and was 

considerably stronger than Δ O2 del (r2 = 0.66).  This suggests that absolute O2 del is the more 

relevant O2 del for fCP, rather than the change in O2 del from rest to exercise.  We believe the 

explanation for this is that the O2 del at baseline is an important part of the O2 available to tap into 

by the working muscle when its demand for O2 increases.  In agreement with our hypothesis, 

inter-individual differences in O2 del accounted for much of the variance observed in fCP (Fig. 
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3A-B).  Additionally, the minimal contribution of differences in CaO2 to differences in O2 del (r2 

= 0.0515) and the strong relationship between FBF and O2 del (Table. 2) suggest that individual 

O2 del (CaO2 � FBF) differences are almost completely due to an individual’s responsiveness and 

capacity to change blood flow during exercise.  An important consideration when interpreting 

these data is whether the strong relationship between O2 del and fCP is due to ATP demand (fCP) 

conforming to O2 del, or O2 del conforming to ATP. 

To establish the cause-effect of this relationship we quantified the Δ O2 del and the Δ 

impulse as a percent of their steady state (i.e. the plateau of these variables represented 100% of 

their response, and so changes from rest could be quantified as a % of the plateau (Fig. 2A-B).  

Identification of which variable stabilized first is then accomplished by plotting the ratio of 

normalized Δ O2 del/Δ impulse.  When this ratio stabilizes at 1, it indicates that O2 del and 

forearm impulse have both plateaued.  The observation that this ratio is above 1 and then 

decreases to stabilize at 1 indicates that O2 del reached 100% of its change from baseline to 

steady state prior to forearm impulse.   This approach has been used previously to convey the rate 

of O2 extraction exceeding O2 supply (19-21).  Examining our data in this context, we found that 

the ΔO2 del/Δimpulse ratio exceeded 1.0 from ~100-300 s during the test demonstrating O2 del 

stabilized well before ATP demand (impulse).  These findings support the interpretation that ATP 

demand was conforming to O2 del.   

An “O2 conformer” response, in which muscle force production at a given motor drive 

conforms to changes in O2 del has been identified in both animal and human experiments.  

Elegant experiments conducted by Hogan and colleagues in in situ dog muscle established that at 

a given motor nerve stimulation rate, when O2 delivery was decreased, VO2 and force production 

decreased in order to maintain a stable cellular environment (10-12).  Similarly compelling 
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experiments in McCloskey’s laboratory (7, 35) found that in humans, abductor pollicis muscle 

force evoked via ulnar nerve stimulation conformed to increases and decreases in O2 del evoked 

by altering perfusion pressure of the muscle via elevating or lowering the hand relative to heart 

level (7) or elevating systemic pressure via evoking the muscle metaboreflex in knee extensors 

(35).  To confirm that this effect was due to perfusion pressure in the study where the muscle 

metaboreflex was used, the authors raised the position of the hand relative to heart level as the 

pressor response increased, thereby clamping the perfusion pressure at the hand (35).  They 

observed no influence on adductor pollicis force in that condition. Finally, given what critical 

power represents, i.e. the maximal power output that can be sustained by aerobic ATP production 

without further depletion of the fixed anaerobic work capacity (W') (14), individual fCP 

conforming to individual O2 del would be expected in a maximal effort test.  

We therefore propose the following sequence of events during the maximal effort fCP 

test.  At the onset of repeated maximal effort contractions, neural stimulation to produce force 

initiates the increased ATP demand in support of force production.  However, force production 

quickly begins to decay, even as O2 del is rapidly increasing.  It is not decreased motor drive as 

exercise continues that is responsible for the decrease in force that is observed (3).  Rather, 

accumulation of intracellular fatigue causing substances (i.e. [Pi], [ADP]) which reflect the 

progressive depletion of W' to meet ATP demand and thereby protect  [ATP] are major 

contributors to the decrease in force (1, 11).  This decrease in force, and therefore ATP demand, 

will continue until W' is completely depleted.  At this point ATP demand (force production) that 

can be sustained must conform to the maximal rate of aerobic ATP production that does not 

require subsidization by W' (14).  This maximal rate of aerobic ATP production is dependent on 
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the interaction of convective O2 del, diffusive conductance of skeletal muscle, and mitochondrial 

content (29). 

Our findings indicate that the majority of individual differences in fCP can be attributed 

to differences in convective O2 del, which would determine differences in VO2.  Therefore, 

individuals that have the ability to supply exercising muscle with a greater amount of O2 are able 

to maintain a higher peak power output during rhythmic continuous exercise and according to the 

power duration relationship would have a larger range of exercise intensities that would be 

considered sustainable (greater exercise tolerance) (14).   

4.4.2 Vasoregulatory and pressor mechanism contributions to fCP 

 FBF accounted for virtually all of the inter-individual difference in O2 del.  To quantify 

the magnitude of the vasoregulatory and pressor response to the fCP test, we used the Δ FVC and 

Δ MAP from baseline, as these represent the actual compensation that has to occur when 

metabolic demand for O2 increases.  Our findings indicate that it was not only the magnitude of 

vasodilation that determined the FBF response.  Rather, inter-individual differences in the 

magnitude of the exercise pressor response also made an important contribution to inter-

individual differences in FBF (Table 3).  Changes in MAP have been shown to contribute 

significantly to exercise hyperaemia at high intensities in incremental small muscle mass exercise 

(vascular conductance response plateaus while MAP response increases) (18, 26).  However, to 

our knowledge the concept of individual differences in pressor response magnitude affecting 

exercising muscle O2 del has received little if any attention.  The magnitude of elevations in MAP 

during maximal or near maximal effort fatiguing exercise are known to be exercise intensity but 

not muscle mass dependent (32).  Contributors to the exercise pressor response include a resetting 

of the baroreflex, which is mediated by central command and muscle mechano and 
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metaboreflexes, as well as independent effects of the muscle metaboreflex (8).  Therefore, one 

hypothesis to explain our findings is that inter-individual differences in the pressor response in 

our study are due to differences in baroreflex resetting magnitude, metaboreflex sensitivity, or 

both.  These possibilities await further investigation.      

The vasodilatory response to a maximal effort test could be limited by the structural 

limitation of available vasodilatory capacity, or it could be limited by the degree of activation of 

vasodilatory mechanisms.  This study was not designed to answer that question.  Therefore, 

determining whether the inter-individual differences in vasodilatory response in a fCP test 

represents differences in maximal vasodilatory capacity, vasodilator mechanism potency, or 

interaction of vasodilator and sympathetic vasoconstrictor influences remains to be determined. 

Certainly, our findings suggest that the combination of a superior vasodilatory and exercise 

pressor response would increase the range of exercise intensities that would be considered 

sustainable (greater exercise tolerance) inherent to a given individual. 

Understanding the factors that determine the magnitude of exercise pressor and 

vasodilatory responses to exercise and the mechanisms that link them to the attempt to match O2 

del to metabolic demand would therefore seem important in the context of understanding exercise 

intolerance differences between individuals.  These may predispose to differences in activity 

levels and subsequent sedentary related disease development, and might also contribute to an 

individual’s responsiveness to exercise training interventions.    

4.4.3 Characteristics related to peak force generation in forearm musculature were not 

related to fCP  

We observed a poor relationship between MVC, forearm volume, forearm girth and fCP 

(p > 0.05, data not shown).  We felt it necessary to test these characteristics against fCP as they 
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would inherently have an impact on peak force generation during handgrip exercise and we were 

unsure of their relation to fCP.  These data are consistent with previous work in our laboratory 

(Kellawan and Tschakovsky, 2012, unpublished observations) which also found no relation 

between MVC and fCP and with the mechanisms of peak force generation (MVC) being related 

to the cross-sectional area of muscle fibres involved, the percentage of fast-twitch muscle fibres 

involved, and the number of motor units recruited/activated, not by metabolism or O2 del (9, 28, 

33). Furthermore, these data align with evidence that exercise at a given % MVC would not 

represent exercise relative to aerobic metabolic capacity.  This is evident from Saugen et al. (25) 

and Kent-Braun et al. (16).  Their findings of differing PCr and pH responses to exercise 

intensities relative to % MVC can be drastically different between individuals clearly depict that 

mechanisms relating to an individual’s MVC are not related to the of exercise intensities relative 

to an individual’s muscular metabolism, is therefore unrelated to a subjects exercising aerobic 

metabolic power. 

4.4.4 Conclusions 

In summary, our results demonstrated that oxygen delivery to the exercising forearm 

during a maximal effort fCP test varies considerably across individuals.  Most importantly these 

differences in oxygen delivery between individuals appear responsible for most of the inter-

individual differences in fCP.  Ultimately, inter-individual differences in both vasoregulatory and 

exercise pressor responses determined the FBF, which determined the oxygen delivery.   

Therefore small muscle mass exercise tolerance differences between individuals can be explained 

in large part by differences in the magnitude of vasodilatory and pressure responses.  

Understanding the underlying mechanistic basis for inherent inter-individual differences in 

cardiovascular support of exercising muscle is an important next step in identifying contributors 
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to exercise intolerance, and whether these contributors might also determine the responsiveness 

of an individual to exercise training.     
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Figures 

 

Figure 4-1.  Oxygen delivery (O2 del) and Force during a 600 s maximal effort handgripping 

exercise test from a representative subject. 
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Figure 4-2.  Change in oxygen delivery (Δ O2 del) and impulse (Δ impulse) normalized to the 

response plateau so that 100% represents the new plateau.  Data is the average across all subjects.  

Panel A: % Δ O2 del and Δ impulse, symbols as indicated on the figure.  Panel B: % Δ O2 del/% 

Δ impulse ratio. 
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Figure 4-3.  Relationship between O2 del and forearm critical power (fCP) in healthy male 

subjects.  Panel A: fCP vs. O2 del as quantified by the last 30 s of the maximal effort test (r = 

0.92, r2 = 0.85, p < 0.01).  Panel B: fCP vs. O2 del as quantified by the total amount of O2 

delivered (area under the curve; AUC) – fCP relationship (r = 0.88, r2 = 0.77, p < 0.01).  
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Figure 4-4.  Δ FVC and Δ MAP from baseline as predictors of FBF Panel A: FBF vs. Δ FVC as 

quantified by the difference between rest and the last 30 s of the maximal effort test (r = 0.70, r2 = 

0.49, p < 0.05). Panel B: FBF as quantified by the total blood delivered to the muscle (area under 

the curve; AUC) vs. Δ FVC AUC (r = 0.71, r2 = 0.50, p < 0.05).  Panel C: FBF vs. Δ MAP as 

quantified by the difference between rest and the last 30 s of the maximal effort test (r = 0.58, r2 = 

0.33, p > 0.05).  Panel D: FBF AUC vs. Δ MAP AUC (r = 0.56, r2 = 0.31, p > 0.05). 
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Table 4-1.  Subject characteristics of healthy males completing a 10 min maximal effort 

handgripping exercise test 

Subject 

(#) 
Age (yrs) 

Height 

(cm) 

Weight 

(kg) 

Forearm 

Volume 

(ml) 

Forearm 

Girth 

(cm) 

[Hb] 

(g/dL) 

 

SaO2 

(%) 

CaO2 

(ml 

O2/dL) 

1 21 166 58 780 28.10 16 100 21.74 

2 23 181 76 1054 27.40 14.4 98 19.25 

3 44 188 84.5 1160 28.50 14.6 100 19.86 

4 22 176 74 1232 23 13.7 99 18.47 

5 22 174 71.5 991 24 15.1 100 20.53 

6 21 178 81 1354 28.3 15.1 97 20.02 

7 25 178 91.5 1184 28.5 16.9 100 22.71 

8 20 179 77 1114 27.4 15.9 97 21.00 

9 27 178.5 87 1374 29 15.4 98 20.52 

10 21 192 89.5 1174 27 14.8 100 20.52 
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Individual values. Last row includes mean ± SD 

 

Table 4-2. Forward stepwise multiple regression of oxygen delivery (O2 del) predicted by 

forearm blood flow (FBF) and arterial oxygen content (CaO2) during a 10 min maximal effort 

handgripping test 

Dependent 

variable 

Independent 

variable 

Δ r2
  

by addition to 

model  

r2 P value 

O2 del FBF 0.944 0.944 < 0.001 

 CaO2 0.0515 0.996 < 0.001 

     

Total regression   0.996 < 0.001 

     

 

Mean 
24.7 ± 

7.09 

179.05 

±7.14 
79 ± 10 

1141.7 

± 

173.96 

27.12 ± 

2.02 

15.19 ± 

0.91 

98.96 ± 

1.20 

20.46 ± 

1.20 
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Table 4-3.  Forward stepwise multiple regression of forearm blood flow (FBF) predicted by, 

change in forearm vascular conductance (Δ FVC) and mean arterial pressure (Δ MAP), and total 

blood delivered (FBF AUC) predicted by vascular (Δ FVC AUC) and pressor (Δ MAP AUC) 

responses during a 10 min maximal effort handgripping test 

Dependent 

variable 

Independent 

variable 

Δ r2
  

by addition to 

model 

r2 P value 

FBF Δ FVC 0.49 0.49 <0.001 

 Δ MAP 0.43 0.92 <0.001 

 

 

    

Total regression 

 

FBF AUC  

 

Total regression 

 

 

Δ FVC AUC 

Δ MAP AUC 

 

 0.92 <0.001 

 

<0.001 

  0.002 

<0.001 

  

0.51 0.51 

0.39 0.89 

 0.89 
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Chapter 5 

Sensitivity of forearm critical power to acute manipulation of perfusion 

pressure 

ABSTRACT 

We investigated the impact of reducing forearm perfusion pressure (FAPP) on forearm critical 

power (fCP). Nine healthy young (23 ± 2.6 yrs) males completed 10 min maximal effort fCP tests 

in each of arm above (AB) and below (BL) heart level (FAPP AB < BL by ~30 mmHg).  fCP 

(avg of force impulse in last 30 s of test), forearm blood flow (FBF; echo and Doppler 

ultrasound), arterial pressure (finger photoplethysmography), O2 delivery (FBF�arterial oxygen 

content ([Hb]venous and O2 saturation, pulse oximetry)), O2 consumption (VO2; venous blood, Fick 

eqn) were measured during exercise. Responders (R, compromised fCP in AB vs. BL; 21 ± 7 vs. 

30 ± 6 kg·s, p=0.01) and non-responders (NR, n = 5, no compromised fCP in AB vs. BL; 29 ± 17 

vs. 27 ± 16 kg·s, p=0.14) were identified.  R (n =5) exhibited O2 del area under the curve (AUC) 

compromise in AB vs. BL (1474 ± 640 vs. 1724 ± 685 ml, p = 0.01), and lower VO2 AUC (785 ± 

309 vs. 944 ± 408 ml, p = 0.052).  NR maintained O2 del AUC in AB vs. BL (1408 ± 263 vs. 

1460 ± 221 ml, p = 0.33), and VO2 AUC (908 ± 237 vs. 902 ± 232 ml, p = 0.96).  No clear 

pattern of pressor or vasodilatory compensation was found (in R, NR; AB vs. BL; ΔFVC AUC, 

ΔMAP AUC p > 0.05). Reductions in FAPP can reduce fCP in individuals who cannot defend O2 

del.  These data highlight the importance of O2 del to fCP.   

Keywords: critical power, oxygen delivery, handgrip exercise, blood flow, maximal exercise 
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5.1 INTRODUCTION 

 The time to exhaustion in exercise increases with decreasing power output in the severe 

exercise intensity domain.  This power-duration relationship is hyperbolic, with the asymptote 

identifying critical power (CP) and the curvature constant representing the fixed amount of work 

that can be performed above CP (W') (28, 29, 31, 32).  The determinants of W' appear to extend 

beyond the contribution of a fixed anaerobic energy reserve, to include the interaction between 

accumulation of metabolites such as Pi, ADP and H+ and the rate of oxidative phosphorylation 

and/or fatigue progression (for review see Jones et al. ) (28).  CP is the maximal exercise intensity 

that results in a steady state VO2, PCr, and blood lactate.  Above CP, VO2 increases to maximum 

and PCr decreases to a minimum within a few minutes (5, 29, 33).  As such, CP reflects the 

maximal exercise intensity at which ATP demand can be met via aerobic metabolism without 

requiring subsidization via substrate level phosphorylation.   

It is well established that manipulation of O2 delivery (O2 del) during exercise can affect 

muscle metabolism and exercise tolerance (1, 18, 20-22).  Observations that hypoxic and 

hyperoxic breathing affect the power-duration asymptote are consistent with this effect in the 

severe exercise intensity domain (13, 32, 41).  Although these studies provided indirect evidence 

of CP sensitivity to O2 del, they did not directly confirm O2 delivery alterations with inspired 

oxygen fraction.  In this regard, it has been observed that O2 del can be preserved with reductions 

in content during submaximal leg exercise via compensatory vasodilation (16).  Furthermore, a 

systemic intervention like hypoxia has also been shown to limit high intensity exercise 

performance via effects on cerebral oxygenation and central motor drive (17, 42).  These 

limitations of systemic hypoxic interventions mean that the effects of O2 delivery on CP at the 

level of the exercising muscle remain unknown. 
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Recently, single bout maximal effort exercise tests to identify CP have been developed 

for cycling (5) and knee extension exercise (6), and finally for forearm handgrip exercise 

(Kellawan & Tschakovsky, 2012 unpublished).  In these maximal effort tests, there is a 

hyperbolic decay in power output, which plateaus at CP (5, 6) (Kellawan & Tschakovsky, 2012 

unpublished).  The forearm model in particular, because of the small muscle mass involved and 

the ability to measure exercising limb blood flow, lends itself to the examination of CP sensitivity 

to O2 del independent of systemic confounds.  We recently demonstrated that individual 

differences in O2 del (essentially due to differences in exercising forearm blood flow) account for 

much of the inter-individual differences in single bout maximal effort-determined forearm CP (5, 

6).  While these cross-sectional findings are consistent with an O2 delivery sensitivity of CP, it 

remains unknown how a direct within-subject manipulation of exercising muscle blood flow 

would impact CP.      

Wright et al (46)and Fitzpatrick et al. (15) have demonstrated that electrically stimulated 

adductor pollicis muscle force production is reduced upon elevation of the arm from below to 

above heart level, which decreases the local muscle perfusion pressure.  We have also identified 

that submaximal exercising muscle blood flow is reduced in the exercising forearm when it is 

moved from below to above heart level during exercise (43).  These findings are consistent with 

exercising muscle blood flow being compromised by a reduction in the hydrostatic contribution 

to the local perfusion pressure gradient in exercising muscle.  However, recent work by Casey 

and Joyner (7-9, 11) has found that brachial artery balloon catheter inflation which would reduce 

forearm perfusion pressure distal to the balloon, results in compensatory vasodilation.  The 

degree to which this restores exercising muscle blood flow can vary across individuals from 10-

100% restoration.  Therefore, we were aware of the possibility of compensatory mechanisms that 
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could offset the effect of lowered forearm perfusion pressure with arm elevation from below to 

above heart level.  In fact, we reasoned that the variable effect of a reduction in exercising muscle 

perfusion pressure on muscle blood flow could prove advantageous in determining the role of O2 

del on fCP, if some individuals were able to defend O2 del under conditions of reduced muscle 

perfusion pressure while others did not.     

The primary objective of this study was therefore to determine the effect of a reduction in 

exercising forearm perfusion pressure on fCP during a single bout maximal effort fCP test.  We 

reasoned that reductions in fCP would only occur in those individuals who did not defend 

exercising forearm oxygen delivery.  A secondary objective was to determine the impact of 

reduced forearm perfusion pressure on CP test oxygen uptake.    

5.2 METHODS 

5.2.1 Subjects 

 Nine healthy men (age 23 ± 2.6 yrs) volunteered to participate in the study.  The 

participants were recreationally active (most of the activity was from participation in team sports 

that involved the whole body and running) but did not participate in any form of forearm exercise 

training (255.68 ± 27.18 METS/week).  Participant’s characteristics are outlined in Table 1.  

After receiving a complete verbal and written description of the experimental protocol and 

potential risks, each subject provided signed consent to the experimental procedures that were 

approved by the Queen’s University Health Sciences Research Ethics Board (QUHSREB) in 

accordance with the terms of the Declaration of Helsinki on research ethics.  

5.2.2 Experimental Design 
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All experiments were performed between 19-21°C to minimize blood flow to other 

tissues of the forearm (i.e. skin blood flow).  Therefore, observed changes in brachial artery blood 

flow are indicative of blood flow to the skeletal musculature of the forearm (FBF).  Subjects 

completed two single bout maximal effort CP tests (1 trial for each arm position), separated by at 

least 48 hours (randomly ordered, counter balanced). Each subject completed each trial at the 

same time of day (within ~1 hour) to limit the influence of circadian rhythm. Furthermore, 

subjects abstained from caffeine for 12 hours and exercise 24 hours prior. 

5.2.3 Experimental set-up & manipulation of forearm perfusion pressure (FAPP) 

Subjects lay supine with their non-experimental arm (left) at heart level and their 

experimental arm (right) at their side supported and secured on a hinged armrest attached to a 

pulley that could be adjusted either above or below heart level, depending on which experimental 

condition was applied (Fig.1) (43).  On each experimental day the forearm was positioned either 

above or below the level of the subject’s sternum until the desired change in forearm arterial 

perfusion pressure (FAPP) (+ 15 mmHg below heart level, - 15 mmHg above heart level via the 

addition or subtraction of a hydrostatic column) was confirmed by beat-by-beat measurements 

using finger photoplysmography (Finapres Medical Systems, Amsterdam, The Netherlands) on 

the contralateral hand held at the experimental limb mid-forearm level.  This positioning has been 

shown previously by our laboratory to be effective at producing a difference in FAPP of ~15 

mmHg from heart level or ~ 30 mmHg difference between conditions (FAPP below heart level – 

FAPP above level) (37, 43).  

5.2.4 Experimental protocol 

5.2.4.1 Forearm single bout maximal effort critical power test. 
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 The subjects lay supine with the experimental arm (right) extended 90o either above or 

below heart level (measured height distance above or below heart to mid-forearm 15 ± 1.0 cm).  

After 2 min of quiet rest, subjects completed 600 s (10 min) of rhythmic handgripping maximal 

voluntary contractions (1 s contraction to 2 s relaxation).  Subjects were signalled with a signal 

light and auditable metronome to maintain the work cycle and received strong verbal 

encouragement throughout the test to give a maximal effort during each contraction and to 

maintain the work to rest cycle.  This test results in highly repeatable CP estimates (within-

subject coefficient of variance 5.62 ± 3.89 %). 

5.2.5 Measurements 

5.2.5.1 Mean arterial blood pressure (MAP), forearm perfusion pressure (FAPP) and heart 

rate (HR).   

Beat by beat MAP (mmHg) was measured by finger photoplethysmography (BeatScope 

version 1.1, Finapres Medical Systems BV, Amsterdam, Netherlands) on the middle finger of the 

control arm resting at heart level during all trials.  FAPP was calculated by adding or subtracting 

the measured pressure (mmHg) of the hydrostatic column (mid-forearm to heart level) in the arm 

above (AB) or arm below (BL) heart-level conditions to the MAP measured continuously at heart 

level (FAPP = measured MAP +/- measured hydrostatic column pressure from mid-forearm to 

heart level). HR was acquired using a three-lead ECG (Meditrace 535, Tyco HealthCare Group, 

U.K.).   

5.2.5.2 Forearm blood flow (FBF) and vascular conductance (FVC) 

 Mean blood velocity (MBV, cm�s-1) was measured in the brachial artery with a 4-MHz 

pulsed Doppler probe (model 500V TCD, Multigon Industries, Mt. Vernon, NY) secured to the 

skin over the brachial artery.  Accurate MBV measures across subjects were obtained from 
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velocity calibration procedures and brachial artery angle (relative to skin) to actual insonation 

angle correction factors previously described by our laboratory (34, 40).  Brachial artery diameter 

was measured just proximal to the Doppler probe placement (13-MHz in 2D mode, Vivid i GE 

Medical Systems, London Ontario, Canada).  FBF (ml � min-1) was calculated from MBV and 

artery diameter (FBF = MBV�60 s�min-1
�π�(brachial artery diameter/2)2), while FVC (ml�min-

1
�mmHg-1

�100) was calculated form FBF and FAPP (FBF�MAP-1
�100).  

5.2.5.3 Haemoglobin concentration, haemoglobin saturation (SaO2), arterial oxygen content 

(CaO2), oxygen delivery, venous lactate, & oxygen consumption (VO2) 

 Venous blood samples were taken from a 20-gauge intravenous (IV) catheter inserted 

retrograde to flow into a deep vein draining the active forearm muscle near the antecubital fossa 

(determined by echo ultrasound) during every 30 s for the first 300 s (5 min) of the test and every 

minute between 300-600 s of the exercise test.  A 2-ml discard was drawn prior to the 3-ml blood 

sample followed by 2-ml saline flush to prevent the catheter from clotting. Venous blood was 

analyzed for hemoglobin concentration (g/dl), venous oxygen concentration (CvO2 (ml/dl)), and 

lactate concentration ([La]v) by an automated blood gas analyzer (Stat Profile M, Nova 

Biomedical, Waltham, MA, USA).  Arterial oxygen saturation (SaO2) was measured from the 

index finger using pulse oximetry (Nellcor, Netherlands).  Oxygen content of arterial blood 

(CaO2) was be calculated as: 1.34 ml O2�g Hb-1 � % SaO2 + 0.003 ml O2 � ml of blood-1 � g Hb� ml 

of blood-1.  O2 del (ml O2 � min-1) was calculated by multiplying CaO2 and FBF.   Oxygen 

consumption was calculated using the Fick equation: VO2 = FBF �  (CaO2 – CvO2).   

5.2.5.4  Lactate efflux  

Previously, our laboratory has used a “hand-heating” protocol to obtain arterialized-

venous blood samples that had been validated to produce accurate arterial lactate values (47).  
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However, our laboratory and others have not found these values to differ from baseline venous 

values and small muscle mass exercise to have no effect on arterial blood [La-] concentration (12, 

44).  Therefore, baseline venous lactate values ([La-] baseline) were considered to represent arterial 

[La-] at baseline and throughout exercise.  Hence, lactate efflux was calculated using baseline 

venous lactate (La-] baseline (mmol La-� L blood-1)), exercise venous lactate ([La]v (mmol La-
� L 

blood-1)) and FBF measures using the following formula: Lactate Efflux = [(La-] baseline - [La]v)� 

1000-1] � FBF.  Where lactate efflux is expressed in mmol�min-1.   

5.2.6 Data Acquisition and Analysis 

MAP, HR, and MBV, data were collected at 200Hz with a data acquisition system 

(Powerlab, ADInstruments) and recording computer.  Brachial artery images were recorded in 

Digital Imaging and Communications in Medicine (DICOM) format for offline measurement of 

brachial artery diameter using custom-automated edge-detection software (45).  Baseline (2 min 

of quiet rest immediately prior to exercise) and exercise hyperaemic (onset of first contraction to 

final contraction) values of MAP, HR, FBF, and calculated FVC were obtained on a beat-by-beat 

basis.  These values were analyzed offline and averaged over 3 s (work cycle duration) time bins 

as previously described (36).  Brachial artery diameters were recorded continuously and clear 

images during relaxation selected at 30 s intervals.  Each individual’s diameters were than curve 

fitted using an exponential rise to max non-linear regression to provide continuous brachial artery 

diameter estimates.  One, two, or three component models were used depending on which model 

fit an individual’s data that resulted in the residuals being equally distributed and of the smallest 

magnitude possible using commercial statistical software (Sigmaplot 12, Systat Software, 

Chicago, USA).  O2 del, FVC, and MAP area under the curve calculations were derived from 

every individual’s 3 s avg profile during exercise.  VO2 and lactate efflux area under the curve 
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calculations were derived from every individual’s blood sampling interval profile.  Forearm CP 

was calculated from the average area under the curve of force (force impulse; kg˖s) generated 

during the last 30 s (~10 contractions) of the exercise test. 

5.2.7 Statistical Analysis 

  Data are presented as mean ± SD. Repeated measures analysis of variance (ANOVA) 

was used to determine statistical significance between groups and conditions for hemodynamic 

responses.  Holm-Sidak multiple pairwise comparison procedure was used for post hoc 

identification of specific differences across time. Paired t tests were used to compare responses 

between conditions within groups.  All statistical analysis was completed using Sigmaplot 

software (Sigmaplot 12, Systat Software, Chicago, USA).  Significance was set a prori of p ≤ 

0.05.   

5.3 RESULTS 

5.3.1 Manipulation of perfusion pressure 

 Positioning of exercising limb above (AB) or below (BL) heart level generated a 30.06 ± 

0.25 mmHg difference in FAPP via addition or subtraction of the hydrostatic column (-14.94 ± 

0.17 mmHg in AB vs. +15.11 ± 0.33 mmHg in BL, compared as absolute change p = 0.21). 

5.3.2 Effects of arm position on fCP - emergence of non-responders and responders 

 There was no statistically significant difference in fCP between AB and BL (AB = 25.4 ± 

13.8 vs. BL = 29.1 ± 12.4 kg�s, p= 0.430).  However, in accordance with the observations of 

Casey and Joyner (8), we evaluated the effect of arm position on fCP for each subject.  This 

analysis revealed that while some subjects did have a compromised fCP in AB vs. BL, others did 

not.   
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The identification of these “responders” (individuals in whom a reduced exercising 

forearm perfusion pressure compromised fCP) vs “non-responders” (individuals in whom a 

reduced exercising forearm perfusion pressure did not compromise fCP), was based on prior 

establishment of the expected trial-to-trial variability of fCP in our laboratory that occurs as a 

result of biological variability and measurement error (26).  This is quantified by the standard 

deviation of trial-to-trial differences expressed as a % of the mean, otherwise known as the 

coefficient of variation.  In our laboratory with subjects similar to the ones in the present study we 

observed a trial-to-trial CV of 7.3% (Kellawan & Tschakovsky, 2012, unpublished).  Deciding 

whether a lower measured fCP in AB vs. BL actually reflects a true compromise to fCP required 

selection of a criterion trial-to-trial difference, specifically in terms of a one-tailed fCP where one 

is deciding whether AB < BL.   

Hopkins (24, 26) has argued for the use of the typical error to decide whether trial-to-trial 

differences on either side of an intervention represent improvement (or impairment) in exercise 

performance as 84% of trial-to-trial differences would be within the one-tailed CV.   Others have 

argued for the use of limits of agreement (±1.96 SD of the difference between trials), within 

which we can expect 95% of trial-to-trial differences to occur (3).  However, in the case of one-

tailed trial-to-trial variation this limit represents 97.5% of trial-to-trial differences which has been 

argued to be far too stringent for acknowledging a performance effect (26).  In light of this, we 

chose a CV ≥ 1.5 SD of the difference between trials that represents the criterion within 93% of 

expected trial-to-trial differences would occur.  This would be a one-tailed CV of 11% specific to 

an AB that is less than BL.   

Examining the data accordingly, we found that four of nine subjects had AB < BL where 

the CV of the trial-to-trial difference was >11% (Fig. 2; average difference AB < BL 9.60 ± 3.00 
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kg�s, p=0.014).  We identify these as “Responders” (R; n=4) in which reduced FAPP did result in 

compromised fCP.  For the remaining subjects, three had fCP measurements where AB > BL, and 

two had fCP measurements were AB < BL with CV’s of 5.7 and 2.6% (Fig 2; average difference 

between AB and BL, 1 ± 1.05 kg�s, p=0.14).  We identify these as “Non-responders” (NR; n=5) 

in which reduced FAPP did not result in compromised fCP.   

5.3.3 Resting forearm hemodynamics 

 At rest, O2 delivery was not different in AB vs. BL within NR (10.93 ± 2.93 vs. 7.85 ± 

0.22 ml O2� min-1, p = 0.09) or R (8.60 ± 2.14 vs. 12.96 ± 5.99 ml O2� min-1, p = 0.22).  However, 

with the small n in each group statistical power is reduced and a type II error is therefore possible.  

In contrast, NR exhibited a significant vasodilation in AB (AB FVC = 74.21 ± 17.1 vs. BL FVC 

= 38.00 ± 5.95 ml�min-1
�mmHg-1

�100, p = 0.006), whereas, R had similar if not greater 

conductance in BL (AB FVC = 53.51 ± 16.51 vs. BL FVC = 69.06 ± 36.38 ml�min-1
�mmHg-

1
�100, p = 0.33).  

5.3.4 Exercise Responses 

In order to minimize the effect of temporal variability in the data and maximize detection 

of the underlying response given the small within group n, we quantified the area under the curve 

of responses over the duration of the test and used this as the index representative of differences 

between AB vs. BL within NR and R. 

5.3.5 Oxygen delivery 

 Total O2 delivered (O2 del AUC; Fig.4) during the exercise test differed between AB and 

BL in R (AB O2 del AUC = 1474.22 ± 639.54 vs. BL O2 del AUC = 1723.84 ± 685.04 ml, p 
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=0.01) but not in NR (AB O2 del AUC = 1408.02 ± 262.57 vs. BL O2 del AUC = 1459.99 ± 

221.35 ml, p = 0.67).  

5.3.6 Oxygen consumption (VO2) 

Total oxygen consumed (VO2 AUC; Fig. 5A-B) in R tended to be reduced in AB vs. BL 

by ~ 20% (784.50 ± 309.61 ml vs. 943.88 ± 407.63, p = 0.052) but not in NR (907.62 ± 235.72 

ml vs. 902.46 ± 231.93, p = 0.91).  O2 extraction (CaO2 – CvO2) was also not different between 

conditions in either group  (NR BL vs. AB, p = 0.53, R BL vs. AB, p = 0.87). 

5.3.7 Forearm vascular conductance 

 The total vascular conductance over the course of the all out exercise bout (FVC AUC) in 

R was not statistically significantly different in AB vs. BL (7035.48 ± 3539.86 vs. BL FVC AUC 

= 6114.42 ± 3149.63 ml�s-1
�mmHg-1

�100�s, p = 0.13), whereas it was in the NR’s (6361.80 ± 1375 

vs. 5061.19 ± 937.02 ml�s-1
�mmHg-1

�100�s, p = 0.031).  Failure to reject the null hypothesis for R 

must be interpreted with caution given the small n.   

When we quantified the exercise vasodilatory response as Δ FVC AUC from baseline 

(Fig. 6A-B), both NR (AB 5635.27 ± 1303.33 ml�s-1
�mmHg-1

�100�s vs. BL 4681.91 ± 896.22 

ml�s-1
�mmHg-1

�100�s, p = 0.07) and R (AB 6501.77 ± 3426.50 vs. BL 5425.79 ± 2828.47 ml�s-

1
�mmHg-1

�100�s, p = 0.07) were not statistically significant at the p=0.05 level due to lack of 

statistical power with the small n.  As discussed by Sterne et al. (39) the range of p values 

including 0.05 and 0.07 are all representative of “increasing evidence against the null 

hypothesis”, and interpretation based on stated p value rather than arbitrary 0.05 cut-off for 

statistically significant vs. non-significant which “was not the intention of the founders of 

statistical inference.”  
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5.3.8 Exercise pressor responses (Δ FAPP) 

 We quantified the exercise pressor response by Δ FAPP AUC (Fig. 7A-B) from baseline.  

In NR, exercise pressor responses were very similar in AB and BL (18440.37 ± 4949.64 vs. 

17268.19 ± 4515.08 mmHg�s, p = 0.57).  However, in R the exercise pressor response was ~ 48% 

lower in AB when compared to BL (12107.25 ± 2676.97 mmHg�s vs. 17920.65 ± 7691.90, p < 

0.035.   

5.3.9 Lactate efflux 

 Lactate efflux AUC did not differ between AB and BL in either NR or R.  In NR, lactate 

efflux was 31.82 ± 5.23 mmol in AB and 30.05 ± 3.03 mmol in BL (p = 0.42).  Similarly, in R, 

lactate efflux AUC was not different between AB and BL (AB lactate AUC = 17.24 ± 4.39 vs. 

BL lactate AUC = 20.47 ± 6.97 mmol, p = 0.27). 

5.4 DISCUSSION 

 The major new findings from this investigation are as follows: First, two distinct fCP 

response groups were clearly identifiable.  Five of nine subjects had no compromise to fCP when 

FAPP was reduced in AB (non-responders, NR) whereas for four of nine subjects a reduction in 

FAPP clearly compromised fCP (responders, R).  Second, NR’s were characterized by 

maintained O2 del in the face of reduced FAPP.  In contrast, O2 del was clearly compromised by 

reduced FAPP in R.  Third, consistent with a preserved fCP and O2 del under reduced FAPP 

conditions in the NR’s was the observation of no compromise to VO2, while for R a compromised 

VO2 when FAPP was reduced was consistent with a compromised fCP and O2 del.  Fourth, NR 

were characterized by increased resting vasodilation and appeared to have some degree of 

compensatory vasodilation but no difference in pressor response when FAPP was reduced.  In 

contrast, R did not appear to have increased resting vasodilation.  In addition, while they also 
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appeared to increase their exercise vasodilatory response when FAPP was reduced, they 

experienced an attenuated pressor response.   

5.4.1 Division of non responders and responders based on fCP above vs. below heart 

level 

 Calculation of CP from the average power output (or force impulse in this case) observed 

during the last 30 s of a maximal effort exercise test has very good reproducibility in forearm and 

other exercise modalities (Kellawan & Tschakovsky, 2012, unpublished) (5, 6). However, like all 

other exercise tests there is some degree of measurement error (23).  Therefore, we wanted to 

ensure that for a given individual a reduction in fCP in AB vs. BL was real and not simply a 

result of measurement error. The choice of a criterion difference, which identifies a true 

difference between AB and BL, reflects the confidence one wishes to have in concluding that a 

true difference has occurred.  In this context, we believe that our choice of 1.5·7.3% CV of trial-

to-trial differences for the fCP test established previously (Kellawan & Tschakovsky, 2012, 

unpublished), which accounts for 93% of expected trial to trial variation is appropriate (25-27, 

39).  It was on this basis that we sub-divided individuals as NR or R. 

 Examining the data in this context, it is evident that three of the 4 R’s had fCP AB < BL 

that were well above the cut-off 11% CV (range 24-55%), while one was at 12.5%.  For the NR’s 

three of five actually had higher fCP AB > BL (but well within the 11% CV), and the remaining 

two had fCP AB < BL that were well below the cut-off 11% CV (2.6 and 5.7%).  Therefore, we 

are confident in our identification of individuals who had no compromise to fCP with reduced 

FAPP, and those who did.  

5.4.2 Evidence for sensitivity of fCP to O2 del 
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CP represents the highest exercise intensity at which a metabolic steady state (VO2, Pi, 

pH) can be achieved (29, 32, 33), indicating maximal aerobic power not requiring substrate level 

phosphorylation to meet ATP demand.  In other words, CP is determined by oxidative metabolic 

function (29).  In a transition from rest to exercise at CP, VO2 and blood lactate increase with an 

added slow component, but stabilize below maximal levels (33), as does PCr (29).  In contrast, 

during a single bout all out CP test, VO2 increases and stays at maximum even as power output 

declines and stabilizes at CP (5).  While no data regarding PCr changes in the single bout all out 

test currently exist, given that VO2 is a function of changes in phosphorylation potential it is most 

likely the case that Pi and ADP adjustments are also maximal.   

It follows then that compromises to O2 del, which limit myocellular oxygen tension 

myoglobin (35), would result in maximal adjustments in Pi and ADP at a lower exercise intensity 

such that maximal rate of oxidative phosphorylation are reduced.  However the degree of 

compromise to maximal sustainable oxidative phosphorylation (i.e. CP) incurred by reduced 

convective O2 delivery may depend on as yet unknown factors related to aerobic fitness (13).  

These could include diffusive conductance for O2 and mitochondrial content.  Surprisingly, while 

it was suggested quite some time ago by Monod and Scherrer (31) that CP is dependent in part on 

exercising muscle blood flow (i.e. convective O2 delivery) no studies have directly tested this 

hypothesis.   

Our results support the contention that O2 del affects critical power.  When a subject’s 

forearm was elevated above heart-level (AB), subject’s that incurred a decrease in fCP compared 

to the same maximal effort forearm exercise with the forearm positioned below the heart (BL) 

could not defend O2 del in the face of reduced perfusion pressure (Responders, R).  Conversely, 

subjects that did not have a compromise of fCP were able to defend O2 del (Non-responders, NR).  
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The fact that two distinct response groups were evident such that whether fCP was reduced or not 

depended on whether O2 del was defended or not strengthens the evidence that fCP is O2 del 

sensitive.  This builds on previous indirect evidence from studies employing hypoxia and 

hyperoxia as inferred manipulations of convective O2 del (13, 32, 41) during multiple bout CP 

determination testing.  Specifically, Dekerle et al., 2012 demonstrated that hypoxic breathing 

(FiO2 = 0.15) significantly decreased cycling critical power by ~ 15% (13).  Vanhatalo et al., 

2010 observed improvements in muscle oxygenation, slower rate of PCr depletion, and increased 

knee-extensor critical power (~ 12 %) in hyperoxia (FiO2 = 0.70) (41).  The present study also 

builds on our recent findings that individual differences in fCP are strongly predicted by 

individual differences in O2 del (Kellawan, Bravo, Moynes, & Tschakovsky, 2012 Unpublished).  

An important consideration when trying to understand the mechanistic basis of fCP 

dependency on O2 del that has to date not been considered is that of the “O2 conformer” response.  

While the concept of O2 delivery-metabolic demand matching is typically viewed as the former 

attempting to adapt to the latter, evidence from electrically stimulated muscle contraction studies 

points to the fact that the inherent response of muscle is actually to reduce ATP demand to meet 

the aerobic ATP supply potential for a given O2 del.   For example, data from electrically 

stimulated in situ dog muscle preparations have shown that force production and VO2 are 

decreased in response to decreased O2 del whilst maintaining the same metabolic environment 

(19-21).  Likewise, manipulation of O2 del caused concomitant directional changes in maximal 

work rate in human plantar flexion exercise whilst maintaining similar metabolic environment 

(22).  Finally, in stimulated human adductor pollicis contractions, force production adjusts to 

changes in muscle perfusion pressure (decrease in perfusion pressure leads to decrease in force 

production, which is restored when perfusion pressure is restored) (15, 46). The reason this does 
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not happen in voluntary exercise is that when asked to maintain a given power output in the face 

of reduced O2 del, an increase in motor drive can compensate and maintain power output, albeit at 

the expense of requiring further perturbations in ADP and Pi (22).  

If we now consider the nature of the single bout all out fCP test, its O2 del sensitivity 

suggests a role for an O2 conformer response.  This is because the effort to recruit motor units is 

maximal throughout the test.  Therefore, we hypothesize the following sequence during such a 

test.  From onset of maximal effort contractions, force production decays due primarily to the 

accumulation of intracellular fatigue causing substances (i.e. [Pi], [ADP]), at the same time that 

VO2 is increasing.  This represents a convergence of ATP demand and aerobic ATP supply.  As 

O2 del plateaus well before power output (Kellawan, Bravo, Moynes, & Tschakovsky, 2012 

unpublished), there is a phase where aerobic ATP supply has reached a ceiling, and power output 

above that requires anaerobic ATP supply and results in continued progressive disruption to the 

muscle metabolic environment (i.e. increased [Pi] and [ADP], decreased [PCr] and pH).  The 

disruption related to providing drive for oxidative phosphorylation, i.e. phosphorylation potential, 

would work towards elevating VO2, but eventually, no further disruption can be tolerated and the 

maximum aerobic metabolic rate will have been reached.  Despite maximal effort to recruit motor 

units, the “O2 conformer” response would dictate power output reduction to a level that matches 

the aerobic ATP supply.  This role for an O2 conformer response is entirely consistent with the 

developing understanding of the W' representing the fixed work capacity above CP (28).  Namely 

that it is not just an aerobic energy reserve, but also depends on the interaction of fatigue inducing 

substance accumulation and increasing phosphorylation and/or redox potential drive for oxidative 

phosphorylation that leads to maximal tolerable levels of disruption to cellular homeostasis.  
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In the context of a compromised O2 del in the present study, the above hypothesis would 

predict the same end-point changes in cellular environment and the same motor drive, but a 

reduced sustainable power output (reduced CP) that conforms to the reduced maximal rate of 

aerobic ATP production.  Again, the observation of two distinct response groups in our study 

strengthens this interpretation.  In the NR group where fCP was not altered by reduced FAPP, and 

O2 del was not compromised there was also no compromise to VO2.  In contrast, the R group 

demonstrated a compromise to VO2 that is consistent with the reduced fCP and in line with ATP 

demand conforming to the available rate of aerobic ATP production. 

5.4.3 Vasoregulatory and pressor responses to maximal exercise above and below heart 

level 

  To determine potential explanations for the differences between NR and R in terms of O2 

del, we compared baseline and exercising forearm vascular conductance between arm positions, 

as well as the increase in FAPP from rest to end exercise.  This comparison is obviously limited 

by the smaller number of subjects specific to each group.  In keeping with the recommendations 

of Sterne et al (39), who remind us that a p value measures the strength of the evidence against 

the null hypothesis (i.e. the smaller the p value the stronger the evidence against the null 

hypothesis) the strength of evidence should be indexed by the p value.  In this context, there is 

virtually no difference between a p=0.05 or 0.07, the latter being the case for the AB vs BL 

comparisons of ΔFVC AUC in exercise in both NR and R groups (Fig. 6).     

Nevertheless, there are some important differences.  First, the NR group exhibited greater 

FVC in AB vs. BL at baseline whereas the R group did not.  The NR group was also 

characterized by similar pressor responses in AB and BL whereas the R group had a reduced 

pressor response in AB vs. BL (Fig 7).  Weighing the evidence on the whole, it is not possible to 
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concretely identify differences in vasodilatory responses that can account for the R vs. NR group 

degree of protection of O2 del.  Furthermore, the pressor response difference between NR and R 

was not in the direction of an additional pressor response in AB for the NR group, but rather a 

surprising reduction in the pressor response in AB for the R group.  It would seem that for a given 

individual in the NR group, the combined effect of vasodilatory and pressor response during AB 

compensated for the reduced FAPP, while this was not the case for subjects in the R group. 

Inconsistency in compensatory vasodilation responses between individuals is not 

surprising as evidenced by the range of compensatory vasodilation in response to brachial artery 

balloon catheter impairment to exercising forearm blood flow from the work of Casey and Joyner 

(10).  What is perhaps more intriguing about our findings is the observation that an all-out 

exercise effort performed in the BL condition did not represent a maximal combined vasodilatory 

and pressor response, given the observation of a maintained O2 del response with reduced FAPP 

in the NR group.  The question of whether differences in the integration of sympathetic 

vasoconstrictor and local vasodilator control of vascular tone in exercising muscle may explain 

this is worth asking in light of recent findings of Casey et al (11).  They found that a greater 

compensatory vasodilation in the face of brachial artery balloon catheter-induced exercise 

hypoperfusion is unmasked by adrenergic blockade.    

As for the role of a pressor response in exercising muscle O2 del, Amann et al. (2) 

recently identified a role for group II and IV afferent feedback in the magnitude of the pressor 

response to exercise.  Blockade of these afferents during three levels of submaximal knee 

extension exercise resulted in a 7% reduction in MAP.  Combined with a 9% reduction in femoral 

vascular conductance, this resulted in reduced exercising leg blood flow.  Unfortunately the 

design of the current investigation does not provide insight into the mechanisms responsible for 
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the attenuated pressor response.  The similarity in lactate efflux and maximal effort between AB 

and BL in both groups would suggest the stimulus for metabo-sensitive afferents and the drive 

from central command are not different (4, 14, 30, 38).  This leaves the observation that the force 

impulse itself is reduced in AB in the R group, and therefore the potential for mechano-sensitive 

afferent contributions to the pressor response to be attenuated.  Our findings indicate the need for 

further study to confirm this reduced pressor response and the potential mechanisms behind it. 

5.4.4 Conclusions 

In summary, this study is the first to assess the impact of altered perfusion pressure on 

performance and metabolism in a single bout maximal effort forearm exercise test.  Our findings 

support the hypothesis that CP can be compromised by physiological challenges to the ability to 

supply oxygen to the working muscles.  These data highlight the importance of O2 delivery to fCP 

solidifying critical power as an indicator of oxidative metabolic function and is an important 

exercise characteristic to researching O2 delivery matching metabolic demand.  The finding of 

two distinct groups in terms of impact of reduced FAPP on CP, and that these groups were 

characterized by the ability vs. inability to defend O2 del also raises the question of what factors 

determine compensatory cardiovascular adjustments when exercising muscle O2 del is threatened.    
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Figures 

 

 

Figure 5-1. Experimental manipulation of the arm above and below the heart is shown with an 

average difference of 30.06 ± 0.25 mmHg. 
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Figure 5-2. Panel A: Within-subjects coefficient of variation (%) for arm above vs below heart 

forearm critical power (fCP).  NR# - non-responder subject number.  R# - responder subject 

number.  Panel B: fCP for each individual in the Non-responder group in forearm below vs 

above heart conditions.  Panel C: fCP for each individual in the responder group in forearm 

below vs. above heart conditions.  
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Figure 5-3. Forearm critical power (fCP, kg�s) estimated from a 10 min maximal effort forearm 

handgrip test with the arm positioned above (AB, grey bars) or below (BL, dark bars) heart level. 

Data are mean ± SD.  Panel A: fCP in Non-responders, NR Panel B: fCP in Responders.  

*Significantly different from BL within group, P<0.05. 
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Figure 5-4. Total oxygen delivered (O2 delivery area under the curve, ml) during a 10 min 

maximal effort forearm handgrip test with the arm positioned above (AB, grey bars) or below 

(BL, dark bars) heart level. Data are mean ± SD.  Panel A: Oxygen delivered in non-responders. 

Panel B: Oxygen delivered in responders. *Significantly different from BL within group, P<0.05. 
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Figure 5-5. Total oxygen consumed (VO2 area under the curve, ml) during a 10 min maximal 

effort forearm handgrip test with the arm positioned above (AB, grey bars) or below (BL, dark 

bars) heart level. Data are mean ± SD.  Panel A: Oxygen consumed in non-responders.  Panel B: 

Oxygen consumed in responders.  
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Figure 5-6. Vasodilatory response (Δ forearm vascular conductance, Δ FVC AUC, ml�s-

1�mmHg�-1�100�s) during a 10 min maximal effort forearm handgrip test with the arm positioned 

above (AB, grey bars) or below (BL, dark bars) heart level. Data are mean ± SD.  Panel A: Δ 

FVC AUC in non-responders.  Panel B: Δ FVC AUC in responders.  

 

  



 

132 

 

Figure 5-7.  Pressor response (Δ forearm perfusion pressure, Δ FAPP AUC, mmHg�s) during a 

10 min maximal effort forearm handgrip test with the arm positioned above (AB, grey bars) or 

below (BL, dark bars) heart level. Data are mean ± SD.  Panel A: Δ FAPP AUC in non-

responders.  Panel B: Δ FFAPP AUC in responders.  *Significantly different from BL within 

group, P<0.05. 
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 Table 5-1.  Subject characteristics. Non responders (NR), Responders (R) 

Individual values. Mean row is mean ± SD 

 

Subject 

(#) 
Age (yrs) Height (cm) Weight (kg) 

Forearm 

Volume 

(ml) 

Forearm 

Girth 

(cm) 

NR 1 24 171 65.5 1065 28 

NR 2 21 187 87.5 1415 30 

NR 3 19 179 73.5 1042 28 

NR 4 27 175 72 1125 27.5 

NR 5 24 178 71 983 26 

Mean 23 ± 3.50 178 ± 5.12 73.9 ± 7.74 
1126 ± 

191.57 
29.40 ± 1.65 

R 1 24 181 98 1280 29.5 

R 2 22 188 99.5 1456 31 

R 3 

 
19 180 74 1050 30 

R 4 23 181 74 1356 78 

Mean 21.8 ± 2.16 183.4 ± 3.70 86.6 ± 14.3 
1311.4 ± 

172.8 
29.40 ± 1.94 
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Chapter 6 

Characterization of the cerebrovascular response to initial orthostatic 

hypotension in young adults 

ABSTRACT  

 

Rising from a squatting position induces a drop in blood pressure (IOH; initial orthostatic 

hypotension) and cerebral hypo-perfusion.  While a rise in cardiac output blunts the hypotension, 

cerebral autoregulatory responses may also protect cerebral perfusion.  Therefore, the purpose of 

this study was to identify cerebral-vascular responses to IOH.  8 healthy adults (2 female, 6 male, 

24 ± 2 years) performed 1 min standing baseline (BLN), followed by 1 min squat, and subsequent 

rise from squat to further quiet standing.  Beat-by-beat mean blood velocity of the middle cerebral 

artery (MCABV, Transcranial Doppler ultrasound, left temporal window) and mean arterial 

pressure at heart level (MAP, finger photoplysmography) were continuously recorded. Cerebral 

perfusion pressure was calculated (CPP).  The lowest MCABV (MCABVnadir) occurred within 3 s 

upon rising from squat (MCABVnadir  -13.51 ± 4.18 Δ cm� s-1 from BLN, p < 0.001).  CPP also 

decreased from BLN at MCABVnadir (-11.26 ± 11.63 Δ mmHg, p = 0.02) whereas MCA vascular 

conductance (CVC) was unaltered from BLN (-0.07 ± 0.11Δ cm� s-1
�mmHg-1, p = 0.24).  

Interestingly, CPP continued to decrease beyond the time of MCABVnadir reaching the lowest 

value ~7 s post squat (CPPnadir, -23.24 ± 4.95 Δ mmHg, p < 0.001).  However, by this time CVC 

had increased above standing baseline (0.20 ± 0.16 Δ cm� s-1
�mmHg-1, p = 0.004), and partially 

restored MCABV despite the increased hypotension (MCABVnadir = 28.91 ± 6.10 vs. MCABV at 

CPPnadir 32.67 ± 6.81 cm� s-1, p = 0.009).  In conclusion, cerebral autoregulation in response to 
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IOH is initiated prior to the MAP nadir and plays an important role in blunting cerebral 

hypoperfusion.    
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6.1 INTRODUCTION 

Initial orthostatic hypotension (IOH) is a dramatic, yet temporary, decrease in systemic 

blood pressure that occurs in response to the active muscular effort required to stand from a 

supine, sitting, or squatting position (27).  Recently, rapid vasodilatory mechanisms and increased 

arterial-venous pressure gradient in the activated lower limb musculature have been identified as 

the primary causes of IOH (arterial outflow exceeding arterial inflow, leading to a decreased 

arterial pressure) (22).  IOH subsequently leads to lowering cerebral perfusion pressure (CPP) and 

a cerebral hypo-perfusion that can result in momentary symptoms of light-headedness, dizziness, 

nausea, or a loss of consciousness (20, 21, 29).   

The magnitude of the drop in cerebral perfusion would be dependent on the magnitude of 

the initial IOH, but may also be influenced by the cerebrovascular autoregulatory response 

magnitude and timing (15). The thigh cuff occlusion-release method has been used extensively 

for examining cerebral autoregulation, and mimics the lower limb vasodilatory disturbance that 

occurs in a squat to stand transition (22).  Panerai et al. (15) demonstrated that cerebral blood 

flow falls with the initial reduction in MAP upon cuff release, but that the onset of cerebral blood 

flow recovery begins prior to the nadir in MAP being reached.  However, these investigators did 

not examine this response in terms of the importance of cerebral autoregulation blunting 

hypotension induced cerebral hypoperfusion.   

There are a few studies that have utilized transcranial Doppler measurements of middle 

cerebral artery blood velocity (MCABV) during an active rising from supine, and the authors 

have indicated that young healthy individuals can tolerate IOH and that cerebral autoregulatory 

responses likely contribute to this tolerance (11, 19, 20).  However, characterization and temporal 

comparison of the vascular response at key IOH events have not been investigated to determine if 
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and to what degree cerebral-vascular responses defend against cerebral hypo-perfusion caused by 

an IOH stimulus in young adults.  Transcranial Doppler allows for a excellent temporal analysis 

of cerebral blood flow via measurement of blood velocity through the middle cerebral artery and 

therefore, can be utilized to gain insight into the rapid changes in cerebral blood flow that would 

be experienced when rising from a lowered position to standing via IOH (10, 28).  Therefore, the 

purpose of the current investigation was to examine and identify cerebral-vascular responses to 

IOH in defense of cerebral perfusion.  Identification of the time course and magnitude of the 

cerebral-vascular response specific to a squat to stand IOH stimulus furthers our understanding of 

the mechanisms involved in creating and combating the IOH induced cerebral hypoperfusion and 

their relative importance.  

6.2 METHODS  

6.2.1 Subjects and ethical approval 

Eight healthy subjects (6 male, 2 female) (age 24.4 ± 1.90 yrs, height 177 ± 6.76 cm, mass 

75.25 ± 12.52 kg) volunteered to participate in the study. After receiving a complete verbal and 

written description of the experimental protocol and potential risks, each subject provided signed 

consent to the experimental procedures that were approved by the Queen’s University Health 

Sciences Research Ethics Board (QUHSREB) in accordance with the terms of the Declaration of 

Helsinki on research ethics.  

6.2.2 Experimental Design 

On the same day of testing, subjects completed three standing-squat-standing transition trials 

separated by 4 min of recovery (Figure. 1).  Trials began with subjects standing for 1 min of quiet 

baseline.  Following a minute of baseline, subjects transitioned in ~1-2 s to a passive squat with 
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knees fully bent and maintained a flat-footed stance for 1 min.  After a minute, subjects would 

inhale as they transitioned back to a standing position in ~ 1 s and stood quietly for 2 min.  

Throughout each standing-squat-standing transition trials subjects maintained a consistent back 

posture and head position, such that, the hydrostatic effect on cerebral perfusion pressure would 

be invariable and changes in MAP would be reflective of changes in cerebral perfusion pressure. 

Testing was not controlled for a specific stage of the menstrual cycle in female subjects, as it has 

been shown to not affect orthostatic tolerance (13). 

6.2.3 Measurements 

6.2.3.1 Mean arterial blood pressure (MAP) 

Beat by beat MAP (mmHg) was measured by finger photoplethysmography (BeatScope 

version 1.1, Finapress Medical Systems BV, Amsterdam, Netherlands) on the middle finger of 

the left hand arm which was resting at heart level and supported by a sling during all trials.  The 

vertical distance from the finger-cuff to the transcranial probe was measured. The distance was 

recorded and used to calculate cerebral perfusion pressure (CPP = MAP at heart level – distance 

from heart level to probe). 

6.2.3.2 Cerebral blood flow (CBF) via middle cerebral artery blood velocity (MCABV) and 

cerebral vascular conductance (CVC)  

Transcranial Doppler ultrasound was used to measure middle cerebral artery blood velocity 

(MCABV, cm�s-1) with a 2-MHz pulsed Doppler probe (model 500V TCD, Multigon Industries, 

Mt. Vernon, NY) through the left temporal window secured at a constant angle and position with 

a commercial head piece and probe holder.  Changes in MCABV were used as an analog of CBF 

as middle cerebral artery diameter has been found to stay consistent during physiological 

challenges that reduce arterial blood pressure and during alterations in PETCO2 (17).  Cerebral 
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vascular conductance was calculated by dividing MCABV by CPP (CVC = MCABV�CPP-1, 

cm�s-1�mmHg-1).  All measurements were made on a beat-by-beat basis. 

6.2.4 Data acquisition analysis 

MAP and MCABV data were collected at 200Hz with a data acquisition system (Powerlab, 

ADInstruments) and recording computer.  Responses from 3 trials were averaged to represent one 

single response for each subject and averaged into 2 s time bins.  MCABVnadir and CPPnadir were 

calculated by locating their lowest single cardiac cycle value and then taking it and the preceding 

and succeeding cardiac cycle to obtain a 3 beat average.   

To isolate the individual contributions of CPP and CVC to MCABV, we re-calculated 

MCABV, while holding either MAP or CVC at standing baseline levels.   The change in 

MCABV from baseline upon transitioning from squat to stand that would have been observed due 

to the observed decrease in CPP if no change in CVC had occurred (i.e., the independent 

contribution of CPP) was calculated as CVCbaseline � CPP (at CPPnadir and at MCABVnadir) - 

MCABVbaseline.  The change due to the CVC response if no change in CPP had occurred was 

calculated as CPPbaseline � (CVC at CPPnadir and MCABVnadir) – MCABVbaseline.   

6.2.5 Statistical analysis 

Data was expressed as means or mean change from baseline values (Δ = [measured value – 

baseline value) ± the standard deviation (SD).  One way repeated measures ANOVA was used to 

determine differences at key initial orthostatic hypotension events.  Factorial ANOVA was used 

to determine contributions of CPP and CVC to the observed MCABV at key initial orthostatic 

hypotension events.  If differences were detected, Student-Newman-Keuls multiple comparisons 

method was applied.  Statistical significance statistical significance was set a priori ≤ 0.05. 
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6.3 RESULTS 

6.3.1 Time course and characteristics of MCABV, MAP, and CVC responses to an IOH 

stimulus 

 Fig. 2A-C presents the hemodynamic response over time, averaged across subjects.  

Upon standing there was a rapid and substantial decrease in MCABV and CVC from standing 

baseline values that reaches a nadir < 3s.  CPP also decreased within the first 3 s, however, CPP 

did not reach a nadir until ~ 7s.  During the 3-7 s timeframe when CPP was still falling CVC 

increased rapidly, allowing for a partial recovery of MCABV.  There was a peak response of 

CVC ~ 9 s “overshooting” the baseline value that recovers MCABV to near baseline values. CPP 

has begun to recover but was still lower than baseline. CPP continually increases until ~ 16 s 

where it stabilizes.  At 16 s CVC decreases seemingly counter-acting the “overshoot” to below 

baseline values and MCABV follows. Both values begin a marginal increase ~ 19 s and 

eventually return to baseline  

6.3.2 Responses to initial orthostatic hypotension at MCABVnadir and CPPnadir  

 At MCABVnadir, MCABV decreased by 13.51± 4.18 cm�s-1 (p < 0.001) from a mean of 

42.43 ± 9.51 cm � s-1 (Figure. 3A).  CPP and CVC also trended to decrease from baseline values 

at MCABVnadir.  However; only CPP was significantly different from baseline (CPP at 

MCABVnadir Δ -11.26 ± 11.63, p = 0.002; CVC at MCABVnadir Δ-0.07 ± 0.11, p = 0.24).  

MCABV recovered significantly from MCABV at MCABVnadir  (28.91 ± 6.10 vs 32.67 ± 6.81, p 

= 0.009) but was still significantly below baseline values at CPPnadir (Δ -9.75 ± 4.12, p < 

0.001)(Figure 3B).  CPP decreased further following MCABVnadir reaching a nadir -23.24 ± 4.35 

mmHg below baseline CPP (p < 0.001).  In contrast, CVC increased to 0.93 ± 0.34 at CPPnadir 
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which was above baseline CVC values (p = 0.004).  This also represents ~ 40% increase in CVC 

from CVC at MCABVnadir (p < 0.001) (Figure 3C).   

6.3.2.1 Contribution of CPP and CVC to MCABV responses to initial orthostatic hypotension 

at MCABVnadir and CPPnadir  

 Figure 4 depicts the contributions of CPP and CVC to the observed MCABV.  At 

MCABVnadir the calculated MCABV if CPP was the only variable to change would have 

decreased MCABV to the same extent (observed MCABV = - 13.51 ± 4.18 vs -8.99 ± 8.65 Δ 

cm�s-1 CPP calculated MCABV at MCABVnadir, p = 0.17).  Conversely, the observed change in 

CVC did not impacted MCABV alone (observed MCABV = - 13.51 ± 4.18 vs -4.53 ± 5.49 Δ 

cm�s-1 CVC calculated MCABV at MCABVnadir, p = 0.023). At CPPnadir CVC and CPP provide 

competing influences on MCABV.  If CPP were the only variable to change, it would have 

induced a Δ  – 16.28 ± 4.78 cm�s-1 in MCABV from baseline, which is greater than the Δ -9.75 ± 

4.12 in MCABV that was observed (p = 0.049).  This difference (observed MCABV 32.67 ± 6.81 

vs 26.14 ± 6.89 cm�s-1 CCP calculated MCABV at CPPnadir) reveals that the drop in CPP caused 

the decrease in MCABV and that CVC provides a compensatory affect, blunting the reduction in 

MCABV at CPPnadir by ~ 25 % (Figure. 4). 

6.4 DISCUSSION 

 To our knowledge, this is the first study to identify and characterize the cerebral-vascular 

responses to initial orthostatic hypotension in defense of cerebral perfusion. The principle 

findings of the current investigation are: 1) IOH stimulus causes substantial and significant 

decreases in MCABV and CPP.  2) The decrease in MCABV is rapid and reaches a nadir ~3 s 

while CPP continually declines and reaches nadir ~7 s.  3) Cerebral autoregulation blunts the 

cerebral hypo-perfusion during the pressure drop that is experienced during IOH. 
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6.4.1 Methodological Considerations  

The experimental design utilized evokes an IOH stimulus that creates a transient drop in 

MAP via active muscular effort required to stand from a passive squatting position.  This 

maneuver triggers rapid vasodilation in the lower limbs, which combine with the addition of a 

greater hydrostatic effect on the arterial-venous pressure gradient cause peripheral arterial 

outflow to momentarily exceed the arterial inflow of cardiac output (for review see (22)).  

Although the mechanisms involved in this IOH stimulus are not likely to differ from seated or 

supine to standing posture changes, we can not be certain that a squat to stand transition would 

not result in slight temporal and magnitude differences in cerebral-vascular responses to IOH 

stimuli compared with sit to stand or supine to stand.  Furthermore, we do not have direct 

measures of cerebral perfusion pressure and cerebral blood flow.  However, the maintenance of a 

consistent back posture and head position throughout stand-squat-stand transitions would control 

the hydrostatic effects allowing changes in MAP to be reflective of changes in cerebral perfusion 

pressure (CPP).  In addition, middle cerebral artery diameter is stable, thus, changes in MCABV 

are reflective of changes in cerebral blood flow (MCABV ≅ CBF) and allow for confident 

analysis of IOH on cerebral perfusion (17, 29).  

6.4.2 Characteristics of cerebral perfusion in response to an IOH stimulus 

The immediate and rapid decline in MCABV observed is congruent with the time course 

of reports of symptoms related to cerebral hypo-perfusion in response to an IOH stimulus (~15 s) 

and transcranial Doppler measurements that have shown a MCABV reaching a nadir ≤ 9 ± 2 s 

(11, 20, 27) (Figure 2A).  The difference between the time to nadir observed in Lewis et al., 2011 

and Thomas et al., 2009 (~ 6, ~ 9 s respectively) compared to the  ~ 3 s in our study is expected 

from the differences in protocols to induce an IOH stimulus.  Lewis et al, 2011 and Thomas et al., 



 

143 

 

2009 had subjects transition from supine to standing in ~ 3 s, while the transition from squat to 

stand was ~ 1 s.  These protocol differences would have also affected the time to nadir observed 

in MAP in this study (~ 7 s) and those reported by Lewis et al., 2011 (9 ± 0.5 s) and Thomas et 

al., 2009 (11 ± 2 s) (Figure. 2B).  These data confirm that MCABV and MAP (and CPP) nadirs 

occur at different time points following an IOH stimulus and that MCABV, and thus cerebral 

perfusion, nadir precedes the hypotension nadir by ~ 3-4 s.  Therefore, demonstrating the 

initiation of cerebral blood flow recovery despite a continued decrease in pressure.  Interestingly, 

an almost instantaneous decrease in CVC to a nadir (~ 1s) was observed upon rising from a 

squatting position followed by a remarkable increase to a peak CVC well above standing baseline 

(~ 9 s) (Figure. 2C).  After which, a compensatory decrease in CVC is observed followed by 

gradual adjustments until returning to baseline in ~ 40 s. These characteristics in CVC are similar 

to those witnessed in response to a hypotensive stimulus via thigh-cuff release technique and the 

peak CVC response reported in response to an IOH stimulus (11, 14, 23).  The timeframe of CVC 

adjustments aligns with the rapid decline in MCABV to a nadir in ~ 3 s and the partial recovery 

of MCABV at CPPnadir, indicating that cerebral autoregulation is likely involved in both the 

blunting and recovery of cerebral perfusion in response to an IOH stimulus (Figure 2A-C).   

6.4.3 Contribution of CPP and CVC to cerebral perfusion in responses to an IOH 

stimulus 

 Figure 3 depicts the responses of MCABV, CPP, and CVC at MCABVnadir and CPPnadir.  

At MCABVnadir CPP and CVC have decreased from baseline, however, only CPP has decreased 

significantly.  At CPPnadir, pressure has continued to decrease from MCABVnadir while in contrast, 

CVC has dramatically increased and MCABV has increased from MCABVnadir, but is still 

significantly lower than baseline.  These data would indicate that upon standing decreases in CPP 
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contribute to the rapid and significant decrease in MCABV that was observed at MCABVnadir and 

as pressure continued to drop, cerebral autoregulatory mechanisms increased CVC to blunt the 

continued deficit in MCABV working to minimize the cerebral hypo-perfusion at CPPnadir and 

trigger recovery.  To evaluate these hypotheses we computed MCABV that would have occurred 

if pressure were the only variable to change and compared it to the MCABV that was observed to 

establish the relative contributions of CPP and CVC to MCABV at both IOH event time points 

(Figure. 4).  At MCABVnadir CPP contributes to the decline while CVC seemingly has no effect on 

the reduction in MCABV.  At CPPnadir if CVC were maintained at baseline values, MCABV 

would have decreased well below the values observed at MCABVnadir and CPPnadir.  Therefore, 

increases in CVC significantly attenuated cerebral hypo-perfusion.  

The time course and characteristics of cerebral-vascular responses to the IOH stimulus 

invoked in this study are compatible with models of cerebral circulation under dynamic 

autoregulation via neurogenic, myogenic, and Windkessel mechanisms (1, 3, 16, 24, 29).  The 

onset of the muscular effort to rise from a squat to standing position may have required an 

increase in sympathetic outflow that may have contributed to the rapid decrease in CVC observed 

(12, 26).  More likely, the significant increase in the arterial outflow to the lower limbs would 

decrease the volume and pressure of blood entering cerebral arterial circulation.  This momentary 

decline in cerebral arterial volume coupled with a decline in cerebral perfusion pressure 

(decreased MAP) may have created a mathematical artifact where rapid decreases in flow and 

pressure lead to the calculated CVC nadir observed ~1 s upon rising from a squat rather than a 

active change in vessel caliber.  Reports of the early phase of MCABV responses to 

pharmacological and lower body negative pressure hypotension stimuli are strongly predicted by 

Windkessel models influenced by the rate of change in pressure support this interpretation (3, 25) 
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(Figure. 5).   However, our study design does not allow for evaluation of these mechanisms and 

our analysis indicates that only the change in CPP contributes to declines in MCABV which 

reaches a nadir ~2 s after CVC nadir.  Therefore, we cannot definitively conclude that rapid 

translocation of arterial volume away from cerebral circulation and/or neurogenic mechanisms 

(sympathetic activity) with muscular effort cause the rapid decrease in CVC, we are confident 

they do not contribute to the subsequent decrease in MCABV to a nadir.  The blunting of cerebral 

hypoperfusion that was observed at CPPnadir would be indicative of active cerebral autoregulation 

causing downstream dilation of cerebral resistance vessels. While cardiac output has been shown 

to increase during timeframe immediately following the transition to standing from a squat and 

post-squat CPPnadir, it is unlikely that cardiac output affected MCABV, as cardiac output has been 

found to be unrelated to changes cerebral blood flow and autoregulation in different acute 

hypotensive scenarios (2, 6, 10, 22).   Our findings of rapid increases in CVC would be reflective 

of myogenic response mechanism(s) of cerebral vasculature that respond to decrease in 

intravascular pressure and flow that lead to dilation (5, 8, 16).  Fast-acting dilation mechanisms 

responding to reduced intraluminal pressure and flow caused by IOH would explain the observed 

changes in CVC and the partial recovery of MCABV at MAPnadir. 

6.4.4 Conclusions and perspectives  

Intolerance to IOH is a common in young persons and can lead to temporary paleness, 

loss of postural tone, blurred vision, and possibly a loss of consciousness (7, 18). 

Countermeasures such as static handgrip (to elicit an exercise pressor response) and leg muscle 

tensing upon standing (to mechanically restrict leg vasculature) have been suggested as they have 

been found to attenuate the decline in MAP that is associated with IOH (4, 9). However, it is 

unknown if either of these measures impact cerebral perfusion.  In fact, with the identification of 
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IOH primarily caused by muscle contraction-evoked rapid vasodilation, muscular effort in the 

lower limbs vasodilation may not be advisable to at risk populations (22).  Our results indicate 

that a dynamic cerebral-vascular autoregulatory response (delay ≤ 3 s) attenuates the maximal 

drop in MCABV and accelerates recovery to an IOH stimulus.  The nadir in MCABV occurs 

prior to the nadir of CPP was mostly attributable to the decreased perfusion pressure and vascular 

conductance.  Therefore, cerebral autoregulation is essential to blunt the cerebral hypoperfusion 

that is experienced in response to an IOH stimulus, thus, is a key factor in identifying individuals 

whom may be predisposed to IOH intolerance in addition to factors that contribute to IOH 

magnitude. 
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Figures 

 

Figure 6-1.  Figure 1.  Schematic of experimental protocol.  Trials consisted of 1 min of quiet 

standing (baseline), 1 min of squatting, and a return to standing for 2 min.  Subjects completed 3 

trials 
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Figure 6-2.  Group averaged time course of changes (Δ change from standing baseline) during 

stand-squat-stand maneuver for: PANEL A) middle cerebral artery blood velocity (MCABV) 

PANEL B) cerebral perfusion pressure (CPP) PANEL C) cerebral vascular conductance (CVC) 

Data presented as 2 s averages. (vertical line) Transition from squatting to standing 
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Figure 6-3.  Panel A: middle cerebral artery blood velocity (MCABV), Panel B: cerebral 

perfusion pressure (CPP) Panel C: cerebral vascular conductance (CVC) responses and changes 

from standing baseline values after the transition from a 1 min squat to quiet standing.  
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Data presented as mean ± SD * p ≤ 0.05 significantly different from baseline, # p ≤ 0.05 

significantly different from MCABVnadir 

 

Figure 6-4.  Contributions of cerebral perfusion pressure (CPP) and cerebral vascular 

conductance (CVC) to changes in middle cerebral artery blood velocity (MCABV) from baseline 

after the transition from a 1 min squat to quiet standing.  

Data presented as mean ± SD * p ≤ 0.05 significantly different from observed MCABV, # 

significantly different from change due to CVC 
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Figure 6-5.  Schematic representation of blood vessels downstream of the middle cerebral artery.  

Qin flow into to vessel, Qout flow out of vessel.  Pcerebral pressure cerebral arterial perfusion pressure, 

Pcapillary downstream capillary pressure, Pintracranial intracranial pressure.  V volume of blood in the 

vessel (24) 
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Chapter 7 

General Discussion 

7.1 Primary findings 

The overall objectives of this thesis were to investigate O2 delivery-demand matching in 

the context of critical power, and in the context of defending cerebral O2 del in the face of 

transient hypotension.  The primary findings of this work are as follows.  1) Repeatable and 

reliable estimates of forearm critical power (fCP) can be obtained from a 10 min maximal effort 

handgripping test.  2) Inter-individual differences in fCP can be explained by inter-individual 

differences in O2 del.  3) Within subjects, fCP is sensitive to O2 del. 4) Rapid vasodilation in the 

cerebral vasculature is able to blunt cerebral hypoperfusion in response to initial orthostatic 

hypotension, and its effectiveness or lack thereof needs to be considered in understanding 

individual differences in susceptibility to symptoms of syncope upon actively standing. 

7.2 Repeatability and validity of a maximal effort handgrip exercise test 

 The maximal handgrip exercise test produced similar force decay profiles observed 

previously in maximal effort tests in different exercise modalities (5, 6). Our repeatability 

analysis demonstrated small within-subject test-retest variation, small change in the test-retest 

group mean, and a high test-retest correlation, all indicators of excellent repeatability (18, 31).  

The ~ 6% CV observed in our study was similar to those observed from maximal effort cycling 

(CV 3%, ICC 0.99) and a meta-analysis of critical power (maximum aerobic power, running or 

cycling exercise) estimates derived from time-to-exhaustion tests (CV, -0.5-7.6 %, Δ mean, -2.2 – 

5.8 %) (5, 18). The basis for our test was work from Burnley (6) which established that an “all-

out” rhythmic isometric contraction test yielded a critical torque estimation that was not different 
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than the critical torque identified from traditional multiple-exercise-bout-to-exhaustion trials.  

The theoretical concept of such a test is that maximal exercise above CP would progressively 

deplete a fixed work capacity (W'), resulting in decreasing force production until the maximum 

sustainable work rate possible would be equal to CP.  To assess its validity, we calculated a 

predicted time to exhaustion for the constant load test that was based on a W' calculated from the 

excess force impulse during the maximal effort fCP testing, which demonstrated good agreement 

with the actual time to exhaustion.  This is consistent with the theoretical basis of the W’ and 

critical power relationship and is in agreement with observations of time-to-exhaustion estimates 

based on W' correlating with the actual time-to-exhaustion observed during exercise at 10% 

above CP (23). Taken together our results are in agreement with the literature and strongly 

support the validity of our single bout maximal effort test estimate of fCP. 

 Therefore the single bout fCP test can provide researchers with a pragmatic method of 

indexing relative metabolic exercise intensities in the forearm exercise model.  It is our 

contention that researchers abandon the use of % MVC in favour of fCP when selecting relative 

exercise intensites in the forearm exercise model for the following reasons 1) Rhythmic exercise 

at the same % MVC results in drastically different metabolic responses in small muscle mass 

exercise between individuals (24, 30). 2) Mechanisms that determine MVC (amount and size of 

muscle mass recruited to contract) are unrelated to metabolic state and the muscle ability to 

sustain contraction force over time (13, 34, 39) .  Therefore, selection of exercise intensities 

relative to an individual’s MVC could lead to subjects exercising in different exercise intensity 

domains, causing mis-interpretation of results within experiments examining O2 del matching 

metabolic demand. Conversely, critical power has been proven to represent an exercise intensity 

that reflects the maximal rate that aerobic metabolism can match metabolic demand (22, 38). 



 

158 

 

7.3 O2 delivery explains inter-individual differences in fCP 

 Chapter 4 provides strong evidence that inter-individual differences in O2 del accounted 

for differences observed in fCP, that individual’s responsiveness and capacity to change blood 

flow rather than CaO2 determines O2 del during exercise, and the magnitude of vasodilation and 

exercise pressor response contribute to individual differences observed in FBF response. 

Furthermore, it is our contention that we were able to demonstrate that O2 del plateaued prior to 

force production therefore creating a scenario where metabolic ATP demand was conforming to 

O2 del (Chapter 4, Fig. 2A-B).  Manipulations of O2 del leading to matching changes in 

contractile force (and therefore metabolic demand) has been demonstrated in in situ animal and 

human involuntary exercise (muscle contraction induced via nerve stimulation) (12, 15, 16, 40).  

Our data demonstrating a plateau of O2 del before force (impulse in the case of this handgrip 

exercise) combined with O2 del strongly predicting fCP support the interpretation that within an 

individual, ATP demand was conforming to O2 del and therefore determined fCP.  Therefore 

during a maximal effort handgripping fCP test our data is indicative of the following progression 

of events: 

1) At the onset of repeated maximal effort contractions, neural stimulation to 

produce force initiates the increased ATP demand in support of force production.   

2) Force production quickly begins to decay, despite rapidly increasing O2 del.   

3) It is not a decreased motor drive as exercise continues that is responsible for the 

decrease in force (3).  Rather the decay in force is caused by accumulation of 

intracellular fatigue causing substances (i.e. [Pi], [ADP]) which reflect the 

progressive depletion of W' to meet ATP demand and thereby protect myocellular 

[ATP] (2, 15).   
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4) This decrease in force, and therefore ATP demand, will continue until W' is 

completely depleted.  At this point ATP demand (force production) that can be 

sustained must conform to the maximal rate of aerobic ATP production that does 

not require subsidization by W' (fCP)(22). 

Our findings indicate differences in oxygen delivery between individuals appear responsible 

for most of the inter-individual differences in fCP.  Ultimately, inter-individual differences in 

both vasoregulatory and exercise pressor responses determined the FBF, which determined the 

oxygen delivery.   These data further imply that fCP is sensitive to O2 del marking fCP as an 

important indicator of aerobic metabolism and an important characteristic in the study of O2 del 

matching metabolic demand and the subsequent consequences for exercise intolerance. 

7.4 O2 delivery and fCP in response to a physiological perfusion pressure 

challenge 

 In chapter 5, we designed an experiment in which we wished to assess fCP’s sensitivity 

to O2 del by introducing a perfusion pressure challenge.  Unexpectedly, five of nine subjects (Non 

responders, NR) were able to overcome the perfusion pressure manipulation and maintain O2 del 

and fCP, whereas, four of nine subjects were not able to fully compensate to perfusion pressure 

manipulation and achieved lower O2 del and fCP when the forearm was positioned above heart 

level compared to below (Responders, R). As might be expected, the maintenance of O2 del in 

AB from NR allowed for equivalent VO2 and fCP between limb positions, whereas the attenuated 

O2 del response attenuated oxygen consumption and fCP in R. The limitation of a reduced 

subgroup n which compromises statistical power affects interpretation of the vasodilatory and 

pressor response contributions to group responses to perfusion pressure challenge.  

Notwithstanding this, there is preliminary evidence worth following up on which indicate that the 



 

160 

 

NR protected O2 del by increasing an initial and exercise vasodilatory response with a similar 

exercise pressor response. In contrast while R also appeared to increase their exercise 

vasodilatory response to the perfusion pressure manipulation, their pressor response was 

surprisingly attenuated.  These responses summed to produce the hypoperfusion observed above 

heart-level compared to below in R.  

Post hoc subgrouping of subjects must be viewed with caution.  However, so must the 

assumption that distinct individual differences do not exist.  In the latter case, a true response 

characteristic can be masked by opposite directional responses of subjects.  The decision to 

categorize subject’s as NR or R was based on the within subject trial to trial CV of the fCP test 

that we established in our study in Chapter 3.  Given that 3 of 5 NR actually had an AB fCP value 

that was greater than BL, and the remaining 2 had trial to trial differences that were very small, 

we believe that the identification of the NR is valid.  Furthermore, the magnitude of the reduction 

in 3 of 4 R’s fCP in AB vs. BL was far greater than the 90% limits of agreement (CV of maximal 

effort handgrip test + SD�1.5).  90% (1.5 SD) was chosen rather than the typical 95% (2 SD), as 

it is considered impractical to evaluate exercise performance and clinical importance by such a 

rigorous standard and 1.5�SD still represents ≥ 93% probability that the observed difference is a 

“true” difference (19-21)(Chapter 5, Fig. 3).  The remaining R was beyond this latter 93% 

probability criterion.  Therefore, we also believe that R’s demonstrated real compromises to fCP 

in AB vs. BL.    

Our results support the contention that O2 del affects critical power.  When subject’s 

forearm was elevated above heart-level (AB), subject’s that could not compensate for the 

perfusion pressure difference (Responders, R) delivered less O2 in support of maximal forearm 

exercise leading to an decreased estimate of fCP compared to the same maximal effort forearm 
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exercise with the forearm positioned below the heart (BL).  Conversely, subjects that were able to 

compensate for the perfusion pressure difference and maintain O2 del in AB (Non responders, 

NR) exhibited similar fCP values to BL (Chapter 5, Fig. 2A-B, 4A-B, 5A-B).  These results are 

congruent with both large and small muscle mass exercise where O2 del was manipulated via 

hypoxic and hyperoxic breathing and critical power was modeled from time to exhaustion tests 

(11, 29, 37). Hypoxic breathing has been found to decrease CP ~ 15%, while hyperoxia was 

found to increase muscle oxygenation, slow the rate of PCr depletion, and increase CP by ~ 12 % 

(11, 37). Congruent with the sequence of events proposed above during a maximal effort 

handgrip test, the data from chapter 5 conveys a decay in force from exercise onset due to the 

accumulation of intracellular fatigue causing substances (i.e. [Pi], [ADP]) until a steady level of 

force (fCP) and metabolic environment (i.e. [Pi], [ADP], [PCr], pH) is achieved (2, 15, 23).  The 

decreases in fCP and VO2, in conditions where O2 del was decreased are congruent with in situ 

dog muscle experiments that observed force production and VO2 are decreased in response to 

decreased O2 del whilst maintaining the same metabolic environment (“O2 conformer response”) 

(14-16).  In humans, manipulation of O2 del caused directional changes in maximal work rate in 

plantar flexion exercise whilst maintaining similar metabolic environment (17). Therefore we 

propose that in conditions where O2 del was compromised (R in AB vs. R in BL), VO2 and 

subsequently fCP were reduced in an attempt to minimize disruptions to intracellular 

homeostasis, while in conditions where O2 del was not compromised (NR in AB vs. NR in BL) 

VO2 and fCP were preserved. Therefore, the experiments in chapter 5 indicate fCP is truly 

affected by muscle O2 supply and indicative of metabolic aerobic function.  As such, the maximal 

effort handgripping fCP test offers scientist wishing to research O2 delivery matching metabolic 
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demand an exercise test that reflects metabolic function and divides the heavy and severe exercise 

domains.  

7.5 Cerebral vascular response to initial orthostatic hypotension 

 In chapter 6, we characterized cerebral-vascular responses to an O2 del challenge (initial 

orthostatic hypertension; IOH).  In response to IOH, we observed substantial dcreases in middle 

cerebral artery blood velocity (MCABV; equivalent to blood flow and therefore O2 del) and mean 

arterial pressure (CPP). Interestingly, the nadir of MCABV (~3 s post IOH stimulus) did not 

coincide with nadir in CPP (~7 s post IOH stimulus). Furthermore, we were able to demonstrate 

that cerebral autoregulation blunts the cerebral hypoperfusion during the pressure drop that is 

experienced during IOH (Chapter 6, Fig 4). 

 Our findings indicate that in response to an IOH stimulus decreases in CPP contribute to 

the rapid and significant decrease in MCABV (O2 del) that was observed at MCABVnadir. As 

pressure continued to drop, cerebral autoregulatory mechanisms increased cerebral vascular 

conductance (CVC) to blunt the continued deficit in MCABV working to minimize the cerebral 

hypoperfusion at CPPnadir and trigger recovery.  To determine the relative contributions of CVC 

and CPP to MCABV, we computed MCABV that would have occurred if pressure were the only 

variable to change and compared it to the MCABV that was observed (Chapter 6, Fig. 4).  At 

MCABVnadir CPP caused the reduction in MCABV whereas, CVC did not contribute.  At CPPnadir 

if CVC were maintained at baseline values, MCABV would have decreased well below the 

values observed at MCABVnadir and CPPnadir.  Therefore, increases in CVC significantly 

attenuated cerebral hypoperfusion. The time course and characteristics of cerebral-vascular 

responses to the IOH stimulus invoked in this study are compatible with models of cerebral 

circulation under dynamic autoregulation via neurogenic, myogenic, and Windkessel mechanisms 
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(1, 7, 32, 36, 41). The blunting of cerebral hypoperfusion that was observed at CPPnadir would be 

indicative of active cerebral autoregulation. While cardiac output has been shown to increase 

during the timeframe immediately following the transition to standing from a squat and post-

squat CPPnadir, cardiac output has been consistently shown to not affect cerebral perfusion in a 

variety of different acute hypotensive scenarios (4, 10, 27, 35).   Therefore, it is our contention 

that rapid increases in CVC would be reflective of myogenic response mechanism(s) of cerebral 

vasculature that respond to decrease in intravascular pressure and flow that lead to dilation (9, 25, 

32).  These fast-acting dilation mechanisms responding to reduced intraluminal pressure and flow 

caused by IOH would explain the observed changes in CVC and the partial recovery of MCABV 

at CPPnadir.  Therefore, individuals susceptible to syncope in response to IOH may have 

ineffective cerebral autoregulaton to acute rapid changes in cerebral perfusion pressure. 

7.6 Limitations 

7.6.1 Similarity of subjects 

All of the studies in this dissertation were performed in young healthy persons (males, except 

for 2 females in chapter 6). The objective of these studies was to characterize healthy responses 

and with the exception of chapter 6, females were excluded to remove potential variability by 

cyclic variations in hormone levels in females. For experiments in chapter 6, females were 

included as the differing stages of the menstrual cycle has been shown to not affect orthostatic 

tolerance (28).  However, this narrow subject pool means that the results may not be readily 

extrapolated to females, older individuals or subjects with conditions that alter cardiovascular or 

metabolic responses to exercise. Future studies investigating O2 delivery, critical power, and 

maximal exercise should include subjects with conditions that affect exercise tolerance and 

females to ensure the results are translatable to the greater population. 
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7.6.2 Non-invasive design of experiments 

The experimental designs utilized non-invasive research techniques with the exception of 

chapters 4 (single blood draw) and 5 (venous catheter, multiple blood sampling). Therefore, 

comments concerning the underlying metabolic and specific hemodynamic responses are 

speculative and based on previous literature. Future studies in humans would need to involve 

skeletal muscle metabolic measurements and/or pharmacological blockade of cardiovascular 

regulatory systems to confirm mechanistic basis of interactions coupling metabolic demand with 

O2 delivery during exercise a maximal exercise critical power test.  Furthermore, chapter 6 

measured middle cerebral blood velocity not actual cerebral blood flow.  Even though MCABV is 

considered a adequate surrogate for cerebral blood flow (33), we did not directly measure 

cerebral blood flow, therefore, our results may not translate.    

7.6.3 Exercising forearm measurement of VO2 – Chapter 5 

 Oxygen consumption was calculated utilizing the Fick equation with measured values of 

FBF and the CaO2 - CvO2 difference. Although, ultrasound imaging was used to select a vein such 

that the venous blood sampled was solely from the exercising muscle, flow distribution through 

active vs. inactive tissues to venous circulation may change during exercise with a greater relative 

proportion coming from inactive tissues. Inactive tissues would be extracting less O2 when 

compared to active muscle.  This could potentially reduce the CaO2 - CvO2 difference and 

artificially decrease VO2 calculations.  

7.7 Summary and Conclusions 

 The main conclusion that can be made from these series of experiments is that critical 

power is an exercise characteristic of aerobic metabolism, which is dependent on and sensitive to 

O2 delivery.  The specific conclusions are as follows. 1) A 10 min maximal effort handgripping 
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test can accurately estimate critical power in the forearm exercise model 2) O2 del accounts for 

most of the variance between individuals in forearm critical power, highlighting the importance 

of O2 del to exercise tolerance 3) Within subjects, fCP is sensitive to O2 del therefore is indicative 

of aerobic metabolism 4) Cerebral vascular responses blunt cerebral hypoperfusion in response to 

initial orthostatic hypotension. 

The development of a repeatable and reliable fCP test now provides researchers 

investigating O2 del matching metabolic demand a single, non-invasive test to better index 

relative exercise intensities when using the forearm exercise model.  Researchers should abandon 

the use of % MVC as a reference of rhythmic exercise intensity in experiments utilizing the 

forearm exercise model to investigate mechanisms of O2 del matching metabolic demand.  

Furthermore, the importance of O2 del to inter-individual differences in fCP and sensitivity of 

fCP to O2 del suggest that O2 del is strongly related to fCP and is an excellent replacement for % 

MVC in experimental designs investigation O2 del-metabolism matching. These results also 

indicate that the ability to supply exercising muscle with O2 is critical to maintaining a higher 

power outputs during rhythmic continuous exercise and according to the power duration 

relationship would define range of tolerable exercise intensities.  Thus, in conditions or patient 

populations who are afflicted with low exercise tolerance, interventions or treatment options 

targeting the O2 delivery mechanisms may prove beneficial.   

Secondarily, we have discovered that cerebral autoregulation counter-acts and initiates 

recovery to an IOH stimulus.  Recently suggested countermeasures, such as, static handgrip (to 

elicit an exercise pressor response) and leg muscle tensing upon standing (to mechanically restrict 

leg vasculature) have been found to attenuate the decline in MAP that is associated with IOH (8, 

26).  However, it is unknown if either of these measures impact cerebral perfusion.  In fact, with 
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the identification of IOH primarily caused by muscle contraction-evoked rapid vasodilation, 

muscular effort in the lower limbs vasodilation may not be advisable to at risk populations (35).  

Our results indicate that a dynamic cerebral-vascular autoregulatory response (delay ≤ 3 s) 

attenuates the maximal drop in MCABV and accelerates recovery to an IOH stimulus imply that 

cerebral autoregulation is essential to blunt the cerebral hypoperfusion that is experienced in 

response to an IOH stimulus.  Thus, cerebral autoregulation is a key factor in identifying 

individuals whom may be predisposed to IOH intolerance in addition to factors that contribute to 

IOH magnitude. 
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Appendix A- Sample of statistics 

 
Forward Stepwise Regression: Friday, October 26, 2012, 1:11:29 PM 

 

Data source: Data 2 in Data with chng in MAP from bsl 

 

Dependent Variable:FBF lst 30s 

 

F-to-Enter:  4.000    P  = 0.077 

 

F-to-Remove:  3.900    P  = 0.080 

 

Step 0:  

Standard Error of Estimate = 131.895  

 

Analysis of Variance: 

Group  DF   SS   MS    F    P   

Residual 9 156567.778 17396.420    

 

Variables in Model 

Group Coef. Std. Coeff. Std. Error F-to-Remove   P   

Constant 498.717  41.709    

 

Variables not in Model 

Group F-to-Enter   P   

Delta lst 30 FVC 7.663 0.022  

delta lst 30 MAP 3.975 0.077  

 

Step 1: Delta lst 30 FVC Entered 

R  = 0.699  Rsqr  = 0.489  Adj Rsqr  = 0.425  

Standard Error of Estimate = 99.982  

 

Analysis of Variance: 
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Group  DF   SS   MS    F    P   

Regression 1 76597.176 76597.176 7.663 0.024  

Residual 8 79970.602 9996.325    

 

Variables in Model 

Group Coef. Std. Coeff. Std. Error F-to-Remove   P   

Constant 82.947  153.490    

Delta lst 30 FVC 122.017 0.699 44.079 7.663 0.024  

 

Variables not in Model 

Group F-to-Enter   P   

delta lst 30 MAP 39.192 <0.001  

 

Step 2: delta lst 30 MAP Entered 

R  = 0.961  Rsqr  = 0.923  Adj Rsqr  = 0.900  

Standard Error of Estimate = 41.608  

 

Analysis of Variance: 

Group  DF   SS   MS    F    P   

Regression 2 144448.934 72224.467 41.718 <0.001  

Residual 7 12118.844 1731.263    

 

Variables in Model 

Group Coef. Std. Coeff. Std. Error F-to-Remove   P   

Constant -162.932  74.985    

Delta lst 30 FVC 134.916 0.773 18.459 53.418 <0.001  

delta lst 30 MAP 6.968 0.662 1.113 39.192 <0.001  

 

Variables not in Model 

Group F-to-Enter   P   

 

Summary Table 

Step # Vars. Entered Vars. Removed R  RSqr  Delta RSqr Vars in Model  

1 Delta lst 30 FVC  0.699 0.489 0.489 1  
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2 delta lst 30 MAP  0.961 0.923 0.433 2  

 

 

The dependent variable FBF lst 30s can be predicted from a linear combination of the independent 

variables: 

    P   

Delta lst 30 FVC <0.001  

delta lst 30 MAP <0.001  

 

 

The following variables did not significantly add to the ability of the equation to predict FBF lst 30s and 

were not included in the final equation:         

 

Normality Test (Shapiro-Wilk) Passed (P = 0.286) 

 

Constant Variance Test: Passed (P = 0.892) 

 

Power of performed test with alpha = 0.050: 0.999 
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Forward Stepwise Regression: Friday, October 26, 2012, 1:15:17 PM 

 

Data source: Data 2 in Data with chng in MAP from bsl 

 

Dependent Variable:FBF total (AUC) 

 

F-to-Enter:  4.000    P  = 0.077 

 

F-to-Remove:  3.900    P  = 0.080 

 

Step 0:  

Standard Error of Estimate = 1046.232  

 

Analysis of Variance: 

Group  DF   SS   MS    F    P   

Residual 9 9851412.990 1094601.443    

 

Variables in Model 

Group Coef. Std. Coeff. Std. Error F-to-Remove   P   

Constant 4464.953  330.848    

 

Variables not in Model 

Group F-to-Enter   P   

Delta FVC AUC 8.155 0.019  

delta MAP (AUC) 3.654 0.088  

 

Step 1: Delta FVC AUC Entered 

R  = 0.710  Rsqr  = 0.505  Adj Rsqr  = 0.443  

Standard Error of Estimate = 780.912  

 

Analysis of Variance: 

Group  DF   SS   MS    F    P   

Regression 1 4972823.923 4972823.923 8.155 0.021  



 

176 

 

Residual 8 4878589.067 609823.633    

 

Variables in Model 

Group Coef. Std. Coeff. Std. Error F-to-Remove   P   

Constant 929.922  1262.314    

Delta FVC AUC 1.935 0.710 0.678 8.155 0.021  

 

Variables not in Model 

Group F-to-Enter   P   

delta MAP (AUC) 24.527 0.001  

 

Step 2: delta MAP (AUC) Entered 

R  = 0.943  Rsqr  = 0.890  Adj Rsqr  = 0.859  

Standard Error of Estimate = 393.372  

 

Analysis of Variance: 

Group  DF   SS   MS    F    P   

Regression 2 8768224.630 4384112.315 28.332 <0.001  

Residual 7 1083188.360 154741.194    

 

Variables in Model 

Group Coef. Std. Coeff. Std. Error F-to-Remove   P   

Constant -1580.555  813.196    

Delta FVC AUC 2.075 0.762 0.343 36.703 <0.001  

delta MAP (AUC) 0.149 0.623 0.0300 24.527 0.002  

 

Variables not in Model 

Group F-to-Enter   P   

 

Summary Table 

Step # Vars. Entered Vars. Removed R  RSqr  Delta RSqr Vars in Model  

1 Delta FVC AUC  0.710 0.505 0.505 1  

2 delta MAP (AUC)  0.943 0.890 0.385 2  
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The dependent variable FBF total (AUC) can be predicted from a linear combination of the independent 

variables: 

    P   

Delta FVC AUC <0.001  

delta MAP (AUC) 0.002  

 

 

The following variables did not significantly add to the ability of the equation to predict FBF total (AUC) 

and were not included in the final equation:         

 

Normality Test (Shapiro-Wilk) Passed (P = 0.270) 

 

Constant Variance Test: Passed (P = 0.759) 

 

Power of performed test with alpha = 0.050: 0.997 
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Appendix B-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. 

○ 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”.   

○ 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 ¼ 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: 
○ The “moderate” category is similar to how you feel when you’re walking at a normal 

pace, walking as if you were going somewhere 
○ The “very hard” category” is similar to how you feel when you are running 
○ The “hard” category just falls in between à 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. 
○ “Morning” is considered from the time you get up in the morning to the time you 

have lunch 
○ “Afternoon” is from lunch to dinner 
○ And “evening” is from dinner until the time you go to bed 
○ 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. 
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● 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. 
○ 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).   

○ 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? 

 
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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 Date: _____/_____/_______ 
           month /  day  /    year 

Day of the week form completed: 

q Sunday 
q Monday 
q Tuesday 
q Wednesday 

q Thursday 
q Friday 
q Saturday 

Physical Activity Recall 

 

Go to question 4 

 
1.  Were you employed in the last seven days (paid or volunteer)? q YES q NO                  
 

2.  How many days of the last seven did you work?  
 
(round to nearest day) 

  
 
3.  How many total hours did you work in the last seven days? 

   
hours 

 
4. What days of the week do you consider to be your weekend or non-work days?  For 

most people, this would be Saturday and Sunday, but it may be different for you. 
 
 q Sunday          q Monday          q Tuesday          q Wednesday          q Thursday         

q Friday          q Saturday 
 

**********************Explain Moderate, Hard, and Very Hard Intensity levels 
************************* 

 
At the end of the interview: 
 
5.  Compared to your physical activity over the past three months, was last week’s 

physical activity more, less or about the same? 

  q More 

Subject ID: ___________  Interviewer Initials: _________ 
  q Less 

  q About the same 
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Naps [+] / 
Disruption
s [-] > 30 
min 
 
 

Yesterday      One Week Ago 

        

Sleep - - - - - - - 

Moderate        

Hard        

Very Hard        

Moderate        

Hard        

Very Hard        

Moderate        

Hard        

Rounding
: 10-
22mins 
= .25hrs 23-37mins = .50hrs 38-52mins= .75hrs 53-1:07mins=1.0hrs  1:08-1:22= 1.25hrs 
Subject 
ID: 
________
__  
 Int
erviewer 
Initials: 
________
___ 
Very Hard 

       

7-Day PAR: Interview Evaluation Form 

Were there any problems with the 7-Day PAR interview? (circle one) 
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1 Yes 2.       No 

Explain: 

_____________________________________________________________________

_____________________________________________________________________

_____________________________________________________________________

___ 

 

Do you think this was a valid 7-Day PAR interview? 

1 Yes 2.       Maybe    

 3.       No 

Please list below any activities reported by the participant that you don’t know how to 

classify: 

_____________________________________________________________________

_____________________________________________________________________

_____________________________________________________________________

___ 

 

Other comments/concerns: 

_____________________________________________________________________

_____________________________________________________________________

_____________________________________________________________________

___ 
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Appendix C-Research ethics consent form 

School of Kinesiology and Health Studies 
Queen’s University 

 
“Peripheral Vascular Control in Humans” Research Program 

Human Vascular Control Laboratory 
Room 400B, Kinesiology and Health Studies Building 

Michael E. Tschakovsky, Ph.D., Co-ordinator 
 
 
 

CONSENT FORM 
FOR RESEARCH PROJECTS ENTITLED: 

Investigation into Peripheral Vascular Control in Humans 
 
 

 
This is an important form.  Please read it carefully.  It tells you what you need to 
know about this study.  If you agree to take part in this research study, you need 
to sign this form.  Your signature means that you have been told about the study 
and what the risks are.  Your signature on this form also means that you want to 
take part in this study. 
 
Purpose of the Study: 
 
The purpose of this study is to improve our understanding of how the flow of 
blood through your arms and/or legs is controlled. 
 
Benefits For You: 
 
There are no direct benefits to you by participating in this study.  
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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 
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 
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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. 
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 
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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 
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 
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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. 
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. 
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● 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.  
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. 
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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. 
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 
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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 
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? 
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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 
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 
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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 your time in the laboratory 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) 
 

 

 

 


